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   Dedication to Martin (Marty) Bergmann, 
February 19, 1956–August 20, 2011  

 Martin (Marty) Bergmann was Director of 
Canada’s Polar Continental Shelf Program 
(PCSP) of Natural Resources Canada when 
he died at the age of 55 in the First Air 
B-737 plane crash on August 20, 2011, at 
Resolute Bay, Nunavut, Canada. He was 
traveling to Resolute to escort Prime 
Minister Stephen Harper on a tour of 
Canada’s Arctic facilities. 

 Marty was a strong advocate for 
collaborative Arctic science and he was 
instrumental in developing the Pacifi c Arctic 
Group (PAG) in 2002, and he served as the 
forum’s fi rst Chair. PAG is an active nexus 
for international networking for marine 
programs in the Pacifi c Arctic region and the 
sponsor of this Springer volume. Marty 
worked diligently to provide opportunities 
for scientifi c interactions from all interested 
countries, including scientists, agency 
managers, politicians, and local community 
members. He facilitated many Arctic 
scientifi c programs leading up to the 



2007–2008 International Polar Year (IPY), 
some that continue today and many of the 
results from which are presented in this 
volume. Marty will be remembered for his 
unbounded energy and efforts to move our 
understanding of the Arctic System forward. 

 Prior to taking on a leadership role at 
PCSP, Marty served as Director of the 
National Center for Arctic Aquatic Research 
Excellence in Fisheries and Oceans Canada, 
managing the logistics for Arctic Ocean 
science aboard the Canadian Coast Guard 
fl eet. Marty had a suite of accomplishments, 
both in Canada through the highly successful 
IPY years and internationally by 
coordinating agreements to facilitate Arctic 
logistics and science activities with many 
countries, including Great Britain, the 
United States, China, Japan and the 
Republic of Korea. 

 In 2012 the Royal Canadian Geographical 
Society established the Martin Bergmann 
Medal for Excellence in Arctic Leadership 
and Science to recognize Marty’s leadership 
for advancing science in the Arctic. 
Specifi cally, the award recognizes 
“achievement for ‘excellence in Arctic 
leadership and science’. It celebrates 
“Marty” Bergmann, a public servant with an 
outstanding talent for networking that led 
him to connect scientists with resources and 
technology, to inspire business leaders, 
explorers and innovators towards new goals 
and to consider and attempt to meet the 
challenges inherent in opening up the Arctic, 
whether these were related to logistics, 
safety, resources, people, knowledge or will.” 



 Marty was posthumously awarded the 
inaugural medal at the 2012 International 
Polar Year Conference in Montreal, Canada. 

 With these memories of his efforts on 
behalf of Arctic science in our hearts and 
minds, we dedicate this volume to our friend, 
Marty Bergmann, as we work to better our 
understanding of the Arctic system for future 
generations. 

 Jackie Grebmeier
Chair of the Pacifi c Arctic Group (PAG) 

and Wieslaw Maslowski, co-editor 
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    Abstract     The Pacifi c Arctic region (PAR) is experiencing atmospheric changes, 
rapid seasonal sea ice retreat, seawater warming, regional ocean acidifi cation, 
along with other environmental changes and biological responses in lower to upper 
trophic organisms. Both physical and biogeochemical modeling indicate the poten-
tial for step-function changes to the overall ecosystem, both under current and in 
the projected conditions. This volume of synthesis papers was coordinated within 
the Pacifi c Arctic Group (PAG), a network of international partners undertaking 
and facilitating collaborative research in the Pacifi c infl uenced Arctic seas and 
basin. It also serves as a product of activities from the 2007–2008 International 
Polar Year. The topics range from atmospheric and physical sciences to chemical 
processing and biological response to changing environmental conditions. Physical 
and biogeochemical modeling results highlight the need for continued data collec-
tion together with interdisciplinary modeling activities to track and forecast the 
changing ecosystem of the Pacifi c Arctic in response to climate change.  

  Keywords     Pacifi c Arctic Region   •   Physical forcing   •   Ecosystem response   •   Climate 
change  
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1.1       Introduction 

 The Pacifi c Arctic Region (PAR) synthesis effort presented in this volume is an 
ongoing contribution of the Pacifi c Arctic Group (PAG) to better understand the 
processes inherent in controlling and sustaining the marine ecosystem and projected 
drivers of change in the region. PAG is an international consortium of scientists, 
agency managers and organizations interested in scientifi c progress and collabora-
tion in the Pacifi c Arctic. The PAG defi nition of the Pacifi c Arctic extends from the 
northern Bering Sea into the Chukchi Sea and adjacent Arctic seas, and extending 
into the deep basins of the Arctic Ocean. 

 The core objectives of the PAR synthesis activities within PAG are to: (1) present 
new synthetic results from observational and modeling activities in the Pacifi c- 
infl uenced Arctic region, (2) characterize current status and trends of the ecosystem 
to improve our understanding of the state and key processes infl uencing the marine 
system, (3) use model projections to evaluate ongoing processes and future evolu-
tion of the physical, biogeochemical and biological system to guide new science 
activities, and (4) to identify critical marine components for further development of 
observational networks in the Pacifi c Arctic. 

 As a core contribution to the PAG synthesis efforts, PAG members initiated the 
current synthesis book. The chapters in this book are multi-disciplinary with a 
systems approach, including retrospective, fi eld, and modeling efforts. The chapter 
format is thematic in content, with spatial regions inside the chapters used as case 
studies to evaluate the Pacifi c Arctic region. The overarching themes are process- 
oriented, and consider both temporal and spatial scales. The modeling chapters 
cover a larger spatial domain, including the Pacifi c infl ow through the Aleutian 
Islands/southern Bering Sea (upstream), while maintaining the main focus on the 
northern Bering, Chukchi, and Beaufort Seas, western Arctic Ocean basin as well as 
the downstream connectivity of the Pacifi c to Atlantic side, including the Canadian 
Arctic Archipelago. 

 Multiple PAG workshops and contributions set the stage for the various synthesis 
chapters in this book. For example, the fi rst PAG workshop was held in Sanya, China, 
in January 2008, which resulted in a special issue in the Chinese Journal of Polar 
Science (Wang et al.  2008 ). The second PAG workshop, focused on biological pro-
cesses, was held in May 2009 in Seattle, Washington, USA, resulting in a feature 
article for EOS (Grebmeier et al.  2010 ) and a workshop report. The third PAG work-
shop was focused on the marine carbon cycle, and was held in June 2009 in Xiamen, 
China and resulted in a special issue of Deep-Sea Research II (DSR II; Cai et al. 
 2012 ). Another special issue of scientifi c fi ndings is being assembled in a DSR II 
special issue related to the Korean Arctic Expeditions during 2008–2010 (Sang    Lee 
et al. 2013, personal communication). We introduce here this current book volume of 
synthesis chapters. The book concept was endorsed by the International Arctic 
Science Committee (IASC), the past Arctic Ocean Sciences Board (AOSB, now the 
Marine Working Group of IASC), and the IPY project offi ce of the International 
Council of Science Unions (ICSU) also endorsed the volume as an IPY legacy effort. 
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 During the course of this synthesis effort other interdisciplinary programs have 
been carried out in various sections of the PAR, many providing data supporting 
the syntheses in this volume. These programs include, but are not limited to the 
Bering Sea Project (Weise et al.  2012 ), the Bowhead Whale Feeding Ecology 
Study (BOWFEST) project (Ashjian et al.  2010 ), Canada’s Three Ocean (C30) 
project (Carmack et al.  2010 ), the Chukchi Acoustic, Oceanographic, and 
Zooplankton (CHAOZ) study (Berchok et al.  2014 ), the Chukchi Sea Monitoring 
in Drilling Area-Chemistry and Benthos (COMIDA-CAB) project (Dunton et al. 
 2014 ), the Chukchi Sea Environmental Studies Program (CSESP; Day et al.  2013 ), 
the Distributed Biological Observatory (DBO) program (Grebmeier et al.  2010 ), 
the Impacts of Climate on the Eco-Systems and Chemistry of the Arctic Pacifi c 
Environment (ICESCAPE) project (initial results reported in Arrigo et al.  2012 ), 
and the Russian-American Long-term Census of the Arctic (RUSALCA) program 
(Bluhm et al.  2010 ), along with other multidisciplinary studies by PAG member 
countries and other international collaborators.  

1.2     The Pacifi c Arctic Region 

 Pacifi c water transiting across the wide Bering, Chukchi and the eastern portion of 
the East Siberian shelves, and western portion of the Beaufort Sea, is a major driv-
ing force for the physical environmental state, ice extent and thickness, productivity 
and carbon transport in the Amerasian Arctic (Fig.  1.1 ). There are key physical, 
biogeochemical, and biological oceanographic features that distinguish the PAR 
from the rest of the Arctic Ocean. Hydrographic characteristics and distribution of 
Pacifi c water have important implications for shelf productivity as well as shelf- 
basin exchange at the continental margins, including the downstream infl uence that 
Pacifi c water has on the upper halocline below and sea ice above in the Arctic Basin 
as well as in the Canadian Arctic Archipelago.

1.3        Physical Processes, Hydrography and Sea Ice: Field 
and Modeling 

 The Bering Strait region is a major gateway from the perspective of transport of sea 
ice and ocean volume and properties, including heat, freshwater and nutrients, and 
fl uxes of atmospheric heat and moisture (Cooper et al.  1997 ; Overland and Stabeno 
 2004 ; Shimada et al.  2006 ; Woodgate and Aagaard  2005 ). It also plays a central 
role as a pathway for fl uxes of biological organisms and organic carbon 
(Grebmeier et al.  2006a ; Grebmeier  2012 ; Walsh et al.  2004 ). Seasonal evaluation 
of time series measurements (1990–2010) from the Bering Strait indicate annual 
variability in salinity, temperature, and transport (Woodgate et al.  2012 ). Recently 
it has been determined that the freshwater fl ux in Bering Strait has likely been 
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underestimated and should be revised upwards (Woodgate and Aagaard  2005 ). 
While these estimates require further verifi cation (since continuous moored mea-
surements have been limited to deeper, more saline waters of Bering Strait) the 
newer fl ux estimates indicate that freshwater in Bering Strait may provide ~40 % of 
the total freshwater input to the Arctic Ocean (Woodgate and Aagaard  2005 ). 

 The nutrient-rich Pacifi c waters transiting through the Bering Strait are trans-
formed seasonally by oceanographic processes over the wide continental shelves 
south and north of the strait, with far-reaching implications for Arctic halocline 
formation and basin dynamics. Changes in the freshwater fl ux may also potentially 
infl uence thermohaline circulation in the global ocean. Both winter and summer 
Pacifi c Water types play variable, yet distinct roles in the transport of heat, freshwa-
ter, nutrients, carbon, and biological organisms northwards through the Bering 

  Fig. 1.1    Schematic of the Pacifi c Arctic Region, including the Bering, Chukchi, East Siberian and 
Beaufort Seas and the Arctic Ocean       
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Strait. Shimada et al. ( 2006 ) showed that summer Pacifi c water is a source of heat 
to the PAR and it is particularly signifi cant over the Chukchi Borderland. Winter 
Pacifi c water is infl uenced by ice formation and brine rejection, so the timing, extent 
and location of these processes are intimately tied to halocline formation. 

 The PAR is experiencing the greatest seasonal retreat and thinning of sea ice in 
the Arctic (Fig.  1.2 ). September 2007, at the start of IPY, at that point, marked the 
highest seasonal sea ice retreat on record (Stroeve et al.  2007 ); this record was 
eclipsed in 2012 (Stroeve et al.  2012 ). Changes in sea ice formation, extent and 
thickness infl uence albedo feedback, brine formation and halocline maintenance, so 
atmosphere-ice-ocean interactions and dynamics are extremely critical for regulat-
ing climatic conditions in the Arctic, and can have global ramifi cations. Exchange 

  Fig. 1.2    Mean and extremes for March and September sea ice extent in the Pacifi c Arctic Region. 
 Colour contour lines  represent respective SSM/I sea ice extents (defi ned as 15 % concentration) 
from Comiso ( 2012 )       
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of materials from shelf to slope and into the deep Arctic basin is also expected to be 
infl uenced by these changing conditions.

   Key physiographic features of the shelf-slope region of the East Siberian, 
Chukchi and Beaufort Seas also infl uence shelf-basin exchange. In particular, 
Herald Valley/Canyon and Barrow Canyon are key conduits for transformed 
Pacifi c water and associated organisms that transit the Chukchi shelf to the deep 
Arctic Basin. Eddy formation and fl uxes, boundary current dynamics, and advec-
tion are some of the critical transport mechanisms at the shelf-basin interface that 
facilitate the transfer of freshwater/salt, heat, nutrients, and various forms of 
organic and inorganic carbon that dictate the current state of the Arctic Ocean. 
Recent fi ndings show increased northward heatfl ow within the Atlantic water 
transiting through Fram Strait into the deep Arctic Basin (Walczowski et al.  2012 ), 
which may increase advection of warmer Atlantic water and its impacts along the 
continental margins of the Chukchi and Beaufort seas (Pickart et al.  2011 ; Schulze 
and Pickart  2012 ). 

 Arctic systems can be rich and diverse habitats for marine life in spite of the 
extreme cold environment (Grebmeier et al.  2006a ,  2010 ). Biogeochemical cycling 
processes and biological communities are directly infl uenced by changing sea ice 
extent, light availability, seawater hydrography (nutrients, salinity, temperature, 
density), currents, and water column production. Earlier seasonal sea ice melt and 
retreat in the Bering Sea and western Arctic will have dramatic impacts on the bio-
logical system, such as changes in overlying primary production, altering organic 
carbon transformation, pelagic-benthic coupling, and benthic production and 
community structure that could have cascading effects to higher trophic levels, 
which are of importance for local indigenous residents of the Arctic. Some specifi c 
examples of biological changes include time-series observations that indicate 
declines in bottom-dwelling clam populations and diving seaducks over the last 
few decades (Grebmeier et al.  2006b ). In addition, a decline in benthic amphipod 
populations in the Chirikov Basin just south of Bering Strait has likely infl uenced 
the movement of migrating gray whales to feeding areas north of Bering Strait 
during this time period (Moore et al.  2003 ; Moore  2008 ). 

 Retreating sea ice and warming temperatures have increased coastline erosion 
of terrigenous materials into the coastal environment. An increased seasonal open 
water period in the Arctic results in increased wave fetch, leading to additional 
shoreline erosion. The subsequent input of old, terrestrially-produced carbon into 
the ocean could alter microbial transformation processes as well as dilute the labile 
marine carbon pool with less-usable terrigenous material, with a potential negative 
impact on food availability to marine organisms. The cycling of carbon (particulate, 
dissolved, inorganic) is a key concern in these extremely productive regions of the 
Arctic Ocean. Changes in these processes will have cascading impacts to all com-
ponents of the ecosystem (from bacteria to man). Ocean acidifi cation is a potential, 
large-scale negative impact on the Arctic marine carbon system since increased 
atmospheric CO 2  will reduce the buffering capability of seawater and increase 
corrosive trends (Mathis et al.  2007 ). 
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 The following summaries highlight fi ndings in each of the subsequent chapters 
of this book from atmospheric and physical forcing, biogeochemical cycling, bio-
logical processes and modeling efforts.  

1.4     Atmospheric Forcing and Sea Ice 

 In Chap.   2    , Overland et al. ( 2014 , this volume) discuss the meteorological setting 
of the Pacifi c Arctic as the transition zone between the relatively warm and moist 
air mass of the North Pacifi c and cold and dryer air mass of the Arctic. The north-
ern part of the PAR is dominated by high surface atmospheric pressure, but low- 
pressure cyclonic systems can propagate from the south, where the semi-permanent 
low pressure center, the Aleutian Low, is located. This latitudinal sea level pressure 
gradient results in predominantly easterly winds, which generate upwelling favor-
able conditions along the Beaufort and Chukchi continental slopes. Climate change 
in the Pacifi c Arctic is not occurring in a single phase, as the western Arctic Ocean 
proper has experienced warming and retreating sea ice cover in summer that has 
accelerated since the late 1990s, while the Bering Sea has had extended sea ice 
cover and much colder temperatures in winter and spring since 2006. Overland 
et al. also review coupled climate model predictions of climate change, which sug-
gest increased interannual variability but relatively slow changes in seasonal sea 
ice cover trends and temperature in the Bering Sea during its sea ice covered sea-
son. This is in contrast to model predictions of a signifi cant reduction of, or no, 
seasonal sea ice cover in the Chukchi Sea from July to November within the next 
couple decades. These changes will have major ecological impacts and could also 
lead to increased commercial activities that will take advantage of longer open-
water seasons. 

 In Chap.   3    , Frey et al. ( 2014 , this volume) continue this theme of understanding 
the variability in sea ice conditions in the PAR, by synthesizing observational data 
and model results, and discuss the range of effects from the minimal change in the 
northern Bering Sea to the rapid and dramatic decline of sea ice cover in the Bering 
Strait region north of St. Lawrence Island, the Chukchi Sea and Canada Basin. Both 
earlier spring breakup and later sea ice formation occur in these seasonally chang-
ing sea ice regions, with portions of the Chukchi Sea experiencing the most extreme 
trends. Another common characteristic of the region is the widespread transition 
from multi-year ice to thinner, fi rst year ice. Frey et al. discuss the implications of 
reduced sea ice areal coverage, age, and thickness on the overall productivity of the 
ecosystem that are discussed in more detail in later chapters of this book. 

 In Chap.   4    , Wang et al. ( 2014 , this volume) consider large-scale atmospheric pat-
terns and how these patterns infl uence sea ice decline and other changes in the 
Pacifi c Arctic. In particular, they argue that in addition to the Arctic Oscillation 
(AO), the Dipole Anomaly (DA), which is a second mode of northern hemisphere 
sea level pressure variability, might be driving declines of sea ice cover. Wind 
anomalies associated with DA are typically meridional (north-south), hence their 
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impact on sea ice distribution (e.g. its northward retreat or export through Fram 
Strait) may be more signifi cant than the larger variability associated with zonal 
winds, which are driven by the AO. Meridional wind anomalies can also affect 
northward advection of warm Pacifi c water across the Chukchi shelf and reduction 
or persistence of landfast ice along the Beaufort and Chukchi coast. Wang et al. sug-
gest a possible air-ice-sea feedback loop in the western Arctic involving DA, how-
ever the origins and controls of these modes require further investigations, including 
observations and modeling of the fully coupled Arctic System at process scales.  

1.5     Physical Processes and Modeling 

 In Chap.   5    , Maslowski et al. ( 2014 , this volume) review the regional ocean circula-
tion over an extended PAR, starting from the northern North Pacifi c into the western 
Arctic Ocean. They argue that upstream circulation of the Alaskan Stream and vari-
ability in fl uxes across the Aleutian Island passes not only regulate the hydrology of 
the deep Bering Sea but also infl uence characteristics (especially salinity) of water 
advected onto the Bering Shelf and crossing Bering Strait. They envision the Bering 
Slope Current as more of a system of eddies generated along the slope rather than a 
continuous current. Year-round high eddy kinetic energy along the slope and in 
Anadyr and Bering straits is simulated just upstream of highly productive regions 
along the outer Bering shelf, in the Chirikov Basin that is north of St. Lawrence 
Island and again north of Bering Strait. This suggests strong regional biophysical 
coupling and indicates needs for development of improved modeling capabilities. 
Further downstream, in the Chukchi Sea, Maslowski et al. emphasize the impor-
tance of the Alaska Coastal Current in transporting heat via warm shelf waters into 
the Arctic Ocean basin. They fi nd little or no correlation between modeled heat 
fl uxes through Bering Strait and those entering the Beaufort Sea, which implies that 
most of the heat transiting across Bering Strait exchanges heat by melting ice or by 
transfer to the atmosphere within the Chukchi shelf. The water exported into the 
Beaufort Sea is instead warmed locally due to insolation, which increases with ear-
lier retreat of sea ice cover. Winds and eddies distribute warm water further north 
and often under the ice cover. The authors hypothesize that some of the heat associ-
ated with this water (in particular that available below the shallow mixed layer) is 
not removed to the atmosphere during freeze up and instead it has been accumulat-
ing below the mixed layer in the western Arctic Ocean. This ‘new’ source of heat is 
available year around for entrainment into the mixed layer to reduce sea ice growth 
in winter and to accelerate its melt in summer. 

 In Chap.   6    , Williams et al. ( 2014 , this volume) focuses on shelf-break exchanges 
and associated processes within the Pacifi c Arctic. In particular, the authors consider 
ocean dynamics along the continental slope in the Bering, and in the Chukchi and 
Beaufort Seas, which defi ne the southern and northern edges of the shelf system, 
respectively, that separate the North Pacifi c from the Arctic Ocean. Ocean on- shelf 
transport of volume and properties in the Bering Sea is concentrated in submarine 
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canyons, especially in Zhemchug and Bering canyons, where mesoscale eddies 
within the Bering Slope Current are commonly observed (via remote sensing) and 
can also be modeled. Similarly on the northern end of the Bering-Chukchi shelf sys-
tem, Herald and Barrow Canyons control the outfl ow into the deep basin. This out-
fl ow interacts with the shelf-break jets, resulting in instabilities and eddies, which in 
addition to wind-driven cross-slope fl uxes in the Ekman (surface and bottom) bound-
ary layers determine shelf-basin exchange along the Chukchi and Beaufort slopes. In 
addition, on-shelf upwelling of Atlantic water due to easterly winds in summer and 
the outfl ow of dense shelf water formed in polynyas due to brine rejection in winter 
can further affect shelf-basin exchange. Even though numerical models are the pri-
mary tool in quantifying such exchanges and their variability, models need to be 
evaluated and constrained by observations, which is why the authors argue for new 
fi eld programs focused on shelf-break and processes there. 

 In Chap.   7    , Clement-Kinney et al. ( 2014 , this volume) focus on the fl ow 
through Bering Strait, the only connection between the Pacifi c and the Arctic. The 
physiographic narrow and shallow features of the strait has been challenging to 
apply to ocean general circulation models, using relatively coarse grids, and to 
realistically represent volume and property fl uxes. A synthesis of observations 
and models presented in this chapter includes quantifi ed fl uxes of heat and fresh-
water and their seasonal and interannual variability. The models give reasonable 
estimates of volume transport compared to observational estimates, but uncer-
tainty still remains in both. It is likely the existing models do not simulate well the 
narrow (10 km wide) fl ow of Alaska Coastal Current on the eastern margin of the 
strait where there is signifi cant horizontal and vertical velocity shear and may be 
due to the lateral and vertical boundary conditions used. However, the available 
continuous observations are still limited as they do not measure the upper part of 
the water column with higher freshwater fractions and observational fl ux estimates 
assume homogeneity of the fl ow at all locations in the strait. Clement-Kinney et al. 
expect that further refi nements of both model and observational estimates of volume 
fl ux at Bering Strait are needed, including higher spatial model resolution (both 
horizontal and vertical) and increased numbers of moorings. Since property fl uxes 
are dependent on the volume transport, improved volume fl ux estimates are expected 
to reduce uncertainty of property fl uxes.  

1.6     Carbon Transformations and Cycling 

 In Chap.   8    , Cai et al. ( 2014 , this volume) evaluate the infl ow of dissolved inorganic 
carbon (DIC) from the Pacifi c Ocean into the Pacifi c Arctic and the transformation 
processes occurring as the water transits both into the Arctic Ocean and east into the 
Canadian Arctic Archipelago (CAA) and to a limited extent, west into the East 
Siberian Sea (ESS). Available data indicate that the Chukchi Sea is the dominant 
PAR region for atmospheric carbon dioxide (CO 2 ) uptake, while the Beaufort Sea 
(BS) and CAA remove comparatively less CO 2 , and the CAA and ESS are weak 
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seasonal sources of CO 2 . With the extensive reduction of sea ice in the deep Canada 
Basin (CB), CO 2  uptake has increased in the summer period. There is a small 
positive- sign export of DIC, indicating that the CB is a net heterotrophic system. 
The marginal seas can seasonally produce labile organic carbon from primary pro-
duction and biological processing of carbon, riverine input and coastal erosion that 
are also recycled within and in transit out of the ecosystems, with the potential of a 
warming climate causing an increase in the production and export of DIC. 
Uncertainty remains as to whether a changing climate will make the PAR a sink or 
source of CO 2  in the future. 

 In Chap.   9    , Mathis et al. ( 2014 , this volume) discuss the chemical and biological 
components infl uencing the Arctic marine carbon cycle, including primary produc-
tion, carbon transformations, and export production that are sensitive to sea ice loss, 
warming temperatures, changes in the timing and location of primary production, 
freshwater inputs, and ocean acidifi cation. Seasonal variability in dissolved organic 
carbon (DOC) and particulate organic carbon (POC) production are key compo-
nents of the marine carbon cycle, which vary with seasonal gradients in light, ice- 
cover and riverine input to the Arctic Ocean and to marginal seas. Secondary 
production and microbial processes in the water column, along with microbial pro-
cessing in the underlying sediments, are key elements of the marine carbon cycle. 
Regions within the PAR are experiencing seasonal ocean acidifi cation and decreas-
ing pH. This is reducing the saturation states of calcium carbonate, which could 
have detrimental impacts on calcifying fauna, both in the water column and in sedi-
ments. Since these organisms are important prey for upper trophic level predators, 
additional studies of key biochemical and biological processes in the marine carbon 
cycle are necessary in a rapidly changing Arctic.  

1.7     Lower and Upper Trophic Levels and Ecosystem 
Modeling 

 In Chap.   10    , Nelson et al. ( 2014 , this volume) evaluate the changes occurring in 
lower trophic level productivity, composition and biomass in the PAR, including 
northward range extensions of certain species. Variability in species composition 
can impact primary production, trophic connectivity and carbon cycling that infl u-
ence ecosystem dynamics in the PAR. This chapter includes information on the 
distribution and abundance of microbes, zooplankton, and benthic organisms, 
including their potential response to increasing seawater temperature, freshwater 
content, lower pH, and changes in sea ice dynamics. Smaller organisms, such as 
microbes and microzooplankton, are most susceptible to environmental changes 
and are expected to respond at a faster rate. Changes in the species composition and 
productivity of benthic organisms in the PAR will affect the roles played by this 
diverse fauna in carbon cycling and as a prey items. Multidisciplinary studies of the 
linkages between lower tropic species ecology, physics and geochemistry are 
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enhancing our understanding and capacity to predict the future status of PAR marine 
ecosystems during this period of rapid change. 

 In Chap.   11    , Moore et al. ( 2014 , this volume) provide an overview of the key 
components of upper trophic level groups, including fi sh, seabirds and marine mam-
mals, which are top predators in the Arctic system. These organisms can respond to 
environmental variability and specifi c examples in this chapter outline species 
responses to ecosystem change. For example, some fi sh and snow crab are being 
found now further north in the PAR, while seabirds and marine mammals have 
changed their phenology and diet to respond to variability in sea ice and lower tro-
phic level prey. Since migrating species have the ability to identify variation in 
dense prey, upper trophic level organisms can refl ect ecosystem shifts by changing 
migration routes, abundance levels, diet, reproduction and body condition. 
Partnerships between local indigenous arctic residents and scientists are enhancing 
our understanding of the biophysical links between sea ice conditions and migrating 
species. Continued collaborations are an important need for understanding upper 
trophic level resources, habitat use and ecological relationships. 

 In Chap.   12    , Deal et al. ( 2014 , this volume) discuss ongoing and developing 
marine biogeochemical and ecosystem models in the PAR. This includes the com-
plexities associated with different scales of modelling, from one-dimensional to 
regional and global Earth System scales, and combining physical forcing with bio-
logical and chemical processes. Models are being used to evaluate benthic, pelagic 
and sea ice impacts on ecosystem dynamics with the objective of building scenarios 
of ecosystem response to climate impacts. The authors highlight the importance of 
capturing the timing and location of the ice edge and open water blooms, including 
the subsurface chlorophyll maximum layer, for simulating the food web structure. 
Deal et al. emphasize the need for continued biogeochemical observations to use as 
input into modeling efforts that improve our understanding and forecasting of eco-
system dynamics for policy decision making.  

1.8     Summary 

 The PAR is currently experiencing the largest sector changes in Arctic seasonal sea 
ice extent and thickness, but with different responses within the ecosystem. A chal-
lenge to both the modeling and observational community is to develop workable 
scenarios to investigate:

    1.    How will changes in the fl ow-through dynamics of what can be termed the 
Bering Strait continental shelf complex affect downstream Arctic ecosystems?   

   2.    Will changes in the timing and extent of ice formation infl uence halocline forma-
tion and thickness, and if so, what are the ramifi cations of a reduction in the 
density gradients across the halocline?   

   3.    Will an increase in freshwater and heat fl ux through Bering Strait move the PAR 
to a new stable state and what consequences would this have for the infl uence of 

1    The Pacifi c Arctic Region: An Introduction

http://dx.doi.org/10.1007/978-94-017-8863-2_11
http://dx.doi.org/10.1007/978-94-017-8863-2_12


12

nutrients, heat, and freshwater on near-fi eld (Pacifi c Arctic region) ecosystems 
and downstream (Arctic basin and Canadian Archipelago) ecosystems?   

   4.    How will physical and biogeochemical fl uxes vary in the Pacifi c Arctic Region 
in concert with lower latitude climate variability and change?     

 Determining the key drivers and responders to change in this region are essential 
in order to determine the downstream impacts on the Arctic system, including its 
connectivity to the world ocean. A hierarchy of models, including process, regional 
Arctic and global climate and Earth System scales (GC/ESMs) are needed to address 
these and other PAR related questions. 

 Early season ice retreat infl uences timing of the spring bloom and associated 
lower trophic level consumption of organic carbon. Changes will have cascading 
effects to benthos and higher trophic organisms. There are indications of increased 
freshwater fl ux and summer seawater temperatures, both that infl uence biological 
processes, and changes in the timing of productivity over the shelf and slope regions 
that will rapidly impact trophic structure and carbon transport from shelf to basin. 
Sea-ice free areas will allow for biological northward expansion of fi sh, but could 
have negative impacts on competing, benthic-feeding marine mammals. Impacts on 
marine mammals harvested for subsistence could also be affected. 

 The need remains for pan-Arctic comparative studies with standardized data 
collections to allow compare/contrast evaluations and projection of various scenarios 
of Arctic change. Ultimately, the need is to determine whether observed changes are 
due to climate warming or natural variability. These research needs are best met by 
collection of long-term time-series data at key select sites, integrated with relevant 
process and coupled modeling studies. Newly evolving programs, such as the 
Distributed Biological Observatory (Grebmeier et al.  2010 ) will help to fi ll these 
observational gaps, but could be supplemented with efforts in different regions, 
seasons and climate regimes. 

 Modelling approaches discussed in this volume renew a call for process-level 
understanding of the coupled Arctic climate system and improved modeling capa-
bilities to advance knowledge and prediction of climate change in the Pacifi c Arctic. 
There is a clear need for eddy- resolving, coupled physical and biogeochemical 
modeling capabilities. Success with these approaches will lead to better understanding 
of critical physical processes, potential feedbacks between them and their overall 
impact of the whole ecosystem. Current global models still have signifi cant limita-
tions with regard to representing the Pacifi c Arctic. In particular, challenges are 
associated with representing processes, such as surface mixed layer, eddies, cold 
halocline, seasonal pycnocline, near surface temperature maximum as well as sea 
ice thickness distribution, deformation and drift. Regional climate system models, 
with high spatial and temporal resolution and focus on the Arctic or Pacifi c Arctic 
region are key requirements (Maslowski et al.  2012 ). An Arctic System Model 
(ASM) should readily allow addition of new system components, such as marine 
biogeochemistry, ice- sheet/ocean interaction, etc. A fully coupled ASM should 
allow resolving processes and feedbacks between them. Along with the develop-
ment of ASMs, observations to constrain and evaluate them are as critical.     
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    Abstract     The meteorology of the Pacifi c Arctic (the Bering Sea through the 
Chukchi and southern Beaufort Seas) represents the transition zone between the 
moist and relatively warm maritime air mass of the Pacifi c Ocean to the cold and 
relatively dry air mass of the Arctic. The annual cycle is the dominant feature shift-
ing from near total darkness with extensive sea ice cover in winter to solar heating 
in summer that is equal to that of sub-tropical latitudes. Strong north-south gradients 
in air temperatures and sea level pressure are typical over the Pacifi c Arctic giving 
rise to climatological polar easterly winds (blowing from the east) throughout the 
year. Localized storms (regions of low sea level pressure) can propagate into the 
region from the south but high pressure regions are typical, connected to either 
northeastern Siberia or the southern Beaufort Sea. The northern portion of the 
Pacifi c Arctic has participated in the general Arctic-wide warming in all seasons 
over the last decade while the southern Bering Sea turned to near record cold tem-
peratures after 2006. Future climate changes in the Pacifi c Arctic will come from 
shifts in the timing and extent of seasonal sea ice. Based on climate model projec-
tions, cold and dark conditions will still dominate over a climate warming scenario 
in the Bering Sea of +2 °C by 2050. The northern Bering Sea will continue to have 
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extensive sea ice January through April, while the southern shelf will have on 
 average less sea ice than currently observed but with large interannual variability. 
The largest change has the southern Chukchi Sea shifting from being sea ice free in 
September and October at present to becoming sea ice free for 5 months from July 
through November within a decade or two, impacting shipping, oil exploration, and 
ecosystems.  

  Keywords     Arctic meteorology   •   Siberian high   •   Aleutian low   •   Arctic Oscillation   
•   Climate change   •   Sea ice   •   Bering Sea   •   Chukchi Sea  

2.1         Introduction 

 In this atmospheric review, the Pacifi c Arctic covers the area from the Bering Sea 
south of St. Lawrence Island north through Bering Strait to the southern Chukchi 
and Beaufort Seas. This is the transition zone between the relatively warm and 
moist storm tracks of the Aleutian low weather system in the south to the cold, dry 
and high pressure Arctic air mass to the north. This is a region of large north-south 
gradients in atmospheric properties such as air temperature and atmospheric sea 
level pressure (SLP). The region of strongest gradients moves north and south with 
the seasonal cycle. Maximum temperature gradients in winter are over the central 
Bering Sea with sub-freezing temperatures and sea ice coverage. In summer, the 
strongest air temperature gradients are across the Chukchi Sea and along the north 
slope and seaward of the coast of Alaska with temperatures above freezing. Large 
gradients in SLP produce an east-west region of strong wind speeds in all seasons; 
for example the annual mean surface wind speed at Barrow, Alaska for 1972–2007 
is 5.6 m s –1  (Wendler et al.  2010 ). 

 The causes for the meteorology of the Pacifi c Arctic region are a seasonal swing 
from a large heat loss in winter and the dominating presence of sea ice to a gain of 
heat in summer. The primary determinant of this seasonal climate shift is the annual 
cycle of insolation from a maximum of 500 W m –2  near the summer solstice to dark-
ness in winter. As summer progresses, absorption of insolation at the ocean surface 
increases as the albedo decreases due to snow and ice melt and increased open water 
areas. This annual cycle results in a change from a winter continental-like air mass 
similar to the adjacent land areas to a summertime marine air mass characterized by 
low clouds and fog. 

 In the recent decade, the Pacifi c air mass to the south and the Arctic air mass to 
the north appear to be on different climate change trajectories (Overland et al. 
 2012 ). To the north, the region is part of the decadal change of Arctic warming 
where recent sea ice losses are changing the climatology of the region, with periods 
of warm temperature anomalies extending through the autumn months. To the 
south, the Bering Sea has turned cold with extensive sea ice cover in 2007–2011, 
extents that had not been seen since the mid-1970s. This contrasts to a warmer than 
normal temperature anomaly period for the southern Bering Sea from 2001 through 
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2005. This north-south decoupling is due to the northern region being dominated by 
the thermodynamics of melting sea ice, while changes in the south are dominated by 
changes in North Pacifi c storm tracks and large-scale Pacifi c climate.  

2.2     Climatological Fields 

 The basic driver of Pacifi c Arctic meteorology is the annual cycle of solar insolation 
(Fig.  2.1 ). Although the sun is close to the horizon during summer, the 24 h of 
daylight provides the same potential solar radiation (i.e., without cloud effects) in 
the Arctic as occurs at lower latitudes in the northern hemisphere. North of 60°N, 
there is substantial solar heating from mid-April through August.

   Climatologically, in terms of surface air temperature (SAT) and SLP gradients, 
the Pacifi c Arctic can be considered to have two main seasons: an extended 9-month 
winter (September through May) and a summer (June through August). This is 
demonstrated by examining the SAT fi elds for standard seasons, fall (Sept–Nov), 
winter (Dec–Feb), spring (Mar–May) and summer (Jun–Aug), presented in 
Fig.  2.2 . Strong north-south temperature gradients are present fall through spring 
from northern Alaska southward through the southeastern Bering Sea. In summer, 
more effi cient heating of the continental land masses changes the orientations of 
the isotherms so that a sea-land temperature gradient occurs over the coastal 
regions of northwestern Alaska and eastern Siberia. For the SLP fi elds (Fig.  2.3 ), 
during fall through spring, the Aleutian low pressure center is dominant over 
southwestern Alaska, with the strongest pressure gradient occurring in the vicinity 
of Bering Strait. The strength of SLP gradient over the Pacifi c Arctic is greatest in 
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  Fig. 2.1    The daily variation of solar insolation at the top of the atmosphere as a function of 
latitude and day of year in units of Wm –2  for the Northern Hemisphere (Modifi ed from Liou  2002 )       
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winter. Climatological winds are easterly (from the east) and their magnitude drops 
off rapidly in the northern Chukchi Sea. In summer, the climatological SLP fi eld is 
nearly fl at. Typically, small storms can be produced along the temperature gradient 
in northern Alaska and these can drift out into the Chukchi/Beaufort Seas (Serreze 
et al.  2001 ). For a more detailed review of the marine climatology of the Beaufort 
Sea proper see Overland ( 2009 ).

2.3         Storms and Temporal Variability 

 The Pacifi c Arctic is dominated by high SLP regions for most of the year. These are 
large and slow-moving systems that persist for multiple days. The center of one of 
these systems is the Siberian high, far to the west. However, the edge of the high, 
where strong pressure gradients exist, can reside over the Pacifi c Arctic region, 
producing strong and persistent northwesterly or northeasterly winds. The other 

  Fig. 2.2    Mean (1961–2010) near-surface temperature (°C) for the four seasons over the 
Pacifi c Arctic (Data are from the NCEP–NCAR Reanalysis through the NOAA/Earth Systems 
Research Laboratory, generated online at:   http://www.esrl.noaa.gov/psd/cgi-bin/data/compos-
ites/printpage.pl)           
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high pressure center is over the Canadian Beaufort Sea. If there is very low pressure 
to the south of the region in the form of Aleutian low storm systems, there can be 
stronger than average easterly winds across northern Alaska and adjacent waters. 
These east wind events can cause coastal ocean upwelling events across the narrow 
northern Alaskan continental shelf (Nikolopoulos et al.  2009 ). 

 Storm track trajectories originating in the northwest Pacifi c and moving into the 
Pacifi c Arctic are generally of two types (Wang et al.  2004 ; Pickart et al.  2009 ). One 
type exhibits a west-to-east trajectory south of the region and may increase the north-
south pressure gradient as the low pressure region passes to the south of the more 
permanent higher pressure zones to the north (Fig.  2.4 ). The second trajectory type 
curves northward from the south into the central Bering Sea. Conventional wisdom 
at the Anchorage NOAA Weather Service is that a sequence of storms on this latter 
trajectory would continue to progress farther north displacing the northern high pres-
sure centers. The fi rst storm would make it to the central Bering Sea, the second 
storm would intrude to north of Bering Strait, and the third would transit Bering 
Strait and then curve eastward along the northern slope of Alaska.

  Fig. 2.3    Mean (1961–2010) sea level pressure ( SLP ) for the four seasons over the Pacifi c 
Arctic (Data are from the NCEP–NCAR Reanalysis through the NOAA/Earth Systems 
Research Laboratory, generated online at:   http://www.esrl.noaa.gov/psd/cgi-bin/data/compos-
ites/printpage.pl    )       
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   The lower troposphere of the Pacifi c Arctic (eastern Siberia to northern Canada) 
was relatively warm during spring in the 1990s relative to the previous four decades 
(Overland et al.  2002 ). The primary difference in the 1990s was the presence of 
several highly episodic springtime storms and associated advection of heat com-
pared to nearly storm-free periods in previous years. Krupnik and Jolly ( 2002 ) note 
that native elders in the region suggested that the weather was less dependable (pre-
dictable) starting in the 1990s. The addition of a few storms that propagated further 
north may be a cause of this diminished predictability relative to previous persistent 
easterly winds. 

  Fig. 2.4    Cyclone (storm) tracks during a typical wet season (October 1979–May 1980). A total of 
57 cyclones were found during this period ( upper panel ). Cyclogenesis (storm development) loca-
tion distribution is also shown for January 1980 ( lower panel , units are in cyclones/month, with 
interval being 0.05) (After Wang et al.  2004 )       
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 Such changes, however, may have begun as early as the late 1960s or at least by 
the well-known Alaskan regime shift in the 1970s (Wang et al.  2006 ; Wendler et al. 
 2010 ). Before the 1960s, Barrow and Nome were dominated by Arctic air masses 
and St. Paul was dominated by North Pacifi c maritime air masses. After the 1960s, 
the surface air temperature correlation in winter between Barrow and St. Paul 
increased from 0.2 to 0.7 and between Nome and St. Paul from 0.4 to 0.8, implying 
greater north–south penetration of both Arctic and Pacifi c air masses. Relatively 
stable, high correlations are found among the stations in the fall, whereas correla-
tions are low in the summer. These climatological results support the concept that 
the southeast Bering Sea ecosystem may have been dominated by Arctic species for 
most of the twentieth century, with a gradual replacement by sub-Arctic species, 
such as pollock, in the last 30 years (Aydin et al.  2007 ). 

 The opening date for the Prudhoe Bay shipping season depends on antecedent 
sea ice and weather conditions in the Bering Sea (Drobot et al.  2009 ). In years with 
early opening dates, the sea-ice cover in the southern Bering Sea is reduced in 
February and, as the season progresses, sea-ice concentrations in the central and 
northern Bering Sea remain low. Further, fewer accumulated freezing degree days 
(FDDs) suggests that temperatures are warmer over a broad area, ranging from the 
Bering Sea through the Chukchi Sea and the Beaufort Sea, in winter and spring 
months preceding early opening dates. 

 Based on tree ring widths of 14 white spruce chronologies for the Seward 
Peninsula, Alaska, some historical changes can be inferred for the Pacifi c Arctic 
back to 1400 (D’Arrigo et al.  2005 ). The chronologies correlate signifi cantly with 
Bering and Chukchi Sea sea surface temperatures and with the Pacifi c Decadal 
Oscillation index weighted towards the spring and summer months. There is 
inferred cooling during periods within the Little Ice Age (LIA) from the early-to-
middle 1600s and from the early-to-late 1700s, and warming from the middle 
1600s to early 1700s (Fig.  2.5 ). The chronologies imply that growth conditions were 
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somewhat below average until the middle of the twentieth century. Following a 
brief period of increasing growth in the 1950s, there is a decline, with some growth 
recovery in the 1990s.

2.4        The Differences of the Pacifi c Sector Relative 
to the Larger Arctic System 

 The largest climate signal for the Pacifi c Arctic in the recent decade is the apparent 
decoupling of trends in the marine air masses to the south and Arctic air masses. 
Major temperature increases are seen in the Arctic related to sea ice loss in the sum-
mer and subsequent positive temperature anomalies in the fall. In contrast, southern 
Bering Sea warming in 2001–2005 and subsequent cooling 2007–2012 are tied to 
sea surface temperature shifts in the North Pacifi c. A long-term, vertically-averaged 
ocean temperature record from the M2 mooring (Stabeno et al.  2012 ; Fig.  2.6 ) on the 
southeastern Bering shelf illustrate these warming and cooling trends. The annual 
average temperature anomaly chart (Fig.  2.7 ) for 2006 through 2012 shows extensive 
large positive temperature anomalies over much of the Arctic, with a cooling in the 
southeastern Bering Sea. The large-scale warming of the Arctic is evident in all 
months north of St. Lawrence Island, but is most pronounced in the autumn.

    The warming in the Arctic appears to be associated with the recent predominance 
of a climate pattern referred to as the Arctic Dipole (AD), characterized by low SLP 
on one side of the Arctic and high SLP on the other (Overland and Wang  2005 ; 
Wang et al.  2009 ; Zhang et al.  2008 ). On a hemispheric basis, the AD occurs as the 
third most prominent pattern after the Arctic Oscillation (AO) pattern, which has 
low SLP over the central Arctic in its positive phase, and the Pacifi c North-American 
pattern (Overland et al.  2008 ). While the AD was present in spring as early as 1997, 
its recent occurrence began in summer 2007 when it was present in all months and 
contributed to 2007 record minimum summer sea ice extent (Fig.  2.8 ). Each year 
after 2007 has also seen the AD pattern for part of the summer. For example, in 
2010, the AD pattern was present in May and June, but then the Arctic reverted to 
the more traditional climatological SLP pattern for summer of a weak, relatively small 
low-pressure center. However, by August 2010 the AD pattern had returned.
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2.5        The Future Climate of the Pacifi c Arctic 

 The anthropogenic contribution to a warming Arctic is estimated to be 4–6 °C by 
2080 (Chapman and Walsh  2007 ). Climate models also predict that the Arctic 
Ocean will be nearly sea ice free during the summer before the second half of this 
century, but recent data on thinning of Arctic sea ice suggest that the loss of Arctic 
summer sea ice may occur much sooner, within a decade or so (Stroeve et al.  2008 ; 
Wang and Overland  2009 ,  2012 ; Overland and Wang  2013 ). The Pacifi c Arctic is 
essentially sea ice free in summer at the present time. Such an occurrence will be 
limited to summer, since during the cold season, the Arctic Ocean, with its lack of 
sun light, will continue to be an ice covered sea. 

 As the Bering Sea is sea ice free in summer, it is characterized not by summer 
minima, but rather by winter/spring sea ice maxima. During the winters and springs 
of 2008–2013, there were near record maximum sea-ice extents in the southeastern 
Bering Sea. This contrasts with the record 2007–2012 summer Arctic sea ice min-
ima and suggests a lack of continuity or “decoupling” between summer sea ice 
minima in the Arctic and the eventual winter/spring sea-ice maxima in the Bering 
Sea for the following season. This is a result of the main thermodynamic physics at 
high latitudes; it is cold and dark in winter. The northern Bering Sea (at 64°N) has 
only 4 h of daylight at the winter solstice. Mean monthly maximum temperatures at 
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  Fig. 2.7    Near surface air temperature anomaly multiyear composites (°C) for 2006–2012. 
Anomalies are relative to 1981–2010 mean and show a strong Arctic amplifi cation of recent tem-
perature trends and cooling of the southeastern Bering Sea (Data are from the NCEP–NCAR 
Reanalysis through the NOAA/Earth Systems Research Laboratory, generated online at:   http://
www.esrl.noaa.gov/psd/cgi-bin/data/composites/printpage.pl    )       
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Nome, Alaska, averaged from 1949 through 2006, are below −2.9 °C for all months 
between November and April indicating freezing conditions during these months. 
Mean maximum temperatures in these months will stay below freezing even with a 
hypothesized regional increased of 2 °C due to an overall global warming signal by 
2050. Thus, winter and spring conditions in the western Arctic should not be dis-
similar than current conditions for the foreseeable future. 

 We have some confi dence for using climate models from the Intergovernmental 
Panel on Climate Change fourth Assessment Report (now referred to as CMIP3 
and updated to CMIP5) to project April, May and November sea ice areas 
(Overland and Wang  2007 ). Figure  2.9  shows the observed area of sea ice cover 
(black lines) in the eastern Bering Sea for April and May for past years. May, in 
particular, has considerable year-to-year variability with extensive sea ice cover-
age in the mid- 1970s. The blue line is the composite mean projection of 12 CMIP5 
models (ACCESS1.0, ACCESS1.3, CCSM4, CESM1-CAM5.1, EC-EARTH, 
HadGEM2-AO, HadGEM2-CC, HadGEM2-ES, MIROC-ESM-CHEM, MIROC- ESM, 
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  Fig. 2.8    Sea level pressure ( SLP ) fi eld corresponding to the minimum sea ice extent in summer 
2007 showing the Arctic Dipole ( AD ) pattern (Data are from the NCEP–NCAR Reanalysis through 
the NOAA/Earth Systems Research Laboratory, generated online at:   www.cdc.noaa.gov    )       
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MPI-ESM-LR, and MPI-ESM-MR.) which simulate well the mean and magnitude 
of seasonal cycle of sea ice coverage during 1981–2005 period. The thin blue/pink 
curves in the background represent multiple single runs (ensemble members) of 
the 12 selected models and suggest the possible range of future sea-ice areal 
coverage due to the infl uence of natural variability and to the anthropogenic 
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  Fig. 2.9    April and May sea ice extent over the eastern Bering Sea based on HadleyISST_ice 
analysis ( black line ) and projections from CMIP5 models.  Thin colored lines  are individual model 
projections from 12 models that simulate the Arctic sea ice extent well in their historical simula-
tions (Updated from Wang and Overland  2012 ). The  thick colored lines  are the ensemble mean 
value for each year averaged over these individual projections under RCP4.5 ( blue ) and RCP8.5 
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contribution represented by the thick blue and red lines under proposed emissions 
scenarios. These results from CMIP5 models show similar results to CMIP3 for 
the Pacifi c Arctic (Wang et al.  2012 ).

   While there are measurable decreases in mean sea-ice areal estimates in April 
after 2010, the individual simulations (blue/pink lines) suggest that it is unlikely for 
the Bering Sea to be ice free in April during this century. In contrast, in May, the 
ensemble mean sea-ice area (blue line) decreases to 56 % of the 1960–1980 average 
area by 2100. The observations for May (black line) show many years in recent 
decades which approach a near-zero sea-ice areal coverage, but there are still indi-
vidual model simulations from 2010 to 2050 where the sea-ice coverage exceeds the 
historical coverage from 1980 to the present. The trend toward minimal ice cover-
age can be expected to continue, but signifi cant ice cover in May during any given 
year remains a distinct possibility through at least 2050. The main message from 
Fig.  2.9  is that large interannual variability in sea ice cover will continue to domi-
nate the eastern Bering Sea in May for the next 40 years. 

 In contrast to spring sea ice conditions in the eastern Bering Sea, we project 
large changes in sea ice cover for the Chukchi Sea in autumn. Even for November, 
we see future reductions in sea ice coverage (Fig.  2.10 ). As in the Bering Sea, the 
range of individual ensemble members (blue/pink lines) is large, showing the 
uncertainty due to natural variability relative to the global warming signal. Loss of 
November sea ice cover has major implications for potential shipping and resource 
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  Fig. 2.10    November sea ice extent over the Chukchi Sea based on HadleyISST_ice analysis 
( black line ) and projections from 12 CMIP5 models.  Light colored lines  are individual model 
projections from these models under RCP4.5 ( blue ) and RCP8.5 ( pink ) emissions scenarios. The 
 thick colored line  are the ensemble mean value for each year averaged over these individual projec-
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exploration, as well as overall ecosystem shifts including habitat changes for 
marine mammals. For the southern Chukchi Sea there is a shift from September 
and October being sea ice free at the present time to July through November being 
sea ice free within a decade or two.

2.6        Summary 

 The Pacifi c Arctic is not characterized by uniformity, but by its large north-south 
differences in marine habitats. Strong north-south gradients in air temperature and 
sea level pressure are established by latitudinal differences in the annual cycle of 
solar insolation. An anthropogenic temperature increase of 2 ° C by 2050 will have 
only a modest impact on the Bering Sea which will still be characterized by large 
interannual variability in addition to the weak upward temperature trend and a 
decreasing sea ice extent. Because of the unique thermodynamic infl uences of sea 
ice (albedo changes and ocean heat storage in newly sea-ice free areas), loss of 
autumnal sea ice will continue to provide major changes in the Chukchi Sea 
through November over the next decades with major increases in economic access 
and ecological impacts.     
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    Abstract     Over the past several decades, there has been a fundamental shift in sea 
ice cover, age, and thickness across the Pacifi c Arctic Region (PAR). Satellite data 
reveal that trends in sea ice cover have been spatially heterogeneous, with signifi cant 
declines in the Chukchi Sea, slight declines in the Bering Strait region, yet increases 
in the northern Bering Sea south of St. Lawrence Island. Declines in the annual 
persistence of seasonal sea ice cover in the Chukchi Sea and Bering Strait region are 
due to both earlier sea ice breakup and later sea ice formation. However, increases 
in the persistence of seasonal sea ice cover south of St. Lawrence Island occur 
primarily owing to earlier sea ice formation during winter months. Satellite- based 
observations of sea ice age along with modeled sea ice thickness provide further 
insight into recent sea ice variability throughout the PAR, with widespread transi-
tions towards younger, thinner ice. Investigation of sea ice cover, age, and thickness 
in concert provides critical insight into ongoing changes in the total volume of ice 
and therefore the future trajectory of sea ice throughout the PAR, as well as its likely 
impacts on ecosystem productivity across all trophic levels.  
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3.1           Introduction 

 The Arctic Ocean has experienced signifi cant warming (Zhang  2005 ; Polyakov 
et al.  2007 ; Steele et al.  2008 ) and dramatic declines in sea ice over the past few 
decades (Parkinson et al.  1999 ; Cavalieri et al.  2003 ; Serreze et al.  2003 ; Stroeve 
et al.  2005 ,  2008 ,  2012 ). These reductions in sea ice have facilitated a positive feedback 
through decreased albedo and enhanced absorption of solar insolation (e.g., Perovich 
et al.  2007 ), leading to model predictions of a near absence of summer sea ice by the 
year 2040 (Holland et al.  2006 ) and possibly sooner (Stroeve et al.  2007 ; Wang and 
Overland  2009 ). Although signifi cant sea ice declines have been observed for all 
months, seasonal sea ice minima in September have been particularly striking 
(Stroeve et al.  2008 ; Perovich et al.  2011 ). Key factors in the declines in sea ice 
cover include long-term thinning trends of sea ice and replacement of thick, multi-
year ice with thin, fi rst-year ice (Nghiem et al.  2007 ; Maslanik et al.  2007a ,  2011 ). 
These reductions are exacerbated by increased heat fl uxes entering the Chukchi Sea 
through Bering Strait (Shimada et al.  2006 ; Woodgate et al.  2006 ), leading to ocean 
warming that in turn delays autumn sea ice re-growth (Steele et al.  2008 ). Reductions 
in Arctic sea ice cover have been most pronounced in the marginal seas of the 
Alaskan and Russian continental shelves, including areas in the Pacifi c Arctic 
Region (PAR) (Steele et al.  2008 ; Stroeve et al.  2012 ) that are the focus of the 
chapters in this book. 

 In the context of the overriding theme of this book, it is important to consider the 
potential impacts of recent sea ice variability on ecosystem productivity throughout 
the PAR. Sea ice melt and breakup during spring strongly impact primary produc-
tion in the Arctic Ocean and its adjacent shelf seas by enhancing light availability as 
well as increasing stratifi cation and stabilization of the water column. Recently 
observed declines in sea ice extent, thickness, and annual persistence should 
therefore have important consequences for primary production throughout the PAR. 
Recent studies indeed document signifi cant increases in primary production in sev-
eral sectors of the Arctic Ocean, in addition to signifi cant shifts in the timing of 
phytoplankton blooms. For example, newly compiled satellite observations of pri-
mary production in the Arctic Ocean over a 12-year period (1998–2009) reveal a 
~20 % overall increase, resulting primarily from increases in open water extent 
(+27 %) and duration of the open water season (+45 days) (Arrigo and van Dijken 
 2011 ). Enhanced light availability through increasingly melt-ponded sea ice sur-
faces (Frey et al.  2011 ) can also contribute to high levels of primary production 
underneath the ice (Arrigo et al.  2012 ). Furthermore, Kahru et al. ( 2010 ) found 
signifi cant trends towards earlier phytoplankton blooms for ~11 % of the Arctic 
Ocean over the 1997–2009 period in areas roughly coincident with those experienc-
ing earlier sea ice breakup. 

 Although general increases in primary production are predicted to accompany 
continuing losses in sea ice cover, shifts in primary production are expected to be 
spatially heterogeneous and dependent on several potentially confounding factors. 
For instance, models presented by Slagstad et al. ( 2011 ) suggest that while some 
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Arctic shelf areas may have signifi cant increases in primary production with further 
sea ice declines, the deep central basin of the Arctic Ocean may see smaller increases 
in production owing to low nutrient concentrations, areas that lose all ice cover may 
see decreases in production owing to increased stratifi cation with atmospheric 
warming, and some inner coastal shelves may see little increase in production owing 
to the enhanced turbidity from river runoff and coastal erosion. Empirically-based 
extrapolations presented by Arrigo and van Dijken ( 2011 ) suggest that when summer 
ice cover falls to zero, total annual primary production could reach ~730 Tg C year −1  
total across the Arctic (a ~48 % increase over the 1998–2009 average). However, 
this value is highly dependent upon future distributions of nutrients, the extent of 
warming-induced enhanced stratifi cation, and other limitations to primary produc-
tion such as river-associated turbidity in coastal regions. 

 In this chapter, we investigate the variability and trends in sea ice physical 
characteristics across the PAR (Sect.  3.1 ) over the past several decades, providing a 
physical context for the ecosystem-centric chapters in this book. The PAR has 
experienced some of the most dramatic shifts in sea ice of any region across the 
pan- Arctic. Quantifying changes in sea ice cover, age, and thickness combined 
provides an assessment of overall trends sea ice volume, thereby garnering impor-
tant insights into the potential future trajectory of sea ice conditions and potential 
impacts on ecosystem productivity. In Sect.  3.2  we focus on trends and recent inter-
annual variability of sea ice cover (including the seasonal duration of ice cover, 
timing of breakup, and timing of formation) based on passive microwave satellite 
observations. In Sect.  3.3 , we focus on changes in the age of sea ice derived from 
satellite observations blended with drifting-buoy vectors. In Sect.  3.4  we estimate 
changes in of sea ice thickness in the PAR based on a pan-Arctic coupled ice-ocean 
model. Lastly, in Sect.  3.5 , we provide a discussion of the implications and possible 
future states of sea ice throughout the PAR.  

3.2        Sea Ice Cover 

3.2.1     Trends in Sea Ice Cover 

 The sea ice cover in the PAR is highly seasonally variable, with much of the north-
ern Bering and Chukchi seas covered with fi rst-year sea ice for several winter 
months of each year. Northern portions of the Chukchi Sea have also contained 
variable amounts of multiyear sea ice (i.e., ice that has survived at least one melt 
season) over the last several decades of the observed satellite record. In order to 
investigate trends in sea ice cover throughout the PAR over the last several decades, 
sea ice concentrations (spanning the years 1979–2008) derived from the Scanning 
Multichannel Microwave Radiometer (SMMR) and Special Sensor Microwave/
Imager (SSM/I) passive microwave instruments (Cavalieri et al.  2008 ) were utilized 
for this study. These data are available at a 25 km spatial resolution, where the 
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SSM/I data are daily and the SMMR data are available every other day (but were 
temporally interpolated to create a daily time series). As is standard in most studies, 
we used a 15 % ice concentration threshold to defi ne the presence vs. absence of sea 
ice cover for calculations of sea ice extent. 

 Positions of the median sea ice edge for the last three decades (1979–1988, 
1989–1998, and 1999–2008) for both March (seasonal sea ice maximum) and 
September (seasonal sea ice minimum) are shown in Sect.  3.1 . Substantial shifts in 
sea ice cover throughout the PAR over the last 30 years of the satellite record are 
clearly evident. For March, the sea ice edge advanced slightly southward during 
1989–1998 compared with its position during 1979–1998. However, the March ice 
edge during 1999–2008 was at its northernmost position of the three decades. In 
contrast, the position of the September ice edge has shifted dramatically and sys-
tematically northward over the last three decades. During 1979–1988, the median 
September edge was so far south that it barely retreated off the Siberian coast, was 
nearly coincident with the shelf break in the Beaufort Sea, and only partially exposed 
the Chukchi Sea shelf. Two decades later, during 1999–2008, the median September 
ice edge was positioned far north of the coasts, exposing the deep Arctic Ocean 
basin in the eastern PAR. 

 Trends in areal coverage of sea ice in the northern Bering and Chukchi Seas were 
also quantifi ed over the satellite record from 1979 to 2008 (Figs.  3.2  and  3.3 ). In this 
case, the northern Bering Sea is defi ned as the shelf area north of St. Matthew Island 
to Bering Strait, whereas the Chukchi Sea is defi ned as the shelf area north of the 
Bering Strait between Wrangel Island and Barrow Canyon (Fig.  3.1 ). For the Bering 
Sea, statistically signifi cant trends ( p  < 0.10) are found only during the months of 
June, July, September, October, and November (Sect.  3.2 , Table  3.1 ), with no trend 
in August owing to the lack of ice cover during that month. During winter and 
spring, however, sea ice cover in the northern Bering Sea has been highly variable 
and without trend (Fig.  3.2 ). In contrast, trends in sea ice cover in the Chukchi Sea 
have been far more dramatic and statistically signifi cant for all months except April 
(Fig.  3.3 , Table  3.1 ). During January, February, and March, slight increases in ice 
cover in the Chukchi Sea have been observed. For May through December, 
however, all trends show signifi cant declines, where the greatest losses occurred 
during September: 63,840 km 2 /decade or 31.8 %/decade.

      Seasonal patterns and longer-term shifts in the spatial extent of sea ice were 
also compared over an annual time span. Daily averaged sea ice extent over 
5-year increments exhibit extreme wintertime variability in the northern Bering 
Sea, with peak extent (~550,000 km 2 ) typically occurring during March and 
complete loss of seasonal sea ice by June–July (Sect.  3.4 ). Wintertime sea ice in 
the Chukchi Sea is comparably stable, with similar peak extent (~550,000 km 2 ) 
attained by December and spring breakup starting in May. In the Chukchi Sea, 
sea ice breakup has shifted earlier and ice formation has shifted later over the 
30-year satellite record, with sea ice spatial extent substantially reduced during 
all non-winter months (Fig.  3.4 ).

   The timing of sea ice breakup and formation is also important to consider, 
where we defi ne the timing of these events as the day of year that sea ice 
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concentrations fall below or exceed 15 %, respectively. We also defi ne annual sea 
ice persistence as the total number of days per year that sea ice concentrations are 
greater than 15 %. Viewing the persistence and timing of breakup/formation spa-
tially (Fig.  3.5 ) provides valuable insight into sea ice variability across the past 
three decades, particularly in the context of seasonally varying and sea ice depen-
dent processes such as biological productivity. The PAR is highly dynamic in 
terms of annual sea ice persistence, ranging from 0 through >300 days per year of 
sea ice cover (Fig.  3.5 ). The timing of sea ice breakup also exhibits a broad range, 
with the earliest breakup in the Bering Sea (April) and the latest breakup in the 
northern Chukchi Sea (August–September). Similarly, the timing of sea ice forma-
tion is earliest in the northern Chukchi Sea (October–November) and latest in the 
Bering Sea (January–March). The timing of these events has shifted dramatically 
over the past three decades, which can be directly and spatially quantifi ed by pre-
senting linear decadal trends of annual sea ice persistence, the timing of sea ice 
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breakup, and the timing of sea ice formation (Fig.  3.6 ). The most extreme decadal 
shifts in sea ice cover have occurred within the central Chukchi Sea, where sea ice 
persistence has declined by more than 30 days/decade over the 30 year record. 
Decreased ice persistence was caused by not only earlier sea ice breakup 
(~10 days/decade earlier), but also later sea ice formation (~20 days/decade later). 
This reduction in sea ice cover has been pronounced in the Chukchi Sea, but 
trends lessen moving southward through the Bering Strait into the northern Bering 
Sea region surrounding St. Lawrence Island. South of St. Lawrence Island, sea ice 

        Table 3.1    Linear trends of sea ice decline in the northern Bering and Chukchi Seas over the 
30 year record (1979–2008). Only those trends that are statistically signifi cant ( p  < 0.10) are shown   

 Northern Bering Sea  Chukchi Sea 

 km 2 /decade  %/decade  km 2 /decade  %/decade 

 January  4,466  1.0 
 February  5,354  1.2 
 March  3,502  0.8 
 April 
 May  −8,107  −1.8 
 June  −2,788  −8.9  −24,186  −6.1 
 July  −568  −19.9  −39,048  −13.8 
 August  −48,273  −25.0 
 September  −726  −20.0  −63,840  −31.8 
 October  −2,283  −15.2  −70,118  −24.7 
 November  −7,913  −13.9  −48,820  −12.6 
 December  −13,329  −2.9 

  Fig. 3.2    Average sea ice cover for the northern Bering Sea for each month from 1979 to 2008. 
Trend lines are shown for only those months showing statistically signifi cant ( p  < 0.10) trends 
(Table  3.1 ). Results are based on SMMR and SSM/I sea ice concentrations       
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persistence trends show a slight increase in ice cover, driven more by earlier sea 
ice formation in winter rather than by later ice breakup in spring.

3.2.2         Interannual Variability in Sea Ice Cover 

 Sea ice cover was also investigated at a higher spatial resolution (6.25 km) with 
daily sea ice concentrations derived via the Advanced Microwave Scanning 
Radiometer for EOS (AMSR-E) sensor on the Aqua satellite platform launched 
in May 2002 (Spreen et al.  2008 ). Based on a 15 % sea ice concentration thresh-
old, annual sea ice persistence (Fig.  3.7 ), the timing of sea ice breakup (Fig.  3.8 ), 
and the timing of sea ice formation (Fig.  3.9 ) were quantifi ed for the PAR with 
AMSR-E data spanning 2002–2009. Although the time series of AMSR-E data 
is not long enough to determine statistically signifi cant trends in these parame-
ters, these data nevertheless allow for an investigation of the interannual vari-
ability of sea ice cover across the PAR with high spatial detail. Just as with the 
SMMR and SSM/I data, similar patterns in annual sea ice persistence emerge 
(Fig.  3.7 ), with a distinct latitudinal gradient from no sea ice cover south of the 
ice edge in the Bering Sea to >300 days/year of sea ice cover in the northern 
Chukchi Sea. Consistent with observations in other studies showing a 2007 mini-
mum in Arctic sea ice extent (e.g., Stroeve et al.  2008 ), 2007 shows the fewest 
number of days of sea ice coverage throughout the PAR as a whole over the years 
2003–2009. In contrast, however, 2003 and 2004 show the smallest sea ice cover 
for the Bering Sea specifi cally, although the position of the winter sea ice edge 
was farthest north in 2005.

  Fig. 3.3    Average sea ice cover for the Chukchi Sea for each month from 1979 to 2008. Trend lines 
are shown for only those months showing statistically signifi cant ( p  < 0.10) trends (Table  3.1 ). 
Results are based on SMMR and SSM/I sea ice concentrations       
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     Investigation of the timing of sea ice breakup and sea ice formation additionally 
illustrates important spatial patterns in these events across the PAR. In general, spa-
tial patterns in sea ice breakup were distinctly spatially heterogeneous (Fig.  3.8 ), 
where the timing of sea ice breakup did not necessarily follow an ideal latitudinal 
gradient. However, ice at the sea ice edge in the Bering Sea generally breaks up fi rst 
(early March) and advances northward into the Bering Strait by late April-early 
May. Ice breakup tends to occur relatively early within polynya regions (e.g., south 
of St. Lawrence Island), which is particularly apparent in 2005, 2006, 2007, and 
2008. Ice breakup occurs later in the Chukchi Sea, with ice in the southern Chukchi 
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Sea typically breaking up in late April-early May and advancing into the northern 
Chukchi Sea by July or August. The progression of sea ice breakup from south to 
north across the entire PAR (from the Bering Sea to the Chukchi Sea) occurs over a 
~6 month time span (from mid-March through mid-September). 

 Compared to patterns in sea ice breakup, the timing of sea ice formation is dis-
tinctly more homogenous across the PAR and more closely follows an ideal latitu-
dinal gradient (Fig.  3.9 ). This likely occurs in part because sea ice variability 
associated with polynya opening events primarily occurs during late winter and 
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  Fig. 3.7    Annual sea ice persistence for the years 2003–2009 showing recent interannual variabil-
ity in sea ice cover. Results are based on AMSR-E sea ice concentrations (using a 15 % sea ice 
concentration threshold)       
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spring (e.g., Fu et al.  2012 ), rather than during autumn and early winter with sea ice 
formation. Across the PAR, sea ice forms fi rst in the northern Chukchi Sea during 
September and October, whereas much of the remainder of the region (including 
both the Bering and Chukchi Seas) forms sea ice slightly later and relatively quickly 
during November and December. The most southern portion of the ice edge in the 
Bering Sea (in the vicinity of St. Matthew Island) then slowly advances southward 
over a longer timeframe (January through March) before ice breakup begins again 
in the spring. Over the 7 years investigated here, the 2006–2007 and 2007–2008 
seasons show distinctly later seasonal sea ice formation compared with the other 
years (Fig.  3.9 ). These two seasons bound the September 2007 minimum in observed 
sea ice cover across the Arctic Ocean. The later sea ice formation during the 2007–
2008 season is likely the direct aftermath of the shortened duration of summer 2007 
sea ice cover. In addition, a shorter ice-covered period during the previous 2006–
2007 season could have contributed to a younger, thinner ice cover that was more 
susceptible to melt during the following summer of 2007. Further discussion of the 
recent variability in sea ice age and thickness is found in the following two sections 
(Sects.  3.3  and  3.4 ).   

3.3       Sea Ice Age 

3.3.1     Sea Ice Age Data and Analysis 

 Recent decreases in summer sea ice extent (Sect.  3.2 ) not only affect total ice cover-
age but also have resulted in a fundamental change in the nature of the Arctic ice 
itself – the change from a largely perennial (multiyear) ice cover to a more seasonal 
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  Fig. 3.9    Recent interannual variability in the timing of sea ice formation for the years 2002–2009. 
Results are based on AMSR-E sea ice concentrations (using a 15 % sea ice concentration threshold)       
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coverage dominated by fi rst-year ice (Johannessen et al.  1999 ; Comiso  2002 ; 
Belchansky et al.  2004 ; Nghiem et al.  2006 ; Kwok  2007  ;  Maslanik et al.  2007a , 
 2011 ; Kwok and Cunningham  2010 ). There are different ways of looking at this 
change: (a) the amount of multiyear vs. fi rst-year ice, (b) which areas of the Arctic 
now experience periods of open water instead of continuous ice coverage, and 
(c) the characteristics of the surviving multiyear ice pack. Each of these carries dif-
ferent implications in terms of understanding how the Arctic Ocean is changing. 
Here, we consider how the ice cover has evolved since 1979 in terms of the amount 
and spatial coverage of fi rst-year and multiyear ice in the PAR, and in terms of the 
age distribution within the category of multiyear ice. 

 We use sea ice “age” data prepared by Fowler et al. ( 2004 ; updated 2010), and 
described further by Maslanik et al. ( 2007a ,  2011 ) and Stroeve et al. ( 2011 ). In brief, 
using satellite data and drifting buoys, it is possible to monitor the formation, 
movement, and disappearance of sea ice. This history can then be used to estimate ice 
age, as shown by Fowler et al .  ( 2004 ) and Rigor and Wallace ( 2004 ). In the Fowler 
et al .  ( 2004 ) approach, ice movement is calculated using a cross-correlation technique 
applied to sequential, daily satellite images acquired by the SMMR, SSM/I, and 
Advanced Very High Resolution Radiometer (AVHRR) sensors. Motion vectors are 
then blended via optimal interpolation with International Arctic Buoy Program drift-
ing-buoy vectors. Using the resulting 12.5 km resolution Equal-Area Scalable Earth 
(EASE) grid of ice motion vector fi elds from 1979 onward, ice age can then be esti-
mated by treating each grid cell that contains ice as an independent Lagrangian particle 
and transporting the particles at weekly time steps. The datasets are therefore similar to 
the buoy-derived age fi elds of Rigor and Wallace ( 2004 ), but provide additional spatial 
detail. If the passive microwave-derived ice concentration remains at least 40 %, then 
that particle is assumed to have survived summer melt and its age is incremented by 
1 year. A second version of the product uses a 15 % concentration threshold to age ice 
in areas of the diffuse, marginal ice zone (Maslanik et al.  2011 ). Unless noted other-
wise (e.g., Fig.  3.10 ), the 40 % concentration version of the age data is used for the 
analyses presented here. It is important to emphasize that with a 40 % concentration 
threshold (and even with the 15 % threshold), some ice may still be present. In the 
fi gures presented, these areas are specifi cally fl agged as “<40 %” or “<15 %” rather 
than as “open water”. When age classes are aggregated into fi rst-year and multiyear 
(i.e., second-year and older ice) categories, the information is comparable to the pas-
sive and active microwave satellite-derived time series of fi rst-year and multiyear ice 
analyzed in other multiple studies (Johannesen et al.  1999 ; Nghiem et al.  2006 ; Comiso 
et al.  2008 ; Kwok et al.  2010 ). See Fowler et al .  ( 2004 ), Rigor and Wallace ( 2004 ), 
Maslanik et al. ( 2007a ,  2011 ) and Stroeve et al. ( 2011 ) for further details.

3.3.2        Recent Variability in Sea Ice Age 

 To place the changes in sea ice within the PAR into a broader context, Figs.  3.10  and 
 3.11  show the spatial and fractional coverage of ice age classes from 1985 through 
2010 for the Arctic as a whole. The data capture the general trend seen in other 
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  Fig. 3.10    Distribution of sea ice of different ages for ( a ) mid-May 1985, ( b ) end of September 
1985, ( c ) mid-May 2010, and ( d ) end of September 2010. Panels ( e ) and ( f ) show the 2010 age 
maps generated using a 15 % ice concentration threshold during mid-May and September, 
respectively       
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studies of the overall loss in multiyear ice extent, but as discussed by Maslanik et al. 
( 2007a ,  2011 ), the overall reduction of the older multiyear ice types has been par-
ticularly large. In recent years, the multiyear ice in the Beaufort and Chukchi seas 
and Canada Basin is not ice that persists in the region from year to year, but instead 
is transported into the area each year from farther north and east by the clockwise 
motion of the Beaufort Gyre (e.g., Proshutinsky et al.  1997 ) replacing fi rst-year ice 
that formed in the area following extensive retreats of the pack edge during summer 
melt. This sequence of summer ice retreat followed by replenishment of multiyear 
ice typifi es conditions in recent years, as seen in panels c and d of Fig.  3.10 . In sum-
mary, the ice over most of the Arctic Ocean basin is no longer dominated by peren-
nial ice as it was prior to the late 1990s.

   Shifts in the age structure of ice within the Arctic Ocean basin translate into 
signifi cant interannual changes for the PAR. Ice conditions prior to melt onset (mid- 
May) and at the end of the summer melt period (end of September) for 1985 through 
2010 for the PAR and four sub regions (Figs.  3.12 ,  3.13 ,  3.14  and  3.15 ) show a 
general trend of diminishing multiyear ice extent in the western Arctic, with a 
greatly reduced fraction of older age classes. Using the 40 % concentration version 
of the age data, there was a consistent loss in the oldest ice types from 1985 to 2010 
(Fig.  3.15 ), with the oldest ice coverage decreasing from approximately 40 % of the 
ice pack in 1985 to less than 4 % in 2010 for May. For multiyear ice during May, the 
fractional coverage remained fairly stable from 1990 to 2001 but decreased mark-
edly after 2009, reaching a minimum of 15 % in 2009 (or a net loss of ~80 % of the 
multiyear ice extent). The change in fractional coverage was slightly greater for 
September, with the multiyear ice coverage decreasing from ~80 % in 1985 to less 
than 30 % in 2010. Despite the fact that relatively little multiyear ice has survived 
summer melt in recent years in the PAR, multiyear ice of different age categories 
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  Fig. 3.11    Fractional coverage of sea ice for different age ranges for mid-May 1985–2010. The 
geographic domain is the Arctic Ocean proper. First-year ice ( blue ), second-year and older ice 
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continues to be present in the area at other times of the year, via transport of 
multiyear ice from the north and east. This continued presence is more apparent 
when the minimum ice concentration threshold of 15 % is used (e.g., panels e and f 
of Fig.  3.10 ), which retains more of the diffuse, marginal ice cover.

      While there is considerable interannual variability in ice conditions, two periods 
of substantial change can be seen. The fi rst is a pronounced loss of multiyear ice in 
1989 and 1990, associated with the extremely strong positive Arctic Oscillation 
(AO) that favored northward transport away from the Siberian Arctic (Rigor et al. 
 2002 ). The time series of ice age composition within sub-regions 1 and 3 of the PAR 
depict this well, particularly sub-region 1 (Fig.  3.16 ). While multiyear ice recovered 
somewhat through the late 1990s, it was younger overall and likely thinner (e.g., 
Maslanik et al.  2007a ,  2011 ; Lindsay et al.  2009 ) than prior to 1989. The second 

  Fig. 3.12    Fractional coverage sea ice by age category for the PAR for mid-May of 1985 through 
2010       
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  Fig. 3.13    Fractional coverage sea ice by age category for the PAR for the end of September, 1985 
through 2010. Note that the  black areas  indicate areas where passive microwave-derived ice con-
centration is less than 40 %, rather than indicating areas of 100 % open water       
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portions of the Canadian 
Archipelago ( yellow ) are 
excluded. The transect used 
for transport calculations 
(Fig.  3.17 ) is in  green        
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notable period of change began in 2003, when atmospheric circulation patterns and 
perhaps changes in northward ocean heat transport (Maslanik et al.  2007b ; Wang 
et al.  2009 ) diminished the multiyear ice from the western Beaufort and northern 
Chukchi Seas (as in sub-region 3 in Fig.  3.16 ). This likely occurred through a 
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  Fig. 3.16    Fractional coverage of sea ice of different age ranges in mid-May for the four regions 
indicated in Fig.  3.14 . Region 1 ( top left panel ), Region 2 ( top right ), Region 3 ( bottom left ), 
Region 4 ( bottom right ). First-year ice ( blue ), second-year and older ice ( red ), fi fth-year and older 
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combination of northward ice drift and greater melt, but the specifi c contributions 
of the different mechanisms remain unclear.

   In sub-region 4 (eastern Beaufort Sea), the pack ice has oscillated between 
being predominantly fi rst-year vs. multiyear since 1997, before which it was 
mostly multiyear ice. The proportion of the multiyear pack that consists of the 
oldest ice types has remained relatively constant. The greater variability in the 
mixtures of ice types since 1997 is likely related to variability in east-to-west 
transport prior to the melt season. Calculation of ice transport (Fig.  3.17 ) across 
the transect location indicated in Fig.  3.14 , estimated using satellite derived ice 
motion vectors (Stroeve et al.  2011 ) for October through April 1985–2009, shows 
considerable interannual variability but with a general trend toward greater trans-
port in the latter years. Record transport was observed in Autumn 2009 through 
Winter 2010, in part accounting for the extensive westward drift of the tongue of 
multiyear ice seen in 2010 (Stroeve et al.  2011 ) and apparent in Fig.  3.12 . 
Examining the time series of ice transport across the Beaufort Sea transect sug-
gests that the record transport arose from strong, episodic wind-driven events 
rather than continuous uniform ice drift.

   In sub-region 2 (eastern Canada Basin), although the oldest ice types have 
decreased over time, the multiyear ice coverage remained constant until 2007 
indicating a shift to a younger multiyear pack. The extreme ice loss in summer 2007 
was the fi rst case in the satellite record where ice was removed throughout the entire 
western portion of the PAR. This has been followed by some recovery of the multi-
year ice extent but as with the effects from the AO in 1990, the multiyear ice is 
younger than it was previously and may be less able to withstand summer melt 
(Lindsay et al.  2009 ).   
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3.4        Sea Ice Thickness 

3.4.1     Sea Ice Thickness Data and Background 

 While many previous studies have analyzed changes in ice extent and concentration 
(e.g. Comiso  2009 ; Stroeve et al.  2011 ), this section focuses on ice thickness as it 
gives a better indication of ice volume variability. Temporal changes in the Arctic 
sea ice thickness (or draft) have been noted by several investigators over the last few 
decades. McLaren ( 1989 ) compared 1958 ice draft measurements, obtained via 
acoustic profi lers aboard the USS  Nautilus , to similar measurements from the 1970 
expedition of the USS  Queenfi sh . The  Queenfi sh  resampled along the original 
 Nautilus  route across the Arctic Basin via the North Pole and thus provided a robust, 
yet snapshot, comparison between these two time periods. The mean draft decreased 
over the 12 years from 3.08 to 2.39 m (or by ~22 %). A reduction in the sea ice 
thickness north of Greenland was noted by Wadhams ( 1990 ) between 1976 and 
1987. This reduction was found to be equivalent to at least a 15 % loss of volume 
over an area of 300,000 km 2 . Rothrock et al. ( 1999 ) utilized data obtained via U.S. 
Navy submarines from the Scientifi c Ice Expeditions (SCICEX) of the 1990s and 
compared those with historic cruise datasets from 1958 to 1976. Geographically 
nearly overlapping samples from the end of the melt season averaged over fi ve 
cruises during 1958–1976 (i.e. 1958, 1960, 1962, 1970, and 1976) were compared 
to similar averaged data from three cruises during the 1990s (i.e., 1993, 1996, and 
1997) and reported a mean ice draft reduction of 1.3 m at the end of the melt season. 
This difference (from 3.1 m in 1958–1976 to 1.8 m in 1993–1997) represents a 
mean decline of 40 % over much of the deep-water portion of the Arctic Ocean. 

 Although many previous studies have shown reductions in the sea ice thickness 
of the Arctic Ocean, questions remained as to whether the true long-term trend 
could be distinguished from natural temporal and spatial variability using the avail-
able limited data. Rothrock et al. ( 2008 ) used all U.S. submarine data in the data 
release area (DRA, the region of U.S. Navy submarine data) from 1975 to 2000, 
along with multiple regression techniques, to separate the interannual change, the 
annual cycle, and the spatial fi eld. The observed ice draft within the DRA showed 
declines from a maximum of 3.42 m in 1980 to 2.29 m in 2000 (and an overall 
1.25 m decrease in ice thickness), with an observational error standard deviation of 
0.38 m. Rothrock et al. ( 2008 ) noted a need for observations outside the DRA in 
order to assess the role of sea ice redistribution (i.e., with no or little change in the 
Arctic-wide sea ice volume; Holloway and Sou  2002 ) from the DRA into Russian 
waters or into the region south of the DRA and north of Canada. Because the DRA 
only encompasses ~38 % of the Arctic Ocean (Kwok and Rothrock  2009 ), sea ice 
thickness variability outside this region is still poorly known. 

 More recently, sea ice thickness has been estimated in the Arctic Ocean from satel-
lite measurements of ice freeboard, which on average accounts for 10–15 % of ice 
thickness. Based on estimates of ice freeboard from satellite altimeter measurements 
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(ERS-1 and ERS-2), Laxon et al. ( 2003 ) demonstrated strong interannual thickness 
variability of the Arctic sea ice cover between 1993 and 2001. Haas ( 2004 ) showed a 
similar magnitude of interannual variability in the Transpolar Drift during 1991–2001 
using independent measurements from drilling and electromagnetic (EM) sounding. 
Giles et al. ( 2008 ) reported on signifi cant thinning of Arctic sea ice (0.49 m in the 
western Arctic) following the 2007 ice extent minimum based on the Envisat-derived 
sea ice thickness anomalies between 2002 and 2007. Kwok et al. ( 2009 ) compared ice 
thickness data estimated from the Ice, Cloud, and land Elevation Satellite (ICESat) 
autumn (mid-October to mid-November) and winter (late February to late March) 
campaigns during 2003–2008 with historic submarine sonar measurements (Rothrock 
et al.  1999 ). They showed a dramatic reduction in the wintertime sea ice thickness 
between 1980 (3.64 m) and 2008 (1.89 m) within the DRA (Kwok et al.  2009 ), which 
represents a thickness decline of 1.75 m during the last three decades. However, sea 
ice thickness estimates from ICESat depend on several not well known factors, includ-
ing total freeboard, snow depth, and densities of snow, ice and seawater (e.g., Kwok 
et al.  2007 ; Kwok and Cunningham  2008 ). 

 Overall, observations of ice thickness are space and time-limited, and are not yet 
suffi cient to diagnose long-term changes in Arctic sea ice volume. Ice thickness 
estimates derived from ice draft measurements by upward looking sonar from 
submarines and moorings are less uncertain than those derived from ice freeboard 
measured by satellites. However, ice draft data are not available basin-wide or 
long-term, while satellite data in practice are still limited to ice thickness anomalies 
relative to short-term means.  

3.4.2     Sea Ice Thickness Model Description 

 In this section, we present sea ice thickness results from a high-resolution (~9 km) 
pan-Arctic coupled ice-ocean model (Naval Postgraduate School Arctic Modeling 
Effort, NAME). The NAME coupled sea ice-ocean model consists of a regional 
adaptation of the Parallel Ocean Program (POP) and dynamic-thermodynamic sea 
ice models (Maslowski et al.  2004 ) confi gured at a horizontal grid spacing of 1/12° 
(or ~9 km). Such horizontal resolution permits calculation of fl ow through the nar-
row passes of the Aleutian Islands (Maslowski et al.  2008a ) and straits of the north-
ern Bering Sea (Clement et al.  2005 ). In the vertical direction, there are 45 vertical 
depth layers ranging from 5 m near the surface to 300 m at depth, with eight levels 
in the upper 50 m. The model domain is confi gured in a rotated spherical coordinate 
system to eliminate grid singularity at the North Pole and to minimize changes in 
grid cell area due to convergence of meridians with latitude. It contains the sub- 
polar North Pacifi c (including the Gulf of Alaska, the Sea of Japan and the Sea of 
Okhotsk), the Arctic Ocean, the Canadian Arctic Archipelago (CAA), the Nordic 
Seas and the sub-polar North Atlantic (see Fig. 3.1a of Maslowski et al. ( 2004 ) for 
model domain). Model bathymetry is derived from two sources: the ETOPO5 at 
5-km resolution for the region south of 64°N and the International Bathymetric 
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Chart of the Arctic Ocean (IBCAO; Jakobsson et al.  2000 ) at 2.5-km resolution for 
the region north of 64°N. Daily climatological runoff from the Yukon River (and all 
other major Arctic rivers) is included in the model as a virtual freshwater fl ux at the 
river mouth. However, in the sub-polar regions (e.g., Gulf of Alaska, Hudson Bay, 
Baltic Sea) the freshwater fl ux from runoff is introduced by restoring the surface 
ocean level (5 m thick) to climatological (Polar Science Center Hydrographic 
Climatology, PHC; Steele et al.  2001 ) monthly mean salinity values over a monthly 
time scale (as a correction term to the explicitly calculated fl uxes between the ocean 
and underlying atmosphere or sea ice). 

 The ocean model was initialized with climatological, three-dimensional temperature 
and salinity fi elds (PHC) and integrated for 48 years in a spinup mode. The produc-
tion run, forced with realistic daily averaged European Centre for Medium- Range 
Weather Forecasts (ECMWF) interannual reanalysis and operational data, covers 
the 26-year time period from 1979 through 2004. Additional details on the model, 
including sea ice, have been provided elsewhere (Maslowski and Lipscomb  2003 ; 
Maslowski et al.  2004 ,  2008b ). Results from the production run are used for the 
analyses, to validate against available observations of sea ice thickness, and to 
provide information where and when data are missing.  

3.4.3     Sea Ice Thickness Model Validation 

 In order to evaluate the skill of the model in representing sea ice thickness vari-
ability, its output has been compared to sea ice thickness data gathered during 
the last three decades (McNamara  2006 ; Whelan  2007 ). Those data sets include 
the draft measurements conducted by U.S. Navy submarines between 1979 and 
2000, EM induction ice thickness measurements gathered using a helicopter by 
the Alfred Wegener Institute in April 2003, and data collected by NASA’s 
ICESat satellite for 2003. The comparison with submarine and EM data is prob-
lematic for several reasons. The main problem is that the data and model output 
are at very different spatial resolutions: A typical sonar beam footprint ranges in 
diameter from 2.6 to 6 m and it collects data every 1 m along-track, whereas the 
model grid cell is about 9 km × 9 km (or ~85 km 2 ) and tends to remove values at 
either extreme. Assuming the sonar footprint diameter of 6 m, a 50 km cruise 
segment yields a 0.3 km 2  swath for the ULS dataset. The same 50 km segment 
results in a 1,390 km 2  swath when using the three grid cell wide model output 
comparison. Another problem is the large mismatch (up to three orders of mag-
nitude) between the number of data points and the number of grid cells for any 
given distance. Finally, the time of the observations used in this work is known 
at least to the day, which is in marked contrast to the monthly average model 
output available for the analysis. 

 We focus here on a comparison with submarine data which was analyzed 
similarly to Rothrock et al. ( 2008 ), by averaging the ice thickness for each straight 
segment of the cruise (corresponding to a distance of 50 km or less) and assigning 
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weights to the segments according to their lengths (McNamara  2006 ). The data 
were then binned into 10-cm ice thickness bins and plotted together as a probability 
distribution function (PDF) with y-axis values representing a percentage of points 
with a given ice thickness relative to the total number of points. This analysis allows 
comparison of both modal and mean ice thickness per cruise. A summary of mean 
ice thickness comparison from 32 submarine cruises is shown in Fig.  3.18 . The NPS 
model performed reasonably well when comparing its sea ice thickness output to 
the ULS derived sea ice thickness measurements from the analyzed 32 submarine 
cruises. It showed practically no bias against data when examined across the record. 
However, the lack of sub-grid scale variations in ice thickness effectively contrib-
uted to a limited agreement with the data on very thin and very thick ice. This is 
evident in comparisons where the mean model thickness is in good agreement with 
the mean cruise thickness from the submarines. However, the modal distribution is 
not in good agreement, as it shows differences of order 0.5 m and/or missing thin-
ner/thicker secondary modal maxima.

3.4.4        Recent Variability in Modeled Sea Ice Thickness 

 Overall, modeled sea ice thickness has declined over the last few decades (Fig.  3.19 ). 
Mean September thickness in 1982 was in the range of 2.5–3.5 m over the central 
Arctic Ocean, with the thickest ice found along the northern coasts of the Canadian 
Archipelago and Greenland (Maslowski et al.  2007 ). Ten years later, the sea ice 
thickness in September 1992 was slightly thicker over much of the Arctic Ocean 
(Fig.  3.19b ), although there was little change overall. In 2002, a dramatic reduction 
in sea ice thickness occurred with values <2 m across most of the central Arctic 
Ocean. Many marginal seas were ice-fee during this September time frame, in 
agreement with satellite observations. We also note the signifi cant thinning of ice 
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  Fig. 3.18    ULS weighted mean ice thickness ( red ) vs. NPS model weighted mean ice thickness 
( blue )       
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along the northern coasts of the Archipelago and Greenland. In addition, the tongue 
of ice that typically extends along the east coast of Greenland (above the East 
Greenland Current) was not present for the most part. The dramatic thinning 
described here is robust and independent of the strength of surface relaxation to 
climatological temperature and salinity, as shown by Maslowski et al. ( 2007 ). A 
shift in the mode (as defi ned by the highest percentage of total model grid cells per 
ice thickness bin) of ice thickness occurred during the mid-to-late 1990s (Fig.  3.20 ). 
The PDF shows that the mode prior to 1997 was in the range of 2.5–3.5 m thick. 
After that time, the mode was between 1.0 and 2.5 m thick – a strong shift toward 
thinner ice (Stroeve and Maslowski  2007 ). The reduction of the modal ice thickness 
represents the thinning of the multi-year pack ice toward the ice thickness range 
representative of fi rst-year ice.

    In light of the overall changes in Arctic sea ice thickness, we now focus on the 
changes in the Bering and Chukchi seas. The modeled mean ice thickness in the 
Chukchi Sea has declined throughout the seasonal cycle in a dramatic fashion 
since the late 1990s (Fig.  3.21 ). While the late summer/early autumn differences 
are the highest (~1 m for 1999–2003 and ~1.4 m in 2004), the wintertime changes 
are still noticeable (~0.5 m for 1999–2003), particularly in 2004 (~1 m). The 
seasonal cycle in the Bering Sea (Fig.  3.21 ), in contrast, shows much smaller 
changes (up to 0.15 m), with thinner ice occurring during the winter through 
early summer time frame in 2004. The only signifi cant trends (over the 26-year 
time series) (Fig.  3.22 , Table  3.2 ) in the Bering Sea ice thickness occur during 
June (−3.7 cm/decade) and July (−1.6 cm/decade). The Chukchi Sea ice thick-
ness shows signifi cant downward trends during June–December (Fig.  3.23 , 
Table  3.2 ). The most severe ice thickness trends occur in September at −51.2 cm/
decade, however early summer through early winter losses are all statistically 
signifi cant and noteworthy (>25 cm/decade). Although the trends for January–
May are not signifi cant (at the 90 % level), sharp declines occur for all of these 
months beginning in 2001 (Fig.  3.23 ).

Sea Ice Thickness (m)
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  Fig. 3.19    Modeled sea ice thickness (m) during September ( a ) 1982, ( b ) 1992, and ( c ) 2002       
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3.4.5           Potential Mechanisms of Sea Ice Thinning 

 Although many previous studies have shown reductions in the sea ice thickness of 
the Arctic Ocean (e.g., McLaren  1989 ; Wadhams  1990 ; Rothrock et al.  1999 , 
 2008 ; Kwok et al.  2009 ) the direct cause(s) remain somewhat obscure. Rothrock 
et al. ( 1999 ) proposed three possible mechanisms for thinning the sea ice to the 
degree that was observed: (a) increased oceanic heat fl ux (additional 4 W m −2 ), (b) 
increased poleward atmospheric heat transport (additional 13 W m −2 ), or (c) 
increased downwelling shortwave radiation (additional 23 W m −2 ). Still another 
possible cause of the thinning could be changes in precipitation and snow cover or 
advective processes such as sea ice export via Fram Strait. Rothrock et al. ( 1999 ) 
also noted all of these processes would be at the very limits of the present obser-
vational capability, and hence reaching a conclusion on the cause of the sea ice 
decline would prove diffi cult. 
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  Fig. 3.20    Probability distribution function ( PDF ) of modeled annual mean binned ice thick-
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 Warming in the Arctic has been typically associated with high positive AO index 
(Rigor and Wallace  2004 ), however the recent accelerated warming in the late 1990s 
through 2000s has occurred under a relatively neutral AO regime, which poses 
important questions about the actual role of the AO in sea ice variability (Overland 
and Wang  2005 ). There is a clear indication that Arctic sea ice thickness has declined 
at a similar, if not faster, rate than that of ice extent/area. The overall decline in sea 
ice cover has been most prominent in the western Arctic, which implies that some 
of its causes might be related to summer Pacifi c water advected from the Bering 
Sea, over the Chukchi shelf, and into the deep Canada Basin (see Maslowski et al. 
2014, this volume). 

 In the Chukchi Sea, the modeled ice thickness trends are the most severe during 
September (−51.2 cm/decade or −54.8 %/decade) (Table  3.2 ), which is, again, con-
sistent with the observed sea ice extent trend in the same region for September 
(−63,840 km 2 /decade or −31.8 %/decade) (Table  3.1 ). An earlier summer melt in 
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  Fig. 3.21    Monthly mean modeled sea ice thickness in 5-year periods (except for 2004) as shown 
in the legend for the ( a ) northern Bering Sea and ( b ) Chukchi Sea       

 

3 Recent Variability in Sea Ice Cover, Age, and Thickness…



56

1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004
0

0.1

0.2

0.3

0.4

0.5

0.6

Dec
Jan
Feb
Mar
Apr
May

1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

Jun
Jul
Aug
Sep
Oct
Nov

Bering Sea − Mean Ice Thickness (m)

Bering Sea − Mean Ice Thickness (m)

a

b

  Fig. 3.22    Monthly mean modeled sea ice thickness for 1979–2004 in the northern Bering Sea. 
Signifi cant ( p  < 0.10) linear trends are shown as  dashed lines  in the same color as the monthly mean 
values       

      Table 3.2    Linear trends of modeled sea ice thickness decline in the Bering and Chukchi Seas over 
the 26 year time period (1979–2004). Only those trends that are statistically signifi cant ( p  < 0.10) 
are shown   

 Bering Sea  Chukchi Sea 

 cm/decade  %/decade  cm/decade  %/decade 

 January 
 February 
 March 
 April 
 May 
 June  −3.7  −17.4  −27.6  −12.0 
 July  −1.6  −25.8  −34.7  −20.1 
 August  −40.2  −39.3 
 September  −51.2  −54.8 
 October  −46.7  −60.1 
 November  −37.8  −26.9 
 December  −28.3  −16.3 
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the modeled sea ice thickness trends for the Bering Sea (Table  3.2 ) is consistent 
with observations, which also show declines in ice extent during June and July 
(Table  3.1 ). However, later sea ice formation (i.e., thinner ice during autumn) is not 
shown in the model results through 2004.   

3.5      Implications and Possible Future States 

 Summer retreat of the sea ice pack tends to stop at the multiyear ice edge (i.e., fi rst- 
year ice typically melts out more easily than multiyear ice), as is apparent for cor-
responding years in Figs.  3.12  and  3.13 . As such, once multiyear ice is established 
it helps maintain ice extent. In other words, there tends to be two relatively stable 
states of sea ice: a seasonal ice state and a multiyear ice state. For example, once an 
area is converted to fi rst-year ice, it tends to remain an area of seasonal ice cover, as 
happened during the late 1980s positive AO event. But if multiyear ice survives or 
re-captures a region, then it favors the multiyear ice state. However, since the late 
1990s, even the oldest and likely thickest (e.g., Maslanik et al.  2007a ) ice 
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  Fig. 3.23    Monthly mean modeled sea ice thickness for 1979–2004 in the Chukchi Sea. Signifi cant 
( p  < 0.10) linear trends are shown as  dashed lines  in the same color as the monthly mean values       

 

3 Recent Variability in Sea Ice Cover, Age, and Thickness…



58

transported into the Beaufort Sea has typically not survived through summer. The 
PAR has thus essentially become a region of multiyear ice loss, behaving more like 
a sub-arctic sea than the historical Arctic region dominated by perennial ice cover 
(Kwok and Cunningham  2010 ; Maslanik et al.  2011 ). An exception occurred in 
2006, however, when a portion of multiyear ice in the Beaufort Sea consisting of the 
oldest ice types survived the melt season (Fig.  3.13 ). This suggests that while condi-
tions have not been favorable for ice survival in recent years, they are likely close to 
a threshold in which favorable dynamic and thermodynamic conditions may allow 
extensive ice cover to survive through summer in the southern Beaufort Sea. Once 
a multiyear ice cover is re-established, it may act to maintain itself for several years, 
or until the next set of extreme conditions occurs (as in 1990 or 2007). 

 The tendency for the ice pack to melt back to the multiyear ice edge, along with 
the decreased survivability of multiyear ice in the southern Beaufort Sea, implies 
continued trends of more open water in the PAR. It is important to note that multi-
year ice continues to be transported into the southern Beaufort Sea and occasionally 
farther west into the Chukchi Sea, causing some older ice types to be quite close to 
shore (Fig.  3.12 ). Unlike conditions in the 1980s and 1990s, the multiyear ice is now 
often confi ned to a relatively narrow band or tongue, with a tendency for the oldest 
and heaviest ice to be farthest south, with younger multiyear ice to the north transi-
tioning to fi rst-year ice. Some of the multiyear ice in the southern Beaufort Sea is 
among the oldest and thickest in the Arctic, so the potential exists to encounter 
multiyear ice during winter and throughout mid-summer in this region. In some 
cases, isolated multiyear fl oes can survive in the Beaufort and Chukchi seas through-
out the melt season, possibly providing some isolated habitat for marine mammals 
and posing hazards for shipping. 

 While most of the ice pack might have now retreated well north of the continen-
tal shelf, it is possible that residual multiyear fl oes within the tongues of east-to- 
west transported multiyear ice might provide platforms useful for marine mammals 
and species across other trophic levels in relatively shallow water. However, the 
presence of a narrow band of heavy multiyear ice near shore might also give a false 
perception that heavy multiyear ice persists all the way to the North Pole. As such, 
any organism that assumed that ice north of the multiyear ice edge offshore of the 
Alaskan coast in recent years (particularly from 2004 onward) was perennial ice 
would in fact fi nd itself over fi rst-year ice and potentially a great distance from sur-
vivable ice once the summer melt season starts. In addition to ice extent, the nature 
of the ice itself in terms of the shift from a predominance of ice of several years of 
age to mainly fi rst-year ice and young multiyear ice may have implications for bio-
logical processes and habitat. Ice characteristics such as thickness, salinity, snow 
cover, and surface and subsurface topography differ considerably between fi rst-year 
and multiyear ice of different ages. 

 A decline in Arctic sea ice extent over the second half of the twentieth century 
was simulated by all of the global climate models participating in the 
Intergovernmental Panel of Climate Change Fourth Assessment Report (IPCC 
AR4) (Stroeve et al.  2007 ). However, the magnitude of satellite-observed nega-
tive trends in sea ice extent was not represented by the majority of models, 
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implying the models were too conservative. Possible causes presented by Stroeve 
et al. ( 2007  and references therein) included lack of a parameterization of sub-grid 
scale ice thickness distribution, as well as poor representation of modes of atmo-
spheric variability, ocean circulation, heat convergence, and water column vertical 
structure. However, in general climate projections suggest that the ice pack will 
continue to transition toward a nearly entirely seasonal, fi rst-year ice cover (e.g., 
Overland and Wang  2007 ; Douglas  2010 ; Wang et al.  2012 ). Even so, conditions 
might be similar to those observed in the last several years, with some multiyear 
ice persisting along the periphery of the Arctic Ocean adjacent to the high-lati-
tude Canadian Archipelago coast. Some of this ice will be transported into the 
Canada Basin and Beaufort and Chukchi seas during the winter and as noted 
above, it would be scattered, low- concentration, residual areas of multiyear ice 
may or may not survive the melt season. The same situation may hold for the 
Canadian Archipelago channels, where residual multiyear ice might be trans-
ported into the passages during winter. As noted above, this could be signifi cant 
for habitat and shipping, so the “ice free” summers projected by models might be 
better termed “nearly ice free”. Also, over the coming decades, there will likely 
be periods (such as in 2010) when there is some recovery of the multiyear ice 
extent. However, it is likely that these will amount to periods of natural interan-
nual variability superimposed on the overall long-term trend toward a nearly 
entirely seasonal ice cover. The tendency for two stable states of ice coverage 
(seasonal vs. multiyear) to persist may continue, with occasional extreme condi-
tions promoting one ice state over the other. That being said, however, it seems 
that the nature of the extreme events favors a shift from thicker multiyear to thin-
ner fi rst-year ice rather than vice versa.  

3.6     Summary 

 Sea ice across the Pacifi c Arctic Region (PAR) is highly seasonally variable, with 
sea ice existing only a few days each year in the most southern reaches of the sea ice 
zone of the northern Bering Sea, to nearly year-round coverage sea ice in the north-
ern Chukchi Sea. Over the past several decades, the sea ice of the PAR has experi-
enced some of the most dramatic changes in areal coverage, age, and thickness of 
the entire Arctic Ocean basin. The most extreme trends in sea ice cover across the 
PAR have occurred within portions of the Chukchi Sea, where annual sea ice persis-
tence has declined by more than 30 days/decade over the 30 year record (1979–
2008) of satellite observations. This decline results from earlier sea ice breakup 
(~10 days/decade earlier), and even more so by later sea ice formation (~20 days/
decade later). In terms of sea ice age, the PAR has become a region of multiyear ice 
loss, behaving more like a sub-Arctic sea than the historical Arctic region domi-
nated by perennial cover. The loss of multiyear ice is particularly striking in 
September, where the fractional coverage north of Bering Strait diminished 
from 80 % in 1985 to less than 30 % in 2010. Changes in sea ice thickness are 
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also most dramatic in the Chukchi Sea, with signifi cant downward trends during 
June–December of 1979–2004. While September shows the highest trends in the 
Chukchi Sea (−51.2 cm/decade), recent sharp declines occur in all months begin-
ning in 2001. Climate projections suggest that sea ice across the PAR will continue 
on a path toward a nearly entirely seasonal, fi rst-year ice cover, which by its nature 
will be thinner and less seasonally persistent, with the possibility of some continued 
presence of multiyear ice through ridging and transport from the Arctic Basin to 
north of the Canadian Archipelago. As these trends continue, the changing sea ice 
will undoubtedly have profound impacts on ecosystem productivity across all tro-
phic levels within the PAR.     
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Abstract  The purpose of this chapter is to reveal several emerging physical  
ice-ocean processes associated with the unprecedented sea ice retreat in the Pacific 
Arctic Region (PAR). These processes are closely interconnected under the scenario 
of diminishing sea ice, resulting in many detectable changes from physical environ-
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ment to ecosystems. Some of these changes are unprecedented and have drawn 
the attention of both scientific and societal communities. More importantly, some 
mechanisms responsible for the diminishing sea ice cannot be explained by 
the leading Arctic Oscillation (AO), which has been used to interpret most of the 
changes in the Arctic for the last several decades. The new challenging questions 
are: (1) What is the major forcing? (2) Is the AO, the DA, or their combination, 
contributing to the sea ice minima in recent years? How do we use models to 
investigate the recent changes in the PAR. Is the heat transport through the Bering 
Strait associated with the DA? What processes accelerate sea ice melting in the PAR?

Keywords  Arctic Dipole Anomaly • Arctic summer ice minima • Landfast ice • 
Ice/ocean albedo feedback

4.1  �Introduction

The northern North Pacific Ocean, including the Bering Sea, is among the most 
productive marine ecosystems in the world, as evidenced by large populations of 
marine fish, birds, and mammals. Fish and shellfish from these regions constitute 
more than 10 % of total seafood harvest of the world and about 52 % of the U.S. 
(PMEL 2000). As a result, the productivity is critical not only to the U.S. economy, 
but also to the economy of surrounding countries.

The Bering Sea (Fig. 4.1) is a complex semi-enclosed sea with a shallow, broad 
shelf, a shelf break, and deep basins. The ocean circulation pattern is complicated. 
The Alaskan Stream (AS) mainly flows along the Aleutian Peninsula and provides 
some of its water via Aleutian passes to the Bering Slope Current (BSC) and to the 
Aleutian North Slope Current (ANSC; Stabeno et al. 1999; Hu and Wang 2010). 
The BSC extends into two coastal currents: the Anadyr Current (AC), which flows 
along eastern Siberia into the Chukchi Sea through the western side of the Bering 
Strait, and the East Kamchatka Current (EKC), which flows southwestward along 
the Koryak and Kamchatka peninsula. Numerous sites of mesoscale eddy genera-
tion possibly exist within the AS and BSC, due to baroclinic instability interacting 
with the sloping shelfbreak (Wang and Ikeda 1997; Mizobata et  al. 2002, 2006, 
2008). The basic schematic surface circulation pattern, based on available observa-
tional evidence (Kinder and Coachman 1978; Stabeno and Reed 1994), is fairly well 
known (Fig. 4.1). The interaction or exchange between the shelf and deep basins is 
a typical phenomenon that significantly influences primary and secondary produc-
tivities (Mizobata et al. 2002; Mizobata and Saitoh 2004).

In the Bering Sea and the southern Chukchi Sea, seasonal sea-ice cover is an 
important predictor of regional climate (Niebauer 1980; Wang and Ikeda 2001). 
Sea-ice extent also influences ocean circulation patterns, thermal structure, water 
stratification, and deep convection (Wang et al. 2010) because: (1) wind stress drag 
is different in magnitude over the water surface with and without ice cover (Pease 
et al. 1983); (2) the albedo of ice differs from that of water; thus, prediction of the 
sea-ice extent (i.e., edge) is crucial to predicting the ocean mixed layer and ocean 
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circulation, and thus, to predicting primary and secondary productivities (Springer 
et al. 1996); and (3) spring ice-melt freshwater increases stratification in the upper 
layer, which may enhance phytoplankton blooms. In addition, climate change, 
through its effect on the timing of ice melting, would determine the timing of 
phytoplankton and zooplankton blooms. As a result, sea-ice conditions and the eco-
system in the Bering Sea are driven mainly by atmospheric and oceanic forcing, 
from tidal, synoptic, and seasonal to interannual and decadal time scales.

The Western Arctic Ocean, with a freshwater and heat pathway to the Bering Sea 
via the Bering Strait, includes the Eastern Siberian Sea, the Chukchi Sea, and 
the Beaufort Sea (Fig. 4.1). There are two important current systems in the regions: 
the Alaska Coastal Current (ACC) and the Eastern Siberian Current (ESC), which 
are both driven by the freshwater. Two branches flow through the Central Channel 
and Herald Canyan (Woodgate et al. 2005), and join the Beaufort Slope Current 

Fig. 4.1  Topography and bathymetry of the Bering Sea and the western/Pacific Arctic region 
(PAR), and schematic circulation systems (by colored arrows). Water depths are in meters 
(Courtesy of T. Weingartner, University of Alaska Fairbanks)
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(Pickart 2004). The surface Beaufort Gyre is an anticyclonic circulation for both the 
ocean and sea ice, driven by the Beaufort high pressure system. Significant changes 
in sea ice cover and ice-related physical and ecological phenomena occurred in the 
last decade, particularly in the PAR. In particular, the extent of Arctic sea ice reached 
its all time low in September 2007, shattering all previous lows (Serreze et al. 2007; 
Comiso et al. 2008; Gascard et al. 2008; Wang et al. 2009a) since satellite record-
keeping began nearly 30 years ago (Fig. 4.2). The Arctic sea ice extent in September 
2007 stood at 4.3 · 106  km2. Compared to the long-term (1979–2000) minimum 
average, the new minimum extent was lower by about 2.56 · 106 km2 – an area about 
the size of Alaska and Texas combined, or 10 United Kingdoms. The cause of this 
significant ice loss was thought to be the combined effects of Arctic Oscillation 
(AO)-induced warming (Wang and Ikeda 2000) due to natural climate variability 
and exporting of multiyear ice (Rigor and Wallace 2004; Steele et al. 2004), the 
climate warming trend due to greenhouse gases (caused by anthropogenic activities), 
and the culmination of an ice/ocean-albedo positive feedback (Ikeda et al. 2001, 2003; 
Wang et al. 2005b).

As the Arctic environment changes at a faster rate than the rest of the world, an 
emerging concern is how soon the Arctic Ocean will become ice-free in summer 
(Wang and Overland 2009). The diminishing summer ice cover in the western 
Arctic can have significant impacts on the Arctic and subarctic marine ecosystems 
(Jin et al. 2011; Deal et al. 2014, this volume), including a lengthened algae bloom 
period due to increasing absorption of solar radiation (Grebmeier et al. 2006). The 
present Bering ecosystems and food webs have been experiencing significant 
changes due to an increase in water temperature (Overland and Stabeno 2004; 

Fig. 4.2  Time series (1979–2011) of average September sea ice extent from satellite measure-
ments. The background is the spatial distribution of the recording-breaking minimum sea ice 
extent on September 14, 2007 (all time low)

J. Wang et al.



69

Grebmeier et  al. 2010). The Chukchi Sea ecosystems will experience significant 
changes due to more open water, lengthened growth seasons, and an abundance of 
biomass. Seasonal landfast ice along the Alaskan Arctic coast (Eicken et al. 2006; 
Mahoney et al. 2007) would melt early and form late, causing a shortening of whaling 
and fishing seasons (autumn and spring) for the local community. These emerging 
consequences will alter not only the ecosystems (Jin et al. 2011; Deal et al. 2014, 
this volume), but also the lifestyle of the native community and commercial activity 
in the Arctic. Such impacts are far-reaching and inherently interdisciplinary.

Since 1995, the annual sea ice variability shows that a series of record lows in 
summer Arctic sea ice extent were set (Fig. 4.2). During the same time, the AO index 
became mostly neutral or even negative (Overland et al. 2008; Maslanik et al. 2007), 
suggesting a weak link between the AO and the rapid sea ice retreat. Whenever the 
Arctic sea ice has reached a new minimum, searching for mechanisms responsible for 
the individual year’s event was appealing (Serreze et al. 2007; Nghiem et al. 2007; 
Gascard et al. 2008). However, there has been no convincing physical explanation 
that accounts for the complete series of such events (1995, 1999, 2002, 2005, 2007, 
and 2008). Wang et al. (2009a) proposed that the Arctic Dipole Anomaly (DA) pattern 
is the major forcing in advecting sea ice out of Arctic Ocean under the thinning ice 
conditions (which is due to long-term cumulative thermodynamic effect, or ice/ocean 
albedo feedback), causing a series of Arctic ice minima since 1995.

This chapter, in addition to Overland et al. (2014, this volume) provides a large 
picture of the recent and future change in meteorology in the PAR, provides an 
discussion and explanation of several emerging sea ice-related processes in the PAR 
and the Bering Sea, and is organized as follows: After the introduction, Sect. 4.2 
describes data and methods used. Section 4.3 investigates the DA and summer sea 
ice minima. Section 4.4 shows the modeling studies of ice minima and their rela-
tionship to the dynamic (wind) and thermodynamic (including ice/ocean albedo 
feedback) forcings. Section 4.5 investigates the Bering Strait heat transport (Clement 
Kinney et al. 2009, 2014, this volume) and its possible relation to the DA. Section 4.6 
discusses the modeling studies of landfast ice along Beaufort coast using a Coupled 
Ice-Ocean Model (CIOM). Section  4.7 investigates seasonal and interannual 
variability of the Bering Sea cold pool using the CIOM. A positive air-ice-sea 
feedback loop is proposed and discussed in Sect. 4.8. Section 4.9 summarizes the 
conclusions and proposes future work.

4.2  �Data and Methods

The average September sea ice extent, archived at the National Snow and Ice Data 
Center (NSIDC), was obtained from SMMR (Scanning Multichannel Microwave 
Radiometer) for 1978–1987 and SSM/I (Special Sensor Microwave Imager) for the 
period 1987 to present based on the NASA Goddard algorithm (Comiso et al. 2008). 
The monthly NCEP (National Centers for Environmental Prediction) Reanalysis 
dataset from 1948 to 2010 were used to derive the EOF (Empirical Orthogonal 
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Function) modes for individual seasons: winter (DJF), spring (MAM), summer (JJA), 
and autumn (SON). Oceanic heat transport via the Bering Strait was calculated 
using in situ shipboard measurements and satellite-measured SST across the Bering 
Strait (Mizobata et al. 2010). A Pan-arctic Ice-Ocean Modeling and Assimilation 
System (PIOMAS, Zhang et al. 2008a, b) was used to simulate the sea ice and ocean 
circulation for the period 1978–2009 using daily NCEP forcing.

Regional CIOM was used in the Chukchi, Beaufort, and Bering Seas to investigate 
the ice-ocean systems and the responses to climate change in recent years. For a 
detailed description of development of the CIOM, readers should refer to Yao et al. 
(2000) and Wang et al. (2002, 2010), which was applied to the pan-Arctic Ocean 
(Wang et al. 2004, 2005a; Wu et al. 2004; Long et al. 2012), Chukchi-Beaufort seas 
(Wang et al. 2003, 2008), and the Bering Sea (Wang et al. 2009b; Hu and Wang 
2010; Hu et al. 2011). The ocean model used is the Princeton Ocean Model (POM) 
(Blumberg and Mellor 1987), and the ice model used is a full thermodynamic and 
dynamics model (Hibler 1979, 1980) that prognostically simulates sea-ice thickness, 
sea ice concentration (SIC), ice edge, ice velocity, and heat and salt flux through sea 
ice into the ocean.

4.3  �Leading Climate Forcing: Arctic Dipole (DA) Pattern

The EOF analysis of the NCEP reanalysis dataset (1948–2010) shows the AO as the 
first mode, and the DA as the second mode (Wang et al. 1995, 2009a; Wu et al. 
2006; Watanabe et al. 2006) (Fig. 4.3). The AO has one annular (circled) center 
covering the entire Arctic, producing zonal wind anomalies. The AO variance 
(intensity) is strongest in winter (63 %), and decreases in magnitude from spring 
(61 %), summer (50 %), to autumn (49 %). The DA (Fig. 4.3) differs from the AO 
in all seasons because the anomalous SLP has two action centers in the Arctic. In 
contrast to the AO-driven wind anomaly, which is either cyclonic or anticyclonic 
during the positive or negative phase of the AO (Proshutinsky and Johnson 1997; 
Wu et al. 2006), the resulting wind anomaly driven by the DA is meridional. During 
a positive phase of the DA (i.e., the SLP has a positive anomaly in the Canadian 
Archipelago and negative one in the Barents Sea), the anomalous meridional wind 
blows from the western to the eastern Arctic, accelerating the Trans-polar Drift 
Stream (TDS; see the red-dashed arrow) that flushes more sea ice out of the Arctic 
into the Barents and Greenland Seas (Wu et al. 2006; Watanabe et al. 2006). During 
the negative phase of the DA, the opposite scenario occurs, i.e., more sea ice remains 
in the western Arctic (Watanabe et al. 2006).

Note that the intensity of the DA increases from winter (13 %) and spring (14 %) 
to summer (16 %) and autumn (16 %). The variance ratio of DA to AO is 0.21 for 
winter, 0.23 for spring, 0.32 for summer, and 0.33 for autumn. This pattern indicates 
that the DA-derived anomalous wind plays a more important role in summer and 
autumn during the melting and freezing seasons, or during the thinning ice season, 
than winter with thicker ice. The second noticeable feature is that the orientation of 
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the maximum wind anomalies are more parallel to TDS-Fram Strait during spring 
and summer than winter and autumn, indicating spring and, in particular, summer 
DA are more effective in advecting sea ice to the Nordic seas than the winter and 
autumn during a positive DA phase. The third feature is that both AO and DA have 
seasonal variations.

During the positive/negative AO (i.e., when Arctic SLP has a negative/positive 
anomaly), a cyclonic/anticyclonic wind anomaly occurs, indicating a sea ice 
divergence/convergence. The divergence (anomalous cyclonic circulation) of sea  
ice leads to anomalous ice export, while the convergence results in retention of sea ice 
inside the Arctic Ocean (Proshutinsky and Johnson 1997; Wu et al. 2006). Thus, the 
+DA pattern is the more effective, direct driver of the Arctic sea ice (including 
multiple year ice (Maslanik et al. 2011)) export from the western Pacific Arctic to 
the northern Atlantic, as compared to the +AO. Kwok et al. (2004) tried to establish 
the relationship between the Fram Strait ice flux with the NAO index (see their 
Fig.  4.6e) using a 24-year time series of sea ice flux, which is not significant.  
A better, but not at 95 % significance level, linear relationship was obtained after 
removing the strong –NAO cases (5 years), with large scattering (see their Fig. 4.6f), 
suggesting the weak correlation. Actually, the best relationship of sea ice flux was 
found to be with the sea-level pressure (SLP) difference across the Fram Strait 
(see their Fig. 4.6c), suggesting the DA is the major forcing, rather than NAO/AO 
(Wang et al. 2009a).

We conducted the cross composite analysis of both phases of the DA and the AO. 
A matrix was constructed based on the combination of the two leading drivers that 
account for about 65–76 % of the total variance. Following Wang et al. (2009a), 
the Arctic climate patterns can be defined by the following four climate states using 
AO and DA indices of larger than ±0.6: (1) +AO/+DA, (2) +AO/−DA, (3) –AO/+DA, 
and (4) –AO/−DA. It was found that a positive DA is the key, regardless of the sign 
of the AO, to flushing sea ice out of Arctic due to its dominant meridional wind 
anomaly (Maslanik et al. 2007), while the wind anomaly driven by a negative DA 
can retain sea ice in the western Arctic (Fig. 4.3). In other words, the DA is dynami-
cally more important and more effective than the AO in driving sea ice out of the 
Arctic Basin. These four states can represent major atmospheric circulation patterns 
in the Arctic, which are the major drivers of sea ice and ocean circulation. The 
importance of the air temperature advection by the DA is consistent with the recent 
findings by Overland et al. (2008). They concluded that the warming anomalies in 
the central Arctic during 2000–2007 are driven by meridional advection from the 
Pacific sector.

Figure  4.4 shows a scatter plot between the summer DA index (x-axis) and 
winter-spring mean DA index (y-axis) for the period since 1995. The figure exam-
ines whether the persistency of the DA may cause a series of ice minima. Most of 
the ice minima years fall into the first quadrant, which indicates that, when the +DA 
persists from winter, spring, all the way to summer, more ice would be advected out 
of the Arctic Ocean, leading to ice minima in 1995, 2002, 2005, 2007, 2008, and 
2009; the 2007 ice minimum is the all time low (see Fig. 4.2). Although the –DA 
occurs in the winter-spring period when sea ice is normally retained in the Pacific 
Arctic, a strong +DA in summer can reverse the process, effectively advecting sea 
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ice to the Nordic seas and leading to ice minima in 1999, 2005, and 2010 (4th quad-
rant). Therefore, the summer DA is the most critical dynamically, since summer sea 
ice is more mobile than winter ice because summer sea ice is about 1 m thinner than 
winter ice. Because the summer anomalies have weaker AO-related SLP signals, the 
+DA-derived wind anomalies are more effective in reducing sea ice, primarily due 
to two thermodynamic effects, i.e., advecting warm air from land to the ocean and 
enhancing melt through a positive ice-albedo feedback (Ikeda et  al. 2001; Wang 
et al. 2005b).

Recently, Ikeda (2012) reveals an important finding that the DA (or Arctic Dipole 
Mode, ADM) has different frequency spectra between fall-winter (several year 
period) and spring-summer (biennial). In the 1980s, the most influential mode 
shifted from the NAM to the ADM, when the Pacific sector had low ice cover at a 
1-year lag from the positive ADM, which was marked by low pressure over Siberia. 
In years when the spring-summer ADM was pronounced, it was responsible for 
distinct ice variability over the East Siberian–Laptev seas. The frequency separation 
in this study identifies the contributions of the ADM and spring-summer ADM. 
Effects of the latter are difficult to predict since it is intermittent and changes its sign 
biennially. The ADM and spring-summer ADM should be closely watched in 
relation to the on-going ice reduction in the Pacific–Siberian region.
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Fig. 4.4  Scatter plot between the summer DA index (x-axis) and winter-spring mean DA index 
(y-axis) from 1995 to 2010. The box outlined by dotted lines indicates the 0.6 index threshold; 
the indices greater than 0.6 are considered significant DA years
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4.4  �Investigating Mechanisms Responsible  
for Arctic Sea Ice Minima Using PIOMAS

On the basis of the above analyses, the +DA-derived wind forcing is the key to the 
ice minima. To further confirm such a key mechanism in the summers since 1995, in 
particular from 2007 to 2010, the PIOMAS (Zhang et al. 2008a) was used to simu-
late the sea ice and ocean circulation for the period 1978–2009 using daily NCEP 
forcing. Figure 4.5 shows the August SLP and wind anomalies from 2007 to 2010. 
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A common feature is that the DA was positive for all these summers. The differences 
are the magnitude and orientation of the DA-induced wind anomalies. Although the 
wind anomalies in 2007 were larger than 2008 in magnitude, the orientation for 
both years was more favorable for advecting sea ice out of the Arctic into the Nordic 
seas via the Fram Strait and the Barents Sea. Similarly, wind anomalies in 2007 and 
2010 have a similar magnitude and both were larger than those in 2008 and 2009; 
nevertheless, the orientation of wind anomalies in 2010 was less favorable for 
advecting more ice out of the Arctic than 2007. The orientation of wind anomalies in 
2009 was least favorable, since the primary ice advection was towards the Kara Sea.

Figure 4.6 shows that the simulated sea ice area compares well with the satellite-
measurements. The correlation between the observed and modeled time series of 
ice extent is 0.91 in September, while it is 0.93 for January–September. In particular, 
the model reproduces good agreement with summer ice minima in 1995, 2002, 2005, 
2007, 2008, and 2009, though not for 1999. The 2010 daily summer minimum ice 
extent (4.8 106 km2) was just higher than in 2007 (4.2 106 km2) and 2008 (4.6 106 km2). 
This indicates that both the orientation and magnitude of the +DA are key for 
advecting of summer sea ice out of the Arctic.

The ice-ocean system, particularly the ice-ocean albedo feedback, is investigated 
in response to the strongest, most persistent (from winter to summer) DA event in 
2007. To better understand the linkages between the rapid arctic sea ice retreat and 
the atmospheric changes during summer (July–September) 2007, it is helpful to 
examine how the changes are reflected in the NCEP/NCAR surface atmospheric 
forcing that is used to drive the model. The changes in SLP, surface winds, and 
surface air temperature (SAT) during summer 2007 are illustrated in Fig. 4.7. 
It compares the 2007 atmospheric conditions with those averaged over 2000–2006, 
a period of relatively low summer sea ice extent during the past three decades. 
Here, the 2000–2006 average is referred to as the “recent average” and the 

9.5

8.5

7.5

6.5

S
ea

 ic
e 

ex
te

nt
 (

10
12

m
2 )

5.5

4.5

3.5
1978 1982 1986 1990 1994

Year

R = 0.93; RMS error = 0.10

Model, Jan-Sep mean
Satellite, Jan-Sep mean

R = 0.91; RMS error = 0.30

Model, September
Satellite, September

1998 2002 2006 2010

Fig. 4.6  Comparison between the PIOMAS-simulated and SSM/I-observed ice extent for the 
period 1978–2009

4  Abrupt Climate Changes and Emerging Ice-Ocean Processes…



76

Fig. 4.7  Anomalies of the NCEP/NCAR reanalysis SLP and surface wind (a–d) and SAT (e–h); 
anomalies of simulated sea ice thickness (Hi) (i–l) In Figs. 4.7, 4.8 and 4.9, an anomaly is defined 
as the difference between the 2007 value and the 2000–2006 average. One of every 36 wind vectors 
is plotted in (a–d). The green line in (e–h) represents satellite observed ice edge and yellow line 
in (i–l) model simulated ice edge of 2007

difference between a 2007 value and the recent average value is referred to as an 
“anomaly” (2007 minus the recent average) (Zhang et al. 2008a, b).

As shown in Fig. 4.7a, the Arctic +DA-like SLP and surface wind anomalies 
were small, but were gradually built up in the first half of 2007. In July, +DA-like 
SLP was considerably higher in much of the Arctic Basin and lower over a large 
area in Russia than the recent average (Fig. 4.7b). This is associated with stronger 
southerly winds in the northern Canada Basin and easterly winds along the East 
Siberia coast. In August and September, the well-defined +DA (Wang et al. 2009a) 
was developed: the high SLP anomalous center was mostly confined to the Canada 
Basin, and a low SLP anomalous center was located in the Barents Sea, producing 
stronger southerlies in the Pacific sector (Fig. 4.7c–d).

Similar to the SLP and wind anomalies, the arctic SAT anomaly was relatively 
small in the first half of 2007: SAT was slightly warmer in the central Arctic Basin 
and slightly cooler in the Chukchi and Beaufort seas compared to the 2000–2006 
average (Fig. 4.7e). In July, the SAT anomaly increased significantly in the Chukchi 
Sea (Fig. 4.7f). In August and September the increase in SAT is most striking: the 
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SAT is up to 5 °C warmer than the recent average over much of the Pacific sector 
(Fig. 4.7g–h). However, in an area in the Canada Basin, the SAT in September 
2007 was lower than the recent average (Fig. 4.7h). This SAT decrease is likely due 
to the air–ice interactions in that area where ice was thicker than the recent aver-
age. Sea ice was also thicker in August in that area (Fig. 4.7k); however, the SAT 
was not lowered (Fig. 4.7g).

What is the cause of the substantially-reduced ice cover in the Pacific sector 
during summer 2007? Zhang et al. (2008a, b) found, based on model results, that 
part (~30 %) of the anomalous reduction in ice extent mainly in the Pacific sector was 
due to the unusual ice advection, which was caused by the strengthened TDS and 
the DA-derived meridional wind anomalies. Ice motion in the Arctic Ocean is char-
acterized by an anticyclonic Beaufort gyre and the TDS (Fig. 4.8a–d). In the first 
half of 2007, the SLP and wind anomalies were small (Fig. 4.7a), so changes in ice 
motion and changes in ice thickness due to ice advection were small in comparison 
to the 2000–2006 average (Fig. 4.8e). In July, there were stronger southerly winds 
in the northern Canada Basin (Fig. 4.7b). The ice motion responded to the winds 
with a much stronger TDS, so that there were considerable changes in ice thickness 
due to ice advection almost everywhere (Fig. 4.8b). In a large area of the Pacific sector, 
the reduction in ice thickness due to ice advection was up to 0.5 m/month more than 
the recent average (Fig. 4.8f). In August and September, there were even stronger 
southerly winds in the Pacific sector (Fig. 4.7c–d), which further strengthened the 
ice motion and TDS (Fig. 4.8g–h). Thus, the Pacific sector continued to lose ice 
(Kwok 2008). Again, the reduction in ice thickness due to ice advection was up to 
0.5 m/month more than usual (Fig. 4.8g–h). In other words, from July to September 
2007, the unusual ice motion pattern drove so much ice into the Atlantic sector from 

Fig. 4.8  PIOMAS-simulated ice motion (vectors) and ice advection (IA) (color contours) (a−d) 
and their anomalies (e−h). Note the difference between ice motion and ice advection. Ice motion 
is described by ice velocity and ice advection by ice mass convergence [−∇ ⋅ (uh)], where u is ice 
velocity and h is ice thickness. One of every 36 ice velocity vectors is plotted
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the Pacific sector that the ice thickness in most of the Pacific sector was reduced by 
up to 1.5 m more than the recent average, leaving the Pacific sector with an unusu-
ally large area of thin ice and open water.

Major (~70 %) anomalous reduction in ice extent in the Pacific sector during 
summer 2007 was due to reduced ice production or enhanced ice melting (Zhang 
et al. 2008a), which includes the ice-ocean albedo feedback (Wang et al. 2005b) and 
ice-cloud feedback (Ikeda et al. 2003). Ice production is the net ice thermodynamic 
growth or decay due to surface atmospheric cooling/heating and ocean heat 
transport. In summer, a decrease in ice production is equivalent to an increase in ice 
melting. Ice production was negative in July and August due to ice melting caused by 
atmospheric or oceanic heating (Fig. 4.9b–c); it is generally positive in the January–
June mean (Fig. 4.9a) and in September (Fig. 4.9d). In the first half of 2007, the ice 
production anomaly was generally small (Fig. 4.9e). In summer 2007, however, ice 
production decreased considerably in most of the Pacific sector (Fig. 4.9f–h) where a 
large reduction in ice thickness due to ice advection also occurred (Fig. 4.8b–d and f–h). 
This is because that the large reduction in ice thickness due to ice advection is 
associated with a large area of thin ice and open water, and thin ice and open 
water tend to allow more surface solar heating owing to the ice-albedo feedback 
(Wang et  al. 2005b), leading to reduced ice production or enhanced ice melting 
(Zhang et al. 2008a; Lindsay et al. 2009). Therefore, the positive ice/ocean albedo 
feedback played a key role in the thermodynamic melting during the 2007 summer.

The changes in ice production represent the net effects of all the air–ice–ocean 
thermodynamic processes, which are also indirectly influenced by the oceanic and 
atmospheric dynamic forcings that enhance the thermodynamic melting, such as 
northward oceanic heat transport via the Bering Strait (Mizobata et  al. 2010; 

Fig. 4.9  PIOMAS-simulated ice production (IP) (a−d) and anomaly (e−h). Ice production is the 
net ice thermodynamic growth or decay due to surface atmospheric cooling/heating and oceanic 
heat transport, including ice-ocean albedo feedback contributed by the warm Bering water
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Woodgate et  al. 2010) and advection of warm air temperature from the south 
(Overland et  al. 2008). Although the reduced ice production or enhanced ice 
melting in the Pacific sector during summer 2007 was dominated by intensified 
surface solar heating because of the ice-albedo feedback (Zhang et  al. 2008a, b; 
Wang et al. 2005b), other thermodynamic processes also played a role via both direct 
and indirect contributions. For example, intensified solar heating also warmed the 
surface waters in the Pacific sector considerably (Steele et al. 2008; Perovich et al. 
2008). The unusually warm surface waters in turn warmed the overlaying atmosphere, 
elevating summer SAT in the Pacific sector (Fig. 4.7f–h). The stronger southerly 
winds associated with +DA (Fig. 4.7b–c) may also contributed to increased SAT by 
bringing warm air from the south to the Arctic (Overland et al. 2008). An increase 
in SAT led to an increase in surface longwave radiation and turbulent heat fluxes, 
resulting in additional ice melting (Zhang et al. 2008a; Ikeda et al. 2003). Ocean 
circulation (advection) and its thermodynamic processes (heat transport via Bering 
Strait) also played a role in the reduced ice production or enhanced ice melting in 
the Pacific sector during summer 2007. Therefore, strictly speaking, the 70 % of ice 
reduction due to thermodynamic processes should also include the indirect contri-
bution by the oceanic and atmospheric dynamic forcings.

In summary, ~30  % of ice loss was due to wind advection (dynamic effect) 
directly associated with the DA, and ~70 % of ice loss was due to local melting 
(thermodynamic effect), which is caused by (1) anomalous warm water transport 
directly caused by the anomalous +DA-derived southerly wind, (2) anomalous high 
SAT directly advected by the +DA-driven southerly wind, and (3) positive ice-ocean 
albedo feedback by absorbing anomalous solar radiation. It is clear that the ther-
modynamic melting also implicitly includes the dynamic effect caused by the 
DA-derived wind anomaly. So, it was not a simple ice advection that pushed sea ice 
out of the Arctic to the Nordic Seas. Thus, Fram Strait ice transport must have better 
correlation to the DA index than the AO index, although the most melting is due to 
the local (in Pacific Arctic) thermodynamic effect/melting.

Therefore, it must be pointed out that it is impossible to separate the dynamic 
advection and thermodynamic melting of sea ice. These two processes highly interact 
and co-exist along with ice/ocean albedo feedback, in particular in the PAR during 
the +DA phase.

4.5  �Bering Strait Heat Transport and the DA

Bering Strait volume and heat transport was continuously monitored since the late 
1990s (Woodgate and Aagaard 2005; Woodgate et al. 2005, 2010; Mizobata et al. 
2010). There are both seasonal (Hu and Wang 2010) and interannual variations, 
which are connected to the Pacific-Arctic pressure head (Woodgate et  al. 2005; 
Clement Kinney et  al. 2009). However, what mechanisms are responsible to the 
recent increase of the volume and heat transport since 2004 on the interannual time 
scale is not well given. In particular, the 2007 heat transport reached a maximum 
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(Wang et al. 2009a; Woodgate et al. 2010; Mizobata et al. 2010), coinciding with the 
all-time low in sea ice extent (Wang et al. 2009a). This implies a possible relation-
ship between the volume and heat transport and the DA pattern.

The +DA not only drives sea ice from the western/Pacific Arctic to the eastern/
Atlantic Arctic via accelerating the TDS, but also promotes northward flow of warm 
Pacific water (Woodgate and Aagaard 2005) that contributes above-average heat 
transport from the Pacific, accelerating the drastic thinning of sea ice (Steele et al. 
2004; Shimada et al. 2006; Zhang et al. 2008a). To confirm that the Pacific water 
heat transport increased in the 2000s, in particular in summer 2007, we calculated 
the heat transport through the eastern Bering Strait from 2000 to 2010 during the 
June-October ice free season. Figure 4.10 shows that since 2004, northward heat 
transport via the Bering Strait has an annual average of 12.14 TW (1 TW = 1012 W 
and 1 W = 1 J s−1) from 2004 to 2007, compared to the annual average of 6.4 TW 
during 2000–2003, representing a 90  % increase. The heat transport in 2007 
(12.36 TW) had a 30.97 % increase compared to the average of 9.27 TW from 2000 
to 2007. The heat transport from the Pacific Ocean has two important impacts, both 
direct and indirect, on sea ice in the western Arctic. The direct impact includes the 
bottom and lateral melting of sea ice when the warm Pacific water enters the 
Chukchi Sea, which enhances the melting via instant ice/ocean albedo feedback 
(see Sect.  4.4). The extreme event was the 2007 summer. The indirect impact 
involves a time-lag effect: the oceanic heat transport entering in the previous 
summer may survive winter (Shimada et al. 2006; Hu and Wang 2010) at the 
subsurface, which enhances the melting in the following spring and summer via ice/
ocean albedo feedback, which further amplifies the ice/ocean albedo process, 
leading to an early melting.

There is a possible relationship between the northward heat transport and the 
DA. Mizobata et al. (2010) showed that the regression model using the NNW-SSE 
wind component well reproduced the Bering Strait inflow. Figure 4.11 shows the 
scatter plot of heat transport against summer +DA indices from 2000 to 2009, since 
the heat transport data are available after 2000, while the data for 2010 heat trans-
port was not completed (Fig.  4.10). Within the positive territory of summer DA 
index, the heat transport ramped up with positive DA index, with 2007 being the 
record high (Woodgate et al. 2010). The reason is that the orientation of the summer 
DA-induced anomalous wind maximum is almost parallel to the TDS and the Bering 

Fig. 4.10  (a) Volume transport through the eastern Bering Strait for the period 1999–2010. Dotted 
lines indicate mean volume transport between 1999 and 2003 and between 2004 and 2007. Two-
way bars close to x-axis show period from June to October. Numbers above two-way bars show 
the integrating total volume transports from June to October through the entire eastern channel; 
(b) time series of averaged sea surface temperature (gray) and NCEP2-derived 330° wind compo-
nent (Wnd330ip) of sea surface wind (black); and (c) estimated heat transport through the eastern 
channel of Bering Strait from 1999 to 2010. Black bar means heat transport through Area 1, while 
white bar indicates heat transport through Area 2, which makes up the entire eastern Bering Strait 
channel (See Mizobata et al. 2010 for detail)
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NCEP2  330o wind component and GHRSST at eastern channel
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Fig. 4.11  Scatter plot between the summer DA index (x-axis) and northward heat transport via the 
eastern Bering Strait (y-axis) from 2000 to 2009. Units is in 1019 J year−1 (June–October). The 
correlation between the heat transport and summer DA index is 0.51, which is lower than 0.71, 
the 95 % significance level

Strait, effectively driving Bering warm water (i.e., volume transport and temperature 
anomalies; Fig. 4.10a, b) northward. In addition, a northward wind anomaly in the 
Bering Strait could enhance the heat transport to the Arctic Ocean in August 2007 
(Fig. 4.10b). By contrast, the heat transport in August 2008 was only 3.52 TW, much 
smaller than the mean (9.27 TW) of 2000–2007 (Fig.  4.10c). The reduced heat 
transport in 2008 is likely due to a smaller magnitude of the +DA than that of 2007 
(Fig. 4.5b). Another important reason is that over the Bering Strait, a southward 
local wind anomaly (Fig. 4.5b and 4.10b) can significantly reduce the northward 
volume and heat transport in 2008. Therefore, the local N-S wind anomalies associ-
ated with basin-scale DA pattern should be included as a factor of influencing volume 
and heat transport (Mizobata et al. 2010). The correlation between the estimated 
heat transport and summer DA index is 0.51 (Fig. 4.11), although it is not significant 
at the 95 % significance level (0.71) due to small number of the samples.

Although there is an association between the heat transport and +DA events, it 
needs further investigation using long-term measurements. Furthermore, in addition 
to large-scale and local atmospheric forcing, the orientation, bathymetry, and ocean 
boundary around the Bering Strait may be factors affecting the northward heat 
transport (Clement Kinney et al. 2009, 2014, this volume), which differs from the 
atmosphere that does not have a lateral boundary.

J. Wang et al.



83

4.6  �Modeling the Bering Sea Cold Pool Using CIOM

Although summer sea ice in the PAR was experiencing abrupt decline since 1995, 
the Bering Sea ice showed large interannual variability. This indicates the decou-
pling of the Arctic summer sea ice that includes multiple-year ice with winter 
Bering Sea ice (only seasonal ice), due to several factors. First, the Bering Shelf is 
very shallow, and thus has less memory to the oceanic heat content that varies from 
year to year; In other words, the year-to-year ice/ocean albedo feedback is negli-
gible in the Bering Shelf. For example, the Bering heat transport, which flows via 
the Bering Shelf into the Chukchi Sea, caused a rapid decline of sea ice in the 
Chukchi Sea (Shimada et al. 2006), but had little influence on the winter sea ice in 
the Bering Shelf. Secondly, the Bering Sea is an open sea, while the Arctic Ocean 
is a mediterranean sea and its boundary constrains the sea ice extent in the winter. 
Thus, winter ice thickness (or volume) is a better variable for gauging climate 
change, although summer ice extent can be used for studies of climate variability 
(Wang and Ikeda 2001). Thirdly, Bering Sea ice is mainly controlled by atmo-
spheric forcing (Zhang et al. 2010), which includes the competitive impacts of the 
AO and El Nino and Southern Oscillation (ENSO). By the contrast, Arctic sea ice 
is influenced both by the warm Atlantic inflow, the leading atmospheric modes 
such as the AO and the DA, and by the ice/ocean albedo feedback process (Ikeda 
et al. 2001; Wang et al. 2005b).

Although the Bering Shelf has relatively less memory of oceanic heat content in 
the previous winter to influence the winter sea ice in the following winter, compared 
to the Arctic Ocean, it has significant impacts on the local summer water tempera-
ture that can have significant impacts on local ecosystems and fisheries on the shelf 
(Grebmeier et al. 2010). An important feature on the Bering Shelf is the cold water 
(cold pool) mass on the bottom of the middle shelf (50–100 m isobaths) that persists 
throughout the summer (Takenouti and Ohtani 1974; Kinder and Schumacher 1981; 
Wyllie-Echeverria 1995). The cold water was even observed in late September and 
early October (Kinder and Schumacher 1981). Hu and Wang (2010) investigate the 
seasonal change of the cold pool using the CIOM, and found that the largest vertical 
temperature difference, surface minus bottom, is >7  °C in the middle domain, 
suggesting that the cool pool survives the summer. The cold pool extends from the 
Gulf of Anadyr in the west with a temperature of <−1.0 °C (Hufford and Husby 
1972) to a variable eastern boundary over the southeastern shelf with a temperature 
of 2 °C (Maeda et al. 1967). The extent and volume of the cold pool vary based on 
the past winter’s meteorological and oceanic (convection) conditions. The minimum 
annual extent can reach eastward about 170 ºW, while the maximum extent can 
cover Bristol Bay (Fig. 4.12a).

The existence of the cold pool in summer is important not only to the physical 
environment, but also to marine ecosystems. The cold pool is an ideal habitat to 
some arctic cold water species such as arctic cod, and acts as a barrier to certain 
species such as walleye pollock since they prefer water temperature warmer than 
2  °C. When the volume and extent of the cold pool change from year to year,  
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Fig. 4.12  (a) The schematic diagram for the cold pool extent based on historical measurements 
and knowledge. The sparse dots, strips, and dense dots represent the minimal, median, and maximal 
extent of the cold pool, respectively, and (b) the CIOM-simulated summer bottom water temperature (b). 
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the population of local species may increase or decrease accordingly to their 
preference. Thus, the cold pool can affect biomass growth rate and distributions on 
the Bering Sea shelf.

The summer (August-averaged) cold pool is reproduced by the CIOM (Fig. 4.12b). 
The cold water lies on the middle shelf between the 50–100 m isobaths, and it may 
reach the shelfbreak (200-m isobaths) in the western shelf break. The bottom tem-
perature increases gradually from the 50-m isobath to the Alaskan coast. The maxi-
mum temperature reaches 11 °C near Norton Sound coast. The basin water at 200 m 
is basically >3 °C. The minimum bottom temperature in the middle of the south-
eastern shelf is >0 °C, compared to the northwestern shelf bottom water of <0 °C.

A vertically stable temperature structure inhibits convective heat transfer from 
surface layer to bottom layer (Hu and Wang 2010). Figure 4.13 shows the progres-
sion of monthly-averaged vertical temperature profiles in the cold pool region (see 
location in Fig. 4.12b). The winter temperature structure is vertically homogeneous 
(November to March), indicating the surface-to-bottom convection and production 
of winter shelf water. As solar radiation increases in March, the surface temperature 
rapidly increases. The surface stratification forms at the upper 10m layer in June, 
and increases from June to July due to solar heating and sea ice melting, reaching 
a strongest stratification in July. The SST gradually increases from August to 
September, reaching the maximum in September. Then, the mixed-layer starts to 
deepen due to cooling in September. From October to November, the vertical 
stratification rapidly disappears during strong wind mixing and cooling, becoming 
vertical homogeneous in December.
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Fig. 4.13  The CIOM-simulated monthly-averaged vertical temperature structure at a northeastern 
location (see Fig. 4.12b) on the Bering shelf
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It is noted that the bottom cold water, which forms during winter seasons, can 
survive the summer months (Fig.  4.13). At this specific northern location, the  
bottom water is as cold as −1  °C, with a well-defined stratification in August  
and September. Therefore, the cold pool water mass is a seasonal phenomenon on 
the Bering shelf, which has significant impacts on regional ecosystems and fishe
ries distribution.

The CIOM, driven with daily atmospheric forcing, was used to calculate instan-
taneous cold pool volume for years 1990–2008 according to the formula of Hu and 
Wang (2010)
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Figure 4.14 shows the interannual variability of the cold pool volume, which is an 
indicator of year-to-year water property change induced by atmospheric forcing 
(Zhang et al. 2010; Overland et al. 2012). The colder the atmospheric temperature 
and the stronger the northerly winds, the stronger the vertical convection, leading to 
a larger cold pool extent and volume. The cold pool had a high extent/volume  
in 1991, 1992, 1995, 2000, 2002, 2006–2008, and had a low extent/volume in 
1993, 1996, 2001, and 2005. The year-to-year changes in volume of the cold 
pool significantly impact or modify the distribution of marine ecosystems, since 
temperature-sensitive species are distributed according to their preference of 
habitat environment.

It is noted that there are two processes involving the year-to-year change in the 
cold pool volume. The first one is the abrupt change of atmospheric forcing. For 
instance, an abrupt decrease in the volume in 1992–1993, 1995–1996, and 2000–
2001 reflects the abrupt change in atmospheric conditions with warming and weak 
northerly winds. The abrupt increase in volume occurred in 1996–1997, 2001–2002, 
and 2005–2006, indicating the sudden cooling and increase in northerly wind 
anomalies over the Bering Sea. The second process is the water temperature 
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Fig. 4.14  The CIOM-simulated time series of the cold pool volume from 1990 to 2008 (units in 
104 km3). The blue (red) arrows indicate the increase (decrease) of the cold pool volume, which 
corresponds to the cooling (warming) winter
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memory effect. During an increased progression in cold pool volume, it often takes 
3 years to reach the maximum, such as in 1990–1992, 1993–1995, and 1998–2000, 
indicating the memory of water heat storage. However, very often it only takes 
1  year to detect the abrupt increase in cold pool volume such as in 1996–1997, 
2000–2001, and 2005–2006, indicating that a significant change of atmospheric 
forcing is more important than the heat memory in the Bering Shelf (Overland et al. 
2012). The longest decrease in cold pool volume occurred during 2002–2005, 
followed by the three straight high years from 2006 to 2008, indicating a cold phase 
in the region, consistent with the cooling of the water temperature in the M2 site in  
the southeastern Bering shelf (see Fig. 4.5 of Overland et al. 2014, this volume). 
The persistency of the large cold pool volume during 2006–2008 should have  
significant impacts on ecosystems and fisheries in the coming years, which should 
be closely monitored.

4.7  �Modeling Landfast Ice in the Beaufort-Chukchi  
Seas Using CIOM

Landfast ice along the coastline of the PAR plays an important role as a biologically 
productive habitat and transportation corridor; it also provides important protection 
to the shoreline and coastal installations (Eicken et al. 2009). However, at the present 
time it is not clear how the diminishing Arctic summer sea ice and the reduction in 
multi-year ice extent (Maslanik et al. 2011) have impacted the seasonal cycle and 
distribution of landfast ice. Thus, while the seasonal and interannual variability of 
the landfast ice in a diminishing sea ice scenario in the PAR are an important 
emerging topic; evidence of such variability is somewhat limited. This is largely 
due to the temporally limited availability of synthetic aperture radar imagery 
required for accurate assessments of landfast ice extent (Mahoney et  al. 2007). 
Model simulations with coupled ice-ocean models can hence provide insight into 
longer-term variations on time-scales of decades, although the modeling of landfast 
ice at these scales is in its infancy (e.g., König Beatty and Holland 2010).

Landfast ice along the Chukchi and Beaufort coast is a seasonal phenomenon 
with interannual variability (Eicken et al. 2006; Mahoney et al. 2007). It is a great 
challenge for any coupled ice-ocean model to capture the dynamic and thermo-
dynamic features of landfast ice, since many factors can affect the formation, 
anchoring, and melting of landfast ice, such as wind forcing, ocean currents, coastal 
topography and bathymetry, and model resolution. To this end, a 3.8-km resolution 
CIOM (Wang et al. 2003, 2008; Jin et al. 2008) was used to investigate the seasonal 
and interannual variability of landfast ice in the Chukchi and Beaufort seas.

There are two approaches to distinguish landfast ice from pack ice in a model. 
One way is to define landfast ice by an ice velocity criterion that considers ice 
stationary below a given velocity threshold. In this study, if both the absolute ice 
velocity is less than 4 cm/s, and the water depths are less than 35 m, then grid cells 
are designated as landfast ice. The second, prescriptive method stipulates that 
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during the simulation, the wind stress and ice velocity are set to zero shoreward of 
the 35 m isobaths, roughly corresponding to the extent of landfast ice. This method 
is widely used in Baltic Sea ice simulations (Haapala et al. 2001; Meier 2002a, b), 
which may not be capable of representing spatial and interannual or seasonal land-
fast ice extent.

Figure 4.15 shows the CIOM-simulated climatology of June sea ice concentra-
tion (SIC) and thickness using the daily NCEP forcing for the period 1990–2007. 
The SIC map (Fig. 4.15a) clearly shows what corresponds to simulated landfast 
ice attaching to the Alaskan Beaufort and Chukchi coast during the melt season as 
ice of high concentration. During spring, surface melting commences nearshore, but ice 
concentration first decreases offshore as a result of complete melting and removal of 
thinner offshore ice in areas of higher open water concentrations that promote 
absorption of solar heat. This is also reflected in the small magnitude of ice velocity 
vectors superimposed on ice concentration in Fig. 4.15a; nevertheless, since land-
fast ice is not modelled explicitly, small residual velocities remain in some areas of 
effective landfast ice. However, at the same time, the strong contrast between 
stationary landfast ice and highly mobile ice just offshore from the landfast ice edge 
appears to be well captured. Even in mid-July, Beaufort landfast ice remains, not 
melting completely until the end of the month, depending on weather (SAT and 
wind direction) conditions.

Sea Ice Concentration in Junea

b Sea Ice Thickness in June
0.3 0.4 0.6 0.7 0.8 0.9
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Fig. 4.15  The CIOM-
simulated June climatological 
sea ice concentration (a, from 
0 to 1) with sea ice velocity 
vectors superimposed (vector 
size indicates speed in ms−1), 
and sea ice thickness (b, in 
meters). Landfast ice remains 
attached along the Beaufort 
Sea coast. The green (orange) 
arrows denote the ocean 
surface current (ice flow)
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The simulated sea ice thickness map (Fig. 4.15b) in June shows some contrast in 
landfast ice thickness along the Beaufort and Chukchi coast (~1.5 m) and thinner 
offshore (<1 m) ice. Since the model is not explicitly simulating processes that con-
tribute to landfast ice stabilization, in particular grounding of pressure ridges 
(Mahoney et al. 2007), other processes represented in the model can explain the 
formation and maintenance of landfast ice. These include the following factors 
based on a series of controlled sensitivity experiments in Wang et al. (2010): (1) an 
onshore northeast wind due to the Beaufort high pressure system, (2) the eastward 
ACC and Beaufort Slope Current with its right-turning force due to the Coriolis 
effect, which advect the warmer Bering water, (3) high resolution topography and 
bathymetry constraining ice motion in the coastal regions, and (4) sea ice advection. 
However, these model-inherent factors that help keep landfast ice in place in nature 
deserve further investigation.

Figure 4.16 shows the climatology (1990–2007) of the simulated landfast ice 
that was compared to observed landfast ice extents obtained from synthetic aperture 
radar satellite data for the period 1996–2004 (Eicken et al. 2006; Mahoney et al. 2007). 
In the model, landfast ice starts to form in autumn due to the Beaufort Gyre and 

Fig. 4.16  The CIOM-simulated January–June climatological landfast ice extent (from 1990 to 
2009, black shaded) compared to landfast ice edge locations derived from synthetic aperture radar 
satellite data (red dots) averaged for the period 1996–2004. Green vectors: Wind stress in 
10−5 N m−2
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anticyclonic winds induced by the Beaufort High, both of which push sea ice toward 
the Alaskan Beaufort coast, coupled with the thermal growth of sea ice along the 
shore (Wang et al. 2010). When sea ice completely covers the entire Arctic from 
December on, landfast ice is attached to shore, while pack ice offshore still moves 
with the ocean surface current and wind forcing. During the period of complete ice 
cover, the radar satellite data indicate quasi-stationary landfast ice with a clearly 
delineated boundary between pack ice and landfast ice (anchored to the bottom and 
attached to shore with the velocity almost being zero), while the CIOM-simulated 
landfast ice still exhibits small movement, since the sea ice produced in CIOM is not 
resolving the anchoring of grounded pressure ridge keels that stabilize the landfast 
ice. Thus, more research is required to improve the representation of ice dynamics 
in coastal regions and landfast ice processes by formulating and including the rele-
vant ice anchoring mechanisms in the model.

The CIOM-simulated landfast ice is generally consistent with landfast ice extent 
derived from satellite data. The CIOM reproduces the landfast ice boundary in 
January and February very well. However the model reproduces less landfast ice 
than the measured boundary in March. During April, the melting season, the CIOM 
reproduces landfast ice reasonably well in general, but reproduces less ice from 
147° to 152°W. In May, CIOM reproduces more landfast ice between 140° and 
147°W. In June, the model simulation compares very well with the measurement.

To investigate the interannual variability of the landfast ice, we first constructed 
the seasonal cycle of landfast ice area based on those grid cells conforming with the 
ice velocity criterion described above and along the coast with depth of less than 
30 m within 160°W–134°W for the period of 1990–2007 (Fig. 4.17a). Three charac-
teristics are apparent: (1) landfast ice exhibits a uniform extent indicative of overall 
stability of the ice cover from January through April with a maximum in February; 
(2) the largest variability (i.e., standard deviation) occurs in June and November, 
during the peak of the melt (decay) and freeze-up (formation) seasons, respectively; and 
(3) there is no landfast ice in August and September. Figure  4.17b shows the 
year-to-year variability of the landfast ice. One striking feature is that the landfast 
ice formed earlier and melted later before 1998, while since then the duration of 
the landfast ice season has shortened significantly. This is consistent with the 
increase in Bering Strait heat transport since 2001 (Woodgate et al. 2010), in par-
ticular since 2004 during which both temperature and volume transport increased 
(Fig. 4.10c). In the spring of 2007, landfast ice decayed more rapidly than in other 
years, since the +DA-derived wind anomaly was directed offshore (i.e. northward) 
(Wang et al. 2009a), in addition to other forcings such as maximum Bering Strait 
heat transport (Woodgate et  al. 2010; Mizobata et  al. 2010), and ice/ocean and 
cloud albedo feedbacks (Ikeda et al. 2003; Wang et al. 2005b), leading to thinner 
pack ice. Figure 4.17c shows the time series of landfast ice area anomalies for 
1990–2007. It is clear from the figure that from 1990 through 1997, positive 
anomalies dominated, while since then Beaufort and Chukchi Sea landfast  
ice extent was characterized by negative anomalies. As evident from Fig. 4.17b, 
these anomalies are not due to reductions in maximum extent, but rather driven by 
shifts in the seasonality of the landfast ice. This finding is in line with observations 
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by Mahoney et al. (2007) and points to the importance of decadal-scale variations in 
landfast ice extent. A more detailed analysis of model simulations over a longer 
time period, drawing on available remote-sensing and in situ observations, is 
required to elucidate the role of secular change and regional warming in explaining 
such changes in landfast ice extent.

4.8  �Possible Air-Ice-Sea Feedback Loops  
in the Western Arctic

In the Pacific Arctic, from the Bering Sea to the Arctic Ocean, there is a regional 
feedback loop among the atmosphere, sea ice, and ocean (Wang et al. 2005b). The 
recent increase in Bering Sea heat transport into the Chukchi Sea since 2000 
(Woodgate et al. 2010; Mizobata et al. 2010) is closely related to the continuous ice 
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decline in the Western Pacific (Shimada et  al. 2006). Although a well-known 
positive ice/ocean albedo feedback is in play in general (Wang et  al. 2005b), a 
conceptual connection in the PAR was not established.

Figure 4.18 depicts a possible regional interaction among the atmosphere, sea 
ice, and the ocean. The +DA-induced wind anomaly enhances the northward trans-
port of the Bering warm water, i.e., heat transport (Mizobata et al. 2010), and also 
drives sea ice from the Western Arctic to the Eastern Arctic (Wang et al. 2009a; 
Ikeda 2012) via strengthening of the TDS (Comiso et al. 2008). The oceanic heat 
transport entering the Chukchi Sea instantly enhances the melting of sea ice, sea-
sonal positive ice/ocean albedo feedback, and increases the local heat storage, as 
discussed in Sect. 4.4 and by Zhang et al. (2008a, b). Then, the excessive heat will 
accelerate the melting process during the following winter and spring, and slow 
down the freezing in the following autumn. In the following summer, more open 
water absorbs more solar radiation (since the ice and ocean albedos are ~0.7 and 0.1, 
respectively) and the heat storage increases, which is the well known positive ice/
ocean albedo feedback. The heat stored in the upper ocean layer will be present in 
the following autumn and winter, increasing the SST and SAT, delaying the freezing 
in the autumn and thinning the sea ice in the winter. The thin ice in winter will lead 
to early break-up in the following spring, and to more open water in the following 
summer, absorbing and storing more heat from solar radiation.
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Fig. 4.18  A proposed possible positive air-ice-sea feedback in the western Pacific Arctic Region. 
+/− indicates positive/negative feedback. Negative feedback between ice cover anomaly and 
clouds is shown on the lower left corner. Less ice cover (or more open water) leads to more clouds 
cover in fall to spring, which further results in less ice cover due to reduction of long-wave radia-
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surface, leading to higher SAT/SST anomalies and less ice cover. The +DA can accelerate and 
amplify the existing ice/ocean albedo feedback
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In summary, +DA-induced northward wind anomaly has two important impacts 
on the Western Arctic ice-ocean-ecosystems. The first is a direct, seasonal impact. 
The northward wind not only drives sea ice away from the Western Arctic to the 
Eastern Arctic, but also enhances the inflow of the warm Bering water into the 
Chukchi Sea (Zhang et al. 2008a, b; and see discussion in Sect. 4.4), instantly melting 
sea ice in the Chukchi Sea and increasing the SST and SAT (Zhang et al. 2008a, b; 
and see discussion in Sect. 4.4). The seasonal ice/ocean albedo feedback also accel-
erates ice melting in the Chukchi Sea. The second impact is an indirect, year-to-year 
cumulative impact. Since the heat transport advected into the Chukchi Sea increases, 
the excessive heat can be stored in the water column and often can survive the winter. 
This would lead to the positive ice/ocean albedo feedback in the following year, as 
depicted in Fig. 4.18 and discussed above.

As suggested by Ikeda et al. (2003), cloud data collected over the Arctic Basin 
have proved that a cloud increase during the period 1960–1990 made a significant 
contribution to a reduction in net upward longwave radiation. The importance of 
clouds applies also to the decadal ice cover variability. The heat transport trend was 
estimated to be a linear increase in the annual flux to the ice-ocean system at 
10 Wm−2 in the 30-year period. It is a logical expectation that part of the increase in 
autumn-to-winter cloud cover is in turn due to increased evaporation from the 
increased open water area. Thus, an ice-cloud feedback may enhance the ice cover 
reduction (Fig. 4.18, see the lower left corner). The cloud cover changes over the 
Arctic induce thermodynamic effects comparable with the albedo reduction caused 
by the ice reduction. Since Arctic clouds are not convincingly simulated in doubled 
carbon dioxide experiments, further work on cloud parameterization, and subse-
quent analysis of model output, are highly recommended.

4.9  �Summary

Based on the above investigations of several emerging climate-related ice-ocean 
processes, the following conclusions can be drawn:

	1.	 Although the ratio of the AO to the DA is about 4:1 in terms of total variance of 
SLP (i.e., surface wind), the DA-induced wind anomaly is meridional, compared 
to the zonal wind anomalies induced by the AO. Furthermore, the +DA-induced 
maximum wind anomaly is nearly parallel to the TDS, thus accelerating the TDS 
and effectively enhancing ice export. There is seasonal variation of the DA: (1) 
the summer and autumn DA intensity (or variance, i.e., wind anomaly) is larger 
than the winter and spring, and (2) the orientation of the DA-induced wind 
anomaly in spring and summer is more parallel to the TDS than the winter and 
autumn. Thus, the summer +DA is most effective in advecting sea ice out of the 
Arctic than the other seasons. The persistency of the +DA from winter, spring, to 
summer can be used to gauge the ice minimum occurrence under the present 
thinning ice conditions.
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	2.	 The PIOMAS successfully captures almost all of the ice minima since 1995, 
which compares very well to the satellite measurements. The key mechanisms 
were identified as DA-driven meridional wind anomaly that enhanced the advec-
tion of sea ice out of the PAR, and the enhanced thermodynamic melting via the 
positive ice/ocean albedo feedback process.

	3.	 The +DA-derived wind anomaly not only drives away sea ice from the Pacific 
Arctic to the Atlantic Arctic, but also promotes the advection of more warm 
Bering water volume transport with anomalous heat transport, leading to ice 
minima in the PAR. In particular, the 2007 summer DA has the most parallel 
orientation to the TDS and Bering Strait than the summers of 2008, 2009, and 
2010, thus leading to high volume and heat transports into the Chukchi Sea. The 
local N-S wind stress over the Bering Strait, which may not be associated with 
the DA pattern, is also important (Mizobata et al. 2010).

	4.	 The Pacific Arctic atmosphere-ice-ocean interactions can be summarized by a 
feedback loop to explain the continuous ice decline and warmer water tempera-
ture in the Chukchi Sea in the last decade. The DA plays an important role as an 
external forcing to the ice-ocean system in the PAR. Once the +DA applies its 
forcing to the Pacific Arctic, a long-lasting impact on the sea ice reduction was 
observed. The key is the positive ice-ocean albedo feedback (Wang et al. 2005b; 
Shimada et al. 2006; Zhang et al. 2008a, b). Therefore, a series of +DA events 
(Wang et al. 2009a) should apply a series of pulses of positive ice-ocean albedo 
feedbacks into the PAR ice-ocean system. A possible reversal may be accom-
plished by –DA events. The ice-cloud feedback is another mechanism for 
continuous, further reduction of sea ice in the PAR.

	5.	 The Bering shelf cold pool has significant impacts on ecosystems and fisheries 
distribution. The winter cold water is preserved in the middle shelf throughout 
the summer due to a stable, stratified temperature structure, and also due to the 
lack of effective horizontal heat transport and mixing from the deep basin and 
the inner shelf. Interannual variability of the cold pool extent/volume depends 
on winter meteorological and oceanic conditions, and winter ocean deep 
convection.

	6.	 The key aspects of the major dynamic and thermodynamic processes of the 
landfast ice were captured by the CIOM. The major factors include the shallow, 
narrow shelf in contrast to the deep shelfbreak, and the deep basin (in terms of 
heat content), prevailing onshore wind forcing, and the warm ACC and the Slope 
Current. The largest variability occurs in spring and autumn, indicating that the 
melting and freezing seasons are the key periods. There are both strong interan-
nual and significant decadal variability in landfast ice. The duration of landfast 
ice for the period of 1990–1997 was longer than that during 1998–2007. The 
landfast ice reduced significantly during spring of 2007, possibly due to the 
impacts of the persistent +DA anomaly from winter to summer of 2007 (Wang 
et al. 2009a). However, the anchoring process of the landfast ice by grounded 
pressure ridges is currently not included in the model and needs to be repre-
sented for a full evaluation of coastal ice dynamics.
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The Arctic Ocean and the PAR in particular have experienced rapid changes not 
only in sea ice and ocean, but also in ecosystems, in particular in the last decade. 
This study has discussed several important processes in the region. There is urgent 
need for a better understanding of these processes or hypotheses using combined 
long-term measurements and ice-ocean models. The following processes may be  
of interest:

	1.	 There was a significant change in climate between the early 1990s and last 
decade. The +AO dominated in the early 1990s (cyclonic anomalous circu-
lation), while the +DA prevailed in the last decade (meridional anomalous  
circulation), leading to significant ice reduction. These two leading climate 
modes should be the major forcing to other subsystems, such as sea ice, ocean, 
and ecosystem. Therefore, to adequately address the Arctic processes, the combined 
impact of these two modes is necessary.

	2.	 The Bering Strait is a pathway of freshwater (volume transport) and heat to the 
Arctic Ocean and was more abnormal in the last decades. The connection 
between the Bering Strait and Fram Strait-Barents Sea opening, along with the 
Canadian Arctic Archipelagos (CAA) is not well known. A high-resolution 
coupled ice-ocean model that can resolve CAA is a high priority.

With diminishing summer ice in the Pacific Arctic, a northward migration of eco-
systems is an urgent topic to be studied. The changes of food webs, lower trophic 
level ecosystems, and fisheries can have large impacts on the future planning and 
management of marine resources.
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    Abstract     Understanding oceanic effects on climate in the Pacifi c-Arctic region 
requires knowledge of the mean circulation and its variability in the region. This 
chapter presents an overview of the mean regional circulation patterns, spatial and 
temporal variability, critical processes and property fl uxes from the northern North 
Pacifi c into the western Arctic Ocean, with emphasis on their impact on sea ice. 
First, results from a high-resolution, pan-Arctic ice-ocean model forced with realistic 
atmospheric data and observations in the Alaskan Stream, as well as exchanges 
across the Aleutian Island Passes, are discussed. Next, general ocean circulation in 
the deep Bering Sea, shelf-basin exchange, and fl ow across the Bering shelf are 
investigated. Also, fl ow across the Chukchi Sea, pathways of Pacifi c summer water 
and oceanic forcing of sea ice in the Pacifi c-Arctic region are analyzed. Finally, we 
hypothesize that the northward advection of Pacifi c Water together with the excess 
oceanic heat that has accumulated below the surface mixed layer in the western 
Arctic Ocean due to diminishing sea ice cover and subsequent increased solar insolation 
are critical factors affecting sea ice growth in winter and melt the following year. 
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We argue that process-level understanding and improved model representation of 
ocean dynamics and ocean-ice-atmosphere interactions in the Pacifi c-Arctic region 
are needed to advance knowledge and improve prediction of the accelerated decline 
of sea ice cover and amplifi ed climate warming in the Arctic.  

  Keywords     Ocean circulation   •   Alaskan Stream   •   Bering Sea   •   Western Arctic   
•   Ice- ocean modeling  

5.1         Introduction 

 This chapter focuses on the physical oceanography of the Pacifi c-Arctic Region 
(PAR). For our purposes, PAR is defi ned to include the Gulf of Alaska, northern 
North Pacifi c, and the Bering, Chukchi, Beaufort, and East Siberian seas. Figure  5.1  
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  Fig. 5.1    Bathymetry (m) of the Pacifi c-Arctic Region       
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shows the bathymetry and geographic place names for the PAR region. To our 
knowledge, there has been no recent physical oceanography review of this region. 
Stabeno et al. ( 1999 ) reviewed the physical oceanography of the Bering Sea and 
described observational results on the fl ow through the Aleutian Island Passes 
and the general circulation throughout the Bering Sea. They stated a need for more 
information on: (1) the transport variability and magnitude of the fl ow through the 
Aleutian Island Passes, (2) deep Bering Sea circulation, and (3) mechanisms that 
provide nutrients to the euphotic zone along the Bering Slope. Results presented in 
this chapter and in Chap.   6     by Williams et al. ( 2014 , this volume) provide more 
information in these three areas.

   Along with observational results from several authors, we will discuss results 
from the Naval Postgraduate School (NPS) Arctic Modeling Effort (NAME) 
coupled sea ice-ocean model in this chapter. The model has a horizontal grid 
spacing of 1/12° (or ~9 km) and 45 vertical depth layers. At this horizontal resolu-
tion the model is considered eddy permitting, as mesoscale features down to ~37 km 
in diameter (four grid points) can be resolved (Maslowski et al.  2008b ). In the 
vertical direction, eight levels are in the upper 50 m and 15 levels in the upper 
200 m. The high vertical resolution, especially in the upper water column, allows 
for more realistic representation of the shallow Arctic and sub-Arctic shelves than a 
lower vertical resolution typical in many ocean models. The model domain contains 
the sub-Arctic North Pacifi c and North Atlantic Oceans, the Arctic Ocean, the 
Canadian Arctic Archipelago (CAA) and the Nordic Seas (Fig.  5.2 ). The choice of 
model domain was in part dictated by the need for realistic prediction of the net 
northward transport of water mass and properties through Bering Strait and conse-
quently the circulation and variability in volume and heat fl uxes entering the 
Beaufort Sea from the Chukchi Shelf. Additional details of this model are discussed 
by Clement Kinney et al. ( 2014 , this volume), Maslowski et al. ( 2004 ) and 
Maslowski et al. ( 2008a ,  b ).
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  Fig. 5.2    The NAME model domain and bathymetry (m)       
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5.2        The Northern North Pacifi c, Gulf of Alaska, 
and Alaskan Stream 

 The Alaskan Stream is the primary circulation feature of the southern Pacifi c-Arctic 
Region. It is an intense, narrow (~50–80 km) and deep (>3,000 m) current, which 
fl ows westward from the head of the Gulf of Alaska to the westernmost Aleutian 
Islands (Stabeno and Reed  1992 ; Reed and Stabeno  1999 ). Its highly variable transport 
(e.g. Onishi  2001 ) refl ects the complex air-sea-topographic interactions in the 
northern North Pacifi c and strongly infl uences the exchanges with the Bering Sea 
(Maslowski et al.  2008a ; Clement Kinney and Maslowski  2012 ), which occur 
through the straits and passes of the Aleutian-Komandorskii Island Arc. 

 The transport estimates of the Alaskan Stream based on observations (Thompson 
 1972 ; Favorite  1974 ; Reed  1984 ; Stabeno and Reed  1992 ; Reed and Stabeno  1993 , 
 1997 ) are generally limited by coarse or intermittent temporal and/or spatial sampling. 
Such limitations hinder investigations of local dynamics, long-term mean total volume 
and property fl uxes and relationships between climate change and transport variability. 
The deep baroclinic structure and the westward intensifi cation (between 150°W and 
180°W; Reed  1984 ) of this boundary current fl owing along the slope of the Aleutian 
Trench present further challenges for transport estimates based on spatially limited 
measurements using geostrophic velocity calculations, where an assumption of no 
motion at depth (e.g. at 1,000 or 1,500 m compared to the total depth of over 6,000 m) 
is made. For example, Reed ( 1984 ) computed a typical transport in the Alaskan 
Stream (referred to 1,500 dbar) at 12 Sv (1 Sv = 10 6  m 3  s −1 ) and at 15–20 Sv when a 
correction for its baroclinic structure below 1,500 dbar is included. Other commonly 
reported transports (Royer and Emery  1987 ; Reed  1984 ; Reed and Stabeno  1999 ) 
are all estimated below 25 Sv, including corrections for the deep baroclinic 
fl ow. However, accurate assessment of the total volume transport at any cross section 
in the Alaskan Stream is still daunting, as it requires knowledge of the absolute 
velocity structure down to the bottom. 

 The chain of the Aleutian Islands forms the natural southern boundary of the Bering 
Sea. The numerous passes between islands play a primary role in determining both 
circulation and distribution of water properties in the Bering Sea (Stabeno et al. 
 1999 ). The variability of the infl ow/outfl ow rate through the southern boundary has 
a twofold impact on Bering Sea oceanic conditions and ecosystem changes. First, 
infl ow through Aleutian passes is an important source of Bering Sea ecosystem 
nutrients (Stabeno et al.  1999 ). Second, strong infl ow through the Amchitka, 
Amukta, and other Aleutian passes may enhance instability of the Aleutian North 
Slope Current (ANSC) and thus affect Bering Sea eddy formation. 

 Although the eastern passes are shallow, with depths less than 300 m, the long- term 
velocity observations in several passes indicate strong and persistent northward 
fl ow. For example, Stabeno et al. ( 2005 ) reported approximately 4 Sv of mean infl ow 
into the Bering Sea through Amukta Pass during a period of 3 years (2003–2005), 
which is approximately fi ve times larger than geostrophic estimates (Stabeno et al. 
 1999 ). Thus, recent estimates indicating higher exchange rates between the 
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Bering Sea and Pacifi c Ocean require extended studies of the robustness of these 
estimates and, possibly, revising our view on the mechanisms controlling Bering 
Sea circulation. 

 Modeling the Alaskan Stream and the inter-basin exchanges between the North 
Pacifi c and the Bering Sea has been challenging, as well. Ocean general circulation 
models (OGCMs) have demonstrated a rather limited ability to realistically 
represent circulation and inter-basin exchanges of water mass and properties 
between the North Pacifi c and the Bering Sea/Arctic Ocean. While global models 
have commonly lacked the needed horizontal and/or vertical resolution (e.g. Goosse 
et al.  1997 ; Xie et al.  2000 ) regional models of this region have often used closed or 
fi xed (prescribed) boundary conditions in the Bering Sea and/or North Pacifi c 
(Overland et al.  1994 ; Hurlburt et al.  1996 ; Stabeno and Hermann  1996 ; Okkonen 
et al.  2001 ; Hermann et al.  2002 ; Ladd and Thompson  2002 ). Additionally, only few 
of those models have realistically accounted for the net northward transport 
(0.8 Sv ± 0.2 Sv; Clement Kinney et al.  2014 , this volume) through Bering Strait 
(e.g. Goosse et al.  1997 ). 

 The NAME model has been developed to address the above limitations and to 
allow focused studies of the circulation, relevant dynamics and exchanges between 
the sub-arctic and arctic basins (Maslowski et al.  2004 ,  2008a ; Clement et al.  2005 ; 
Clement Kinney et al.  2014 , this volume). The pan-Arctic domain of this model, 
(Fig.  5.2 ) confi gured at horizontal resolution of 1/12° and 45 depth levels allows for 
realistic fl ow through the many narrow passages in the Aleutian Islands and the 
northern Bering Sea. 

 Figure  5.3  shows the 26-year (1979–2004) mean circulation in the upper 100 m 
based on NAME model results (Clement Kinney and Maslowski  2012 ), in which 
the Alaskan Stream is clearly the strongest feature. The Alaskan Stream is the 
primary source of warm and relatively fresh water for mass and property fl uxes 
through the Aleutian passes and, therefore, has a signifi cant infl uence on the Bering 
Sea (Reed  1990 ; Reed and Stabeno  1999 ).

   NAME model results (not shown) in the upper 100 m of the Alaskan Stream 
show that maximum speeds close to 90 cm s −1  occur in winter (i.e. January, 
February, March), with a decrease to around 75 cm s −1  in summer and autumn, 
suggesting up to 14 % speed variability due to the seasonal cycle. According to 
observations, Reed and Stabeno ( 1997 ) report 70–125 cm s −1  speeds in the upper 
100 m across 173.5°W measured during summer 1995. Reed ( 1984 ) obtained 
similar peak speeds (90–110 cm s −1 ) in the upper ocean across 170°W during 
winter 1980 and summer 1981. Reed and Taylor ( 1965 ) measured velocities of 
80 cm s −1  around 175°W in June 1959. The above comparison of modeled and 
observed velocities in the upper 100 m of the Alaskan Stream suggests the model 
realistically represents this fl ow. 

 The modeled 23-year mean westward transport of Alaskan Stream computed 
over the total water depth ranges from 44.6 Sv to 55.8 Sv, of which 12–18 Sv is 
below 1,000 m and 7–12 Sv is below 1,500 m. These transports appear rather high 
compared to the previously reported estimates based on measurements; however 
some observational evidence exists in support of higher model results. Warren and 
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Owens ( 1988 ) reported 28 Sv based on geostrophic calculation but referred to 
current meter measurements from a single mooring. Hydrographic measurements 
by Roden ( 1995 ) near 180°W indicate transport of 38 Sv above 6,000 m with 
14 Sv below 1,000 dbar and 9 Sv below 1,500 dbar in July 1993. Onishi and 
Ohtani ( 1999 ) computed the Alaskan Stream transport ranging from 21.8 Sv to 
41 Sv along 180°W during 1990–1997. Finally, Onishi ( 2001 ) estimates the trans-
port referred to 3,000 m ranging from 14.8 Sv to 41.0 Sv along 180°W over 
9 years, from 1990 to 1998. 

 Major disturbances created by southward shifts in the Alaskan Stream and eddies 
propagating along the Aleutian Island Arc can produce large deviations, which have 
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been explored in multiple studies (e.g. Musgrave et al.  1992 ; Stabeno et al.  1999 ; 
Crawford et al.  2000 ). In Crawford et al. ( 2000 ), 6 years of TOPEX/Poseidon (T/P) 
data measured the presence of six anticyclonic eddies in the Alaskan Stream. Of the 
six eddies, some formed near the Alaskan panhandle, while others began propagat-
ing just south of Shelikof Strait with an estimated phase speed of ~2.5 km/day. The 
sea surface height anomalies and eddy diameter approached 72 cm and averaged 
160 km, respectively. Because the Alaskan Stream represents the largest source of 
transport into the Bering Sea, these long-lived eddies (mean lifespan of 1–3 years; 
Crawford et al.  2000 ) may signifi cantly alter both the physical and biological struc-
ture of the Bering Sea (Okkonen  1992 ,  1996 ). 

 Recent model results (Maslowski et al.  2008a ) provided an in-depth examination 
of the anticyclonic eddies found in the Alaskan Stream and their effect on the 
strength and location of the stream, as well as their infl uence on fl ow through 
Amukta and Amchitka Passes. For example, sea surface height anomaly (SSHA) 
and circulation (Fig.  5.4a ) indicate the presence of an anticyclonic eddy south of 
Kodiak Island during January 1993. By December (Fig.  5.4b ), the eddy has moved 
to a position that is just southeast of Amukta Pass. Figure  5.5  shows modeled 
monthly mean distributions of velocity as the eddy passes by EAS1 during January 
1993 and EAS4 during December. In both cases, the velocity core is shifted southward 
when the eddy is present. The southward shift is strongest at EAS4 by a distance 
of more than 140 km. Over the course of the entire model simulation (1979–2003), 
the number of eddies crossing the EAS4 line was calculated (Maslowski et al. 
 2008a ). Twenty “weak” eddies (0.3 m < SSHA < 0.5 m) crossed the line for an average 
of 0.8 per year and 12 “strong” eddies (SSH > 0.5 m) were identifi ed for an average of 
0.5 per year.

    Using a combination of these model results, additional model results from 
Maslowski et al. ( 2008a ), and observational results by Reed and Stabeno ( 1989 , 
 1999 ) and Crawford et al. ( 2000 ), we conclude that the Alaskan Stream remains 
relatively intact during the periods of southward shifts. It is also believed that the 
formation and propagation of eddies along the Alaskan Stream is the main cause of 
these deviations in the westward fl ow. Any stationary attempt to monitor the fl ow of 
the Alaskan Stream (e.g., moored Acoustic Doppler Current Profi ler (ADCP)) 
would benefi t from including instrumentation at least 200 km southward of the 
mean position of the Alaskan Stream, in order to capture these shifts. 

 Investigation of eddy effects on exchanges between the Gulf of Alaska and the 
Bering Sea revealed signifi cant increases in net northward fl uxes as an eddy moves 
along a pass within the Aleutian Islands (Maslowski et al.  2008a ). Analysis of 
modeled time series through the two main passes in the eastern and central Aleutian 
Archipelago, i.e., Amukta Pass and Amchitka Pass, showed that peaks in the 
monthly mean anomalies of volume and property transport were often associated 
with the presence of nearby eddies in the Alaskan Stream (e.g. see Fig.  5.9  in 
Maslowski et al.  2008a ). 

 Another dynamical aspect of the Aleutian throughfl ow, which should be taken 
into account, is tidal mixing and rectifi cation. Tidal currents between the Aleutian 
Islands are generally strong (100–150 cm/s) and produce a total 70 GW energy fl ux 
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into the Bering Sea (Foreman et al.  2006 ). The most important are the M2 (31 GW), 
K1 (24.5 GW) and O1 (13 GW) tidal constituents (Foreman et al.  2006 ). The largest 
energy conduits into the Bering Sea are via Amukta and Samalga passes (M2) 
and Amchitka Pass (K1). Modeling studies (e.g. Kowalik  1999 ) show that tides 
signifi cantly impact local mixing and generate a northward residual tidal current 
of 5–15 cm/s between the Aleutian Islands. Recently, Stabeno et al. ( 2005 ) hypoth-
esized that tidal rectifi cation may be one of mechanisms responsible for such a high 
new mean infl ow through Amukta Pass.  

  Fig. 5.4    Modeled sea surface height anomaly (m) and 0–477 m circulation during ( a ) Jan. 1993 
and ( b ) Dec. 1993. Every 3rd  vector  in each direction shown       
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5.3     Western Subarctic Gyre 

 Focusing on the deep western passes, we know that infl ow from the northwestern 
North Pacifi c into the Bering Sea occurs primarily through Near Strait, while outfl ow 
occurs largely through Kamchatka Pass (Stabeno and Reed  1994 ). Multi-year 
continuous observations of the fl ow through the western Aleutian Island Passes are 
not available. Available observations include data from satellite-tracked drifters 
(Stabeno and Reed  1994 ) and short-term CTD measurements (e.g. Stabeno and 
Reed  1992 ; Reed and Stabeno  1993 ), along with historical datasets (e.g. Arsen’ev 
 1967 ; Ohtani  1970 ; Hughes et al.  1974 ; Favorite  1974 ). Observed estimates of the 

1000

2000

3000

EAS1 EAS4

4000

D
ep

th
 (

m
)

D
ep

th
 (

m
)

D
ep

th
 (

m
)

Distance (km) Distance (km)

5000

6000

1000
0 0

10
15

1.0

2000

3000

4000

5000

6000

1000

2000

3000

4000

5000

6000

10

10

10
20

15

1510

15
10

0

1.0 0
4.03.0

2.0

3.0

1.0

1.
0

0

2.0

1.0

1.0

1.0

0
0

0

0

0

01-1993

25-yr mean 25-yr mean

01-1993

1000

2000 20

3000

4000

5000

6000

1000

2000

3000

4000

5000

6000

0 50 100 150 200

12-1993 12-1993

0 50 100 150 200

1000

2000

3000

4000

5000

6000

20

  Fig. 5.5    Modeled monthly mean vertical profi les of velocity (both  shading  and  contours ; cm s −1 ) 
for cross sections EAS1 ( left ), EAS4 ( right ). Positive velocity is directed westward. Inward-facing 
 triangles  above each fi gure indicate the position of the original sections (AS1 on  left ; AS4 on 
 right ). The  black line  represents the horizontal position of the velocity core       

 

5 The Large Scale Ocean Circulation and Physical Processes Controlling…



110

net volume transport through Near Strait are northward and range from ~5 Sv (Reed 
and Stabeno  1993 ) to ~10 Sv (historical measurements by Favorite  1974 ). The long- 
term mean model result from NAME (5.06 Sv) compares well with the observations 
from Reed and Stabeno ( 1993 ). 

 Observed estimates of the net volume transport through Kamchatka Strait are 
southward and range from ~6 to 15 Sv (Ohtani  1970 ; Verkhunov and Tkachenko 
 1992 ; Stabeno and Reed  1992 ). The long-term mean model result from NAME 
(8.9 Sv) is within the observed range, however it is much less than recently published 
results from Panteleev et al. ( 2006 ). Panteleev et al. ( 2006 ) fulfi lled variational analysis 
of the summer climatological circulation in the major part of the Bering Sea. They 
estimated the volume transport through Kamchatka Strait to be 24 Sv, which is 
signifi cantly larger than most of the traditional dynamical method estimates (Ohtani 
 1970 ; Verkhunov and Tkachenko  1992 ; Stabeno and Reed  1992 ). On the other 
hand, the Panteleev et al. ( 2006 ) transport estimate agrees well with an estimate by 
Hughes et al. ( 1974 ) of 20 Sv, obtained through dynamical calculations referenced 
to the surface velocities taken from surface drogued fl oats. 

 High-resolution and large scale modeling of the Bering Sea basin and the Western 
Subarctic Gyre has been limited. Previous modeling work by Overland et al. ( 1994 ) 
realized general circulation features (e.g., complex cyclonic fl ow in the Bering Sea 
basin) similar to observations. However, they were not able to simulate the meanders 
in the Kamchatka Current that were identifi ed by Stabeno and Reed ( 1994 ), nor 
were they able to show enough interannual variability in the fl ow through Near 
Strait to account for observations by Stabeno and Reed ( 1992 ) or Reed et al. ( 1993 ). 
The prescribed boundary condition for the Alaskan Stream and the climatological 
atmospheric forcing that was used may have prevented Overland et al. ( 1994 ) from 
simulating realistic variability in the fl ow through Near Strait. While observations 
before 1994 (e.g., Reed  1984 ; Stabeno and Reed  1992 ) showed little eddy energy of 
the Alaskan Stream near 166°W (i.e. the lateral boundary of the Overland et al. 
( 1994 ) model domain), more recent observations (e.g. Crawford et al.  2000 ) are in 
stark contrast. 

 Recent modeling work by Clement Kinney and Maslowski ( 2012 ) shows how 
the numerous eddies and meanders of the Bering Sea and within the Alaskan Stream 
play a critical role in determining the fl ow through the western Aleutian passes and 
straits. For example, modeled time series of volume fl ux through Near Strait over 
26 years showed seven time periods when the transport was near-zero or even 
reversed (Clement Kinney and Maslowski  2012 ). These anomalies lasted from 
3 months to almost 2 years. Based on satellite-tracked drifters released throughout 
the region, Stabeno and Reed ( 1992 ) noted an anomalous lack of infl ow through 
Near Strait that began in summer 1990 and persisted at least through fall 1991. 
While the model results did not show a lack of infl ow at exactly the same time 
period as Stabeno and Reed ( 1992 ), the processes underlying the anomaly appear to 
be the same. The modeled fl ow reversals and maxima were related to the presence 
of eddies and meanders both north and south of the strait. There did not appear to be 
a consistent circulation regime responsible for inducing a reversal (see Clement 
Kinney and Maslowski ( 2012 ) for further discussion and fi gures). Instead, fl ow 
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reversals occurred when mesoscale features were in the proper alignment with the 
axis of the strait. Therefore, it is believed that short-term observations (months to 
years) may not be representative of the actual mean fl ow. This indicates a need for 
continuous monitoring of the fl ow through Near Strait, as well as other passes and 
straits in the Western Aleutian Islands to determine both the mean fl ow and its 
variability.  

5.4     Bering Sea 

 The general circulation within the Bering Sea basin is typically described as cyclonic 
in the long-term mean. However, transport within the gyre can vary by more than 
50 % (Stabeno et al.  1999 ). Causes associated with this variation have been 
identifi ed as either changes in the Alaskan Stream infl ow (Overland et al.  1994 ) 
and/or variability of the wind-driven transport within the basin (Bond et al.  1994 ). 
Mesoscale eddies within the basin have been identifi ed in observations published by 
Cokelet et al. ( 1996 ) and Stabeno and Reed ( 1994 ), among others (e.g., Solomon 
and Ahlnäs  1978 ; Kinder et al.  1980 ; Paluszkiewicz and Niebauer  1984 ). Instabilities 
along the Bering Slope and Kamchatka Currents and interactions with canyons and 
embayments at the landward edge of these currents and infl ows through the Aleutian 
Island Passes may be responsible for eddy generation (Cokelet et al.  1996 ). Stabeno 
and Reed ( 1994 ) observed several eddies and meanders within the Kamchatka 
Current and the eastern Bering Sea by utilizing satellite-tracked drifters. Several 
anticyclonic eddies were observed in the western side of the basin and resulted from 
the interaction of the Kamchatka Current with topographic features. Stabeno and 
Reed ( 1994 ) suspect that these features are semi-permanent, since they appeared in 
drifter trajectories for more than 1 year. Stabeno and Reed ( 1994 ) observed a large 
anticyclonic eddy west of Bowers Ridge that had a diameter of approximately 
200 km and velocities of 30–40 cm/s, which is similar in size and velocity to those 
from the NAME model. 

 Animations of monthly mean NAME model results over the 26-year simulation 
show frequent and complex eddy activity throughout the Bering Sea basin. For 
instance, at least 14 mesoscale eddies are present in June 1987 (Clement and 
Maslowski  2008 ), as shown in Fig.  5.6 . Half of these are anticyclonic and the other 
half are cyclonic. Diameters of these eddies are 120 km and greater and velocities 
are up to 40 cm/s. Lifetimes of these eddies are typically a few months. The 9-km 
horizontal resolution of the model makes it possible to resolve eddies with diame-
ters as small as ~37 km, however, the smallest eddies are likely not resolved, recall-
ing that the Bering Sea has a Rossby radius of deformation of ~12–20 km according 
to Chelton et al. ( 1998 ).

   During the 26-year model simulation, meanders and eddies are continuously 
present throughout the deep Bering Sea basin. This is consistent with results from 
Cokelet and Stabeno ( 1997 ), which show that the background fl ow in the interior 
of the Bering Sea is dwarfed by the energetic eddies which populate the region. 
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Our results indicate that these eddies are important in redistributing temperature 
and salinity (Clement Kinney and Maslowski  2012 ), which may have an effect on 
biological species in the region by altering environmental conditions. 

 Numerical model results (Clement Kinney and Maslowski  2012 ) also show very 
frequent and complex eddy activity present along the Bering Sea Slope. In fact, the 
Bering Slope Current (BSC) appears to be more a system of eddies rather than a 
continuous feature (Okkonen  1993 ; Clement Kinney et al.  2009 ). The energetic 
anticyclonic eddy activity of the BSC is a well-known characteristic of Bering Sea 
circulation. Analysis of the mooring velocity measurements along the eastern 
Bergin Sea continental slope between Pribilof and Zhemchug canyons (Schumacher 
and Reed  1992 ; Cokelet and Stabeno  1997 ) showed that mesoscale currents have 
amplitude > 80 cm/s, i.e. 10–15 times higher than the long-term mean BSC velocity. 
The BSC eddies penetrate to a depth of at least 500 m and transport nutrients from 
deep regions onto the eastern Bering Sea shelf (Stabeno et al.  1999 ). Eddy-induced 
cross-shelf mixing is not well studied, but high-intensity mesoscale variability in 
the region indicates the importance of this mechanism. Recent climatological 
studies reveal the linkage between long-term variability of the large-scale dynamic 
and oceanic eddy activity (Hogg et al.  2005 ). Currently the mechanisms of this linkage 
are not clear. 

 The eddy activity along the Bering Sea slope seems to have an important effect 
on shelf-basin exchange, especially in canyons such as Zhemchug Canyon (Clement 
Kinney et al.  2009 ). A cyclonic eddy located just south of the canyon was shown to 
greatly increase the on-shelf salt fl ux during a 3-month period via upwelling of relatively 
salty water and on-shelf fl ow. Upwelling of salty and nutrient-rich deep Bering Sea 
water due to eddies and shelf-basin exchange, in general, could enhance biological 
production in this region (Clement Kinney et al.  2009 ). Overall circulation over the 
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Bering Sea shelf is mainly wind-driven and geostrophic year around, with reversals 
of both across and along shelf fl ow and local accelerations due to increased wind 
stress and bottom friction in response to changing winds between northwesterly and 
southwesterly (Danielson et al.  2012a ,  b ). 

 Modeled eddy kinetic energy (EKE) fi elds show that the northern Bering Sea 
maintains year-round high energy and mixing, especially in Bering and Anadyr 
straits (see Figs. 5.16–5.19 of Clement et al.  2005 ). Notably, these regions of high 
EKE are found just upstream of highly productive areas in the Bering Sea (e.g., the 
Chirikov Basin and the region just north of Bering Strait) that have been identifi ed 
in previous studies such as Grebmeier et al. ( 1988 ), Springer and McRoy ( 1993 ), 
and Grebmeier and Dunton ( 2000 ). This suggests that high-nutrient Anadyr Water 
is mixed into the euphotic zone as it fl ows generally northward and, upon encoun-
tering a region of lower EKE, can support water column primary production and the 
settling of organic matter to the benthos.  

5.5     Chukchi Sea 

 The Arctic receives water from the Pacifi c through the Bering Strait. The Chukchi 
Sea connects the Bering Sea to the Arctic Ocean and is, therefore, the Pacifi c gateway 
to the Arctic. Three primary water masses enter the Chukchi Sea via Bering Strait, 
including Alaskan Coastal Water, Bering Shelf Water, and Anadyr Water (Coachman 
et al.  1975 ). Alaskan Coastal Water, as its name implies, is found near the coast of 
Alaska and tends to be the warmest and freshest of the three. Anadyr Water is found 
in the west, nearer to Siberia and is usually colder and more saline than the others. 
Bering Shelf water lies in the middle and has more moderate temperature and salinity 
properties. Analysis of a year long time series of mooring data in 1990–1991 by 
Woodgate et al. ( 2005 ) indicates a fourth branch of water infl ow through Bering 
Strait which exits northwestward through Long Strait. Its content of water originating 
from the Pacifi c is less than that contributed by the other three branches, as it is modi-
fi ed by the seasonally occurring Siberian Coastal Current (Weingartner et al.  1999 ). 
A number of important bathymetric features, such as Herald Shoal, Hanna Shoal, 
Barrow Canyon, Herald Canyon, the Chukchi Rise, and the Chukchi Cap infl uence 
the circulation on this shallow (mostly < 60 m deep) and wide continental shelf. 

 Previous numerical modeling efforts for the Chukchi and Beaufort seas include 
Overland and Roach ( 1987 ), Winsor and Chapman ( 2004 ), and Walsh et al. ( 2004 ), 
with the latter based on results from the same model discussed in this article. In 
addition, all of the models participating in the Arctic Ocean Model Intercomparison 
Project (AOMIP; e.g. Proshutinsky et al.  2007 ; Holloway et al.  2007 ) as well as a 
recent study by Watanabe ( 2011 ) include the Chukchi Sea. However, many of those 
models prescribe climatological lateral boundary conditions at or near Bering Strait. 
As for global climate models, their spatial resolution in ocean models is commonly 
too coarse to realistically represent exchanges through Bering Strait, and they 
have to be parameterized (e.g. Goosse et al.  1997 ). An improvement of the NAME 
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model is the ability to simulate the net northward transport and variability of water 
mass and properties through Bering Strait (Clement et al.  2005 ; McClean et al. 
 2001 ). Model results from the simulation discussed here have been compared with 
observations of volume transport, temperature and salinity in Bering Strait. For 
example, the modeled 1979–2004 mean volume transport of 0.65 Sv compares well 
with the observed mean of 0.83 Sv estimated for 1990–1994 (Clement et al.  2005 ; 
Roach et al.  1995 ). Please see Clement Kinney et al. ( 2014 , this volume) for a com-
prehensive discussion of the fl ow through Bering Strait. 

 The 26-year (1979–2004) mean circulation from the NAME model in the upper 
100 m is shown in Fig.  5.3 . Generally northward velocities, as high as 50 cm/s, are 
found in Bering Strait with three main branches and two coastal fl ows forming north 
of the strait. Model results are in agreement with observations at 12 locations within 
the Chukchi Sea made by Woodgate et al. ( 2005 ) that show four northward outfl ows 
on the Chukchi Shelf. The main western branch (Herald Valley fl ow) is found 
between the 50-m isobaths and fl ows between Herald Shoal and Wrangel Island. 
The main eastern branch is directed primarily northward to the east of Herald Shoal 
and west of the 25-m isobath. This is the “Central Channel” fl ow identifi ed by 
Weingartner et al. ( 2005 ) based on moored and shipboard data collected in the early 
1990s. An offshoot of the western branch fl ows through Long Strait (between 
Wrangel Island and Siberia), most of which encircles the island in an anticyclonic 
fashion and eventually joins the Central Channel fl ow, however a small portion of 
the current continues along Siberia to the northwest near the coast. The seasonal, 
eastward-fl owing Siberian Coastal Current (Weingartner et al.  1999 ) is not clearly 
showing in the 26-year mean circulation; however, velocity vectors nearest the coast 
are oriented eastward and snapshots of the ocean circulation (not shown) in early 
summer (i.e. June–July) have an evident narrow eastward fl ow. The other seasonal 
coastal current, modeled with relatively higher skill, is the Alaskan Coastal Current 
(ACC), which is fresh, warm (with measured temperatures up to 11 °C in August 
2007) and narrow (10–40 km; Okkonen et al.  2009 ; Spall et al.  2008 ). Still, a more 
realistic representation of winds and local fresh water discharge from the Siberian 
and Alaskan coasts as well as higher spatial resolution would further improve model 
skill in simulating both of these coastal currents (Maslowski and Walczowski  2002 ; 
Newton et al.  2008 ). It is important to note, that observations made by Paquette and 
Bourke ( 1974 ) and Ahlnäs and Garrison ( 1984 ) show that the ACC is enhanced by 
solar-heated waters in Kotzebue and Norton sounds and it impacts the local ice edge 
position downstream. 

 Measurements of the oceanic impact on the marginal ice zone and ice edge position 
in the Chukchi Sea are limited and insuffi cient to quantify those effects. To address 
this, a series of cross-sections were established in the NAME model to obtain 
volume and relative heat fl ux values from the 26-year long integration (Fig.  5.7 ). 
The blue ACC sections were intended to capture the coastal fl ow, while the CL sec-
tions capture the north-south fl ow across the width of the Chukchi shelf. The CP 
sections, along with CL4, form a closed polygon surrounding the Chukchi Plateau. 
Table  5.1  shows the mean volume transport, heat fl ux and temperature across each 
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section. The main purpose of this is to determine relative contributions of heat fl ux 
across a given section or depth range relative to the total heat divergence/convergence 
from/into a specifi ed region or basin and its relative change in time. In particular, 
the heat fl uxes calculated here through a single section are not meant to estimate the 
change of heat in a closed volume as proposed by Schauer et al. ( 2008 ).

    The coastal fl ow through ACC1 and ACC2 makes up almost half of the volume 
transport through the respective CL sections. More than half of the heat fl ux through 
CL1 and CL2 is found in the coastal sections (55 % and 71 %, respectively). The 
relative increase of heat fl ux between ACC1 and ACC2 supports the fi nding of 
Ahlnäs and Garrison ( 1984 ) that the solar-heated waters in the Kotzebue Sound and 
along the coast are some of the main sources of heat in the Alaskan Coastal Current. 
However, as one moves farther north, little of the heat or volume fl ux across CL3 is 
found in the shorter coastal section ACC3. Instead, the majority of the fl ow is bathy-
metrically steered away from the coast and to the west of Herald Shoal (Fig.  5.3 ). 
Some mixing and convergence of the Herald Valley fl ow and the Central Channel 
fl ow occurs north of Herald Shoal, where the fl ow becomes bathymetrically steered 
eastward as observed by Weingartner et al. ( 2005 ). Upon reaching Barrow Canyon, 
much of the heat (~63 % of the CL4 value) is again found near the coast, within 
section ACC4 (Fig.  5.8 ). It is also worth noting that both in the modeled coastal fl ow 
as well as across the entire CL4 two to three times more heat is transported below 
10 m depth relative to the upper 10 m. We argue that over the Chukchi shelf, heat 
associated with summer Pacifi c water is partially lost to sea ice melt and to the 
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atmosphere, while it is gained as a result of the ice-albedo effect, as sea ice retreats, 
allowing increased absorption of solar insulation (as shown in Fig.  5.8 ). These pro-
cesses, combined with the complex fl ow pattern between CL1 and CL4, provide at 
least a partial explanation for the relatively low correlation of interannual variability 
between the heat fl uxes through Bering Strait and those entering the Beaufort Sea 
between Barrow and Barrow Canyon (Shimada et al.  2006 ). Correlation coeffi cients 
for modeled monthly mean heat fl ux anomalies (after removing the mean annual 
cycle) between ACC1/CL1 and ACC4/CL4 are 0.24/0.38 (Tables  5.2  and  5.3 ). The 
fact that the highest correlations for all sections are at no lag implies that atmospheric 
forcing, including winds, radiative and sensible heat fl uxes, is the dominant factor 
moving and affecting water mass properties and their variability across the Chukchi 
Sea. These model results also suggest that the oceanic heat fl ux from Bering Strait 
has a direct impact on sea ice melt and advancement of the ice edge northward over 
the Chukchi shelf, but not on the oceanic heat fl ux farther downstream over the 
outer shelf, slope, and into the Beaufort Sea.

    Table 5.1    Twenty-six year mean (1979–2004) and standard deviation ( in parenthesis ) for volume 
transport, heat fl ux and mean temperature across selected sections   

 Section  Volume transport (Sv)  Heat fl ux (TW)  Mean temperature (°C) 

 ACC1  0.302  2.315  −0.098 
 (0.099)  (3.440)  (2.063) 

 ACC2  0.285  2.344  −0.450 
 (0.151)  (3.735)  (1.688) 

 ACC3  0.014  0.170  −0.653 
 (0.032)  (0.464)  (1.519) 

 ACC4  0.300  0.736  −1.273 
 (0.172)  (1.192)  (0.400) 

 CL1  0.654  4.172  −0.364 
 (0.228)  (5.695)  (1.656) 

 CL2  0.643  3.288  −0.983 
 (0.225)  (4.793)  (0.823) 

 CL3  0.520  1.416  −1.138 
 (0.221)  (1.906)  (0.515) 

 CL3W  0.196  0.305  −1.345 
 (0.067)  (0.255)  (0.226) 

 CL4  0.678  1.167  −1.092 
 (0.216)  (1.271)  (0.101) 

 CP1  0.526  2.509  −0.902 
 (0.177)  (0.759)  (0.058) 

 CP2  −0.206  −0.447  −1.059 
 (0.095)  (0.229)  (0.038) 

 CP3  −0.927  −2.719  −1.052 
 (0.309)  (1.674)  (0.087) 

  Positive direction is north for all sections except CP1 (East), CP2 (South) and CP3 (West). Salinity- 
dependent freezing temperature was used as a reference temperature for heat fl ux calculations. 
Section locations are shown in Fig.  5.7   
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5.6          Beaufort Sea 

 Continuing downstream from the Chukchi Shelf, we fi nd a model mean of 0.3 Sv 
fl ows northeastward through Barrow Canyon with monthly mean velocities up to 
25 cm s −1  (Fig.  5.3 , Table  5.1 ). Annually, the warmest waters exiting Barrow Canyon 
into the Beaufort Sea are typically observed in August–October (Spall et al.  2008 ; 
S. Okkonen unpublished data; K. Shimada personal communication). Similarly as 

15.00

14.00

13.00

12.00

(d
eg

re
e3

−c
)

11.00

10.00

9.00

8.00

7.00

6.00

5.00

4.00

3.00

2.00

1.00

10.5

10

9.5

9

8.5

8

7.5

7

6.5

6

5.5

5

4.5

4

3.5

3

2.5

2

1.5

1

0.5

0

−0.5

−1

−1.5

0.00

−1.00

−2.00

a

b

72°N

70°N

160°W 150°W

40 cm/s

  Fig. 5.8    ( a ) Sea surface temperatures (°C) from MODIS for 10 August 2007, 2335UT (Adapted 
from Okkonen et al. 2009); ( b ) temperature ( shading ; °C) and velocity ( vectors ; cm s −1 ) at the 
surface layer (0–5 m) from the NAME model confi gured at 1/48° (or ~2.3 km) horizontal resolu-
tion on 15 August, 1988. The depth contours of 50, 100 and 1,000 m are shown in both panels. 
Every 10th vector in each direction shown in ( b )       

 

5 The Large Scale Ocean Circulation and Physical Processes Controlling…



118

in the Chukchi Sea, hydrographic observations off Barrow describe the cold and 
fresh surface layer due to ice melt with relatively warmer water below (Fig.  5.9 ). 
Pacifi c summer water (PSW) is typically defi ned by a temperature maximum within 
salinity range 31 < S < 33 (Steele et al.  2004 ; Sumata and Shimada  2007 ). As this 
water leaves the Chukchi shelf it converges with water of the boundary current 
(Rudels et al.  1994 ; Woodgate et al.  2001 ; Nikolopoulos et al.  2009 ) along the shelf-
break and fl ows along the northern coast of Alaska to the east. A portion of PSW 
enters the basin and moves northward towards and along the eastern fl ank of the 
Northwind Ridge (Shimada et al.  2006 ; Sumata and Shimada  2007 ) with mean 
velocities up to 1.6 cm s −1  and the highest subsurface temperatures observed in 
January (Shimada et al.  2001 ). The importance of this outfl ow is clearly demon-
strated in Fig.  5.8 , where observed surface temperatures within the ACC in August 
2007 are almost twice as high as the temperatures of ambient water throughout the 
northern Chukchi and southern Beaufort seas. While ocean surface temperatures 
increase due to the ice-albedo effect, in absence of organized currents such as the 

      Table 5.2    Correlation matrix for selected ACC sections   

 Section 

 ACC1  ACC2  ACC3 

 Absolute  Anomaly  Absolute  Anomaly  Absolute  Anomaly 

 ACC2  0.69  0.79  *  *  *  * 
 0.94  0.90 

 ACC3  0.57  0.42  0.55  0.44  *  * 
 0.76  0.58  0.75  0.65 

 ACC4  0.73  0.61  0.56  0.43  0.83  0.73 
 0.59  0.24  0.62  0.33  0.76  0.67 

  Correlations are provided for the monthly mean values (absolute) and the anomalies (after removing 
the annual cycle). The  upper number  in each cell is the correlation coeffi cient for volume transport 
and the  lower number  represents the correlation coeffi cient for heat fl ux. The lag time of 0 months 
produces the highest correlation in all instances  

   Table 5.3    Correlation matrix for selected sections   

 Section 

 CL1  CL2  CL3  CL3W 

 Absolute  Anomaly  Absolute  Anomaly  Absolute  Anomaly  Absolute  Anomaly 

 CL2  0.99  0.99  *  *  *  *  *  * 
 0.94  0.93 

 CL3  0.94  0.90  0.94  0.90  *  *  *  * 
 0.75  0.75  0.85  0.83 

 CL3W  0.73  0.64  0.73  0.64  0.76  0.68  *  * 
 0.26  0.43  0.33  0.45  0.54  0.58 

 CL4  0.93  0.89  0.93  0.89  0.95  0.93  0.76  0.68 
 0.70  0.38  0.68  0.45  0.72  0.64  0.41  0.58 

  Correlations are provided for the monthly mean values (absolute) and the anomalies (after removing 
the annual cycle). The  upper number  in each cell is the correlation coeffi cient for volume transport 
and the  lower number  represents the correlation coeffi cient for heat fl ux. The lag time of 0 months 
produces the highest correlation in all instances  
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ACC, their impact on sea ice remains relatively limited. This northward-spreading 
water, along with associated eddies, is important for introducing relatively warm 
water into the Canada Basin, which is further discussed below.

   The mean ocean circulation in this region is controlled by synoptic, seasonal and 
interannual atmospheric variability. Okkonen et al. ( 2009 ) identifi ed four generalized 
wind regimes and associated circulation states based on August–September 
2005–2007 observations near Barrow, Alaska, combined with numerical simula-
tions for large-scale and long-term context. They found that when winds are weak 
or from the southwest, PSW intrudes onto the shallow western Beaufort shelf with 
the majority of PSW fl owing eastward along the Beaufort shelf break, while easterly 
winds favor a more diffuse fl ow of PSW to the north and northwest, possibly via 
mesoscale eddies. Moreover, large seasonal variability exists in both water properties 
exported from the Chukchi Sea and their distribution in the Beaufort Sea (e.g. 
Münchow and Carmack  1997 ; Weingartner et al.  1998 ; Pickart et al.  2005 ; Spall 
 2007 ). In particular, winter-transformed Pacifi c water is critical to the maintenance of the 
cold halocline in the Arctic Ocean (Aagaard et al.  1981 ; Cavalieri and Martin  1994 ; 
Chapman and Gawarkiewicz  1995 ), however its formation and circulation in the 
western Arctic are not discussed in detail here, as this water mass does not have a 
direct impact on sea ice. 

 Recent studies (Spall et al.  2008 ) estimate that at any time there could be 100–200 
eddies in the western Arctic and they could distribute waters originating from the 
Chukchi shelf (Pickart et al.  2005 ). Zhang et al. ( 1999 ), using an 18-km ice-ocean 
model, demonstrated that mesoscale ocean eddies play a role in reducing ice 
concentration and thickness in the western Arctic, in particular along the Chukchi 
shelf break and the Northwind Ridge. Coincidently, Maslowski et al. ( 2000 ) using 

0
a b

20

40

60
10 km

Line 5

23 Aug 06

71.3°N 71.4°N

0 2
Temperature (°C)

4 6

71.5°N 71.6°N 71.7°N 71.8°N

157°W 156°W 155°W 154°W

157°WV V V V V V

100

50

200
100

50

20

25 cm/s 4.0
m/s

71
.4

°N
71

.8
°N

71.8°N
71.4°N

156°W 155°W 154°W

D
ep

th
 (

m
)

80

100

  Fig. 5.9    ( a ) Section of observed temperature (°C) along the line from Eielson Lagoon toward the 
end of Barrow Canyon in the Beaufort Sea on 23 August 2006; ( b ) towed ADCP-measured surface 
(3–20 m averaged) current vectors along the same section in the Beaufort Sea as in ( a ) (Adapted 
from Okkonen et al.  2009 ). The ‘v’s identify locations of individual CTD casts. The  solid line  
identifi es the latitudinal extent of sampling by a CTD mounted on a towed undulating vehicle       

 

5 The Large Scale Ocean Circulation and Physical Processes Controlling…



120

the same model simulated a cyclonic shift in the distribution of Pacifi c- origin water 
that accumulated in excess over the Northwind Ridge and along the Chukchi/Beaufort 
slope between the positive and negative phases of the Arctic Oscillation (AO). 

 Although the NAME model with horizontal resolution of 9-km does not resolve 
the smallest eddies (with radius of 10-km or less), larger eddies (with radius of 
25 km or more) are commonly simulated in the Canada Basin (Fig.  5.10 ; Maslowski 
et al.  2008b ). In addition, this limitation is currently being further investigated using 
the NAME model confi gured at horizontal resolution of 1/48°. Results from the 
ongoing model spinup show that at this resolution the model simulates the boundary 
current around 70 km wide, the ACC between 20 and 30 km wide as well as eddies 
with radius less than 10 km (Fig.  5.8b ). The modeled eddies have variable sizes and 
origins, however there is a tendency for anticyclonic warm core eddy generation 
at the mouth of Barrow Canyon and along the Northwind Ridge. The mean core 
temperature of these eddies at depths of 60–120 m is as much as 1.65 °C above the 
freezing temperature. The frequency of their occurrence and properties including 
rotational speeds and temperature are commonly underestimated due to both the 
spatial resolution limitations and the realism of prescribed atmospheric forcing. 
However, we believe that the model realistically approximates physical processes 
that provide sources of heat to the Canada Basin. Based on Figs.  5.8 ,  5.9  and  5.10 , 
we argue that ocean currents, including mesoscale eddies and topographically 
driven fl ow, are important means for distributing warm water and basal melting of 
the ice pack in the western Arctic.

   It is important to note that heat can also be accumulated below the surface mixed 
layer locally in the Canada Basin, as the sea ice cover continues to retreat farther 
north and allows increased radiative fl uxes into the upper ocean. This is due to the 
fact that the sunlight can penetrate below the ocean surface. The depth to which 
the upper ocean can receive heat from the sun depends on the rate at which sunlight 
is attenuated. It also depends on the wavelength with short wavelengths able to 
penetrate deeper in the water. Ultimately, in the absence of sea ice, sunlight can often 
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penetrate below the depth of the surface meltwater layer, typically of order 10–15 m 
thick. Data from summer CTD surveys by icebreaker and from Ice Tethered Profi lers 
(ITP) during 2005–2010 suggest that a near surface temperature maximum (NSTM) 
can develop in June–July, when solar radiation is at maximum, as a result of trapping 
heat below the surface mixed layer due to the onset of summer halocline with ice 
melt (Jackson et al.  2011 ,  2012 ). Given the generally insuffi cient model spatial 
resolution and limited observations of eddy generation and transport, estimates of 
eddy-driven shelf-basin heat transport and its redistribution in the western Arctic 
Ocean are not available at present. We argue that a quantifi cation of this heat source 
and understanding of its impact on sea ice are needed to explain the regional differ-
ences in arctic sea ice decline and to constrain global climate model simulations and 
predicted scenarios of future arctic climate change.  

5.7     Heat/Freshwater Content and Sea Ice 

 The outfl ow of warm summer water from the Chukchi and East Siberian shelves 
plus local absorption of solar radiation, ocean circulation and mixing contribute to 
the upper ocean (defi ned above 120 m) heat content in the western Arctic (west of 
the Lomonosov Ridge). The heat accumulation in the region has signifi cantly 
increased since the late 1990s according to observations (Shimada et al.  2001 ,  2006 ; 
Jackson et al.  2012 ) and the NAME model. In Fig.  5.10  we show modeled heat 
content at depth 50–120 m and ice thickness in the western Arctic for September 
26-year mean, September 1985 (for a typical past cold summer) and September 2002 
(a warm summer) to determine potential coherence between these two parameters. 
The 26-year mean modeled ice thickness in September is about 2.0 m between 72 
and 73°N in the Beaufort and Chukchi seas and it extends as far south as 71°N in 
the East Siberian Sea. The ice becomes thicker than 2.5 m roughly 200–300 km 
farther north. The 26-year mean oceanic heat content is largest (>30 Tera-Joules (TJ)) 
over the continental slope and it appears to be associated with the cyclonic boundary 
current fl ow carrying summer waters from the Chukchi, East Siberian and Laptev 
shelves and possibly some contribution of Atlantic water (Polyakov et al.  2010 ). This 
heat content maximum spreads eastward towards the Barrow Canyon and northward 
over the Chukchi Rise and Northwind Ridge and, as shown below, roughly coincides 
with regions in which the changes in mean ice thickness are greatest. 

 In September of 1985 (i.e. during a cold summer; Fig.  5.10b ) ice was present 
farther south and thicker in the region (0.5–1.0 m thicker or on average 2.5–3.0 m 
and up to 3.5 m in the East Siberian Sea) compared to the modeled ice thickness 
climatology. The modeled heat content during that time was respectively lower, 
with the maximum over the Chukchi Rise and Northwind Ridge around 5 TJ lower 
compared to modeled September climatological heat content. Note that even during 
this cold summer, eddy-like mesoscale features with higher heat content can be 
seen over the Chukchi Cap and close to the Alpha and Northwind (not labeled in 
any fi gure) ridges. 
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 In contrast, 2002 was a relatively warm year with little and thinner sea ice found 
in the region (Fig.  5.10c ). In particular, the thick sea ice over the East Siberian Sea, 
evident in 1985, has almost disappeared in 2002 leaving open water west of Wrangel 
Island. Ice thickness between 72 and 73°N is 0.5–1.0 m and only 1.5 m up to 80°N. 
Coincidently, upper ocean heat content is >30TJ all over that region with a maximum 
exceeding 40TJ over the continental slope. Recent observations (K. Shimada, personal 
communication; Jackson et al.  2012 ) suggest continuing increase of heat content in 
the western Arctic Ocean, at least through 2010. 

 A comparison of changes in sea ice thickness and heat content above 120 m 
between the 20-year mean (1979–1998) and the recent past 5-year mean (1999–2004) 
is shown in Fig.  5.11 . The most striking features in the comparisons of changes 
in sea ice thickness and heat content above 120 m between the 20-year mean 
(1979–1998) and the recent past 5-year mean (1999–2004) (Fig.  5.11 ) are the 
maximum differences in both sea ice thickness and heat content in the southern 
Beaufort Sea (140°W–155°W and 71°N–74°N). The reduction in ice thickness of 
over 1.3 m is co-located with the heat anomaly >15 TJ. In addition, high eddy 
kinetic energy is simulated in this area both in the 9-km (Maslowski et al.  2008b ) 
and in the 2.3-km (not shown) NAME models. Coincidently, this is also the area 
where multi-year sea ice has been disappearing and ice cover retreating in summer, 
despite the increased import of thick and old ice from the region to the north 
of the Canadian Arctic Archipelago (Stroeve et al.  2011 ). Finally as discussed 
below, the maximum freshwater content is co-located in the same region of the 
Beaufort Sea.
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   The largest sea ice reduction occurring over the East Siberian shelf is associated 
with a relatively smaller increase in heat content, in part because of its shallow 
location where long-term heat accumulation is signifi cantly restricted. However, 
even there increased heat content in the range of 5–10 TJ above the 1979–1998 
mean is present on the outer shelf northward of the 100-m isobath and positive heat 
content anomaly exists southward to the 25-m isobath. 

 Based on the above results we argue that ocean currents, including mesoscale 
eddies and topographically driven fl ow, are important agents for distributing warm 
water and melting of the overlying ice pack. Next, we analyze time series of heat 
content in the upper 50 m and at 50–120 m and quantify its negative correlation with 
sea ice thickness in the Western Arctic Ocean (Fig.  5.12  and Table  5.4 ). Two depth 
ranges are defi ned for these analyses representing the upper ocean (0–50 m) including 
the surface mixed layer and the pycnocline below and the upper halocline layer 
(50–120 m). In addition, the surface layer (0–10 m) is considered separately 
(Table  5.4 ) as it is most affected by sea ice melt and solar radiation. All correlations 
between heat content and sea ice thickness shown in Table  5.4  are signifi cant at 
the 95 % confi dence level. For the purpose of this calculation, the Western Arctic 
Ocean is defi ned as a region between 70 and 78°N and 145°E–135°W. The region 
includes the Beaufort, northern Chukchi, and East Siberian seas and accounts for 
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the majority of observed sea ice reduction in the western Arctic over the past decade. 
The heat content time series (Fig.  5.12 ) indicate that the heat contents were anoma-
lously low prior to ~1990 but increased since the mid-1980s, which was followed 
by the loss of excess ice thickness (> 0.5 m) down to more average values through 
mid-1990s. Heat contents below 10 m (not shown) increased to above normal since 
the early 1990s and have remained elevated with strong summertime peaks in recent 
years. It is important to note that especially heat content below 50 m depth has 
remained anomalously high, including during winter, since the mid-1990s. In contrast, 
waters in the upper 50 m have been releasing all the excess heat every fall/winter. 
This implies that the upper halocline layer (roughly 50–120 m) in the western Arctic 
has been accumulating heat in winter and making it potentially available for melting 
ice from below during the following spring and summer.

    Ice thickness shows an overall decreasing trend during the period 1979–2004; 
from over 0.5 m above the mean in the second half of the 1980s and in 1996, with a 
steady decline below the mean since 1998. Ice thickness anomalies over that region 
reached −1 m in winter and −1.5 m in summer during the recent years. It is possible 
that a portion of those ice thickness anomalies can be explained by mechanical 
redistribution (Holloway and Sou  2002 ). However, the presence of a heat source 
below the ocean’s surface (Shimada et al.  2001 ) must play a role as well. Recently, 
Perovich et al. ( 2008 ) used autonomous buoys for monitoring thermodynamic mass 
balance of the ice and estimated that on average bottom ablation in the Beaufort 
Sea ranged from 0.6 to 1.2 m, and in one case reached ~2 m. They concluded that 
the positive ice-albedo feedback accelerated the melt of sea ice during the summer 
of 2007; however they left an open question as to what triggered the increase of 
open water area at the melt onset. 

 As already mentioned, there is a strong (at the 95 % confi dence level) negative 
correlation (at positive lag, i.e. heat content anomalies lead ice thickness anomalies) 
between upper ocean heat content and ice thickness anomalies (Table  5.4 ). The cor-
relation coeffi cients are smaller for all monthly means than for summer months 
only. However, correlations of all monthly means might be hard to interpret due to 
the fact that heat content anomalies at 0–50 m are reset to zero every winter while 

     Table 5.4    Lagged 
correlation coeffi cients of 
heat content anomalies in the 
top 120 m of ocean with the 
mean ice thickness anomalies 
in the western Arctic Ocean  

 Depth range(m) 

 Monthly  Summer (JAS) 

 Mean (lag)  Mean (lag) 

 0–10  −0.65 (1)  −0.94 (0) 
 0–50  −0.56 (1)  −0.91 (0) 
 0–120  −0.69 (50)  −0.87 (37) 
 50–120  −0.74 (50)  −0.95 (42) 

  Anomaly values equal the annual cycle value 
subtracted from the monthly mean. Positive value 
(in months) of lag is for heat content anomalies 
leading ice thickness anomalies. Summer months 
are July, August, and September (JAS). All correlations 
shown in this table are signifi cant at the 95 % confi -
dence level  
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ice thickness anomalies are not reset to any values. For this reason we argue that 
correlation of summer (July–September) anomalies only allows more accurate 
depiction of relation between the two variables. In this case, much higher correlations 
are obtained, ranging from −0.87 in the upper 50 m to −0.95 in the 50–120 m layer, 
with no lag (0 months) for the upper and 37–42 month lag for the lower layer. While 
no lag in the upper 50 m can refl ect simultaneous effects of summer ocean warming 
and sea ice melting, we note that the lower layer excludes the Chukchi and East 
Siberian shelves so a positive interannual lag is conceivable. Overall, this relation 
suggests that a large part of the variance in summertime ice thickness anomalies 
can potentially be explained by changes in the upper ocean heat content. However, 
more observations are needed from the evolving marginal ice zone in the Beaufort 
Sea to confi rm this direct relationship between increased subsurface heat content 
and reduced sea ice thickness. On the modeling side, improvements are necessary 
toward eddy-resolving models able to accurately represent the magnitude of eddy- driven 
mass and heat transports and their impact on sea ice. 

 The overall correlations of heat content and ice thickness anomalies with AO and 
Pacifi c Decadal Oscillation (PDO) indices are quite low (below 0.2 for AO and 
below 0.3 for PDO). It is possible though that the increase of the upper ocean 
heat content and the associated thinning of sea ice in the western Arctic through the 
mid- 1990s could be related to the combination of high PDO in the 1980s followed 
by the high AO through the mid-1990s. However, the warming and loss of sea ice 
during 1996–2004 is much harder to directly connect to the atmospheric forcing 
(Overland and Wang  2005 ) and, as such, points to the oceanic role in forcing the 
recent precipitous decline of sea ice in the western Arctic Ocean. 

 We fi nish this review with an analysis of recent freshwater accumulation in 
the Beaufort Gyre in response to warming climate and increased melt of sea ice. 
Freshwater content in the Arctic Ocean is usually calculated relative to a salinity of 
34.8 for all water above the 34.8 isohaline (the salinity of incoming Atlantic Water 
through Fram Strait; Proshutinsky et al.  2009 ), and as such includes the waters of 
the halocline, formed by infl ux of Pacifi c origin water through Bering Strait and 
large amounts of freshwater from Eurasian and North American rivers. Anticyclonic 
wind forcing from the Beaufort high pressure system over the Canada Basin then 
leads to accumulation of the fresh Arctic surface waters via Ekman convergence and 
transport (Proshutinsky et al.  2009 ), promoting increased stratifi cation (McLaughlin 
and Carmack  2010 ) and enhanced circulation of the anticyclonic Beaufort Gyre. While 
Ekman convergence is a local phenomenon, the overall accumulation of freshwater 
in the Beaufort Gyre is thought to be a result of Ekman transport at its periphery 
(large scale Ekman convergence), thus the freshwater for the Beaufort Gyre can be 
drawn from elsewhere in the Arctic. However, as discussed earlier, water derived 
from local ice melt combined with a stronger gyre circulation (e.g. Shimada et al. 
 2006 ) might be an increasingly important source of freshwater. 

 Figure  5.13  shows the summer freshwater content in the Beaufort Gyre from 
2003 to 2010. Overall, strong anticyclonic forcing has led to a monotonic increase 
of the total freshwater content with by far the largest increase occurring in the winter 
between the 2007 and 2008 surveys when the Beaufort High was exceptionally strong. 
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The increase in freshwater also occurred during a time period of rapid summer 
ice retreat and ice melt; large amounts of thick, multi-year ice from the Canadian 
Arctic Archipelago melted in the southern Canada Basin and extensive summer sea 
ice retreat occurred in the western Beaufort and over the Northwind Ridge. Additional 
sources may also include reduced salt or increased freshwater fl uxes through 
Bering Strait.

5.8        Summary 

 In this chapter, we presented an overview of the model-based mean regional ocean 
circulation in the Pacifi c-Arctic region, with emphasis on volume and heat transports 
into the western Arctic and their impact on sea ice. In particular, we discussed 
spatial and temporal variability of ocean currents and critical processes controlling 
northward fl ow of water. Model analyses and historical observations suggest that 
mesoscale eddies and meanders are dominant drivers controlling transport and 
variability of the Alaskan Stream, as well as mass and property fl uxes across both 
the central and eastern Aleutian Island Passes and the western Aleutian Island Passes, 
between the Western Subarctic Gyre and the deep Bering Sea. Tidal mixing and 
rectifi cation are also important, especially in shallow passes and on shelves; however 
their relative role is yet to be determined with eddy- and tide-resolving models. 
We made a compelling case for multi-year continuous and high spatio-temporal 

  Fig. 5.13    Freshwater content in meters for the Beaufort Gyre region relative to a salinity of 34.8 
psu from 2003 to 2010. The numbers at the  bottom  of each plot are the average over the area grid-
ded and show the overall change from year to year. The largest change occurred during the winter 
between the 2007 and 2008 (Figure courtesy of Rick Krishfi eld, WHOI.)       
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observations in the western passes to validate and constrain modeled estimates of 
the long-term mean and variability of mass transports. Mesoscale eddies appear to 
be also important in shelf-basin exchanges, ice-ocean interactions and the expansion 
of the marginal ice zone (MIZ) in the Bering, Chukchi and Beaufort seas. 

 In addition, we argue for a number of particular model improvements to advance 
the realism and skill of simulation in the Pacifi c-Arctic region, consistent with the 
pan-Arctic advancements discussed by Maslowski et al. ( 2012 ). In particular, we 
discuss the importance of resolving eddies, tides and air-ice-ocean interactions. 
Higher horizontal and vertical resolution is required to address some of the present 
model limitations in representing small scale processes, such as mesoscale eddies, 
coastal and boundary currents or surface and bottom mixed layers, and to more 
realistically represent shelf and slope bathymetry, submarine canyons and narrow 
passes. Spatial resolution suffi cient to resolve eddies and mixed layer processes will 
also likely improve our ability to estimate the on-shelf transport of nutrient-rich, 
deep Bering Sea water along the Bering Sea slope, which is important for downstream 
ecosystems throughout the northern Bering, Chukchi, and Beaufort seas. Future eco-
system, biogeochemistry and physical models will also need to be eddy- resolving 
to simulate small scale processes and quantify their impacts on Arctic- wide budgets 
of heat, freshwater, nutrients, and carbon. 

 Based on our model results and limited observations, we found that heat content 
of the Western Arctic ocean in the top 120 m has been increasing since the late 
1990s and appears to be contributing to the rapid sea ice decline there. Our model 
analysis implies that the advection of warm water from Bering Strait regulates 
the retreat of sea ice and contributes to the relatively high surface air-sea fl uxes over 
the Chukchi shelf. Earlier ice melt in the Chukchi Sea allows increased absorption 
of solar radiation and warming of water over the shelf, before it is exported into the 
Beaufort Sea where it can further contribute to sea ice melt. Based on evidence 
from observations and from our model, we argue that not all the heat content in 
the western Arctic Ocean gets removed back to the atmosphere every year before 
freezing in fall and early winter. We hypothesize that instead the remaining heat 
above the halocline and below the mixed layer acts to reduce sea ice growth in winter 
and preconditions an earlier ice melt each year, which further increases heat content 
in the region, thus resulting in a positive feedback accelerating summer reduction 
of the sea ice cover. The presence and spreading of a subsurface heat source in the 
western Arctic Ocean and the large-scale sea ice drift of the Beaufort Gyre help 
explain why the sea ice has continued to decline most dramatically in that part of the 
Arctic Ocean, even when large-scale atmospheric conditions were not always most 
favorable to such a decline (i.e. when the Arctic Oscillation Index was neutral or 
extremely negative). 

 Finally, we show that freshwater content of the Western Arctic Ocean increased 
during the 2000s. The coincidence of the locations in freshwater accumulation and 
in maximum sea ice thickness anomaly in the Beaufort Sea suggest an increased 
local freshwater contribution due to ice melt and an intensifi ed circulation within 
the Beaufort Gyre.     
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    Abstract     The Bering and Chukchi/Beaufort shelf-breaks form the beginning and 
end of the dramatic sea-level and wind-forced fl ow of Pacifi c Ocean water across 
the Bering and Chukchi continental shelves between the Pacifi c and Arctic Oceans. 
Recent model results suggest that the on-shelf fl ow in the Bering is distributed along 
the shelf-break, wind-dependant, focused by Zhemchug and Bering canyons and 
modifi ed by shelf-break eddies. Similarly, the off-shelf fl ow in the Chukchi/Beaufort 
is mediated by canyons, shelf-break jets, eddies, and wind forcing. In the Chukchi, 
fl ow is channeled through Barrow and Herald canyons to the shelf-break, where 
across-slope fl ow in Ekman boundary layers and instabilities result in the exchange 
of water and properties across the slope. In addition, dense shelf-water, created from 
brine rejection during ice formation in coastal polynyas, has been observed to fl ow 
downslope through Barrow Canyon. Along the Beaufort shelf, the shelf-break cur-
rent is unstable, shedding eddies that populate the deep Beaufort basin. Upwelling 
favorable winds in summer have been observed to modify the structure of the shelf- 
break current and drive exchange across the Chukchi and Beaufort slopes. Most of 
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our understanding of shelf-break fl ow in Bering and Chukchi Seas is based on 
numerical model results and broad-scale observations. There is thus a need for more 
detailed shelf-break observational programs.  

  Keywords     Shelf-break   •   Canyon   •   Bering Sea   •   Chukchi Sea   •   Beaufort Sea   • 
  Polynya  

6.1         Introduction 

 The shelf-break at the edge of a continental shelf is a transition region between the 
shallow shelf and the much deeper slope and basin. In comparison to basins, shelves 
are directly infl uenced by river infl ow and their shallowness strongly amplifi es the 
response to tidal and wind-forcing. The rapid increase in bottom slope at the shelf- 
break, from the relatively fl at continental shelf to the much steeper slope, forms a 
barrier to rotationally dominated (i.e. geostrophically balanced) fl ows, which are 
strongly constrained to fl ow along, rather than across isobaths and changes the 
interaction of stratifi ed fl ow with the bathymetry. Since the shelf-break delineates 
all these basic differences, fronts, eddies and jets contribute to signifi cant variability 
at the shelf-break. In addition, the shelf-break is incised by a wide range of undersea 
canyons formed during glacial periods of low sea level by river runoff and glacia-
tion. The interaction of shelf-break fl ows and eddies with these canyons results 
enhanced shelf-break exchange of mass, heat, salt, and other tracers. 

 Shelf-breaks can be characterized by their depth, width and topographic varia-
tions such as undersea headlands and canyons, where the width is the transition 
from the bottom slope of the shelf to that of the slope. The shelf-break of the Bering, 
bounded by the Aleutian Islands in the southeast and Siberia in the northwest, is 
~150–200 m deep and contains a number of large cross shelf canyons of which 
Zhemchug Canyon dominates the central shelf and Pribilof and Bering canyons 
infl uences the southeastern shelf (Fig.  6.1a ). The Chukchi shelf-break, between 
Herald Canyon in the west and Barrow Canyon in the east, is ~75 m deep and varies 
from ~20 km wide in the east to being very broad in the west (Fig.  6.1b ). The 
Alaskan Beaufort Shelf, east of the Chukchi Sea, sits between Barrow Canyon and 
Mackenzie Trough and its shelf-break is only 60 m deep and very sharp – the transi-
tion from shelf to slope is only ~5 km wide (Fig.  6.1c ).

   The Bering and Chukchi/Beaufort shelf-breaks are also unique in that they are 
the beginning and end of the fl ow of Pacifi c-origin water from the deep Bering Sea 
through Bering Strait to the Canadian Basin of the Arctic Ocean. This sea-level and 
wind-forced fl ow across the broad continental shelves of the Bering and Chukchi 
forms an advective highway on which there is high biological production fed from 
the nutrients within the Pacifi c-origin water. To balance the northward fl ow through 
Bering Strait, there is on-shelf fl ow across the Bering shelf-break in addition to the 
along-shelf fl ow through the Unimak Pass in the Aleutian Island Chain. The Bering 
Strait through-fl ow crosses the Chukchi Sea, becoming off-shelf fl ow across the 
Chukchi-Beaufort shelf-break, as the Pacifi c water spills off the shelf and into the 
surface layers and halocline of the Canadian Basin. The on-shelf fl ow in the Bering 
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  Fig. 6.1    Maps of ( a ) the Bering Sea ( b ) the Chukchi Sea and ( c ) the Alaskan Beaufort Shelf. The 
bathymetry changes color to highlight the shelf-break and canyons. In ( c ) the  black dots  at the 
mouth of Barrow Canyon show the location of the mooring data used in Figs.  6.12  and  6.13            
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Sea has typically been thought of as occurring in the northwest near the Gulf of 
Anadyr, but see Fig.  6.2  below for modeling results.

   This chapter reviews our historical and current understanding of on- and off- 
shelf fl ows at the Bering and Chukchi/Beaufort shelf-breaks, including contribu-
tions from eddies and wind-driven upwelling and downwelling, and, for the 
Chukchi/Beaufort the production of dense shelf water in coastal polynyas and its 
subsequent fl ow across the shelf-break. Particular attention is paid to the role that 
the many canyons play in enhancing shelf-break exchange in this region. In general, 
shelf-break exchange can be driven by an even larger range of processes, including 
the above as well as tidal dynamics (both barotropic and baroclinic), frontal mean-
ders, fi laments, and intrusions, bottom boundary layer friction, and coastally trapped 
waves (Huthnance  1995 ). For the generation of eddies by instabilities, the interac-
tion of eddies with the shelf-break and canyons, and the interaction of along-shelf 
fl ow with canyons the constraint that geostrophic fl ow follows isobaths is broken by 
the non-linear terms in the momentum equation further modifi ed by stratifi cation. In 
addition spatial variability in wind stress and Ekman transport (for example that 
introduced by the coastline) leads to convergence/divergence on the shelf and con-
sequent onshelf/offshelf fl ow.  

6.2     The Bering Shelf-Break 

 The earliest suggestions of exchange between the basin and shelf in the Bering Sea 
can be inferred from charts of generalized surface circulation schemes proposed by 
a number of researchers in the mid-twentieth century (see Hughes et al.  1974  for a 
review). Because these early circulation charts were typically derived from 

Fig. 6.1 (continued)
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compilations of disparate, temporally- and spatially-limited data sets, the depicted 
exchange pathways between basin and shelf were rudimentary at best. 

 A signifi cant improvement to our understanding of basin-shelf exchange in the 
Bering Sea occurred with the description of the Bering Slope Current (BSC) 

  Fig. 6.2    Twenty six year (1979–2004) mean ( a ) volume transport (Sv), ( b ) heat fl ux (TW; relative 
to −1.9 °C) and ( c ) salt fl ux (10 6  kg/s) across various sections along the Bering shelf-break using 
output from the NAME numerical model.  Arrows  indicate net direction (positive is North or West) 
and are scaled relative to the largest value in each Figure. The  shading  indicates depth (m). The 
50 m and 200 m isobaths are shown as  dotted lines  (Figure adapted from Fig. 3 of Clement Kinney 
et al. ( 2009 ) with permission from Elsevier)       
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system (Kinder et al.  1975 ). A transport budget derived from continuity constraints 
on geostrophic transport calculations for the BSC implied the existence of large 
exchanges between basin and shelf, exceeding 1 Sv, that were proposed to prefer-
entially occur in association with the large submarine canyons incising the conti-
nental slope. Additionally, the authors proposed that the BSC could be characterized 
as a system of mesoscale eddies that exhibits seasonal modulation. Both these 
aspects of the BSC, the eddies and the canyons, have been found to be important to 
shelf-basin exchange. 

 Kinder and Coachman ( 1978 ) estimated cross-shelf exchange through consider-
ation of the persistent haline front that overlies the 1,000-km long continental slope 
in the central Bering Sea. Maintenance of this front was found to require a ~5 × 10 4  kg 
s −1  shoreward, tidally-driven diffusion of salt. Using the best estimates of Bering 
Strait transport, mean salinity, and freshwater runoff available at the time, they also 
computed a salt and freshwater balance for the entire Bering Shelf from which an 
on-shelf advective salt fl ux of 4.9 × 10 7  kg s −1  was estimated. This is approximately 
1,000 times the estimated fl ux required to maintain the shelf-break haline front 
within the central Bering. They inferred that most of this advective salt fl ux occurs 
near the Siberian coast, where the haline front is poorly defi ned, and then passes 
directly through the Gulf of Anadyr to Bering Strait. This supported a previous 
paper by Coachman et al. ( 1975 ), which was the fi rst to show hydrography that 
clearly indicated fl ow around the Gulf of Anadyr, implying shelf-basin exchange 
near the Siberian coast. 

 Although not explicitly identifi ed as such, a broad-scale indicator of on-shelf 
(heat) transport in the Bering Sea was inferred from Pease ( 1980 ). She fi rst identi-
fi ed that southwestward ice advection driven by northerly winds coupled with ice 
melt at the thermodynamic limit of the southern ice-edge are the principal processes 
that infl uence sea ice production and extent in the Bering Sea. She further suggested 
that inter-annual changes in sea ice extent were dependent upon the interplay of 
these processes and thus dependent on the heat fl ux to the Bering shelf from the 
deep basin. 

 Although Kinder et al. ( 1980 ) reported on a satellite-tracked drifter that cir-
cumscribed an eddy and then moved onto the shelf, Paluszkiewicz and Niebauer 
( 1984 ), using satellite imagery of sea surface temperature, and Karl and Carlson 
( 1987 ), using distributions of suspended sediments, were the fi rst to implicate 
both (1) mesoscale eddies as agents promoting exchange between basin and shelf 
in the Bering Sea and (2) submarine canyons as locations of enhanced eddy-
induced basin-shelf exchange. Paluszkiewicz and Niebauer ( 1984 ) provide rough 
estimates for the temporal (2–6 months) and spatial (order 100 km) scales of the 
BSC eddy fi eld using satellite imagery and suggest the variability in the eddy fi eld 
was associated with changes in fl ow through the passes between the eastern 
Aleutian Islands. Okkonen ( 2001 ) later used 4 years of TOPEX satellite altimeter 
data to refi ne these estimates and show that the most energetic activity in the BSC 
eddy fi eld typically occurs in the spring and summer months and is characterized 
by along-slope wavelengths of ~200 km and wave periods of ~4 months. 
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 The fi rst direct evidence for shelf-slope exchange in the Bering Sea was acquired 
by moored instruments deployed at slope and mid-slope locations in Pribilof 
Canyon, Zhemchug Canyon, and midway between these canyon sites (Schumacher 
and Reed  1992 ). Whereas computed momentum and heat fl uxes indicated both on- 
shelf and off-shelf fl ows, salt fl uxes were preferentially on-shelf. Schumacher and 
Stabeno ( 1994 ) re-examined these data in conjunction with satellite-tracked drifter 
trajectories from the southeast Bering Sea and concluded that the current reversals 
and coincident shelf-slope exchanges of water properties were due to the passage of 
small (<25 km) eddies at periodicities of 45–60 days. Subsequent satellite-tracked 
drifter studies also indicated an association between eddies and on-shelf fl ow 
(Stabeno and van Meurs  1999 ; Stabeno et al.  1999 ). 

 Mizobata and Saitoh ( 2004 ) used 3 years (1998–2000) of satellite measurements 
of sea surface height anomalies, ocean color and sea surface temperature to show 
that surface chlorophyll concentrations and primary production along the outer 
shelf and above the continental slope in the central Bering Sea were enhanced when 
the variability of the BSC eddy fi eld was elevated. They attributed elevated eddy 
fi eld variability to increased transport in the BSC fed by increased transports of the 
Alaskan Stream and Aleutian North Slope Current. Okkonen et al. ( 2004 ) used sat-
ellite images of ocean color to illustrate eddy-induced on-shelf intrusions of low 
chlorophyll basin water and off-shelf entrainment of high chlorophyll shelf water. 

 These observational fi ndings were complemented by the modeling efforts of 
Mizobata et al. ( 2006 ), who used a 5-km resolution numerical model of the south-
eastern Bering Sea to study eddy-induced exchange between basin and shelf. 
Results showed that subsurface, on-shelf nutrient fl ux was greater when eddies were 
adjacent to the shelf-break than when absent from the shelf-break region. Model 
results also showed that surface waters from the outer shelf were transported 
~100 km into the basin by shelf-break eddies. 

 Models have also been used to constrain the total mean volume and property 
transport budgets across the outer Bering Sea shelf (defi ned between the 50-m and 
200-m isobaths), Clement et al. ( 2009 ) analyzed output from the Naval Postgraduate 
School Arctic Modeling Effort ice-ocean model (NAME; see e.g. Maslowski et al. 
 2004 ,  2014 , this volume). This model has ~9 km horizontal resolution and 45 lev-
els in the vertical. The horizontal resolution permits eddies as small as 36 km. The 
model was fi rst spun-up for 21 years using ECMWF winds and then the fi nal run 
used realistic daily-averaged ECMWF forcing beginning in 1979 and continuing 
through 2004. A series of cross-shelf sections along the shelf break of the long- 
term (1979–2004) mean volume, heat, and salt transports from NAME are shown 
in Fig.  6.2 . Figure  6.2a  shows the 26-year mean value of volume transport, in Sv 
(1 Sv = 10 6  m 3 /s), across each section with an arrow indicating the mean direction 
of fl ow. Arrows are scaled as a percentage of the largest cross-sectional value 
shown in the fi gure (e.g. a volume transport of 0.2 Sv would have an arrow twice 
as wide as a section with a volume transport of 0.1 Sv). Along the central and eastern 
part of the slope, we can see that the net volume transport is positive (on-shelf); 
however the western part of the slope shows relatively small negative (off-shelf) values. 
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The Bering Slope Current tends to separate from the shelf-break west of Zhemchug 
Canyon, thereby allowing off-shelf transports for sections further west (Clement 
Kinney et al.  2009 ). The mean total on-shelf, off-shelf and net volume transports 
are 0.829 Sv (S.D. = 0.728 Sv), −0.137 Sv (S.D. = 0.384 Sv), and 0.692 Sv 
(S.D. = 0.421 Sv), respectively (Table  6.1 ). The net on-shelf volume transport is 
the mean fl ow though Bering Strait in the model, and comparable to the observed 
Bering Strait through-fl ow of ~0.8 Sv (Woodgate et al.  2006 ). However, Aagaard 
et al. ( 2006 ), in a volume and salinity balance for the Bering Shelf, found on-shelf 
volume transport to be roughly equally split between the fl ow of the Alaskan 
Coastal Current through Unimak Pass (the fi rst opening in the Aleutian Island 
chain) and on-shelf fl ow across the shelf-break, highlighting the need for observa-
tions of shelf- break exchange in the Bering and of the fl ow through Unimak Pass 
and subsequent gaps in the Aleutian Island chain. Note that these modeling results 
are in contrast to the historical notions of the Bering Strait through-fl ow crossing 
the Bering shelf- break in the Gulf of Anadyr (e.g. Coachman et al.  1975 ) which 
warrants further investigation, such as Danielson et al. ( 2012 ).

   The long-term mean heat transports, calculated using a reference temperature 
of −1.9 °C, are shown in Fig.  6.2b . The largest on-shelf oceanic heat fl ux is through 
Zhemchug Canyon (a total of 6.1 TW through the three sections that encompass 
Zhemchug Canyon), with the second largest on-shelf heat fl ux through Bering 
Canyon (5.1 TW). The mean total on-shelf, off-shelf and net heat transports are 
82.2432 TW (S.D. = 30.718 TW), 56.542 TW (S.D. = 19.894 TW) and 25.701 TW 
(S.D. = 17.447 TW), respectively. The mean salt transports through the sections 
along the 200-m isobath (Fig.  6.2c ) follow the mean volume transports, due to the 
strong dependence of salt transport on volume transport. The mean total on-shelf, 
off-shelf, and net volume, heat and salt transports are given in Table  6.1 . 

 Danielson et al. ( 2012 ) break down the long-term mean view by considering the 
response of the Bering Shelf to no-wind or along-shelf wind that is either northwest-
erly (upwelling favorable) or southeasterly (downwelling favorable). They illustrate 
the effect of wind-direction using a one layer idealized barotropic model and linear-
ized bottom friction (Fig. 2 in Danielson et al.  2012 ). Under no-wind conditions, the 
model shows the Bering Strait source waters to cross the shelf-break in the Gulf of 
Anadyr, similar to a study by Kinder et al. ( 1986 ) that suggested the notion of topo-
graphic beta effect focusing the fl ow through the Gulf of Anadyr. However, during 
southeasterly winds, the through-fl ow is spread out over the entire shelf-break, 
reminiscent of the long-term mean presented by Clement et al. (2009). Northwesterly 
wind generated off-shelf fl ow over most of the shelf-break that was compensated by 
additional on-shelf fl ow, with the Bering Strait through-fl ow, at the northwestern 

    Table 6.1    Twenty-six-year (1979–2004) mean on-shelf, off-shelf, and net volume, heat and salt 
transport across the sections shown in Fig.  6.2 , which approximate the 200 m isobath   

 Parameter  On-shelf  Off-shelf  Net 

 Volume transport (Sv)  0.829  −0.137  0.692 
 Heat transport (TW)  17.204  −1.189  16.015 
 Salt transport (10 6  kg/s)  26.711  −4.433  22.278 
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end of the shelf. These results from their idealized barotropic model were also 
 confi rmed with realistic three-dimensional modeling. 

 Although this idealized model is instructive, the Bering shelf-break is much 
more complex with variation on a variety of time and space scales, e.g. those related 
to eddies and cross-shelf exchange in canyons. To illustrate the potential effects of 
the interaction of eddies and canyons on shelf-basin exchange in the Bering Sea, 
Figs.  6.3  and  6.4  show three cases from the NAME model (July 1987, November 
1993, and May 2002) when heat and salt fl ux anomalies across the Zhemchug 
Canyon were at local maxima (see Fig. 7 of Clement Kinney et al.  2009  for time 
series of heat and salt fl ux anomalies) caused by modeled cyclonic eddies located 
just south of the canyon. Figure  6.3  shows that the sea surface height anomalies 
decrease to −20 cm (or less) in the center of these modeled cyclones. When the 
cyclones are present, salinities increase both near the bottom and near the surface by 
up to 0.4 psu and on-shelf fl ow occurs with speeds between 8 cm/s (July 1987) and 
over 14 cm/s (May 2002).

    Clement Kinney et al. ( 2009 ) calculated the on shelf nutrient fl uxes associated 
with a cyclonic eddy located over the slope at Zhemchug Canyon beginning in 
November 1993 (Fig.  6.3b ). First the vertically integrated on-shelf salt fl ux, via both 
upwelling of relatively salty water and on-shelf fl ow, was calculated and then this 
was converted to a fl ux of silica using a relation between salinity and silica concen-
tration from data in Cooper et al. ( 1997 ). It was estimated that a total of 8,350 kg of 
silica could be advected onto the Bering Sea shelf through Zhemchug Canyon over 
3 months The transport associated with the upwelled water only (deeper than 100 m) 
was 2,426 kg of silica so that 70 % of the transport was in the upper water column. 

 Stabeno et al. ( 1999 ) suggest that high productivity in the waters surrounding 
the Pribilof Islands results as a consequence of fl ow on the outer shelf passing 
through the narrow space between the northern fl ank of Pribilof Canyon and the 
Pribilof Islands. Here, the fl ow on the outer shelf accelerates and entrains nutrient-
rich slope water from Pribilof Canyon. This increase in the fl ow can also be seen 
in model results from Clement Kinney et al. ( 2009 ; see Fig.  6.2 ), as elevated total 
kinetic energy in the area between the northern fl ank of Pribilof Canyon and the 
Pribilof Islands. 

 It can be concluded that upwelling of nutrient-rich, deep Bering Sea water due to 
eddies and shelf-basin exchange enhances biological production in this region.  

6.3     The Chukchi and Beaufort Shelf-Break 

6.3.1     Shelf-Basin Connections 

 Pacifi c Water is a source of heat, freshwater, nutrients, and carbon for the Arctic 
Ocean. After passing through Bering Strait, Pacifi c Water must transit across the 
shallow, broad Chukchi before reaching the shelf-break and the edge of the deep 
Arctic Ocean basin. Physical mechanisms regulating shelf-break exchange control 
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  Fig. 6.3    Sea surface height anomaly (cm;  shading ) and velocity vectors (cm/s;  arrows ) averaged 
over the entire water column during ( a ) July 1987, ( b ) November 1993, and ( c ) May 2002 using 
output from the NAME numerical model.  Red  and  blue contour lines  indicate sea surface height 
anomalies. The location is the Bering shelf-break encompassing Zhemchug Canyon (see 
Fig.  6.1a ). The cross-section across Zhemchug Canyon that is displayed in Fig.  6.4  is shown as 
a solid  black line  (Figure adapted from Fig. 8 of Clement Kinney et al. ( 2009 ) with permission 
from Elsevier)       
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  Fig. 6.4    Vertical section of salinity anomaly ( shading ) and velocity ( contours ) across Zhemchug 
Canyon during ( a ) July 1987, ( b ) November 1993, and ( c ) May 2002 using output from the NAME 
numerical model. The location of the cross-section is shown in Fig.  6.3  (Figure adapted from 
Fig. 9 of Clement Kinney et al. ( 2009 ) with permission from Elsevier)       

how, when, and where Pacifi c Water enters the deep Arctic basin (see Fig. 5.3 in 
Chap.   5     of this volume for the mean ocean circulation pattern). Although many 
questions exist regarding the processes, we know that exchange between the shelf 
and basin occurs since Pacifi c Water dominates the halocline of the Canadian Basin. 
In the Beaufort Gyre region, for instance, Pacifi c Summer Water makes up a warm 
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layer that is regularly observed at roughly 50 m depth (e.g. Toole et al.  2010 ), while 
colder and saltier Pacifi c Winter Water contributes to deeper halocline layers (e.g. 
Aagaard et al.  1981 ). An example profi le of temperature and salinity data acquired 
by an ice-tethered profi ler within the Canada Basin is shown in Fig.  6.5 .

   Due to connections between the shelf and deep basin, variability in the circula-
tion and conditions over the shelf and shelf-break may affect the entire Arctic. For 
example, Woodgate et al. ( 2010 ) suggest that the 2007 record minima in sea-ice 
extent may have been related to an unusually large fl ux of heat through the Bering 
Strait. The consequent lateral and basal melting of sea ice over the Chukchi shelf 
may have amplifi ed the effect of local solar heating by initiating an ice-albedo feed-
back. Satellite imagery of ice melt and sea-surface temperature have provided strik-
ing visual records of the pathways of warm Pacifi c Water through the Chukchi Sea 
(e.g. Martin and Drucker  1997 ; Woodgate et al.  2010 ) and out into the deep Beaufort 
(Shimada et al.  2006 ; Pickart and Stossmeister  2008 ). 

 Pacifi c water infl ow is steered by topography through the Chukchi Sea (Winsor 
and Chapman  2004 ; Weingartner et al.  2005 ; Woodgate et al.  2005a ; Maslowski 
et al.  2014 , this volume); and, upon reaching the shelf-break, it is generally thought 
that fl ow turns east establishing a shelf-break current along the upper Chukchi and 
Beaufort slopes (e.g. Mathis et al.  2007 ; Spall  2007 ; Nikolopoulos et al.  2009 ; 

  Fig. 6.5    Temperature ( solid black ) and salinity ( dashed grey ) from an ice-tethered profi ler within 
the Canada Basin. Data show month-long average beginning May 15, 2007. The signature of 
warm, summer Pacifi c water is evident in the upper halocline. Cool, winter Pacifi c water contrib-
utes to water found deeper within the halocline. The Ice-Tethered Profi ler data were collected and 
made available by the Ice-Tethered Profi ler Program (Toole et al.  2011 ; Krishfi eld et al.  2008 ) 
based at the Woods Hole Oceanographic Institution (  http://www.whoi.edu/itp    )       
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Pickart et al.  2010 ). The Pacifi c water that is integrated into the Chukchi/Beaufort 
shelf-break current system enters the deep basin via eddies, fi laments, or wind-
driven exchange. Data from 2002 to 2004 show the annual mean volume transport 
within the shelf-break current at 152°W over the Alaskan Beaufort Shelf repre-
sents only 20 % of the mean transport through the Bering Strait (Nikolopoulos 
et al.  2009 ), suggesting that much of the Pacifi c Water enters the deep basin by 
crossing the Chukchi shelf-break, before it reaches the Alaskan Beaufort Shelf. 
Analysis of broad-scale hydrographic data from 2002 to 2010 shows the core of the 
Pacifi c Winter Water (33.1 psu) is coldest adjacent to the shelf-break of the Chukchi 
Sea, suggesting the greatest shelf-break exchange is in this region and thus sup-
porting the results from 152°W. Splitting the hydrographic data into two time peri-
ods (2002–2006 and 2007–2010) shows a westward shift in the location of 
shelf-break exchange and the path of Pacifi c Winter Water in the Canadian Basin 
that correlates with an increase in westward mean wind and ice surface-stress 
(Fig.  6.6 , Proshutinsky et al.  2011 ). The Barrow Canyon event shown in Fig.  6.9 , 

  Fig. 6.6    Changes in the temperature minimum of the Pacifi c Winter Water in the Canadian Basin 
between 2002–2006 and 2007–2010 and their relationship to changes in ice motion. The  top 
panels  show potential temperature on the 33.1 psu isohaline to identify the core of the Pacifi c 
Winter Water and the  large arrows  suggest the direction of movement of shelf water from the 
Chukchi shelf-break. The  bottom panels  show sea level atmospheric pressure (hPa) and simulated 
wind- driven component of ice drift (Figure 5.9 from Proshutinsky et al.  2011 , reproduced with 
permission of the American Meteorological Society)       
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and further discussed below, offers an example of off shelf fl ow in the Chukchi, 
yet, the dynamics that regulate this type of breakout event are not well understood. 
We choose to focus this summary on those mechanisms, dynamic instabilities of 
the shelf-break current and wind-driven exchange, which have received more 
attention to-date.

6.3.2        Instabilities of the Shelf-Break Jet 

 The shelf-break current as measured at 152°W on the Alaskan Beaufort Shelf is 
relatively narrow (10–15 km) and, in the annual mean, is a bottom-intensifi ed jet 
with speeds of roughly 15 cm/s (Nikolopoulos et al.  2009 ). The structure of the 
shelf-break current in this location varies greatly depending on both season and 
wind conditions (Nikolopoulos et al.  2009 ; von Appen and Pickart  2011 ). In winter 
and spring, a bottom-intensifi ed jet carries cold Pacifi c Winter Water. In late sum-
mer and early fall, the shelf-break current transports warm, Pacifi c Summer Water 
often in the form of a surface-intensifi ed jet. Strong easterlies can cause the current 
to completely reverse, and, although reversals may happen at anytime of year, they 
appear to be most common in early fall when the ocean is ice-free and easterly 
winds are strong (Pickart et al.  2009 ). 

 In the absence of wind, von Appen and Pickart ( 2011 ) further classify the sum-
mer confi guration at 152°W into two distinct cases – a surface intensifi ed jet carry-
ing Alaskan Coastal Water and a bottom-intensifi ed jet carrying weakly stratifi ed 
Chukchi Summer Water. In the mean, the Alaskan Coastal Water confi guration 
exceeded speeds of 30 cm/s near the surface. This confi guration carried stratifi ed 
water with maximum (mean) temperatures greater than 5 °C and salinity less than 
31 psu. In contrast, the Chukchi Summer Water confi guration consisted of a sub- 
surface jet (mean velocities near 25 cm/s) with temperatures near 0 °C and salinities 
around 31.5 psu. These authors also summarized the mean winter condition in the 
absence of wind forcing (Fig.  6.7 ), although also a sub-surface jet, the winter- 
confi gurations transports cooler (roughly −1.5 °C) and saltier (33 psu) water in 
comparison to the Chukchi Summer Water confi guration.

   Subsurface eddies containing shelf-origin water populate the Canada Basin 
(e.g. Manley and Hunkins  1985 ; Muench et al.  2000 ; Timmermans et al.  2008 ). The 
majority of eddies are anticyclonic and subsurface with cold Pacifi c Winter Water 
found in their core (Krishfi eld et al.  2002 ); however, observations have also docu-
mented surface-intensifi ed warm anticyclones composed of Alaskan Coastal Water 
(Pickart and Stossmeister  2008 ). While previous studies have suggested that Barrow 
Canyon may provide a localized source of eddy generation (e.g. D’Asaro  1988 ; 
Watanabe and Hasumi  2009 ), other studies have also shown that the shelf-break 
current is generally unstable without the infl uence of complex topography (Spall 
et al.  2008 ; von Appen and Pickart  2011 ). 

 Modeling work by Spall et al. ( 2008 ) indicates that the winter-time shelf-break jet 
is susceptible to baroclinic instabilities. Consistent with the numerous observations 
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of eddies containing Pacifi c Winter Water, the modeled system sheds eddies 
readily. Interestingly, idealized inclusion of the Beaufort Gyre circulation further 
enhanced eddy production in the model, raising the possibility that the integrated 
wind response and circulation within the gyre feeds back into shelf-break current 
dynamics. Observations have also suggested that the summer-time confi gurations 
are baroclinically (both the Alaskan Coastal Water and Chukchi Summer Water 
confi guration) and barotropically (only the Alaskan Coastal Water confi guration) 
unstable (von Appen and Pickart  2011 ). Using energetics, von Appen and Pickart 
argue that the summer-time configurations decay over an e-folding scale of a 
few hundred kilometers along shelf, so that Pacifi c Water integrated into the 
shelf-break current is routed into the deep basin at some point along the Beaufort 
Slope. In contrast, the winter-time confi guration decays slowly over a scale of 
~1,400 km, raising the possibility that some Pacifi c Water may exit the Arctic 
Ocean directly via the Canadian Arctic Archipelago rather than being routed into 
the deep Arctic. Eddy generation throughout the year by these instabilities is likely 
responsible for a signifi cant part of the mass-fl ux of Pacifi c Water from the shelf to 
the Canada Basin.  

  Fig. 6.7    ( a ) Temperature, ( b ) salinity, ( c ) along-shelf velocity, and ( d ) across-shelf velocity for the 
Pacifi c Winter Water confi guration of the Beaufort shelf-break current (Reproduction of Fig. 10 
from von Appen and Pickart  2011 , with permission of the American Meteorological Society)       
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6.3.3     Wind-Driven Exchange 

 As with many places in the coastal ocean, wind-driven surface-stress is thought to 
play an important role in the total across-slope transport along the Chukchi and 
Beaufort Seas. Wind speed and direction from 1989 to 2010 at Point Barrow, Alaska 
are summarized in Fig.  6.8 . Winds typically consist of an easterly component, which 
over the Chukchi/Beaufort shelf corresponds to upwelling favorable conditions. 
Upwelling circulation drives surface waters offshore and brings up cold, typically 
nutrient-rich water from depth. Upwelling of deep Atlantic Water has been regularly 
observed across the Chukchi and Beaufort shelves (e.g. Aagaard et al.  1981 ; Pickart 
 2004 ; Nikolopoulos et al.  2009 ); and, enhanced exchange has been indicated in can-
yons that cut across the slope (e.g. Carmack and Kulikov  1998 ; Williams et al.  2006 ; 
Mountain et al.  1976 ; Munchow and Carmack  1997 ; Weingartner et al.  1998 ).

   Aleutian Low storm systems centered over the eastern end of the Alaskan Peninsula 
and Aleutian Island chain appear to be responsible for the strongest upwelling on the 
Beaufort Shelf (Pickart et al.  2009 ). Although these storms typically occur throughout 
the fall-winter, upwelling tends to be strongest before the onset of heavy pack ice 
(Pickart et al.  2009 ). Through the course of the year, the Chukchi and Beaufort shelves 
display among the largest and most variable Ekman transports within the Arctic (Yang 
 2006 ). Consistent with in situ studies, maximum upwelling occurs in November. 
Considering the seasonality of the winds and shelf- break current system, wind-driven 
exchange of Pacifi c Water properties (e.g. freshwater and heat) will also vary. For 
example, forcing of the shelf-break current in the Alaskan Coastal Water confi gura-
tion by upwelling winds may contribute to signifi cant heat transport but negligible 
nutrient transport. A similar wind event applied to the Winter Water confi guration 
would result in different fl uxes of heat, nutrients, and freshwater. 

  Fig. 6.8    Polar histogram 
showing hourly wind 
direction and speed from 
1989 to 2010. Histogram bars 
point in the direction the 
winds originate. Data are 
measured 10 m above the 
surface at the NOAA/ESRL/
GMD Pt. Barrow Observatory 
(  http://www.cmdl.noaa.gov/
info/ftpdata.html    )       

 

W.J. Williams et al.

http://www.cmdl.noaa.gov/info/ftpdata.html
http://www.cmdl.noaa.gov/info/ftpdata.html


149

 Pickart et al. ( 2011 ,  2013a ) examined the response of the coastal current to a 
strong northeasterly wind event measured in November 2002. Surface-stress was 
enhanced during this storm due to loose ice (50–70 % concentration) responding to 
the wind and generating ice-ocean surface-stress higher than wind-ocean surface- 
stress (Pickart et al.  2013a ) The westward surface-stresses were suffi cient to reverse 
the Beaufort shelf-break jet, generating a surface intensifi ed westward jet, and 
upwell Atlantic Water onto the shelf. The barotropic alongshore pressure gradient 
eventually ‘spins-down’ the reversed jet to leave behind a baroclinic structure in 
which upwelled Atlantic Water is integrated into a deep, eastward fl owing jet that 
persists after the relaxation of the wind. A regional model used to interpret these 
observations suggests that spatial variability in ice cover, and consequently wind-
stress, caused the creation of an anticyclonic gyre in the northern Chukchi. The end 
result being that, although upwelling and westward fl ow was prevalent across the 
Beaufort shelf and within Barrow Canyon during the storm, fl ow remained eastward 
along the Chukchi shelf. These results highlight the large temporal and spatial vari-
ability anticipated for wind forcing in this region. 

 Further examination of Ekman fl uxes during the November 2002 storm by 
Pickart et al. ( 2013a ) shows that the offshore fl uxes of heat and freshwater, and 
onshore fl uxes of nitrate are signifi cant. For example, only 4–5 such storms can 
provide the nitrate needed for the estimated annual primary production of the 
Alaskan Beaufort Shelf. Pickart et al. ( 2013b ) continues the analysis to show that 
there are 9–10 upwelling events per year that have winds greater than 10 m/s and 
lasting longer than 4 days. The upward nitrate fl ux associated with these storms 
during the open water season can drive primary production, and the magnitude of 
this storm-driven primary production is similar to that during less windy times.   

6.4     Undersea Canyons of the Chukchi and Beaufort Shelves 

 Undersea canyons, which cut across the continental shelf, have long been noted as 
regions that impact not only coastal circulation but also biological productivity and 
sediment transport. The complex topography of canyons introduces along-shelf 
variation to the physical system which leads to enhanced across-shelf exchange. 
The circulation within and around canyons is infl uenced by a variety of processes, 
including internal wave activity and mixing, modifi cation of coastally-trapped 
waves, and topographic steering of coastal currents. In turn, these physical pro-
cesses influence the ecosystem by controlling sediment transport and suspension, 
and creating an environment that is often favorable for biological productivity. Not 
surprisingly, previous studies from the Chukchi and Beaufort suggest that canyons 
have a profound effect on the circulation and ecosystem in the Pacifi c Arctic. 

 Here, we examine the circulation in and around three canyons, two of which are 
found on the Chukchi Shelf, Herald and Barrow Canyon, and one of which cuts 
across the Canadian Beaufort Shelf, Mackenzie Trough. All three of these canyons 
cut across the shelf-break isobaths, yet all three differ from one another in essential 

6 Shelf-Break Exchange in the Bering, Chukchi and Beaufort Seas   



150

ways. A primary difference between the Chukchi canyons as compared to 
Mackenzie Trough is due to the physical set-up, in particular the incident angle of 
the primary fl ow. Herald and Barrow Canyons extend off the wide, shallow Chukchi 
Sea; and, because of northward infl ow at the Bering Strait, signifi cant along-
canyon fl ow is anticipated and observed in these two cases even in the absence of 
wind. For Herald Canyon, the primary topography is on the shelf and above the 
isobath of the shelf- break. Thus Herald Canyon is considered to channel part of the 
Bering Strait through-fl ow and deliver it to the shelf-break and so modify the dis-
tribution of Pacifi c Origin water at the edge of the Chukchi Shelf. For Barrow 
Canyon, most of the topography is below the shelf break and the constriction in 
the isobaths (steep topography) against Point Barrow leads to down-canyon fl ow. 
In contrast to both of the Chukchi canyons, the axis of Mackenzie Trough runs 
perpendicular to the Beaufort shelfbreak current. Along-canyon transport in 
Mackenzie Trough, and shelf-break exchange, is found to be strongly infl uenced 
by wind-driven along-shelf fl ow and along-shelf dynamics (e.g. meanders in the 
Beaufort Slope Current or eddies). 

6.4.1     Herald Canyon 

 Herald Canyon is located on the western Chukchi shelf along the eastern side of 
Wrangel Island. Its axis is primarily aligned north-south and the mouth of Herald 
Canyon opens at roughly the 150-m isobath on the slope separating the Chukchi Sea 
from the Chukchi Abyssal Plain. In comparison to the eastern Chukchi, observa-
tional work has been limited in Herald Canyon; however, the general character of 
the current structure and water mass properties in the canyon has been documented 
by a handful of studies. 

 Herald Canyon creates a conduit for Pacifi c Water from the Bering Strait toward 
the shelf-break of the Chukchi (Winsor and Chapman  2004 ; Woodgate et al.  2005a ; 
Spall  2007 ) rather than directly infl uencing shelf-break exchange. The Pacifi c Water 
tends to occupy the eastern fl ank of the canyon (e.g. Woodgate et al.  2005a ) and, 
upon exiting the canyon, is thought to turn eastward following the shelf-break (e.g. 
Mathis 2007; Spall  2007 ; Maslowski et al.  2014 , this volume). In winter, the canyon 
is occupied by Bering Winter Water that has cooled slightly en-route through the 
Chukchi (Woodgate et al.  2005a ). In summer, relatively warm Pacifi c- origin water 
and remnant winter water, which is believed to be formed via cooling and brine 
rejection within the Chukchi Sea (Kirillova et al.  2001 ; Weingartner et al.  2005 ), 
co-exist in Herald Canyon. These water masses are divided by sharp temperature 
gradients (e.g. Pickart et al.  2010 ). 

 Dynamics of fl ow through Herald Canyon have received little attention, perhaps 
due to the dearth in observations. Pickart et al. ( 2010 ) analyze a set of synoptic 
surveys progressing northward through the Canyon, which show the winter layer 
thickened and switched from the western to the eastern fl ank of the canyon, consistent 
with theories of hydraulic control in straits. The observations suggest that hydraulic 
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control may be important in setting both the northward transport of winter water and 
the mixing, which can be signifi cant, between summer and winter. Due to limited 
observations, whether and how Herald Canyon impacts shelf-break exchange is not 
well-known. Numerical modeling efforts (e.g., Chapman and Gawarkiewicz  1995 ; 
Gawarkiewicz and Chapman  1995 ; Chapman  2000 ) suggest that dense water cre-
ated on the shelf and routed through canyons may be carried across the shelf break 
as deep gravity currents and episodic eddies, although such fl ows have yet to be 
observed in Herald Canyon. Similarly, the role of wind-driven circulation in this 
region is not fully understood.  

6.4.2     Barrow Canyon 

 Barrow Canyon is located at the northeast corner of the Chukchi Sea at the juncture 
between the Chukchi Shelf and the Alaskan Beaufort Shelf where the shelf narrows 
dramatically. Due to a nearly right degree turn in the Alaskan coastline, the axis of 
the canyon is located parallel to the Alaskan coast on the Chukchi shelf, but perpen-
dicular to the Beaufort shelf. The canyon stretches roughly 200 km from the shallow 
Chukchi (40 m deep) out across the Beaufort slope. Its cross-canyon scale is ~50 km; 
and, depths exceed 250 m. The complexities of the topography and coastline com-
bined with wind forcing create a dynamic physical environment, which despite 
numerous observations is not fully understood. 

 Pacifi c Water, fl owing northward along the coastline of Alaska, exits the Chukchi 
through Barrow Canyon. Similar to Herald Canyon, Barrow Canyon primarily 
transports Bering Winter Water in winter; however, its source is from the eastern 
Bering, which is relatively nutrient poor compared to western Bering water. In sum-
mer, water mass properties in Barrow Canyon vary, with contributions from warm, 
buoyant Alaskan Coastal Water, cold Bering Winter Water, fresh and cold melt 
water, and relatively warm, salty Arctic halocline water upwelled from the Beaufort 
(Mountain et al.  1976 ; Munchow and Carmack  1997 ; Weingartner et al.  1998 ). In 
addition, water from Herald Canyon can be re-routed through the head of Barrow 
Canyon after traveling eastward along the Chukchi shelf-break and around Hanna 
Shoal situated to the west of Barrow Canyon (e.g. Spall  2007 ). 

 Circulation in Barrow Canyon depends upon the large-scale pressure gradient, 
wind forcing, coastally-trapped waves, hydraulic control (of winter water), and (in 
summer) buoyancy forcing. Short-term variability (days-weeks) has been linked to 
wind forcing (Weingartner et al.  1998 ; Woodgate et al.  2005a ) and shelf wave activ-
ity (Aagaard and Roach  1990 ). As Barrow Canyon is at a sharp change in shelf 
width, the scattering of shelf waves into shorter modes will likely also affect the 
complex and variable fl ow at the mouth of the canyon (Wilkin and Chapman  1987 ). 
In contrast, long-term variability (months) appears to be related to the large-scale 
pressure gradient between the Pacifi c and Arctic (Mountain et al.  1976 ). As with 
Herald Canyon, hydraulics and mixing may be a factor in the fl ow of dense winter 
water down Barrow Canyon (Pickart et al.  2005 ). 
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 The momentum balance within Barrow Canyon is complicated. A secondary 
circulation in the across-shelf momentum equation results in a wedge shaped pyc-
nocline (with a sharper, deeper interface on the shoreward side of the canyon) 
formed between the relatively warm, fresh surface water and cold salty winter water 
at depth (Signorini et al.  1997 ). This signature has also been seen in other observa-
tions (Pickart et al.  2005 ). Using a numerical model, Signorini et al. ( 1997 ) quantify 
terms in the along-shelf momentum balance, which is infl uenced strongly by the 
propagation of coastally-trapped waves initiated through temporal variability in the 
boundary conditions. The resultant interaction of a variable barotropic fl ow with 
canyon topography yields an up-canyon fl ow of deep water. Thus, both wind-driven 
local upwelling (e.g. Weingartner et al.  1998 ) and internal canyon dynamics (poten-
tially affected by upstream changes in wind forcing) may result in up-canyon fl ow 
of Arctic halocline water. 

 The fate of the coastal current upon exiting the canyon depends upon wind con-
ditions (Okkonen et al.  2009 ) and current stability. Sea surface temperature imagery 
shows instabilities that appear to emanate from the mouth of the canyon (Fig.  6.9 ). 
These dynamical processes are likely of importance to the shelf-basin fl ux of heat, 
fresh water, carbon, and nutrients, thus impacting the ecosystem, hydrography, and 
ice cover in the deep Arctic. A combination of mechanisms have been suggested as 
candidates for eddy formation in the vicinity of Barrow Canyon, including lateral 
boundary separation at Point Barrow (D’Asaro  1988 ), barotropic instability 
(Watanabe  2011 ), and outfl ow of relatively low potential vorticity water from the 

  Fig. 6.9    Sea surface temperature (Modis Aqua) from 20 July 2009 in the vicinity of Barrow 
Canyon. The 100-, 500-, and 2,000-m isobaths are shown in  grey        
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canyon (Shimada et al.  2001 ; Watanabe  2011 ). In addition, modeling efforts have 
shown that dense water formed in coastal polynyas is advected down Barrow 
Canyon and carried across the slope in eddies that form near the mouth of Barrow 
Canyon (Nguyen et al.  2012 ), in agreement with the idealized models of (e.g., 
Chapman  2000 ; Gawarkiewicz and Chapman  1995 ). The range of processes 
believed relevant in exchange near Barrow Canyon is indicative of several factors 
including strong seasonality in hydrographic and current properties, as well as com-
plex topography and forcing (i.e., the large-scale fl ow of Pacifi c water, shelf wave 
activity, and local wind forcing).

6.4.3        Mackenzie Trough 

 Mackenzie Trough is located offshore of the Mackenzie River delta in between the 
Alaskan Beaufort Shelf and Mackenzie Shelf. This undersea canyon is roughly 
200 km long, ~60-km wide, and ~400-m deep at its mouth. Circulation within the 
canyon is strongly infl uenced by wind forcing, and observations (Williams et al. 
 2006 ) suggest that the dynamics are in agreement with that expected for other 
canyons of the same dynamic scale as Mackenzie Trough for which the width is 2–3 
times the internal Rossby radius (see Hyun  2004 ). 

 Upwelling of deep water in the canyon is correlated with northeasterly winds and 
is amplifi ed in the canyon compared to the surrounding shelf (Carmack and Kulikov 
 1998 ). Upwelling winds result in an along-canyon pressure gradient at the canyon 
rim with a region of relatively high pressure near the mouth compared to that at the 
canyon head; across-isobath, onshore fl ow results from the along-canyon pressure 
gradient (for details see Klinck  1996 ). A schematic for upwelling wind-induced 
circulation following Klinck ( 1996 ) is shown in Fig.  6.10a , although not apparent in 
this schematic the strongest upwelling occurs near the head of the canyon. Also 

  Fig. 6.10    Schematics showing canyon circulation during upwelling and downwelling winds after 
modeling results by Klinck ( 1996 ). Shown are approximate regions of upwelling ( blue ), down-
welling ( green ), and cool upwelled water ( transparent purple ).  Blue arrows  are representative of 
horizontal currents       
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shown are velocity data from Mackenzie Trough (Fig.  6.11 , reproduced from Fig. 9 
in Williams et al.  2006 ). There is strong onshore fl ow on the down-shelf side of the 
canyon (reminiscent of the idealized modeling by Klinck  1996 ) but much weaker 
return fl ow on the up-shelf side of the canyon. Integration of the data to calculate 
transports shows that the fl ow crosses the head of the canyon and suggests it upwells 
onto the Alaskan Beaufort Shelf immediately north of Herschel Island. Data shown 
in Mathis et al. ( 2012 ) provide an example of this occurring.

    An asymmetry exists in the comparison of upwelling and downwelling wind 
events, such that cross-shelf exchange within a canyon is much weaker in the case 
of downwelling (Klinck  1996 ). Downwelling winds result in regions of upwelling 

  Fig. 6.11    Current data from Mackenzie Trough acquired during a strong upwelling wind event in 
September 2002 (see Williams et al.  2006  for further description). Data from 40 m deep are shown. 
Although fl ow fi elds are complex, the general tendency is up-canyon along the down-shelf 
(eastward) side and a return back along the canyon on the up-shelf (westward) side. Transports 
across each section ( green arrows ) show that there is much more infl ow than outfl ow suggesting 
shelfbreak upwelling immediately north of Herschel Island ( dotted green arrow ) (Reproduced 
from Fig. 5 of Williams and Carmack  2012 )       
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and downwelling that tend to be symmetric about the canyon’s axis and of small 
amplitude (Fig.  6.10b ); in such cases, fl ow is primarily steered along-isobaths rather 
than across-isobaths (Klinck  1996 ). This asymmetry combined with the observation 
that under the infl uence of ice cover upwelling-favorable surface stresses are pre-
ferred (since downwelling favorable wind-forced ice motion in this region tends to 
be blocked by internal ice stress) results in a net fl ux of deep, nutrient-rich water on 
to the shelf (Williams et al.  2006 ). Observations from Kugmallit Valley, one of the 
many shallow valleys near Mackenzie Trough, suggest that enhanced cross-shelf 
transport may also be associated with less-pronounced topographic features that 
need not extend all the way to the shelf edge (Williams et al.  2008 ). These results 
suggest the possibility of many localized regions of enhanced exchange contribut-
ing to the overall physical setting and marine ecosystem on the Chukchi and 
Beaufort shelves.   

6.5     Polynya-Formed Dense Shelf Water 

 Wind-driven polynyas occur when offshore wind pushes ice away from the coast or 
from the land-fast ice edge forming areas of recurrent open water in winter. The 
large heat fl ux to the atmosphere from the water leads to large amounts of ice forma-
tion and, as the brine is rejected from the forming sea ice, results in the creation of 
cold, salty dense shelf water in the polynya (for a review of polynya types and their 
forcing see Williams et al.  2007 ). The dense shelf water has a tendency to fl ow 
downhill and ultimately cross the shelf-break (Melling and Lewis  1982 ; Melling 
and Moore  1995 ). However, many factors – rotational control, bottom boundary 
layer processes, along-shelf fl ows, instabilities leading to eddies, and mixing with 
other water masses – all affect how and where this water crosses the shelf-break and 
dilute its properties (e.g. Gawarkiewicz  2000 ). We include a description of polynyas 
in Chukchi Sea as these are relatively well studied in terms of their effect on the 
ocean and they modify the waters that fl ow into Barrow Canyon. 

 One of the largest Arctic polynyas occurs in the Chukchi Sea along the Alaskan 
coast between Cape Lisburne and Point Barrow, forced by offshore winds during 
winter (e.g. Cavalieri and Martin  1994 ; Martin et al.  2004 ). This polynya lies along 
the pathway of Pacifi c Water infl ow from the Bering Strait that goes via Barrow 
Canyon into the Canada Basin. In general, heat loss over a coastal polynya is one 
or two orders of magnitude larger than that over thick ice (Maykut  1978 ), thus 
coastal polynyas are very active areas of ice formation. Brine rejection from this 
rapid ice formation in the polynya increases the salinity of Pacifi c Winter Water 
fl owing through Barrow Canyon. The maximum salinity observed is up to 34.5 psu 
and is potentially the densest water that forms in the western Arctic Ocean (e.g. 
Weingartner et al.  1998 ,  2005 ) thus we call it  hyper-saline  Pacifi c Winter Water. 
Transport of winter water through Barrow Canyon into the basin is estimated to be 
0.1–0.3 Sv from mooring and shipboard data (Woodgate et al.  2005a ; Pickart et al. 
 2005 ; Itoh et al.  2012 ). 
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 The formation of hyper-saline Pacifi c Winter Water is dependent on the occurrence 
of the Barrow – Cape Lisburne polynya. Thus, accurate observation of the polynya’s 
area is essential, as the salt fl ux to the Pacifi c Winter Water is due to ice formation 
in the polynya. Martin et al. ( 2004 ) and Tamura and Ohshima ( 2011 ) examined an 
algorithm that estimates the thin ice thickness within a polynya using Special Sensor 
Microwave/Imager (SSM/I) data, and, using that, estimated sea ice production 
and salt fl ux within the coastal polynyas via a heat budget. Tamura and Ohshima 
( 2011 ) estimated annual accumulated sea ice production is 6–14 m/year within 
the Barrow – Cape Lisburne polynya for 1992–2007, far larger than typical annual 
sea ice production in the Chukchi Sea of ~2 m/year. Sea-ice production in the 
Barrow-Cape Lisburne polynya can vary from year to year by as much as a factor of 
3–4 (Martin et al.  2004 ; Tamura and Ohshima  2011 ) 

 Winsor and Chapman ( 2002 ) examined dense water formation for the coastal 
polynyas on the Chukchi shelf using an ocean model for the winters of the 1978–1998 
period. They showed that the accumulated ice growth is 9–15 m/year over the polynya 
area and the maximum salinity anomaly is typically 1–1.5 psu. They proposed that 
its interannual variability is high and that most of the observed variability can be 
explained by the varying wind fi eld. Winsor and Chapman ( 2002 ) also suggested 
that variation in the initial salinity of the Chukchi shelf, which is determined 
by Bering Strait through-flow, is equally important to the salinization within 
the polynya and thus in determining the interannual variability of dense water 
formation. Martin et al. ( 2004 ) compared the ice volume, derived using the SSM/I 
algorithm, with that obtained by Winsor and Chapman ( 2002 ) based on Pease’s ( 1987 ) 
analytical model, and showed a signifi cant difference, even in relative variabilities of 
sea ice production between the two estimates. Martin et al.’s ( 2004 ) results suggested 
that interannual variability of Barrow – Cape Lisburne polynya cannot be explained 
by simple analytical polynya model developed by Pease ( 1987 ), implying that 
Pease’s assumption of free-drift of ice does not apply adequately in this polynya. 

 Kawaguchi et al. ( 2011 ) examined winter water formation for the winters of 
1992–2006 using an ocean model forced by wind and surface salinity fl ux derived 
from SSM/I thin-ice thickness estimate. Their experiment shows that the Barrow 
Cape Lisburne polynya preferentially opens under strong northeasterly wind condi-
tions. Additionally, under the northeasterly wind conditions, northward through- 
fl ow across Barrow Canyon tends to be reduced and results in salinity build up and 
ultimately in greater enhancement of salinity in water carried into the Canada Basin. 
Such wind conditions are established when the Beaufort high pressure system is 
intensifi ed and Aleutian low pressure system is located west of its mean position. 
Kawaguchi et al. ( 2011 ) also pointed out that the ice production in the Kotzebue 
Sound coastal polynya is comparable to that in the Barrow – Cape Lisburne polynya, 
and it is also crucially important for salinity enhancement of winter water trans-
ported through Barrow Canyon. Together with moored salinity in the Bering Strait 
from Woodgate et al. ( 2005b ), Kawaguchi et al.’s ( 2011 ) model results show that the 
salinity across the Barrow and Herald Canyons is 32.9 ± 0.8 psu and 32.7 ± 0.3 psu, 
respectively. Through-fl ow via Herald Valley is estimated to have smaller and more 
intermittent salinity enhancement than that via Barrow Canyon. This is expected 
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since winter water carried via Herald Valley is less likely to have been modifi ed by 
coastal polynyas. 

 Hyper-saline Pacifi c Winter Water formation within the Barrow – Cape Lisburne 
polynya and its interannual variability have been mostly examined by heat budget 
analysis and modeling, with limited oceanographic observational studies. From 
oceanographic observations during spring in 1975, Garrison and Becker ( 1976 ) 
found that highly saline water (up to 34 psu) is capable of ventilating the lower 
halocline layer (see Fig.  6.5  for a profi le through the halocline), and suggested that 
it fl ows into the Beaufort Sea via Barrow Canyon. Weingartner et al. ( 1998 ,  2005 ) 
investigated circulation and water modifi cation processes in the Chukchi Sea using 
mooring and shipboard data between 1992 and 1995. Weingartner et al. ( 2005 ) 
found that winter water salinity values on the Hanna Shoal ranged widely: from 
31.3 to 34.5 psu in the winter of 1993–1994, and from 31.5 to 32.7 in the winter of 
1992–1993. They suggested that reduced fall and winter ice cover and a large winter 
polynya area in 1993–1994 result in enhancement of hyper-saline winter water pro-
duction. Weingartner et al. ( 2005 ) also pointed out that hyper-saline winter water 
derived from the Barrow – Cape Lisburne polynya exits the Chukchi Shelf into the 
basin not only via the Barrow Canyon but also via the Central Channel. 

 Itoh et al. ( 2012 ) examined the interannual variability of Pacifi c Winter Water 
both upstream in the northeastern Chukchi Sea, using moored observations, and 
downstream in the Canada Basin, using hydrographic data for 2000–2006. They 
proposed that the formation of hyper-saline Pacifi c Winter Water depends jointly on 
the salinity of incoming water at the Bering Strait gateway and the on occurrence of 
the Barrow – Cape Lisburne polynya. A large transport of cold and saline winter 
water via Barrow Canyon was observed in the winters of 2000/2001 and 2001/2002. 
In the former winter, enhanced ice formation in the polynya contributed to the 
increased salinity of Pacifi c Winter Water entering the basin, whereas in the latter 
winter, the high salinity of water entering the Bering Strait gateway was essential in 
delivering saline Pacifi c Winter Water to the basin. Itoh et al. ( 2012 ) also found that 
warm water within the polynya constrained ice formation in the winter of 2003/2004, 
resulting in reduced transport of hyper-saline winter water despite the fact that the 
coastal polynya was frequently open. Figure  6.12  shows that subsurface water at 
S = 31.5 psu, corresponding to the core of Pacifi c Summer Water, was above freez-
ing point even in mid winter, possibly due to up-canyon fl ow from the basin onto to 
the Chukchi Shelf.

   The Barrow Cape Lisburne polynya is believed to be a wind-driven polynya, and 
such polynyas are very active regions of ice formation when maintained by offshore 
wind. However, accumulated upper ocean heat in the Arctic Ocean due to global 
warming could change this situation. Woodgate et al. ( 2006 ) showed that heat fl ux 
through the Bering Strait increased from 2002 to 2004 due to the warming of Pacifi c 
Summer Water. Steele et al. ( 2008 ) also reported increased heat in the upper layer 
of the Chukchi Sea after 2000. In addition, less extensive sea ice has been observed 
in the Arctic Ocean during summers in recent years (Serreze et al.  2007 ) and the 
absence of ice cover for a longer season in the Chukchi Sea will promote surface 
warming. Figure  6.13  shows that surface temperature through Barrow Canyon has 
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increased since early 2000s. These results, showing warming, suggest an increase in 
the time in autumn that heat loss merely cools the water column, rather than leading 
to the formation of sea ice. Further, the water column within the polynya was warm 
enough to constrain ice formation even in mid-winter of 2003/2004, as suggested by 
Itoh et al. ( 2012 ). Although this warm water constrained ice formation in mid-winter 
in this polynya, it must be a local, advective phenomenon as ice formation does 
occur in the Bering and Chukchi Seas in winter following rapid heat loss in autumn. 
In addition, Wang et al. ( 2012 ) predict that there will always be ice formation on the 
Bering Shelf in winter under IPCC climate warming scenarios.

6.6        Summary 

6.6.1     Bering Shelf-Break 

 Much of our detailed understanding of the Bering shelf-break comes from numeri-
cal models. These results need support from complementary observational data, in 
particular to assess the relative importance of wind-driven exchange, large slope 
eddies, canyon dynamics, and internal tides that propagate across the basin from the 
Aleutians. Such observational data could be achieved by deployment of high- and 
medium-resolution mooring arrays across the shelf-break and upper slope. Recent 
high-resolution observations by BEST-BSIERP increased our understanding of 
processes on the shelf and we suggest similar effort needs to be focused on the 
shelf- break, at a range of temporal and spatial scales. The evident success of the 
high-resolution array deployed across the Alaskan Beaufort shelf-break (Pickart 
 2004 ) could be emulated here.  

  Fig. 6.13    Time series of upper ocean temperature (40 m) from the mouth of Barrow Canyon 
obtained from moorings BCE, BCC and BCW (see Fig.  6.1c  for locations).  Red, blue and green 
curves  indicate data from the eastern (BCE), central (BCC) and western (BCW) canyon.  Gray 
curves  indicate SST data derived from microwave satellite AMSRE       
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6.6.2     Chukchi/Beaufort Shelf-Break 

 Transport via current instabilities and wind-driven exchange are important components 
of shelf-break exchange at the Chukchi/Beaufort shelf-break. However, many 
questions remain regarding how Pacifi c Water is carried into the deep basin. The 
role of time-varying winds and instabilities in the presence of a complex coastline 
(e.g. Point Barrow) and topography (canyons) needs further study. Long-term, 
high- frequency observations detailing circulation in canyons, which are thought to 
be important avenues for enhanced exchange, would further add to our understanding. 
In addition, since the data suggest that much of the off shelf fl ow of Pacifi c Water, 
crosses the Chukchi shelf-break, further research on the mechanisms of shelf-break 
exchange there would greatly enhance our understanding of how Pacifi c-origin 
water moves into the Canadian Basin. The Chukchi shelf-break is much more 
rounded than the Alaskan Beaufort shelf-break and possibly behaves substantially 
differently because of this. Considering the impact that cross-shelf exchange has on 
the deep basin hydrography and ice cover, addressing these unknowns is key to 
understanding the current state of the Arctic ecosystem and how this system might 
evolve under climate change. 

 Observational work in the Bering, Chukchi and Beaufort Seas has additional 
logistical complexity as these seas border Russia, Canada and the USA. Our grow-
ing comprehensive understanding of the Pacifi c-Arctic Region can only be nurtured 
though continued international collaboration that is able to transcend cultural and 
bureaucratic limitations.      

  Acknowledgements   Support for W. Williams was provided by Fisheries and Oceans Canada. E. 
Shroyer was supported as a WHOI Postdoctoral Scholar through the WHOI Ocean and Climate 
Change Institute. Funding support for contributions by J. Clement Kinney and W. Maslowski was 
provided by multiple grants from the Climate Change Prediction Program of the Department of 
Energy, the Arctic System Science (ARCSS) Program of the National Science Foundation (NSF), and 
the Offi ce of Naval Research. Funding for M. Itoh was provided by Japan Agency for Marine- Earth 
Science and Technology. We thank Robert Pickart and Albert Plueddemann and Seth Danielson for 
insightful discussions regarding circulation in the Chukchi-Beaufort region. We also thank the 
editors of this book and two anonymous reviewers for insightful comments, which improved an 
earlier version of this manuscript.  

   References 

    Aagaard K, Roach AT (1990) Arctic ocean-shelf exchange: measurements in Barrow Canyon. 
J Geophys Res 95:18163–18175  

     Aagaard K, Coachman LK, Carmack EC (1981) On the halocline of the Arctic Ocean. Deep-Sea 
Res 28:529–545  

    Aagaard K, Weingartner TJ, Danielson SL, Woodgate RA, Johnson GC, Whitledge T (2006) Some 
controls on fl ow and salinity in Bering Strait. Geophys Res Lett 33:L19602. doi:  10.1029/200
6GL026612      

     Carmack EC, Kulikov EA (1998) Wind-forced upwelling and internal Kelvin wave generation in 
Mackenzie Canyon, Beaufort Sea. J Geophys Res 103:18447–18458  

W.J. Williams et al.

http://dx.doi.org/10.1029/2006GL026612
http://dx.doi.org/10.1029/2006GL026612


161

    Cavalieri D, Martin S (1994) The contribution of Alaskan, Siberian, and Canadian coastal 
polynyas to the cold halocline layer of the Arctic Ocean. J Geophys Res 99:18343–18362  

     Chapman DC (2000) The infl uence of an alongshelf current on the formation and offshore 
transport of dense water from a coastal polynya. J Geophys Res 105(C10):24007–24019. 
doi:  10.1029/2000JC000296      

    Chapman DC, Gawarkiewicz G (1995) Offshore transport of dense shelf water in the presence of 
a submarine canyon. J Geophys Res 100(C7):13373–13387. doi:  10.1029/95JC00890      

           Clement Kinney J, Maslowski W, Okkonen S (2009) On the processes controlling shelf–basin 
exchange and outer shelf dynamics in the Bering Sea. Deep Sea Res Part II Top Stud Oceanogr 
56(17):1351–1362. doi:  10.1016/j.dsr2.2008.10.023      

     Coachman LK, Aagaard K, Tripp RB (1975) Bering Strait: the regional physical oceanography. 
University of Washington Press, Seattle, p 172  

    Cooper LW, Whitledge TE, Grebmeier JM, Weingartner TJ (1997) The nutrient, salinity, and 
stable oxygen isotope composition of Bering and Chukchi Seas waters in and near the Bering 
Strait. J Geophys Res 102:12563–12573  

     D’Asaro EA (1988) Generation of submesoscale vortices: a new mechanism. J Geophys Res 
93:6685–6693  

      Danielson S, Hedstrom K, Aagaard K, Weingartner T, Churchitser E (2012) Wind-induced reorga-
nization of the Bering shelf circulation. Geophys Res Lett 39:L08601. doi:  10.1029/201
2GL051231      

    Garrison GR, Becker P (1976) The Barrow Submarine Canyon: a drain for the Chukchi Sea. 
J Geophys Res 81:4445–4453. doi:  10.1029/JC081i024p04445      

    Gawarkiewicz G (2000) Effects of ambient stratifi cation and shelf break topography on offshore 
transport of dense water on continental shelves. J Geophys Res 105(C2):3307–3324  

     Gawarkiewicz G, Chapman DC (1995) A numerical study of dense water formation and 
transport on a shallow, sloping continental shelf. J Geophys Res 100(C3):4489–4507. 
doi:  10.1029/94JC01742      

    Hughes FW, Coachman LK, Aagaard K (1974) Circulation, transport, and water exchange in the 
western Bering Sea. In: Hood DW, Kelley EJ (eds) Oceanography of the Bering Sea, with 
emphasis on renewable resources, Publ. 2. Institute of Marine Science, University of Alaska 
Fairbanks, Fairbanks  

    Huthnance JM (1995) Circulation, exchange and water masses at the ocean margin: the role of 
physical processes at the shelf edge. Prog Oceanogr 35:353–431  

   Hyun KH (2004) The effect of submarine canyon width and stratifi cation on coastal circulation 
and across shelf exchange. PhD thesis, Old Dominion University  

        Itoh M, Shimada K, Kamoshida T, McLaughlin F, Carmack E, Nishino S (2012) Interannual vari-
ability of Pacifi c Winter Water infl ow through Barrow Canyon from 2000 to 2006. J Oceanogr 
68:575–592. doi:  10.1007/s10872-012-0120-1      

    Karl HA, Carlson PR (1987) Surface current patterns suggested by suspended sediment distribu-
tion over the outer continental margin Bering Sea. Mar Geol 74:301–308  

     Kawaguchi Y, Tamura T, Nishino S, Kikuchi T, Itoh M, Mitsudera F (2011) Numerical study of 
winter water formation estimation in the Chukchi Sea: roles and impacts of coastal polynya. 
J Geophys Res. doi:  10.1029/2010JC006606      

    Kinder TH, Coachman LK (1978) The front overlying the slope in the eastern Bering Sea. 
J Geophys Res 83:4551–4559  

    Kinder TH, Coachman LK, Galt JA (1975) The Bering slope current system. J Phys Oceanogr 
5:231–244  

    Kinder TH, Schumacher JD, Hansen DV (1980) Observation of a baroclinic eddy: an example of 
mesoscale variability in the Bering Sea. J Phys Oceanogr 101:1228–1245  

    Kinder TH, Chapman DC, Whitehead JA (1986) Westward intensifi cation of the mean circulation 
on the Bering Sea Shelf. J Phys Oceanogr 16:1217–1229. doi:  10.1175/15200485      

   Kirillova EP, Stepanov OV, Weingartner TJ (2001) Distribution and variability of nutrients in the 
northwestern part of the Chukchi Sea. In: Proceedings of the Arctic Regional Centre 3  

6 Shelf-Break Exchange in the Bering, Chukchi and Beaufort Seas   

http://dx.doi.org/10.1029/2000JC000296
http://dx.doi.org/10.1029/95JC00890
http://dx.doi.org/10.1016/j.dsr2.2008.10.023
http://dx.doi.org/10.1029/2012GL051231
http://dx.doi.org/10.1029/2012GL051231
http://dx.doi.org/10.1029/JC081i024p04445
http://dx.doi.org/10.1029/94JC01742
http://dx.doi.org/10.1007/s10872-012-0120-1
http://dx.doi.org/10.1029/2010JC006606
http://dx.doi.org/10.1175/15200485


162

         Klinck JM (1996) Circulation near submarine canyons: a modeling study. J Geophys Res 
101:1211–1223  

   Krishfi eld RA, Plueddemann AJ, Honjo S (2002) Eddies in the Arctic Ocean from IOEB ADCP 
data. Woods Hole Oceanographic Institution technical report WHOI-2002-09  

    Krishfi eld R, Toole J, Proshutinsky A, Timmermans M-L (2008) Automated ice-tethered profi lers 
for seawater observations under pack ice in all seasons. J Atmos Oceanic Tech 25:2091–2095  

    Manley TO, Hunkins K (1985) Mesoscale eddies of the Arctic Ocean. J Geophys Res 
90(C3):4911–4930  

    Martin S, Drucker R (1997) The effect of possible Taylor columns on the summer ice retreat in the 
Chukchi Sea. J Geophys Res 102:10473–10482  

        Martin S, Drucker R, Kwok R, Holt B (2004) Estimation of the thin ice thickness and heat fl ux for 
the Chukchi Sea Alaskan coast polynya from Special Sensor Microwave/Imager data, 1990–2001. 
J Geophys Res 109:C10012. doi:  10.1029/2004JC002428      

    Maslowski W, Marble D, Walczowski W, Schauer U, Clement JL, Semtner AJ (2004) On climato-
logical mass, heat, and salt transports through the Barents Sea and Fram Strait from a 
pan- Arctic coupled ice-ocean model simulation. J Geophys Res 109:C03032. doi:  10.1029/200
1JC001039      

      Maslowski W, Clement Kinney J, Okkonen SR, Osinski R, Roberts AF, Williams W (2014) 
Chapter 5: The large scale ocean circulation and physical processes controlling Pacifi c-Arctic 
interactions. In: Grebmeier JM, Maslowski W (eds) The Pacifi c Arctic region: ecosystem status 
and trends in a rapidly changing environment. Springer, Dordrecht, pp 101–132  

    Mathis JT, Pickart RS, Hansell DA, Kadko D, Bates NR (2007) Eddy transport of organic carbon 
and nutrients from the Chukchi Shelf: impact on the upper halocline of the western Arctic 
Ocean. J Geophys Res 112, C05011. doi:  10.1029/2006JC003899      

    Mathis JT, Pickart RS, Byrne RH, McNeil CL, Moore GWK, Juranek LW, Liu X, Ma J, Easley RA, 
Elliot MM, Cross JN, Reisdorph SC, Bahr F, Morison J, Lichendorf T, Feely RA (2012) 
Storm- induced upwelling of high pCO 2  waters onto the continental shelf of the western Arctic 
Ocean and implications for carbonate mineral saturation states. Geophys Res Lett 39:L07606. 
doi:  10.1029/2012GL051574      

    Maykut G (1978) Energy exchange over young sea ice in the central Arctic. J Geophys Res 
83:3646–3658  

    Melling H, Lewis EL (1982) Shelf drainage fl ows in the Beaufort Sea and their effect on the Arctic 
Ocean pycnocline. Deep Sea Res Part A 29:967–985  

    Melling H, Moore RM (1995) Modifi cation of halocline source waters during freezing on the 
Beaufort Sea shelf: evidence from oxygen isotopes and dissolved nutrients. Cont Shelf Res 
15:89–113  

    Mizobata K, Saitoh SI (2004) Variability of Bering Sea eddies and primary productivity along the 
shelf edge during 1998–2000 using satellite multi-sensor remote sensing. J Mar Syst 
50:101–111  

    Mizobata K, Wang J, Saitoh SI (2006) Eddy-induced cross-slope exchange maintaining summer 
high productivity of the Bering Sea shelf break. J Geophys Res 111:C10017  

      Mountain DG, Coachman LK, Aagaard K (1976) On the fl ow through Barrow Canyon. J Phys 
Oceanogr 6:461–470  

    Muench R, Gunn J, Whitledge T, Schlosser P, Smethie W Jr (2000) An Arctic Ocean cold core 
eddy. J Geophys Res 105:23997–24006. doi:  10.1029/2000JC000212      

     Munchow A, Carmack EC (1997) Synoptic fl ow and density observations near an Arctic shelf 
break. J Phys Oceanogr 27:1402–1419  

    Nguyen AT, Kwok R, Menemenlis D (2012) Source and pathway of the western Arctic upper 
halocline in a data-constrained coupled ocean and sea ice model. J Phys Oceanogr 
42:802–823  

        Nikolopoulos A, Pickart RS, Fratantoni PS, Shimada K, Torres DJ, Jones EP (2009) The western 
Arctic boundary current at 152°W: structure, variability, and transport. Deep-Sea Res Part II 
56:1164–1181. doi:  10.1016/j.dsr2.2008.10.014      

W.J. Williams et al.

http://dx.doi.org/10.1029/2004JC002428
http://dx.doi.org/10.1029/2001JC001039
http://dx.doi.org/10.1029/2001JC001039
http://dx.doi.org/10.1029/2006JC003899
http://dx.doi.org/10.1029/2012GL051574
http://dx.doi.org/10.1029/2000JC000212
http://dx.doi.org/10.1016/j.dsr2.2008.10.014


163

    Okkonen SR (2001) Altimeter observations of the Bering Slope Current eddy fi eld. J Geophys Res 
106:2465–2476  

    Okkonen SR, Schmidt GM, Cokelet ED, Stabeno PJ (2004) Satellite and hydrographic observa-
tions of the Bering Sea ‘Green Belt’. Deep-Sea Res Part II 51:1033–1051  

   Okkonen SR, Ashjian CJ, Campbell RG, Maslowski W, Clement Kinney JL, Potter R (2009) 
Intrusion of warm Bering/Chukchi waters onto the shelf in the western Beaufort Sea. J Geophys 
Res. doi:  10.1029/2008JC004870      

     Paluszkiewicz T, Niebauer HJ (1984) Satellite observations of circulation in the eastern Bering 
Sea. J Geophys Res 89:3663–3678  

    Pease CH (1980) Eastern Bering Sea ice processes. Mon Weather Rev 108:2015–2023  
     Pease CH (1987) The size of wind-driven coastal polynyas. J Geophys Res 92:7049–7059. 

doi:  10.1029/JC092iC07p07049      
     Pickart RS (2004) Shelf-break circulation in the Alaskan Beaufort Sea: mean structure and vari-

ability. J Geophys Res 109:C04024. doi:  10.1029/2003JC001912      
     Pickart RS, Stossmeister G (2008) Outfl ow of Pacifi c water from the Chukchi Sea to the Arctic 

Ocean. Chin J Polar Sci 19:135–148  
      Pickart RS, Weingartner TJ, Pratt LJ, Zimmermann S, Torres DJ (2005) Flow of winter- transformed 

Pacifi c water into the Western Arctic. Deep-Sea Res Part II 52:3175–3198  
      Pickart RS, Moore GWK, Torres DJ, Fratantoni PS, Goldsmith RA, Yang J (2009) Upwelling on 

the continental slope of the Alaskan Beaufort Sea: storms, ice, and oceanographic response. 
J Geophys Res 114:C00A13. doi:  10.1029/2008JC005009      

      Pickart RS, Pratt LJ, Torres DJ, Whitledge TE, Proshutinsky AY, Aagaard K, Agnew TA, Moore 
GWK, Dail HJ (2010) Evolution and dynamics of the fl ow through Herald Canyon in the west-
ern Chukchi Sea. Deep-Sea Res Part II 57:5–26. doi:  10.1016/j.dsr2.2009.08.002      

    Pickart R, Spall M, Moore G, Weingartner T, Woodgate R, Aagaard K, Shimada K (2011) 
Upwelling in the Alaskan Beaufort Sea: atmospheric forcing and local versus non-local 
response. Prog Oceanogr 88:78–100. doi:  10.1016/j.pocean.2010.11.005      

     Pickart RS, Spall MA, Mathis JT (2013a) Dynamics of upwelling in the Alaskan Beaufort Sea and 
associated shelf-basin fl uxes. Deep Sea Res Part I: Oceanogr Res Pap 76:35–51. doi:  10.1016/j.
dsr.2013.01.007    , ISSN 0967–0637  

    Pickart RS, Schulze LM, Moore GWK, Charette MA, Arrigo KR, van Dijken G, Danielson SL 
(2013b) Long-term trends of upwelling and impacts on primary productivity in the Alaskan 
Beaufort Sea. Deep-Sea Res 79:106–121  

    Proshutinsky A, Timmermans M-L, Ashik I, Beszczynska-Moeller A, Carmack E, Frolov I, Itoh 
M, Kikuchi T, Krishfi eld R, McLaughlin F, Rabe B, Schauer U, Shimada K, Sokolov V, Steele 
M, Toole J, Williams W, Woodgate R, Yamamoto-Kawai M, Zimmermann S (2011) The 
Arctic. In: Blunden J, Arndt DS, Baringer MO (eds) State of the climate in 2010. Bulletin of 
the American Meteorological Society 92(6), S143–S160  

    Schumacher JD, Reed RK (1992) Characteristics of currents over the continental slope of the 
eastern Bering Sea. J Geophys Res 97:9423–9433  

    Schumacher JD, Stabeno PJ (1994) Ubiquitous eddies of the eastern Bering Sea and their coinci-
dence with concentrations of larval Pollock. Fish Ocean 3:182–190  

    Serreze M, Holland M, Stroeve J (2007) Perspective on the Arctic’s shrinking sea ice cover. 
Science 315:1533–1536  

    Shimada K, Carmack EC, Hatakeyama K, Takizawa T (2001) Varieties of shallow temperature 
maximum waters in the western Canadian Basin of the Arctic Ocean. Geophys Res Lett 
28:3441–3444  

    Shimada K, Kamoshida T, Itoh M, Nishino S, Carmack E, McLaughlin FA, Zimmermann S, 
Proshutinsky A (2006) Pacifi c Ocean infl ow: infl uence on catastrophic reduction of sea ice 
cover in the Arctic Ocean. Geophys Res Lett 33:L08605. doi:  10.1029/2005GL025624      

     Signorini SR, Munchow A, Haidvogel D (1997) Flow dynamics of a wide Arctic canyon. 
J Geophys Res 102:18661–18680  

6 Shelf-Break Exchange in the Bering, Chukchi and Beaufort Seas   

http://dx.doi.org/10.1029/2008JC004870
http://dx.doi.org/10.1029/JC092iC07p07049
http://dx.doi.org/10.1029/2003JC001912
http://dx.doi.org/10.1029/2008JC005009
http://dx.doi.org/10.1016/j.dsr2.2009.08.002
http://dx.doi.org/10.1016/j.pocean.2010.11.005
http://dx.doi.org/10.1016/j.dsr.2013.01.007
http://dx.doi.org/10.1016/j.dsr.2013.01.007
http://dx.doi.org/10.1029/2005GL025624


164

       Spall MA (2007) Circulation and water mass transformation in a model of the Chukchi Sea. 
J Geophys Res 112:C05025. doi:  10.1029/2005JC003364      

     Spall MA, Pickart RS, Fratantoni P, Plueddemann A (2008) Western Arctic Shelf-break eddies: 
formation and transport. J Phys Oceanogr 38:1644–1668. doi:  10.1175/2007JPO3829.1      

    Stabeno PJ, van Meurs P (1999) Evidence of episodic onshelf fl ow in the southeast Bering Sea. 
J Geophys Res 104:29715–29720  

     Stabeno PJ, Schumacher JD, Salo SA, Hunt GL Jr, Flint M (1999) Physical environment around 
the Pribilof Islands. In: Loughlin TR, Ohtani K (eds) Dynamics of the Bering Sea, AK-SG-99-
03. University of Alaska Sea Grant, Fairbanks  

   Steele M, Ermold W, Zhang J (2008) Arctic Ocean surface warming trends over the past 100 years. 
Geophys Res Lett. doi:  10.1029/2007GL031561      

     Tamura T, Ohshima KI (2011) Mapping of sea ice production in the Arctic coastal polynyas. 
J Geophys Res. doi:  10.1029/2010JC006586      

    Timmermans M, Toole J, Proshutinsky A, Krishfi eld R, Plueddemann A (2008) Eddies in the 
Canada Basin, Arctic Ocean, observed from ice-tethered profi lers. J Phys Oceanogr 
38:133–145  

    Toole JM, Timmermans ML, Perovich DK, Krishfi eld RA, Proshutinsky A, Richter-Menge JA 
(2010) Infl uences of the ocean surface mixed layer and thermohaline stratifi cation on 
Arctic Sea ice in the central Canada Basin. J Geophys Res 115:C10018. doi:  10.1029/200
9JC005660      

    Toole JM, Krishfi eld RA, Timmermans M-L, Proshutinsky A (2011) The Ice-Tethered Profi ler: 
Argo of the Arctic. Oceanography 24(3):126–135  

        von Appen W-J, Pickart RS (2011) Two confi gurations of the Western Arctic shelf-break current 
in summer. J Phys Oceanogr 42:329–351. doi:  10.1175/JPO-D-11-026.1      

    Wang M, Overland JE, Stabeno P (2012) Future climate of the Bering and Chukchi Seas projected 
by global climate models. Deep-Sea Res Part II 65–70:46–57  

     Watanabe E (2011) Beaufort shelf break eddies and shelfbasin exchange of Pacifi c summer water 
in the western Arctic Ocean detected by satellite and modeling analyses. J Geophys Res 
116:C08034. doi:  10.1029/2010JC006259      

   Watanabe E, Hasumi H (2009) Pacifi c water transport in the Western Arctic Ocean simulated by 
an eddy-resolving coupled sea ice–ocean model. J Phys Ocean 39:2194–2211. doi:  http://dx.
doi.org/10.1175/2009JPO4010.1      

         Weingartner TJ, Cavalieri DJ, Aagaard K, Sasaki Y (1998) Circulation, dense water formation, and 
outfl ow on the northeast Chukchi shelf. J Geophys Res 103:7647–7662. doi:  10.1029/98JC00374      

         Weingartner TJ, Aagaard K, Woodgate R, Danielson S, Sasaki Y, Cavalieri DJ (2005) Circulation 
on the north central Chukchi Sea shelf. Deep-Sea Res Part II 52:3150–3174  

    Wilkin JL, Chapman DC (1987) Scattering of continental shelf waves at a discontinuity in shelf 
width. J Phys Oceanogr 17:713–724  

   Williams WJ, Carmack EC (2012) Physical oceanography. In: Burn CR (ed) Herschel Island 
Qikiqtaruk – a natural and cultural history of Yukon’s Arctic island. Wildlife Management 
Advisory Council (North Slope)  

        Williams WJ, Carmack EC, Shimada K, Melling H, Aagaard K, Macdonald RW, Ingram RG 
(2006) Joint effects of wind and ice motion in forcing upwelling in Mackenzie Trough, Beaufort 
Sea. Cont Shelf Res 26:2352–2366. doi:  10.1016/j.csr.2006.06.012      

    Williams WJ, Carmack EC, Ingram RG (2007) Physical oceanography of polynyas. In: Smith WO 
Jr, Barber DG (eds) Polynyas: windows to the world, vol 74, Elsevier oceanography series. 
Elsevier, Amsterdam  

    Williams WJ, Melling H, Carmack EC, Ingram RG (2008) Kugmallit Valley as a conduit for 
cross- shelf exchange on the Mackenzie Shelf in the Beaufort Sea. J Geophys Res 113:C02007. 
doi:  10.1029/2006JC003591      

     Winsor P, Chapman DC (2002) Distribution and interannual variability of dense water production 
from coastal polynyas on the Chukchi shelf. J Geophys Res. doi:  10.1029/2004JC000984      

W.J. Williams et al.

http://dx.doi.org/10.1029/2005JC003364
http://dx.doi.org/10.1175/2007JPO3829.1
http://dx.doi.org/10.1029/2007GL031561
http://dx.doi.org/10.1029/2010JC006586
http://dx.doi.org/10.1029/2009JC005660
http://dx.doi.org/10.1029/2009JC005660
http://dx.doi.org/10.1175/JPO-D-11-026.1
http://dx.doi.org/10.1029/2010JC006259
http://dx.doi.org/10.1175/2009JPO4010.1
http://dx.doi.org/10.1175/2009JPO4010.1
http://dx.doi.org/10.1029/98JC00374
http://dx.doi.org/10.1016/j.csr.2006.06.012
http://dx.doi.org/10.1029/2006JC003591
http://dx.doi.org/10.1029/2004JC000984


165

     Winsor P, Chapman DC (2004) Pathways of Pacifi c water across the Chukchi Sea: a numerical 
model study. J Geophys Res 109:C03002. doi:  10.1029/2003JC001962      

         Woodgate RA, Aagaard K, Weingartner TJ (2005a) A year in the physical oceanography of 
the Chukchi Sea: moored measurements from autumn 1990–1991. Deep-Sea Res Part II 
52:3116–3149  

    Woodgate R, Aagaard K, Weingartner T (2005b) Monthly temperature, salinity, and transport of 
the Bering Strait fl ow. Geophys Res Lett 32:L04601. doi:  10.1029/2004GL021880      

     Woodgate R, Aagaard K, Weingartner T (2006) Interannual changes in the Bering Strait fl uxes in 
volume, heat and freshwater between 1991 and 2004. Geophys Res Lett 33:L15609. doi:  10.10
29/2006GL026931      

    Woodgate RA, Weingartner T, Lindsay R (2010) The 2007 Bering Strait oceanic heat fl ux and 
anomalous Arctic sea-ice retreat. Geophys Res Lett 37:L01602. doi:  http://dx.doi.org/10.1029/
2009GL041621      

    Yang J (2006) The seasonal variability of the Arctic ocean Ekman transport and its role in the 
mixed layer heat and salt fl uxes. J Climate 19:5366–5387    

6 Shelf-Break Exchange in the Bering, Chukchi and Beaufort Seas   

http://dx.doi.org/10.1029/2003JC001962
http://dx.doi.org/10.1029/2004GL021880
http://dx.doi.org/10.1029/2006GL026931
http://dx.doi.org/10.1029/2006GL026931
http://dx.doi.org/10.1029/2009GL041621
http://dx.doi.org/10.1029/2009GL041621


167J.M. Grebmeier and W. Maslowski (eds.), The Pacifi c Arctic Region: Ecosystem Status 
and Trends in a Rapidly Changing Environment, DOI 10.1007/978-94-017-8863-2_7,
© Springer Science+Business Media Dordrecht 2014

    Abstract     Bering Strait is the only ocean connection between the Pacifi c and the 
Arctic. The fl ow through this narrow and shallow strait links the Pacifi c and Arctic 
oceans and impacts oceanic conditions downstream in the Chukchi Sea and the 
Western Arctic. We present a model synthesis of exchanges through Bering Strait at 
monthly to decadal time scales, including results from coupled ice-ocean models and 
observations. Signifi cant quantities of heat and freshwater are delivered annually 
into the southern Chukchi Sea via Bering Strait. We quantify seasonal signals, 
along with interannual variability, over the course of 26 years of multiple model 
integrations. Volume transport and property fl uxes are evaluated among several 
high-resolution model runs and compared with available moored observations. 
High-resolution models represent the bathymetry better, and may have a more 
realistic representation of the fl ow through the strait, although in terms of fl uxes 
and mean properties, this is not always the case. We conclude that, (i) while some 
of the models used for Arctic studies achieve the correct order of magnitude for 
fl uxes of volume, heat and freshwater, and have signifi cant correlations with 
observational results, there is still a need for improvement and (ii) higher spatial 
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resolution is needed to resolve features such as the Alaska Coastal Current (ACC). 
At the same time, additional measurements with better spatial coverage are needed 
to minimize uncertainties in observed estimates and to constrain models.  

  Keywords     Bering Strait   •   Ocean modeling   •   Pacifi c water   •   Numerical modeling  

7.1         Introduction 

 The Pacifi c Arctic Region spans the sub-Arctic Bering Sea northward through 
the Chukchi and Beaufort seas and the Arctic Ocean. The Bering Strait, a narrow 
passageway, connects the wide and shallow shelves of the Bering and Chukchi seas 
and is the only Pacifi c connection to the Arctic Ocean. The narrow (~85 km wide) 
and shallow (~50 m deep) strait provides low-salinity and high-nutrient Pacifi c 
Water to the Chukchi Sea and the Arctic Ocean. Many global and regional models 
face challenges with resolving oceanic exchanges across this narrow and shallow 
strait, mainly due to the requirement of high spatial resolution and the associated 
high computational cost to resolve it. In fact, many coarse-resolution models either 
have a closed Bering Strait or use a prescribed boundary condition. However, Goosse 
et al. ( 1997 ) demonstrated that there is a signifi cant improvement in modeled ocean 
dynamics in a coarse resolution (3° × 3°) model with an opened Bering Strait. They 
also found that opening Bering Strait produced a more realistically positioned sea 
ice edge in the Bering Sea, because warm water was allowed to advect further north 
onto the Bering-Chukchi shelf. Arctic freshwater budgets were also improved, with 
increased freshwater storage in the Greenland and Norwegian Seas. 

 Scientifi c access across Bering Strait has been restricted due to the political 
boundary between the United States and Russia. The Russian-US Convention line, 
dividing the Exclusive Economic Zones (EEZs) of the two countries, lies between 
two islands near the center of the strait: Ratmanova Island (part of Russia, also 
called Big Diomede in the U.S.) and Little Diomede Island (part of the U.S.). While 
U.S. research has maintained moorings in the Bering Strait almost continuously 
since 1990, only for limited portions of that time has U.S. access been granted to the 
western side of the strait. 

 The fi rst goal of this work is to compare state-of-the-art output on the Bering 
Strait throughfl ow from several regional and global Arctic-focused models. We will 
analyze the volume and property fl uxes over a long time series (up to 26 years 
depending on available results from individual models). In addition to interannual 
changes, we will also examine seasonal cycles in these parameters. The second 
related goal of this work is to compare model results with the available observa-
tional data. These data are from moored instruments placed near-bottom in three 
point locations in the vicinity of the strait (Fig.  7.1a ). Both observations and 
models have their own limitations in Bering Strait. Numerical models are limited 
by relatively coarse resolution in the strait, errors in forcing and omitted processes 
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  Fig. 7.1    Bathymetry (m) in the vicinity of the Bering Strait ( a ). Depth contours are every 10 m 
from the International Bathymetric Chart of the Arctic Ocean (Jakobsson et al.  2000 ). Model 
bathymetry (m) from ( b ) BESTMAS, ( c ) ECCO2, ( d ) NAME, ( e ) ORCA, and ( f ) PIOMAS. The 
approximate locations of the moored observations are indicated with  black circles . The cross- 
sections across Bering Strait are shown as  black lines  in each model bathymetry fi gure       
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(e.g., tides), whereas observational results are limited by spatial coverage across the 
strait, and lack of upper layer measurements.

7.2        Model Descriptions 

 In this section we describe fi ve global and regional sea ice-ocean coupled models 
employed to investigate Bering Strait infl ow (Table  7.1 ). The models used in the 
study have various design features, including resolution, atmospheric forcing, 
restoring terms, coeffi cients, and parameterizations. Details of these features for 
each model are discussed below and shown in Tables  7.1  and  7.2 . The goal here is 
to present results on the fl ow through Bering Strait from a variety of models and 
assess differences among them and observed data.

7.2.1        Bering Ecosystem Study Ice-Ocean Modeling 
and Assimilation System (BESTMAS) 

 BESTMAS (Zhang et al.  2010 ) is based on the coupled Parallel Ocean and sea Ice 
Model (POIM) of Zhang and Rothrock ( 2003 ). The sea ice model is the multicate-
gory thickness and enthalpy distribution (TED) sea ice model (Zhang and Rothrock 
 2001 ; Hibler  1980 ). It employs a teardrop viscous-plastic rheology (Zhang and 
Rothrock  2005 ), a mechanical redistribution function for ice ridging (Thorndike 
et al.  1975 ; Hibler  1980 ), and a LSR (line successive relaxation) dynamics model to 
solve the ice momentum equation (Zhang and Hibler  1997 ). The TED ice model 
also includes a snow thickness distribution model following Flato and Hibler ( 1995 ). 
The ocean model is based on the Parallel Ocean Program (POP) developed at Los 
Alamos National Laboratory (Smith et al.  1992 ; Dukowicz and Smith  1994 ). Given 
that tidal energy accounts for 60–90 % of the total horizontal kinetic energy over the 
southeastern shelf region of the Bering Sea (Kinder and Schumacher  1981 ), tidal 
forcing arising from the eight primary constituents (M2, S2, N2, K2, K1, O1, P1, 
and Q1) (Gill  1982 ) is incorporated into the POP ocean model. The tidal forcing 

     Table 7.1    Basic information on the fi ve models used in this study   

 Model  Global/regional  Atmospheric forcing 
 Resolution in 
Bering Strait 

 Data 
assimilation? 

 BESTMAS  Regional  NCEP/NCAR reanalysis  ~4 km  No 
 ECCO2  Regional  Japanese 25-year reanalysis  ~23 km  No 
 NAME  Regional  ECMWF reanalysis  ~9 km  No 
 ORCA  Global  DRAKKAR Forcing Set 

(DFS 3.1) reanalysis 
 ~13 km  No 

 PIOMAS  Regional  NCEP/NCAR reanalysis  ~40 km  No 
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consists of a tide generating potential with corrections due to both the earth tide and 
self-attraction and loading following Marchuk and Kagan ( 1989 ). The model 
domain of BESTMAS covers the northern hemisphere north of 39°N. The 
BESTMAS fi nite-difference grid is based on a generalized orthogonal curvilinear 
coordinate system with a horizontal dimension of 600 × 300 grid points. The “north 
pole” of the model grid is placed in Alaska. Thus, BESTMAS has its highest 
 horizontal resolution along the Alaskan coast and in the Bering, Chukchi, and 
Beaufort seas, with an average of about 7 km for the whole Bering Sea and 10 km for 
the combined Chukchi and Beaufort seas. There are 26 grid cells across Bering Strait 
(Fig.  7.1b ), which allows a good connection between the Bering Sea and the Arctic 
Ocean. The TED sea ice model has eight categories each for ice thickness, ice 
enthalpy, and snow depth. The centers of the 8 ice thickness categories are 0, 0.38, 
1.30, 3.07, 5.97, 10.24, 16.02, and 23.41 m. The POP ocean model has 30 vertical 
levels of varying thicknesses to resolve surface layers and bottom topography. The 
fi rst 13 levels are in the upper 100 m and the upper six levels are each 5 m thick. The 
model bathymetry is obtained by merging the IBCAO (International Bathymetric 
Chart of the Arctic Ocean) dataset and the ETOPO5 (Earth Topography Five Minute 
Gridded Elevation Data Set) dataset (see Holland  2000 ). BESTMAS is forced by 
daily NCEP/NCAR reanalysis (Kalnay et al.  1996 ) surface forcing fi elds. Model 
forcing also includes river runoff of freshwater in the Bering and Arctic seas. 
For the Bering Sea, monthly climatological runoffs of the Anadyr, Yukon, and 
Kuskokwim rivers are used (Zhang et al.  2010 ). For the Arctic Ocean, monthly 
climatological runoffs of the Pechora, Ob, Yenisei, Olenek, Yana, Indigirka, Kolyma, 
Mackenzie, Dvina, Lena, Khatanga, Taimyra, and Piasina rivers are from the Alfred 
Wegener Institute (Prange and Lohmann  2004 ). Although BESTMAS has a large 
model domain that includes the Arctic and the North Pacifi c, realistic lateral open 
boundary conditions are still necessary to create the right water masses and fl uxes. 
The POP ocean model has been further modifi ed to incorporate open boundary 
conditions so that BESTMAS is able to be one-way nested to a lower resolution but 
global POIM (Zhang  2005 ). Monthly mean open boundary conditions of ocean 
temperature, salinity, and sea surface height from the global POIM are imposed at 
the southern boundaries along 39°N. No data were assimilated in BESTMAS.  

7.2.2     Estimating the Circulation and Climate 
of the Ocean, Phase II (ECCO2) 

 The ECCO2 regional Arctic Ocean solution uses a confi guration of the Massachusetts 
Institute of Technology general circulation model (MITgcm; Marshall et al.  1997 ; 
Losch et al.  2010 ; Nguyen et al.  2011 ). The domain boundaries are at ~55° North in 
both the Atlantic and Pacifi c sectors. These boundaries coincide with grid cells in a 
global, cubed-sphere confi guration of the MITgcm (Menemenlis et al.  2005 ). 

 The grid covering the Arctic domain is locally orthogonal with horizontal grid 
spacing of approximately 18 km. There are 50 vertical levels ranging in thickness 
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from 10 m near the surface to approximately 450 m at a maximum model depth of 
6,150 m. The model employs the rescaled vertical coordinate “z*” of Adcroft and 
Campin ( 2004 ) and the partial-cell formulation of Adcroft et al. ( 1997 ), which permits 
accurate representation of the bathymetry. Bathymetry is from the S2004 (W. Smith, 
2010, personal communication) blend of the Smith and Sandwell ( 1997 ) and the 
General Bathymetric Charts of the Oceans (GEBCO) one arc-minute   bathymetric 
grid. The non-linear equation of state of Jackett and McDougall ( 1995 ) is used. 
Vertical mixing follows Large et al. ( 1994 ). A 7th-order monotonicity-preserving 
advection scheme of Daru and Tenaud ( 2004 ) is employed and there is no explicit 
horizontal diffusivity. Horizontal viscosity follows Leith ( 1996 ) but is modifi ed to 
sense the divergent fl ow (Fox-Kemper and Menemenlis  2008 ). 

 The ocean model is coupled to the MITgcm sea ice model described in Losch 
et al. ( 2010 ). Ice mechanics follow a viscous-plastic rheology and the ice momentum 
equations are solved numerically using the line-successive-over-relaxation (LSOR) 
solver of Zhang and Hibler ( 1997 ). Ice thermodynamics use a zero-heat- capacity 
formulation and seven thickness categories, equally distributed between zero to 
twice the mean ice thickness in each grid cell. Ice dynamics use a 2-category 
thickness with one for open water and one for ice. Salt rejected during ice formation 
is treated using a sub-grid-scale salt-plume parameterization described in Nguyen 
et al. ( 2009 ). The model includes prognostic variables for snow thickness and for 
sea ice salinity. 

 Initial and lateral boundary conditions come from the globally optimized ECCO2 
solution (Menemenlis et al.  2008 ). Surface atmospheric forcing fi elds are from the 
Japanese 25-year reanalysis (JRA25; Onogi et al.  2007 ). Monthly mean river runoff 
is based on the Arctic Runoff Data Base (ARDB) as prepared by P. Winsor (2007, 
personal communication). No restoring is used. 

 Ocean and sea ice parameters, such as mixing and drag coeffi cients and albedos, 
were optimized regionally based on observations (Nguyen et al.  2011 ). The model 
results presented here are from a 1992 to 2008 forward model run using the 
optimized parameters and do not assimilate any data. The model bathymetry in 
the vicinity of Bering Strait and the location of the Bering Strait cross-section are 
shown in Fig.  7.1c . The mean horizontal grid spacing of the model across Bering 
Strait is 23 km.  

7.2.3     Naval Postgraduate School Arctic 
Modeling Effort (NAME) 

 The NAME coupled sea-ice–ocean model (Maslowski et al.  2004 ) has a horizontal 
grid spacing of 1/12° (or ~9 km). In the vertical direction, there are 45 vertical depth 
layers ranging from 5 m near the surface to 300 m at depth, with eight levels in the 
upper 50 m. The high vertical resolution, especially in the upper water column, 
allows for more realistic representation of the shallow Arctic and sub-Arctic shelves. 
In addition, the horizontal grid permits calculation of fl ow through the narrow straits 
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of the northern Bering Sea (Clement et al.  2005 ). The model domain is confi gured 
in a rotated spherical coordinate system to minimize changes in grid cell area. 
It contains the sub-Arctic North Pacifi c (including the Sea of Japan and the Sea of 
Okhotsk) and North Atlantic Oceans, the Arctic Ocean, the Canadian Arctic 
Archipelago (CAA) and the Nordic Seas (see Fig.  7.1a  of Maslowski et al.  2004  for 
model domain). The region of interest, the Bering Sea, is therefore far away from 
the artifi cially closed lateral boundaries in the North Pacifi c at 30°N, greatly 
reducing any potential effects of boundary conditions. In an effort to balance the net 
fl ow of Pacifi c Ocean water into the Arctic Ocean, a U-shaped 500 m deep, 162 km 
(18 grid point) wide channel was created through North America connecting the 
Atlantic Ocean to the Pacifi c Ocean. A westward wind forcing of 1.75 dyne cm −2  is 
prescribed along the channel (see Maslowski et al.  2004  for further details). Flow 
through the Bering Strait and the channel is not prescribed. There are 15 grid cells 
across Bering Strait in this model (Fig.  7.1d ). Model bathymetry is derived from 
two sources: ETOPO5 at 5 km resolution for the region south of 64°N and 
International Bathymetric Chart of the Arctic Ocean (IBCAO; Jakobsson et al. 
 2000 ) at 2.5 km resolution for the region north of 64°N. 

 The ocean model was initialized with climatological, 3-dimensional temperature 
and salinity fi elds (PHC; Steele et al.  2001 ) and integrated for 48 years in a spinup 
mode. During the spinup, daily averaged annual climatological atmospheric forcing 
derived from 1979 to 1993 reanalysis from the European Centre for Medium-Range 
Weather Forecasts (ECMWF) was used for 27 years. Next an additional run was 
performed using repeated 1979 ECMWF annual cycle for 6 years and then 1979–
1981 interannual fi elds for the last 15 years of the 48-year spinup. This approach is 
especially important in establishing realistic ocean circulation representative of the 
time period at the beginning of the actual interannual integration. This fi nal run with 
realistic daily averaged ECMWF interannual forcing starts in 1979 and continues 
through 2004. Results from this integration (26 years) are used for the analyses in 
this chapter. Daily climatological runoff from the Yukon River (and all other major 
Arctic rivers) is included in the model as a virtual freshwater fl ux at the river mouth. 
However, in the Gulf of Alaska the freshwater fl ux from runoff (Royer  1981 ) is 
introduced by restoring the surface ocean level (of 5 m) to climatological (Polar 
Science Center Hydrographic Climatology; PHC) monthly mean temperature and 
salinity values over a monthly time scale (as a correction term to the explicitly 
calculated fl uxes between the ocean and underlying atmosphere or sea-ice). 
Additional details on the model including sea-ice and river runoff have been 
provided elsewhere (Maslowski et al.  2004 ).  

7.2.4     Nucleus for European Modelling of the Ocean 
(NEMO) with ORCA Confi guration 

 The ORCA025-N102 model confi guration of the National Oceanography Centre 
Southampton is an “eddy-permitting” z-level global coupled sea ice-ocean model. 
ORCA025-N102 was developed within the Nucleus for European Modelling of the 
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Ocean (NEMO) framework for ocean climate research and operational oceanography 
(  http://www.nemo-ocean.eu/    ; Madec  2008 ) as part of the DRAKKAR confi gura-
tions (DRAKKAR Group  2007 ) and is largely based on the ORCA025-G70 con-
fi guration (e.g., Lique et al.  2009 ). ORCA025-N102 includes the ocean circulation 
model OPA9 (Madec et al.  1998 ) coupled to the Louvain-la-Neuve Ice Model sea 
ice model LIM2 (Fichefet and Morales Maqueda  1997 ). The ocean model is  confi gured 
on a tri-polar Arakawa C-grid (Arakawa  1966 ) with the model poles at the geo-
graphical South Pole, in Siberia and in the Canadian Arctic Archipelago (CAA). 
The horizontal resolution is approximately 28 km at the equator, increasing to 
6–12 km in zonal and ~3 km in meridional directions in the Arctic Ocean. The 
model resolves large eddies (~30–50 km), while “permitting” most of smaller 
eddies. ORCA025-N102 has a higher vertical resolution than the ORCA025-G70 
confi guration, utilizing 64 vertical levels with thicknesses ranging from approxi-
mately 6 m near the surface to 204 m at 6,000 m. The high vertical resolution in the 
upper ocean (8 levels in the upper 50 m and 13 levels in the upper 100 m) greatly 
improves the model representation of the shallow Arctic continental shelves, Bering 
and Chukchi Seas. There are eight model cells across Bering Strait (Fig.  7.1e ). The fi ne 
model resolution in the both, horizontal and vertical, together with high resolution 
model bathymetry adapted from ETOPO2 and partial steps in the model bottom 
topography accurately approximates the steep seabed relief near the Arctic shelves, 
resulting in the more realistic along-shelf fl ow (e.g., Barnier et al.  2006 ; Penduff et al. 
 2007 ). The LIM2 sea ice model uses the Viscous-Plastic (VP) ice rheology (Hibler 
 1979 ) and the 3-layer Semtner ( 1976 ) thermodynamics updated with sub- grid scale 
sea ice thickness distribution (Fichefet and Morales Maqueda  1997 ) and sea ice 
thickness-dependent albedo (Payne  1972 ). To obtain more distinct sea ice edges, 
the model employs the positive-defi nite, second moments conserving advection 
scheme by Prather ( 1986 ). The sea ice model is coupled to the ocean model every fi ve 
oceanic time steps through a non-linear quadratic drag law (Timmermann et al.  2005 ). 

 For the 1958–2001 simulations used in the present study, the ORCA025 model was 
driven by the DRAKKAR Forcing Set (DFS 3.1) atmospheric reanalysis (Brodeau 
et al.  2010 ). The reanalysis combines monthly precipitation, daily downward short-
wave and longwave radiation from the CORE forcing data set (Large and Yeager 
 2004 ) and 6-hourly 10 m wind, 2 m air humidity and 2 m air temperature from 
ERA40 reanalysis. The turbulent exchanges between atmosphere and ocean and 
atmosphere and sea ice are computed during model integration using the bulk for-
mulae from Large and Yeager ( 2004 ). Climatological monthly continental runoff 
(Dai and Trenberth  2002 ) is included as an additional freshwater source, applied 
along the coastline. Initial conditions for temperature and salinity are derived from a 
monthly climatology that merges the    Levitus et al. ( 1998 ) World Ocean Atlas climato-
logy with the PHC2.1 database (Steele et al.  2001 ) in high latitudes. To avoid salinity 
drift, the sea surface salinity is restored toward the monthly mean climatological 
values on the timescale of 180 days for the open ocean and 12 days under sea-ice.  
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7.2.5     Pan-Arctic Ice-Ocean Modeling 
and Assimilation System (PIOMAS) 

 PIOMAS is a variant of BESTMAS (see description above) with a coarser horizon-
tal resolution (~40 km) and smaller model domain (north of 49°N; Zhang et al. 
 2008 ). However, it has 12 categories each for ice thickness, enthalpy, and snow 
depth (Zhang et al.  2008 ). The centers of the 12 ice thickness categories are 0, 0.26, 
0.71, 1.46, 2.61, 4.23, 6.39, 9.10, 12.39, 16.24, 20.62, and 25.49 m. The model 
bathymetry in the vicinity of Bering Strait and the location of the Bering Strait 
cross-section are shown in Fig.  7.1f .   

7.3     Bering Strait Observational Mooring Data 

 Year-round moorings have been deployed in the strait almost continuously since 
1990 (see Woodgate et al.  2006 ,  2010 ; and   http://psc.apl.washington.edu/
BeringStrait.html    ), generally at 2–4 locations, as shown in Fig.  7.1a . Site A1 is in 
the western channel of the strait and thus in the Russian EEZ. Access was only 
granted to this site in the early 1990s (data available from 1990 to 1991; 1992 to 
1993, 1993 to 1994) and since 2004. Site A2 is in the eastern portion of the strait 
(U.S. waters). A third site, A3, was established in 1990 at a site just north of the 
strait (and in the US EEZ), hypothesized to provide a useful average of the fl ow 
through both of the channels (Woodgate et al.  2005a ,  b ,  2006 ,  2007 ). For some 
years (1992–1993, 1993–1994, 1994–1995) the A3 mooring was deployed ~120 nm 
further north, but these data are not considered here. Observations from A2 and A3 
are available since autumn 1990, except for a few missing months, and for the 
deployment year autumn 1996–1997 when no moorings were deployed in the strait. 
A fourth mooring site A4, was established near the U.S. coast in 2001 to measure 
the Alaskan Coastal Current (Woodgate and Aagaard  2005 ; see discussion below). 
A high-resolution array was deployed in the strait starting in 2007; for more details 
see   http://psc.apl.washington.edu/BeringStrait.html    . 

 Since the region is ice-covered in winter, all mooring instrumentation has 
traditionally been kept near-bottom to avoid damage by ice keels. The moorings 
provide measurements of temperature, salinity and velocity approximately 10 m 
above bottom. High correlation (0.95; Woodgate et al.  2005b ) in velocity is found 
between all sites in the strait region (Woodgate et al.  2005b ) suggesting that extra-
polation of velocity between mooring sites is reasonable. All available ADCP data 
(some moorings, and ship-based ADCP sections from the eastern channel) and 
newer mooring data, show strong coherence in the vertical (see e.g., Roach et al. 
 1995 , where the fi rst EOF at a central channel site explains 90 % of the variance), 
with some surface intensifi cation of the fl ows, especially within the Alaskan Coastal 
Current. Thus, assuming the near-bottom fl ow correlates well with the total volume 
transport also seems reasonable (see Woodgate et al.  2005b  for a discussion). 
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In terms of water properties, the near-bottom data do not capture the upper layer, 
which in the summer/autumn period of the year is likely 10–20 m thick, about 
1–2 °C warmer and about 1 psu fresher than the lower layer (Woodgate and Aagaard 
 2005 ; Woodgate et al.  2010 ). 

 The fl ow through the Bering Strait is generally believed to be driven by some far 
fi eld forcing (often described as the pressure head forcing) modulated by local wind 
effects (see Woodgate et al.  2005b  for discussion and historic references). Woodgate 
et al. ( 2005b ) suggest this large-scale forcing likely explains the high velocity 
correlation between sites. On the Alaskan Coast on the edge of the eastern channel 
there is seasonally a strong surface-intensifi ed current. This is the Alaskan Coastal 
Current, which is present from midsummer until about the end of the year (Paquette 
and Bourke  1974 ; Ahlnäs and Garrison  1984 ; Woodgate and Aagaard  2005 ), and in 
summer CTD sections it is present as a ~10 km wide, 40 m deep warm, fresh current 
(Woodgate and Aagaard  2005 ). Much less is known about the Siberian Coastal 
Current (SCC), which is present sometimes on the Russian coast (Weingartner et al. 
 1999 ). Observations from the western side of Bering Strait indicate that the SCC 
can, at times, fl ow southward here under strong northerly winds. These events tend 
to occur during autumn and winter and appear to be short-lived (1–10 days; 
Weingartner et al.  1999 ). The SCC transport is estimated to be small (~0.1 Sv; 
Weingartner et al.  1999 ).  

7.4     Results 

 Model representations of the geographical width across Bering Strait range from 90 
to 160 km (Fig.  7.2 ), in part due to the choice made of the representative section in 
the model. ORCA and PIOMAS have widths most similar to reality (~85 km), while 
BESTMAS, NAME, and ECCO2 are wider than reality. The various horizontal 
resolutions from the fi ve models and the different bathymetry schemes make the 
results appear disparate upon fi rst glance. In fact the cross-sectional area of the strait 
varies from 2.4 to 4.5 km 2  for the models (Table  7.2 ). However, a closer look sug-
gests agreement that horizontal shear is frequently present in the model results and 
that the highest speeds tend to be in the eastern channel. It is likely that this is at 
least in part an artifact due to the way the model sections cross the bathymetry, with 
the ends of the sections being either north or south of the strait proper. Certainly, 
observational results (e.g., Woodgate et al.  2005b ) show no signifi cant differences 
in the near-bottom velocity between the two channels away from the ACC. Vertical 
shear is present in some model results, particularly the NAME, ECCO2, and ORCA 
models. In NAME, the velocity tends to increase from surface to bottom, in contrast 
to other models. It appears that the velocity maxima are located deeper in the channels 
where frictional effects are less, as compared to the surface and nearby the coasts.

   We also present northward velocity, temperature, and salinity sections for the 
summer period (Jul.–Sep.) from the fi ve models (Figs.  7.3 ,  7.4 , and  7.5 ). Strong 
vertical mixing is expected during the winter period within the northern Bering Sea 
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(Clement et al.  2004 ; Woodgate and Aagaard  2005 ). Therefore, we present the mean 
summer results for comparison. The mean summer velocity sections from the 
models show slightly higher speeds than the long-term annual mean, especially in 
the upper water column (Fig.  7.3 ). There tends to be less vertical shear in the mean 
summer sections, as compared to the long-term mean sections (Fig.  7.2 ). Temperature 
sections (Fig.  7.4 ) indicate higher values in the upper water column near the Alaskan 
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coast. BESTMAS and NAME have temperature values up to ~10 °C here. Similarly, 
for salinity (Fig.  7.5 ) an east–west gradient is present with the lower values found 
on the eastern side. Particularly, ECCO2, BESTMAS, and NAME show salinities 
less than 30 psu in this location. Multiple summertime CTD sections of temperature 
and salinity (  http://psc.apl.washington.edu/BeringStrait.html    ) indicate elevated 
temperature and decreased salinity nearby the U.S. coast due to the presence of the 
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Alaska Coastal Current (ACC). The width of this current is on the order of ~10 km 
and, therefore, it is not properly resolved by the models due to spatial resolution 
limitations. However, model results do show the proper east–west gradients in tem-
perature and salinity, as expected from observations (see e.g., Coachman et al.  1975 ).

     To compare with long-term moored observations, we present monthly mean 
northward near-bottom velocity at sites A2 and A3 for models (color) and data 
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(black) for 1979–2004 in Fig.  7.6 . For A2 (eastern channel, Fig.  7.1a ), model veloc-
ities range from ~5 cm/s southward to over 80 cm/s northward. Predominantly, the 
fl ow is northward with the mean northward velocity ranging from 28.6 (+/−1.0) to 
40.1 (+/−1.9) cm/s among models, over the time period when observations are 
available (Table  7.3 ). The range is 29.5 (+/−0.49) to 43.2 (+/−0.88) cm/s over the 
larger 1979–2004 time period (Table  7.4 .) Two of the lower resolution models 
(ORCA and ECCO2) have the highest velocities, while the higher resolution 
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models (BESTMAS and NAME) have lower velocities. The observed mean  northward 
velocity is 26.2 (+/−2.8) cm/s, which matches the lower range of the modeled mean 
values. All of the models show a signifi cant (at the 99 % level) correlation with the 
observed velocities at this location. The correlation coeffi cients range from 0.67 to 
0.78 for the monthly means at A2 (Table  7.5 ).

      Figure  7.3b  shows the near-bottom northward velocity at the A3 location. The 
model spread of velocities is slightly narrower for A3, with the BESTMAS model 
having the lowest mean velocity (21.8 +/− 0.8 cm/s) and ORCA having the highest 
mean velocity (30.6 +/− 1.3 cm/s) over the same time period as observations. The 
observed mean northward velocity is 20.9 +/− 2.3 cm/s. The correlations between 
the models and the data at A3 are signifi cant (at the 99 % level), with correlation 
coeffi cients ranging between 0.70 and 0.82 (Table  7.5 ). 

 It is important to recognize that a comparison between point measurements and 
model results is diffi cult. In the data, velocity is measured at a single point, while in 
models it is a grid-cell mean, which may range from a few to tens of kilometers in 
the horizontal and several meters in the vertical. In addition, the discrepancy 
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between the real and model bathymetry introduces a difference in bathymetric 
gradients, displacing model currents from their “true” geographical positions. 
Choice of model section location is also very important, for example, there will be 
obvious discrepancies between an observational section taken across the narrowest 
point of the strait and a model section crossing shallow regions to the north or south 
of the strait. Table  7.6  and Fig.  7.2  illustrate these points. Table  7.6  shows the 
depth at the moorings A2 and A3 and model depth at the co-located virtual moor-
ings; the difference between real and model bathymetry is clear. Moreover, in the 
models, velocity can vary signifi cantly between the adjacent model grid cells 
(Fig.  7.2 ), although this is not seen in observations outside the ACC. Thus the 
results of a model- observations comparison would depend upon the exact geo-
graphical position of model virtual moorings. Finally, the stochastic nature of the 
oceanic turbulence cannot be simulated by the models used in this study. Therefore, 
it is likely more informative to evaluate model results using integrated fl uxes, as 
discussed below.

      Table 7.5    Correlation coeffi cients between models and the observations of velocity, temperature, 
and salinity at A2 and A3 locations   

 Model 

 Velocity  Temperature  Salinity 

 A2  A3  A2  A3  A2  A3 

 BESTMAS  0.78  0.71  0.78  0.70  0.67  0.53 
 ECCO2  0.67  0.72  0.77  0.76  0.60  0.48 
 NAME  0.69  0.75  0.73  0.86  0.70  0.57 
 ORCA  0.68  0.70  0.79  0.76  0.60  0.39 
 PIOMAS  0.70  0.82  0.88  0.79  0.66  0.59 

  All correlations are signifi cant at the 95 % level  

    Table 7.6    Depth information (m) for the models and the observations at the A2 and A3 mooring 
locations   

 Location  Model/data 
 Water column 
depth (m) 

 Mid-depth of model grid 
cell or depth of observation 
~10 m above bottom (m) 

  A2   Data  53  44 
 BESTMAS  51  39.5 
 ECCO2  50  35 
 NAME  53  37.7 
 ORCA  57.9  35.5 
 PIOMAS  43  33 

  A3   Data  56  47 
 BESTMAS  51  39.5 
 ECCO2  50  35 
 NAME  53  37.7 
 ORCA  57.9  35.5 
 PIOMAS  43  33 
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   Monthly mean Bering Strait volume transport from the models and observations 
is shown in Fig.  7.7 . The observations are based on the near-bottom velocity at the 
A3 mooring location multiplied by a cross-sectional area of 4.25 km 2 , as per 
Woodgate et al. ( 2010 ). Model means range from 0.67 (+/−0.03) to 1.29 (+/−0.06) 
Sv (Table  7.3 ) over the time period when observations are available. The volume 
transport is highest for the ORCA and ECCO2 models and is lowest for the 
PIOMAS, BESTMAS and NAME models. The observed estimate of the long-term 
mean (1991–2004) volume transport through Bering Strait is 0.8 +/− 0.2 Sv 
(Woodgate et al.  2005a ). This estimate is based on observations at the A3 mooring 
location, although numbers do not differ signifi cantly if using observations from the 
other mooring sites.

   Near-bottom monthly mean temperatures at the A2 and A3 mooring locations 
are shown in Fig.  7.8 . (Temperature at A1 is not shown because there are too few 
data available at this time.) Temperatures tend to be warmer at the southern A2 
location, with model means ranging between −0.96 (+/−0.09) and 1.1 
(+/−0.27) °C. The mean observed near-bottom temperature for the same location 
is 0.27 (+/−0.3). ORCA, ECCO2, and BESTMAS models tend to overestimate 
the temperature by 0.5–0.8 °C in the mean, while NAME underestimates the 
temperature by 1.2 °C in the mean. We speculate that the colder temperatures for 
the NAME model may be related to excessive ice production, especially in 
polynya regions of the northern Bering Sea. Surprisingly, the PIOMAS tempera-
tures are closest to the observed, despite the fact that it is the lowest resolution 
model in this study and only has 3 grid points across the strait (Fig.  7.2 ). 
Temperatures at the A3 location are, again, underestimated in the NAME model 
and overestimated in ORCA, ECCO2, BESTMAS and also in PIOMAS. While 
the magnitude of the model-data diffe rences may be up to ~1 °C in the mean, the 
models’ results are signifi cantly correlated (at the 99 % confi dence level) with 
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  Fig. 7.7    Monthly mean volume transport from the models and observations. The observations are 
based on the near-bottom velocity at the A3 mooring location multiplied by a cross-sectional area 
of 4.25 km 2 , as per Woodgate et al. ( 2010 ). Mean values for the time period when data are available 
are shown on the far right       
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the observations. The correlation coeffi cients range between 0.73 and 0.88 at A2 
and between 0.70 and 0.86 at A3 (Table  7.5 ). There is no trend, either observed 
or modeled, in the time series shown here. There is, however, a strong seasonal 
cycle present, which enhances the correlations. The seasonal cycle has been 
identifi ed by many authors (e.g. Fedorova and Yankinam  1964 ; Coachman et al. 
 1975 ; Roach et al.  1995  and references therein) and was later quantifi ed into a 
modern climatology by Woodgate et al. ( 2005a ). This seasonal cycle will be dis-
cussed below.

   A similar analysis was performed for salinity at the A2 and A3 mooring locations 
(Fig.  7.9 ). The mean modeled salinity ranges between 31.7 (+/−0.06) and 33.2 
(+/−0.06) psu at A2 and between 32.2 (+/−0.04) and 33.2 (+/−0.06) psu at A3. The 
mean observed salinities are 32.3 (+/−0.08) at A2 and 32.5 (+/−0.06) at A3. The 
BESTMAS and PIOMAS models tend to overestimate the salinity, by up to 0.9 psu 
above the observed mean value, whereas the NAME, ECCO2, and ORCA models 
have values close to the observed. All of the models’ results are significantly 
correlated (at the 99 % confi dence level) with the observations of salinity at A2 and 
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the time period when data are available are shown on the far right       
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A3. The correlation coeffi cients range between 0.60 and 0.70 at A2 and between 
0.39 and 0.59 at A3 (Table  7.5 ). The correlations are not as high for salinity as they 
are for temperature, especially at the A3 location. Again, a seasonal cycle of salinity 
is apparent in the time series (also see Woodgate et al.  2005a ), however it is not as 
strong as the seasonal cycle of temperature.

   Annual mean volume transport from models and observations is shown in 
Fig.  7.10a . Observed volume transport (not including the ACC) ranges from 0.6 to 
1 Sv (+/−0.2 Sv, Woodgate et al.  2006 ), which is most similar to the estimates from 
the BESTMAS, NAME, and PIOMAS models. The ACC likely adds around 0.1 Sv 
to the estimates (Woodgate and Aagaard  2005 ), thus the true fl ux is likely slightly 
higher than shown in Fig.  7.10a , and closer to the ECCO2 values.

   Heat fl uxes through Bering Strait and through the Chukchi shelf appear to infl u-
ence the distribution and thickness of sea ice (Coachman et al.  1975 ; Shimada et al. 
 2006 ; Woodgate et al.  2010 ). Previously published observations of heat fl ux (e.g., 
Woodgate et al.  2010 ) use a reference temperature of −1.9 °C. Therefore, for the 
model calculations, we used the same value for a reference temperature. However, 
we note that the PIOMAS and BESTMAS models use −1.8 °C as the freezing tem-
perature for an ease in conserving heat in the models. Oceanic heat fl ux through 
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  Fig. 7.10    Annual mean ( a ) volume transport, ( b ) heat, and ( c ) freshwater fl uxes. Heat fl ux is 
referenced to −1.9 °C for the models, in order to compare with cited observations in the text. 
Freshwater is referenced to 34.8 psu. Observed volume transport values ( a ) do not include the ACC 
and stratifi cation, which likely add ~0.1 Sv (see Woodgate et al.  2006 ). The observed heat fl ux 
values ( b ) include an estimate for the ACC using SST for a 10 m surface layer ( lower bound ) and 
a 20 m surface layer ( upper bound ). Observed heat fl ux values are described further in Woodgate 
et al. ( 2010 ). The  dashed black line  ( c ) represents the observed freshwater fl ux with an estimated 
ACC and stratifi cation correction of an additional 900 km 3 /year (Woodgate et al.  2006 )       

Bering Strait in the models was calculated as the vertical and horizontal integral 
of: the heat (heat capacity multiplied by the difference between the temperature and 
the reference temperature) multiplied by velocity normal to the cross-section on a 
monthly mean time scale. 
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 The annual mean oceanic heat fl ux time series for the models and observations (as 
per Woodgate et al.  2010 ) are shown in Fig.  7.10b . In the models, peaks in the heat fl ux 
occurred during several years (e.g., 1979, 1986, 1993, and 1997) and consistently 
showed up in results from all fi ve models. However, data coverage is not suffi cient to 
confi rm these peaks in the real world. A peak in 2004 is noted in observations (see 
Woodgate et al.  2010 ) and is apparent in all of the models, except ORCA, which does 
not have results for that time period. ECCO2 is also able to simulate a recent increase 
in heat fl ux in 2007 (not shown), similar to the observations (Woodgate et al.  2010 ). 

 The long-term model mean heat fl ux ranged between 1.5 × 10 20  J/year and 
5.1 × 10 20  J/year. This    is, admittedly, a wide range of values. ORCA and ECCO2 
have much higher values than BESTMAS and NAME. Observations of the annual 
heat fl ux based on near-bottom measurements, a correction for the ACC, and SST 
from satellite data were published in Woodgate et al. ( 2010 ). The observed range of 
heat fl ux estimates is ~2.8–4.5 × 10 20  J/year with estimated uncertainty of 0.8 × 10 20  J/
year, based on years 1991, 1998, 2000–2006. However, the 2007 heat fl ux was 
estimated at 5–6 × 10 20  J/year. 

 Freshwater fl ux from the Bering Sea into the Chukchi Sea is an important factor 
affecting stratifi cation and the maintenance of the Arctic Ocean halocline (e.g., 
Aagaard et al.  1985a ). As discussed in Aagaard et al. ( 2006 ), the salinity fi eld in 
Bering Strait is infl uenced by a number of processes primarily within the Bering 
Sea, including infl ow from the Gulf of Alaska, on-shelf transport from the deep 
basin, precipitation minus evaporation, river runoff, and formation/degradation of 
sea ice. The combined net effect of these processes determine, in large part, the 
downstream salinity (and to a lesser extent freshwater fl uxes) found in the strait. For 
the calculation of freshwater fl uxes, a reference salinity of 34.8 psu was used 
because this value is considered to be the mean salinity of the Arctic Ocean and has 
been used in most other Arctic studies (based on original work by Aagaard and 
Carmack  1989 ). Integrated annual mean oceanic freshwater fl uxes were calculated 
on a monthly mean timescale (see Eq. 1 in Melling  2000 ) from each of the models 
and are shown in Fig.  7.10c . An observationally-based lower bound of annual mean 
freshwater fl uxes is also shown, however these values do not include the ACC 
or stratifi cation and thus likely underestimate the freshwater fl ux by about 
800–1,000 km 3 /year (Woodgate et al.  2006 ). With this correction, the observed 
freshwater annual means are similar to results from the ECCO2 and ORCA models, 
with the other models appearing to underestimate the total freshwater fl ux. No 
long-term trend is apparent in either the heat or freshwater fl ux for this time 
period, however a gradual increase in freshwater during the early 2000s has 
occurred in the model results, ending with a peak in freshwater fl ux in 2004, similar 
to observations (also see Woodgate et al.  2006 ,  2010 ). 

 It is important to note that both the models and the data have limitations with 
respect to calculations of heat and freshwater fl uxes. The models used here are too 
coarse to represent the narrow (~10 km) ACC, which is estimated to carry 25 % of 
the freshwater fl ux and 20 % of the heat fl ux (Woodgate et al.  2006 ) through the 
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strait. The historic near-bottom data used here does not measure the ACC, which is 
a surface/coastal feature. Thus, on-going research is using extra moorings, hydro-
graphic data and upper water column sensors to estimate stratifi cation (see e.g., 
  http://psc.apl.washington.edu/BeringStrait.html    ). 

 Arctic shelf seas have a strong seasonal cycle of temperature and salinity; some 
areas may also exhibit strong seasonal changes in the oceanic circulation. The 
Bering Strait region is no different in this respect. Observations have shown 
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  Fig. 7.11    Seasonal cycles of ( a ) volume transport, ( b ) heat fl ux, and ( c ) freshwater transport. The 
seasonal cycles are averaged over 1991–2004, except for ORCA (1991–2001) and ECCO2 (1992–
2004). Heat fl ux is referenced to −1.9 °C for the models, in order to compare with cited observa-
tions in the text. The freshwater transport is referenced to 34.8 psu       
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stronger northward fl ows in summer (e.g., Coachman and Aagaard  1988 ; Roach 
et al.  1995 ; Woodgate et al.  2005a ,  b ). According to the model results, volume trans-
port peaks in summer (May–July) and is lowest in winter (December–March; 
Fig.  7.11 ). This agrees reasonably with observational results (peaking in May/Jun, 
minimum in Dec–Feb; although variability is high; Woodgate et al.  2005a ). In gen-
eral, the data have a larger seasonal cycle, with a range of 0.4–1.3 Sv (errors order 
25 %; Woodgate et al.  2005a ,  b ). PIOMAS, BESTMAS, ECCO2, and NAME mod-
els have similar seasonal cycles to the data, however they are not as strong.

   As shown by Woodgate et al. ( 2010 ), the heat fl ux seasonal cycle is also very strong. 
Observational results (see Fig. 3 of Woodgate et al.  2010 ) suggest strong interannual 
variability in the timing of the summer peak, although the computation presented there 
does not include the seasonality of the ACC. In the models (Fig.  7.11 ), heat fl ux peaks 
in summer and is near-zero in winter. However, the models do not agree on the magni-
tude of the summertime peak, which ranges between 15 (+/−6.4) to over 40 (+/−14) 
TW. The heat fl ux is near zero for December–April (when water temperatures are 
around freezing). The models with the highest resolutions (BESTMAS and NAME) 
show lower peaks in the summertime heat fl ux [15 (+/−6.4) and 22.5 (+/−7.9) TW], 
while the lower resolution models have higher heat fl uxes. 

 Seasonal cycles of freshwater fl ux through Bering Strait are similar for PIOMAS, 
BESTMAS, and NAME, with peaks in the summer (June–August) and lowest in 
winter (December–April). Again, interannual variability makes these peaks less 
certain. The freshwater fl ux maxima for these models are between 65 (+/−14.3) and 
80 (+/−13.4) mSv in July. Seasonal cycles for ECCO2 and ORCA have somewhat 
similar shapes, however they transport more freshwater (up to 115 (+/−11.7) mSv in 
summer and more than 60 (+/−40) mSv in winter for ORCA) to the north.  

7.5     Discussion 

 Model volume transports ranged from 0.67 (+/−0.03) to 1.29 (+/−0.06) Sv in the 
mean, compared to observational estimates of 0.8 +/−0.2 Sv; the observations may 
still underestimate the ACC contribution. Thus, most of the models are in agree-
ment with the observational estimate to within errors. ORCA and ECCO2 showed 
the highest volume transports, while NAME and BESTMAS showed the lowest 
transports. Oddly, higher resolution models seem to give lower transport estimates; 
we do not fully understand why this is. Note that of the models, ORCA and ECCO2 
also have the largest cross sectional area of the strait. The cross-sections in each 
model were chosen to approximate the locations of moored observations as closely 
as possible (Fig.  7.1 ), however different cross-sectional areas would arise from 
choosing a slightly different position of the section. The models are using both lateral 
and vertical friction parameterization to represent the fl ow next to the boundary 
(bottom/surface or lateral; see Table  7.2 ). Some uncertainty of model estimates of 
the volume transport throughout the strait might be related to the estimation of the 
frictional layers, subject to the parameterization used. Penduff et al. ( 2007 ) have 
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demonstrated that enstrophy-conserving momentum advection schemes produce a 
spurious numerical sidewall friction, leading to a weaker topographic alignment of 
the mean fl ow and weaker barotropic transports. They reported a ~10 % reduction 
in Bering Strait transports in simulations with the enstrophy conserving advection, 
compared to the runs with the energy-enstrophy conserving scheme, characterized 
by low numerical friction. The effect of spurious friction on transports is similar to 
the one of explicit lateral friction. Both spurious sidewall and explicit non-slip lateral 
friction could explain lower transports in BESTMAS and NAME models compared 
to ECCO2 and ORCA, as the last two models feature free-slip lateral boundary 
conditions. Besides, ORCA utilizes energy-enstrophy conserving advection, which 
may result in higher transport than in ECCO2 (Tables  7.3  and  7.4 ). However, this 
cannot explain a higher transport in the PIOMAS model compared to BESTMAS, 
since these two models share the same confi guration, except for the resolution and 
different number of sea ice categories (12 and 8 respectively). Thus, another possi-
bility is that different transports refl ect different large-scale forcings of the fl ow. 

 Panteleev et al. ( 2010 ) applied an inverse model (with ten grid points across the 
strait) to reconstruct the fl ow using available data for 1990–1991 and recently 
calculated the transport through Bering Strait as 0.57 Sv (no stated uncertainty). 
The data used to reconstruct the circulation were from 12 moorings that were 
deployed in the Bering Strait and Chukchi Sea from September 1990 to October 
1991(Woodgate et al.  2005b ). This estimate from Panteleev et al. ( 2010 ) tends to 
agree with the estimates from the BESTMAS and NAME models. In fact, the mean 
volume transports during the same time period (Sept. 1990–Oct. 1991) were 0.62 
(+/−0.03) and 0.59 (+/−0.03) Sv for the BESTMAS and NAME models, respectively. 

 The model sections presented here show signifi cant vertical and horizontal velocity 
shear across the strait. This is in contrast to observational results, which show strong 
coherence of fl ow and agreement of speeds in the centers of the two channels of the 
strait, and stronger fl ow in the ACC. The only currently published sections of observed 
velocity in the strait are those of Coachman et al. ( 1975 ), but as the authors themselves 
point out, these sections are subject to time aliasing being taken over a period of days. 
Mooring data shows that the cross-strait velocity variability found outside the ACC on 
those sections can be explained by temporal variability of the fl ow. 

 It seems likely that the variability found in the models is due to edge effects and/
or the poor resolution of the real world bathymetry and the exact choice of model 
section. The lesson to be learned here is that a coarse resolution model cannot be 
used to study the details of features at the same resolution as the model (e.g. the 
ACC width of ~10 km). It must also be remembered however, that the observational 
transports presented here are based on an assumption of homogeneity of fl ow at all 
locations in the strait. This is being tested currently by an increased mooring effort 
in the strait region. Preliminary results suggest this assumption to be reasonably 
sound outside the ACC region, but more analysis remains to be done. 

 It seems inevitable that the seasonally-intensifi ed ACC volume transport is not 
accounted for in models due to spatial resolution limitations. In order to resolve the 
ACC, models with higher spatial resolution will need to be employed, while main-
taining large model domains to obtain proper water mass transformations and 
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circulations. At the same time, the estimates presented here from observations also 
lack continuous measurements in the surface layers and near the coast. Although 
estimates of the contributions from the ACC and stratifi cation have been made by 
Woodgate et al. ( 2006 ,  2010 ), interannual quantifi cation of the seasonal contribu-
tion by the ACC to the overall Bering Strait transport is yet to be computed from 
either observations or models. The freshwater fl ux, which has a signifi cant infl uence 
on the density structure of the Arctic Ocean (e.g., Aagaard et al.  1985b ), would also 
be better measured if more salinity information could be obtained in the upper lay-
ers and especially nearby the coast (see e.g., Woodgate and Aagaard  2005  for dis-
cussion). Similarly, for heat fl ux, it is crucial to get information on the upper layers 
where maybe 1/3rd of the heat is advected [see Woodgate et al. ( 2010 ) who used 
satellite-derived sea surface temperatures to estimate the contribution from the 
upper layers]. An international effort is currently underway with eight moorings 
placed in the Bering Strait region. New information from these moorings will be 
important for better understanding details of the fl ow through the strait.  

7.6     Summary 

 While it is encouraging that, in many of the larger-scale models, fl uxes of volume, 
heat and salt are of the right order of magnitude and in interannual terms show cor-
related variations with observations, there are still signifi cant discrepancies. These 
have to be considered when using model results to look at the role of Pacifi c waters 
in the Arctic. We also see a need for model results with higher spatial resolution in 
the strait region. The ACC is only in the order of 10 km in width and thus not 
resolved by global or regional Arctic models with resolutions of 4–40 km (Table  7.1 ). 
The implementation of higher-resolution (2 km or less) regional models should 
improve estimates of the volume, heat and freshwater fl uxes in the strait, if the 
issues of large-scale boundary conditions for such a model can be solved. The chal-
lenge is to be able to capture small-scale features, such as the Alaska Coastal Current 
and mesoscale eddies in the strait itself and its immediate vicinity. The modeling 
community is working toward that goal to properly represent such features.     
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    Abstract     While the infl ow of dissolved inorganic carbon (DIC) from the Pacifi c 
Ocean is relatively well quantifi ed, the intermittent input from the East Siberian Sea 
(ESS) is not. The export fl ux to the Atlantic Ocean has unknown uncertainty due to 
a paucity of DIC data from the Canadian Archipelago. Within the region, the 
Chukchi Sea is the dominant site for atmospheric carbon dioxide (CO 2 ) uptake, 
while the Beaufort Sea and the Canadian Archipelago take-up much less CO 2  with 
latter potentially a weak source of CO 2  during certain times of the year. Additionally, 
the ESS shelf is a net source of CO 2 . Summertime CO 2  uptake capacity in the deep 
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Canada Basin has increased greatly recently as sea-ice retreat progresses rapidly. 
The region appears to export more DIC than it receives by a small amount, suggesting 
that it is probably weakly net heterotrophic. In addition to labile organic carbon 
(OC) produced in the productive marginal seas, some riverine and coastal erosion- 
derived OC likely is also recycled. As warming progresses, the Arctic Ocean may 
produce and export more DIC. Whether this change will turn the Arctic Ocean into 
a weaker CO 2  sink or even a CO 2  source for the atmosphere is uncertain and depen-
dent on multiple factors that control the rate of surface water CO 2  increase versus 
the rate of the atmospheric CO 2  increase.  

  Keywords     Arctic Ocean   •   Carbon cycle   •   Air-sea CO 2  fl ux   •   Riverine POC   •   DOC 
and DIC fl uxes  

8.1         Introduction 

 Accumulation of greenhouse gases such as carbon dioxide (CO 2 ) in the atmosphere, 
global climate and environmental change, and the sustainability of the Earth’s bio-
sphere are of great scientifi c and societal concern. Improved understanding of the 
global carbon cycle and potential responses of the climate system requires better 
knowledge about key physical, chemical and biological processes that control 
global biogeochemical cycles, an assessment of the complex interactions and feed-
backs, and a better understanding of the vulnerabilities that impact carbon pools in 
the Earth system. These needs are particularly true for the Arctic region, which is 
widely viewed as one of the most sensitive of the Earth’s physical and biological 
systems (Perovich et al.  2007 ; Serreze and Francis  2006 ; ACIA  2004 ). On land, 
these changes include reorganization of the hydrologic cycle (e.g., reductions of 
permafrost and glacial ice), expansion of temperate ecosystems into subpolar/polar 
zones, and mobilization of terrestrial carbon pools (McGuire et al.  2009 ). In the 
Arctic Ocean, changes include atmospheric and ocean warming, sea-ice loss 
(Serreze and Francis  2006 ) and increased phytoplankton primary production and 
biomass of Arctic surface waters (Arrigo et al.  2008 ). As a framework for support-
ing carbon cycle studies, “ A U.S. Carbon Cycle Science Plan (1999) ” (Sarmiento 
and Wofsy  1999 ) proposed two long-term research goals for North America: (1) 
understanding the northern hemisphere land CO 2  sink, and (2) understanding the 
ocean carbon sink. These goals will continue to be emphasized for the next decade 
(Michalak et al.  2011 ). As part of this framework, determining atmosphere-land- 
ocean interactions, fl uxes and exchanges in the high latitude areas of North America 
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(i.e., the Arctic Ocean and its margins) is critical for understanding high-latitude 
carbon cycling, assessment of vulnerable carbon pools (McGuire et al.  2009 ), and 
decision-support activities. 

 In this chapter, we use the geographic terms the Pacifi c Arctic Region (PAR) 
and the western Arctic Ocean interchangeably even though they are not strictly 
equal (as defi ned in Fig.  8.1 ). Our review and analyses focus on assessing carbon 
exchanges across subregions within the ocean domain of the PAR and on carbon 
fl uxes across the land-ocean and air-sea boundaries. This assessment includes 
organic carbon (OC) and inorganic carbon (e.g., CO 2  gas and total dissolved 
inorganic carbon, DIC). Carbon cycling in the PAR is highly dynamic and sea-
sonally driven by extreme variability in physical conditions. A conceptual model 
depicting both boundary processes (this chapter) and interior processes (Mathis 
et al.  2014 , this volume) has been developed (Fig.  8.1 , Mathis et al.  2014 , this 
volume). Water column physical and biogeochemical processes are reviewed in 
detail in the Mathis et al.  2014  chapter as well. A brief description of critical 
processes is given here.

   The infl ow of nutrient-rich Pacifi c water through Bering Strait into the Chukchi 
Sea (Codispoti et al.  2005 ), coupled with abundant light and the seasonal retreat and 
melting of sea ice, supports a brief but intense period of marine phytoplankton 
photosynthesis and growth (Cota et al.  1996 ; Hill and Cota  2005 ; Springer and 
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  Fig. 8.1     Water fl uxes within the Pacifi c Arctic Region . Bering Strait water infl ow is set to 
0.83 Sv as in Anderson et al. ( 1998 ). 1 Sv = 1 × 10 6  m 3  s −1 . The  larger hollow arrows  represent 
seawater fl uxes. The  orange color arrows  represent river water fl uxes. The  purple arrows  represent 
water input from summer ice melt. The ice-melt water fl uxes do not indicate fl ux from one box into 
the other. The Chukchi Sea is classifi ed as an import shelf as it receives water and nutrients from 
the Pacifi c Ocean, the East Siberian Sea and the Beaufort Sea are classifi ed as interior seas, and the 
Canadian Archipelago as an export sea. A negative value in Table  8.4  (air to sea fl ux) is converted 
to a positive one here to show a gain for the ocean       
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McRoy  1993 ). This biological production of OC is much stronger in the Chukchi 
Sea than in other Arctic Ocean shelves where nutrients concentrations are lower. 
The seasonally high biological production in the Chukchi Sea leads to sea surface 
CO 2  depletion and subsequent atmospheric CO 2  uptake, which must infl uence CO 2  
fl ux in downstream subsystems (i.e. the Beaufort Sea and deep Canada Basin). 

 Atmospheric CO 2  is also fi xed into OC through terrestrial plant photosynthesis. 
Terrestrial primary productivity will likely increase as the Arctic warms and more 
productive communities of plants establish themselves in regions that have tradi-
tionally been dominated by tundra. Increasing river runoff (Peterson et al.  2002 ; Wu 
et al.  2005 ), which is likely to occur as a result of warming, will subsequently 
enhance transport of terrestrial OC in river water (e.g., estuaries and wetlands of the 
Arctic) to the coastal ocean. Once in the ocean, OC may be metabolized back to 
CO 2  (Anderson et al.  2009 ; Hansell et al.  2004 ) and either released back to the 
atmosphere or exported into the deep ocean (Smith and Hollibaugh  1993 ; Mackenzie 
et al.  2004 ). Within the ocean margins of the Arctic, net fi xation of CO 2  into phyto-
plankton biomass occurs, with a small portion of the ocean derived particulate 
organic carbon (with addition of terrestrial OC) exported to the deep ocean and an 
even smaller fraction buried in sediments (Moran et al.  2005 ; Lepore et al.  2007 ). 
Thus CO 2  fl ux across the atmosphere-ocean interface is a critical variable in global 
carbon cycle models (Liu et al.  2010 ; Takahashi et al.  2009 ), which in the Arctic is 
complicated by the seasonal presence of sea-ice that can act as a barrier to the 
exchange of gases. 

 In pre-industrial times, the global ocean and in particular the coastal oceans 
released CO 2  as a result of the respiration and remineralization of terrestrial OC 
supplied through rivers (Smith and Hollibaugh  1993 ). In the Anthropocene, the 
atmosphere-ocean exchange of CO 2  is reversed with the global ocean acts as a net 
sink for atmosphere CO 2  due to the increase in the atmospheric CO 2  concentration 
(Takahashi et al.  2009 ). However, the situation in the ocean margins is more com-
plex. In general, the tropical and nearshore coastal seas as well as areas more 
infl uenced by rivers are more likely to be net sources of CO 2  while temperate and 
polar coastal seas and those regions more distant to delivery of terrestrial OC are 
more likely to be net sinks of CO 2  (Ducklow and McCallister  2004 ; Mackenzie 
et al.  2004 ; Borges et al.  2005 ; Chen and Borges  2009 ; Cai et al.  2006 ; Cai  2011 ). 
However, an argument can be made that increasing terrestrial inputs and discharge 
of anthropogenic materials associated with climate and land use changes, as well 
as changes in the terrestrial hydrological cycle, would tend to shift the ocean mar-
gins toward being sources of CO 2  as most terrestrial OC is respired in adjacent 
coastal zones. This argument is particularly relevant in the Arctic Ocean margins 
and probably even its interior, as riverine organic and inorganic carbon fl uxes are 
likely to increase due to increased river runoff, permafrost thawing, and coastal 
erosion under current conditions and future climate change scenarios (Guo and 
Macdonald  2006 ; McGuire et al.  2009 ). For example, it was shown that coastal 
erosion and rivers bring to the East Siberian Arctic shelf an integrated signal of 
terrestrial organic matter released from thawing permafrost (Gustafsson et al. 
 2011 ; Pipko et al.  2011 ; Semiletov et al.  2007 ,  2011 ; van Dongen et al.  2008 ; 
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Vonk et al.  2010 ). This climate change-driven scenario of increased terrestrial OC 
export may have particularly important and perhaps non-linear consequences on 
ocean biogeochemistry, given that the Arctic Ocean has only 1 % of global ocean 
volume but receives about 10 % global freshwater input and associated suspended 
and dissolved materials.  

8.2     Geographic and Water Mass Features 

8.2.1     Geographic Defi nition and Description 

 The PAR discussed here includes the Canada Basin in the north and, to the south, 
from west to east, the East Siberian, Chukchi and Beaufort Seas, and shelf waters of 
the Canadian Archipelago (Fig.  8.1 ). In addition, as a gateway to the Arctic from the 
Pacifi c, the northern Bering Sea and Bering Strait are considered in this synthesis. 
The Arctic Ocean (excluding the Nordic Seas and Baffi n Bay) covers ~2.6 % of the 
surface area of the global ocean, but occupies a volume of <1 %. The shallow con-
tinental shelves make up ~50 % of the total area of the Arctic Ocean (Table  8.1 ). In 
contrast, the continental shelves of the global ocean comprise only ~7 % of the total 
ocean area (Walsh  1988 ; Cai  2011 ). Given the physical setting of the Arctic Ocean, 
fl uxes at land-ocean, atmosphere-ocean, and ocean-ocean boundaries have great 
infl uence on the carbon cycle.

   The East Siberian Sea (ESS) has the shallowest shelf in the PAR, with a mean 
depth of only 58 m and is highly infl uenced by river inputs from the Lena, Kolyma 
and Indigirka Rivers (Semiletov et al.  2005 ,  2011 ). The Chukchi Sea shelf, with a 
mean depth of ~80 m, is the broadest coastal sea in the entire region and is the area 
most impacted by infl ow of Pacifi c Ocean water. The Beaufort Sea shelf is narrow 
with a mean depth of 125 m, while the mean shelf depth further increases towards the 
Canadian Archipelago (Table  8.1 ), with both shelves highly infl uenced by Mackenzie 
River input (Yamamoto-Kawai et al.  2009b ; Shadwick et al.  2011 ). The adjacent 
deep Canada Basin receives outfl ows from the shelf through submarine features like 
Barrow Canyon and Herald Valley (Codispoti et al.  2005 ; Woodgate et al.  2005b ) as 
well as the northern fl ank of the ESS (Anderson et al.  2010 ), facilitating the export of 
OC to the deep Arctic Ocean, while shelf-slope topography facilitates upwelling of 
dissolved nutrients and DIC, and generation of mesoscale eddies that promote 
shelf-basin exchanges of water and materials (Mathis et al.  2007 ).  

8.2.2     Water-Mass Characterizations 

 There are several water masses in the slope and basin areas of the Pacifi c Arctic 
Region (PAR) (Anderson et al.  1990 ; McLaughlin et al.  2004 ; Woodgate et al. 
 2005b ) (Table  8.1 ): (1) the Surface or Polar Mixed Layer (SML, 0–40 m) with 
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S < 31, DIC = ~1,750–1,900 μmol kg −1  (Bates et al.  2005 ) and water residence 
time ~10 years; (2) the Upper Halocline Layer (UHL, ~40–145 m) with S ~ 33.1, 
DIC = ~2,160–2,190 μmol kg −1 , [NO 3  − ] = ~14 μmol L −1 , [PO 4 ] = ~1.8 μmol L −1 , and 
water residence time ~10 years; (3) the Lower Halocline Layer (LHL, ~150–220 m) 
with S ~ 34.3, DIC = ~2,170–2,190 μmol kg −1 , [NO 3  − ] = ~12 μmol L −1 , 
[PO 4 ] = ~0.8 μmol L −1 , and residence time ~15 years; (4) Atlantic Water (AW, >250–
900 m) with S ~ 34.8–34.9, DIC = ~2,140–2,160 μmol kg −1 , [NO 3  − ] = ~14 μmol L −1 , 
[PO 4  3− ] = ~1.0 μmol L −1 , and residence time ~30 years; and (5) the Arctic Ocean 
Deep Water (>900 m deep). The SML and UHL waters have a Pacifi c Ocean origin, 
with some fl uvial contributions, while the SML also includes contributions from 
local sea ice melt. The LHL water is mostly of Atlantic Ocean and eastern Arctic 
origin but with some infl uence of Pacifi c Ocean water by western shelf plumes.   

8.3     Pacifi c Ocean Infl ow 

 Water masses entering and forming the upper layers of the western Arctic Ocean 
come from the Bering Sea, which holds nutrient-rich waters derived from the North 
Pacifi c Ocean that shoal onto the shelf toward Bering Strait. Waters transiting 
through Bering Strait during summer include the relatively colder, saltier, and more 
nutrient-rich and CO 2 -poor water of the Anadyr Current (AC) in the west, Bering 
Shelf water (BSW) in the middle, and warmer, fresher, and relatively high CO 2  
Alaskan Coastal Current (ACC) waters in the east. The infl ow is higher in summer 
and lower in winter with an annual average of ~0.83 Sv (Fig.  8.1 ) (Roach et al. 
 1995 ; Woodgate et al.  2005a ; Anderson et al.  1998 ). It is likely that the infl ow has 
increased in recent time giving the fact that the yearly ice-free period at Bering 
Strait has extended seasonally (Woodgate et al.  2010 ). 

 With an average DIC value of 1997 ± 70 μmol kg −1  in the northern Bering Sea 
from the 2010 RUSALCA (Russian-American Long-term Census of the Arctic) and 
the 2003–2004 SBI (Shelf-Basin Interactions) data (Bates et al.  2005 ), we estimate 
a DIC fl ux of 52.3 × 10 12  mol year −1  (or 627 ± 79 Tg C year −1 ) entering the Arctic 
Ocean from the Pacifi c Ocean (N.R. Bates, unpublished; Table  8.2 ; Bates et al. 
 2011 ). Our estimate is slightly lower than an earlier estimate of 56.7 × 10 12  mol year −1  
based on fewer data from limited areas (Anderson et al.  1998 ; Chen et al.  2003 ). 
Uncertainty attached to this Bering Strait DIC fl ux is primarily associated with 
uncertainty in water fl ow (±0.1 Sv or 12.5 %), which leads to an uncertainty of 
±78 Tg C year −1  in DIC fl ux. Variability in DIC content (3.3 %, Table  8.2 ) of the 
three water masses (i.e., AC, BSW and ACC) fl owing through Bering Strait leads to 
an uncertainty of ±21 Tg C year −1  in DIC fl ux. Thus an overall uncertainty of 
81 Tg C year −1  is derived (i.e., SQRT(78 2  + 21 2 ) = 81). This DIC fl ux accounts for 
approximately 50 % of the total DIC inventory in the Chukchi Sea, requiring that 
the fl ushing time of water and the physical residence time of DIC in the Chukchi 
Sea be not longer than 6 months. In addition, there is an intermittent infl ow of 
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0–0.1 Sv to the Chukchi Sea from the ESS (Woodgate et al.  2005b ). ESS infl ow into 
the Chukchi Sea through Long Strait has a DIC content of ~1,700 μmoles kg −1  
(RUSALCA data), equivalent to a transport of ~32 ± 16 Tg C year −1  if a net water 
fl ux of 0.05 Sv is assumed (Table  8.2 ). Here, the large uncertainty is associated with 
both the water fl ux (±50 %) and DIC values (±20 %). Taken together, the total DIC 
entering the Chukchi Sea is around 55.0 × 10 12  mol year −1  (or 659 Tg C year −1 ) with 
an estimated error of 13 %. As we assume a balanced water budget in the region, the 
uncertainty in the water infl ow and outfl ow is the same and it is systematic, and thus 
it does not affect our net DIC mass balance analysis. Therefore, we may view that 
only the DIC concentration uncertainty contributes to the DIC budget uncertainty, 
i.e., at the level of only 3.3 % or ±21 Tg C year −1 .

   Early studies of the DOC content of waters passing Bering Strait suggested a large 
range of values (34–134 μmol L −1 ; see Wheeler et al. ( 1996 ) and    Walsh et al. ( 1997 )). 
However, more recent measurements at Bering Strait (RUSALCA data) indicate that 
the DOC of AC and BSW waters ranged from ~80 to 90 μM while the DOC content 

      Table 8.2    Bering Strait and East Siberian Shelf water and DIC infl ow   

  Bering Strait inorganic carbon infl ow  
 % of fl ow  DIC range 

(μmol/kg) 
 Mean DIC 
(μmol/kg) 

 Water fl ux 
(m 3 /year) 

 DIC fl ux 
(Tmol C/year) 

 DIC fl ux 
(Tg C/year) 

 Anadyr 
water 

 50  1,980–2,040  2,010  1.309E + 13  26.3  316 

 Bering 
Sea water 

 30  1,900–1,980  1,940  7.852E + 12  15.2  183 

 Alaskan 
Coastal 

 20  2,020–2,080  2,050  5.235E + 12  10.7  129 

 Mean  1,997   52.3    627  
 Total fl ow  0.83  Sv 
 Uncertainty  0.1  Sv  or 12.5 %  78 
 DIC error 

estimate 
 Error 

 Anadyr Water  60  1.309E + 13  0.79  9.4 
 Bering 

Sea water 
 80  7.852E + 12  0.63  7.5 

 Alaskan 
Coastal 

 60  5.235E + 12  0.31  3.8 

  21  
 or 3.3 % 

  East Siberian Sea infl ow  
 Water fl ow  DIC range  Mean DIC  Water fl ux  DIC fl ux  DIC fl ux 

 0.05 Sv  1,600–1,750  1,700  1.577E + 12  2.68  32.2 
 Mean   2.7    32  
 Total fl ow  0.1  Sv 
 Net fl ow  0.05  Sv 

  Total fl ux to the Chucki Sea    55    659  
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of the ACC was higher (~90–110 μM). Assuming an average DOC content of 90 μM, 
we estimate a DOC fl ux of 2.36 × 10 12  mol year 1  (or 28.3 ± 3.3 Tg C year 1 ). At Long 
Strait, DOC content varied from ~90 to 140 μM, with higher DOC contents in the 
nearshore ESS current (see distributions of surface DOC in (Letscher et al.  2011 )). 
Assuming an average DOC content of 100 μM, we estimate a DOC fl ux of 
0.16 × 10 12  mol year 1  (or 1.9 ± 0.4 Tg C year 1 ). Thus the DOC fl ux entering the 
Chukchi Sea is around 2.52 × 10 12  mol year −1  (or 30.2 ± 3.3 Tg C year −1 ). We would 
like to caution our readers that these DOC estimates are based on late summertime 
measurements, and they mostly refl ect surface water enriched in DOC. The fl ux is 
probably higher during the spring freshet and lower during the winter when the ACC 
is not operative. Further measurements, in particular during other seasons, are needed 
to confi rm and improve our conclusions. 

 On the broad and shallow continental shelf of the Chukchi Sea, the prevailing 
view is that a major part (we assume a total fl ux of 0.6 Sv here) of the Pacifi c infl ow 
water travels northward to exit the shelf into the Canada Basin through four major 
outfl ows: Herald Valley, Long Strait, Central Channel, and Barrow Canyon (~0.1–
0.3 Sv each), and a smaller part (we assume a total fl ux of 0.28 Sv) fl ows eastward 
along the shelf break of the Beaufort Sea towards the Canadian Archipelago 
(Woodgate et al.  2005a ,  b ; Overland and Roach  1987 ; Codispoti et al.  2005 ; Pickart 
 2004 ) (Fig.  8.1 ). A large part of the northward fl ow is thought to join the eastward 
fl ow of the shelf break current (Weingartner et al.  1998 ; Pickart et al.  2005 ). Despite 
the overall complexity of the circulation, most of the infl ow of water and DIC from 
the Pacifi c and the ESS is eventually balanced by the southward fl ow through the 
Canadian Archipelago (Codispoti et al.  2009 ; McGuire et al.  2009 ). For the purpose 
of balancing the water budget, we adopted the sum of all input water fl uxes, 0.90 Sv, 
as the total outfl ow water fl ux. Finally, a small part of the Bering Strait infl ow goes 
to the ESS, which is evidenced from the chemical signals in the eastern part of the 
ESS (Anderson et al.  2009 ,  2011 ; Semiletov et al.  2005 ; Codispoti and Richards 
 1963 ). However, the net fl ux is not known and more than likely the water rejoins the 
eastward fl ow towards the North Atlantic. This transport is one reason for assigning 
a smaller value of 0.05 Sv for the ESS current to the Chukchi Sea rather than the 
suggested maximum fl ux of 0.1 Sv.  

8.4     Fluxes Across the Arctic Land-Sea Interface 

 As stated earlier, the Arctic Ocean receives a disproportionately large amount of 
global freshwater runoff (Aagaard and Carmack  1989 ) and therefore river inputs of 
terrigenous OC and DIC are important to the biogeochemical cycling of carbon in 
the region. Arctic terrestrial ecosystems have been considered sinks for atmospheric 
CO 2 , resulting in the storage of large quantities of soil-based organic matter in high 
latitude regions (Ping et al.  2011 ; Waelbroeck et al.  1997 ; Oechel et al.  2000 ). 
Increased terrestrial OC inputs to the Arctic Ocean through permafrost thawing, 
accelerated coastal erosion, and increasing river runoff could dramatically change 
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the turnover and transport rates of tundra carbon, and alter biogeochemical cycles 
and the marine ecosystem as a whole. Indeed, warming and environmental changes 
in the Arctic regions have resulted in the remobilization of soil OC and subsequent 
terrestrial OC inputs into the Arctic Ocean through increased river runoff and accel-
erated degradation of permafrost and peatlands (Frey and Smith  2005 ; Jorgenson 
and Brown  2005 ; Guo et al.  2004 ,  2007 ; Jorgenson et al.  2006 ; Savelieva et al.  2000 ; 
Peterson et al.  2002 ; Costard et al.  2007 ). Thus, quantitative measurements of river-
ine export fl uxes are needed to determine the response of the Arctic river basins to 
a changing climate (Finlay et al.  2006 ; McGuire et al.  2009 ; Semiletov et al.  2011 ; 
Guo et al.  2012 ). However, DOC concentrations and discharge in Arctic rivers are 
highly variable between seasons, making quantitative estimation of carbon fl uxes 
diffi cult for Arctic rivers (Finlay et al.  2006 ; Guo and Macdonald  2006 ). As pointed 
out by Guo et al. ( 2012 ), fl ux estimates without spring freshet sampling would 
underestimate organic species but overestimate inorganic species, whereas fl ux 
estimates without winter sampling overestimates organic species but underestimates 
inorganic species. 

 On the North American side of the PAR margins, inputs of terrestrial DOC and 
particulate organic carbon (POC) via river discharge are mainly derived from the 
Mackenzie River to the Beaufort Sea and the Yukon River to the Bering Sea. Many 
recent studies have estimated river fl uxes of DOC and DIC from the Yukon River 
(Guo and Macdonald  2006 ; Raymond et al.  2007 ; Striegl et al.  2005 ,  2007 ; Spencer 
et al.  2009 ; Guo et al.  2012 ). Based on data compiled in Guo et al. ( 2012 ), average 
DOC and POC fl ux from the Yukon River was 1.7 and 0.85 Tg C year −1 , respec-
tively, while DIC fl ux was 4.6 Tg C year −1  (Table  8.3 ). Riverine TOC (= DOC + POC) 
fl ux from the Mackenzie River is ~4.1 Tg C year −1  while DIC fl ux is ~4.8 Tg C year −1 . 
Fluxes from other northern Alaska rivers remain poorly quantifi ed, but may contrib-
ute 3–5 % of fl uxes from large rivers in the North America (Rember and Trefry 
 2004 ; McGuire et al.  2009 ).

     Table 8.3    Carbon fl uxes from rivers to the North American side of the Pacifi c Arctic Region   

 River 
 Basin area 
(10 3  km 2 ) 

 Discharge 
(km 3  year −1 ) 

 Concentration 
(mg C L −1 )  Flux (Tg C year −1 ) 

 DOC  POC  DIC  DOC  POC  DIC 

 Mackenzie  1,787  330  5.2  7.2  14.7  1.72  2.3  4.84 
 Yukon  839  205  5.14  3.8  19.5  1.7  1.16  4.41 
 Colville  57  16  7.7  6.2  –  0.12  0.099  – 
 Sagavanirktok  15  6.5  4.1  2.4  22.1  0.027  0.016  0.14 
 Kuparuk  8  1.2  11.4  1.6  –  0.014  0.0019  – 
 Others  726  37  –  –  –  0.055  0.24  – 
 Total  16,369  3,531  –  –  –  3.63  3.87  9.39 

  Yukon River data are from Guo et al. ( 2012 ) and fl uxes are average values of recent studies listed 
in Table 8.5 of Guo et al. ( 2012 , and references therein). DOC and POC data from Colville, 
Sagavaniktov and Kuparuk Rivers are from Rember and Trefry ( 2004 ) using average of high fl ow 
and low fl ow samples. Other data are taken from McGuire et al. ( 2009 ). Tg = 10 12  g  
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   Riverine fl uxes of DOC and POC to the ESS have recently been estimated based 
on more intensive sampling (Lobbes et al.  2000 ; Finlay et al.  2006 ). The OC export 
fl ux from the Kolyma River was estimated to be 0.46 Tg C year −1  for DOC and 
0.31 Tg C year −1  for POC (Lobbes et al.  2000 ). With intensive sampling during 
snowmelt period, the DOC fl ux from the Kolyma River was signifi cantly higher, at 
0.96 Tg C year −1  (Finlay et al.  2006 ). Combining fl uxes from both the Kolyma and 
Indigirka Rivers to the ESS, the TOC export fl ux is 1.1–1.7 Tg C year −1 , signifi -
cantly lower than the TOC fl ux from either the Mackenzie or Yukon Rivers 
(Table  8.3 ). DIC data for the East Siberian rivers are scarce and some are from total 
alkalinity (TA) data (Cooper et al.  2008 ) assuming DIC equals TA in river waters. 

 Export of terrestrial organic matter exerts major infl uences in the carbon cycle on 
the ESS shelf. There is a signifi cant amount of terrestrial OC stored within sedi-
ments, especially in the inner shelf most strongly infl uenced by coastal erosion 
between Dmitry Laptev Strait and the Kolyma River mouth, where the OC is mostly 
of terrestrial origin (80–100 %, (Semiletov et al.  2005 )). However, only 50 % of the 
OC in the more offshore sediments underneath Pacifi c-origin water is of terrestrial 
origin (Semiletov et al.  2011 ; Vonk et al.  2010 ). 

 It is a challenge to precisely quantify annual river fl uxes of DIC, TA, POC and 
DOC due to the very high seasonal variability, although the recently completed 
PARTNERS project greatly improved the data abundance and quality (Cooper et al. 
 2008 ). However, it is still diffi cult to quantify the percentage of riverine POC and 
DOC that is labile and will subsequently be respired to CO 2  once in the ocean mar-
gins. Although a major part, if not most, of the terrestrial organic carbon is expected 
to be respired in estuarine and shelf areas, the ultimate fate of this material is not 
well known (de Haas et al.  2002 ; Hansell et al.  2004 ). Riverine DIC plays a signifi -
cant role in the DIC mass balance in the Arctic Ocean (~20 %, Anderson et al. 
 1990 ), as will the mineralized fraction of terrigenous DOC (Hansell et al.  2004 ; 
Letscher et al.  2011 ; Anderson et al.  2009 ). Taken together, the total Arctic riverine 
C fl ux is ~77 Tg C year −1 , similar to the direct CO 2  fl ux from the atmosphere to the 
sea (Bates and Mathis  2009 ). From our synthesis the total riverine C fl ux in the PAR 
is ~20 Tg C year −1 , which is only somewhat lower than the direct oceanic CO 2  
uptake fl ux from the atmosphere (~40 Tg C year −1 , see next section). This river 
carbon input may increase rapidly as the Arctic warms and permafrost thaws. Thus, 
it is important to delineate this component of land-ocean carbon input. 

 In addition to Arctic fl uvial fl uxes into the Arctic Ocean, recent studies have 
shown the importance of lateral fl uxes across the soil-water interface through Arctic 
coastal erosion (Jorgenson and Brown  2005 ; Ping et al.  2011 ). Total OC fl uxes 
derived from coastal erosion have been estimated at 6–7 Tg C year −1  (Stein and 
Macdonald  2004 ; McGuire et al.  2009 ), although large uncertainties exist. Jorgenson 
and Brown ( 2005 ) fi rst estimated that eroding shorelines of the Beaufort Sea con-
tribute ~0.18 Tg C year −1 . Based on estimated fl uxes and scaled up to pan-Arctic 
regions (McGuire et al.  2009 ), coastal erosion contributes ~15 % of the total 
terrigenous OC fl ux to the Arctic Ocean (41 Tg C year −1 ). This lateral export from 
pan-Arctic erosion is on the same order as riverine fl uxes of POC, which have been 
estimated at 6–7 Tg C year −1  (McGuire et al.  2009 ). Similar to coastal erosion, the 
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river POC fl uxes are mostly derived from the erosion of river banks and permafrost, 
based on evidence of radiocarbon composition of riverine POC and estuarine sedi-
ments (Guo and Macdonald  2006 ; Guo et al.  2007 ; Goñi et al.  2005 ). In addition, 
while river export is restricted in the estuarine region, materials exported from 
coastal erosion are dispersed along the entire Arctic Ocean coastline, allowing 
extensive biogeochemical cycling after erosion. 

 Lateral export fl uxes of OC from coastal erosion have signifi cant implications for 
the Arctic Ocean carbon cycle and marine ecosystem changes. Although only 
~1–2 % of the total soil organic carbon could be released in dissolved form during 
soil leaching experiments (Dou et al.  2010 ), inputs of soil organic matter through 
both coastal erosion and river export and the subsequent degradation of both 
dissolved and particulate organic matter could signifi cantly alter the water and envi-
ronmental quality, shifting the Arctic coastal ecosystem to net heterotrophy 
(i.e., respiring more OC than it produces). Unfortunately, the fate of organic matter 
exported from coastal erosion and rivers is poorly known (Holmes et al.  2002 ). 
Further studies are needed to examine the lability and biogeochemical cycling of 
soil OC in the Arctic Ocean.  

8.5     CO 2  Flux Across the Air-Sea Boundary 

8.5.1     Sea Surface  p CO 2  Distribution 

 A recent regional snapshot: Low seawater partial pressure of CO 2  ( p CO 2 ) was 
observed in the Chukchi Sea during the 2008 China National Arctic Research 
Expedition (CHINARE), which includes the newly ice-free basin areas (Fig.  8.2 ). 
During this survey, the lowest seawater  p CO 2  (120–250 μatm) was in marginal 
seas. However, in the ice-free region of the Canada Basin, there was a large area 
of relatively high seawater  p CO 2  (320–365 μatm), though still below the atmo-
spheric level (375 μatm). Further north (≥77°N), where melting of ice was less 
extensive,  p CO 2  was <280 μatm. Surface  p CO 2  also was low (<320 μatm) in areas 
west of 170°W where ice-cover was relatively heavy, temperature was low, and 
salinity was high.

   In early studies of the Chukchi Sea, it was observed that seawater  p CO 2  was 
much lower than that in the atmosphere during the sea-ice free period (i.e., the 
Arctic Ocean Section (AOS) expedition in 1994, (Jutterström and Anderson  2010 ). 
Subsequent studies have similarly observed low seawater  p CO 2  on the Chukchi Sea 
shelf during summertime (Bates  2006 ; Murata and Takizawa  2003 ; Pipko et al. 
 2002 ; Bates et al.  2005 ; Chen and Gao  2007 ; Fransson et al.  2009 ; Andreev 
et al.  2010 ). Seasonal changes in surface  p CO 2  on the Chukchi Sea shelf have been 
largely attributed to cooling of surface waters during the northward transit of 
waters across the Chukchi Sea shelf (Bates  2006 ; Murata and Takizawa  2003 ) and 
high rates of summertime phytoplankton primary production that decreases 
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seawater DIC and  p CO 2  (Bates  2006 ). These processes act to produce a dynamic 
shelf-to-basin carbon pump (Anderson et al.  2010 ; Bates  2006 ). The seasonal 
rebound of seawater  p CO 2  and DIC during wintertime likely results from a contin-
ued uptake of CO 2  through gas exchange during sea-ice formation and brine rejec-
tion (Anderson et al.  2004 ; Omar et al.  2005 ), continued transport of Pacifi c Ocean 
waters into the Chukchi Sea through Bering Strait and vertical entrainment by 
mixing with CO 2 -enriched subsurface waters. These processes are discussed in 
details in the Mathis et al. ( 2014 , this volume). 

 On the ESS shelf, surface water  p CO 2  signifi cantly above atmospheric values 
have been reported (Anderson et al.  2009 ,  2011 ; Pipko et al.  2011 ; Semiletov et al. 
 2007 ; Semiletov  1999 ), with much higher values near the outfl ow of the Kolyma 
River (Semiletov  1999 ; Semiletov et al.  2007 ). The high  p CO 2  values can be attrib-
uted primarily to the remineralization of organic matter introduced from the coastal 
erosion and Siberian Rivers (Anderson et al.  1990 ; Cauwet and Sidorov  1996 ; 
Semiletov  1999 ; Semiletov et al.  2007 ,  2011 ). 

 In the Beaufort Sea, seawater  p CO 2  appears to be highly variable (~150–
350 μatm) in the western parts of the shelf (Bates  2006 ; Murata and Takizawa  2003 ), 
with low values observed in areas with high proportions of freshwater and sea-ice 
melt (Bates  2006 ; Murata and Takizawa  2003 ; Cooper et al.  2005 ). In the eastern 
Beaufort Sea shelf, summertime surface seawater  p CO 2  values were generally low 
close to equilibrium with the atmosphere (Fransson et al.  2009 ). 

  Fig. 8.2    Sea surface temperature (SST) (°C), sea surface salinity (SSS), and  p CO 2  (μatm) dis-
tributions during the CHINARE08 survey and during AOS94 (Jutterström and Anderson  2010 ) 
and MR99 (Murata and Takizawa  2003 ) (Previously published in Cai et al.  2010 . Use with 
permission)       
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 The central Canada Basin has not been extensively sampled for the marine 
carbon cycle due to heavy ice-coverage. The AOS expedition in 1994 found that 
surface waters under sea-ice had seawater  p CO 2  values lower than the atmosphere 
(Jutterström and Anderson  2010 ). Several sections across the central basin studied 
later have shown similar results (Jutterström and Anderson  2010 ). In the early 
2000s, very low seawater  p CO 2  values were observed in the Canada Basin off the 
Chukchi Sea shelf (Bates  2006 ) and in the Makarov Basin next to the Canada Basin 
(Fransson et al.  2009 ). However, more recently, Yamamoto-Kawai et al. ( 2009a ) 
showed that some surface areas of the Canada Basin had seawater  p CO 2  values 
close to equilibrium with the atmosphere in areas with signifi cant sea-ice loss 
(particularly during the unprecedented sea-ice loss in 2007). After the major 
summertime sea-ice retreat observed in 2007,    Cai et al. ( 2010 ) showed that ice-free 
(mostly southern) surface areas of the Canada Basin had seawater  p CO 2  close to 
equilibrium with the atmosphere, refl ecting uptake of CO 2  from the atmosphere and 
warming during the exposure of surface waters, whereas areas with heavy ice-cover 
(mostly the northern and western part) had lower  p CO 2  (Fig.  8.2 ). These new data 
contrast with low  p CO 2  values of 260–300 μatm observed in the summer of 1999 
(Murata and Takizawa  2003 ) and the very low  p CO 2  (<260 μatm) from the summer 
of 1994 (Jutterström and Anderson  2010 ) (Fig.  8.2 ).  

8.5.2     Air-Sea CO 2  Flux 

 Estimating air-sea CO 2  fl uxes in various areas of the Arctic Ocean has been an 
important goal over the last two decades. Early work based on DIC mass balance 
suggested that the entire Arctic Ocean absorbed atmospheric CO 2  at a rate of 
24 Tg C year −1  (Anderson et al.  1998 ). Based on the reports prior to 2005, Cai et al. 
( 2006 ), in a global ocean margin synthesis, assigned an overall atmospheric CO 2  
uptake in the entire Arctic Ocean of 41 Tg C year −1 . Bates et al. ( 2005 ) and Bates 
( 2006 ) estimated annual net air-to-sea CO 2  fl uxes of 38 and 66 Tg C year −1 , respec-
tively, for the Chukchi Sea and the entire Arctic Ocean margins. We thus adopt a 
conservative CO 2  uptake fl ux of 35 ± 6 Tg C year −1  in the Chukchi Sea and 
10 Tg C year −1  in the Canadian Archipelago for the budget analysis in Fig.  8.3 . 
Bates and Mathis ( 2009 ) summarized studies conducted prior to the 2007 major 
sea-ice loss event and concluded that the Arctic Ocean surface waters have the abil-
ity to absorb relatively large amounts of carbon dioxide (with a range of reported 
CO 2  sink rates ranging from 66 to 175 Tg C year −1  or 5–14 % of the global ocean 
CO 2  uptake). However, Cai et al. ( 2010 ) suggested that the Arctic Ocean basin could 
be a smaller sink for atmospheric CO 2 . It is probably reasonable to assume that the 
recent smaller estimate in air-to-sea CO 2  fl ux in the basin areas refl ects both an 
improvement in the coverage of survey areas and a changing status of CO 2  sinks and 
sources in the Arctic (Bates et al.  2011 ) (Table     8.4 ).

    The CO 2  fl uxes summarized in Table  8.3  are largely based on the recent synthe-
ses of Bates and Mathis ( 2009 ) and Jutterström and Anderson ( 2010 ), and a reduced 
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CO 2  fl ux estimate for the basin areas based on recent work of Cai et al. ( 2010 ). 
The accompanying chapter on C processes (Mathis et al.  2014 , this volume) dis-
cusses the biogeochemical processes controlling the CO 2  fl uxes and their climate 
sensitivity.   

8.6     Impact of Seasonal Sea-Ice Cycle 

 The western Arctic Ocean margins experience extreme seasonal variations in 
insolation, sea-ice coverage, and freshwater inputs from Arctic rivers. Seasonal 
variations in sea-ice cover play an important role in shaping the water-masses 
and ecosystem. During the wintertime, sea-ice covers most of the shelf areas and 
the shelf water column is mostly well mixed. During the summer, a high Bering 
Strait infl ow brings nutrient-rich Pacifi c Ocean water to the Chukchi Sea and 
beyond. Local sea-ice melt modifi es this water to a relatively warm, fresher SML 
(Woodgate et al.  2005b ). 

 In the southern Canada Basin, terrigenous freshwater often contributes as 
much as 10 % while sea-ice melt contributes about 5 % to the upper 50-m water 
column (Yamamoto-Kawai et al.  2009b ). In recent summers with complete sea-ice 
melt at around 74°N, melt water contributes to freshwater inventory equally as the 
terrigenous input (Yamamoto-Kawai et al.  2009b ). If we assume an average of 
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6.0 ± 2 % (or 3 m) of melt water in the top 50-m water in half the area of the PAR 
(i.e., 3036 × 10 3  km 2 , Table  8.1 ), then net freshwater fl ux to this area is 9.1 × 10 3  km 3  
or 0.29 Sv during the sea-ice melt season. Moreover, based on a salinity-oxygen 
isotopic study, Yamamoto-Kawai et al. ( 2009b ) concluded that the sea-ice melt 
component of surface water in the southern part of the Canada Basin has increased 
at a mean rate of 0.27 m/year in the top 50-m of the water column since 1987. 

 When sea ice is formed, crystals of water are produced and the salts are expelled, 
forming a concentrated brine solution. Theoretically, the cold brine solution leads to 
chemical oversaturation and precipitation of CaCO 3  (Richardson  1976 ). The pre-
cipitation will remove TA and DIC in a ratio of 2:1. Thus  p CO 2  in the brine will 
increase. During recent fi eldwork to the western Arctic Ocean,  p CO 2  values 
observed in some ice melt ponds were up to 1,500 μatm (J. Mathis and N. Bates 
unpublished). The high  p CO 2  in the brine can lead to a fl ux of CO 2  from the sea ice 
to the atmosphere or the water below, although the gas exchange velocity is likely 
very low and the inventory of the brine solution is small. With time the brine drains 
out of the sea ice to give a bulk sea-ice salinity of ~5 after one winter season to 
further decrease somewhat over coming seasons. 

     Table 8.4    Air-sea CO 2  exchange rates expressed in mmol m −2  day −1  and annual air-sea CO 2  
exchange rates expressed in Tg C (or 10 12  g C)   

 Air-Sea fl ux 
(mmol m −2  day −1 ) 

 Annual fl ux 
(Tg C year −1 )  Reference 

 East Siberian Sea  −1 to −10.9  −1.2/−13  Semiletov et al. ( 2007 ) 
 +0.3  +0.3  Nitishinsky et al. ( 2007 ) 
 n/a  −5.9  Anderson et al. ( 1998 ) 

 Chukchi Sea  −12  −11  Murata and Takizawa ( 2003 ) 
 −40 ± 22  −36 ± 6  Bates ( 2006 ) 
 n/a  −46 ± 6  Bates ( 2006 ) 
 n/a  −53 ± 14  Kaltin and Anderson ( 2005 ) 

 Beaufort Sea  n/a  −2.9  Anderson et al. ( 1998 ) 
 −12  −2  Murata and Takizawa ( 2003 ) 

 Canadian Archipelago  −20  Bates and Mathis ( 2009 ) 
(by scaling to the Beaufort Sea) 

 Central basin  <−1 to −3  −6 to −19  Bates ( 2006 ) 
 −5  Cai et al. ( 2010 ) 

 (PAR subtotal)  −50  This work (Fig.  8.3 ) 

 Arctic Ocean  −129 ± 65  Anderson et al. ( 1990 ) 
  − 70 ± 65  Anderson et al. ( 1994 ) 
 −24 ± 17  Anderson et al. ( 1998 ) 
 −41 ± 18  Anderson et al. ( 1998 ) 
 −31  Kaltin and Anderson ( 2005 ) 
 −66  Bates ( 2006 ) 
 −66 to −199  Bates and Mathis ( 2009 ) 

  A negative air-sea CO 2  exchange rate indicates ocean uptake of CO 2  (i.e., CO 2  sink) (i.e., a loss 
term for the atmosphere). In Fig.  8.3 , a negative value is converted to a positive one to show a gain 
for the ocean. Modifi ed from (Bates and Mathis  2009 )  
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 The chemical compositions of sea ice and brine have been studied in the fi eld and 
laboratory. The composition was variable depending on the conditions that sea ice 
was exposed to in natural environments (Anderson and Jones  1985 ). High TA – DIC 
ratios have been shown in sea-ice melt waters collected north of Greenland 
(Rysgaard et al.  2007 ), presumably resulting from the dissolution of CaCO 3  crystals 
formed in the sea ice. It was further argued that, when the sea ice melts, the CaCO 3  
dissolution would cause a  p CO 2  undersaturation in the surface water and thus an 
uptake of CO 2  from the atmosphere (Rysgaard et al.  2007 ). The production of brine 
during sea ice formation and the transport of high density brine to deep depths, 
however, could also promote an uptake of CO 2  from the atmosphere as long as the 
surface water is undersaturated relative to the atmosphere (Anderson et al.  2004 ; 
Else et al.  2011 ). 

 Average values of sea-ice meltwater S, TA and DIC derived from the work of 
Rysgaard et al. ( 2007 ) are 5, 450 μmol/kg, and 400 μmol/kg respectively, which are 
equivalent to TA = 104.0 μmol/kg and DIC = 59.8 μmol/kg at 0 salinity (Cai et al. 
 2010 ). Taking the above sea-ice melt fl ux at face value, we derived a DIC fl ux at 
the level of 3.6 Tmol year −1  or 44 Tg C year −1  (with probably 33 % uncertainty). 
While this is not a trivial fl ux term, it is largely an internal or a seasonal source 
(during spring and summer) and sink (fall and winter). Therefore, for the annual 
net fl ux we do not count this part in the overall budget exercise given below. The 
current trend of increased summertime sea-ice melt will, however, require a reas-
sessment of this issue.  

8.7     Overall DIC Budget 

 DIC fl ux from the Pacifi c (627 TgC/year) and from the ESS (32 Tg C year −1 ) to the 
western Arctic Ocean is estimated as 659 ± 21 Tg C year −1  based on the 2010 
RUSALCA and the 2003–2004 SBI data (Table  8.2 ). We estimate DIC export fl ux 
to the Atlantic Ocean via the Canadian Archipelago by adopting a DIC value from 
an recent measurement that reported the average DIC value exported from the 
Archipelago into the Baffi n Bay as 2,140 μmol kg −1  (Shadwick et al.  2011 ). We also 
assume a balance in the input and output of water, and thus, assign the total input 
water fl ux from the Pacifi c and the ESS to the export through the Archipelago 
(i.e., 0.90 Sv, see Fig.  8.1 ). Thus a total DIC export fl ux to the Atlantic Ocean is 
estimated as 749 Tg C year −1  with an unknown uncertainty probably larger than 
±21 Tg C year −1 . 

 Most of the DIC fl ux into the region of the Chukchi and Beaufort Seas is from 
the Pacifi c Ocean whereas those from the ESS and from the atmosphere 
(38 Tg C year −1 ) are also important. However, the total DIC fl uxes from ocean 
currents and rivers and from atmospheric CO 2  uptake into the Chukchi and Beaufort 
Seas and the Canadian Archipelago (~704 Tg C year −1 ) is slightly less than the 
export through the Archipelago (~749 Tg C year −1 ). This difference is probably 
within the uncertainty of our estimates as we used the lower boundary of 
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atmospheric CO 2  uptake rates and as DIC data from the exiting water (i.e., the 
Canadian Archipelago) are very limited. However, if we assume the values going 
into the budget analysis are accurate, then the total DIC input is less than the export 
by ~45 Tg C year −1  or ~6 % of the total input or export. This result suggests that the 
PAR is slightly net heterotrophic, such that not only the OC generated in the highly 
productive Chukchi Sea is recycled within the system but also part of the OC from 
river and coastal erosion is respired there. Part of the OC production in the marginal 
seas must also be exported to the deep Arctic Ocean (Moran et al.  2005 ). 

 While high uncertainty is involved in deriving the above conclusion, it is con-
sistent with our understanding of the physical and biogeochemical conditions in 
the Arctic Ocean. The Arctic Ocean is a land locked ocean with large inputs of 
organic and inorganic carbon from the rivers and coastal erosion. Newly produced 
marine OC is generally short-lived and recycled within the upper ocean, thus 
contributing only a small quantity to system-wide net production. Therefore, the 
conclusion that the western Arctic Ocean margin overall is net heterotrophic is 
consistent with our current understanding of global carbon cycle and biogeochem-
istry (Pipko et al.  2011 ; Cai  2011 ; Ducklow and McCallister  2004 ; Smith and 
Hollibaugh  1993 ). Admittedly, this conclusion is preliminary and requires both 
additional fi eld observations and synthesis/modeling efforts. As warming pro-
gresses, we suggest that the Arctic Ocean likely will produce and thus export more 
DIC to the Atlantic Ocean. Whether this fl ux will turn the Arctic Ocean into a 
weaker CO 2  sink or even a CO 2  source to the atmosphere is currently unknown, and 
will depend on multiple factors controlling the rate of surface water  p CO 2  increases 
versus that of the atmospheric CO 2  increase.  

8.8     Summary 

 This chapter synthesizes inorganic and organic carbon fl uxes across various bound-
aries in the Pacifi c Arctic Region (PAR). At ~50 Tg C year −1 , the PAR is a signifi cant 
part of the global oceanic sink of atmospheric CO 2 . Uptake of atmospheric CO 2 , 
plus inputs from rivers and coastal erosion (including respired CO 2 ), enables the 
PAR to export more DIC to the Atlantic Ocean than it receives from the Pacifi c 
Ocean and other sources. Therefore, while there are large uncertainties in the fl ux 
estimates, with further warming, ice retreat, and transport of terrestrial OC (i.e., 
permafrost thawing and coastal erosion), the Arctic Ocean is likely to export more 
DIC to the Atlantic Ocean, contributing more DIC to the starting point of the global 
ocean deep water conveyor belt. It is unclear whether this trend will also lead to less 
CO 2  uptake from the atmosphere or even CO 2  release from the Arctic Ocean to the 
atmosphere in the future.     
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    Abstract     The Arctic Ocean is an important sink for atmospheric carbon dioxide 
(CO 2 ) with a recent estimate suggesting that the region accounts for as much as 
15 % of the global uptake of CO 2 . The western Arctic Ocean, in particular is a 
strong ocean sink for CO 2 , especially in the Chukchi Sea during the open water 
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season when rates of primary production can reach as high as 150 g C m −2 . The 
Arctic marine carbon cycle, the exchange of CO 2  between the ocean and atmo-
sphere, and the fate of carbon fi xed by marine phytoplankton appear particularly 
sensitive to environmental changes, including sea ice loss, warming temperatures, 
changes in the timing and location of primary production, changes in ocean circula-
tion and freshwater inputs, and even the impacts of ocean acidifi cation. In the near 
term, further sea ice loss and other environmental changes are expected to cause a 
limited net increase in primary production in Arctic surface waters. However, recent 
studies suggest that these enhanced rates of primary production could be short lived 
or not occur at all, as warming surface waters and increases in freshwater runoff and 
sea ice melt enhance stratifi cation and limit mixing of nutrient-rich waters into the 
euphotic zone. Here, we provide a review of the current state of knowledge that 
exists about the rates of primary production in the western Arctic as well as the fate 
of organic carbon fi xed by primary produces and role that these processes play in 
ocean acidifi cation in the region.  

  Keywords     Carbon cycle   •   Net community production   •   Grazing   •   Ocean acidifi cation  

9.1         Introduction 

 The Pacifi c sector of the western Arctic Ocean (Fig.  9.1 ) is now in a state of rapid 
transition, with potentially signifi cant economic, social and environmental conse-
quences. These changes are best exemplifi ed by the marked warming and reduction 
in the thickness, extent, and seasonal persistence of ice cover witnessed in instrumental 
records over the last 30 years (e.g., Maslanik et al.  2007 ; Serreze et al.  2007 ,  2009 ). 
Sea-ice reduction is occurring more rapidly than predicted by global climate models 
(Stroeve et al.  2007 ; Polyak et al.  2010 ; Holland et al.  2010 ) and the observed 
changes in sea-ice cover are impacting the physical, chemical, and biological environ-
ments of established ecosystems as well as the terrestrial and atmospheric boundary 
conditions (e.g., via coastal erosion and ocean-atmosphere CO 2  fl ux). There is a 
growing consensus that the Arctic is passing ‘tipping’ points and exceeding ecological 
thresholds (Grebmeier et al.  2006a ; Wassmann et al.  2008 ; Andersen et al.  2009 ; 
Sommerkorn and Hassol  2009 ). Therefore, it is now more critical than ever to 
synthesize existing and emerging datasets to provide context for the regional carbon 
system as the environment transitions to a new state.

   The Arctic Ocean and adjacent polar continental shelf seas (Fig.  9.1 ) play an 
important role in the cycling of carbon, nutrients, and radiatively-important gases 
such as CO 2  (e.g., McGuire et al.  2010 ). Due to complex interactions and feedbacks 
(Fig.  9.2 ), this region is particularly sensitive to atmosphere-ocean-sea-ice physical 
forcing (Overland and Wang  2005 ; Wang et al.  2005 ), and ocean ecosystem changes 
such as the “greening” of the Arctic (Arrigo et al.  2008 ) associated with warming 
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temperatures (e.g., Serreze et al.  2009 ) and sea-ice loss (Moritz and Perovich  1996 ; 
Grebmeier and Whitledge  1996 ; Manabe and Stouffer  2000 ). For example, average 
temperatures in the Arctic have increased over the last century at nearly twice the 
global average, while sea ice extent has decreased on average by 2.7 % per decade 
(Cavalieri et al.  2003 ; Rothrock and Zhang  2005 ; Stroeve et al.  2005 ). However, 
since 2007, the pace of sea-ice decline has accelerated beyond model predictions 
(Stroeve et al.  2007 ; Holland et al.  2006 ; Winton  2006 ; Maslanik et al.  2007 ; 
Shimada et al.  2007 ) with summer sea-ice extent declining by more than 20–25 % 
(an additional loss of ~1.2 million km 2 ) coupled to a rapid loss of multi-year ice 
which has led to a reduction in overall ice volume. It is now predicted that the Arctic 
could be ice-free in the summertime within a few decades.

   The importance of this system stems from the vast reservoirs of terrestrial and 
marine carbon in the Pacifi c-Arctic Region (PAR) (McGuire et al.  2006 ,  2009 , 
 2010 ). Freshwater inputs (Peterson et al.  2002 ; Wu et al.  2005 ; Serreze and 
Francis  2006 ; Waddington and Roulet  1997 ), fl uxes of dissolved organic car-
bon (DOC; Dittmar and Kattner  2003 ; Benner et al.  2004 ), particulate organic 
carbon (POC; Guo et al.  2004 ) and dissolved inorganic carbon (DIC) to the PAR 
shelves are  disproportionately large (Opsahl et al.  1999 ) compared to other 

  Fig. 9.1    Map of the Pacifi c Arctic Region (PAR) showing the major drainage basins and the asso-
ciated biogeochemical properties that impact the carbon cycle.  1  Gulf of Alaska;  2  Bering Sea; and 
 3  Chukchi Sea. The  color bars  in the  inset  illustrate the various terrestrial drainage basins around 
North America and their predominant biogeochemical characteristics       
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  Fig. 9.2    Schematic of processes potentially infl uencing the inorganic carbon cycle and air-sea 
CO 2  gas exchange in the western Arctic Ocean from the Bering Sea shelf through the Bering Strait, 
across the Chukchi Sea and northwards into the Canada Basin ( left  to  right  on Figure) on “infl ow” 
shelves of the Arctic (e.g., Barents and Chukchi seas). The  two panels  represent physical and bio-
logical processes likely operating during the summertime sea-ice free period (Panel  a ), and during 
the wintertime sea-ice covered period (Panel  b ). The processes are denoted by numeral with the 
caveat that the size of  arrow  does not necessarily refl ect magnitude of fl ux, transport or transforma-
tion of CO 2 . The processes include:  1  northward transport of DIC;  2  air-sea gas exchange;  3  warm-
ing;  4  exposure of surface water to the atmosphere due to sea-ice retreat and melting;  5  localized 
air-sea gas exchange from surface water highly infl uenced by sea-ice melt;  7  air-sea gas exchange 
through sea-ice;  8  winter air-sea gas exchange in leads and Polynyas;  9  inorganic carbon fl ux due 
to brine-rejection during deep-water formation in fall and winter.  10  cooling of surface waters dur-
ing northward transport on Atlantic or Pacifi c Ocean waters into the Arctic Ocean;  11  between 
shelf transport of water and carbon;  12  redistribution of inorganic carbon between mixed layer and 
subsurface due to vertical diffusion and vertical entrainment/detrainment due to mixing;  13  shelf- 
basin exchanges of inorganic carbon (i.e., DIC) and organic carbon due to generalized circulation 
and eddy mediated transport;  14  net uptake of CO 2  due to phytoplankton photosynthesis or new 
production;  15  export fl ux of organic matter (OM) or export production;  16  remineralization of 
organic matter back to CO 2  either in subsurface waters or in sediments;  17  release of CO 2  from 
sediments;  18  release of alkalinity from sediments due to anaerobic processes in sediments, and; 
 19  river runoff input (Adapted from Bates and Mathis  2009 )       

basins (McGuire et al.  2009 ), and the responses of these carbon stocks and fl uxes 
to projected climate change is highly uncertain under projected rapid changes in 
sea-ice cover and increased fl uxes of glacial and fl uvial source waters. Warming, 
sea-ice loss, “greening” of the Arctic and changes in physical circulation, strati-
fi cation and freshwater inputs are important potential drivers on the carbon cycle but 
there are multiple synergistic processes at play (Bates and Mathis  2009 ; see Fig.  9.2 ). 

 

J.T. Mathis et al.



227

The loss of sea-ice has the potential to increase the CO 2  sink in the region (e.g., 
Jutterström et al.  2010 ; Bates et al.  2010 ) to globally signifi cant rates (~5–12 % 
of global; Bates and Mathis  2009 ). However, these shelves are highly variable in 
their CO 2  sink or source status. Adding complexity to such assessments is that 
the 2007 sea-ice loss event may have reset the Arctic’s capacity to absorb CO 2  
(Cai et al.  2010b ) and that “greening” of the Arctic, and other physical changes, 
such as warming have opposite impacts on CO 2  sink or source potential of the 
Arctic Ocean (Bates and Mathis  2009 ). Furthermore, the uptake of anthropo-
genic CO 2 , river/glacial inputs and sea-ice melt also appear to be amplifying the 
impact of ocean acidifi cation on the saturation states of calcium carbonate 
(CaCO 3 ) minerals in the Pacifi c-Arctic region (e.g., Steinacher et al.  2009 ; Bates 
and Mathis  2009 ; Yamamoto-Kawai et al.  2009 ; Mathis et al.  2011a ,  b ). It is thus 
critical to gain a better understanding of the interactions and feedbacks of the 
ocean carbon cycle to freshwater, sea-ice dynamics, climate and environmental 
change in this region. But signifi cant gaps and uncertainties remain that limit our 
understanding of the PAR carbon sources and sinks and the linkages and feed-
backs between carbon and climate (Anderson and Kaltin  2001 ). 

 The gateway fl uxes of carbon as well as the atmosphere-terrestrial-ocean exchanges 
are discussed in the previous chapter. Here, the focus will be on the internal water 
column processes that impact the distribution and cycling of carbon in the PAR. The 
discussion starts with primary production and its contribution to the dissolved 
and particulate pools of carbon as well as the associated fl uxes and fate of each. 
This is followed by a discussion of microbial remineralization of organic carbon 
in the water column and the role that sediments play in processing and storing 
carbon. Finally, we discuss the controls and potential impacts of ocean acidifi cation 
in the PAR.  

9.2     Primary Production 

 Over the past several decades, higher temperatures have decreased the extent of 
sea- ice cover as well as its thickness in the Arctic Ocean. Because of this, the 
overall amount of perennial sea ice, especially in the western Arctic Ocean, has 
been reduced (Perovich and Richter-Menge  2009 ). These recent changes in cli-
mate and ice conditions could change the patterns and the total amount of car-
bon production from phytoplankton (Fig.  9.2 ), with unknown consequences to 
higher trophic levels. However, there is some controversy as to whether chang-
ing climate conditions enhance or reduce the overall production in the Arctic 
Ocean. Since the responses of phytoplankton production to current environmen-
tal conditions vary by region, three main regions of the western Arctic Ocean—
the northern Bering Sea, Chukchi Sea, and the deep Canada Basin are considered 
separately. 
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9.2.1     Northern Bering Sea 

 The northern Bering Sea (Fig.  9.1 ) is a seasonally ice-covered shelf that is strongly 
infl uenced by the advection of cold, nutrient-rich Pacifi c water from the edge of 
the deep Bering Sea basin (Springer  1988 ; Grebmeier et al.  2006a ). Recently 
measured inorganic carbon uptake rates of phytoplankton ranged from 0.1 to 
3.9 g C m −2  day −1  (mean ± S.D. = 1.1 ± 1.2 g C m −2  day −1 ) and from 0.2 to 2.0 g C m −2  
(mean ± S.D. = 0.9 ± 0.6 g C m −2  day −1 ) (south and north of St. Lawrence Island), 
respectively. These data were recorded in 2007 (Fig.  9.3 ), based on a 15-h photope-
riod (Hansell and Goering  1990 ) and hourly carbon uptake rates. For comparative 
purposes although measurement methods are different among the studies, the 
annual primary production was estimated assuming a 120-day growing season in 

  Fig. 9.3    Carbon uptake rates (g C m −2  day −1 ) integrated to the 1 % light depth in the PAR (Data 
from Lee and Whitledge  2005 ; Lee et al.  2007 ,  2010 ,  2011 )       
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this region (Hansell et al.  1993 ; Sambrotto et al.  1984 ; Mathis et al.  2010 ). The 
estimated annual phytoplankton production was only 120 g C m −2  based on an aver-
age daily carbon production rate of about 1.0 g C m −2  day −1  during the whole 
cruise period from mid- May to June, 2007   . These estimated annual rates are two to 
three times lower than those in previous studies in the northern Bering Sea done 
more than a decade ago (250–480 g C m −2  —see Hansell and Goering  1990 ; Springer 
and McRoy  1993 ; Springer et al.  1996 ). Recently, Grebmeier et al. ( 2006b ) found 
that geographic displacement of marine mammal populations coincided with a 
reduction of benthic prey populations in the region from 1988 to 2004. They hypoth-
esized that ecosystem change and declining productivity are reducing food supply 
to benthic prey, thus affecting apex predators (Grebmeier et al.  2006b ). The recent 
lower total primary production and subsequent decline of benthic biomass might 
partly be due to a decrease in the phytoplankton biomass transported from lower 
latitudes, because the amount of phytoplankton production largely depends on 
the carbon biomass. Since northward fl owing waters in the northern Bering Sea 
originate from the Pacifi c Ocean (Danielson et al.  2006 ), a decline of phytoplankton 
biomass transport as a seed population of phytoplankton from lower latitudes in 
the Bering Sea could cause a decrease in phytoplankton production in the higher 
latitudes of the Bering Sea.

9.2.2        Chukchi Sea 

 Northward fl ow of water through the narrow, shallow (<50 m) Bering Strait carries 
three water masses or branches, into the Chukchi Sea (Coachman et al.  1975 ): 
Anadyr Water (AW) in the west, Bering Shelf (BS) water in the central system and 
the Alaska Coastal Current (ACC) in the east. AW supplies the Chukchi continental 
shelf with high nutrients that promote abundant phytoplankton growth throughout 
the summer and transports oceanic zooplankton onto the northern shelf (Sambrotto 
et al.  1984 ; Springer et al.  1989 ; Springer and McRoy  1993 ). The location and 
direction of the three water masses moving through the Bering Strait have a strong 
infl uence on the physical conditions, nutrient concentrations, and phytoplankton 
communities observed in this important gateway to the Arctic Ocean (Springer and 
McRoy  1993 ; Lee et al.  2007 ). For example, Lee et al. ( 2007 ) found two distinctly 
different size compositions of phytoplankton communities in the different water 
masses in the Chukchi Sea. Large phytoplankton (>20 μm) contributed about 
42 % of total phytoplankton biomass in the ACW, whereas they are dominant 
(about 94 %) in AW (Lee et al.  2007 ). 

 In previous studies, Sambrotto et al. ( 1984 ) estimated an annual total primary pro-
duction of 324 g C m −2 , based on nitrate uptake and an  f -ratio, while Hansell et al. 
( 1993 ) calculated 576–720 g C m −2  for annual total production in the Anadyr fl ow 
north of the Bering Strait based on new production in the region. Based on  14 C uptake 
and chlorophyll-a concentrations in the region, Springer and McRoy ( 1993 ) estimated 
an annual production of 470 g C m −2 . These rates are unusually large considering the 
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high latitude Arctic location (Sambrotto et al.  1984 ). However, Lee et al. ( 2007 ) 
recently found much lower rates in the region (Fig.  9.3 ), based on data from 2002 to 
2004. The daily carbon uptake rates in these years ranged from 0.1 g C m −2  day −1  to 
3.6 g C m −2  day −1  with a mean of 0.7 g C m −2  day −1  (S.D. = ±0.9 g C m −2  day −1 ) (Lee 
et al.  2007 ). The estimates of production in the southern part of the Chukchi Sea dur-
ing late July to August from previous studies were 1.7 g C m −2  day −1  with a range from 
0.4 to 4.7 g C m −2  day −1  (Korsak  1992 ) and 1.6 g C m −2  day −1  with a range from 0.2 to 
5.5 g C m −2  day −1  (Zeeman  1992 ). In the southern part of the Chukchi Sea, Lee et al. 
( 2007 ) found 0.6 g C m −2  day −1  with a range from 0.1 to 1.5 g C m −2  day −1 , which is 
less than half of the values from the previous studies. The daily production in the 
southern Chukchi Sea measured by this study was somewhat lower than the rate 
(0.8 g C m −2  day −1 ) on the northeastern shelf region reported by Hill et al.  2005 . 
Although the production range (0.1–1.0 g C m −2  day −1 ) from Hameedi ( 1978 ) is simi-
lar to the range of Lee et al. ( 2007 ), production was measured in the marginal ice zone 
of the northern Chukchi Sea during summer, rather than open water. The physical and 
chemical structures and thus production could be different in the water column of 
these two contrasting environments. 

 Based on a 100-day growing season, the recent annual total production of 
phytoplankton was between 10 and 150 g C m −2  with a mean of 73 g C m −2  for the 
southern Chukchi Sea, while the mean annual total production for the whole 
Chukchi Sea including the northwestern part was somewhat lower (55 g C m −2 ) (Lee 
et al.  2007 ). In comparison, the estimated averages of annual total primary produc-
tion rates for the whole Chukchi Sea are 148 and 170 g C m −2  from Zeeman ( 1992 ) 
and Korsak ( 1992 ), respectively. Although the average values of their production 
rates are comparable to the highest values in the study of Lee et al. ( 2007 ), the recent 
average annual production is 2 or 3 times lower than the previous estimates. The 
average production based on an interval of 120 days is estimated at 144 g C m −2  y −1  
by Lee et al. ( 2007 ) which is still lower than that estimated by Hansell et al. ( 1993 ) 
(576–720 g C m −2  y −1 ) or Sambrotto et al. ( 1984 ) (324 g C m −2  y −1 ). The recent lower 
rates might be the result of seasonal, annual, and/or geographical variations in 
primary productivity in the Chukchi Sea. Those variations are well known in this 
area and are mostly attributed to different water masses and thus nutrient concentra-
tions (Springer and McRoy  1993 ; Springer  1988 ; Hansell and Goering  1990 ). The 
lower production might be an indication of the recent decline in primary production 
of lower latitude regions in the Bering Sea. Gregg and Conkright ( 2002 ) found that 
chlorophyll-a concentrations decreased in the North Pacifi c from 1979–1986 to 
1997–2000 period, suggesting that the decline in productivity may be a region-wide 
occurrence. Recently, small size phytoplankton (<2 μm) thrive, but larger cells 
decline in the Canada Basin because of freshened surface waters in recent years. In 
the Chukchi Sea, Woodgate et al. ( 2005 ) found that the ACC through the Bering 
Strait is recently fresher and warmer than previous years. In addition, Kaltin and 
Anderson ( 2005 ) suggested that much of the primary production previously reported 
in the Bering and Chukchi seas is a result of regeneration. Therefore, changes 
in species composition of phytoplankton might cause the recent lower primary pro-
duction in the Chukchi Sea. More seasonal and annual measurements will be 
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necessary to determine whether the recently detected decrease in phytoplankton 
productivity results from a common seasonal or intra-annual variation or an overall 
trend in the northern Bering Sea and the Chukchi Sea.  

9.2.3     Deep Canada Basin 

 The Canada Basin (Fig.  9.1 ) represents one of the deepest parts of the Arctic Ocean 
and is covered with sea ice for most of the year. Pelagic primary production has 
been estimated rarely in this region (Cota et al.  1996 ; Gosselin et al.  1997 ; Chen 
et al.  2003 ; Lee and Whitledge  2005 ; Fig.  9.3 –Lee et al.  2010 ). Opposite to the 
Bering and Chukchi Sea, recent rates of total primary production in the Canada 
Basin are higher than those previously measured (Apollonio  1959 ; English  1961 ; 
Pautzke  1979 ). 

 In general, chlorophyll-a at surface is very low (<0.2 mg Chl a m −3 ), whereas the 
relatively higher concentrations (<1 mg Chl a m −3 ) of the deep chlorophyll maximum 
layer is prominent between 40 and 60 m water depths depending on season (Lee 
and Whitledge  2005 ; Lee et al.  2010 ). The maximum photosynthetic rates were co-
located with the chlorophyll maximum (Lee and Whitledge  2005 ). Total primary 
production rates in the open water ranged from 79 to 145 mg C m −2  day −1 , with a 
mean of 106 mg C m −2  from mid-August to early September 2002. These rates are 
much lower than those estimated in the eastern Canadian Arctic (Frobisher Bay and 
northern Baffi n Bay), which were 227–450 mg C m −2  (Grainger  1975 ; Harrison 
et al.  1982 ), but comparable to those in the Canada Basin (Cota et al.  1996 ). The 
rates below snow covered sea ice are much lower than those in open waters due to 
low light intensity. Gosselin et al. ( 1997 ) found that the mean daily carbon uptake 
rate of phytoplankton was 35 mg C m −2  day −1  under a sea ice thickness of about 
2.0-m in the Canada Basin from 26 July to 26 August 1994. The total primary 
production below sea ice of 2.3 m thickness ranged from 2.6 to 26.8 mg C m −2  day −1 , 
with a mean of 11.3 mg C m −2  in a study from 16 August to 5 September by Lee and 
Whitledge ( 2005 ). In comparison, the rates under thinner sea ice (1.5 m) ranged 
from 20.4 to 178.3 mg C m −2  day −1  in the Canada Basin from 27 June to 26 July 
2005, with a mean of 59.5 mg C m −2  day −1  (Lee et al.  2010 ). This was signifi cantly 
higher than found under thicker sea ice in 2002 (Lee and Whitledge  2005 ). Higher 
averaged particulate organic carbon and chlorophyll-a (POC/Chl-a) and particulate 
organic nitrogen (PON/Chl-a) of phytoplankton in 2005 compared to 2002 indicate 
that phytoplankton were less light limited in 2005 (Lee et al.  2010 ). 

 Since there are seasonal and interannual changes in the photosynthetic rates in 
the Arctic Ocean (English  1961 ; Pautzke  1979 ), annual primary production must be 
estimated with caution. However, for a comparison purpose, the annual total carbon 
production can be roughly estimated with the assumption of a 120-day growing 
season in the Arctic (Subba Rao and Platt  1984 ; Gosselin et al.  1997 ; Lee and 
Whitledge  2005 ). The annual total carbon production rate of phytoplankton under 
a mean sea-ice thickness of 1.5 m can range from 2.5 to 21.4 g C m −2 , with a mean 
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of 7.1 g C m −2  in the Canada Basin in 2005 (Lee et al.  2010 ). This mean rate under 
sea ice is comparable with that in the open water column (8.9 g C m −2 ) (Cota et al. 
 1996 ). Compared with a previous study, the under-ice productivity in 2005 is about 
one order of magnitude greater than that estimated by English ( 1961 ) (about 
0.6 g C m −2 ) under 2.5–3.0 m pack ice in the central Arctic Ocean several decades 
ago. If portions of ice algal production and the release of extracellular carbon are 
added to the total (Gosselin et al.  1997 ), the annual rates of total primary production 
under-ice in the Canada Basin will be higher than the estimation of Lee et al. ( 2010 ). 

 The decreasing sea-ice thickness in the Canada Basin (Rothrock et al.  2003 ; 
Nghiem et al.  2007 ; Perovich and Richter-Menge  2009 ) might be favorable for 
increased phytoplankton growth under the sea ice because light intensity governed 
by different sea-ice thicknesses is one of the most important factor affecting phyto-
plankton production in the Canada Basin (Lee and Whitledge  2005 ; Lee et al.  2010 ). 
However, phytoplankton adapted to low-light conditions under sea ice would show 
different effects if the sea ice cover melted away in the Arctic Ocean. In fact, nutri-
ents were shown to be the main limiting factors for phytoplankton production rates 
at the surface in open waters, whereas light was the major limiting factor at the 
chlorophyll maximum layer just above the pycnocline in the Canada Basin (Lee and 
Whitledge  2005 ). Codispoti et al. ( 2009 ) also found the biological production rates 
to be low because of limited availability of nutrients in their SBI (Western Arctic 
Shelf-Basin Interaction) studies. More seasonal and annual data under a variety of 
environmental conditions in different regions should be obtained to improve the 
understanding of primary production processes in the Arctic and marine ecosystem 
responses to recent ongoing changes in sea-ice conditions in the Arctic Ocean. 

 The varying degree and spatial distribution of primary production in the Pacifi c- 
Arctic Region plays a strong role in determining the concentrations of organic 
matter and export of particles from the surface. Each of these processes and their impact 
on carbon distribution in the water column will be discussed independently.   

9.3     DOC Production 

 An estimated 9 Pg of carbon reside in the Arctic Ocean as DOC (McGuire et al. 
 2009 ), or <2 % of the 662 Pg global DOC inventory (Hansell et al.  2009 ). An interesting 
feature in the system, however, is that DOC in the surface ocean has a very strong 
terrigenous signature (Wheeler et al.  1996 ; Opsahl et al.  1999 ), due to the Arctic 
Ocean being a relatively small basin receiving disproportionate fractions of 
global river runoff (~10 %) and terrigenous DOC (tDOC) export (~13 %) (Stein and 
Macdonald  2004 ). Ten to twenty percent of global vegetative carbon, and up to half 
the global inventory of upper-soil organic carbon, resides in the Arctic watersheds 
(Dixon et al.  1994 ; Zhulidov  1997 ; McGuire et al.  2009 ). Because of Arctic water 
entrainment into the deep North Atlantic, a potential (but unquantifi ed) route exists 
for this terrigenous DOC to be transported to and sequestered in the ocean interior 
(Benner et al.  2005 ), unlike other regions of the global ocean. Hence, consideration 
of the terrigenous pool is included in most studies of Arctic DOC. 
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 This section briefl y considers controls on DOC concentrations in the western 
Arctic Ocean. Emphasis is on the allochthonous (terrigenous) inputs and marine 
consumption of tDOC. Excellent reviews of DOC in the Arctic carbon cycle, including 
fl uvial and marine infl uences, can be found in Anderson ( 2002 ), Dittmar and Kattner 
( 2003 ), and Amon ( 2004 ). Those works include consideration of organic composi-
tion, colored dissolved organic matter (CDOM), and the eastern Arctic, issues not 
addressed here. 

9.3.1     Spatial Variability 

 The distribution of DOC in the surface layer of the Arctic Ocean is shown in Fig.  9.4 . 
DOC concentrations are low in marine waters entering the Arctic: <60 μmol kg −1  in 
surface North Atlantic waters (Fig.  9.4 ) and similar values in the far North Pacifi c 
(Hansell et al.  2009 ). DOC is added to these marine waters as they invade the Arctic 

  Fig. 9.4    Contoured distributions of DOC concentrations in the surface layer of the Arctic Ocean 
(measurement locations are indicated with  fi lled marks ). Also shown are water masses and circulations 
of particular relevance to DOC distributions, including Beaufort Gyre Water (BGW), Western Arctic 
Shelf Water (WASW), Eastern Arctic Shelf Water (EASW), and Atlantic Surface Water (ASW) 
(The data are collected from the personal data archives of the Arctic carbon community)       
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Ocean shelves, both by autochthonous and allochthonous processes (Shin and 
Tanaka  2004 ; Amon  2004 ; Mathis et al.  2007 ). The DOC concentrations are highest 
near the outfl ows of the major rivers on the shelves of the Eastern Arctic, with 
concentrations >300 μmol kg −1  observed over relatively large areas, having been 
enriched with DOC of a terrigenous source (tDOC). Remnants of those tDOC- 
enriched waters leave the shelf to form the Transpolar Drift (Letscher et al.  2011 ), 
thus delivering elevated DOC waters to the central Arctic basins; note the elevated 
DOC (>100 um/kg) aligned with the dateline in Fig.  9.4 . These high concentrations, 
and the responsible shelf-to-basin export of tDOC, were noted by Wheeler et al. ( 1996 ) 
and Bussmann and Kattner ( 2000 ). Similar enrichments occur on the western shelves, 
but to a lesser degree due to lower initial tDOC concentrations in the western rivers 
and lower fl ow (Cooper et al.  2008 ). Concentrations can be >100 μmol kg −1  in the 
interior of Norton Sound, refl ecting drainage of the Yukon River. Similar concen-
trations exist near the mouth of the Mackenzie River. Note, though, that DOC 
concentrations are much more elevated further into the mouths of all rivers, relative 
to concentrations shown in Fig.  9.4  (e.g., DOC >300 μmol kg −1  near the mouth of 
the Mackenzie River; Guéguen et al.  2005 ). Based on these distributions, it appears 
that the tDOC surviving shelf circulation of 2–5 years in the eastern Arctic (Schlosser 
et al.  1994 ; Ekwurzel et al.  2001 ; Karcher and Oberhuber  2002 ) is exported to the 
deep Arctic basins, with eventual export (after another 2–5 years) (Letscher et al. 
 2011 ) via Fram Strait as the East Greenland Current (DOC > 80 μmol kg −1  along 
the east coast of Greenland). Western tDOC, in contrast, is largely transported 
along-shelf for eventual export through the Canadian Archipelago. Some of the 
western tDOC is mixed into the Beaufort Gyre for decadal circulation and mineraliza-
tion (Hansell et al.  2004 ), resulting in concentrations of <60 μmol kg −1 , the lowest 
observed in the surface Arctic Ocean.

   As can be inferred from the distributions in Fig.  9.4  and as suggested by Opsahl 
et al. ( 1999 ), the fraction of bulk DOC present as tDOC varies widely throughout 
the system. For example, at the shelf break in the Chukchi Sea during spring 2002 
(prior to major sea ice melt), DOC concentrations (normalized to a salinity of 33, 
indicative of Pacifi c water) reached ~90 μmol kg −1  at a salinity of 29. If there was 
no tDOC present and if additional marine DOC input is small, the normalized 
DOC concentration would equal that in the marine fraction alone (the Pacific 
waters had ~65 μmol kg −1 ). The difference in concentrations is the tDOC present; 
in this case, 90 − 65 = 25 μmol kg −1 , or ~38 % of the total DOC was tDOC. In con-
trast, in higher salinity (essentially purely marine) surface waters, where mea-
sured DOC was ~65 μmol kg −1 , none of the DOC was terrigenous. All waters 
sampled in the Chukchi system fell within this range (0–38 %). Kattner et al. 
( 1999 ) estimated that ~60 % of the DOC in the surface layer of the Laptev Sea is 
of terrigenous origin. As these systems are constantly mixing low salinity, high 
tDOC fl uvial waters with high salinity, low tDOC marine waters, the contribution 
of tDOC will vary as a function of salinity and time elapsed since the tDOC 
entered the marine system.  
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9.3.2     The Use of DOC/Salinity Relationships 

 Because of this constant mixing of distinct waters, DOC-salinity relationships are 
commonly employed in studying DOC dynamics of the system. The apparent linearity 
in the correlation between the two variables led a number of studies to conclude that 
tDOC is highly conserved as it is mixed into the Arctic Ocean. tDOC does appear to 
be conserved upon initial mixing with marine waters, showing neither quick removal 
by biological mineralization nor by fl occulation (Amon  2004 ; Alling et al.  2010 ). 
Once the material is delivered to the shelf system though, and enough time passes 
(a few years), then the non-conservative nature of tDOC becomes evident (Hansell 
et al.  2004 ; Cooper et al.  2005 ). Salinity-DOC regressions observed in the western 
Arctic are shown in Fig.  9.5 . During late spring, prior to major sea ice melt, the 
negative correlation demonstrates a clear linearity (Fig.  9.5a ). The marine end member 
is Pacifi c water of salinity near 33 and DOC ~65 μmol kg −1  (waters at higher salinity 
are subsurface Atlantic waters, which are not involved in the mixing discussed 
here), while the freshwater end member is river water (effective salinity of ~0). The 
western Arctic rivers, particularly the Mackenzie and the Yukon, drive the low salinity 
end of the regression (relevant river end member characterizations available in 
Cooper et al.  2008 ). Note that unlike coastal systems in the lower latitudes, where 
the low salinity/high DOC meteoric waters are present along the coast and marine 
waters are offshore, in the western Arctic the low salinity waters (in this regression) 
are in the Beaufort Gyre (over the deep Canada Basin) and the higher salinity waters 
are over the shelf. While the low salinity waters hold the most tDOC, they are also 
(in these data) the oldest waters (time since entering the shelf system).

   Interpretation of the data in Fig.  9.5  is demonstrated in Fig.  9.6 . The immediate 
(initial) mixing of river and marine end members results in a linear and negative 
correlation. The zero-salinity intercept indicates the tDOC concentrations in 
the source river. As tDOC is removed by biological and photo-oxidation, the rela-
tionship depicted by the dashed curve emerges. The entirety of the dashed curve, as 
an instantaneously complete mixing curve, can never be observed though because 
the river water, as it ages, is continuously mixed with marine water, thereby con-
stantly diluting the riverine signal while surface currents carry it away. The remnant 
of the regression (i.e., the observable portion of the theoretical dashed line is labeled 
“observed” in Fig.  9.6a ) is what we observe in nature (Fig.  9.5a ). It is only over a 
short salinity range that the linear regression survives. Extrapolation of that short 
line back to the zero-salinity intercept (arrowed, dotted line in Fig.  9.6 ) estimates 
the tDOC (normalized to zero salinity) still present in the riverine fraction. The 
difference between the initial river value and the fi nal observed value (determined 
by extrapolation) is the amount of tDOC that has been removed. Transient tracers 
of time, such as the  228 Ra/ 226 Ra ratio (Kadko and Muench  2005 ), are employed to 
determine decay rate constants for tDOC, ranging from 0.06 to 0.097 year −1  in the 
western Arctic to 0.24 year −1  in the eastern Arctic (Letscher et al.  2011 ).
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   The relationship shown in Fig.  9.5a  exists during winter and spring, when 
the system is relatively simple. As summer develops, other processes can dominate 
the signal. High river runoff, high primary production, and strong sea ice melt 
make the system much more complex. Some of these impacts are shown in Fig.  9.5b , 
which is the DOC-salinity relationship in the same western Arctic system as in 
Fig.  9.5a , but during summer. Some parts of the regression in Fig.  9.5a  are evident 
(such as at salinity >32), but lower salinity waters are highly impacted by the large 
input of river water associated with seasonal thawing of the watershed and by sea 
ice melt. The newly added river water is evident as elevated DOC (>100 μmol kg −1  
in Fig.  9.5b ), the regression of which against salinity would intercept zero-salinity 
at very high DOC concentrations. The melting of sea ice similarly lowers the salinity, 
but as its DOC concentrations are low (Mathis et al.  2005 ), the DOC concentrations 
are lowered, such that a regression against salinity has a very low zero-salinity intercept. 

  Fig. 9.5    Scatter plots of 
salinity and DOC (μmoles 
kg −1 ) identifying mixing 
curves: ( a ) spring 2002; and 
( b ) summer 2002. Shown 
with apparent  mixing lines        
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Evaluating regressions between DOC and salinity must be done with full under-
standing of the confl icting processes impacting the relationships. 

 The impacts described above focus on those occurring at the low salinity end of 
the regressions. Impacts from variations within the marine end member need to be 
considered as well. One important consideration is the impact on the regressions of 

  Fig. 9.6    Diagrammatic rendering of the relationship between western Arctic DOC concentrations 
and salinity in the surface layer as a function of ( a ) time since introduction of tDOC to the ocean 
system and ( b ) marine nutrient abundance. In ( a ) the initial relationship, when tDOC is fi rst introduced 
to the ocean, is linear over the full salinity range. With time, tDOC is removed and the correlation 
(which is not actually observable in nature over the full salinity range due to rapid mixing) becomes 
curvilinear ( dashed line ). The observable portion of this curve (i.e., Fig.  9.5a ), including the 
full marine end member and some minor dilution with freshwater, is labeled “observed”. The zero 
intercept of the linear regression of the observed correlation ( dotted line ) provides an estimate for 
the tDOC concentration remaining in the freshwater fraction. In ( b ), the potential impact of marine 
nutrients on the “observed” correlation is demonstrated. Nutrients are enriched in the marine end of 
the salinity range (associated with Pacifi c water) and impoverished in the freshwater end. As such, 
net community production and net marine DOC production can only impact the DOC/salinity 
relationship in the high salinity water, increasing DOC at a given high salinity ( upward arrow )       
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the  in situ  production of marine DOC within marine waters. Net DOC production 
occurs at ~10 % of net community production (NCP) in the western Arctic (Mathis 
et al.  2007 ), consistent with fi ndings elsewhere (Hansell and Carlson  1998 ). NCP, in 
turn, is dependent on the amount of new nutrients in a system. In the western Arctic, 
new nutrients are at very low concentrations in low salinity waters (such as in the 
surface layer of the Beaufort Gyre), so  in situ  production probably has the least 
impact there (where tDOC is still a large signal). The highest concentrations of new 
nutrients are in the Pacifi c water, so to the extent those nutrients are consumed, 
seasonal DOC accumulation will result. This situation is depicted in Fig.  9.6b , 
where the DOC/salinity relationship should be taken as that observed in the system 
(i.e., as in Fig.  9.5a , but not as in the full salinity scale, depicted in Fig.  9.6a ). Nitrate 
is very low at the low salinity end, but elevated in the marine end.  In situ  production 
occurs during spring and summer when light is adequate, giving another reason for 
using the early spring data (Fig.  9.5a ) rather than summer data (Fig.  9.5b ). One 
further unknown is the extent to which the DOC produced  in situ  each summer 
resists degradation through the succeeding winter, such that there is a long-term 
accumulation of the material. If there is interannual accumulation, then the marine 
end of the regression (depicted in Fig.  9.6b ) will be elevated relative to its true initial 
condition. This will reduce the slope of the regression, giving a lowered estimate for 
tDOC in the riverine fraction. 

 A fi nal process that may impact the regressions is sea ice formation. Amon 
( 2004 ) covered this topic well, so it will only be touched on here. As sea ice forms, 
high density brine is formed from the extruded salt. The brine is enriched with DOC 
as well, so the fate of the brine solution is important in considering the impact of this 
DOC on the system. If the brine sinks below the pycnocline, the process removes 
DOC from the surface layer. If it sinks only into the mixed layer, but not below or 
into the pycnocline, then the DOC is retained and the initial conditions are perhaps 
re-established with subsequent ice melt and vertical overturn of the surface layer. 
Both Schauer ( 1997 ) and Amon ( 2004 ) estimated that the salinity increase in brine 
produced in the eastern Arctic was inadequate for raising the density such that those 
waters break through the pycnocline. If brine impacted waters become decoupled 
from the region of ice melt, then a more unidirectional impact is expected. This issue 
needs to be further investigated.  

9.3.3     Dynamical Characterization of tDOC—Inputs & Sinks 

 Large standing stocks of organic carbon in high-latitude soils and peatlands account 
for as much as 50 % of global soil carbon (Dixon et al.  1994 ; Zhulidov  1997 ). Total 
input of tDOC to the Arctic Ocean is 25–36 × 10 12  gC/year, with the Mackenzie 
(1.4 × 10 12  gC/year) and Yukon (1.7 × 10 12  gC/year) rivers dominating input to 
the western Arctic (Raymond et al.  2007 ), together adding ~10 % of the total tDOC 
input to the Arctic Ocean. The tDOC yield of a watershed (g C m −2  year −1 ) is depen-
dent on the water yield (m 3  m −2  year −1 ) (Raymond et al.  2007 ), such that an increase 
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in the hydrologic cycle over Arctic watersheds (Savelieva et al.  2000 ; Peterson et al. 
 2002 ) may well increase the tDOC export from those systems (Walvoord and Striegl 
 2007 ). Interannual variability in watershed runoff, then, will largely control vari-
ability in DOC export. The highest DOC concentrations in Arctic rivers commonly 
coincide with the spring freshet (Fig.  9.7 ), when highest discharge occurs (Finlay 
et al.  2006 ; Holmes et al.  2008 ; Spencer et al.  2008 ). Compositional changes occur 
in the DOC pool of high latitude rivers over the seasonal cycle (Neff et al.  2006 ; 
Guo et al.  2007 ; Striegl et al.  2007 ), refl ecting the changing magnitude of sources.

   The material that is exported is very young compared to the bulk marine DOC 
(Benner et al.  2004 ; Guo et al.  2007 ; Raymond et al.  2007 ). Approximately 50 % of 
tDOC exported during the arctic spring thaw is 1–5 years old, ~25 % is 6–10 years 
in age, and 15 % is 11–20 years old (Raymond et al.  2007 ). As lability (or reactivity) 
negatively correlates with age (Raymond and Bauer  2000 ), each DOC age cohort 
should exhibit a unique removal constant, with the youngest material being removed 
most rapidly upon export to the coastal system. That multiple fractions of varying 
lability comprise tDOC in rivers and coastal systems has been suggested (Hopkinson 
et al.  2002 ; Moran et al.  1999 ; Raymond and Bauer  2000 ). Holmes et al. ( 2008 ) 
found in Alaskan rivers that DOC exported during the spring freshet was readily 
removed, while DOC present during lower fl ow summer periods was more resistant. 
These distinct labilities suggest that tDOC removal in the ocean may best be 
described by a multi-compartment model (Letscher et al.  2011 ). 

 Lignins, a class of macromolecules indicating terrestrial plant residue, are a com-
monly employed tracer of tDOC in the Arctic Ocean. Opsahl et al. ( 1999 ) reported 
gymnosperm vegetation as its major source in the Arctic. Its concentration corre-
lates well with riverine chromophoric dissolved organic matter (Spencer et al.  2009 ) 
and it has been located in deep North Atlantic waters (Benner et al.  2005 ), though 
at very low concentrations. The extent to which lignins conservatively trace 
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tDOC once in the ocean is unknown. The sources of tDOC are more than gymno-
sperms, and the degree to which lignins represent each age class of tDOC has not 
been evaluated. 

 The marine removal of Arctic tDOC has only recently been considered (Hansell 
et al.  2004 ; Cooper et al.  2005 ; Alling et al.  2010 ; Letscher et al.  2011 ), but its reac-
tivity makes the pool relevant to the ocean carbon cycle. Hansell et al. ( 2004 ) 
reported an approximate carbon mass balance in the removal of tDOC, such that its 
removal resulted in a like amount of inorganic carbon production in the system. 
Anderson et al. ( 2009 ) interpreted elevated pCO 2  over the Siberian shelf as due 
to the mineralization of terrigenous organic matter. The surface Arctic Ocean is 
presently a sink to atmospheric CO 2  (Bates et al.  2006 ), so an acceleration of tDOC 
export (and mineralization) in the future could work to partially neutralize that sink. 
Increased coastal erosion with reduced ice cover could result in accelerated release 
of particulate and dissolved organic matter presently locked in those soils (Semiletov 
et al.  2011 ), furthering this neutralization.   

9.4     Export Flux of Particulate Organic Carbon 

 Wassmann et al. ( 2003 ) reported a comprehensive review of the vertical fl ux of POC 
in the Arctic Ocean. The major points from their work were that the vertical export 
of biogenic carbon is poorly resolved based on existing measurements in the Arctic 
Ocean, and that POC export is derived primarily from the adjacent margins that 
undergo seasonal decreases in sea-ice extent. They reported that the vertical 
export POC in the upper Arctic Ocean is highly variable, ranging from 1.5 to 
14 g C m −2  year −1  at ~200 m water depth. Vertical POC export is typically episodic, 
depending upon shelf production that surround the Arctic Ocean and in polynyas. 
Variations in sea-ice extent, light and stratifi cation all impose constraints on the 
vertical export of biogenic matter, while remineralization of POC fl ux due to zoo-
plankton grazing results in extensive attenuation of the total vertical POC export. 

 Wassmann et al. ( 2003 ) further reported that the deeper regions of the Arctic 
Ocean are characterized by a greater retention of carbon in the twilight zone, however 
marginal ice zones (MIZ) can also show this tendency. Over-wintering of large, 
long-lived zooplankton such as copepods and appendicularians appear to play an 
important role in vertical fl ux attenuation. In the decades to come, the dramatic 
northwards retreat of the MIZ due to global warming will result in a migration of the 
MIZ over a wider area throughout the year, represented by an extensive, stratifi ed 
region that stretches from the shelves into the deep Arctic Ocean. As a consequence, 
primary production and vertical export of biogenic matter are hypothesized to increase 
will increase in the peripheral band of the contemporary permanent ice cover. 

 Since the review by Wassmann et al. ( 2003 ), publications appeared that reported 
results from major fi eld studies of POC export in the upper Arctic Ocean, including 
the Shelf Basin Interaction II (SBI-II) study in the Chukchi Sea (Lalande et al.  2007a ; 
Lepore et al.  2006 ; Moran et al.  2005 ), the CABANERA project in the Northern 
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Barents Sea (Lalande et al.  2008 ), the Canadian Arctic Shelf Exchange Study 
(CASES) over the Mackenzie Shelf (Amiel and Cochran  2008 ), the comparative 
study of POC export in the Laptev, northern Baffi n Bay and Beaufort Seas (Lalande 
et al.  2009 ) and the recent eastern Arctic expedition ARK-XXII/2 (Cai et al.  2010b ). 
These studies are summarized in the following sections and the results illustrated 
in Fig.  9.8 . Note that in the following discussion, because of varying water 
depth and topography in the different regions, there may be either accumulation or 
transport of POC, and this may change through the annual cycle. For this reason, 
there is an inherent uncertainty in assessing the fate of exported POC in these 
budget computations.

  Fig. 9.8    Regional distribution of POC export fl uxes (mmol C m −2  day −1 ) in the Arctic Ocean and 
sub-polar Labrador Sea determined using sediment traps and  234 Th/ 238 U disequilibrium in the 
Chukchi Sea (Lalande et al.  2007b ; Lepore et al.  2006 ; Moran et al.  2005 ), the northern Barents 
Sea (Lalande et al.  2008 ), the Mackenzie shelf (Amiel and Cochran  2008 ), the Laptev, northern 
Baffi n Bay and Beaufort Seas (Lalande et al.  2009 ), and the eastern Arctic (Cai et al.  2010a ). These 
results represent the major fi eld programs of POC export fl ux in the upper Arctic Ocean since 
summarized by Wassmann et al. ( 2003 ).  Black bars  indicate POC fl uxes calculated from  234 Th/ 238 U 
disequilibrium;  white bars  results from free-fl oating sediment traps;  grey bars  represent POC 
fl uxes calculated for the marine component of the total POC fl ux in the Mackenzie shelf (Amiel 
and Cochran  2008 ). Seasonally averaged fl uxes are plotted for the Chukchi Sea (Lalande et al. 
 2007a ; Lepore et al.  2006 ; Moran et al.  2005 ), and regionally averaged POC fl uxes are indicated 
for the Mackenzie shelf (Amiel and Cochran  2008 )       
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9.4.1       Regional Case Studies 

9.4.1.1     Chukchi Sea: The Shelf Basin Interaction Study (SBI-II) 

 As part of the 2002 Shelf-Basin Interaction (SBI) process study, measurements of 
the seasonal variations in the export fl ux of POC were reported for the upper waters 
of the Chukchi Sea (Moran et al.  2005 ). POC fl uxes were quantifi ed by determina-
tion of  234 Th/ 238 U disequilibrium and POC/ 234 Th ratios in large (>53 μm) aggregates 
collected using in-situ pumps. Samples were collected at 35 stations on two cruises, 
one in predominantly ice-coved conditions during the spring (May 6–June 15) and 
the other in predominantly open water during the summer (July 17–August 26). 
Enhanced particle export was observed in the shelf and slope waters, particularly 
within Barrow Canyon, and there was a marked increase in particle export at all 
stations during the summer (July–August) relative to the spring (May–June). 
 234 Th-derived POC fl uxes exhibit signifi cant seasonal and spatial variability, averaging 
3 ± 5 mmol C m −2  day −1  (range = 0.03–22 C mmol m −2  day −1 ) in the spring and 
increasing ~4-fold in the summer to an average value of 11 ± 9 mmol C m −2  day −1  
(range = 1–39 mmol C m −2  day −1 ). The fraction of primary production exported 
from the upper waters increases from ~15 % in the spring to ~32 % in the summer. 
By comparison, DOC accumulation associated with net community production 
represented ~6 % of primary production (~2 mmol C m −2  day −1 ). The majority of 
shelf and slope stations indicate a close agreement between POC export and benthic 
C respiration in the spring, whereas there is an imbalance between POC export and 
benthic respiration in the summer. An implication of this study is that up to ~20 % of 
summer production (~6 ± 7 mmol C m −2  day −1 ) may be seasonally exported off- shelf 
in this productive shelf/slope region of the Arctic Ocean. 

 In 2004, seasonal and interannual changes in POC export and deposition were 
estimated in the shelf-slope region of the Chukchi Sea using measurements of 
 234 Th- 238 U disequilibria and the POC/ 234 Th ratio in large (>53-μm) particles (Lepore 
et al.  2006 ). These export fl uxes were used in conjunction with rates of primary 
productivity and benthic carbon respiration to construct a POC budget for this 
shelf- slope region. Samples were collected along a series of shelf-basin transects 
in the spring (May–June) and summer (July–August) of 2004. These stations were 
previously occupied during the ice covered (spring) and open water (summer) sea-
sons of 2002, allowing for an interannual comparison of export fl ux. In contrast to 
2002, when open water POC fl uxes were signifi cantly higher than in the  ice-covered 
period, POC export fl uxes in 2004 were similar during the spring (aver-
age = 20 ± 25 mmol C m −2  day −1 ) and summer (average = 20 ± 15 mmol C m −2  day −1 ). 
The high POC fl uxes measured during the spring are attributed to a plankton 
bloom, as evidenced by exceptionally high primary productivity (aver-
age = 124 ± 88 mmol C m −2  day −1 ). The shelf-slope budget of particulate organic 
carbon indicates that 10–20 % of primary productivity was exported below 50 m 
but was not consumed during benthic carbon respiration or burial and oxidation 
in underlying sediments. Notwithstanding the regional and temporal patchiness 
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inherent in these studies, a water column-sediment budget of  234 Th indicates that 
particulate material accumulates in shelf sediments on a seasonal basis. 

 As part of the SBI study, the  234 Th-derived POC export fl uxes were compared to 
fl uxes quantifi ed using drifting sediment traps in the spring (May 15–June 23) and 
summer (July 17–August 26) (Lalande    et al.  2007a ,  b ). Measurements were obtained 
at fi ve stations in the Chukchi Sea during the spring cruise and four stations during 
the summer cruise along Barrow Canyon (BC) and along a parallel shelf-to-basin 
transect from East Hanna Shoal (EHS) to the Canada Basin.  234 Th and POC fl uxes 
obtained with  in situ  pumps and drifting sediments traps agreed to within a factor of 
2 for 70 % of the measurements. POC fl uxes were also measured with sediment 
traps at 50 m along BC were also similar in both seasons (31 ± 9 mmol C m −2  day −1  
and 29 ± 14 mmol C m −2  day −1 , respectively), but were approximately twice as high 
as POC fl uxes measured with  in situ  pumps. Sediment trap POC fl uxes measured 
along the EHS transect also increased from spring to summer (3 ± 1 mmol C m −2  day −1  
and 13 ± 6 mmol C m −2  day −1 , respectively), and these fl uxes were similar to the 
POC fl uxes obtained with  in situ  pumps. Discrepancies in POC export fl uxes 
measured using  in situ  pumps and sediment traps may be reasonably explained by 
differences in the estimated POC/ 234 Th ratios that arise from differences between 
the techniques, such as time-scale of measurement and size and composition of the 
collected particles. Despite this variability,  in situ  pump and sediment trap-derived 
POC fl uxes were only signifi cantly different at a highly productive station in BC 
during the spring.  

9.4.1.2     Mackenzie Shelf: Canadian Arctic Shelf 
Exchange Study (CASES) 

 Amiel and Cochran ( 2008 ) assessed both terrestrial and marine POC fl uxes in the 
Mackenzie Shelf as part of the CASES study. Water column defi cits of  234 Th relative 
to  238 U in the Mackenzie Shelf, Cape Bathurst Polynya, and Amundsen Gulf 
were used to estimate sinking fl uxes of POC. The  234 Th fl uxes were converted to 
marine and terrestrial POC fl uxes using the POC/Th ratio of fi lterable particles 
>70 μm and δ 13 C measurements to estimate the fraction of marine and terrestrial 
POC. In  June/July 2004, the largest  234 Th defi cits (0–100 m: 56–95 dpm m −2 ) were 
observed in the Mackenzie outer shelf. Defi cits in the upper 100 m ranged 
3–59 dpm m −2  in the Cape Bathurst Polynya. The δ 13 C values of POC in the >70 μm 
particles fi ltered using in situ pumps ranged from −25.1 ‰ to −28 ‰. A two-end 
member mixing model with marine POC = −21.4 ‰ and terrestrial POC = −28 ‰ 
indicates that terrestrial POC is most evident at the Mackenzie Shelf stations but is 
present throughout the region. The fraction of marine POC ranged from 0 % to 59 % 
in the area in June/July 2004, with highest values in the Cape Bathurst Polynya. 
Fluxes of marine POC in the polynya averaged ~5 mmol C m −2  day −1  at 50 m in June 
2004 and increased to ~12 mmol C m −2  day −1  in July. Comparable fl uxes were 
observed at 100 m in June but values decreased to ~6 mmol C m −2  day −1  at 100 m in 
July. These fl uxes are greater than estimates of organic carbon remineralization 
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and burial in sediments of the polynya (~3 mmol C m −2  day −1 ). Amiel and Cochran 
( 2008 ) suggested that POC may be exported out of the area, effectively remineralized 
by microbial activity in the twilight zone, or incorporated into biomass.  

9.4.1.3     Laptev Sea, Northern Baffi n Bay and the Beaufort Sea Shelves 

 Lalande et al. ( 2009 ) deployed moored sediment traps in 2005–2006 in the Beaufort 
Sea, Northern Baffi n Bay, and the Laptev Sea to compare the annual variability in 
POC export fl ux and to evaluate the factors regulating the annual cycle of POC 
export over these continental shelves. POC fl uxes estimated over the annual cycle at 
200 m ranged from 0.4 to 1.3 mmol C m −2  day −1  with the highest export in Northern 
Baffi n Bay and the lowest export over the shelf in the Beaufort Sea. Each annual 
cycle exhibited an increase in POC export a few weeks prior to, during, or immediately 
following sea-ice melt, though varying temporal patterns in export were observed 
over the remainder of the annual cycle. Enhanced primary production, discharge of 
the Lena River, and resuspension events contributed to periods of elevated POC 
export over the Laptev Sea slope. Greater POC fl uxes in Northern Baffi n Bay 
refl ected periods of elevated primary production in the North Water polynya. In the 
Beaufort Sea, sediment resuspension contributed to most of the large export events. 
Lalande et al. ( 2009 ) suggested that the outer shelf of the Laptev Sea may sustain 
the largest increase in POC export in the coming years, due to the large reduction in 
ice cover and the possible increase in the Lena River discharge. Moreover, the large 
difference in forcing among the regions investigated reinforces the importance of 
monitoring POC fl uxes in the different oceanographic regimes that characterize the 
Arctic shelves to assess the response of the Arctic Ocean carbon cycle to interannual 
variability and climate change.  

9.4.1.4     Eastern and Central Arctic Ocean: Polarstern 
ARK-XXII/2 Expedition 

 There are still very few direct measurements of POC export under the permanently 
ice-covered central Arctic Ocean (Moran et al.  1997 ). During the  Polarstern  
ARK- XXII/2 expedition to the eastern and central Arctic Ocean (28 July to 7 
October in 2007), a high-resolution study of POC export was conducted using 
 234 Th/ 238 U disequilibrium (Cai et al.  2010a ). Depth profi les of total  234 Th in the upper 
100–200 m were collected at 36 stations in the eastern and central Arctic Ocean and 
the Barents, Kara, and Laptev seas. Samples were processed using a small volume 
MnO 2  co- precipitation method with addition of a yield tracer. The  234 Th defi cit with 
respect to  238 U was found to be evident throughout the upper 100 m over the Arctic 
shelves. In comparison, the defi cit was confi ned to the upper 25 m in the central 
Arctic Ocean. Below 25 m, secular equilibrium was approached between 
 234 Th and  238 U. Moreover, in association with the surface  234 Th defi cit, the total 
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chlorophyll concentration was generally found to be enhanced, indicating that 
  in-situ  production and export of biogenic particles are the main mechanism for 
upper ocean  234 Th removal in the central Arctic Ocean.  234 Th-derived POC fl uxes 
were determined with a steady state model and pump-normalized POC/ 234 Th ratios 
on total suspended particles collected at 100 m. Results showed enhanced POC 
export over the Arctic shelves. On average, POC export fl uxes over the various 
Arctic shelves were 3 ± 2 mmol m −2  day −1  (the Barents Sea), 0.5 ± 1 mmol m −2  day −1  
(the Kara Sea) and 3 ± 2 mmol m −2  day −1  (the Laptev Sea), respectively. In compari-
son, the central Arctic Ocean was characterized by the lowest POC export fl ux ever 
reported, 0.2 ± 1 mmol m −2  day −1  (1SD, n = 26). This value is very low compared to 
prior estimates, and is also about one order of magnitude lower than the POC export 
fl uxes reported in other oligotrophic oceans. A ThE ratio ( 234 Th-derived POC export/
primary production) of 2 % or 6 % in the central Arctic Ocean was estimated, 
depending on the defi nition of primary production. The low ThE ratio indicates that 
like other oligotrophic regimes, the central Arctic Ocean is characterized by low POC 
export relative to primary production, i.e., a tightly coupled food web. This recent 
study implies that the current role of the central Arctic Ocean in C sequestration is 
still very limited (Anderson et al.  2003 ).   

9.4.2     Conclusions 

 Several fi eld programs conducted in the Arctic Ocean over the past decade have 
reported new estimates of POC export fl uxes based on the determination of 
 234 Th/ 238 U disequilibria in the upper waters of the permanently ice-covered interior 
basins, the seasonally ice-covered shelf and slope waters, and polynya regimes. 
These studies consistently indicate particle export from the upper few hundred 
meters of the water column occurring on a time-scale of days to months.  234 Th/ 238 U 
disequilibria observed in the interior basin and shelf-slope environments are attrib-
uted primarily to particle settling associated with variations in local primary and 
secondary productivity. In shelf regimes, resuspension of abiogenic bottom sedi-
ments also contributes to  234 Th/ 238 U disequilibria. As is the case with sediment 
traps, such processes may lead to biased estimates of the vertical POC export fl ux. 

 Taken as a whole, these recent Arctic studies indicate a marked regional 
variability in upper ocean POC export fl ux, ranging from 0.3 to 7 mmol C m −2  day −1  
in the central Arctic Ocean to 0.7–45 mmol C m −2  day −1  in shelf and polynya regimes. 
A key issue for future studies is to determine the extent of seasonal variability in 
POC export, which is likely to be signifi cant when considering the high nutrient 
concentrations and strong seasonal gradients in light and ice-cover that charac-
terizes the Arctic Ocean. These observations provide the basis for what is likely to 
be a considerable increase in understanding the factors controlling the temporal 
and spatial variability in POC export fl ux and remineralization depths in the Arctic 
Ocean and adjacent seas.   
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9.5     Grazing 

 As in other oceans, both protists and metazoans are believed to be important grazers 
of both phytoplankton and heterotrophic microbes in the PAR domain. In general, 
our impressions of the relative importance of different taxonomic groups is based on 
extrapolation of their importance in similar ecosystems, modeling exercises, or 
better- known information such aspects of community composition and biomass. 
One of the diffi culties in extrapolating results from other studies to the PAR is the 
mosaic of habits it encompasses (Hopcroft et al.  2008 ): the northern Bering Sea and 
much of the Chukchi operates as a cold extension of the Pacifi c Ocean fauna 
(Hopcroft et al.  2010 ), while other parts of the Chukchi and Beaufort seas have a 
fauna of more Arctic character (Darnis et al.  2008 ; Hopcroft et al.  2010 ), and the 
Canada Basin itself has a decidedly oceanic Arctic fauna (Ashjian et al.  2003 ; Lane 
et al.  2008 ; Kosobokova and Hopcroft  2010 ). Interwoven with these is a patchwork 
of polynyas with enhanced productivity and grazing rates (Deibel and Daly  2007 ). 

 The actual number of studies directly measuring grazing in the PAR domain 
is limited for both the protisan microzooplankton (Sherr et al.  1997 ,  2008 ) and 
metazoans (Deibel et al.  2005 ; Campbell et al.  2009 ), although several indirect 
measurements of community grazing (as vertical fl ux) exist (i.e., Forest et al.  2007 ; 
Seuthe et al.  2007 ). Additional grazing work was been conducted at the southern 
PAR fringe during PROBES (i.e., Dagg et al.  1982 ), but this work—like that in 
BEST/BSIERP (E. Lessard, RG Campbell, unpublished)—has concentrated primarily 
on Pacifi c oceanic species. 

 Near the shelf break, of the Chukchi Sea, the dominant four copepod taxa 
( Calanus glacialis, Calanus hyperboreus, Metridia longann and Pseudocalanus spp. ) 
remove ~13 % day −1  of the primary production in spring and 28 % day −1  in summer, 
with wide confi dence intervals (Campbell et al.  2009 ). These copepods removed 
mostly phytoplankton during the spring bloom, but preyed preferentially on the 
microzooplankton community at all times (Campbell et al.  2009 ). The microzoo-
plankton themselves were dominated by aloricate ciliates and heterotrophics 
dinofl agelllates, both with relatively low growth rates, that consumed on average 
22 % of primary production, much less than typical for other oceanographic 
environments, including the Barents Sea. Although the bulk of the imbalance must 
be exported to the benthos, or advected further into the basins (Grebmeier et al. 
 2009 ), the grazing impact of larvaceans was not considered. 

 Larvaceans are important fi lter-feeders in the PAR communities (Lane et al. 
 2008 ), as well as elsewhere in the Chukchi Sea (Hopcroft et al.  2010 ), especially in 
the marginal ice zone of both the shelf and basins (R. Hopcroft, unpublished data). 
The high grazing rate of larvaceans allows them to consume as much as 20 % of the 
daily primary production in the St Lawrence Island polynya (Deibel et al.  2005 ) 
much greater than estimated for the copepods in this case as well as in other Arctic 
polynyas they considered (Deibel and Daly  2007 ). While food concentration 
does typically increase the rates of copepod reproduction (Plourde et al.  2005 ) and 
development (Ringuette et al.  2002 ) in Arctic habitats, larvacean growth rates are 

J.T. Mathis et al.



247

typically high compared to copepods (Hopcroft et al.  1998 ). This is true even for 
arctic species (Choe and Deibel  2009 ), proving advantageous in exploiting ephemeral 
habitats of high-food concentration. 

 The quantitative impact of other planktonic metazoans—grazers, scavengers, 
and predators—in the transfer and cycling of carbon in the PAR region is largely 
unknown. A signifi cant amount of carbon must be lost as it is moved to higher 
planktonic trophic levels. Nonetheless, the cold temperatures characteristic of 
the Arctic result in relatively low rates of respiration (e.g., Ikeda et al.  2001 ) at all 
planktonic trophic levels, resulting in relatively high biomass given the relatively 
low annual rates of primary production. Although the period of high primary 
production may be limited, many of these animals accumulate relatively large stores 
of lipids during such times that carry them through the winter (often in diapause) 
and to fuel subsequent reproduction (e.g., Hirche and Kattner  1993 ). In contrast, the 
more predatory species may have relatively less seasonality in their prey supply and 
feeding strategy.  

9.6     Benthic Carbon Cycling 

 Ice algae and open water production in the spring are key components of the seasonal 
phytoplankton bloom and the timing of the export of this material to the underlying 
benthos is critical to growth properties of the infaunal organisms. Zooplankton 
populations have a limited impact early in the spring due to slow growth rates at low 
seawater temperatures, thus low zooplankton populations allow most of the ice 
edge production to settle ungrazed to the sediment (Bluhm and Gradinger  2008 ). 
However, with continued sea ice retreat and associated seawater warming in the 
Arctic, zooplankton populations will likely grow fast enough to graze a large 
fraction of the new production (Coyle and Pinchuk  2002 ), even with the potential 
of increased open water production with reduced sea ice extent. Currently early 
season phytoplankton blooms are typical in the northern Bering Sea and into the 
Chukchi Sea. In the western regions under the infl uence of high nutrient Anadyr 
Water, zooplankton populations are only weakly coupled to water column production, 
resulting in low recycling in the water column and the fraction of primary production 
exported to the underlying sediments is high (Grebmeier and Barry  2007 ; Grebmeier 
 2012 ). Comparatively, the Alaska Coastal Water is a lower nutrient and water column 
production regime, thus most of the seasonal production and subsequent micro- and 
meso-zooplankton growth and microbial transformations utilize a large percentage 
of the water column organic carbon production, thus reducing the fraction of material 
exported to the sediments, thereby limiting benthic populations and benthic carbon 
cycling (Grebmeier  2012 ; Grebmeier et al.  2006a ). 

 Spatial patterns of sediment community oxygen consumption (SCOC), some-
time called sediment oxygen demand, identify regions of organic carbon deposition 
throughout the Pacific-influenced shelf region and can be used as a surrogate 
for variations of export production (Grebmeier  2012 ; Grebmeier and Barry  2007 ). 
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We converted oxygen to carbon using a 1:1 stoichiometric relationship between 
oxygen and carbon utilization and a carbon respiration coeffi cient of 0.85 after Renaud 
et al. ( 2007b ) for comparative purposes with carbon export values in the previous 
section of this chapter. Looking just at the last decade (2000 onward), we continue 
to observe specifi c “hot-spots” of high SCOC in regions southwest of St. Lawrence 
Island, in the Chirikov Basin north of St. Lawrence Island, in the southern 
Chukchi Sea and at the head of Barrow Canyon (Fig.  9.9 ) compared to previous 
decades (see Grebmeier  2012 ). SCOC ranges from ~0.3 to 40 mmol O 2  m −2  day −1  
(84–335 mg C m −2  day −1 ) in the northern Bering Sea just south and north of 
St. Lawrence Island to 20–50 mmol O 2  m −2  day −1  (167–418 mg C m −2  day −1 ) in the 
southern Chukchi Sea and upper Barrow Canyon. SCOC declines to 1–10 mmol 
O 2  m −2  day −1  (8–84 mg C m −2  day −1 ) on the outer Chukchi and western Beaufort 
shelves, with the lowest values from 0.1 to 5 mmol O 2  m −2  day −1  (<1–42 mg C m −2  
day −1 ) on the northern Chukchi and western Beaufort slope and Arctic basin regions 
(see Grebmeier et al.  2006a  for SCOC methodology).

   The lower SCOC rates nearshore in the northern Bering, Chukchi, East Siberian, 
and western Beaufort Seas, except Barrow Canyon, indicate reduced organic carbon 
export and deposition to the benthos (Grebmeier and Barry  2007 ; Grebmeier  2012 ). 
These values of SCOC converted to carbon values are comparable in range to export 
production determined from both the thorium method and sediment traps (Lalande 
et al.  2007b ; Lepore et al.  2006 , this chapter). For example, high SCOC in the 

  Fig. 9.9    Distribution of sediment community oxygen consumption (positive infl ux values) in the 
Bering and Chukchi seas from 2000 to 2009       
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southern Chukchi Sea and upper Barrow Canyon “hotspots” is consistent with 
elevated carbon export fl ux rates determined by the thorium method (Lepore et al. 
 2006 ), although lower than those measured using the fl oating sediment trap method 
in the summer period only (Lalande et al.  2007b ). When SCOC is greater than the 
water column carbon export production, the import of organic carbon from upstream 
productive zones is suggested. 

 Past studies also indicate that sediment respiration in the productive area of the 
PAR is dominated by benthic macroinfauna (animals that live inside the sediment 
>1 mm in size) and that rates of microbial respiration are low by comparison 
(Grebmeier and McRoy  1989 ; Henriksen et al.  1993 ; Devol et al.  1997 ; Clough et al. 
 2005a ,  b ; Grebmeier and Barry  2007 ). The dominance of macroinfauna in commu-
nity respiration is assumed for the shelf and upper slope of the Pacifi c- infl uenced 
waters, although small meiofauna (>63 μm–0.5 mm) become more dominant in the 
deep slope and basin as macroinfauna diminish (Clough et al.  2005a ,  b ; Pirtle-Levy 
 2006 ). Clough et al. ( 2005a ,  b ) found that the role of macrofauna was more important 
than meiofauna to sediment respiration at depths shallower than 500 m in the Chukchi 
Sea during the summer. They also noted that benthic macroinfaunal biomass 
explained 75 % of the variability in benthic respiration rates, similar to the >50 % 
infl uence of benthic macroinfauna observed by Grebmeier and McRoy ( 1989 ) under 
the high carbon export areas of the northern Bering and Chukchi seas. Recent data 
also indicate that epifaunal animals (animals that live on the sediment surface) can 
increase overall benthic community oxygen consumption and thus their oxygen con-
sumption should be considered when developing a total benthic carbon cycling bud-
get (Ambrose et al.  2001 ; Piepenburg et al.  1995 ; Renaud et al.  2007a ). Thus, whole 
core SCOC rates, although generally indicative of organic carbon supply to the ben-
thos, are considered minimal values since they do not include either megafaunal 
animal impacts or anaerobic processes, both of which would increase total sediment 
oxygen consumption and overall carbon mineralization rates. 

 Similarly, macrofauna was found to be a dominant driver for higher sediment 
oxygen consumption in the Canadian Beaufort Sea during studies undertaken during 
the Canadian Arctic Shelf Exchange Study (CASES) program. Studies by Renaud 
et al. ( 2007a ) found that 60 % of the oxygen demand during the productive spring 
period in 2005 was driven by macrofaunal activity, with only a minor portion 
through microbial and meiofaunal activities. Sediment-community carbon demand 
in fall 2003 and summer 2004 was 1.3 ± 0.3 to 8.0 ± 4.3 mmol C m −2  day −1 , with lowest 
levels measured in the Amundsen Gulf. Levels were generally higher on the shelf 
than at the shelf edge and highest at Cape Bathurst (Renaud et al.  2007a ). This study 
estimated that the benthic carbon demand during the period of highest sediment 
oxygen demand was around 0.21 g C m −2  day −1 , about half the benthic organic 
carbon uptake of the “hotspot” areas in the southern Chukchi Sea and head of 
Barrow Canyon (   Grebmeier et al.  1989 ; Moran et al.  2005 ). They also found 
epibenthos (primarily echinoderms) were important drivers of sediment respiration. 

 Benthic macroinfaunal biomass from 30 to 60 g C m −2  has been reported in the 
southern Chukchi Sea and upper Barrow Canyon productive regions (Grebmeier  2012 ; 
Grebmeier et al.  2006a ). The implication of these high benthic biomass areas is that 
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carbon storage in benthic infaunal biomass is likely an important component of the 
overall carbon budget in this region. Additionally, rates of high sediment carbon uptake 
of up to 30 mmol C m −2  day −1  at the head of Barrow Canyon indicate increased export 
to the sediments of organic carbon during the summer period (Lepore et al.  2006 ). This 
increase in carbon export in upper Barrow Canyon during the summer is likely due to 
both  in situ  phytoplankton production and deposition of particulate organic material 
from upstream production sites in the south, which would make Barrow Canyon an 
important region of carbon transport from the Chukchi Sea to the Arctic Basin. Notably, 
Renaud et al. ( 2007a ,  b ) working in the Beaufort Sea found that not enough  in situ  
particulate carbon was present in their study area to support the benthic carbon uptake 
rates, indicating an outside source of carbon was needed as was observed in the north-
ern Chukchi Sea. 

9.6.1     Sediment Nutrient Effl ux 

 Spatial evaluation of ammonium and silicate effl ux from 2000 onwards (encom-
passing the 2007–2009 International Polar Year) indicate a relationship between 
regions of high export production as indicated by SCOC (Fig.  9.9 ) and nutri-
ent effl ux (Figs.  9.10  and  9.11 ). Highest ammonium (Fig.  9.10 ) and silicate 
(Fig.  9.11 ) effl ux occurred in the hotspot areas of carbon export (indicated by 
positive SCOC infl ux, Fig.  9.9 ) southwest of St. Lawrence Island (SLI), the 
north-central Chirikov Basin north of SLI, the southeast Chukchi Sea and upper 
Barrow Canyon, all known areas of high pelagic-benthic coupling and carbon 
export (Grebmeier  2012 ). The high ammonium effl uxes (indicated by negative 
values of up to ~7 mmol NH 4  m −2  day −1 ) occurred in regions of high carbon export 
as indicated by high SCOC (positive infl ux of up to ~47 mmol O 2  m −2  day −1 ; 
Fig.  9.9 ) in similar locations and coincident with high populations of infaunal 
bivalves and amphipods. In particular, silicate effl ux is greatest in the SE Chukchi 
Sea and upper Barrow Canyon benthic “hotspot” areas (Fig.  9.10 ) where SCOC 
is also the greatest, indicative of the high carbon supply to the sediments and 
benthic carbon recycling processes in this region.

    SCOC, ammonium and silicate effl ux are probably infl uenced by bioturbation 
pro cesses within the upper sediments by infaunal bivalves, polychaetes and crusta-
ceans that dominate in this region as indicated for regions in the southern Chukchi 
Sea. In addition, microbial recycling of organic carbon as well as nutrients excreted 
by infaunal organisms can be contributors to benthic carbon cycling in these areas. 
Bioturbation by infaunal organisms can infl uence the rates of oxygen uptake and 
nutrient regeneration, thus the location of “hotspots” of benthic carbon cycling are 
directly related to infaunal biomass and population structure. Since the region is 
characterized by high infaunal population levels, bioturbation by the dominant 
infauna as well as large benthic feeding marine mammals, such as walrus are likely 
critical for maintaining ecosystem structure and function on the productive northern 
Bering and Chukchi shelves. Any changes in physical forcing that infl uence 
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upper water column biological processes (nutrient availability, primary production, 
zooplankton production, export production) will directly infl uence sediment oxygen 
uptake, nutrient release and overall benthic carbon cycling that can feed back to 
both upper water column and higher trophic level productivity.   

9.7     Contribution of Heterotrophic Bacteria 
to Carbon Cycling 

 Heterotrophic bacteria and the rest of the microbial loop usually process a large 
fraction of  14 C-primary production primary production and thus contribute substan-
tially to the carbon cycle of the oceans. Bacterially-mediated carbon fl uxes through 
dissolved organic material (DOM) account for half or more of primary production 
as measured by the  14 C method in most aquatic ecosystems (Ducklow  2000 ), based 
on data from biomass production estimates and size fractionation experiments 
that examine respiration or DOC consumption by the bacteria-size fraction. 
Since bacteria are the main users of DOC, data on bacterial activity can be used to 

  Fig. 9.10    Effl ux of ammonium from sediments (negative values) in the northern Bering and 
Chukchi seas from 2000 to 2009       
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estimate DOC fl uxes, especially of the labile components of the DOC pool with 
turnover times on the scales of days to weeks. In some oceanic regions, these 
fluxes and respiration by bacteria and other heterotrophic organisms appear to 
exceed primary production rates over substantial time and space scales, raising 
questions about balancing carbon fl uxes in these regions (Duarte and Regaudie-de-
Gioux  2009 ; Robinson  2008 ). 

 Early studies suggested that bacterial activity would be low in perennially cold 
waters like the Arctic Ocean (Pomeroy and Deibel  1986 ). This low activity was 
thought to allow more carbon to be channeled to higher trophic levels and to be 
exported to benthic communities. Studies in the Ross Sea, Antarctica supported the 
cold temperature hypothesis and found that ratios of bacterial biomass production 
to  14 C-primary production were low (Ducklow et al.  2001 ; Ducklow  1999 ), 
suggesting low fl uxes through the DOM pool. In the Arctic Ocean, however, one 
study found variable but often high ratios of bacterial to primary production 
(Rich et al.  1997 ). 

 The SBI program provided an opportunity to examine bacterial properties and 
DOC fl uxes in the Chukchi Sea and nearby regions of the Canada Basin (Grebmeier 
and Harvey  2005 ). The review here will focus on two related questions: (i) what 

  Fig. 9.11    Effl ux of silicate from sediments (negative values) in the northern Bering and Chukchi 
seas from 2000 to 2009       
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fraction of total respiration can be attributed to heterotrophic bacteria?; (ii) what 
fraction of primary production is processed by heterotrophic bacteria, as estimated 
from biomass production and growth effi ciencies estimates? The term “heterotro-
phic bacteria” accurately describes the microbes involved in the processes discussed 
in this review because the abundances of autotrophic Archaea and cyanobacteria are 
low in these surface waters (Cottrell and Kirchman  2009 ; Garneau et al.  2009 ; 
Kirchman et al.  2007 ). 

9.7.1     Respiration by Heterotrophic Bacteria 

 The standard size fractionation approach was used to examine respiration by the 
bacterial size fraction (<0.8 μm) in the summer of 2004 in the Chukchi Sea and 
Canada Basin (Kirchman et al.  2009a ). The small size fraction usually includes a 
large part (>80 %) of total bacterial abundance, but excludes particle-bound 
microbes, which can be abundant and active in low salinity coastal waters impacted 
by river inputs (Garneau et al.  2009 ). 

 The size fractionation experiments indicated that heterotrophic bacteria 
accounted for a highly variable fraction of total respiration in the Chukchi Sea and 
Canada Basin (Kirchman et al.  2009a ). The percentage was 40–60 % in shallow 
shelf waters of the Chukchi Sea and decreased to 3–26 % in slope waters. Respiration 
by the bacterial size fraction exceeded total respiration at two stations in the Canada 
Basin. The overall average of all experiments indicated that heterotrophic bacteria 
account for about 25 % of total respiration in these Arctic waters, which is smaller 
than typically seen in low-latitude oceans.  

9.7.2     Biomass Production by Heterotrophic 
Bacteria and Phytoplankton 

 Estimates of biomass production by heterotrophic bacteria can be used to explore 
the transfer of carbon, other elements and energy from DOM, through heterotrophic 
bacteria and the rest of the microbial loop, and onto higher trophic levels. 
Since bacterial abundance and biomass is constant on short time scales, bacterial 
production is roughly equal to transfer of carbon to higher trophic levels after viral 
lysis is accounted for; the few available estimates indicate that lysis is low in the 
Arctic for unknown reasons (Steward et al.  1996 ). The production estimates also 
can be used to examine community growth rates and generation times, a fundamen-
tal property of biological populations. In the Arctic, growth rates range from 0.03 to 
0.15 day −1 , equivalent to generation times of 5 days to over 3 weeks (Kirchman et al. 
 2009a ). These growth parameters are slower and longer than those estimated in low 
latitude oceans (Kirchman et al.  2009b ). 
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 Biomass production rates also can be used to examine the fraction of primary 
production processed by heterotrophic bacteria. This approach has many well- 
known problems. Criticism has focused on bacterial production estimates, but 
 14 C-based estimates of primary production have also been questioned (Quay et al. 
 2010 ) and are diffi cult to interpret for the Arctic (see below). Still, it is technically 
much easier to measure biomass production than total respiration and respiration by 
the bacteria-size fraction, especially in cold waters where rates are low and oxygen 
concentrations are high. Consequently, the data set on production estimates is much 
larger than that on respiration. These estimates suggest high variability over time 
and space in relationships between bacterial biomass production and  14 C- primary 
production and by implication, the routing of carbon through the DOM pool from 
phytoplankton. 

 In general, bacterial production correlated with  14 C-primary production (r = 0.53; 
p < 0.001; n = 89) for rates integrated over the euphotic zone in the SBI study 
area (Kirchman et al.  2009a ), but the ratio of the two production estimates (BP:PP) 
varied substantially during the SBI expeditions. It was signifi cantly higher in 2002 
than in 2004 and higher in May–June than in July–August of both years. Both 
bacterial production and primary production tended to decrease in transects from 
shelf waters to the basin, but since primary production decreased more so, the 
BP:PP ratio tended to be highest in the basin. In waters such as on the shelf with 
high rates of primary production (>100 mgC m −2  day −1 ), the BP:PP ratio was low 
(0.06 ± 0.01; n = 55) whereas it was high (0.79 ± 0.21; n = 34) in waters such as the 
basin with low rates of primary production (<100 mgC m −2  day −1 ). The implication 
of these data for shelf-basin exchange is discussed below.  

9.7.3     Growth Effi ciency in the Arctic Ocean 

 The BP:PP ratios do not include respiration and thus cannot be used alone to explore 
questions about how much primary production is routed through DOC, bacteria 
and the microbial loop. The bacterial growth effi ciency (BGE) is also needed. We 
can calculate bacterial respiration (BR) from bacterial production (BP) estimates 
using the equation:

  
BR BP BGE BGE= -( )1 /

   

  The few estimates of BGE for Arctic waters vary greatly (see references in 
Kirchman et al.  2009a ) with an overall average of 6.9 ± 9.0 % for the entire SBI data 
set. This average does not differ statistically from the oceanic average of 15 % 
(Del Giorgio and Cole  2000 ). There was no signifi cant effect of temperature on 
BGE in experiments conducted during the SBI expeditions, consistent with the lack 
of a clear temperature effect on BGE in previous studies (see references in Kirchman 
et al.  2009a ).  
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9.7.4     Implications for Shelf-Basin Exchange 

 The BGE values can be combined with the biomass production data to provide 
another estimate for how much of total respiration and of total primary production 
consumption can be attributed to heterotrophic bacteria. Assuming BGE to be 7 %, 
the production data suggest that about 80 % of  14 C-primary production in the 
western Arctic is consumed by heterotrophic bacteria in waters with high rates 
of primary production (Kirchman et al.  2009a ). When ice effects on  14 C primary 
production are ignored, consumption by heterotrophic bacteria amounts to <50 % of 
 14 C primary production, signifi cantly less than see in low-latitude oceans (Kirchman 
et al.  2009b ). In contrast, bacterial respiration estimated by this approach exceeds 
100 % in waters with low primary production rates. This does seem possible in 
some Arctic regions (e.g. ice-covered waters), but there are known problems with 
the data. In a discussion of possible errors, Kirchman et al. ( 2009a ) concludes that 
the  14 C method probably underestimates true rates of both net and gross primary 
production. A recent study also found that  14 C-based estimates of primary production 
were much lower than estimates from other approaches (Quay et al.  2010 ). 

 The data still can be used to explore the possible export of organic carbon from 
productive shelf waters to less productive waters such as those in the basin. The 
high rates of bacterial production, bacterial respiration and total respiration in 
waters with low primary production can be sustained only by organic carbon 
exported from waters with high primary production. In addition to general shelf- 
basin exchange, organic carbon could be exchanged between ice-free and ice- covered 
shelf regions with high and low rates of primary production, respectively. These 
regions could have adequate nutrients but be light limited if covered by ice. The 
production data can be used to identify these regions. 

 The organic carbon most likely exported is that in the DOC pool. The amount is 
too large to be accounted for by particulate organic carbon, whereas it is small 
compared to the total integrated DOC pool; the daily rate given by Kirchman et al. 
( 2009a ) is <10 % of total DOC. DOC produced in productive waters an exported to 
less productive waters helps to explain the spatial and temporal variability in net and 
community production as measured by light–dark incubations in the Arctic (Cottrell 
et al.  2006 ).   

9.8     Ocean Acidifi cation 

 It has been widely shown that the uptake of anthropogenic CO 2  by the oceans 
(e.g., Sabine et al.  2004 ; Sabine and Feely  2007 ) has a signifi cant effect on marine 
biogeochemistry by reducing seawater pH (Feely et al.  2009 ; Caldiera and 
Wickett  2003 ) and the saturation states (Ω) of important calcium carbonate (CaCO 3 ) 
minerals (Feely et al.  2004 ; Orr et al.  2005 ; Caldiera and Wickett  2005 ) through a 
process termed “ocean acidifi cation”. Seawater exhibiting undersaturated conditions 
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(i.e., Ω < 1) are potentially corrosive for biogenic CaCO 3  minerals such as aragonite, 
calcite and high-Mg calcite. The reduction of CaCO 3  mineral saturation states in 
the surface ocean and along continental margins could have potentially negative 
consequences for benthic and pelagic calcifying organisms, and entire marine 
ecosystems (Fabry et al.  2008 ). Of even greater concern is the rate at which ocean 
acidifi cation and CaCO 3  mineral saturation state suppression are progressing, 
particularly in the high latitude PAR (Byrne et al.  2010 ; Fabry et al.  2009 ) where 
mixing processes and colder temperatures naturally precondition the water column 
to have lower pH and Ω values compared to more temperate ocean environments. 

 Recent observations in the sub-arctic North Pacifi c Ocean (Mathis et al.  2011b ) 
have already revealed areas of seasonal CaCO 3  mineral Ω suppression. Aragonite 
undersaturation has been observed throughout the water column during certain 
times of the year, and models project widening areas of aragonite undersaturation 
for longer durations during the next several decades (Steinacher et al.  2009 ). 
Undersaturation has potentially negative consequences for the region because the 
expansive continental shelf in regions such as the eastern Bering Sea sustains a 
commercially valuable fi shery (Cooley and Doney  2009 ; Cooley et al.  2009 ) that 
produces approximately 47 % of the US fi sh catch by weight. 

 As observed at several open-ocean time-series, the uptake of anthropogenic CO 2  
has already decreased surface water pH by 0.1 units. IPCC scenarios, based on 
present-day CO 2  emissions, predict a further decrease in seawater pH by 0.3–0.5 
units over the next century and beyond (Caldiera and Wickett  2003 ). Ocean acidifi -
cation and decreased pH reduces the saturation states of calcium carbonate minerals 
such as aragonite and calcite, with many studies showing decreased CaCO 3  produc-
tion by calcifying fauna (Buddemeier et al.  2004 ; Fabry et al.  2008 ) and increased 
CaCO 3  dissolution. The PAR is particularly vulnerable to ocean acidifi cation due to 
relatively low pH as well as low temperature and salinity (implying low calcium ion 
concentration) of polar waters compared to other waters (Orr et al.  2005 ; Steinacher 
et al.  2009 ) together with the low buffer capacity of sea-ice melt water (Yamamoto- 
Kawai et al.  2009 ). In the high latitude PAR, the uncoupling of primary production 
and grazing leads to high export rates of organic matter to the bottom waters and the 
sediments. When this organic matter is remineralized back into CO 2 , it naturally 
decreases pH and suppresses carbonate mineral saturation states. However, the presence 
of anthropogenic CO 2  in the water column has caused bottom waters over some 
parts of the PAR shelves to become undersaturated in carbonate minerals    (mostly 
aragonite, but in some locations calcite undersaturations have been observed) 
(e.g., Mathis et al.  2011b ; Anderson et al.  2011 ). 

9.8.1     The Bering Sea 

 The eastern shelf of the Bering Sea (Fig.  9.1 ) is a highly dynamic area that is infl uenced 
by a number of terrestrial and marine processes (Fig.  9.12 ) that impact seawater 
carbonate chemistry with considerable spatial, seasonal and interannual variability 
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in the saturation states of the two most biogenically important CaCO 3  minerals, 
aragonite (Ω aragonite ) and calcite (Ω calcite ) (Mathis et al.  2011a ). The springtime retreat 
of sea ice, coupled with warming and seasonally high rates of freshwater discharge 
create distinctive horizontal and vertical zones over the shelf, each with their own 
unique characteristics (Stabeno et al.  1999 ). The onset of stratifi cation in surface 
waters stimulates an intense period of phytoplankton primary production (PP), 
particularly over the middle region of the shelf where the confl uence of macronutri-
ent-rich Bering Sea water and coastal water replete in micronutrients is highest 
(Aguilar-Islas et al.  2007 ). In this region, historically referred to as the “ green belt ”, 
rates of net community production (NCP) can exceed 480 mg C m −2  day −1  (see PP 
section in this chapter) while average rates across the shelf are ~330 mg C m −2  day −1 , 
making the eastern Bering Sea shelf one the most productive regions in the global 
ocean (Sambrotto et al.  2008 ; Mathis et al.  2010 ).

   On the eastern Bering Sea shelf, a seasonal divergence in pH and Ω is observed 
between surface and subsurface waters, driven primarily by the biology of the system 
(Mathis et al.  2010 ). During the spring phytoplankton bloom, high rates of NCP 
effectively remove CO 2  from the surface waters creating a strong seasonal disequi-
librium with the atmosphere (e.g. Bates et al.  2010 ), but also increasing pH and Ω 
values by ~0.1 and ~1 respectively (Mathis et al.  2011a ). However, in subsurface 
waters the opposite is observed, with pH and Ω values decreasing signifi cantly 
(~0.3 and ~0.2, respectively; Mathis et al.  2011a ,  b ). Much of the organic matter 
that is produced during the spring phytoplankton bloom is exported vertically out of 
the mixed layer. By mid-summer, the water-column becomes highly stratifi ed and 

  Fig. 9.12    Generalized description of the processes affecting the carbonate chemistry of the eastern 
Bering Sea shelf. The infl ux of runoff from the coast delivers water with high  p CO 2 , low TA, and 
moderate concentrations of dissolved organic matter (OM). The high  p CO 2  of the water creates a 
seasonal source of CO 2  to the atmosphere while reducing carbonate mineral saturation states. 
Offshore, the  upper water column  is dominated by sea ice melt in late spring and summer that 
creates a highly satisfi ed surface layer where primary production is controlled by the confl uence of 
coastal waters rich in micronutrients and basin water replete in macronutrients. Seasonally high 
rates of NCP lead to a rapid drawdown of CO 2  at the surface creating a strong seasonal sink for 
atmospheric CO 2 . In 2009, coccolithophore (Cocc.) blooms were observed in the intermediate 
shelf waters and lowered TA concentrations at the surface. The varying degree of export production 
at the surface determined the amount of remineralization that occurred at depth which ultimately 
controlled saturation states. This PhyCaSS interaction can be observed to varying degrees across 
the shelf (Adapted from Mathis et al.  2011b )       
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bottom waters are effectively isolated from surface waters over much of the shelf. 
The vertical export of organic matter and its subsequent seasonal remineralization 
at depth induces a signifi cant build-up of CO 2  in bottom waters (i.e.,  p CO 2  increases) 
and concurrent suppression of CaCO 3  mineral Ω values (Mathis et al.  2010 ,  2011b ). 
The seasonal divergence of pH and Ω in surface and subsurface waters has been 
described in terms of a “Phytoplankton-Carbonate Saturation State” (PhyCaSS; 
Bates et al.  2009 ). In 2008, subsurface waters of the eastern Bering Sea shelf became 
undersaturated with respect to aragonite (but not calcite; Mathis et al.  2011b ). It has 
also been shown that the addition of anthropogenic CO 2  to the ocean augments 
this natural seasonal interaction between ocean biology and seawater carbonate 
chemistry, tipping subsurface waters below the saturation state threshold (Ω aragonite  = 1) 
for aragonite.  

9.8.2     The Western Arctic Ocean 

 In the Arctic Ocean, potentially corrosive waters are found in the subsurface layer 
of the central basin (Jutterström and Anderson  2005 ; Yamamoto-Kawai et al.  2009 ; 
Chierici and Fransson  2009 ; Anderson et al.  2010 ), on the Chukchi/Beaufort Sea 
shelf (Bates and Mathis  2009 ; Mathis et al.  2012 ) and in outfl ow waters of the 
Arctic found on the Canadian Arctic Archipelago shelf (Azetsu-Scott et al.  2010 ). 
On the Chukchi Sea, shelf waters corrosive to CaCO 3  occur seasonally in the bottom 
waters with unknown impacts to benthic organisms. The seasonally high rates of 
summertime phytoplankton primary production in the Chukchi Sea drives a down-
ward export of organic carbon, which is remineralized back to CO 2  which in turn 
increases seawater  p CO 2  (and decreasing pH) of subsurface waters. Such a seasonal 
biological infl uence on the pH of subsurface waters amplifi es existing impacts 
of ocean acidifi cation induced by the uptake of anthropogenic CO 2  over the last 
century (Bates and Mathis  2009 ). Given the scenarios for pH changes in the Arctic, 
the Arctic Ocean and adjacent Arctic shelves, including the western Arctic, will 
be increasingly affected by ocean acidifi cation, with potentially negative implica-
tions for shelled benthic organisms as well as those animals that rely on the shelf 
seafl oor ecosystem.   

9.9     Summary 

 The Arctic marine carbon cycle, including primary production, carbon transformations, 
and export production are sensitive to sea ice loss, warming temperatures, changes 
in the timing and location of primary production, freshwater inputs, and ocean 
acidifi cation. A key issue for future studies is to determine the extent and variability 
in DOC and POC production, which can vary widely with seasonal gradients in 
light, ice-cover and riverine input to the Arctic Ocean and marginal seas. Further 
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studies are needed to relate the biogeochemical impacts infl uencing the marine 
carbon cycle and remineralization, including organic carbon cycling in the water 
column, microbial and plankton processes, and in the underlying sediments to 
broader transitions in climate conditions. Recent studies indicate that ocean acidifi -
cation and decreased pH are reducing the saturation states of calcium carbonate 
minerals and this process may have a detrimental impact on calcifying fauna. 
Further studies of the key processes within the marine carbon cycle will facilitate a 
better understanding of climate change impacts as the Arctic ecosystem undergoes 
a rapid transition to a potentially new state.     
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    Abstract     The lower trophic level taxa underpin the marine ecosystems of the Pacifi c 
Arctic Region (PAR). Recent fi eld observations indicate that range shifts, and changes 
in the relative abundance of particular taxa have occurred within the last decade. Here 
we provide a region wide survey of the diversity and distribution of viruses, bacteria, 
archaea, auto- and heterotrophic protists, as well as metazoan zooplankton and benthic 
organisms in the PAR. Our aim is to provide a foundation for the assessment of the 
changes within the lower trophic level taxa of the PAR and to document such change 
when possible. Sensitivities to the effects of climate change are also discussed. Our 
vision is to enable data-based predictions regarding ecological succession in the PAR 
under current climate scenarios, and to deepen our understanding regarding what the 
future holds for higher trophic level organisms and the carbon cycle.  
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10.1         General Introduction 

 The way in which microbes, zooplankton, and benthic and sympagic (sea-ice associated) 
invertebrates of the Pacifi c Arctic Region (PAR) respond to environmental change 
has important implications for overall ecosystem function. Potential biotic responses 
to change include altered phenology, abundance, community composition, and species 
range shifts; some of these responses have been observed within the last decade 
(Grebmeier et al.  2006b ; Li et al.  2009 ). Besides changes in arctic taxa, the PAR is 
also vulnerable to establishment of southern organisms from both the Atlantic and 
Pacifi c oceans. 

 The life span of the lower trophic-level organisms ranges from days (microbes) 
to decades (benthic infauna). The former will respond quickly to physical forcing 
and serve as sensitive indicators of ecosystem change although the detection of 
ecological trends by the study of these short-lived organisms may be confounded by 
their strong seasonal dynamics. Macrobenthic infauna are spatially constrained 
and have long life spans, and thus integrate local climate signals over longer periods 
of time. Study of the benthic infauna has therefore provided us with some of the 
strongest indication of ecosystem change in the PAR to date (Sect.  10.4.2 ). 

 The fi rst objective of this work is to assess past and current change in the lower 
trophic level taxa in the PAR. The second objective is to provide context with 
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regard to understanding current sensitivities and vulnerabilities to climate forcing. 
Taken together these two objectives will enable data-based predictions regarding 
ecological succession in the PAR under current climate scenarios, and to deepen our 
understanding regarding what the future holds for higher trophic level organisms 
and the marine carbon cycle.  

10.2     Phytoplankton in the PAR 

10.2.1     Introduction 

 Populations of subarctic and arctic phytoplankton are controlled by the extreme 
seasonality of the polar environment. Primary production is dependent on two basic 
elements: light and nutrients. The annual cycle of phytoplankton growth starts with 
ice algae at the ice-water interface, stimulated by increasing irradiance as snow 
cover melts and day length increases (Gradinger  2009    ). As the sea ice thins and melt 
ponds expand, under ice light transmission increases to upwards of 50 % (Light 
et al.  2008 ) and phytoplankton blooms under the ice are observed (Arrigo et al. 
 2012 ; Gosselin et al.  1997 ). The season progresses with intense blooms along the 
retreating ice edge across both the shelf and basin regions. Diatoms, primarily 
 Thalassiosira  and  Chaeroceros  spp. (Aizawa et al.  2005 ; Suzuki et al.  2002 ), 
dominate the community composition at this time. Much of this carbon is sequestered 
to the benthos through a highly effi cient biological pump (Campbell et al.  2009 ; 
Moran et al.  2005 ; Sherr et al.  2009 ; Wehrmann et al.  2011 ). In some areas, this 
strong benthic-pelagic coupling supports an extremely high benthic biomass that is 
utilized by higher trophic-level taxa, including seabirds, walruses and gray whales 
(e.g., Grebmeier et al.  2006a ; see also Sect.  10.4 ). Strong stratifi cation in the 
summer restricts the vertical replenishment of surface nutrients, promoting the growth 
of smaller celled fl agellates which rely on recycled nutrients (Hill et al.  2005 ; 
Sukhanova et al.  1999 ). 

 Sea surface warming trends in the Arctic Ocean have been most pronounced in 
the Pacifi c region with recent summertime temperature anomalies of + 2.5 °C (Steele 
et al.  2008 ). Summertime sea ice coverage has decreased across the Arctic since 
1979, with total extent declining by 2.8–7.2 % per decade per month (Serreze et al. 
 2007 ). An alteration of the food web through the introduction of species adapted to 
a more temperate climate, changes in the location and timing of phytoplankton 
blooms forced by variation in sea surface temperatures (SST), or alterations to 
ice dynamics, may shift ecological processes in the Bering and Chukchi seas. It is 
postulated that the timing of phytoplankton growth relative to water temperature 
plays a critical role in determining the pathways of reduced carbon biomass. Walsh 
and McRoy ( 1986 ) hypothesized that blooms occurring in warm water would be 
consumed by copepods whose foraging and growth increase in effi ciency at higher 
water temperatures (Huntley and Lopez  1992 ). Blooms occurring earlier in cold 
water would not be effectively grazed by copepods, but fall to the bottom to support 
benthic organisms (Hunt et al.  2002 ). However, recent observations of warming and 
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cooling phases in the Bering Sea have indicated the need for revision to this 
 hypothesis (Coyle et al.  2011 ). Although the details regarding the interplay between 
temperature and pelagic-benthic coupling remain to be worked out, what is clear is 
that modifi cation of benthic communities caused by changes in the sinking of 
 carbon from the euphotic zone will have profound impacts on the ability of the 
 system to support mammals (e.g. polar bears, gray whales and walruses) that are a 
critical part of the cultural and social fabric of the Arctic. This section describes the 
biodiversity and biogeography of phytoplankton within the PAR, with the intent of 
understanding and predicting future changes.  

10.2.2       Phytoplankton and Sea Ice Algae: An Overview 

 At the pan-arctic scale a total of 2,106 single-celled eukaryotic taxa, including 
1,874 phytoplankton and 1,027 sea ice taxa have been reported (Poulin et al.  2011 ). 
The highest diversity of both phytoplankton and sea-ice eukaryotes was recorded in 
Canadian waters. In the Bering Strait and the Alaskan Beaufort Sea, pelagic diatoms 
accounted for 75 % of the total number of unicellular eukaryotes, whereas 17 % is 
contributed by sea ice taxa (Table  10.1 ). Landfast and pack ice in the Alaskan 
Beaufort Sea are predominantly colonized by pennate diatoms which accounted 
for 77 % of all unicellular eukaryotes recorded, with the micro-sized fraction 
(i.e. 20–200 μm) representing 96 %.

   Marine phytoplankton in the Beaufort Sea and Canada Basin are predominantly 
large-celled diatoms and dinofl agellates which accounted for 58 % and 21 %, 
respectively, of all 555 microscopic forms recorded (Table  10.2 ). Arctic landfast 
and pack ice in this sector are mainly colonized by pennate diatoms which accounted 

   Table 10.1    Total number of taxa and genera of phytoplankton and sea-ice unicellular eukaryotes 
recorded from Bering Strait and the Alaskan Beaufort Sea, including genus dominance with species 
number and occurrence (%) of dominant taxa (Poulin et al.  2011 ; M. Poulin, unpublished data)   

 Taxon  # taxa  # genera  Genus dominance  Dominant taxa 

 Diatoms  331  91 
 Centrics  99  29   Chaetoceros  (34)   Attheya septentrionalis  (>50 %) 

  Thalassiosira  (21) 
 Pennates  232  62   Navicula  (52)   Nitzschia frigida  (80 %) 

  Nitzschia  (36)   Cylindrotheca closterium  (>65 %) 
  Pinnularia  (19)   Thalassionema nitzschioides  (>60 %) 
  Entomoneis  (10)   Fragilariopsis cylindrus  (>50 %) 

  Fragilariopsis oceanica  (>50 %) 
  Navicula pelagica  (>50 %) 

 Dinofl agellates  74  28   Protoperidinium  (21) 
 Chlorophytes  13  11 
 Others  25  36 
 Total  443  166 
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for 69 % of all 257 unicellular eukaryotes recorded, with the micro-sized fraction 
(i.e. 20–200 μm) representing 90 % of all taxa observed. See also Sect.  10.5.2  for 
more detail on ice associated taxa.

   Dominant arctic taxa are mostly associated with cold waters and the presence of 
available sea ice habitat.  Nitzschia frigida  Grunow can be considered a sentinel spe-
cies for the occurrence of fi rst-year sea ice, while  Fragilariopsis cylindrus  (Grunow 
ex Cleve) Frenguelli is often associated with fi rst-year sea ice but is also known to 
occur in cold pelagic waters.  Melosira arctica  Dickie is associated with the under 
surface of the sea ice forming long threads consisting of huge number of colonies, 
and  Attheya septentrionalis  (Østrup) Crawford is correlated to cold pelagic waters. 
In addition, while diatoms dominate in regions with 50–90 % ice cover, fl agellates 
are often more abundant than diatoms under thicker ice cover (Booth and Horner 
 1997 ; Gosselin et al.  1997 ). As water temperatures, and sea ice dynamics and 
characteristics change, we might expect alterations in the distribution and abundance 
of these arctic taxa which has unknown consequences for ecosystem function. 
In particular smaller taxa are predicted to thrive in a warmer more stratifi ed Arctic 
Ocean (Li et al.  2009 ).  

10.2.3      Latitudinal Variation of Phytoplankton 
Biodiversity and Community Composition 
in the Western Arctic Ocean 

 Temporal succession in phytoplankton taxa is observed from the dark, cold winter 
into the warm, stratifi ed summer (Hill et al.  2005 ; Sukhanova et al.  1999 ,  2009 ). 
During winter, abundance in the water column is extremely low, and it is postulated 

   Table 10.2    Total number of taxa and genera of phytoplankton and sea-ice unicellular eukaryotes 
recorded from the Canadian Beaufort Sea and Canada Basin, including genus dominance with species 
number and occurrence (%) of dominant taxa (Poulin et al.  2011 ; M. Poulin, unpublished data)   

 Taxon  # taxa  # genera  Genus dominance  Dominant taxa 

 Diatoms  324  82 
 Centrics  100  24   Chaetoceros  (44)   Attheya septentrionalis  (>80 %) 

  Thalassiosira  (17)   Melosira arctica  (>75 %) 
 Pennates  224  58   Navicula  (54)   Cylindrotheca closterium  (95 %) 

  Nitzschia  (30)   Fragilariopsis cylindrus  (>75 %) 
  Pinnularia  (16)   Nizschia frigida  (>60 %) 
  Entomoneis  (10)   Navicula directa  (>50 %) 

 Dinofl agellates  115  34   Protoperidinium  (24) 
  Gyrodinium  (18) 
  Gymnodinium  (17) 

 Chlorophytes  13  13 
 Others  103  71 
 Total  555  200 
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that some arctic taxa overwinter in the sea ice, seeding the water column in the 
spring as the ice melts. The primary spring bloom is usually dominated by large, 
rapidly growing diatom species. Typically, the large taxa of the bloom are followed 
by smaller fl agellate taxa, which rely on recycled nutrients, that increase in abun-
dance at the nutricline (Hill et al.  2005 ; Sukhanova et al.  2009 ). 

 The sea ice melt stimulates phytoplankton growth, and occurs fi rst in the Bering 
Sea, which is also the best studied region within the PAR (Shirshov  1982 ). Smaller 
phytoplankton (<10 μm) are generally characteristic of the Bering Sea, although 
larger diatoms (>10 μm) can contribute substantially to the biomass (Shiomoto  1999 ; 
Sukhanova et al.  1999 ). In the Bering Sea basin small size phytoplankton (<10 μm) 
dominate in both the summer and winter, with diatoms dominating the community 
structure (Shiomoto  1999 ). The assemblage is characterized by pennate diatoms 
such as  Fragilariopsis pseudonana  (Hasle) Hasle,  Neodenticula seminae  (Simonsen 
and Kanaya) Akiba and Yanagisawa, and  Pseudo-nitzschia  spp. Results from a 
long-term sediment trap study in the basin showed that  Neodenticula seminae  
represented 25–90 % of the vertical diatom fl ux, with resting spores of  Chaetoceros  
spp. becoming very abundant (Kurihara and Takahashi  2002 ). 

 Aizawa et al. ( 2005 ) reported that phytoplankton communities associated with 
the spring bloom on the Bering Shelf were dominated by centric diatoms belonging 
to the genera  Thalassiosira  Cleve and  Chaetoceros  Ehrenberg, namely  T. gravida  
Cleve,  T. trifulta  Fryxell,  T. conferta  Hasle,  C. debilis  Cleve and  C. contortus  Schütt. 
Several pennate diatoms were also constituent members of such blooms, 
e.g.,  Pseudo-nitzschia seriata  (Cleve) H. Peragallo,  Fragilariopsis cylindriformis  
(Hasle) Hasle and  F. oceanica  (Cleve) Hasle (Broerse et al.  2003 ). In summer, 
 Chaetoceros  spp. and elongate centric diatoms belonging to  Leptocylindrus  Cleve, 
 Proboscia  Sundström,  Guinardia  H. Peragallo and  Rhizosolenia  Brightwell were 
also abundant (Sukhanova et al.  1999 ). In the surface waters overlying the deeper 
basins, dominant diatoms belong to both  Chaetoceros  subgenera  Phaeoceros  Gran 
and  Hyalochaete  Gran, and  Thalassiosira  in spring, whereas smaller diatoms 
 Neodenticula seminae  and  Fragilariopsis cylindriformis  are more abundant in sum-
mer (Sukhanova et al.  1999 ; Aizawa et al.  2005 ). Within the Bering Sea several 
frontal systems result in nutrient enrichment of the euphotic zone, and lead to higher 
phytoplankton biomass when compared to the rest of the middle shelf area. These 
fronts occur around the Pribilof Islands, resulting in summertime phytoplankton 
biomass and abundance values that equal those of the spring bloom over the middle 
shelf (Flint et al.  2002 ). The summer community here is dominated by larger sized 
phytoplankton (>10 μm) such as  Chaetoceros socialis  Lauder,  C. debilis ,  C. diadema  
(Ehrenberg) Gran,  C. furcillatus  Bailey,  Thalassiosira hyalina  (Grunow) Gran, and 
 Fragilariopsis oceanica  in numbers double that of the adjacent middle shelf. 
Evidence exists for phytoplankton community structure shifts in the Bering Sea, 
with the recent appearance of coccolithophorid blooms and increased contributions 
of  Phaeocystis  taxa during the summer (Merico et al.  2003 ). 

 Three water masses with origins in the Pacifi c Ocean enter the Chukchi Sea 
though Bering Strait (Coachman and Aagaard  1988 ). These have been identifi ed as 
(i) Anadyr Water (AW) in the west, (ii) Bering Shelf (BS) water in the center 
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(iii) Alaska Coastal Water (ACW) in the east (see Maslowski et al., this volume, 
for more detail). The location and direction of these fl ows dictate the physical con-
ditions and nutrient concentrations on the Chukchi Shelf. The seasonal progression 
of the phytoplankton shows a similar pattern to the Bering Sea, with spring and 
summer assemblages driven by local patterns in  warming, ice melt, stratifi cation 
and nutrient supply (Sergeeva et al.  2010 ). However, the assemblages are found to 
differ from east to west across the shelf, with high chlorophyll  a  and larger cell 
sizes observed in the ACW (Robie et al.  1992 ; Lee et al.  2007 ). Throughout the area 
phytoplankton communities associated with the seasonal ice zone are characterized 
by a mixture of small cell-sized (<5 µm) taxa belonging to the prasinophytes and 
chrysophytes, and larger diatom and haptophyte cells (>5 μm) (Hill et al.  2005 ). 
Diatoms dominate communities with chlorophyll  a  concentrations characteristic of 
bloom conditions. Small sized phytoplankton cells, most likely prasinophytes, were 
found over the slope and basin areas where the ice cover was still continuous. Post-
bloom conditions in the ACW and BS water masses are associated with low nutrient 
and biomass concentrations in the upper water column along with small celled pra-
sinophytes, haptophytes and diatoms, while at the subsurface chlorophyll maximum 
diatoms were dominant. However, in the AW summertime assemblages are still 
dominated by large phytoplankton (>20 μm, Lee et al.  2007 ), with total chlorophyll 
 a  concentrations higher than those found in the BS or ACW (Robie et al.  1992 ). 

 Further north, on the shelf break of the Chukchi Sea (70 °N–72 °N), large centric 
diatoms (>10 μm) predominate the pelagic environment, whereas pennate diatoms 
were more abundant in the bottom ice microalgal communities (Booth and Horner 
 1997 ; Gosselin et al.  1997 ; von Quillfeldt et al.  2003 ). In the Beaufort Sea, micro-
fl agellates are the most abundant taxa in the winter when chlorophyll  a  is near the 
lower limit of detection (Horner and Schrader  1982 ). Ice algae in the spring are 
characterized by diatoms with  Nitzschia frigida  and  N. cylindrus  (Grunow ex Cleve) 
Hasle accounting for ~50 % of the population, small fl agellates and cryptomonads 
making up the remainder (Horner and Schrader  1982 ). In spring the water column 
is dominated by pennate diatoms such as  Cylindrotheca  Rabenhorst,  Navicula  Bory, 
and  Nitzschia  Hassall. 

 A transect from the Bering Sea, through the Chukchi Sea to the Canada Basin in 
the summer of 2008 showed that large sized phytoplankton cells were present in the 
seasonal ice zone, whereas the most abundant microalgae belonged to the pico- and 
nano-sized fraction at the surface in open waters and also at the subsurface chlorophyll 
maximum (Joo et al.  2012 ). The second most dominant taxa were variable but most 
commonly belonged to  Thalassiosira ,  Chaetoceros  and unidentifi ed pico- and nano-
phytoplankton such as  Dinobryon belgica  Meunier and  Cryptomonas  sp. (Fig.  10.1 ).

10.2.4          Synechococcus 

 One of the more intriguing distribution patterns for western arctic autotrophs is the 
occasional presence of the coccoid cyanobacterium  Synechococcus  Nägeli. This 
genus has been characterized as intolerant to cold water (Murphy and Haugen  1985 ), 
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occurring only at temperate and tropical latitudes and not growing at temperatures 
less than ~5 °C (Waterbury et al.  1986 ). In the western Arctic,  Synechococcus  has 
been observed at locations where Pacifi c waters are or have been present (Cottrell 
and Kirchman  2009 ; Ashjian et al.  2010 ) thus the distribution of  Synechococcus  in 
the PAR is driven by the relative quantity of Pacifi c water in the Chukchi and Beaufort 
seas, and is annually variable. 

 Virtually no  Synechococcus  were observed near Barrow in 2002, 2006 and 2008, 
when little Pacifi c water entered the region, in contrast to the situation in 2004, 
2005, 2007 and 2009 when Pacifi c waters were a dominant feature of the hydro-
graphic environment (Cottrell and Kirchman  2009 ; Tremblay et al.  2009 ; Ashjian 
et al.  2010 ). The highest cell abundances (>10 × 10 4  cells/L) were observed in 2007, 
a year in which warmer Pacifi c water was present in the Chukchi Sea and near Point 
Barrow during the summer (Cottrell and Kirchman  2009 ; Woodgate et al.  2010 ). 
Surprisingly,  Synechococcus  was also abundant near Point Barrow in the winter of 
2008, in similar numbers to those observed during summer (Cottrell and Kirchman 
 2009 ), which suggests that active growth may have persisted into the winter despite 
a water temperature near the freezing point (−1.8 °C). A similar situation exists 
in the eastern Arctic, where  Synechococcus  is reported from regions under the 
infl uence of warmer Atlantic waters such as the Greenland and Barents seas 
(Gradinger and Lenz  1989 ,  1995 ; Not et al.  2005 ). 

 The actual temperature at which  Synechococcus  was present in a number of these 
studies was lower than the 5 °C earlier thought required for growth (Waterbury et al. 
 1986 ), but much closer to the temperature of subpolar waters where  Synechococcus  
can often be found (Li  2009 ). Perhaps  Synechococcus  can exist at lower temperatures 
but cannot survive for long without new inputs of Pacifi c or Atlantic waters (Gradinger 
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  Fig. 10.1    Relative abundances of phytoplankton assemblages in the North Pacifi c Ocean and the 
western Arctic seas in summer 2008 (( a ) surface, ( b ) depth of the subsurface chlorophyll maximum). 
The pie charts show relative abundance of the major taxa: Dinophyceae, Bacillariophyceae, 
Cryptophyceae, Chrysophyceae, Prasinophyceae, Prymnesiophyceae, unidentifi ed nanophytoplankton, 
unidentifi ed picophytoplankton (Joo et al.  2012 )       
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and Lenz  1995 ). This explanation, however, is not consistent with the suggestion of 
Cottrell and Kirchman ( 2009 ), that  Synechococcus  are actively growing and utilizing 
dissolved organic matter in winter. An alternate explanation for their observation is 
that the winter of 2007–2008 may have been exceptional because of the high 
amounts of Pacifi c water that was brought into the Arctic during the anomalous 
summer of 2007. It is evident that the water temperature alone cannot be used as a 
metric to differentiate environments in which  Synechococcus  might be found.  

10.2.5     Sensitivities to Habitat Changes 

 Few phytoplankton time series in the Arctic Ocean have the appropriate scope to 
address the issue of climate change, both because of insuffi cient temporal coverage 
to describe seasonality and because of inadequate spatial extent to describe trends 
(Ardyna et al.  2011 ). Therefore in order to assess climate related phytoplankton sen-
sitivities to habitat changes over time, it is necessary to invoke a substitution of space 
for time, in which diverse habitats across space (arctic and non-arctic) are compared 
in order to gauge possible future changes in the Arctic. Projections of future states 
based on spatial macroecology can be successful if the mechanisms underlying the 
identifi ed linkages between patterns are understood (Fisher et al.  2010 ). 

 The similarity of phytoplankton communities (diatoms, dinofl agellates, cocco-
lithophorids) compared across geographic distances and environmental conditions 
of, for instance nutrient concentrations, suggests that species are broadly dispersed 
but local environmental selection controls community structure (Cermeno et al. 
 2010 ). More particularly in the Arctic, the similarity in picoeukaryote assemblages is 
strongly associated with water mass origin. That is, closely spaced assemblages are 
less similar if located in different water masses, but distantly spaced assemblages can 
be more similar if located in the same water mass (Hamilton et al.  2008 ). 

 At least four physical habitats which are likely to share a domain-wide response to 
climate variability have been identifi ed in the Arctic (Carmack and Wassmann  2006 ): 
the seasonal ice zone, the riverine coastal domain, the Pacifi c-Arctic domain, and the 
pan-arctic shelf-break and margin domain. The contemporary distribution of 
S ynechococcus  across these contiguous domains (Fig.  10.2 ) is a striking demonstra-
tion of a strong environmental selection of marine microbes dispersed into these pan-
arctic habitats from various source waters (see also Sect.  10.2.3 ). Extremely abundant 
populations of picocyanobacteria encounter a fi gurative wall of resistance as subarctic 
Pacifi c water moves through the Bering Sea into the Chukchi Sea, and also as subarc-
tic Atlantic water moves around the Labrador Sea up to Davis Strait. Virtually no 
picocyanobacteria are found northward of the Chukchi Sea in the Beaufort Gyre, or 
northward of Davis Strait in Baffi n Bay (also see Sect.  10.2.4 ). Patches of these cells, 
however, appear in Amundsen Gulf and Coronation Gulf near areas with terrigenous 
infl uence (Waleron et al.  2007 ; Tremblay et al.  2009 ). This pan-arctic perspective 
illustrates that any picocyanobacteria advected from subarctic waters and from fresh-
water, brackish and coastal environments probably manage to survive in open arctic 
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waters but show little net growth (Gradinger and Lenz  1995 ; Waleron et al.  2007 ). 
It seems that in polar marine waters, picocyanobacteria have slow temperature-
depressed and light-limited gross growth rates that are often exceeded by losses due 
to cell death, grazing, advection and mixing (Vincent  2000 ).

   As climate changes and the upper Arctic Ocean receives more heat and fresh 
water, the habitats for phytoplankton become warmer and less saline, and conse-
quently also more limited in nutrients because of greater stratifi cation of the water 
column. These conditions favour picophytoplankton over nanophytoplankton and 
microplankton because small cells are more effective in acquiring nutrients and less 
susceptible to gravitational settling (Ardyna et al.  2011 ). In the future, if signifi cant 
numbers of picocyanobacteria were to be found in the Arctic Ocean, we would have 
a strong basis to infer a shift in the habitat boundary for this group of  phytoplankters. 
As yet, this does not seem to have happened. Instead, it is the indigenous picophy-
toplankton, namely the small eukaryotic algae such as the prasinophyte  Micromonas  
Manton and Parke, that are increasing as the Arctic Ocean warms and freshens; 
concurrently, there has been a decrease in the abundance of nanophytoplankton 
(Li et al.  2009 ; Tremblay et al.  2009 ; Ardyna et al.  2011 ). If the present trend of 
increasing picophytoplankton to nanophytoplankton ratio continues, phytoplankton 
in the Arctic Ocean may change over time to appear more similar to that elsewhere 
in non-polar oceans. If so, the space-for-time substitution might be extended beyond 
size structure to other characteristics of the phytoplankton community such as 
phylogenetic composition or ecological functionality. This would allow us to infer 
broader aspects of ecological change in the Arctic from knowledge about the spatial 
macroecology of phytoplankton in the world oceans.   

  Fig. 10.2    Pan-arctic summer distribution of phycoerythrin-containing picocyanobacteria 
(W.K.W. Li unpublished data). The colors refl ect the concentration of phycoerythrin-containing 
picocyanobacteria in log cell/ml as shown by horizontal scale according to depth (Y-axis) along a 
14,000 km ocean transect from Victoria, British Columbia (km 0) to St. John’s Newfoundland and 
Labrador (km 14,000)       
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10.3     Heterotrophic Microbes in the PAR 

10.3.1     Introduction 

 Heterotrophic microbes in the sea are encompassed by the prokaryotes, which includes 
two major domains of life, Bacteria and Archaea, and by single-celled eukaryotes, 
known as protists, which are in the third domain of life, Eukarya. Marine protists 
range from strictly photosynthetic algae, such as diatoms, to diverse mixotrophic 
phytofl agellates and dinofl agellates, ciliates and strict heterotrophs. Viruses, which 
infect both prokaryotic and eukaryotic microbes, are ubiquitous. All groups of 
microbes, plus viruses, are abundant and play vital roles in food webs in arctic and 
subarctic seas. In addition, there are communities of heterotrophic microbes in sea 
ice which are phylogenetically different from those found in the water column. 
While this much is certain, details of the diversity and distribution of heterotrophic 
microbes in western arctic and subarctic seas are sparse. The information summa-
rized below is based on only relatively few studies of heterotrophic microbes and 
viruses, with limited geographic coverage.  

10.3.2     Viruses 

 Extensive work in lower-latitude oceanic regions has demonstrated the importance 
of viruses in contributing to the top-down control of bacteria and phytoplankton 
(Suttle  2007 ; Breitbart et al.  2008 ; Tomaru et al.  2011 ). A more limited number of 
studies have focused on viruses in arctic and subarctic marine systems (Maranger 
et al.  1994 ; Steward et al.  1996 ,  2000 ; Yager et al.  2001 ; Middelboe et al.  2002 ; 
Hodges et al.  2005 ; Angly et al.  2006 ; Wells and Deming  2006 ; Wells et al.  2006 ; 
Payet and Suttle  2008 ). These studies suggest differences between arctic and lower- 
latitude oceanic regions. Bacterial and viral abundances are low in the Arctic Ocean 
(Payet and Suttle  2008 ), as are estimates of viral lysis based on the frequency of 
visibly infected cells (Steward et al.  1996 ). Low rates of viral lysis are consistent 
with fewer contacts between hosts and viruses due to low abundances and the higher 
viscosity of cold seawater, which limits the diffusivity of viruses and hosts by 60 % 
(Murray and Jackson  1992 ). 

 The diversity and types of viruses found in the Arctic may also differ. While 
viral communities in the Arctic Ocean include a majority of pan-ocean genotypes, 
arctic viruses, like arctic bacteria, appear to have somewhat lower diversity com-
pared to viral communities in lower-latitude ocean regions (Angly et al.  2006 ). 
Temperate phage genes are relatively more abundant in arctic viruses than in 
lower-latitude viruses (Angly et al.  2006 ), and viral DNA is about threefold more 
abundant in bacterial metagenomes from the Arctic than in lower-latitude oceans 
(Cottrell and Kirchman  2012 ). Payet and Suttle ( 2008 ) detected two groups of 
viruses in the southern Beaufort Sea based on relative SYBR Green fl uorescence, 
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an index of amount of nucleic acid content, assessed by fl ow cytometry. A large 
population of viral particles with lower SYBR fl uorescence was positively related 
to abundance of actively growing bacteria, while a smaller population of viral 
particles with higher SYBR fl uorescence correlated with chlorophyll concentration. 
Payet and Suttle ( 2008 ) speculated that viruses with lower fl uorescence represen-
ted smaller sized bacteriophages, while those with higher fl uorescence represented 
phytoplankton- infecting viruses.  

10.3.3     Bacterial  Diversity  

 The diversity of bacteria in the oceans is becoming clearer as the sequencing of 
bacterial genes has become quicker, easier and more cost-effective. These 
sequence data are essential for exploring bacterial diversity in the oceans and 
other natural environments because bacteria and many other microbes lack dis-
tinguishing features that can be used for taxonomic studies. Also, most microbes 
cannot currently be isolated and grown in the laboratory where biochemical 
tests could be used to classify them. Instead, most studies of bacterial diversity 
focus on the 16S rRNA gene which is sequenced after PCR and cloning or by 
direct sequencing without cloning. A complementary approach is to enumerate 
bacteria in specifi c taxonomic groups microscopically by fl uorescence in situ 
hybridization (FISH). Both approaches have been used to explore bacterial 
diversity in the Arctic Ocean. 

 Here we focus primarily on the euphotic zone of the Chukchi Sea, Beaufort Sea 
and the Canada Basin of the Arctic Ocean. Lovejoy et al. ( 2011 ) summarized results 
from 16S rRNA gene surveys carried out in other regions of the Arctic Ocean. 
The few studies of arctic benthic microbial communities (Niemann et al.  2006 ) and 
of the water column in subarctic regions (Gomez-Pereira et al.  2010 ) will not be 
considered here. Bacterial and archaeal communities of deep waters in the Canada 
Basin have been examined (Galand et al.  2010 ), but will not be discussed here in 
great depth. 

 The diversity and composition of arctic bacterial and archaeal communities 
are worth examining because community structure information may eventually 
help us understand the role of these microbes in carbon and nitrogen cycles, 
which in turn infl uence the structure of arctic food webs with effects up to higher 
trophic levels. Bacteria are also important for global sulfur cycling with impor-
tant feedbacks on the arctic climate system (Motard-Côté  2010 ; Motard-Côté 
et al.  2011 ). Heterotrophic bacteria primarily recycle carbon; some data suggest 
that in the Arctic they process less organic carbon compared to lower-latitude 
oceans for reasons that are not entirely understood (Kirchman et al.  2009 ). The 
Arctic Ocean is also an important region for exploring general questions about 
microbial biogeography.  
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10.3.4     Bacterial and Archaeal Diversity Levels in the Arctic 
Ocean Versus Lower-Latitude Oceans 

 A basic component of diversity is richness, or the number of species making up the 
community of interest. Given the many problems in defi ning bacterial species, here 
we will use “phylotype” to refer to a bacterial taxon as having 16S rRNA genes that 
are ≥97 % similar. The species richness of large organisms tends to be lower in 
high-latitude ecosystems, and there is some evidence that numbers of bacterial taxa 
decrease with increasing latitude in the oceans (Pommier et al.  2007 ; Fuhrman et al. 
 2008 ) although not in soils (Fierer and Jackson  2006 ). The high Arctic Ocean was 
not explicitly considered in these previous studies. One study did fi nd lower 
numbers of bacterial types in the Chukchi Sea than in Massachusetts coastal waters 
(Malmstrom et al.  2007 ). No comparative studies of archaeal diversity have been 
undertaken, although Archaea in general seem to be less diverse than Bacteria in 
most regions, including the Arctic Ocean (Galand et al.  2009a ). 

 The recent application of high throughput next generation sequence  technology 
to environmental genetics (Margulies et al.  2005 ) has yielded many more 
sequences than previously possible. Studies using this approach suggest that 
 bacterial communities in coastal waters of the Arctic Ocean are less rich than 
lower-latitude marine waters, although the differences may not be great. In  making 
this comparison, it is important to examine equal number of sequences for each 
data set. One study of samples from the Arctic Ocean found 400–600 phylotypes 
per 5,000 sequences (Kirchman et al.  2010 ) while 500–1,100 phylotypes per 
5,000 sequences were found in samples from the English Channel (Gilbert et al. 
 2009 ). The estimates vary depending on location in the Arctic Ocean and on sea-
sons in both the Arctic and English Channel, so it is diffi cult to make a direct 
comparison. The bacterial community in the Baltic Sea also may be more diverse 
than in the Arctic based on similar data (Andersson et al.  2009 ). All three studies 
were part of the International Census of Marine Microbes (ICoMM) program. 
Additional studies from this program and other high throughput sequencing stud-
ies will be published soon which will enable a more complete comparison of the 
Arctic with lower-latitude regions. 

 The types of microbes found in the Arctic Ocean can be explored at various taxo-
nomic levels, ranging from domain down to phylotype or species. Here we will 
focus on higher taxonomic levels, as the forthcoming ICoMM reports and similar 
data are needed to examine taxonomic composition at the lower taxonomic levels. 

 Archaea may be more important in the Arctic Ocean than in other systems. There 
is some evidence of relatively more Archaea (as a percentage of total prokaryote 
abundance) in arctic surface waters than found in low-latitude oceans, as deter-
mined by FISH based studies (Kirchman et al.  2007 ). The relative importance of 
Archaea is correlated to particle abundance in arctic waters (Garneau et al.  2006 ), 
perhaps due to the infl ux of particle-rich river water (Wells et al.  2006 ). Changes in 
the community composition appear to following salinity gradients which are also 
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infl uenced by river runoff (Galand et al.  2006 ). Archaea also appear to be more 
abundant in winter than in summer in the Arctic (Alonso-Sáez et al.  2008 ), which 
has also been noted in Antarctic waters (Church et al.  2003 ; Murray et al.  1998 ). 
The two most abundant archaeal groups in the ocean belong to the phyla 
Euryarchaeota and Marine Group I (MGI) Crenarchaeaota. The MGI has been 
recently elevated to phylum status, designated Thaumarcheaota (Brochier-Armanet 
et al.  2008 ; Spang et al.  2010 ). These MGI Archaea dominate the archaeal commu-
nity over much of the Arctic (Galand et al.  2009b ). The majority of Thaumarcheaota 
in the ocean appear to have the ammonia monooxygenase gene ( amoA ) involved in 
ammonium oxidation and nitrifi cation (Kalanetra et al.  2009 ) and hence their abun-
dance in the upper waters of the Arctic Ocean could be associated with high rates of 
nitrifi cation. A recent study of Alaskan coastal waters found a correlation between 
 amoA  abundance and nitrifi cation rates (Christman et al.  2011 ). 

 The major groups of bacteria found in low-latitude oceans are also seen in the 
Arctic Ocean, but there are some interesting differences even at the high taxonomic 
level (Fig.  10.3 ). Typically, Alphaproteobacteria, especially the SAR11 clade, 
dominate bacterial communities (Fuhrman et al.  2008 ), and these are common in 
the Arctic as well (Kirchman et al.  2010 ). However, the overall abundance of 
Alphaproteobacteria is greater in the English Channel than in the Arctic Ocean 
(Fig.  10.3 ). Instead, Gammaproteobacteria and Bacteroidetes are quite abundant in 
arctic waters, often accounting for >20 % of the total community, although there 
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  Fig. 10.3    Composition of bacterial communities in the Laptev Sea (Kellogg and Deming  2009 ) and 
Baffi n Bay (Lovejoy et al.  2011 ), as determined by traditional clone library and Sanger sequencing. 
Data from the English Channel (2007 only) (Gilbert et al.  2009 ) and the ACB project (Kirchman 
et al.  2010 ) are from the pyrosequence method. The ACB data are mainly from the Chukchi and 
Beaufort seas. Alpha, Beta, Delta, and Gamma refer to subdivisions of Proteobacteria, while 
Bactdetes and Actino refer to Bacteroidetes and Actinobacteria. See Lovejoy et al. ( 2011 ) for a more 
complete list of studies examining bacterial community structure in the Arctic       
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are exceptions (Lovejoy et al.  2011 ). These two groups are often <10 % of total 
bacterial diversity in open ocean waters such as the Sargasso Sea (Venter et al. 
 2004 ). There is much variability within the Arctic, however, some of which is due 
to sample size and PCR bias. Some of this variability is also due to location, depth 
and seasonality.

   Communities in the oligotrophic arctic basins may be more similar to open ocean 
low-latitude communities than to bacterial communities in productive coastal arctic 
waters with higher proportions of Alphaproteobacteria (Lovejoy et al.  2011 ; Galand 
et al.  2010 ). Interestingly, ice-based bacterial communities are also relatively rich in 
Gammaproteobacteria and Bacteroidetes (Collins et al.  2010 ), and these groups 
may be important for the degradation of high molecular weight exopolymers associ-
ated with primary production (Elifantz et al.  2007 ; Kirchman  2002 ). If so, then the 
relative proportions of these major bacterial groups could be an indication of recent 
productivity and their assessment could be used to track ecological shifts, including 
those associated with climate change in the Arctic (Campeau et al.  2011 ).  

10.3.5     Diversity and Distribution of Heterotrophic Protists 

 Heterotrophic protists include the phylogenetically diverse phototrophic pico- 
(0.2–2 μm) and nano- (2–20 μm) size fl agellates, as well as the ciliates and  heterotrophic 
dinofl agellates in the microzooplankton (20–200 μm). In open water columns, 
Radiolarians that include the Cantharis and Polycystinea are also present. Heterotrophic 
protists are a major component of all marine food webs, are the dominant eukaryotic 
microbes in deep water, and are a signifi cant component of plankton biomass for most 
of the year in the upper mixed layer. In the Arctic, their trophic roles are similar to 
those in other oceanic systems. In the Bering Sea, nanofl agellates are presumably 
signifi cant consumers of cyanobacteria,  heterotrophic bacteria and small sized 
phytoplankton. In the western Arctic Ocean nanofl agellates are known to graze on the 
dominant prasinophyte  Micromonas  sp., as well as on bacteria (Sherr et al.  1997 , 
 2003 ; Vaqué et al.  2008 ). In both the Bering Sea and western Arctic Ocean, protists in 
the microzooplankton, such as ciliates and heterotrophic dinofl agellates, are major 
grazers of diatoms and other phytoplankton (Olson and Strom  2002 ; Strom and 
Fredrickson  2008 ; Sherr et al.  2009 ). In turn these protists are food for mesozoo-
plankton (Campbell et al.  2009 ). Little is known of the ecology of Cantharis and 
Polycystinea as they are infrequently recovered intact in bottle samples and are 
usually destroyed or ignored using standard net sampling techniques. 

10.3.5.1     Diversity of Heterotrophic Protists Assessed by Microscopy 

 Most of the information on protist community composition in the Pacifi c arctic/
subarctic region is from the Beaufort and Chukchi seas, and from the Bering Sea 
(Howell-Kubler et al.  1996 ; Sherr et al.  1997 ,  2003 ; Olson and Strom  2002 ; Strom 
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and Fredrickson  2008 ). A diverse community of heterotrophic protists occurs in 
both the water column and sea ice in these regions. Ciliates and dinofl agellates in 
the plankton include morphospecies commonly found in other regions of the sea. 
Ice protists include ciliate morphotypes typical of benthic habitats, heterotrophic 
dinofl agellates, euglenids and amoebae, all of which are capable of consuming sea 
ice diatoms (see also Sects.  10.5  and  10.2.2 , this volume). 

  Flagellate morphotypes . Heterotrophic fl agellates occur in both water column 
and sea ice communities. These include colonial choanofl agellates which are spo-
radically abundant in the plankton in both the Chukchi and Bering seas (Sherr et al. 
 2009 , unpublished data). The cercozoan  Cryothecomonas  Thomsen, Buck, Bolt and 
Garrison is also sporadically abundant in arctic waters and likely grazes on diatoms 
and other phytoplankton (Thaler and Lovejoy  2012 ). In the oligotrophic open Arctic 
Ocean and in the Beaufort Sea,  Dinobryon  spp., which are single-celled and colo-
nial mixotrophic fl agellates, occur sporadically but may sometimes be abundant 
(Sherr et al.  2013 ). Heterotrophic fl agellates tentatively identifi ed in the genus 
 Pirsonia  Schnepf, Drebes and Elbrächter have been observed parasitizing pelagic 
diatoms in the Bering Sea during summer diatom blooms (Sukhanova et al.  2006 ) 
these could also be uncultivated stramenopiles (Thaler and Lovejoy  2014 ). Putative 
fl agellate parasites growing on  Fragilariopsis  spp. diatoms also occur during spring 
sea ice conditions in the Bering Sea (Sherr et al.  2013 ). Parasitic fl agellates have 
previously been reported on diatoms in European waters (Tillmann et al.  1999 ). 

  Ciliate morphopecies  Visually recognizable genera of ciliates in the Bering, 
Chukchi, and Beaufort seas include  Tintinnopsis  sp.,  Ptychocyclis  sp. (e.g. Fig.  10.4b ), 
 Codonellopsis  sp. and  Parafavella  sp. tintinnids, oligotrichous ciliates in the genera 
 Strombidium  Claparède and Lachmann and  Laboea  Lohmann …  Strobilidium  
Schewiakoff, choreotrichous ciliates in the genera  Strobilidium ,  Leegaardiella  Lynn 
and Montagnes, and  Lohmanniella  Leegaard, and, less abundantly, haptorid species 
in the genera  Didinium  Poche and  Lacrymaria  Bory (Taniguchi  1984 ; Strom and 
Fredrickson  2008 ; Sherr et al.  2009 ,  2013 ). An unusual feature of ciliate communities 
in the Bering Sea is that some pelagic spirotrich ciliates are capable of ingesting large 
diatom cells and chains (Fig.  10.4a ), this has not been observed in the Chukchi and 
Beaufort seas (Sherr et al.  2013 ). In sea ice communities ciliate species characteristic 
of the benthos, including scuticociliates and hypotrichs, are abundant (Sherr et al. 
 2009 ,  2013 ). In addition, ciliate endoparasites of krill have been reported in the 
Bering Sea (Capriulo et al.  1991 ).

    Heterotrophic dinofl agellate morphospecies  Large (50–150 μm) athecate dino-
fl agellates that resemble the heterotrophic species  Gyrodinium spirale  (Bergh) 
Kofoid and Swezy (e.g., Fig.  10.4c ) and several  Gymnodinium  spp. have been noted 
since the studies of Bursa ( 1961 ,  1963 ) in the eastern Canadian Arctic and in coastal 
waters off Barrow, Alaska. In the Bering Sea such dinofl agellates have been observed 
ingesting large diatom cells and chains (Fig.  10.4d ). Armored heterotrophic 
dino fl agellates in the genera  Protoperidinium  Bergh and  Dinophysis  Ehrenberg 
are common but are generally a minor component of heterotrophic dinofl agellate 
abundance and biomass. Smaller hetero- and mixotrophic dinofl agellates are 
ubiquitous but have not been taxonomically well characterized.  
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10.3.5.2     Diversity of Heterotrophic Protists Assessed 
by Molecular Genetics 

 Assessment of the diversity and distribution of heterotrophic protists by way of 
environmental gene surveys began in 2002; data is limited, especially for the 
Western Pacifi c region, with no gene libraries published to date (Lovejoy et al. 
 2011 ). By comparison, data regarding community composition of heterotrophic 
protists by microscopic analysis covers a much broader range of arctic and subarc-
tic systems, and includes data on cell abundances and biomass. However, taxo-
nomic identifi cation of protist species by microscopy is often less defi nitive as 
compared to identifi cation by molecular genetics; frequently morphospecies can 
only be identifi ed to genus or subgroup. Molecular techniques are more quantita-
tive, and precise identifi cation is possible when reference sequences exist. Even in 
the absence of reference sequences, environmental sequences can be compared to 
each other to provide reliable indication of the occurrence of the same species or 
ribotype over different regions and seasons (Lovejoy et al.  2007 ; Lovejoy and 
Potvin  2011 ). A current major challenge is to reconcile the morphological species 
information with environmental sequence information. Achieving this requires 

  Fig. 10.4    Examples of heterotrophic protist morphotypes observed in western arctic and subarctic 
seas: ( a ) Pelagic strombidid ciliate which has ingested a long diatom chain, Bering Sea, ( b ) 
 Ptychocyclis  sp. tintinnid ciliate, Bering and Chukchi seas ( c )  Gyrodinium  sp. athecate dinofl a-
gellate, ubiquitous in arctic and subarctic regions, ( d )  Gyrodinium  sp. similar to the cell pictured 
in ( c ), but which has ingested a long pennate diatom chain, Bering Sea. Scale bars = 50 μm. 
Micrographs of lugol-fi xed samples collected during spring 2008–2010 Bering Ecosystem Study 
(BEST) cruises provided by E. and B. Sherr       
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either cultivation of individual taxa or amplifying of the appropriate marker genes 
from single cells (yet to be done in the Arctic), both of which are time-consuming 
endeavors. 

 Another potential problem is that molecular diversity studies have mainly 
focused on the smallest plankton size fractions, which include pico- and nano- 
fl agellate communities (Lovejoy et al.  2006 ; Terrado et al.  2009 ; Lovejoy and Potvin 
 2011 ), while microscopic analysis has primarily covered protists in the microzoo-
plankton size class. Fortunately in this case, size fractionation methods are imper-
fect, so that larger cells frequently break during the prefi ltration step and their 
genetic material is collected along with that of small cells. As a result, available 
arctic taxa genetic diversity data includes ribotype information on a broad range of 
protists, encompassing ciliates, heterotrophic dinofl agellates and Radiolaria, as well 
as small fl agellates. 

 Among the small fl agellates, genetic surveys have confi rmed the widespread 
distribution of phylogenetically-diverse heterotrophic fl agellates including choano-
fl agellates, Katblepharidia,  Telonemia,  cerozoans, diplomonads, and the diverse 
marine stramenopiles (MASTS). In contrast to the other major groups with at least 
some cultured representatives, MASTS are only known from their rRNA gene 
sequences and their ecology as heterotrophs has been deduced using FISH (Massana 
et al.  2004 ,  2006 ). These diverse heterotrophic fl agellates range in size from ≤2 to 
20 μm, and feed on both bacteria and other protists, including phytoplankton. 
Also among the uncultivated fl agellates are the Picozoa (Not et al.  2007 ) that were 
originally thought to be photosynthetic; however recent work using single cell 
genomics has failed to identify genes required for photosynthesis (Yoon et al.  2011 ) 
and they are more likely heterotrophs. Many photosynthetic fl agellates are also 
active grazers and at times are in the same functional category as the heterotrophic 
protists (Lovejoy et al.  2000 ; Zubkov and Terran  2008 ). These mixotrophs include 
members of the Chloroarchniophyceae, Haptophyceae, Cryptophyceae, 
Euglenophyceae and several major groups of stramenopiles (Pelagophyceae, 
Dictyochophyceae and Raphidophyceae), all of which have been observed in 
arctic seas (Lovejoy et al.  2006 ; Lui et al.  2009 ; Terrado et al.  2009 ; Lovejoy and 
Potvin  2011 ). 

 One surprising result of environmental 18S rRNA gene surveys has been the 
discovery of several major clades of uncultivated alveolates within, or related to, the 
parasitic Syndiniales. The Syndiniales fall into four or fi ve major clades (Guillou 
et al.  2008 ). The most commonly recovered clade in the Arctic belongs to Syndiniales 
Group II, which contains the dinofl agellate parasitoid  Amoebophyra . All known 
representatives of the Syndiniales are either parasitoids, parasitic or commensally 
dependent on a host and have complex life stages. The diversity of these protists 
suggests that they are fast evolving and many may be restricted to a single host 
(Guillou et al.  2008 ). Siano et al. ( 2011 ) reported that Syndiniales Group II protists 
were able to grow and infect dinofl agellates in both coastal and open water habitats 
in the Mediterranean Sea. In the Arctic these protists have been reported from all 
depths and seasons sampled to date when clone libraries were constructed using 
environmental DNA as a template (Terrado  2011 ). 
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 Several ribotypes of dinofl agellates and ciliates have been recovered in almost all 
arctic 18S rRNA gene surveys. The majority of arctic dinofl agellate sequences fall 
into the poorly resolved Gymnodiniales, Prorocentrales, Peridiniales (GPP) group 
(Saldarriaga et al.  2004 ). A number of these sequences are found throughout the 
Arctic, notably two that cluster most closely to  Gyrodinium rubrum  and  G. helveli-
cum , which are both athecate heterotrophs. Several other sequences with closest 
matches to other environmental ribotypes falling within the GPP are found 
 throughout the Arctic. Additional work using single cell amplifi cation methods or 
fl uorescence in situ hybridization (FISH) probing and microscopy is required to 
identify the organisms behind the ribotypes, although studies based on microscopy 
have found abundant gymnodinoid dinofl agellates in arctic and subarctic seas (Sherr 
and Sherr  2007 ; Sherr et al.  2009 ). 

 The most common ciliate sequences fall within the oligotrichs, with closest 
matches to other environmental sequences and a single sequence from a morpho-
logically described species in the genus  Strombidium . These fall into two clades, 
Strom A and Strom B (Lovejoy et al.  2006 ; Lovejoy and Potvin  2011 ). Other ciliate 
sequences have closest matches to tintinnids, although the morphological classifi -
cation system used for Tintinnida and some naked oligotrichous ciliates does not 
follow the 18S rRNA gene phylogenies; this is either due to poor resolution using 
the 18S rRNA gene, or a misinterpretation of the phylogeny based on the presence 
or absence of lorica and the lorica form (Doherty et al.  2007 ). Ciliate sequences 
with closest matches to diverse predatory genera have been recovered from most 
samples in the North Pacifi c and Beaufort Sea regions where surveys have been 
carried out. Also, several Polysytina which are frequently encountered in the upper 
mixed layer, and one Acantharian which is always reported below 50 m, are known 
only from their ribotypes (Lovejoy et al.  2006 ; Terrado et al.  2009 ; Lovejoy and 
Potvin  2011 ).  

10.3.5.3     Biogeographical and Depth Distribution 
of Heterotrophic Protists 

 Whether morphospecies identifi ed by microscopic methods are identical across 
oceanic regions, or represent different strains or even species (Katz et al.  2005 ; Caron 
 2009 ; McManus and Katz  2009 ) has important implications for the ‘everything is 
everywhere’ debate. Recent work on marine ciliates has indicated that, while  molecular 
genetic identifi cation concurs with microscopic identifi cation for some species, in 
other cases the gene sequences of similar ciliate morphospecies are not closely related 
(Katz et al.  2005 ; Doherty et al.  2007 ; McManus and Katz  2009 ). Some ciliate species 
are known to be confi ned to specifi c regions of the world ocean. For example, tintin-
nids in the genera  Ptychocyclis  (e.g., Fig.  10.3b ) and  Parafavella  are restricted to 
boreal seas and in the genus  Tintinnopsis  to neritic marine systems (Pierce and Turner 
 1993 ). For other groups, such as the GPP dinofl agellates that are recovered from arctic 
waters and other seas, sequencing of the 18S rRNA gene and standard clustering tech-
niques at 98 % similarity results in the grouping of very dissimilar morphospecies. 
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Such grouping implies that, for these dinofl agellates, there is insuffi cient information 
in the 18S rRNA gene to identify species unique or confined to arctic regions. 
In contrast, ribotypes belonging to a ciliate (Strom A), a Polysystinea and a chloroar-
achniophyte have only been reported in samples from the Arctic (Lovejoy and 
Potvin  2011 ). These ribotypes, along with the arctic  Micromonas  ecotype (Lovejoy 
et al.  2007 ), indicate that there may be a subset of protists restricted to the Arctic. 

 Bering Sea water enters the northwest Arctic Ocean with different characteristics 
in summer compared to winter. In addition, locally formed water masses belonging 
to the summer mixed layer and winter mixed layer lie atop the incoming Bering Sea 
water. Within these discrete water masses, the eukaryotic microbial communities are 
similar over the Canada Basin and Beaufort Sea (Lovejoy and Potvin  2011 ). However, 
the upper Bering Sea – Pacifi c photosynthetic community is very different from the 
communities in locally derived arctic water masses. Most notably, cyanobacteria are 
important primary producers and prey for heterotrophic fl agellates in the Northwest 
Pacifi c. In contrast, cyanobacteria are rare or absent in the Canada Basin and Beaufort 
Sea (Li et al.  2009 ), although they have been reported in coastal waters of the North 
Slope of Alaska (Cottrell and Kirschman  2009 ; Ashjian et al.  2010 ; see also 
Sect.  10.2.4 ). It is unknown whether the Pacifi c-Bering heterotrophic community 
also changes on entering the Arctic, since there is a lack of molecular information on 
the heterotrophic protist community in incoming water. As summer ice retreats in the 
arctic basins, knowing how this Bering Sea community changes is critical to under-
standing how the Arctic Ocean food web would function in the future. 

 As compared to horizontal structure, there is even less information about how 
heterotrophic protists are distributed with depth. We know, based on a few depth 
profi les, that protist communities in arctic and subarctic seas may show variable 
abundance patterns over small spatial scales. For example, a profi le of microzoo-
plankton distribution with depth in the upper 20 m in Barrow Canyon in the summer 
of 2002 revealed distinct patterns of abundance of ciliates and heterotrophic 
dinofl agellates, with the greatest protist biomass in the upper 3 m rather than at the 
chlorophyll and diatom abundance maxima at 20 m (Table  10.3 ).

10.3.5.4        Heterotrophic Microbes: Future Research 

 Heterotrophic microbes are vitally important to biogeochemical cycles and ocean 
food webs in arctic and subarctic seas. Future research projects should examine the 
diversity and activity of Bacteria, Archaea, and heterotrophic protists. The ecology 
and microbial diversity of sea ice communities in particular is much in need of study 
(Comeau et al.  2013 ). Reconciling molecular and microscopic identifi cation of 
eukaryotic microbes, and determining the extent of genetic variability within observed 
protist morphospecies, are important but challenging undertakings. In addition, several 
types of known or putative parasitic protists have been identifi ed by molecular 
genetics or by microscopy, and this group is largely uncharacterized. Evaluating the 
distribution and abundance of protistan parasites and parasitoids in arctic marine 
systems is an important fi rst step towards understanding the ecological role of this 
group. At present, data on the geographical and depth distribution of heterotrophic 
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microbes is highly limited. Filling the knowledge gaps laid out above is critical to 
understanding how heterotrophic microbes in the Arctic will respond to sea ice 
retreat, increased freshwater and surface layer stratifi cation, and warming arctic 
temperatures. How heterotrophic microbes respond to climate forcing has funda-
mental and far reaching implication for the future ecology of the Arctic.    

10.4       Benthic Fauna of the PAR 

10.4.1     Introduction 

 Benthic fauna are composed of both infauna, animals living within the bottom 
sediments, as well as epifauna, animals living on the surface of the seabed. Benthic 
animals are generally defi ned as micro-, meio-, and macrofauna, of size, <0.5 mm, 
0.5–1 mm, and >1 mm, respectively. Also for the purposes of this chapter, epibenthic 
organisms are referred to as megafauna. In the shallow waters of the continental 
shelves of the PAR, benthic fauna have an important role as a foundational prey base 
for seabirds and marine mammals, and in carbon transformation processes. The high 
level of primary production in the PAR which is strongly infl uenced by Pacifi c water 
allows for substantial export of organic carbon to the underlying sea fl oor. This effect 
declines in intensity moving eastward towards the Beaufort Sea to Cape Bathurst, 
and offshore into the Canada Basin. In general, the importance of benthic fauna as 
prey items decreases with increased water depth while species diversity increases 
with depth until at least the shelf break. The number of identifi ed species is 1,400–
1,500 species on the productive Chukchi shelf and slope as well as in the geophysi-
cally more heterogeneous but less productive Beaufort Sea. However recent studies 
indicate all the species in the region have not been determined due to incomplete 
spatial sampling (Piepenburg et al.  2011 ). The important but poorly understood rela-
tionship between productivity and diversity has potential ramifi cations for the future 
success of higher trophic level taxa. Future changes in sea ice dynamics likely with a 

   Table 10.3    Depth profi le of chlorophyll (Chl), diatom, ciliate and dinofl agellate abundance, and 
microzooplankton (MZP) biomass in the upper 20 m at a station in the Chukchi Sea off the 
northwestern tip of Alaska in Barrow Canyon (71.326 °N, 158.014 °W), bottom depth of 115 m, 
July 21 2002   

 Depth m  Chl a µg l‒1 
 Diatom
cells ml −1  

 Ciliate
cells ml −1  

 Heterotrophic 
dinofl agellate cells ml −1  

 Total MZP 
biomass μgC l −1  

 2.5  2.0  31  13  20  78 
 3.1  3.5  30  22  15  90 
 4.5  4.0  54  13  14  38 
 6.6  4.7  62  12  12  32 

 14.5  7.7  74  17  9  59 
 20  13.4  203  8  7  29 

  The chlorophyll and diatom cell abundance maxima at 20 m likely resulted from sinking of a 
spring diatom bloom. Sherr unpublished data from samples collected during a 2002 Shelf-Basins 
Interactions (SBI) project cruise  
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continued decrease in summertime areal coverage along with a general warming in 
the region will very likely change benthic ecosystem functioning.  

10.4.2       Benthic Fauna of the Northern Bering, Chukchi, 
and Western Beaufort Seas 

10.4.2.1     Environmental Setting 

 Primary production occurs in both the ice-covered and open waters of the Pacifi c- 
infl uenced northern Bering, Chukchi and western Beaufort seas. Annual primary 
production estimates (based on 120-day growth season) range from <50–800 g C m −2  d −1 ; 
(Springer et al.  1996 ; Hill and Cota  2005 ). The highest values occur in the nutrient-rich 
Anadyr Water (AW) that transits northward into the Arctic on the western side of 
Bering Strait. Anadyr Water mixes with water from the northern Bering Sea Shelf 
to form Bering Sea Water (BSW) in the Chukchi Sea. By comparison, lower 
production occurs in the nutrient- poor Alaska Coastal Water (ACW) (Grebmeier et al. 
 2006a ) which enters the Arctic through eastern Bering Strait. Tight pelagic-benthic 
coupling between seasonal water column production and short- and long-term benthic 
carbon transformation processes provide a “footprint” of persistent ecosystem events 
recorded in both the infaunal biomass (defi ned as >1 mm size fraction for all data 
presented in this section) and sediments (Dunton et al.  2005 ; Grebmeier et al.  2006a ), 
as long lived benthic species can act as multi-year, long-term integrators of a variety 
of marine processes. 

 Most offshore sediments in the northern Bering, Chukchi and Beaufort seas are 
composed of soft substrates, such as mud or muddy sand with the exceptions of 
areas impacted by high currents, such as Bering Strait and Barrow Canyon where 
the substrate consists of mixed sand, mud and rocks of various size (Grebmeier 
et al.  2006a ). The percentage of fi ne sediments (silt and clay) provides an indication 
of deposition zones as seen southwest of St. Lawrence Island in the northern Bering 
Sea, in the southeast Chukchi Sea as well as in Herald Valley and the slope and deep 
basin regions of the Canada Basin (Fig.  10.5 ). Studies indicate that organic carbon 
content is signifi cantly correlated with silt and clay content in these sediments, 
although grain size is not the sole factor determining sediment organic carbon 
content (Grebmeier et al.  2006a ).

10.4.2.2        General Biogeography 

 Macrobenthic infauna are normally stationary in marine sediments, thus their com-
munity patterns are directly impacted by export production from the overlying 
water column. Bivalves, amphipods, and polychaetes dominate the infaunal bio-
mass south of St. Lawrence Island in the northern Bering Sea; amphipods and 
bivalves dominate in the central region from St. Lawrence Island to Bering Strait, 
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and bivalves and polychaetes dominate in the southern Chukchi Sea to the slope 
region of the Canada Basin and in the Alaskan Beaufort Sea (Fig.  10.6 ; Carey and 
Ruff  1977 ; Grebmeier et al.  2006a ; Grebmeier  2012 ). Sediment grain-size composi-
tion is the major factor responsible for determining benthic community composition, 
including which benthic taxa are dominant, whereas organic carbon food supply is 
directly related to biomass itself (Grebmeier et al.  1988 ,  1989 ). Areas notable for 
high infaunal biomass are also sites of high sediment oxygen  consumption and 
nutrient effl ux, both of which are indicators of elevated organic carbon supply to the 
benthos (Fig   .  10.6 ; also see Mathis et al.  2014 , Figs. 9.9–9.11, this volume). Although 
infauna are food for many epifaunal species that are typically larger than their 
endobenthic prey and more motile, recent studies indicate that epibenthic  faunal 
composition and biomass do not refl ect the presence of a high biomass of infaunal 
prey, but instead are largely determined by sediment type and factors tied to latitude 
(Bluhm et al.  2009 ). Thus, while infauna respond to patterns of carbon export 
(Grebmeier  2012 ; Grebmeier et al.  2006a ,  b ), the epibenthic fauna is not as closely 
coupled to carbon export (Bluhm et al.  2009 ) because the carbon export signal gets 
‘washed out’ because of the mobility of some dominant taxa, such as crabs, that can 
undertake extensive migrations.

    Infaunal macrobenthos  High infaunal biomass is observed in persistent biomass 
“hot-spots” in the region ranging from southwest of St. Lawrence Island to Barrow 

  Fig. 10.5    Distribution of sediment surface silt and clay content in the northern Bering Sea to the 
Arctic Basin from 1973 to 2010 (provided by J. Grebmeier)       
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Canyon (Grebmeier et al.  2006a ,  2012 ); such “hot spots” are indicative of high levels 
of organic carbon settling onto the sea fl oor (see also Mathis et al.  2014 , this volume). 
Composition of the infaunal communities is not static. Currently the infauna 
southwest of St. Lawrence Island is dominated by the bivalves  Nuculana radiata  
and  Ennucula tenuis  (Grebmeier  2012 ), while the bivalve  Macoma calcarea  was 
dominant before the 1980s (Lovvorn et al.  2003 ). This shift in bivalve prey  species 
over the last decade has reduced the food quality for diving sea ducks of the region 
(Lovvorn et al.  2009 ). 

 Large quantities of organic carbon produced in the Anadyr Water passes north-
eastward through Anadyr Strait west of St. Lawrence Island into the Chirikov Basin, 
and northward through Bering Strait where it supports a rich benthic fauna on the 
western side of the system (Fig.  10.6 ). Strong bottom currents maintain fi ne sedi-
ments in suspension, resulting in coarse, sandy sediments in the Chirikov Basin 
(Fig.  10.5 ) that are inhabited by numerous interface-feeding ampeliscid amphipods 
( Ampelisca macrocephala, Byblis  spp.) and bivalves ( Macoma calcarea ) which live 
in sandy muds (Fig.  10.6 ; Grebmeier et al.  1988 ,  2006a ; Highsmith and Coyle 
 1992 ). These ampeliscid amphipods are a favored prey item of gray whales in that 
area. Recent amphipod declines in the northern Bering Sea, along with decreased 
sea ice extent, have resulted in a shift of gray whale feeding sites from the northern 

  Fig. 10.6    Spatial distribution of infaunal benthic biomass and the most dominant taxa (based on 
infauna >1 mm size fraction) identifi ed for each station in the northern Bering and Chukchi seas 
from 1973 to 2010 (With permission from Bluhm and Grebmeier  2011 )       
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Bering Sea to as far as north as Point Barrow (Moore et al.  2003 ,  2006 , see Moore 
et al. 2014, this volume). These observations support the view that a large-scale 
ecosystem change is underway and underscore the importance of  bottom- up control 
on higher trophic level taxa. 

 The nutrient- and phytoplankton-rich water that is transported northwestward 
through Bering Strait is a major driver of the high benthic faunal productivity of the 
south-central Chukchi Sea (Fig.  10.6 ). Macrobenthic infaunal biomass at sampling 
stations in the south-central Chukchi Sea ranges from 24 to 59 g C m −2  and exceeds 
120 g C m −2  at the “hot-spot” just northwest of Bering Strait as observed by Sirenko 
and Gagaev ( 2007 ). This infaunal assemblage is dominated by tellinid and nuculid 
bivalves  (Macoma calcarea  and  Ennucula tenuis,  respectively )  and ampeliscid and 
lysianassid amphipods ( Byblis  spp. and  Anonyx  sp., respectively). In contrast to the 
very productive western side of the system, benthic communities to the east, which 
are strongly infl uenced by Alaska Coastal Water, are more variable in composition 
and typically of very low biomass (<10 g C m −2 ), though occasionally ranging up to 
higher values of 12–23 g C m −2  (also see Feder et al.  2007 ). 

 As it transits further north into the central Chukchi Sea, the Pacifi c water becomes 
progressively depleted of nutrients and phytoplankton. Perhaps not surprisingly 
then, infaunal biomass declines from the southern Chukchi Sea “hot-spot” to the 
central Chukchi Sea, with biomass dropping to <10 g C m −2  (Fig.  10.6 , Sirenko and 
Gagaev  2007 ; Grebmeier et al.  2006a ; Grebmeier  2012 ). Winter-transformed BSW 
fl ows through Herald Valley and Herald Trough (located in the western and central 
Chukchi Sea, respectively) and infaunal communities here are dominated by 
 maldanid ( Maldane sarsi ), lumbrinerid ( Nicomache lumbricalis ) and nephtyid 
( Nephtys ciliata ) polychaetes, brittle stars ( Ophiura sarsii ), and sipunculids 
( Golfi ngia margaritacea ). It should also be noted that infaunal biomass increases to 
10–20 g C m −2  in Herald Valley (Fig.  10.6    ), which indicates a current-driven focus-
ing of high- quality organic material in this region. 

 In the US sector of the central Chukchi Sea, there is a hydrographic front off the 
Alaska coastline which extends to just north of Icy Cape (Feder et al.  1994a ,  b ). 
Nutrient-poor ACW lies inshore of the front, while the relatively nutrient-rich BSW 
lies to the west and north of the front. Infaunal biomass values are higher north of 
the front (Sect.  10.4.2 ), which is probably the result of persistent deposition of 
organic carbon produced offshore and advected towards the Alaska coast (Feder 
et al.  1994a ; Grebmeier et al.  2006a ). 

 The distribution, abundance and biomass of infauna in the northern Chukchi Sea 
are related to water mass characteristics and current patterns (Feder et al.  1994a ). 
Bivalves, polychaetes and sipunculids dominate the infaunal community of the 
northern Chukchi Sea, where average infaunal benthic biomass moderate at 5–15 g C 
m −2  (Fig.  10.6 ), with the highest values in the northeast sector and upper Barrow 
Canyon (20 and >100 g C m −2 , respectively). On the upper slope (200–1,000 m 
depth) and extending down into the Canada Basin, the benthic community becomes 
dominated by bivalves and polychaetes, with biomasses of <5 g C m −2  (Bluhm et al. 
 2005 ; Pirtle-Levy  2006 ; Grebmeier et al.  2006a ). Foraminiferans >1 mm become 
dominant down slope into the basin (Grebmeier et al.  2006a ). Virtually no information 
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is available on meio- and microfauna for the northern Bering, Chukchi and western 
Beaufort seas; future studies are needed to address this information gap. 

  Epifaunal megabenthos  Pacifi c species characterize the epibenthic fauna in 
the northern Bering Sea and southern part of the Chukchi Sea (Sirenko  2003 ). In the 
northeastern Bering and southeastern Chukchi seas echinoderms, mainly sea stars, 
tend to dominate the invertebrate epifaunal biomass (Feder et al.  2005 ). In the south-
eastern Chukchi Sea a number of predators, such as the sea star  Leptasterias polaris  
that consumes both infauna and epifauna, and the large gastropods  Neptunea heros  
and  Buccinum  spp. that mainly feed on infauna are found (Grebmeier et al.  2006a ). 
In the coastal sandy sediments of the Gulf of Anadyr, the sand dollar  Echinarachnius 
parma  is abundant. In the central Gulf of Anadyr, which has fi ner sediments, the 
omnivorous brittle star  Ophiura sarsii,  as well as snow crabs ( Chionoecetes opilio) , 
lyre crabs ( Hyas coarctatus ), hermit crabs ( Pagurus  spp.), gastropods ( Neptunea 
ventricosa  and  Margarites  sp.), and the basket star  Gorgonocephalus eucnemis  
predominate (Sirenko and Koltun  1992 ). By contrast, the Anadyr Strait to the west of 
St. Lawrence Island, which has strong currents and mixed coarse pebbles and rock 
substrate, is dominated by suspension feeders, including sponges, barnacles and 
ascidians, as well as by sea urchins and brittle stars. North of St. Lawrence Island, the 
presence of abundant infauna prey (e.g., amphipods and bivalves) supports a substan-
tial predatory epifauna assemblage, including hermit crabs, sea stars, crangonid 
shrimp, crabs  ( e.g.  Chionoecetes opilio ), and the large gastropod  Neptunea heros  
(Feder and Jewett  1978 ; Grebmeier et al.  2006a ). Closer to the coast sea anenomes, 
gastropods, bivalves, and sand dollars are common. 

 Further north into the Chukchi Sea, recent studies indicate that the epibenthic 
fauna is largely dominated by the brittle star  Ophiura sarsii  and the snow crab 
 Chionoecetes opilio,  while gastropods are the most species-rich group. High numbers 
of the holothurian  Myriotrochus rinkii  are also found (Bluhm et al.  2009 ). A 
rich assemblage of sedentary epifaunal organisms (sponges, soft corals and bryozoans) 
occur in the central Chukchi Sea in the shallow bank areas with coarse gravel 
sediments (Sirenko and Gagaev  2007 ). The inshore area in the central Chukchi Sea 
has a diverse mixture of mud, gravel and boulders (Fig.  10.5 ) and contains large 
numbers of epifaunal organisms, such as sponges, sea anemones, soft corals, 
 barnacles, bryozoans, sea cucumbers and sea urchins ( Strongylocentrotus pallidus ) 
(Grebmeier et al.  2006a ; Bluhm et al.  2009 ) Epifaunal amphipods are also numer-
ous in both soft-bottom and gravel-boulder areas. Hermit crabs and gastropods 
( Buccinum  spp.) are common and inhabit mud-gravel substrates. In addition, basket 
stars and sea stars occur inshore, while brittle stars and sea cucumbers are abundant 
in deeper water. Ascidians inhabit mud-gravel substrates off Barrow in extremely 
high densities. Echinoderms are numerous in the northeastern Chukchi Sea as 
well (Feder et al.  1994a ; Ambrose et al.  2001 ); these include the sand dollar 
 Echinarachnius parma  nearshore and dense assemblages of brittle stars, that are 
dominated by the omnivore  O. sarsii  and the suspension-feeder  Ophiopholis aculeata . 
Bluhm et al. ( 2009 ) found crustaceans to be the second most abundant and biomass-
rich group in the Chukchi Sea, particularly at eastern stations under ACW, which 
contrasts with the trend suggested by Feder et al. ( 2005 ) of epifaunal crustacean 
dominance in the south and echinoderm dominance in the north. 
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 The upper Barrow Canyon is a “hot spot” region in the northeastern Chukchi 
Sea, where the presence of a rich epifauna of suspension feeders (e.g., sponges, 
bivalves, barnacles, basket stars and tunicates) attached to rocks and cobble sug-
gests the prevalence of strong currents (Ambrose et al.  2001 ; Grebmeier et al. 
 2006a ). The suspension-feeding mussel  Musculus discors  is very abundant (with 
dry weight biomasses of up to 100 g C m −2 ) in areas with interspersed silt, clay and 
gravel. This enrichment in benthic biomass at the head of Barrow Canyon (Fig.  10.6 ) 
coincides with extremely high sediment community oxygen consumption (Mathis 
et al.  2014 , Fig. 9.9, this volume). The mud at the bottom of the canyon is covered 
with tubes of the deposit-feeding polychaetes, and a variety of other infauna and 
epifauna (Fig.  10.6 ). 

 Epifaunal shelf communities in the western Beaufort Sea are dominated by 
locally very abundant ophiuroid beds (Carey  1977 ; Frost and Lowry  1983 ; Ravelo 
et al.  2014 ) and more recently by snow crab ( Chionoecetes opilio ) that were found 
at some western >200 m shelf break locations (Rand and Logerwell  2011 ). Areas 
shallower than ~20 m are affected by ice scouring and river run-off which reduces 
epifaunal densities and diversity to a few amphipod and isopod taxa (Ravelo et al. 
 2014 ). Amidst these soft-bottom communities, the “Boulder Patch” in Stefansson 
Sound adjacent to the oil production areas of Prudhoe Bay, provides substrate for 
sponges, encrusting bryozoans, soft corals, tube worms, and other fauna (Dunton 
et al.  1982 ). Similarly, glacial erratics scattered across the eastern Alaskan Beaufort 
Sea provide small islands of hard substrate for sessile primarily fi lter-feeding taxa 
(Bluhm et al. pers. obs.). 

 The benthic fauna of the western Beaufort Sea shelf, which is hydrographically 
downstream of the northward fl owing Pacifi c water, exploits both advected and 
locally produced organic carbon (Cooper    et al.  2005 ; Grebmeier et al.  2006a ). By 
comparison, the more riverine-infl uenced central and eastern Beaufort Sea has lower 
integrated water column and sediment chlorophyll inventories, and the sediment- 
surface organic carbon is mainly of terrestrial origin, as indicated by relatively 
depleted δ 13 C values (Dunton et al.  2005 ,  2012 ; Grebmeier et al.  2006a ). As a result 
infaunal benthic biomass is higher on the western Beaufort Sea shelf (10–20 g C m −2 ) 
than in the organic carbon-limited systems to the east in the nearshore Beaufort Sea 
(<10 g C m −2 ) (Fig.  10.6 ).   

10.4.3      Benthic Invertebrate Patterns in the Canadian 
Beaufort Sea Shelf 

10.4.3.1     Environmental Setting 

 The Canadian Beaufort Shelf (CBS) is the 65 × 10 3  km 2  central shelf of the Beaufort 
Sea, bounded by the Alaskan Beaufort Sea shelf (44 × 10 3  km 2 ) to the west and the 
Banks Island shelf (23 × 10 3  km 2 ) to the east. The Mackenzie Trough and Amundsen 
Gulf split this shelf system. The CBS is also referred to as the Mackenzie Shelf 
(Carmack and Macdonald  2002 ; Macdonald et al.  2004 ; Williams and Carmack  2008 ). 
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The Mackenzie River dominates the CBS in terms of the input of both freshwater 
(~330 km 3  year −1  ± 25 %) and sediments (127 × 10 6  ± 6 × 10 6  Mt year −1 ) (Macdonald 
et al.  1998 ; Walker et al.  2008 ). Relative to other rivers emptying into the Arctic 
Ocean, the Mackenzie ranks fourth for freshwater discharge and fi rst for sediment 
import. Wind and wave effects modify the location of the Mackenzie plume, 
decrease stratifi cation, disperse suspended sediment, modify light penetration and 
transport nutrients to the benthos (Melling  1993 ; Carmack and Macdonald  2002 ). 
Inshore, the benthos is strongly infl uenced by this estuarine system while further 
offshore, at water depths of 40–280 m, the benthos is bathed by low-salinity, nutrient-
rich Pacifi c water and below this warmer, saltier Atlantic water (Carmack and 
Wassmann  2006 ). 

 Along the outer shelf and shelf-break, the benthos benefi ts from the eastwardly 
fl owing Beaufort Undercurrent which provides a nutrient source for phytoplankton 
(Carmack and Macdonald  2002 ). This current and associated smaller-scale eddies 
also provide transport for pelagic stages of resident benthic fauna as well as for 
predators and new colonists (Carmack and Macdonald  2002 ). Upwelling of nutrient- 
rich water at the shelf edge especially around Cape Bathurst to the east (Williams 
and Carmack  2008 ), along the Mackenzie Trough (Williams et al.  2006 ) and in the 
smaller Kugmallit Valley (Williams et al.  2008 ) boosts production and thereby mod-
ifi es the benthic communities locally (Conlan et al.  2008 ; Darnis et al.  2012 ). 
Mixing of diverse water types also enhances coastal productivity (Carmack and 
Macdonald  2008 ; Juul-Pedersen et al.  2008 ). Phytoplankton production is season-
ally variable both in terms of cell size and taxonomic composition. In spring prior 
to ice break-up, sympagic algae provide some organic carbon to the benthos but this 
is a relatively small contribution (Macdonald et al.  1998 ; Renaud et al.  2007b ; 
Morata et al.  2008 ;  2011 ; Riedel et al.  2008 ). Sea ice provides an upside-down sub-
strate for some benthic meiofauna, larval stages of macrofauna and motile benthic 
macrofauna, which graze on sympagic microbes and primary producers in large 
numbers (up to 482,000 ind m −2  in spring) (Carey  1992 ). 

 Primary production peaks at 200 mg C m −2  d −1  in summer open water and 
declines to <10 mg C m −2  d −1  under ice cover (Carmack et al.  2004 ). Export of 
organic carbon from the water column to the benthos is variable, depending on 
stratifi cation, currents, and grazing by meso- and microzooplankton. Particulate 
and dissolved organic matter generated by erosion and introduced by the 
Mackenzie River also provides seasonally variable organic carbon to the benthos 
of the CBS (Macdonald et al.  1998 ,  2004 ; O’Brien et al.  2006 ; Terrado et al.  2008 ; 
Walker et al.  2008 ). Surface-sediment organic carbon grades from terrestrial to 
oceanic with distance from shore (Macdonald et al.  2004 ) and eastward from the 
Mackenzie River (Morata et al.  2008 ). Deep-buried organic carbon in the sedi-
ment may be a long-term benthic food resource (Pirtle-Levy et al.  2009 ). Methane 
that is released from the seabed at numerous locations (Collett and Dallimore 
 1999 ) can be a nutrient source to benthic microbes but may also be a habitat- 
disturbing agent. However, the pingo-like  features produced at some methane 
venting sites provide elevated habitats for the benthos, resulting in elevated spe-
cies numbers (Jerosch et al.  2010 ). 
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 During the winter, benthic organisms on the CBS live under a ceiling of landfast 
sea ice up to the 20 m isobath and under pack ice in deeper waters. A build-up of 
pack ice jammed against the fast ice (the stamukhi zone) dams the Mackenzie River 
outfl ow, resulting in a ~12 × 10 3  km 2  “lake” of freshwater that forms a seasonal ceil-
ing inshore (Macdonald et al.  1995 ; Carmack and Macdonald  2002 ). This infl uences 
the seasonal geochemistry of the shelf (Emmerton et al.  2008 ). Recurrent fl aw leads 
around the 20–30 m isobath (Melling  1993 ) provide variable open water and thinner 
ice cover to 70 km offshore of the fast ice in late winter (Williams et al.  2008 ). Ice 
formation in the fl aw leads causes release of dense brine which sinks down and 
mixes the seawater to 40–50 m depth (Carmack and Macdonald  2002 ). Where fl ush-
ing is low, brine pooling on the seafl oor may impact the benthos negatively (Kvitek 
et al.  1998 ). Ice scours the CBS to as deep as ~70 m at a rate of up to 8.2 events 
km −1  year −1 , reworking >75 % of the seabed at 22–25 m depth in the stamukhi zone 
(Lewis and Blasco  1990 ; Héquette et al.  1995 ). Such effects on the benthic fauna 
may be similar to that reported in the eastern Arctic (Conlan and Kvitek  2005 ) but 
the environmental regime and benthic community structure differ in the CBS. Ice 
scour also increases coastal erosion (Héquette and Barnes  1990 ), which modifi es 
turbidity, sediment transport and carbon supply to the benthos. Shelf and slope 
slumping of deposited sediment and associated turbidity and deposition can locally 
disturb the benthos (Macdonald et al.  2004 ).  

10.4.3.2     General Biogeography and Biodiversity 

 During the last Pleistocene glacial maximum, dating to 27 Ka, the global sea level 
was about 140 m lower than today, and large portions of the CBS (i.e., all areas at 
contemporary depths <140 m) had fallen dry (Macdonald et al.  2004 ). Still, the CBS 
sediment ~20 cm below the seafl oor surface is permafrost (Allen et al.  1988 ). The 
CBS is currently (~1,850-present) less productive than it was between ~1,450 and 
1,850 (Richerol et al.  2008 ). The benthos of the CBS is a mix of Atlantic- and 
Pacifi c-origin species with a small proportion of endemics (Dunton  1992 ) but its 
composition is in fl ux, a product of historic conditions and modern controls. 

 Up to 919 macro- and megafaunal species have been recorded on the CBS 
(Chapman and Kostylev  2005 ) with a total of 992 infaunal taxa enumerated for the 
entire Canadian Arctic (Archambault et al.  2010 ). Arthropods dominate at 37 % of 
total species, followed by annelids (26 %), molluscs (19.5 %) and echinoderms 
(4 %); these proportions are similar to the overall composition of the Arctic benthic 
fauna (Piepenburg et al.  2011 ). Simulated extrapolations to a theoretically infi nite 
number of samples yield an expected number of 745 ± 47 molluscs + arthro-
pods + echinoderm species (as compared to 455 observed to date) and 349 ± 17 
annelids (as compared to 305 observed to date) (Table  10.4 ) on the Beaufort shelf 
(Canadian + Alaskan). This is an estimated 31–43 % of all arctic molluscs + arthro-
pods + echinoderms and 37–49 % of all arctic annelids. Despite being less than half 
the size of the shelves of the adjacent Chukchi Sea and western Canadian 
Archipelago, the expected species richness of the Beaufort Shelf is 1.2–1.8 times 
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greater. This higher expected diversity may be partly due to the calculations being 
based on a higher number of samples on the Beaufort Shelf than on the other two 
shelves. However, this can also be attributed to high habitat variability on the 
Beaufort Shelf due to the Mackenzie River, shelf-edge infl uence, submarine glacial 
beaches and riverbeds, canyons and valleys, pingo-like features, methane vents, 
submerged drilling islands, ice-scour disturbance, and post-glacial evolutionary 
history (Cusson et al.  2007 ; Piepenburg et al.  2011 ; Conlan unpublished data).

    Infaunal macrobenthos  Macrofauna account for an average 25–69 % of the ben-
thic carbon demand on the CBS (Renaud et al.  2007a ). They are quick to respond to 
food pulses (Renaud et al.  2007b ). Community composition on the CBS broadly 
grades ocean-ward (Conlan et al.  2008 , unpublished data; Wacasey  1975 ). Inshore, 
excessive suspended material from the Mackenzie River plume selects for deposit 
feeders over suspension feeders, and the episodically high freshwater load selects 
for species that are physiologically fl exible. Offshore, community structure and 
production are infl uenced by shelf topography which controls the degree of coupling 
with the pelagic environment. 

 Figure  10.7  illustrates the typical community composition of the dominant mac-
rofauna (defi ned in this section as body size >0.5 mm) in various regions of the CBS 
as described in Conlan et al. ( 2008 ). Inshore, the community is dominated by large 
numbers of the small predatory polychaete  Micronephthys minuta  and lesser num-
bers of the deposit-feeding bivalve  Portlandia arctica . Biomass close to the 
Mackenzie River plume is <1 g m −2  dry wt (Wacasey  1975 ) (equivalent to ~0.4 g C m −2  
using conversions in Rowe  1983  and Ricciardi and Bourget  1999 ). On the outer 
shelf, the deep-burrowing bamboo worm  Maldane sarsi  dominates in abundance and 
biomass along with a variety of other polychaetes and crustaceans. This species and 

   Table 10.4    Comparison of observed (S obs ), average taxonomic distinctness ( Δ   +  ) and expected 
species richness (Chao2) of the major macro- and megafaunal phyla on the Beaufort Shelf 
compared to the shelves of the Chukchi Sea and the western Canadian Archipelago (Modifi ed from 
Piepenburg et al.  2011 )   

 Location 
 Size    
(× 10 3  km 2 ) 

 No. 
stations 

 S obs  
(MAE) a  

 S obs  
(A) b  

 Δ +  
(MAE)  Δ +  (A) 

 Chao2 ± SD 
(MAE) 

 Chao2 
± (A) 

 Chukchi a   464  131  401  188  74.4  55.1  443 ± 13  243 ± 21 
 Beaufort Shelf b   145  518  455  305  73.4  54.7  745 ± 47  349 ± 17 
 Western Canadian 

Archipelago c  
 605  337  364  185  74.0  54.1  482 ± 22  250 ± 25 

 Total Arctic d   9,787  4,452  1,467  668  2,040 ± 190 e   816 ± 71 e  

  Molluscs + arthropods + echinoderms (MAE) are treated as a single group and separately from 
annelids (A) due to different levels of taxonomic effort on these groups 
  a Area 13: Bering Strait E to Barrow and W to Proliv Pevek, 30 m to shelf edge 
  b Area 12: Barrow to Cape Bathurst, 30 m to shelf edge 
  c Area 11: Beaufort shelf E of Cape Bathurst, Amundsen Gulf, M’Clure Strait, Viscount-Melville 
Sound, M’Clintock Channel, 30 m to shelf edge 
  d Includes 14 of 19 Arctic shelf marine ecoregions; insuffi cient data for fi ve ecoregions 
  e Based on data interpretation rather than a strict Chao2 calculation due to lack of suffi cient data for 
some Arctic shelves  
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other maldanid polychaetes provide an important benthic ecosystem service by 
regenerating nutrients at the surface, oxygenating deeper layers and mixing the sedi-
ment (Holte  1998 ; Levin et al.  1997 ; Dufour et al.  2007 ). Unlike the case for zoo-
plankton (Darnis et al.  2008 ), the fl aw lead and polynya system on the shelf does not 
leave a footprint on the benthos. Biomass of the macrofauna in the Mackenzie Trough 
is greater than on the surrounding shelf, but the community here is not distinct. Mean 
abundance across the shelf ranges from 828.1 ± 212.1 ind. m −2  on the slope to 
3636.2 ± 1355.1 ind. m −2  in the fl aw lead. Abundances under the fast ice, on the outer 
shelf and in Mackenzie Trough are intermediate.

   Wind-driven upwelling at Cape Bathurst has a strong imprint on the underlying 
benthos. Macrofaunal abundance and biomass here is greater than elsewhere on the 
CBS shelf by 4–18-fold on average, to up to 18.0 × 10 3  ind m −2  (Conlan et al.  2008 ) 

  Fig. 10.7    Dominant macrofauna on the Canadian Beaufort Shelf.  Bottom left : inshore near the 
Mackenzie delta (20 m) (the polychaete  Micronephthys minuta , the bivalve  Portlandia arctica  and 
the amphipods  Anonyx  sp. and  Protomedeia  sp.).  Top left : Mackenzie Trough (240 m) (the poly-
chaetes  Micronephythys minuta ,  Prionospio  spp.,  Terebellides stroemi  and  Pholoe minuta  and the 
crustaceans  Brachydiastylis nimia  (cumacean), myodocopid ostracods and phoxocephalid 
 amphipods).  Top right : continental slope at Kugmallit Valley (214 m) (the polychaetes  Maldane 
sarsi ,  Spiophanes  sp.,  Tharyx  sp. and the large  Eunoe  sp. and  Pherusa  sp. (shown at the surface), 
the crustaceans  Brachydiastylis nimia,  myodocopid ostracods and phoxocephalid amphipods, the 
bivalves  Thyasira  sp. and  Yoldiella  sp. and the brittle star  Ophiacantha bidentata ).  Bottom right : 
Cape Bathurst (38 m) (the amphipod  Ampelisca macrocephala  and the polychaete  Barantolla 
americana ). Community illustrations by Susan Laurie-Bourque (With permission from Conlan 
et al.  2008 , modifi ed)       
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and 71.4 g m −2  dry wt (Wacasey  1975 ) (equivalent to ~27.5 g C m −2  using conversions 
in Rowe  1983  and Ricciardi and Bourget  1999 ), levels which are comparable to 
those seen for the rich benthic community of the southeast Chukchi Sea (Grebmeier 
et al.  2006a ; Feder et al.  2007 ). Species composition is also highly modifi ed, being 
dominated by the suspension/surface deposit feeding amphipod  Ampelisca macro-
cephala  and the deposit feeding capitellid polychaete  Barantolla americana . 
Although present elsewhere on the shelf, neither species achieves such high densities 
as at Cape Bathurst.  Ampelisca macrocephala  is a key component of the gray 
whale ( Eschrichtius robustus ) feeding areas of the Bering and Chukchi seas (Oliver 
et al.  1983 ; Highsmith et al.  2007 ) where pelagic-benthic coupling is also high 
(Highsmith and Coyle  1990 ; Grebmeier and Barry  1991 ; Feder    et al.  1994b ,  2007 ). 
The Eastern North Pacifi c population of gray whales feeds as far northwest as 
Cape Bathurst in the summer (Rugh and Fraker  1981 ) although most individuals 
forage in the Bering and Chukchi seas (Highsmith et al.  2007 ). However, the Bering 
Sea feeding area is declining in biomass and production and gray whales are 
foraging further north, on the Alaskan Beaufort Shelf (Grebmeier    et al.  2006b ,  2012 ; 
see also Moore et al. 2014, this volume). Possibly, therefore, more gray whales may 
reach Cape Bathurst in the future. Bowhead whales ( Balaena mysticetus ), which 
frequent Cape Bathurst in larger numbers than gray whales, can also feed benthi-
cally (Hazard and Lowry  1984 ; Würsig et al  1989 ). King and common eiders 
(    Somateria spectabilis  and  Somateria mollissima ) and long-tailed ducks ( Clangula 
hyemalis ) feed in large numbers on the benthos at Cape Bathurst (Dickson and 
Gilchrist  2002 ) as well. 

  Meio- and microfauna  Meio- and microfauna account for 31–75 % of benthic 
carbon demand on the CBS (Renaud et al.  2007a ). Bessière et al. ( 2007 ) found high-
est abundance and biomass on the shelf east of Cape Bathurst (5.1 ± 1.1 × 10 6  ind m −2 , 
680.6 ± 262.7 mg C m −2  respectively). Much lower meiofaunal abundance and 
biomass occurred in the dense  Ampelisca  beds (0.8 ± 0.1 × 10 6  ind. m −2  and 
63.0 ± 19.4 mg C m −2  respectively). High abundance and biomass values of meio-
fauna were also found in Franklin Bay. Abundance and biomass of meiofauna on the 
rest of the shelf and in Amundsen Gulf were 0.2 ± 0.04–3.9 ± 0.9 × 10 6  ind. m −2  and 
24.9–240.6 ± 50.7 mg C m −2  respectively, the larger values being on the shelf edge 
and in Mackenzie Trough. Meiofaunal abundance correlated with the quantity of 
phytodetritus at the seafl oor. In all cases, nematodes contributed 50–95 % of the 
abundance, while small polychaetes and copepods, being larger, contributed more 
biomass when abundant. In general, meiofaunal densities were within the range 
found on other arctic shelves. 

  Epibenthic megafauna  Megafauna are most abundant on the CBS at 60–90 m 
depth and account for up to 41 % of the community carbon demand (Renaud et al 
 2007a ). Although an inventory of the fauna exists (included in Piepenburg et al. 
 2011 ), regional trends in abundance, biomass and epifaunal composition are unpub-
lished as yet; ongoing work will fi ll this gap over the next few years. The large 
scavenging isopods  Saduria entomon ,  S. sabini  and  S. sibirica  are a common fea-
ture of the CBS benthos (Kostylev and Chapman  2004 ). Other large epifauna are the 
soft coral  Gersemia rubiformis , barnacle  Balanus crenatus , brittle stars  Ophiocten 
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sericeum  and  Ophiura robusta , basket star  Gorgonocephalus arcticus , sea stars 
( Urasterias lincki ,  Leptasterias  sp.  Ctenodiscus  sp.), crinoid  Heliometra glacialis , 
sea urchin  Strongylocentrotus droebachiensis  and sea cucumbers  Myriotrochus 
rinkii  and  Thyonidium  sp., and various anemones (Wacasey et al.  1977 ; Atkinson 
and Wacasey  1989 ; Kostylev and Chapman  2004 ). Epibenthic distribution is con-
trolled by sediment type, food resources and freshwater infl uence. Benthos-feeding 
large predators such as beluga and bowhead whales and bearded, ringed and spotted 
seals exploit this resource (Dehn et al.  2007 ; Bluhm and Gradinger  2008 ).   

10.4.4     Deep-Sea Benthos 

 The benthic fauna of the deep sea (Canada Basin) in the PAR, as within all arctic 
deep-sea basins, is shaped by the geological history and semi-isolation of the area. 
The Canada Basin, now fi lled with Atlantic-origin bottom waters (Rudels et al. 
 1994 ), was infl uenced by Pacifi c fauna until ~80 Ma when the deep-water connec-
tion to the Pacifi c Ocean closed (Marincovich et al.  1990 ). Currently the shallow 
Bering Strait presents a barrier for the northward transfer of Pacifi c deep-sea  species, 
while the mid-arctic oceanic ridges do not prevent Atlantic fauna from dispersing 
even into the Canada Basin (Vinogradova  1997 ; Bluhm et al.  2011 ). 

 International Polar Year and Census of Marine Life efforts increased the previous 
inventory of eukaryotic fauna in the deep Arctic Ocean (Sirenko  2001 ) by ~300 to 
over 1,100 taxa ranging from the PAR to Fram Strait. The current faunal inventory is 
dominated by soft-bottom arthropods (>350 taxa), foraminiferans (~200),  annelids 
(~200), and nematodes (>140) (Bluhm et al.  2011 ). Isolated hard-substrate habitats 
such as drop stones form patches of enhanced diversity (MacDonald et al.  2010 ). 
Typical for the deep sea, half of all taxa recorded so far were found at only one or two 
locations, including numerous recently described species and range extensions (e.g. 
Gagaev  2008 ; Sharma and Bluhm  2010 ). Considerable overlap in species composi-
tion with arctic shelf communities (Piepenburg et al.  2011 )  indicates that part of the 
deep-sea fauna originates from shelf fauna that survived Pleistocene glaciations by 
submergence into the deep, which was curiously confi ned to the Atlantic sector (Nesis 
 1984 ). In contrast to other deep-sea regions, no mid-depth (1,000–3,000 m) peak in 
species richness was observed; most studies showed instead a decrease in diversity 
and an increase in evenness with water depth. Distinct benthic communities are 
recognized within the slope, abyssal and plateau PAR regions; however, on a 
pan-arctic scale, regional differences in inventories are moderate (Bluhm et al.  2011 ). 

 Primary production over deep water in the PAR is low compared to the adjacent 
shelf due to the short photo-period, limited nutrients and multi-year ice cover (Lee 
and Whitledge  2005 ). Although local production is complemented by organic 
 carbon advected from the highly productive Chukchi shelf (Moran et al.  2005 ; 
Grebmeier et al.  2006a ), overall the arctic deep sea receives relatively low input of 
marine-derived organic matter. As a result, gradients in faunal abundance and bio-
mass from the shelf to the abyss are steep and values typically decrease with water 
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depth. At depths >500 m, meiofaunal abundance ranges from <100 to >4,500 ind 
10 cm −2  (mean around 1,200 ind 10 cm −2 ), macrofaunal abundance ranges from <1 
to almost 10,000 ind m −2  (mean around 930 ind m −2 ), (Fig.  10.7 , summarized in 
Bluhm et al. ( 2011 )), and megafaunal abundance ranges from <1 to >200 ind m −2  
(mean ~3 ind m −2 ; MacDonald et al.  2010 ). In terms of both abundance and bio-
mass, foraminiferans and nematodes generally dominate the meiofauna (Vanreusel 
et al.  2000 ), annelids, crustaceans and bivalves dominate the macrofauna (Clough 
et al.  1997 ; Bluhm et al.  2005 ; MacDonald et al.  2010 ), and echinoderms dominate 
the megafauna (MacDonald et al.  2010 ), much like in the adjacent shelf  soft- sediment 
habitats (Conlan et al.  2008 ; Grebmeier  2012 ) (Fig.  10.8 ).

10.4.5        Effect of Climate Change on Benthic Fauna of the PAR 

 The PAR is undergoing signifi cant change in climate, water-mass properties as well 
as sea-ice dynamics (Comiso  2003 ; Barber et al.  2008 ; Grebmeier et al.  2012 ). The 
environmental changes are very likely impacting the benthic fauna but due to lim-
ited accessibility to many regions of the PAR and lack of long-term monitoring 
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programs, the actual documented shifts within benthic communities that are 
attributable to climate change are minimal, with the exceptions from the northern 
Bering Sea (Grebmeier et al.  2006b ). 

 Based on observed physical changes, however, some projections can be made. 
Longer summertime open-water periods will likely increase light availability, wind 
mixing, upwelling at the shelf-break, and storm erosion and resuspension (Carmack 
and McLaughlin  2001 ; Carmack and Chapman  2003 ; Walker et al.  2008 ). Highly 
productive regions, such as the southern and northeast Chukchi Sea (Grebmeier 
 2012 ) and Cape Bathurst (see Sect.  10.4.3 ) may therefore expand in duration. 
In addition, the productivity in canyon regions and shelf edges, such as Barrow 
Canyon in the Chukchi Sea, and Mackenzie Trough and Kugmallit Valley shelf-edge 
areas in the Canadian Beaufort, which act as conduits for upwelling, may increase 
(Carmack and Wassmann  2006 ). Repeated upwelling events combined with ice 
ablation indeed increased the biological production including that of the benthos on 
the Beaufort Sea shelf in recent years (Tremblay et al.  2011 ). Such changes would 
favor large benthic predators such as gray whales, bearded seals, benthic fi sh and 
diving seabirds, common megafauna in the Chukchi Sea and parts of the Beaufort 
Sea (Bluhm and Gradinger  2008 ; Grebmeier et al.  2010 ). 

 Increases and changes in timing of fl ows from the Mackenzie River and other 
rivers in the PAR will affect input of terrigenous nutrients, sediments, and contami-
nants, as well as increase turbidity, alter local ice dynamics and the infl uence of 
freshwater on water-column salinity and stratifi cation (Carmack and Wassmann 
 2006 ; Barber et al.  2008 ). This in turn will affect, and already has affected, primary 
production, species composition, grazer and microbial diversion and the extent to 
which organic carbon is available to the benthos (Li et al.  2009 ; Agustí et al.  2010 ). 
The possibility of greater diversion of organic carbon to pelagic consumers will 
negatively impact benthic fauna and their predators (Grebmeier et al.  2006b ). 
Change in snowfall over sea ice will affect transmission of photosynthetically active 
radiation to primary producers (Mundy et al.  2007 ) and hence further reduce carbon 
available to the benthos. Increased storminess will alter bottom disturbance, 
 upwelling, sediment transport, circulation patterns and bottom transport (Barber 
et al.  2008 ). In the marginal ice zone there can be increased productivity. As the 
marginal ice zone changes in space and time the benthos will be correspondingly 
impacted (Carmack and Macdonald  2002 ; Sejr et al.  2007 ). 

 Shifting water mass fronts will affect benthic dispersal, as well as the immig-
ration and movements of benthic predators (Carmack and McLaughlin  2001 ). 
Altered benthic community composition, interactions, metabolic rates and life 
histories will change carbon cycling dynamics with attendant alteration of nutrient 
regeneration and CO 2  sequestering (Renaud et al.  2008 ; Grebmeier  2012 ; Mathis 
et al.  2014 , this volume) and cascading effects on the pelagic ecosystem and large 
predators (e.g. Coyle et al.  2007 ). Such benthic changes may similarly modify 
contaminant pathways through the benthos to higher trophic levels (Macdonald et al. 
 2005 ). Ocean warming and greater human access to open water will favor immi-
gration and introduction of non-indigenous species, some of which may become 
resident and modify benthic composition and processes (Cheung et al.  2009 ). 
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Out-competed shelf species may not be able to retreat to the slope and deep sea 
(Renaud et al.  2008 ). Commercial harvesting of mammals and fi sh may intensify, 
affecting the benthos through trawling disturbance and by-catch (Renaud et al.  2008 ). 

 Less sea ice, particularly deep-keeled multi-year ice will result in a contraction of 
the ice scour zone. Moderate ice scour can have a positive effect on benthic diversity 
(Conlan and Kvitek  2005 ). Thinning and reduction of the extent of landfast ice will 
have multiple effects on coastal erosion, the amount of ice scour, the extent of the 
fl aw-lead system and stamukhi zone, the timing of ice break-up, catchment of fresh-
water, amount of primary production, use by apex predators and use for transportation 
and industrial activity, all of which are relevant to the benthos (Dumas et al.  2005 ). 

 Changes in seawater chemistry associated with uptake of anthropogenic CO 2  
will affect the depth- and latitudinal range of such calcifying benthic fauna as 
foraminiferans, sponges, bryozoans, molluscs, spirorbids, barnacles, crabs, sea urchins, 
brittle stars, crinoids and brachiopods (Orr et al.  2005 ). Magnesium-calcite 
 producers will respond fi rst (Andersson et al.  2008 ). Synergistic effects of other 
climate- induced changes with acidifi cation can accelerate and magnify effects on 
the benthos (Wood et al.  2011 ; Mathis et al.  2014 , this volume). 

 In summary, the rapid sea ice and environmental changes being observed in the 
PAR, coincident with increased human activities, are likely to modify benthic  faunal 
communities and associated carbon cycling, with both short- and long-term impacts 
to the ecosystem. There are still substantial knowledge gaps regarding the benthic 
fauna of the PAR, in particular at depths >3,000 m and in the epibenthic megafauna. 
Since a recent pilot study of the bathymetrically complex Chukchi Borderlands region 
including a pock mark, discovered a range of different faunal communities, locally 
high megafaunal abundance and species richness but a lack of seep fauna (MacDonald 
et al.  2010 ), this area also warrants further study. Finally, a deep-sea observing 
system, such as the HAUSGARTEN located in the eastern Fram Strait (Soltwedel 
et al.  2005 ), would be able to capture changes associated with the  dramatic retreat of 
the perennial sea ice over the Chukchi Sea slope and adjacent Canada Basin.   

10.5      Sea Ice Associated Diversity and Production in the PAR 

10.5.1     Introduction 

 Sea ice occurs in the entire PAR with different regional characteristics. Coastal fast 
ice forms a relatively narrow band (a few km compared to hundreds of km in the 
Laptev Sea) along the entire Alaskan coastline from the Bering Sea to the Chukchi 
and Beaufort seas (Mahoney et al.  2007 ; Gradinger et al.  2009 ). Pack ice covers 
most of the PAR in winter, with fi rst-year ice dominating the Bering Sea and 
 increasing contributions of multi-year sea ice (MYI) in the Chukchi and Beaufort 
seas with latitude (Grebmeier et al.  2012 ). The relative contribution of MYI has 
decreased over the past decades (Maslanik et al.  2007 ). 

 The Bering Sea experiences the largest seasonal sea ice advance and retreat of 
any arctic and subarctic region, averaging about 1,700 km (Walsh and Johnson 
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 1979 ) with large inter-annual variability (Niebauer  1983 ; Minobe  2002 ; Drinkwater 
et al.  2009 ). On average about 37 % of the Bering Sea is seasonally ice covered, 
mostly in the eastern shelf regions (Niebauer et al.  1999 ). In the Chukchi and 
Beaufort seas, ice coverage is 100 % for most of the winter months, except for some 
coastal fl aw leads. Record low ice concentrations in the last decade during the 
September ice minimum have left the Beaufort and Chukchi seas ice-free well north 
of 75 °N (e.g. Stroeve et al.  2007 ). 

 Sea ice biota (Fig.  10.9 ) is present in any ice-covered ocean, not only in the 
Arctic and Antarctic, but also for example in the Baltic Sea and the Sea of Okhotsk. 
In any of these areas, strong ties exist between physical and chemical processes 
and sea ice characteristics and biological responses. The yearly cycle of physical 
processes, especially of light level and water mass stratifi cation, are strongly related 
to seasonal sea ice extent (e.g. Sakshaug  2004 ). On a local scale ice structural fea-
tures including snow depth, ice thickness and sediment load within the ice explain 
much of the tremendous small-scale patchiness of biological properties within sea 
ice (Gradinger et al.  2009 ). The information available for the following summary of 
ice-associated biota for the PAR is most limited for the Bering Sea.

10.5.2         Primary Producers: Diversity, Abundance and Activity 

 In the recent fi rst pan-arctic assessment of ice algal diversity, species richness was 
determined to be lowest in the Bering Sea compared to the Chukchi and Beaufort seas 
as well as the Russian, Canadian and Scandinavian arctic regions (Poulin et al.  2011 ; 
Fig.  10.10 ). This fi nding, however, should not be interpreted as a true biological 
 pattern but rather as a refl ection of the poor observational record in the Bering Sea. 

  Fig. 10.9    Examples of sea ice biota: ( a ) Diatoms, ( b ) Rotifera, ( c ) Nematoda, ( d ) Hydroid, 
 Sympagohydra tuuli , ( e ) Polychaeta, ( f ) Copepoda. Images from ( a ) Bering Sea pack ice, ( b – f ) 
Alaskan fast ice       
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Only 20 ice algal species have been recorded from there so far, compared to 268 from 
the pack ice and 110 from the fast ice areas of the combined Chukchi and Beaufort 
seas. Based on Poulin et al.’s data ( 2011 ) pennate diatoms (Bacillariophycae)  dominate 
in the entire PAR, followed by Coscinodiscophyceae and Fragilariophyceae. The total 
number of other taxa (including, e.g., Dinophyceae, Chlorophyta, and Cryptophyceae) 
varies between 0 (Bering Sea) and 20 (Chukchi/Beaufort seas). Many of the taxa 
reported in previous studies were not identifi ed to species level and information on 
smaller taxa that are not readily identifi ed by light microscopy (e.g. smaller fl agellates 
in the pico- and nano-size classes) is completely absent from the PAR. See also 
Sect.  10.2.2  for more information regarding sea ice taxa.

   Only a few studies have assessed the seasonality and magnitude of ice algal 
biomass and production in the PAR. On the PAR shelves with their regionally 
high phytoplankton productivity, ice algal production is only a very minor relative 
 contribution to the total annual formation of new organic matter with absolute 
 values typically less than 10 g C m −2  year −1  for Bering, Chukchi and Beaufort sea 
sea ice (Gradinger  2009 , Gradinger unpublished data) while annual phytoplank-
ton productivity can exceed 400 g C m −2  year −1  (Hill and Cota  2005 ). Although 
low in absolute values, ice algae can contribute as much as 50 % of the total 
primary production in the central Arctic because of low phytoplankton productivity 
(Gosselin et al.  1997 ). Regionally, maximum algal biomass accumulation in the 
sea ice is highly variable due to gradients in surface-water nutrient concentrations 
(Gradinger  2009 ). 

  Fig. 10.10    Number of sea ice algal taxa documented from pack ice of the Bering and Chukchi/
Beaufort seas and from Alaskan fast ice (Data from Poulin et al.  2011 )       
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 In any region, the highest ice algal biomass is always found at the bottom of the 
fi rst-year sea ice in a thin layer of only a few centimeters in vertical extent. In the 
PAR, these maximum values decrease primarily with latitude as a function of nutrient 
availability. The highest values exceed 600 μg Chl  a  L −1  in the Bering Sea (Gradinger 
et al. unpublished data); maximum values are substantially lower (less than 10 μg 
Chl  a  L 1 ) in the oligotrophic Canada Basin (Gradinger et al.  2005 ,  2010 ). Within 
coastal fast ice, Chl  a  concentrations can be similar to the highest pack-ice values 
given above (Gradinger et al.  2009 ). 

 Work done in fast ice provides the best available seasonal time series (e.g. Horner 
and Schrader  1982 ; Gradinger et al.  2009 ). Ice algal growth starts as soon as light inten-
sity is suffi cient to sustain algal growth, typically at photosynthetically active radiation 
levels below 1 μE m −2  s −1  (Mock and Gradinger  1999 ). Thick snow cover and high 
 sediment loads both reduce light intensities and can delay or completely prevent the 
development of ice algal layers at the bottom of the fast ice (Gradinger et al.  2009 ). For 
the Bering Sea, the ice algal growth period was estimated at about 3 months (March to 
May) based on samples collected northeast of St. Lawrence Island (Alexander and 
Chapman  1981 ). At stations located further south between St. Lawrence Island and the 
Aleutians (McRoy and Goering  1974 ), ice algal  pigment concentration (2.97 mg Chl  a  
m −2 ) was similar to the concomitant phytoplankton biomass integrated over a 30 m 
thick water column. In the Chukchi and Beaufort seas as well as other arctic sites, 
maximum biomass and productivity values of ice algae may exceed integrated values 
for the phytoplankton (Tremblay et al.  2006 ; Gradinger  2009 ). 

 Regarding the fate of ice algal production, direct ingestion of ice algae by either 
under-ice amphipods (Carey  1985 ; Werner and Gradinger  2002 ) or migrating 
 zooplankters (Runge et al.  1991 ) is well documented in the arctic seas outside the PAR. 
Grazing by meiofauna inside the sea ice brine channel system does not appear to reduce 
the biomass by more than a few percent (Gradinger  1999 ; Nozais et al.  2001 ; Michel 
et al.  2006 ). Most of the ice algal biomass is released as one intense pulse when the ice 
melts, and can either seed the water column or sink to the sea fl oor (e.g., Goering and 
Iverson  1981 ; Gogorev and Okolodkov  1996 ; Michel et al.  2006 ). The importance of 
ice algal production as an early food pulse to benthic systems is widely acknowledged 
for subarctic and arctic seas including the PAR (Carey  1987 ; Michel et al.  2006 ). 
In addition, the high concentration of polyunsaturated fatty acids in ice algal material 
gives it high nutritional value (e.g. Sun et al.  2009 ).  

10.5.3     Sea Ice Meiofauna Abundance and Diversity 

 Similar to ice algae, sea ice meiofauna (those animals living within the ice) occur in 
highest concentration within the bottom few centimeters of the sea ice (Bluhm et al. 
 2010 ). Their overall abundance patterns follow the above described nutrient – 
infl uenced ice algal biomass gradients; faunal abundance is highest on the nutrient-rich 
shelves and lowest in the oligotrophic gyre regions (Gradinger et al.  2010 ; 
Fig.  10.11 ). The highest abundance of sea ice meiofauna has been described within 
the arctic fast ice. All major taxa typically observed in arctic sea ice such as 
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 nematodes, harpacticoid copepods, rotifers, and acoel fl atworms (Bluhm et al. 
 2010 ) have also been observed in the sea ice of the PAR region. However, some ice-
endemic meiofauna taxa (e.g. Nematoda) linked to the multi-year sea ice cover were 
absent from the Bering Sea (Gradinger et al. unpublished data). The number of 
known arctic meiofauna taxa is estimated at 30–50 (Bluhm et al.  2010 ) but on a 
 species level, their pan-arctic distribution or that in the PAR area is not well known. 
Many of the ice associated taxa are herbivores, however carnivory was observed in 
the hydroid  Sympagohydra tuuli  (Sievert et al.  2009 ).

   A unique fauna lives at the ice – water interface. North of Bering Strait, this 
under-ice fauna consists mainly of gammarid amphipods. Ice amphipod abundance 
on the Chukchi and Beaufort shelves remains unknown, but abundances over the 
slope and within Canada Basin are typically less than 10 individuals m −2  of sea ice 
(Gradinger et al.  2010 ). The majority of these amphipod species are endemic to arctic 
sea ice (Carey  1985 ) and include the gammarids  Apherusa glacialis ,  Onisimus glacia-
lis, O. nanseni  and  Gammarus wilkitzkii. Apherusa glacialis  is the most herbivorous 
of those four species, while  G. wilkitzkii  feeds nearly entirely on ice-associated 
zooplankton or other amphipods (e.g. Poltermann  2001 ). In nearshore areas, the 
otherwise benthic gammarid  O. litoralis  exploits ice algal production in the spring 
period (Gradinger and Bluhm  2010 ). Although non-quantitative, baited-traps deployed 

  Fig. 10.11    Abundance (individuals L −1 ) of sea ice meiofauna in the bottom 2–5 cm of sea ice from 
Alaskan coastal fast ice near Barrow (March 2002, data from Gradinger et al.  2009 , mean of 4 
replicates from 1 site), from pack ice in the Bering Sea (mean across 15 stations in spring 2008, 
Gradinger et al. unpublished data), and from offshore pack ice in the Chukchi/Beaufort Sea (mean 
across 13 number of stations in summer 2005, data from Gradinger et al.  2010 )       
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under nearshore fast ice suggest this species is very abundant. Ice amphipods were, 
 however, absent during 2008–2010 expeditions to the Bering Sea south of St. Lawrence 
Island (Gradinger et al. unpublished data). Instead, we documented patchy occur-
rence of euphausiids ( Thysanoessa raschii ) under the sea ice. We assume that those 
krill feed on the rich ice algal biomass similar to the behavior observed for Antarctic 
krill,  Euphausia superba  (Nicol  2006 ). The absence of under-ice amphipods in the 
Bering Sea might be attributed to the complete ice melt each year, and consequently 
the lack of a suitable summer substrate. The recently increased summer ice melt in 
the Chukchi and Beaufort seas could lead to a similar loss of ice-endemic biota in 
these areas. During a recent summer expedition to the Canada Basin, we observed 
higher abundances of under-ice amphipods and certain sea ice meiofauna taxa at 
pressure ridges than at the surrounding level ice. We suggested that amphipods might 
use those ridges as summer habitats to avoid the low-salinity  surface layers under 
level pack ice (Gradinger et al.  2010 ). Pressure ridges might maintain seed populations 
of ice-endemic fauna during periods of enhanced summer melt; this observation 
raises questions with regard to the ecological implications of the observed decline in 
the percentage of multi-year ice in arctic waters.  

10.5.4     Effects of Climate Change 

 Ongoing and future climate-related changes in environmental settings will alter not 
only biodiversity, but also functional relationships. The decreased proportion of 
MYI over the last decade (Maslanik et al.  2007 ) as well as recent decreases in total 
summer sea ice areal extent (Stroeve et al.  2007 ) puts ice-endemic species at the risk 
of extinction. Future climate-change scenarios predicting increased water tempera-
tures and earlier ice melt suggest that primary productivity of phytoplankton might 
increase (Bluhm and Gradinger  2008 ; Popova et al.  2012 ) while production in sea 
ice will decrease, at least in some areas of the Arctic. Also, increased carbon cycling 
within the water column is anticipated with attendant reduced export of organic 
carbon to the sea fl oor (Carroll and Carroll  2003 ; Bluhm and Gradinger  2008 ). This 
could change growth and reproductive success of benthic biota (also see Sect.  10.4  
this volume), particularly because ice algae are rich in polyunsaturated fatty acids 
that are of high food value for benthic organisms (e.g. Sun et al.  2009 ).   

10.6     Biodiversity and Biogeography of Metazoan 
Zooplankton of the PAR 

10.6.1     Introduction 

 Metazoan zooplankton are the main link between primary producers and higher 
trophic level taxa such as fi shes, seabirds, and marine mammals and play a funda-
mental role in nutrient cycling (Buitenhuis et al.  2006 ) and carbon export to the 

10 Biodiversity and Biogeography of the Lower Trophic Taxa of the Pacifi c…



310

benthos. The ecology of the seasonally and perennially ice covered seas of the PAR 
is less well understood than that of more temperate latitudes. This is due to the 
general remoteness of the region and the diffi culties associated with access through 
ice-covered waters. The fi rst records of zooplankton in the region date back to the 
late 1800s (e.g. Murdoch  1885 ). More comprehensive studies began to emerge in 
the 1930s (e.g., Johnson  1934 ; Stepanova  1937a ,  b ; Bogorov  1939 ; Jaschnov  1940 ), 
followed intermittently by other studies in the region (e.g. Grainger  1965 ; Springer 
et al.  1989 ; Thibault et al.  1999 ; Ashjian et al.  2003 ; Hopky et al.  1994a ; and refer 
to Table 1 for a comprehensive summary). 

 In the last decade, and particularly in 2007–2008 during the International Polar 
Year, consistent and comprehensive studies to understand the composition, abun-
dance and distribution of the metazoan zooplankton fauna of the PAR have been 
carried out, some of which are still ongoing. Such recent efforts include: the Shelf 
Basin Interaction program on the Beaufort and Chukchi shelves (e.g. Plourde et al. 
 2005 ; Lane et al.  2008 ), the Hidden Ocean Expeditions (e.g. Hopcroft et al.  2005 ; 
Raskoff et al.  2005 ,  2010 ; Kosobokova and Hopcroft  2010 ), the Canadian Arctic 
Shelf Exchange Study (e.g. Darnis et al.  2008 ), Canada’s Three Oceans program 
(Carmack et al.  2010 ), the Circumpolar Flaw Lead system study (Barber et al. 
 2010 ), the Beaufort Gyre Observing System/Joint Ocean Ice Study (Proshutinsky 
et al.  2009 ). Additional sampling activities have been conducted by Hokkaido 
University (2007–2008) in the Chukchi Sea, the Japan Agency for Marine-Earth 
Science Technology in the Chukchi and Bering seas, and from the Chinese Polar 
Institute’s Icebreaker  Xue Long  (2003, 2008) in the Chukchi Sea and Canada Basin. 
Most recently, the Distributed Biological Observatory (Grebmeier et al.  2010 ,  2012 ) 
and the Circumpolar Biodiversity Monitoring Program (Gill et al.  2011 ) initiatives 
hold promise to promote international cooperative research with consistent  sampling 
methodology, wide geographical coverage, and greater temporal sampling, all of 
which will accelerate the understanding of zooplankton biogeography and biodiver-
sity in the PAR. 

 The deepest water in the PAR is in the Canada Basin (depth of 3,600–3,800 m) 
which is surrounded by the shallow shelf waters (<100 m) of the Chukchi Sea to 
the west and the Beaufort Sea to the south and east. The southernmost waters of 
the PAR, in the northern Bering Sea, are less that 100 m in depth as well. It is in these 
shallow shelf waters where the majority of the primary production occurs, and the 
majority of zooplankton biomass is thought to be found (Springer et al.  1989 ). 
Localized production enhancement can occur, for example in the Cape Bathurst 
Polynya of Amundsen Gulf (Arrigo and van Dijken  2004 ; Darnis et al.  2008 ), and 
there is high primary production associated with upwelling at the Mackenzie and 
Kugmallit canyons (Carmack et al.  2004 ; Sampei et al.  2011 ). Enhanced polynya 
and shelf production is associated with elevated zooplankton biomass, for example, 
Darnis et al. ( 2008 ) recorded biomass levels twice as high in the Cape Bathurst 
polynya than on the shelf slope. Other processes may also underlie local zooplankton 
accumulation. For example, transport and upwelling are both thought to be respon-
sible for the accumulation of zooplankton near Barrow Canyon (Berline et al.  2008 ; 
Ashjian et al.  2010 ). 
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 The Lomonosov Ridge with a sill depth of approximately 1,500 m, delimits the 
Eurasian and Amerasian basins of the Arctic Ocean. Other notable major 
geophysical features with potential to infl uence zooplankton biodiversity and 
biogeography are the Chukchi Plateau (depth 600–1,000 m) which is a northward 
extension of the Chukchi Shelf and the Northwind Ridge which rises up to approx-
imately 500 m below the surface and runs roughly north-south along the western 
margin of the Canada Basin.  

10.6.2     Species Diversity 

 The metazoan zooplankton of the PAR is represented by 230 known species from 7 
phyla (Table  10.5 ). Copepods, of which 117 species have been identifi ed in the 
PAR, are dominant throughout the region both in terms of biomass and abundance. 
In terms of taxonomic diversity no other group seriously rivals the copepods with the 
next most speciose orders being the hydrozoans with 32 species and the amphipods 
with 18 species. The biomass of gelatinous zooplankters, such as the larvacean 
 Oikopleura vanhoeffeni  have been observed at times to approach that of the 

    Table 10.5    Zooplankton 
species diversity in the PAR  

 Phylum  Group  # species 

 Annelida  Polychaete  5 
 Arthropoda  Amphipod  18 

 Copepod  117 
 Decapod  2 
 Euphausiid  6 
 Isopod  2 
 Mysid  4 
 Ostracod  7 

 Chaetognatha  Chaetognath  5 
 Cnidaria  Hydromedusa  33 

 Siphonophore  6 
 Scyphozoan  5 

 Ctenophora  Ctenophore  9 
 Mollusca  Cephalopod  2 

 Pteropod  2 
 Chordata  Larvacean  5 

  Data from the following data sets were compiled to 
determine the numbers of species of all of the groups 
of zooplankton found in the PAR. Johnson  1934 ,  1956 , 
 1963 ; Brodsky and Nikitin  1955 ; Virketis  1957 ,  1959 ; 
Pautzke  1979 ; McConnell  1977 ; Turco  1992a ,  b , 
Hopky et al. ( 1994a ,  b ), Pinchuk  1993 ,  2006 ; Ashjian 
et al.  2003 ; Hopcroft et al.  2005 ; Darnis et al.  2008 ; 
Kosobokova and Hopcroft  2010 ; Walkusz et al.  2008 , 
 2010 ; Kosobokova et al.  2011 , Nelson (unpublished), 
Hopcroft (unpublished)  
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copepods (Springer et al.  1989 ; Gorsky et al.  2005 ; Hopcroft et al.  2010 ) and there 
is general consensus that gelatinous zooplankters are under sampled and their eco-
logical role is largely underappreciated (see Purcell et al.  2010 ; Raskoff et al.  2010 ). 
The  biomass of fast swimming taxa, such as the amphipod  Themisto libellula,  may 
also be underestimated due to net avoidance (Dalpadado et al.  2001 ). Among the 
 copepods the large-bodied calanoids,  Calanus glacialis ,  C. hyperboreus  and  Metridia 
longa , are widespread and typically dominate zooplankton biomass in deeper waters. 
While copepod biomass is dominated by large bodied  Calanus   species, numerical dom-
inance belongs to the small copepods such as  Microcalanus pygmaeus, Oithona 
similis, Triconia borealis , and – on the shelves –  Pseudocalanus  spp. The large- 
bodied zooplankters, particularly the lipid-rich  Calanus  species, are important as a 
prey item for fi shes, sea birds and baleen whales (Bradstreet et al.  1986 ; Lowry  1993 ).

10.6.3         Zooplankton Advection: Expatriate Analysis 

 The pattern and intensity of advection of Pacifi c and Atlantic zooplankters into the 
PAR must be considered when attempting to understand the ecology of this region 
of the Arctic. In addition, climate-forced change raises the distinct possibility of 
range extensions of southern zooplankters into the PAR with attendant ecological 
effects (see Occhipinti-Ambrogi  2007 ). To date there has been no documented con-
temporary reproductive establishment of an Atlantic or Pacifi c expatriate in PAR 
waters. The likelihood of a successful invasion of the PAR by a southern expatriate 
depends on both physical and biological factors any or all of which currently act to 
limit range extensions. The establishment of an Atlantic expatriate in the PAR may 
be less likely than a Pacifi c expatriate given the large expanse of arctic habitat that 
must be traversed prior to arriving in the PAR from the North Atlantic (see Hirche 
and Kosobokova  2007 ). 

 In the mid-1970s it was suggested that the Canada Basin hosts a unique deep- 
water zooplanktonic fauna of arctic endemics (Brodsky and Pavshtiks  1976 ). 
However, recent research using data collected throughout the entire water column 
with identical techniques and consistent taxonomic analysis, found no evidence of a 
zoogeographical barrier between the zooplankton fauna of the Eurasian and Canadian 
basins (Kosobokova et al.  2011 ). All deep-water and arctic endemic  species are 
found on both sides of the Lomonosov Ridge suggesting effective exchange across 
the ridge. Notable differences in the species composition in the upper and midwater 
layers are related to the occurrence of Atlantic and Pacifi c expatriates advected into 
the Eurasian or Amerasian Arctic. Atlantic expatriates such as  Calanus fi nmarchicus , 
are not observed far into the waters of the PAR (Kosobokova and Hopcroft  2010 ; 
Kosobokova et al.  2011 ), nor are Pacifi c expatriates observed on the Eurasian side of 
the Lomonosov Ridge (Kosobokova et al.  2011 ). 

 In contrast to the lack of Atlantic expatriates entering the PAR, huge numbers of 
Pacifi c zooplankters are advected directly into the PAR every year (Springer et al. 
 1989 ). Pacifi c zooplankters are commonly observed in the Chukchi Sea (see Hopcroft 
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et al.  2010 ) and occasionally in the Canada Basin and Beaufort Sea (Grainger  1965 ; 
Hopcroft et al.  2005 ; Llinas et al.  2009 ); prominent Pacifi c expatriates include the 
copepods:  Eucalanus bungii, Neocalanus cristatus, Metridia pacifi ca ,  Pseudocalanus 
newmani, Neocalanus plumchrus, Neocalanus fl emingeri, and Pseudocalanus 
mimus.  Because the bulk of the Pacifi c zooplankton currently does not make it out 
of the Chukchi Sea, their direct ecological impact is limited mainly to this region. 
However recent work suggests that euphausiids taken by baleen whales off Point 
Barrow may have been advected to the area from the Bering Sea (Berline et al. 
 2008 ; Ashjian et al.  2010 ). Any of the factors largely limiting Pacifi c zooplankton to 
the Chukchi Sea could change in the near future due to climate change; given the 
huge numbers of Pacifi c zooplankters advected annually into arctic waters, there is 
great potential for rapid and signifi cant northward range expansions with associated 
potential for ecological transformation. 

 For many decades zooplankton sampling in the PAR has been sporadic and non- 
standardized, thus determination of trends in  abundance  of Pacifi c expatriate 
 zooplankton in the PAR is problematic. It is possible however, to summarize 
 historical records of presence and absence to get an idea of the areas of penetration 
for particular species and identify areas which may be future “hot spots” subject to 
invasion and establishment of Pacifi c expatriate zooplankters, with the caveat that 
sampling effort varies greatly across this domain. The presence of the Pacifi c 
 expatriate species  Metridia pacifi ca, Neocalanus cristatus, Neocalanus plumchrus/
fl emingeri, Eucalanus bungii  in arctic waters is plotted in Fig.  10.12 . All of these 
species have been regularly observed in the Chukchi Sea, and less frequently in the 
Beaufort Sea.  Neocalanus  species appear to be the least successful at penetrating 
into the basins and are restricted to shelf waters. In contrast, both  M. pacifi ca  and 
 E. bungii  have been reported far into the basin. Based on current speed in the Chukchi 
Sea (see Woodgate et al.  2005 ) and Canada Basin (see Timmermans et al.  2008 ) 
Pacifi c zooplankters found far into the Beaufort Sea or Canada Basin must have 
survived at least one arctic winter. Analysis of the population genetics of  Calanus 
glacialis  from the North Bering Sea with the 16S ribosomal RNA gene has been 
used to trace zooplankton advection from the Pacifi c Ocean (Nelson et al.  2009 ). 
Recent analysis of the genetics shows three fronts of penetration that roughly cor-
respond to the three main water fl ow pathways through the Chukchi Sea (R.J. Nelson 
unpublished data). Future analysis of both the taxonomic composition and genetics 
of zooplankton collected in arctic waters will facilitate monitoring of the  penetration 
and establishment of Pacifi c zooplankters in arctic waters.

10.6.4        Horizontal Zooplankton Community Structure 

 One of the earliest descriptions of the zooplankton biogeography of arctic regions 
of the PAR is that of Grainger ( 1965 ) who described three groups in Canadian 
waters of the PAR. Grainger’s ( 1965 ) groups (adjusted to currently accepted nomen-
clature) were defi ned as (1): Widespread arctic – species found in both deep and 
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shelf waters. This group may be considered the archetypical PAR zooplankton 
assemblage and includes: the cnidarians  Aglantha digitale , and  Aeginopsis  laurentii , 
the copepods  Calanus hyperboreus ,  C. glacialis ,  Pseudocalanus  spp . ,  Microcalanus 
pygmaeus, Paraeuchaeta glacialis, Metridia longa, Oithona similis , and  Triconia  
(=  Oncaea )  borealis  and the larvaceans  Oikopleura vanhoeffeni  and  Fritillaria 
 borealis . (2): Offshore – which includes the ostracod  Boroecia maxima , the copepods 
 Spinocalanus antarcticus ,  Gaetanus brevispinus ,  G. tenuispinus , and  Heterorhabdus 
norvegicus , and the chaetognath  Eukrohnia hamata . (3): Coastal – including the 
cnidarians  Sarsia princeps, Euphysa fl ammea, Halitholus cirratus, Eumedusa 
 birulai, Ptychogena lactea , and  Obelia  spp., the copepods  Eurytemora herdmani  
and  Limnocalanus macrurus, Acartia clausi and A. longiremis . These groupings are 
still generally relevant with regard to present day zooplankton distributions in areas 
of the PAR not strongly infl uenced by the presence of Pacifi c expatriates. 

  Fig. 10.12     Historical patterns of advection of Pacifi c zooplankters into the Arctic Ocean.  The 
presence of  Metridia pacifi ca, Neocalanus cristatus ,  Neocalanus plumchrus/fl emingeri  (studies 
carried out prior to 1989 did not consistently distinguish between these two congeners), and 
 Eucalanus bungii  in the Arctic Ocean is indicated by the  red symbols  placed at the location where 
they were detected (Note some locations are represented by only a single individual).  Yellow 
symbols  represent sites where zooplankton community composition data was collected (Data from 
the same sources as Table  10.5 )       
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 More powerful detailed multivariate analyses are emerging with associated 
refi nement to the general biogeographical distribution put forth by Grainger ( 1965 ). 
Darnis et al. ( 2008 ) found evidence for three pre-winter assemblages (shelf, polynya 
and slope) in the southeastern Beaufort Sea. Similarly Lane et al. ( 2008 ) discerned 
four zooplankton communities ranging from the inner shelf of the Chukchi Sea into 
deep water offshore. Working in the southern and western Chukchi Sea, Hopcroft 
et al. ( 2010 ) indentifi ed six major assemblages of zooplankton, and each was closely 
tied to physical properties of the water from which they were collected. 

 Consistent with the result of Darnis et al. ( 2008 ) and Lane et al. ( 2008 ), more 
recent surveys provide further support for a consistent separation between the 
 epipelagic zooplankton communities of the Canada Basin and shelf of the Beaufort 
Sea. This separation is largely driven by differences in the abundance of species that 
occur in both regions. In the basin, the cyclopoid copepod  Oithona similis  domi-
nates, and the calanoid copepod  Microcalanus pygmaeus  and pteropod  Limacina 
helicina  are also abundant. Abundance of the copepod genus  Pseudocalanus  is low 
in the basin. In shelf waters, however,  Pseudocalanus  spp. makes up a much larger 
proportion of zooplankton abundance while the proportional contributions of 
 O. similis ,  M. pygmaeus  and  L. helicina  are lower than in the Basin. The large 
 calanoid copepods  Calanus glacialis  and  C. hyperboreus  make a relatively small 
contribution to total abundance but taken together tend to dominate zooplankton 
biomass, contributing up to 70 % to total biomass (Hopcroft et al.  2005 ; Darnis 
et al.  2008 ; Kosobokova and Hopcroft  2010 ) both on the shelf and in the basin. 
Occasionally shelf community zooplankters are found in the basin due to offshore 
transport in eddies that originate along the shelf break (Carmack and Macdonald 
 2002 ; Spall et al.  2008 ; Llinas et al.  2009 ). Recently, Kosobokova et al. ( 2011 ) 
showed the generality of such neritic and oceanic species domains throughout the 
Arctic. Besides such large scale community structuring, zooplankton communities 
also have the potential to vary across much smaller spatial scales. For example in 
the vicinity of the Mackenzie River plume three distinct zooplankton communities 
can be detected in response to decreasing riverine infl uence (Walkusz et al.  2010 ).  

10.6.5     Vertical Distribution of Zooplankton in the Deep Waters 
of the PAR 

 Studies of the vertical distribution of zooplankton in the deep waters of the PAR have 
been carried out from drifting ice platforms (Johnson  1963 ; Grainger  1965 ; Harding 
 1966 ; Scott  1968 ; Kosobokova  1980 ,  1982 ; Geynrikh et al.  1983 ) and ice breakers 
(Thibault et al.  1999 ; Kosobokova and Hirche  2000 ; Kosobokova and Hopcroft  2010 ; 
Kosobokova et al.  2011 ). Of the approximately 230 species of metazoan  zooplankton 
inhabiting the PAR (see Table  10.5 ) more than half of them are known to occur in the 
deep basin (Kosobokova et al.  2011 ). This includes representatives of seven meta-
zoan taxa: Cnidaria, Ctenophora, Mollusca, Annelida, Crustacea, Chaetognatha, and 
Larvacea, all predominantly oceanic species. Crustaceans strongly dominate in terms 
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of the species number (70 %), and copepods are the most diverse group amongst 
them. The composition of epi- and mesopelagic zooplankton is relatively well char-
acterized as compared to bathypelagic species. Of the 111  species identifi ed in the 
Canada Basin by Kosobokova and Hopcroft ( 2010 ), 25 % were either observed for 
the fi rst time or previously undescribed; the majority of these novel observations 
were made from samples collected from below 500 m. 

 As noted previously, the zooplankton community composition of the arctic shelves 
is structured by cross-shelf gradients in physical conditions and can be complex (Lane 
et al.  2008 ; Darnis et al.  2008 ; Hopcroft et al.  2010 ; Walkusz et al.  2010 ). There is a 
distinct difference between communities found in the shelf water and in the deep 
basin (see Sect.  10.6.3  this volume). Across the deep water however, horizontal struc-
ture is low and communities are primarily structured by depth (Kosobokova and 
Hopcroft  2010 ; Raskoff et al.  2010 ). Zooplankton abundance and biomass rapidly 
drops from maximal values in the epipelagic layer then declines slowly in the meso- 
and bathypelagic layers (e.g. Kosobokova and Hirche  2000 ; Ashjian et al.  2003 ; 
Kosobokova and Hopcroft  2010 ). Although the zooplankton is concentrated in the 
epipelagic layer more than half of the total metazoan zooplankton biomass is found in 
deeper water (Kosobokova and Hopcroft  2010 ). Species diversity increases from the 
surface to a maximum occurring within the Atlantic water layer at 500–1,000 m, 
 followed by a decrease with further depth (Kosobokova et al.  2011 ). 

 Distinct zooplankton assemblages are observed with water depth. One of the fi rst 
descriptions of this structure is that of Harding ( 1966 ). In the summer of 2005 
Kosobokova and Hopcroft ( 2010 ) observed that the 0–50 m stratum was characterized 
by a high proportion of copepods and chaetognaths; with increasing depth, down to 
1,000 m, the copepods decline to be replaced by a mix of cnidarians, ctenophores, 
ostracods, amphipods and decapods; below 1,000 m the proportion of copepods 
increases as do jellies, while chaetognaths decrease; in the arctic bottom water 
(2,000 m and deeper) copepods again decrease to be replaced by cnidarians, 
ctenophores, ostracods and amphipods. Within the entire water column copepods 
represent ~75 % of the total biomass, chaetognaths represent 13 % on average 
(ca. 50 % of non-copepod biomass), followed by cnidarians and ctenophores (4.6 %), 
ostracods (3.6 %), and other groups – notably pteropods, amphipods and larvaceans – 
contributed ~2 % or less (Kosobokova and Hopcroft  2010 ). These  general patterns 
are largely conserved between basins (Kosobokova et al.  2011 ).  

10.6.6     Long-Term Change 

 The way in which metazoan zooplankton respond to climate-forced change has the 
potential to effect a range of ecosystem processes. For example climate-induced 
reduction of ice cover duration on arctic shelves has been hypothesized to favor the 
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population growth of the predominant large calanoid copepods (Ringuette et al. 
 2002 ) and  Pseudocalanus  (Darnis et al.  2008 ). This may improve the early survival 
and population levels of larval Arctic Cod, ( Boreogadus saida ) which prey primarily 
on the naupliar stages of  Pseudocalanus  (Michaud et al.  1996 ). 

 There is limited indication as yet on how gelatinous zooplankton may respond to 
changes in sea ice cover, although larvaceans will likely increase in importance 
(Gorsky et al.  2005 ; Deibel and Daly  2007 ). Other predatory groups may also 
increase (Mills  1995 ,  2001 ). Increased sea ice melt and run off has reduced Ω ara-
gonite saturation in Canada Basin surface waters (Yamamoto-Kawai et al.  2009 ), 
and in some areas of the Beaufort Sea (Chierici and Fransson  2009 ), and Chukchi 
Sea shelves (Mathis et al.  2005 ,  2009 ) to levels potentially deleterious to aragonite-
shelled zooplankton fauna such as  Limacina helicina . In the Canada Basin, fresh-
water accumulation is resulting in a deepening of the nutricline, and consequently, 
the depth of the chlorophyll maximum (McLaughlin and Carmack  2010 ), favoring 
growth of pico- over nanophytoplankton (Li et al.  2009 ). Picoplankton are less 
effi ciently grazed by most mesozooplankton species, such as the large calanoid 
copepods  Calanus hyperboreus,  and  C. glacialis  which are of key ecological 
importance (Bradstreet et al.  1986 ; Fortier et al.  1994 ). A shift in phytoplankton 
size structure may therefore result in decreased abundance of  Calanus , and a shift 
towards small particle grazers. 

 Planktonic communities of the Chukchi and Beaufort seas may undergo climate 
related changes through increased transport and/or survival rates of Pacifi c species. 
It is generally believed that current arctic temperatures are too low for the long-term 
survival of Pacifi c zooplankton species, and that once transported into the Arctic 
Ocean, they are unable to establish viable populations (Smith and Schnack-Schiel 
 1990 ). Subsequently they simply become sources of carbon for the resident 
communities. While this generalization may apply to the large-bodied Pacifi c 
species, highly adapted to the seasonal cycles of the Pacifi c, the smaller-bodied 
forms (many of which are common to both the Bering and Chukchi seas) might 
remain viable in arctic waters because they respond more directly to current 
environmental conditions (e.g. Hopcroft and Kosobokova  2010 ). Additionally, as 
smaller species typically grow faster and have shorter generation times than larger 
species (Hirst and Bunker  2003 ), we might expect them to  continually seed new 
production to the region. 

 Although we have some insight into what the future holds for zooplankton of 
the PAR there is much to be learned. Increased research activity in the PAR, is 
accelerating our understanding of zooplankton community ecology and biogeogra-
phy. We are now on the cusp of having suffi cient data to closely examine trends in 
abundance and distribution. Our hope is that this knowledge, coupled with insight 
into the  linkages between ecology, physics and geochemistry, will allow for pre-
diction of the future state of arctic marine ecosystems during this period of rapid 
climate change.   
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10.7     Summary 

 The environment of the PAR is changing; these changes impact the productivity and 
abundance of the lower trophic taxa and increase the likelihood of northward range 
extensions. This chapter documents the distribution and abundance of PAR 
microbes, zooplankton, and benthic organisms. When possible the effects of envi-
ronmental changes such as increasing temperature, freshening of the water column 
and changes in ice dynamics are assessed. 

 Microbes are the foundation of food webs in the PAR and they appear to be 
effected by the environmental changes. Freshening of the water column increases 
stratifi cation thus reduces surface nutrient availability. Such increased stratifi cation 
seems to favor the smallest types of phytoplankton. This sort of shift may presage 
things to occur more widely in the Arctic Ocean with attendant effects on the higher 
trophic level taxa. However, it is diffi cult to extrapolate such relationships across the 
entire heterogeneous PAR. There is still much to be learned about the roles of even 
the most prominent taxa in biogeochemical cycles and food webs; the use of molecu-
lar identifi cation of microbes is fi lling some of these knowledge gaps. 

 Recent studies indicate that environmental changes in the PAR are impacting 
benthic fauna. Notable among potential benthic impact drivers is the change in sea-
water chemistry associated with increased uptake of CO 2  which has potential to 
affect the productivity and distribution of calcifying organism including many of the 
benthos. Changes in the species composition and productivity of benthic organisms 
in the PAR will affect the roles played by this diverse fauna in carbon cycling and as 
a prey items. Due to a lack of long-term monitoring programs, documentation of 
shifts in benthic communities is minimal. 

 Besides the direct effects of environmental change, the arctic planktonic com-
munities of the PAR, (especially those close to the Bering Strait gateway), will 
likely be increasingly impacted by the transport and activity of Pacifi c taxa. Current 
arctic seawater temperatures are considered too low for the long-term survival of 
Pacifi c zooplankton. However, smaller-bodied Pacifi c taxa with shorter generation 
times and facultative life histories, may prove adaptable and persist for longer and 
longer in arctic waters potentially changing food web dynamics. 

 Recent increased research activity in the PAR is improving our understanding of 
lower trophic community ecology and biogeography. Notable among this research 
is the Distributed Biological Observatory initiative which promotes and coordinates 
multidisciplinary studies in the PAR to build a change detection array of environ-
mental and biological measurements. Multidisciplinary studies of the linkages 
between lower tropic species ecology, physics and geochemistry are enhancing our 
understanding and capacity to predict the future status of PAR marine ecosystems 
during this period of rapid change.     
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    Abstract     Extreme reductions in sea ice extent and thickness in the Pacifi c Arctic 
Region (PAR) have become a hallmark of climate change over the past decade, but 
their impact on the marine ecosystem is poorly understood. As top predators, marine 
fi shes, birds and mammals (collectively, upper trophic level species, or UTL) must 
adapt via biological responses to physical forcing and thereby become sentinels to 
ecosystem variability and reorganization. Although there have been no coordinated 
long-term studies of UTL species in the PAR, we provide a compilation of informa-
tion for each taxa as an ecological foundation from which future investigations can 
benefi t. Subsequently, we suggest a novel UTL-focused research framework focused 
on measurable responses of UTL species to environmental variability as one way to 
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ascertain shifts in the PAR marine ecosystem. In the PAR, indigenous people rely on 
UTL species for subsistence and cultural foundation. As such, marine fi shes, birds 
and mammals represent a fundamental link to local communities while simultane-
ously providing a nexus for science, policy, education and outreach for people living 
within and outside the PAR.  

  Keywords     Arctic marine ecosystems   •   Marine fi sh   •   Marine mammals   •   Seabirds   • 
  Sea ducks  

11.1         Introduction 

 The marine ecosystem of the Pacifi c Arctic Region (PAR: northern Bering, Chukchi 
and Beaufort seas) has undergone dramatic physical changes in the past decade. The 
iconic ‘signal’ of this change is the extreme sea ice minima observed each September 
since 2002, with dramatic seasonal retreats since September 2007 (Perovich  2011 ; 
Stroeve et al.  2011 ; Frey et al.  2014 , this issue). This signal has been accompanied 
by a profound reduction in sea ice thickness (Maslanik et al.  2011 ), a shift in regional 
climatology marked by increased summer air temperatures that extend through 
autumn (Overland  2009 ; Overland et al.  2014 , this issue), increases in both fresh 
water content (Proshutinsky et al.  2009 ) and ocean temperature (Shimada et al. 
 2006 ; Woodgate et al.  2012 ), and an overall ~20 % increase in primary production 
as compiled from satellite observations for the 1998–2009 period (Arrigo and van 
Dijken  2011 ). The recent discoveries of massive (>100 km) under-ice phytoplank-
ton blooms on the continental shelf (Arrigo et al.  2012 ) and the deposition of signifi -
cant ice algal biomass (average = 9 g C/m 2 ) in the central Arctic basins (Boetius 
et al.  2013 ) suggest that past estimates of net primary production in arctic waters 
is at least tenfold too low. Together these observations indicate that the PAR has 
experienced a rapid and directional change, with the potential to shift the marine 
ecosystem to a new state. Although biological responses to these physical changes 
are complex and therefore diffi cult to elucidate (Grebmeier  2012 ; Wassmann  2011 ), 
upper trophic level (UTL) species, including marine fi shes, birds and mammals can 
act as sentinels to ecosystem alterations to which they must adapt to survive. 

 Predictions of the effects of physical forcing on the population dynamics of UTL 
species should be based on empirical data, ideally multi-decadal time series of both 
physical (e.g. sea ice variability) and biological factors (e.g., body condition, produc-
tivity, recruitment, survival, seasonal distribution and abundance). Unfortunately, such 
data rarely exist. Even when physical and biological data are available, unequivocally 
determining that physical factors are infl uencing the biological ones remains 
diffi cult (Krebs and Berteaux  2006 ). Fortunately, comparing seasonal patterns of 
distribution, abundance, diet and body condition across UTL species can provide 
clear evidence of ecosystem variability and reorganization. A striking example of 
this was empirical evidence for regime shifts in North Pacifi c and Bering Sea 
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ecosystems in 1977 and 1989, based in part on examination of 69 biological time 
series (Hare and Mantua  2000 ). A notable feature in this analysis was the “relative 
clarity” of ecosystem reorganization found in the biological records compared to a 
“relative lack of clear changes expressed by indices of Pacifi c climate”, causing the 
authors to conclude that monitoring ecosystems “may allow for an earlier iden-
tifi cation of regime shifts than is possible from monitoring climate data alone”. 
Indeed, seminal papers describing basin-wide shifts in zooplankton, shrimp, fi sh 
and seabird communities following the 1977 regime shift (e.g., Francis et al.  1998 ; 
Anderson and Piatt  1999 ) underscored the usefulness of multi-species approaches 
to identify ecosystem reorganization. 

11.1.1     Ecological Scale 

 Ecological scale, described as the interface between population biology and 
ecosystem science (Levin  1992 ; Norris  2003 ), is fundamental to the use of UTL 
species as sentinels of ecosystem variability (e.g., Moore  2005 ; Moore and 
Huntington  2008 ). Simply stated, it is essential to consider the spatial and tempo-
ral scales at which each species ‘samples’ the environment to gain information 
on ecosystem state. The temporal ecological scale for fi shes, marine birds and 
marine mammals extends from days to decades (to centuries for bowhead whales), 
while their spatial ecological scale extends from meters to thousands of kilometers, 
as defi ned by each species natural history (Fig.  11.1a ). Upper trophic level species 
respond to ecosystem variability via non-linear complex trophic pathways 
refl ective of their position along the ecological scale ladder, which in turn can be 
related to oceanographic processes at comparable spatial and temporal domains 
(Fig.  11.1b ). Therefore, consideration of UTL species as ecosystem sentinels 
must begin with an overview of their ecology in the PAR; that is, what is known 
about the natural history of marine fi shes, birds and mammals in relation to sea ice 
and other oceanographic features such as bathymetry, temperature, salinity, fronts 
and eddies. From that foundation, case studies are provided to show how reorga-
nization in the PAR ecosystem might be identifi ed from extrinsic and intrinsic 
responses of UTL species. There follows an evaluation of UTL species as sentinels 
of ecosystem variability and reorganization, including how aggregate indicators 
may strengthen the role of UTL as sentinels and suggestions for a thresholds-based 
research framework. The chapter concludes by emphasizing the need to integrate 
sampling of UTL species with oceanographic and community-based research and 
suggests that these species provide a fundamental link to subsistence-based human 
communities and often act as ‘ambassadors’ for public outreach and education 
with regard to climate change in the Arctic.

   To our knowledge, this is the fi rst attempt to consider how marine fi shes, birds 
and mammals might collectively serve as indicators of ecosystem variability and 
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reorganization in the PAR. This work builds upon earlier contributions by many 
researchers, especially Frost and Lowry (e.g.,  1984 ,  1981  and references therein), 
Springer et al. (e.g.,  1984 ,  1986  and references therein) Piatt and Springer ( 2003 ) 
and Piatt et al. ( 1991 ,  2007  and references therein), who provided pioneering papers 
on trophic relationships among marine fi shes, birds and mammals in the Alaskan 
Arctic. A comprehensive review of the literature or data available for all UTL 
species in the PAR is beyond the scope of this chapter. Rather, here we provide a 
framework and champion the case for inclusion of UTL species in multidisciplinary 
research of the PAR, during a period of rapid transition in the marine ecosystem.   

  Fig. 11.1    The ecological scale for UTL species ( shaded area ) extends from months to decades 
and from 10 to 1,000s km, as defi ned by species’ natural history ( a ) oceanographic features such 
as fronts, eddies, gyres, ENSO events and climatic features such as sea ice ( b ) affect availability 
and concentration of UTL prey, as well as the distribution and movements of the animals themselves 
(Modifi ed from Moore  2005 )       
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11.2     Overview: Ecology of Upper Trophic 
Level (UTL) Species 

 The oceanography of the PAR is comparatively well described, with reviews of 
bathymetry, seasonal patterns of sea ice extent, water masses and current fl ow 
relative to the ecology of seabirds and whales provided in Piatt and Springer ( 2003 ), 
Moore et al. ( 2000 ) and Niebauer and Schell ( 1993 ). In brief, the PAR consists of a 
broad, shallow (40–70 m deep) continental shelf extending north from St. Matthew 
Island in the Bering Sea to the narrow shelf, slope and deep basin of the Beaufort Sea. 
Sea ice covers the region from October through June, although the ice free period 
now often extends into November (Perovich  2011 ; Frey et al.  2014 , this issue). 
During the ice- covered period, an extensive and predictable system of ice-fl aw 
zones and polynyas develop near islands and along the coast, providing open-water 
refugia for species that over-winter in the PAR (Niebauer and Schell  1993 ). During 
the ice-free period, three distinct water masses are recognized – the cold, saline and 
nutrient rich Anadyr Water (AW) to the west, the seasonally warm, low salinity 
Alaskan Coastal Water (ACW) that hugs the Alaska coast to the east and the central 
Bering Shelf Water (BSW) which often mixes with AW and ACW when passing 
through the shallow and turbulent Bering Strait (Weingartner et al.  2005 ). In-fl ow of 
these three water masses through Bering Strait defi nes the character of the Chukchi 
Sea and strongly infl uences the hydrography of the Beaufort Sea. There is a marked 
wind-driven seasonal cycle, with maximum and minimum northward fl ow in July 
and February, respectively (Aagaard et al.  1985 ; Woodgate et al.  2005 ). North of 
Bering Strait, currents are bathymetrically channeled, with AW crossing the Chukchi 
shelf and (largely) fl owing into the Beaufort basin via Herald Canyon, BSW fl owing 
north between Herald and Hanna shoals and ACW fl owing along the Alaskan coast 
and into the Beaufort sea via Barrow Canyon (Pickart et al.  2010 ). Often there is 
little lateral mixing among these water masses such that fronts defi ned by marked 
differences in sea surface temperature (SST) can be identifi ed on satellite images 
(e.g., Piatt and Springer  2003 ), providing a snapshot of the heterogeneity of the 
physical system. 

 With regard to prey for UTL species, much of the primary production in the PAR 
is coupled to the seafl oor on the vast continental shelves, resulting in localized 
regions of very high benthic community biomass (e.g., Grebmeier  2012 ; Nelson 
et al.  2014 , this volume). Conversely, much of the zooplankton biomass, including 
large copepods ( Calanus  and  Neocalanus  spp.) and euphausiids (mainly  Thysanoessa  
spp.) are advected into the PAR from the Bering Sea; up to 1.8 M metrictons are 
carried into the Chukchi Sea annually by one estimate (Springer et al.  1989 ; Nelson 
et al.  2014 , this volume). Like the water masses that transport them, patterns of zoo-
plankton abundance and biomass are heterogeneous in the PAR and subject to change 
with the transport rate and penetration of Pacifi c water (Hopcroft et al.  2010 ; Eisner 
et al.  2013 ). It is important to recognize that, for UTL species, much of their ben-
thic prey is locally derived, while pelagic prey is often transported into the system 
and so subject to biophysical processes in the North Pacifi c and southern Bering Sea. 
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11.2.1     Fishes and Crabs 

 There are more marine fi sh species in the boreal Pacifi c (south of approx. latitude 
60 ° N) than in the Arctic (Allen and Smith  1988 ). Indeed, the Bering Sea supports 
one of the most productive commercial fi sheries in the world (Table  11.1 ; Ianelli 
et al.  2012 ). The best-studied region is the southern Bering Sea, with comparatively 
few fi shery-independent surveys for marine fi shes in the northern Bering Sea 
(hereafter, NBS). Overall, available data show a marked decline in species richness 
and abundance along the latitudinal gradient extending north from the eastern 
Bering Sea shelf to the Chukchi Sea (Stevenson and Lauth  2012 ).

11.2.1.1       Northern Bering and Chukchi Seas 

 The Bering Sea-Aleutian Salmon International Survey (BASIS) was developed to 
investigate the biological response of salmon during a period of climate change 
(Helle  2009 ). The survey typically extends from the Alaska Peninsula to just north 
of Saint Lawrence Island (SLI), but in 2007 included the Bering Strait and north-
eastern Chukchi Sea. Of the Pacifi c salmon, chum ( Oncorhynchusketa ) and pink 
( O. gorbuscha ) have the broadest distribution and occur, as spawning populations, 
in the Arctic (Stephenson  2006 ; Irvine et al.  2009 ). A review of all known captures 

   Table 11.1    Mean catch per unit effort (CPUE in kg/ha) of common marine fi sh species found in 
the Bering, Chukchi and Beaufort Seas   

 Common name  Scientifi c name 

 Bering 
Sea 2008 a  

 Chukchi 
Sea 1990 b  

 Beaufort 
Sea 2008 c  

 CPUE 
(kg/ha) 

 CPUE 
(kg/ha) 

 CPUE 
(kg/ha) 

 Arctic cod   Boreogadus saida   1.04  3.02  6.12 
 Arrowtooth/Kamchatka 

fl ounder 
  Atheresthes stomias/A. evermanni   11.87  *  * 

 Bering fl ounder   Hippoglossoides robustus   0.45  0.18  0.11 
 Sculpins  Cottidae  4.22  0.76  0.03 
 Flathead sole   Hippoglossoides elassodon   10.81  *  * 
 Greenland turbot   Reinhardtius hippoglossoides   0.27  <0.01  * 
 Northern rock sole   Lepidopsetta polyxystra   41  *  * 
 Pacifi c cod   Gadus macrocephalus   8.65  0.12  * 
 Saffron cod   Eleginus gracilis   <0.01  0.39  * 
 Walleye pollock   Theragra chalcogramma   61.2  0.02  0.13 
 Yellowfi n sole   Limanda aspera   42.4  *  * 
 Eelpouts  Zoarcidae  0.5  0.21  0.03 

  The CPUE reported for the Beaufort Sea is from unlined bottom trawl nets only. * = no catch of that 
species 
  a J. Conner, AFSC, personal communication 
  b Barber et al. ( 1997 ) 
  c Rand and Logerwell ( 2010 )  
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in the Canadian western Arctic (through 2003) documented the occurrence of other 
Pacifi c salmon species, including: chinook ( O. tshawytscha ), sockeye ( O. nerka ) 
and coho ( O. kisutch ). It has been suggested that salmon populations that occupy 
the Bering Sea are expanding their range into the Arctic, coincident with ocean 
warming (Moss et al.  2009 ), but more evidence is needed to confi rm this hypothesis 
(Stephenson  2006 ). 

 During the 2007 BASIS survey, Moss et al. ( 2009 ) documented the distribution, 
diet and growth of juvenile pink and chum salmon from the northern Bering north 
into the Chukchi Sea. They found highest densities of salmon in the vicinity of 
Bering Strait (Fig.  11.2 ). Genetic stock analysis showed that juvenile chum salmon 
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  Fig. 11.2    Distribution of juvenile pink and chum salmon, Pacifi c herring and capelin from the 
2007 BASIS survey       
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in Bering Strait were predominantly from N.E. Russia, whereas chum in the Chukchi 
were from Alaskan stocks (Kondzela et al.  2009 ). Information on diet and growth 
showed that juvenile pink and chum salmon in the Bering Strait and Chukchi Sea 
were larger than in the coastal Bering Sea, with salmon in the northern Chukchi the 
largest of all. Salmon in the northern Chukchi Sea preyed on fi sh, whereas salmon 
in the southern Chukchi Sea and Bering Strait preyed on zooplankton (euphausiids 
and crab megalope). Murphy et al. ( 2009 ) describe the stock-structured distribution 
of juvenile chinook salmon and showed that they were distributed as far north as the 
Chukchi Sea, with Yukon River fi sh found as far north as Bering Strait. Of note, 
large chinook salmon were caught by residents of Barrow, Alaska in summer 2010 
(C. George, personal communication). Notably, the presence of maturing salmon in 
Arctic waters north of known salmon producing river drainages likely refl ects 
straying and not colonization (Stephenson  2006 ). Unless or until new sustainable 
populations are established in Arctic river drainages, continued warming of the 
Arctic may simply result in increased straying rates in salmon.

   Capelin ( Mallotus villosus ), Pacifi c herring ( Clupea pallasii ) and rainbow smelt 
( Osmerus mordax ) are the dominant pelagic fi sh biomass in the northern Bering and 
Chukchi seas, along with juvenile walleye pollock ( Theragra chalcogramma ) in the 
northern Bering and Arctic cod ( Boreogadus saida ) in the Chukchi. These fi sh pro-
vide an important forage base for a wide range of piscivorous predators such as 
salmon, seabirds and marine mammals. Pacifi c herring were among the most abundant 
pelagic fi sh species in the Bering Sea in surface trawls sampled during the fall 
BASIS surveys (Fig.  11.2 ), and were found primarily in the colder saltier NBS and 
southern Chukchi seas (Eisner et al.  2013 ). Catch rates of Pacifi c herring during 
BASIS surveys were much higher north of 60 °N latitude than at lower latitudes of 
the eastern Bering Sea shelf (Fig.  11.3 ). Capelin were nearly equally abundant in the 
northern and southern Bering Sea and were generally distributed offshore within 
the middle domain, between 50 and 100 m bottom depth. Conversely, rainbow smelt 
are a nearshore anadromous species and were abundant in the NBS, but largely 
absent from the Chukchi Sea. Capelin and herring diets varied with latitude during 
the BASIS surveys (Fig.  11.4 ). In the southern Bering Sea (south of 60 °N), herring 
consumed primarily walleye pollock and euphausiids. In the NBS the relative 
abundance of pollock and euphausiids in their diet declined with amphipods and 
pelagic tunicates ( Oikopleura  spp.) gaining in importance. Capelin diets also changed 
dramatically south and north at 60 °N. To the south, capelin consumed primarily 
small copepods and euphausiids. To the north capelin consumed nearly exclusively 
large copepods. Finally, saffron and Arctic cod were absent south of SLI, but relatively 
abundant in the northern Chukchi Sea during the 2007 BASIS survey (Eisner et al. 
 2013 ). This contrasts with fi ndings of Cui et al. ( 2009 ) who reported that Arctic cod, 
Bering fl ounder and snailfi sh (Liparidae) as the dominant species south of SLI, while 
Arctic staghorn sculpin ( Gymnocanthus tricuspis ), shorthorn sculpin ( Myoxocephalus 
scorpius ) and Arctic alligatorfi sh ( Ulcina olrikii ) were the dominant species north 
of the island from two bottom trawl surveys in 2006 and 2007.

    Arctic cod are one of the most abundant fi sh in the Chukchi (and Beaufort) Sea 
(Frost and Lowry  1983 ; Barber et al.  1997 ; Norcross et al.  2010 ; Thedinga et al.  2013 ). 
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They are important prey for seabirds and marine mammals and are in turn important 
consumers of zooplankton (Frost and Lowry  1981 ,  1983 ; Bradstreet et al.  1986 ; 
Jarvela and Thorsteinson  1999 ). As adults, Arctic cod are distributed across a broad 
range of depths and habitats, from nearshore bays to offshore shelves, both in benthic 
and pelagic waters (Craig et al.  1985 ; Benoit et al.  2008 ; Norcross et al.  2010 ; Rand 
and Logerwell  2010 ; Crawford et al.  2011 ). In the Chukchi Sea, Arctic cod densities 
have been reported to be higher in BSW compared to ACW, perhaps due to a higher 
abundance of zooplankton there (Gillispie et al.  1997 ). However, during BASIS 
2007, juvenile Arctic cod abundances were higher in the ACW (Eisner et al.  2013 ), 
possibly due to changes in distribution associated with life history stages. Similarly, 
juvenile arctic cod dominated bottom trawl catches (56 % of fi sh caught) while 
capelin dominated beach seine catches (83 % of fi sh caught) during late- summer 
nearshore fi sh sampling in the northeastern Chukchi Sea (Thedinga et al.  2013 ). 
Annual variations in catches and species composition were attributed to fl uctuations 
in water temperature, sea ice and wind conditions. 
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  Fig. 11.3    Annual density of Pacifi c herring and capelin from 2004 to 2009 BASIS surveys in the 
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 Strong linkages between primary production and the distribution and abundance 
of benthic macrofauna are typical of seasonally ice-covered systems (Wassmann 
 2011 ; Grebmeier  2012 ). The reduced numbers of pelagic grazers result in a large 
fl ux of uneaten phytoplankton to the benthos, which drives an abundant and diverse 
macrofaunal community (Dunton et al.  2005 ; Grebmeier et al.  2006a ). Recent and 
on-going multidisciplinary investigations of the Chukchi Sea include the Shelf-
Basin Interaction Study, the Russian-American Long-term Census of the Arctic 
(RUSALCA), the Chukchi Sea Offshore Monitoring in Drilling Area program and 
research supported by the oil and gas industry. The results of benthic ecology stud-
ies in 2008 and 2009 are typical of the area (Blanchard et al.  2010 ). Seventy percent 
of the epifaunal benthic biomass was brittle stars, 6 % was crabs (primarily snow 
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crab,  Chionoecetes opilio ), 4–5 % was sea cucumbers and gastropods, 3 % was 
bivalves and colonial organisms such as ascidians, sponges, hydrozoans and bryo-
zoans, 2 % was shrimp and sea anemones and 1 % was hermit crabs and sea stars. 
Snow crab is a circumpolar species for which there are substantial fi sheries in the 
Atlantic and Pacifi c Oceans. Snow crabs in the Pacifi c occur in the northern Sea of 
Japan and the Bering, Chukchi and Beaufort Seas (Bluhm et al.  2009 ; Rand and 
Logerwell  2010 ). Paul et al. ( 1997 ) found snow crab at all depths (14–52 m) in the 
northeastern Chukchi Sea, with greatest abundance and biomass offshore south of 
70 °N. They also reported that snow crabs tended to be smaller in the Chukchi Sea 
than those from the Bering Sea or northern Atlantic. All relatively large crabs 
(>34 mm carapace width females, and >35 mm males) were reproductively mature 
during the summer survey.  

11.2.1.2     Beaufort Sea 

 Fish assemblages of the Beaufort Sea are poorly known compared to the northern 
Bering and Chukchi Seas. The most recent survey of offshore marine fi shes and 
invertebrates in US waters was conducted in the western Beaufort Sea in August 
2008 (Logerwell et al.  2011 ; Fig.  11.5a ). Benthic fi sh and invertebrate species 
composition, distribution and abundance were assessed using standard Alaska 
Fisheries Science Center bottom trawl gear (Rand and Logerwell  2010 ). Fishes 
made up 6 % of the bottom trawl catch by weight, with invertebrates comprising the 
remaining 94 % of the catch. The four most abundant benthic fi sh were Arctic cod, 
eelpouts ( Lycodes  spp.), sculpin, and walleye pollock (Fig.  11.6a ). The most abundant 
invertebrates were notched brittle stars ( Ophiura sarsi ), snow crab, mollusks 
( Musculus  spp.), and the mudstar ( Ctenodiscus crispatus ).

    Fish were also sampled in nearshore coastal waters of Cooper Island, a barrier 
island in the western Beaufort Sea, each August 2004–2007, and 2009, and in 
September 2009 (Fig.  11.5b ). Capelin was the most abundant species captured by 
beach seine in the Beaufort Sea (Fig.  11.6b ), whereas least cisco ( Coregonus 
sardinella ) was the most abundant species captured by beach seine in Elson Lagoon. 
Nearshore trawl catch in the Beaufort Sea was dominated by Arctic cod (Fig.  11.6b ). 
The similarity in fi sh fauna near Cooper Island to other nearshore areas of the 
Beaufort Sea studied over 20 years ago (Craig et al.  1985 ; Jarvela and Thorsteinson 
 1999 ) indicates that species use of coastal waters has remained relatively 
unchanged. In Canadian waters, offshore sites in the Mackenzie River estuary and 
adjacent Beaufort Sea were surveyed in July and August from 2004 through 2007 
(e.g., Majewski et al.  2011 ). Fishing gear included a multi-mesh gill net, mid-water 
trawl, and benthic trawl. Gill net catches were dominated by Pacifi c herring and 
midwater catches by Arctic cod. Benthic catches were dominated by Arctic cod, 
stout eelblenny ( Anisarchus medius ), Arctic alligator fi sh, Arctic staghorn sculpin 
and ribbed sculpin ( Triglops pingelii ). 

 The association of Arctic cod with sea ice is well documented in coastal 
and offshore Arctic locations across the globe (reviewed Bradstreet et al.  1986 ). 
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Arctic cod not only dominate the benthic community in the Beaufort Sea, but also 
are abundant in the pelagic community, as indicated by a hydroacoustic survey con-
ducted concurrently with the benthic survey discussed above (Parker-Stetter et al. 
 2011 ) and by hydroacoustic surveys in Lancaster Sound and Franklin Bay in the 
Canadian Beaufort Sea (Crawford and Jorgenson  1996 ; Benoit et al.  2008 ). Arctic 
cod use a wide variety of benthic and pelagic niches including the ice edge, 
ice-pocket refugia, demersal and near-bottom habitats (Crawford  2009 ; Crawford 
et al.  2011 ), and occur as both dense shoals (Benoit et al.  2008 ), and as non- schooling 
individuals (Bradstreet et al.  1986 ; Hop et al.  1997 ). Pelagic Arctic cod have been 
observed to aggregate in the warmest part of the water column in deep canyons 
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(such as Barrow canyon and McKenzie canyon) and over the deep the Beaufort Sea 
slope, perhaps for energetic benefi t, even if the temperature difference is only a few 
tenths of a degree (Crawford et al  2011 ). Examples of this have been found in both 
Lancaster Sound and in the Beaufort Sea (Crawford and Jorgenson  1996 ; Hop et al. 
 1997 ; Crawford  2009 ), and most recently in Franklin Bay where huge shoals of cod 
were found in the warmer-deeper areas of the Bay (Benoit et al.  2008 ). In contrast, 
benthic and pelagic Arctic cod at the Beaufort Sea shelf-break have been observed 
to be associated with cold, high salinity water derived from the Chukchi Sea, 
perhaps due to high secondary productivity expected to be found in these waters 
(Logerwell et al.  2011 ; Parker-Stetter et al.  2011 ).   
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Beaufort Sea       
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11.2.2     Marine Birds 

 Marine birds include species commonly called ‘seabirds’ and others called ‘seaducks’, 
as well as phalaropes ( Phalaropus  spp.), which are shorebirds that feed in marine 
waters and can be found in pelagic waters during migration. In the PAR, an analysis 
of at-sea counts from ships (Sigler et al.  2011 ) categorized marine bird taxa into two 
groups: a NBS-Chukchi Sea cluster dominated by auklets ( Aethia  spp.) in the NBS 
and short-tailed shearwaters ( Puffi nus tenuirostris ) in the Chukchi Sea; and a 
Beaufort Sea cluster, dominated by benthic-foraging eiders and long-tailed ducks 
( Clangula hyemalis ), surface foraging glaucous gulls ( Larus hyperboreus ) and 
Arctic terns ( Sterna paradisaea ) and the pursuit diving black guillemot ( Cepphus 
grylle ). It is important to note that data from ship-based surveys conducted in 
mid- summer do not refl ect the extensive use of the nearshore Chukchi Sea by sea 
ducks during spring migration and late-summer molt (see Sect.  11.3.2.2 ). Studies of 
marine birds have been conducted from ships at sea and on breeding colonies, as 
summarized below. 

11.2.2.1     At-Sea Distribution 

 There are over 40 species of marine birds common to the PAR, based on pelagic 
surveys (Table  11.2 ). Much of what we know about marine birds at sea has been 
gathered opportunistically, but recent surveys on research-oriented icebreakers have 
improved our knowledge of marine bird distribution and relative abundance in arctic 
waters. The NBS, in particular the waters infl uenced by the oceanic AW, as well as 
the Bering Strait and shallow waters of the Chukchi Sea, support high densities of 
birds, comparable to the Bering Sea shelf edge (Fig.  11.7 ). Seabird distribution is 
often infl uenced by temperature and salinity gradients as well as other oceanographic 
features that promote productivity and concentrate prey (Piatt and Springer  2003 ; 
Piatt et al.  1991 ,  2007 ; Gall et al.  2013 ) and there are clear differences in distribu-
tion among species that prey on fi sh (piscivores), those that feed on zooplankton 
(planktivores) and those that feed on benthic prey. For example, in the northern 
Bering and southern Chukchi seas, piscivores are concentrated in the ACW, espe-
cially near headlands along the coasts, near islands and in areas where eddies are 
common (Piatt and Springer  2003 ). Conversely, planktivores are strongly associated 
with AW west of SLI, the Diomede islands, the AW-BSW in the central- southern 
Chukchi and are nearly absent from ACW (Piatt and Springer  2003 ) Planktonic 
prey amassed near convergent fronts of the ACW also attract foraging phalaropes 
(mainly red phalaropes  P. fulicarius ), terns and kittiwakes ( Rissa  spp.) (Piatt et al. 
 1991 ; Logerwell et al.  2011 ).

    During summer, piscivorous seabirds from the mainland colonies of the south-
eastern Chukchi Sea feed mainly on Arctic cod, (Piatt et al.  1991 ), the most abundant 
pelagic fi sh in the area (Logerwell et al.  2011 ). The seabirds also consume sand 
lance, saffron cod, sculpins, and herring. Piatt et al. ( 1991 ) found that by August, 
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   Table 11.2    Common marine bird species observed in the North Bering Sea, Chukchi Sea, and 
Beaufort Sea, based on pelagic surveys from 2006 to 2009 (Kuletz, unpublished data)   

 Common name  Scientifi c name  Forage mode 

 Average at-sea densities 

 N. Bering  Chukchi  Beaufort 

 Red-throated loon   Gavia stellata   Piscivore  <0.01  0.00  0.01 
 Pacifi c loon   Gavia pacifi ca   Piscivore  0.01  <0.01  <0.01 
 Laysan albatross   Phoebastria immutabilis   Piscivore  0.01  0.00  0.00 
 Northern fulmar   Fulmarus glacialis   Piscivore  4.88  0.69  <0.01 
 Short-tailed shearwater*   Puffi nus tenuirostris   Piscivore  1.74  4.68*  0.18 
 Fork-tailed storm-petrel   Oceanodroma furcata   Planktivore  0.51  0.01  0.00 
 Pelagic cormorant   Phalacrocorax pelagicus   Piscivore  0.03  0.00  0.00 
 Red-faced cormorant   Phalacrocorax urile   Piscivore  0.01  0.00  0.00 
 Long-tailed duck   Clangula hyemalis   Benthic  0.01  0.04  0.09 
 Common eider   Somateria mollissima   Benthic  <0.01  0.37  0.25 
 King eider   Somateria spectabilis   Benthic  <0.01  0.01  0.07 
 Spectacled eider   Somateria fi scheri   Benthic  86.13**  0.05  0.10 
 White-winged scoter   Melanitta fusca   Benthic  <0.01  0.00  0.01 
 Surf scoter   Melanitta perspicillata   Benthic  <0.01  0.00  0.01 
 Unidentifi ed phalarope   Phalaropus  spp.  Planktivore  0.04  0.49  0.18 
 Red phalarope   Phalaropus fulicaria   Planktivore  0.12  0.01  0.00 
 Red-necked phalarope   Phalaropus lobatus   Planktivore  0.05  0.22  0.00 
 Pomarine jaeger   Stercorarius pomarinus   Piscivore  0.04  0.06  0.00 
 Parasitic jaeger   Stercorarius parasiticus   Piscivore  0.01  0.01  0.01 
 Long-tailed jaeger   Stercorarius longicaudus   Piscivore  <0.01  0.01  0.00 
 Glaucous gull   Larus hyperboreus   Piscivore  0.31  0.24  0.21 
 Glaucous- winged gull   Larus glaucescens   Piscivore  0.03  0.00  0.00 
 Slaty-backed gull   Larus schistisagus   Piscivore  0.05  <0.01  0.00 
 Herring gull***   Larus argentatus   Piscivore  0.05  <0.01  0.00 
 Ivory gull   Pagophila eburnea   Piscivore  0.02  0.04  <0.01 
 Black-legged kittiwake   Rissa tridactyla   Piscivore  1.48  1.27  0.39 
 Red-legged kittiwake   Rissa brevirostris   Piscivore  0.01  0.00  0.00 
 Ross’s gull   Rhodostethia rosea   Piscivore  0.01  0.14  0.27 
 Sabine’s gull   Xema sabini   Planktivore  <0.01  0.03  <0.01 
 Arctic tern   Sterna paradisaea   Piscivore  <0.01  0.01  0.43 
 Unidentifi ed murre   Uria  spp.  Piscivore  2.25  0.39  0.03 
 Common murre   Uria aalge   Piscivore  0.47  0.14  0.00 
 Thick-billed murre   Uria lomvia   Piscivore  1.07  0.57  <0.01 
 Dovekie   Alle alle   Planktivore  <0.01  <0.01  0.01 
 Black guillemot   Cepphus grylle   Piscivore  0.03  0.02  0.10 
 Pigeon guillemot   Cepphus columba   Piscivore  0.01  0.00  0.00 
 Kittlitz’s murrelet   Brachyramphus brevirostris   Piscivore  0.01  0.09  0.00 
 Ancient murrelet   Synthliboramphus antiques   Piscivore  0.05  0.07  0.00 
 Unidentifi ed auklet spp   Aethia  spp.  Planktivore  0.89  0.41  0.00 
 Parakeet auklet   Aethia psittacula   Planktivore  0.13  0.09  0.00 
 Crested auklet   Aethia cristatella   Planktivore  1.06  1.23  0.00 

(continued)

11 Marine Fishes, Birds and Mammals as Sentinels of Ecosystem Variability…



352

Table 11.2 (continued)

 Common name  Scientifi c name  Forage mode 

 Average at-sea densities 

 N. Bering  Chukchi  Beaufort 

 Least auklet   Aethia pusilla   Planktivore  2.00  0.07  0.00 
 Horned puffi n   Fratercula corniculata   Piscivore  0.05  0.02  0.00 
 Tufted puffi n   Fratercula cirrhata   Piscivore  0.21  0.05  0.00 

  The average densities are indices of relative abundance, derived from 3 km transect segments 
averaged within each region from March through October. Note that the average density for 
spectacled eiders is dominated by high densities encountered during spring surveys that targeted 
wintering areas for that species. Primary forage mode indicates the major prey types consumed by 
each species, although many marine birds typically use a variety of prey. Piscivore here can include 
a diet with a variety of fi shes and squid 
 Note that survey effort in the Chukchi Sea was low, but occurred in fall when shearwaters were 
abundant 
 *Includes ‘   unidentifi ed dark shearwaters’, which were likely short-tailed shearwaters 
 **Includes observations of the main overwintering fl ocks of spectacled eiders 
 ***Includes American and Vega subspecies  

  Fig. 11.7    Broad scale distribution of marine birds offshore Alaska based on USFWS at-sea 
surveys conducted 2006–2009; note high densities associated with the Anadyr Water and Chirikov 
Basin in the northern Bering Sea and near shoals in the Chukchi Sea       
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forage fi sh had apparently moved into the ACW from Bering/Anadyr waters, where 
birds took advantage of the late summer abundance of prey. Offshore, the most 
abundant birds in the southeastern Chukchi Sea in late summer are murres ( Uria  spp.), 
shearwaters, and kittiwakes (Springer et al  1984 ; Piatt et al.  1991 , Kuletz unpublished 
data). In the oceanic Bering Sea/Anadyr waters, the avifauna is dominated by plank-
tivorous auklets feeding on copepods (e.g.  Neocalanus plumchrus ) concentrated in 
the upper water column by stratifi cation and upwelling (Gall et al.  2006 ; Kitaysky 
and Golubova  2000 ). Changes in stratifi cation and salinity can dramatically alter 
seabird foraging distribution in the northeastern Chukchi Sea. During 2008–2010, 
seabird abundance, species composition, and distribution varied depending on the 
amount of Bering Sea water present, which infl uenced the strength of stratifi cation 
and salinity (Gall et al.  2013 ). In this study, diving planktivores such as least and 
crested auklets associated with areas of strong stratifi cation, while surface- feeding 
planktivores like phalaropes preferred well-mixed waters. 

 In addition to upwelling and fronts, another source of prey concentrated at the 
surface is provided by the plumes from feeding gray whales and seabirds respond to 
such ephemeral patches by altering their distribution at sea (Obst and Hunt  1990 ). 
In the Chirikov Basin, the main species observed taking advantage of whale activities 
were surface feeders (northern fulmar  Fulmar glacialis , red phalarope, black- legged 
kittiwake  R. tridactyla ), and one diving species (thick-billed murre  U. lomvia ). When 
feeding at the plumes, the surface feeding birds were able to include benthic crusta-
ceans in their diet, the most common being tube-dwelling  Ampelisca  amphipods 
(Obst and Hunt  1990 ).  

11.2.2.2     Breeding Colonies 

 The abundant avifauna that breeds in the northern Bering and Chukchi seas is a 
refl ection of the enormous productivity of this marine ecosystem. Of the roughly 29 
million seabirds nesting among 1,714 colonies throughout Alaska, 21 million nest 
in Bering Sea. Half of Alaska’s breeding birds are concentrated at 12 colonies, four 
of which occur in the NBS (Stephensen and Irons  2003 ). The largest seabird colonies 
are on St Matthew, St Lawrence and the Diomede and King islands, with smaller 
colonies along the coastline of the Bering Strait region (Fig.  11.8 ). Planktivorous 
seabirds predominate on the islands, the most numerous being the crested auklet 
( Aethia cristatella ) and least auklet ( A. pusilla ). North of the Bering Strait, the largest 
seabird colonies in Alaska are at Cape Thompson and Cape Lisburne, each with 
~ 500,000 birds. The predominate species at these mainland colonies are piscivorous 
seabirds such as thick-billed murre and common murres ( U. aalge ), black-legged 
kittiwakes, and tufted puffi ns ( Fratercula cirrhata ) and horned puffi ns ( F. corniculata ) 
(Springer et al.  1984 ). During summer, at least 25 seabird species regularly occur 
in the southeastern Chukchi Sea (Piatt et al.  1991 ). Farther north and east along 
the Chukchi, small colonies of piscivorous black guillemots, arctic terns and black-
legged kittiwakes are scattered along bluffs and the low-lying barrier islands of the 
arctic coasts. Along the Beaufort coast, the kittiwakes and shorebirds are replaced 
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by large numbers of benthic-feeding eiders, scoters, and long-tailed ducks (Fischer 
and Larned  2004 ).

   Seabirds are obligate central place foragers during the breeding season, and the 
location of nesting habitat in relation to good forage grounds is critical to breeding 
success. The combination of upwelling along the continental shelf and the advection 
of prey to the central Chukchi Sea results in a constant fl ow of food past the colonies 
of the NBS (Piatt and Springer  2003 ). The concentration of auklets in the NBS is 
thus a combination of a rich food source (primarily copepods and euphausiids) within 
foraging range of rocky, volcanic islands. Because food appears to be abundant, 
Stephenson and Irons ( 2003 ) suggested that in the NBS auklets may only be limited 
by the availability of good nesting habitat. 

 Seabirds are affected by shifts in prey distribution, but the impact to breeding 
birds varies widely among species. Murres feed on a range of prey sizes, can dive 
down to 100 m and will travel up to 126 km to forage for their chicks (Mehlum et al. 
 1998 ); thus, they likely can adapt to shifts in prey type or distribution easier than can 

  Fig. 11.8    Seabird colonies in the PAR, from North Pacifi c seabird colony database (  http://alaska.
fws.gov/mbsp/mbm/northpacifi cseabirds/colonies/    )       
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smaller birds or surface feeders. Kittiwakes are surface feeders (Baird  1994 ) that 
can forage up to 100 km from their nests, but often stay within 40 km. Terns are also 
surface feeders, but can only forage within 20 km from their nests and still success-
fully raise chicks (Hatch  2002 ). Furthermore, the relationship between nesting site 
and forage grounds can be altered by changes in ice cover. For example, in a 35-year 
study of black guillemots nesting northeast of Barrow, breeding success decreased 
and predation by polar bears increased coincident with the dramatic summertime 
retreats of sea ice in the Beaufort Sea (Divoky, in Moline et al.  2008 ). In this case, 
the guillemots lost access to their prey, zooplankton and fi sh associated with the 
rapidly retreating sea ice edge, which simultaneously stranded more polar bears 
along the coasts and resulted in increased nest predation. Changes in access to 
prey may be indirect, such as the extent and duration of ice cover affecting local 
productivity and subsequent prey composition or size, ultimately affecting seabird 
breeding success (Hunt et al.  2002 ; Gall et al.  2006 ; Kitaysky and Golubova  2000 ; 
Mueter and Litzow  2008 ; Sheffi eld-Guy et al.  2009 ).  

11.2.2.3     Seasonal Dynamics 

 The marine avifauna of the PAR undergoes dramatic seasonal changes. Seabirds at 
the breeding colonies are at the northern edge of their species’ ranges and often the 
timing of egg laying, chick hatching and fl edging occur later than in populations of 
the same species at lower latitudes, as described by Day et al. ( 1999 ) for the Kittlit’s 
murrelet ( Brachyramphus brevirostris ) nesting phenology throughout Alaska. 
During summer, breeding populations of birds swell into the millions, and are 
joined by non-breeding seabirds and post-breeding loons, seaducks, phalaropes, 
and shorebirds. By late summer, extreme migrators such as short-tailed shearwaters 
arrive by the millions after foraging in the southern Bering Sea and are often asso-
ciated with (relatively) warm, saline water masses. Given their large numbers, the 
arrival of shearwaters in the PAR may have repercussions for resident birds (Shaffer 
et al.  2006 ), which could be acerbated by longer ice-free fall conditions. 

 In late summer and early autumn, seabirds use post-breeding staging areas for 
molting and feeding to replace body mass lost during egg production and chick- 
raising and, for some species, to prepare for long-distance migrations. Migratory 
routes in these areas are not well understood, but several regions stand out as major 
thoroughfares. In the fall, streams of birds move past Pt. Barrow, primarily heading 
west, where a variety of species have been observed feeding on massive swarms of 
euphausiids (e.g., Hatch  2002 ). Similarly, large numbers of birds move past Cape 
Thompson, Cape Lisburne, and the large islands in the NBS. Often, birds show sex-
specifi c migratory patterns. For example, among common murres tagged in the 
Chukchi, males (likely with their fl ightless young) drifted west with the currents 
towards Siberia, whereas the females fl ew south toward the Bering Sea (Hatch 
 2002 ). Red phalarope females leave inland nesting areas prior to males in late 
summer, but by August both sexes and all age groups are at offshore staging sites 
(Tracy et al.  2002 ) and large groups move west past Pt. Barrow (Kuletz et al.  2008 ). 
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Of note, species not commonly associated with high latitudes, such as ancient 
murrelets ( Synthliboramphus antiquus ), have also shown evidence of northward 
migration through the NBS and the Bering Strait (Gall et al.  2013 ; Kuletz et al.  2008  
and unpublished data), presumably to feed on abundant euphausiids and other prey. 
During years when water temperatures remain cold throughout the open water 
season, species that are more typically associated with ice, such as black guillemots 
and ivory gulls ( Pagophila eburnean ), are more abundant in the northeast Chukchi 
Sea (Gall et al.  2013 ). 

 As the sea ice extends south in late autumn, areas without open water leads become 
depauperate of avifauna and open water leads and polynyas become important 
habitats for overwintering marine birds, notably the spectacled eider (Lovvorn et al. 
 2009 ). Specifi cally, from March through May, the region of fl aw leads between 
landfast and moving pack ice along the northeast Chukchi Sea coast is a critical 
migration corridor for essentially all sea ducks and loons destined for breeding sites 
along the U.S. and Canadian shorelines of the Beaufort and Chukchi seas. Ledyard 
Bay, along the Chukchi Sea coast, is designated a critical habitat due to its importance 
as a late-summer molting area for spectacled eiders and other sea duck species. 
In the early spring, two pagophilic seabirds that remain in the ice-covered regions 
are the black guillemot and the rare Kittlitz’s murrelet. Although these murrelets are 
typically associated with coastal glaciers of southcentral Alaska, Day et al. ( 2011 ) 
estimate that the Kittlitz’ murrelet population in the PAR is in the order of 5,200 
birds. Little is known about its pelagic habitat or winter distribution, but recent spring 
surveys found Kittlitz’s murrelets in open water leads and polynyas of the NBS 
(Kuletz, unpublished data). Kittlitz’s murrelets and black guillemots were often in 
the same open lead, likely feeding on euphausiids, amphipods and arctic char found 
under and at the ice edge. Two other seabirds found in the ice are the ivory gull and 
Ross’ gull ( Pagophila eburnean ), with the former known to feed on juvenile arctic 
cod and amphipods in addition to scavenging (Divoky, in Moline et al.  2008 ).   

11.2.3     Marine Mammals 

 Sixteen species of marine mammals occur in the PAR, including eight that are year- 
round residents and considered core Arctic species. Eight others occur primarily in 
summer and autumn and are considered seasonally migrant species (Table  11.3 ).

11.2.3.1       Core Arctic Species 

 Polar bears ( Ursus maritimus ), Pacifi c walruses ( Odobenus rosmarus divergens ), 
bearded seals ( Erignathus barbatus ) and ringed seals ( Phoca hispida ) are considered 
‘ice-obligate’ species, due to their reliance on sea ice for some part of their life history 
(e.g., hunting, resting, parturition and molting) (Kovacs et al.  2011 ; Laidre et al. 
 2008 ; Moore and Huntington  2008 ). Polar bears are pan-arctic in distribution, with 
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    Table 11.3    Fifteen marine mammal species occur in the PAR, including eight  core Arctic  
and seven seasonal migrants   

 Species  Population  Sea ice a   Diet 

  Polar bear  
 ( Ursus maritimus ) 

 Chukchi and So. 
Beaufort 

 (2 of 19 recognized) 

 Ice-obligate  Marine mammals, 
esp. ringed seals 

  PINNIPEDS  
  Walrus  
 ( Odobenus 

rosmarus 
divergens ) 

 Bering-Chukchi- 
Beaufort  

 (1 of 3 subspecies) 

 Ice-obligate  Benthic fauna, 
esp. clams 

  Bearded seal  
 ( Erignathus 

barbatus ) 

 *Bering-Chukchi- 
Beaufort  

 Ice-obligate  Benthic fauna, esp. 
clams and crabs 

  Ringed seal  
 ( Phoca hispida ) 

 *Bering-Chukchi- 
Beaufort  

 Ice-obligate  Fish, crustaceans, 
large zooplankton 

  Ribbon seal  
 ( Phoca fasciata ) 

 *Bering-Chukchi  Ice-associated  Fish, crustaceans, 
cephalopods 

  Spotted seal  
 ( Phoca largha ) 
 Northern (Steller’s) 

sea lion 
 ( Eumetopias 

jubatus ) 

 *Bering-Chukchi 
 *Bering-Chukchi 

 Ice-associated 
 Seasonal 

migrant 

 Fish, crustaceans, 
cephalopods 

 Fish, crustaceans, 
cephalopods 

  CETACEANS  
  Beluga  
 ( Delphinapterus 

leucas ) 

 E. Bering, 
E. Chukchi 
and Beaufort 
(3 of 4, in PAR) 

 Ice-associated  Fish, crustaceans, 
cephalopods 

  Bowhead whale  
 ( Balaena 

mysticetus ) 

 Bering- Chukchi- 
Beaufort 

 (1 of 4 recognized) 

 Ice-associated  Zooplankton esp. 
copepods and 
euphausiids 

 Gray whale 
 ( Eschrichtius 

robustus ) 

 Eastern North 
Pacifi c 

 (1 of 2 recognized) 

 Seasonal 
migrant 

 Benthic and pelagic 
crustaceans 

 Humpback whale  *Bering-Chukchi  Seasonal 
migrant 

 Fish, large 
zooplankton  ( Megaptera 

novaeangliae ) 
 Fin whale  *Bering-Chukchi  Seasonal 

migrant 
 Fish, large 

zooplankton  ( Balenoptera 
physalus ) 

 Minke whale  *Bering-Chukchi  Seasonal 
migrant 

 Fish, large 
zooplankton  ( Baleanoptera 

acutorostrata ) 
 Killer whale  *Bering-Chukchi  Seasonal 

migrant 
 Fish and marine 

mammal ecotypes  ( Orcinus orca ) 
(continued)
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two populations recognized in the PAR; the southern Beaufort Sea and the Chukchi 
Sea populations. Polar bears have annual movement patterns within individual 
home ranges, the size of which varies with ice type and seal availability (Amstrup 
et al.  2000 ). There is general fi delity of individuals to denning areas, although a shift 
from sea ice to land-based sites has occurred concomitant with the decline in sea ice 
in the PAR (Fischbach et al.  2007 ). Pacifi c walrus overwinter in the Bering Sea, but 
exhibit sex and age-specifi c summertime habitat preferences, with adult females, 
calves and juveniles using sea ice as a platform for resting and from which to feed in 
the Chukchi Sea, while adult males make feeding trips from terrestrial haul outs 
mostly in the Bering Sea (Jay et al.  2011 ). Since 2007, walruses have increasingly 
used coastal haul-outs and increased foraging in nearshore areas in response to the 
dramatic loss of sea ice in the Chukchi Sea (Jay et al.  2012 ). Compared to the 
clumped distribution of walruses, bearded seals are more evenly distributed through-
out the PAR. Both species are typically associated with broken pack ice over shallow 
shelf waters (usually <100 m), and near open-water leads and polynyas (Ray et al. 
 2010 ). Ringed seals are abundant throughout the PAR and are closely associated with 
shore fast and pack ice habitats. During winter and spring, adult ringed seals main-
tain territories under the ice, and excavate cave-like structures on top of the ice called 
lairs. Lairs are used by both sexes, provide protection from weather and predators 
and are important for pupping and nursing (Smith and Stirling  1978 ; Smith et al. 
 1991 ; Kelly et al.  2010 ). Although ribbon and spotted seals also rest and give birth to 
their pups on sea ice, they are not considered ice-obligate, but rather ‘ice-associated’ 
species. Both species are primarily subarctic in distribution and occur along the mar-
ginal ice zone over the continental shelf of the central Bering Sea from November to 
April; the remainder of the year is spent in open-water and, in the case of spotted 
seals, on coastal haul outs (Kovacs et al.  2011 ; Laidre et al.  2008 ; Lowry et al.  2000 ). 

 There are two core Arctic cetacean species in the PAR, the beluga ( Delphinapterus 
leucas ) and bowhead whale ( Balaena mysticetus ), both of which overwinter in the 
Bering Sea. A third Arctic species, the narwhal ( Monodon monoceros ), is seen 
occasionally in the PAR, but these reports are generally considered extralimital. Three 
genetically-distinct beluga populations (stocks) occur in the PAR (O’Corry- Crowe 
et al.  1997 ), two of which (eastern Chukchi Sea and Beaufort Sea) migrate north 

 Species  Population  Sea ice a   Diet 

 Dall’s porpoise  *Bering-Chukchi  Seasonal 
migrant 

 Fish, cephalopods 
 ( Phocoenoides 

dalli ) 
 Harbor porpoise  *Bering-Chukchi  Seasonal 

migrant 
 Fish, cephalopods 

 ( Phocoena 
phocoena ) 

  Population (#  vis.  pan-Arctic), or * = sub-population in PAR, relationship to sea ice and primary 
diet are listed for each species 
  a Moore and Huntington ( 2008 )  

Table 11.3 (continued)
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each spring, ultimately moving to the Chukchi and Beaufort seas during summer for 
feeding, calf-rearing and molting (Suydam et al.  2001 ). The third stock (eastern 
Bering Sea) uses coastal habitats in the NBS, with summer range identifi ed as 
Norton Sound (O’Corry-Crowe et al.  1997 ). Bowhead whales typically migrate 
north through Bering Strait in April and May (Citta et al.  2012 ), using similar routes 
as the Beaufort Sea stock of belugas (Fig.  11.9 ). Visual surveys suggest most animals 
in both populations spend the summer months mainly in the Canadian Beaufort Sea 
and Amundsen Gulf region, although recent information from acoustic sampling 
suggests at least some beluga and bowhead whales summer near the Chukchi 
Plateau in the northern Chukchi Sea (Moore et al.  2012 ). During July, bowheads are 
widely distributed throughout the offshore Canadian Beaufort Sea, with sightings of 
at least a few whales near Point Barrow, Alaska in some years (Moore and Reeves 
 1993 ). By late August, oceanographic conditions concentrate bowhead prey on the 
continental shelf (Thomson et al.  1986 ; Ashjian et al.  2010 ) and whales aggregate 
to feed in specifi c areas across the Canadian and Alaskan summer range (Lowry 
et al.  2004 ; Moore et al.  2010 ). In Canadian waters, most bowhead whales feed in 
Amundsen Gulf in May and June, moving to continental shelf waters offshore of the 
Tuktoyaktuk Peninsula and other shelf and marine canyon locations from early 
August through late September (Richardson et al.  1987 ; Harwood et al.  2010 ). Prey 
may also concentrate far to the north. Recent satellite telemetry studies have shown 

  Fig. 11.9    Seasonal migratory cycle of bowhead whales in the PAR (From Moore and Laidre 
 2006 ); note that the Beaufort Sea population of beluga undertakes a similar seasonal migration       
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bowhead whales from the PAR traveling north of Banks Island into the Northwest 
Passage to overlap with bowhead whales from the Atlantic (Heide-Jørgensen et al. 
 2011 ). The tagged bowheads presumably were attracted to the area for feeding and 
remained in the Viscount Melville Sound area for 2 weeks. In Alaskan waters, 
bowheads feed along the narrow continental shelf from Barter Island to waters east 
of Point Barrow, where large groups of feeding whales sometimes occur (Moore 
et al.  2010 ; Quakenbush et al.  2010 ). Bowheads also feed along the Chukotka coast 
in late summer and autumn (Moore et al.  1995 ; Quakenbush et al.  2010 ), with at least 
one tagged whale also migrating there in spring and remaining there throughout the 
summer of 2010 (Citta et al.  2012 ).

   Both beluga and bowhead whales begin the autumn migration from the Canadian 
Beaufort by late August and reach the NBS in November-December (Richard et al. 
 2001 ; Quakenbush et al.  2010 ; Citta et al.  2012 ). Analysis of sightings from 10-years 
of aerial surveys showed bowheads selected shallow (<50 m) continental shelf 
habitat while beluga preferred slope (200–2,000 m) habitat during the autumn 
migration across the Alaskan Beaufort sea (Moore et al.  2000 ), which may refl ect 
differences in the distribution of prey for each species. Limited sightings suggest 
bowheads winter in leads and polynyas that develop in the lee of islands and penin-
sulas (Moore and Reeves  1993 ). However, satellite telemetry data over two winter 
seasons showed that bowhead whales wintered in 90–100 % ice cover, far from the 
ice edge and polynyas (Citta et al.  2012 ). Information on the winter distribution of 
belugas is more limited, but telemetry data indicate that both the northern Bering 
and southern Chukchi seas are used (Richard et al.  2001 , R. Suydam, personal 
communication).  

11.2.3.2     Seasonally Migrant Species 

 One pinniped and seven cetacean species migrate seasonally to the PAR (Table  11.3 ). 
Steller sea lions ( Eumetopias jubatus ) routinely haul out on Saint Mathew Island 
and along the southern shore of SLI in summer. In addition, a recent study by Alaska 
Department of Fish and Game has documented their occurrence on SLI through 
December (L. Jemison, personal communication). Steller sea lions also haul out 
along the southern Chukotka coast, with reports of sub-adult animals along the 
northern Chukotka peninsula as far north as the east Siberian seas in summers 
(Boeskorov et al.  2011 ). 

 Gray whales feed extensively on pelagic, epi-benthic and benthic invertebrates in 
coastal central shelf and shoal areas in the NBS, Chukchi and western Beaufort 
seas during summer and autumn (Moore et al.  2000 ; Bluhm et al.  2007 ). Stafford 
et al. ( 2007 ) reported the detection of gray whale calls over-winter 2003–2004 on 
recorders located near 71° 30′N, 151° 50′W, demonstrating that some individuals 
can remain in the Beaufort Sea year-round. Although rare, there are occasional 
summertime reports of gray whales in the Beaufort Sea (Maher  1960 ), including 
animals feeding off the Tuktoyuktuk Peninsula in the Canadian Beaufort Sea (Rugh 
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    Table 11.4    A summary of the number of sightings/number of cetaceans seen during marine 
mammal watches conducted on RUSALCA cruises, 2009 and 2010   

 Species 

  Rusalca 2009    Rusalca 2009    Rusalca 2010  

 Wrangell Is.-Herald Valley  Southern Chukchi  Southern Chukchi 

 10–13 September 
 4 September; 
 25–28 September   1–9 August 

 Bowhead whale  2 sightings/6 whales  1 sighting/2 whales  5 sightings/15 whales 
 Gray whale  2 sightings/11 whales  7 sightings/85 whales  25 sightings/47 whales 

  34 sightings/177 whales  
 Humpback whale  5 sightings/21 whales  11 sightings/18 whales 

  8 sightings/28 whales  
 Minke whale  6 sightings/6 whales 
 Fin whale  1 sighting/1 whale 
 Harbor porpoise  1 sighting/1 porpoise  4 sightings/5 porpoise 
 Dall’s porpoise  3 sightings/5 porpoise 

  Areas searched include: the Southern Chukchi = 65–69 °N, coast to coast, and Wrangell Island-Herald 
Valley = 70–73 °N, between 180 and 175 °W  

and Fraker  1981 ). A female gray whale was tagged there in early September 2010, 
and remained there for a month before heading west to the Chukchi Sea 
(L. Quakenbush, unpublished data). The fi ve other seasonally migrant cetacean 
species appear to be far less common in the PAR, although results from recent 
year-round passive acoustic sampling may soon change this view (e.g. Delarue et al. 
 2013 ). While hundreds of gray whales were seen in the southern Chukchi Sea 
during RUSALCA cruises in 2009 and 2010, humpback whales ( Megaptera 
novaeangliae ) numbered in the 10s of animals, with only six minke ( Balaenoptera 
acutorostrata ) and one fi n whale ( B. physalus ) seen (Table  11.4 ). Nearly all of the 
cetacean sightings were on the rarely-surveyed western side of the International Date 
Line in the southern Chukchi Sea (Fig.  11.10 ), which corresponds to available records 
for fi n, humpback, minke and gray whale distribution in the 1970s (e.g., Votrogov 
and Ivashin  1980 ) and the 1940–1950s (Nasu  1974 ). Killer whales ( Orcinus orca ) 
were also seen on the RUSALCA cruises; they are known to prey on gray whales in 
the NBS (Ljungblad and Moore  1983 ), but their residence time in the PAR is uncer-
tain. Residents of SLI report seeing killer whales in May and June, while reports 
from Barrow usually occur in July and August (George et al.  1994 ), with no reported 
occurrence in the Canadian Beaufort Sea (Harwood and Smith  2002 ). Dall’s porpoise 
( Phocoenoides dalli ) were seen in the southern Chukchi Sea during the 2010 
RUSALCA cruise (Fig.  11.10 ), a possible range-extension for this species, which is 
commonly found in the southeastern Bering Sea (e.g., Friday et al.  2012 ). Finally, 
harbor porpoise ( Phocoena phocoena ) are known to occur in the northern Bering 
and Chukchi seas, at least north to coastal waters near Barrow (Suydam and George 
 1992 ), although there are few details on numbers, habitat or prey preferences.
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11.3           Case Studies: Responses of UTL Species 
to Environmental Variability 

 Climate change is altering the habitats of UTL species in the PAR through biophysical 
forcing (see Overland et al.  2014 ; Frey et al.  2014 ; Nelson et al.  2014 , all this vol-
ume). Responses of UTL species to altered habitats can be categorized as extrinsic, 
including shifts in range, timing (phenology) or regions of high abundance 
(hotspots); or intrinsic, including changes in diet, body condition, or body chemistry 
(isotopic, fatty acid and contaminant signatures). Responses are inter-related such 
that a shift in range, phenology or use of hotspots will be refl ected in changes in 
diet, body condition and chemistry (Fig.  11.11 ). It is this connection that allows us 
to detect ecosystem reorganization by tracking changes in the ecology of UTL spe-
cies. To date, there has been little or no coordination among researchers studying 
marine fi shes, birds and mammals, and few studies have focused on responses to envi-
ronmental variability. Here, we provide some examples of the responses of UTL 
species to environmental variability to explore how integrated research might better 
inform investigations of ecosystem reorganization related to climate change.

bowhead whale

175° 180°

72°

70°

68°

66°

gray whale
fin whale
humpback whale
minke whale
killer whale
harbor porpoise
Dall's porpoise

72°
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66°

175°
180° −175° −170° −165°

−160°

−175° −170° −165° −160°

Chukchi Sea

Bering
Strait

Wrangell
Island

Russia

Alaska

  Fig. 11.10    Cetacean sightings during the RUSALCA cruises in 2009 and 2010; the cruise track 
extended north of 69 °N latitude ( dashed line ) only in 2009; counts provided in Table  11.4        
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Intrinsic
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Climate
Change: shifts
in UTL habitats

due to biophysical
forcing

changes in
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condition &
chemistry
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Responses:
shifts in range,
phenology &/or

hotspots

  Fig. 11.11    Conceptual diagram of extrinsic and intrinsic responses of UTL species to alteration of 
habitats due to biophysical factors (sea ice, wind, trophic cascades) related to climate change       

11.3.1       Fishes and Crabs 

 Environmental factors strongly infl uence fi sh distribution and abundance through 
changes in growth, survival, reproduction, and spawning distribution (Wood and 
McDonald  1997 ; Sundby and Nakken  2008 ). Rapid warming can exceed the ability of 
forage species to adapt, thereby causing a major restructuring of regional ecosystems 
as has been observed in the North and Baltic Sea ecosystems (Mackenzie and 
Schiedek  2007 ). It is likely that shifts in spatial distribution and northward range 
extensions are inevitable for fi shes and crabs in the PAR and that marine community 
species composition will continue to change under a warming climate (Mueter et al. 
 2009 ). Examples of responses of fi shes and crabs to environmental variability in the 
Bering, Chukchi and Beaufort seas are provided below. 

11.3.1.1     Salmon and Forage Fish in the Northern Bering Sea 

 Climate and ocean conditions in the NBS varied annually during the BASIS surveys, 
providing an opportunity to examine the effects of ecosystem variability on pelagic 
fi sh. Specifi cally, 2004 and 2005 were characterized by a strong Aleutian Low pres-
sure system centered over the Aleutian Islands during the winter, reduced sea ice 
concentrations and warm spring and summer ocean temperatures. In contrast, 2006 
and 2007 were colder years, with a weak Aleutian Low and increased sea ice 
concentrations. This cooling trend continued through 2009 and into 2010. Andrews 
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et al. ( 2009 ) compared the diet, length and whole body energy content of juvenile 
pink salmon between warm and cold years in the NBS. Fish were more abundant in 
juvenile salmon diet in warm years and zooplankton (amphipods, copepods, decapods, 
euphausiids and larvacea) more abundant in cold years. Juvenile pink salmon 
lengths were signifi cantly longer in warm years refl ecting increased growth rate, but 
had lower whole body energy. This result was unexpected because it suggests that 
salmon were consuming higher energy prey (fi sh) in warm years, but had lower 
body energy stores. Possible explanations are that prey quantity was more important 
than quality or that fi sh allocated more energy to storage during cold years. 

 Interannual variability in ocean conditions also impacted the abundance and diet 
composition of forage fi sh species in the NBS. Capelin density was lowest in the 
warm year, increased with cooling in 2007 and was even greater with continued 
cooling in 2009 (Fig.  11.12 ). In contrast, Pacifi c herring abundance was lowest in 
2009. Capelin and Pacifi c herring diet in the NBS was also impacted by cooling 
from 2004 to 2009. During the warm years, herring diet was dominated by large 
euphausiids and large copepods, while in cold years diet composition shifted and 
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herring were consuming mostly pelagic tunicates ( Oikopleura  spp.) and amphipods 
(Fig.  11.13 ). Capelin diets also shifted with ocean cooling. Capelin consumed pre-
dominantly euphausiids before 2007 and then switched to large and small copepods 
during the colder years of 2007 and 2009 (Fig.  11.13 ). The increase in large copepods 
in the diets of capelin was consistent with an increase in  Calanus  spp. in the BASIS 
zooplankton samples starting in 2006 (Eisner et al.  2014 ).

11.3.1.2         Snow Crab in the Chukchi Sea 

 A long-term comparison of the distribution, abundance and size of snow crab, a 
potentially important commercial species, is provided by data from the RUSALCA 
surveys of the 2000s, and data from a similar survey conducted in 1976 (Feder 
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  Fig. 11.13    Diet of Pacifi c herring ( top ) and capelin ( bottom ) in the northern Bering Sea in warm 
(2004, 2005), transition (2006) and cold (2007 and 2009) periods       
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et al.  2005 ). The community structure of epibenthic megafauna was quantifi ed from 
44 stations sampled during RUSALCA surveys in 2004, 2007 and 2008 (Bluhm 
et al.  2009 ). Crustaceans were the second most abundant and biomass-rich group, 
with samples comprised predominantly of snow crab. The records of snow crab 
caught in Herald Canyon during the RUSALCA surveys represent an extension of 
the northern range limit of the species in the PAR (Bluhm et al.  2009 ). In addition, 
comparisons of the 2004 estimates of snow crab biomass with estimates from a 
similar 1976 survey (Feder et al.  2005 ) indicate that snow crab abundance has 
increased by one to two orders of magnitude (Bluhm et al.  2009 ,  2010 ). However, 
body size of crab does not appear to have increased in the Chukchi Sea over the past 
three decades, and very few large and reproductively mature female crab (over 
40 mm carapace width) were found (Bluhm et al.  2009 ). The largest male snow crab 
caught in the Chukchi Sea in 1976 was 75 mm wide (Frost and Lowry  1983 ) and 
only a few males larger than that were caught in the early 1990s (Barber et al.  1997 ). 
Thus, it appears snow crab have responded to the sea ice reduction and warmer 
ocean temperatures of the 2000s by moving north, but not by growing larger.  

11.3.1.3     Demersal Fish and Crab in the Beaufort Sea 

 A survey of offshore marine fi shes of the western Beaufort Sea was conducted 
in 1977 (Frost and Lowry  1983 ) and not again until August 2008 (Rand and 
Logerwell  2010 ; Logerwell et al.  2011 ; Parker-Stetter et al.  2011 ). The 1977 survey 
was comprised of 33 stations sampled across the Chukchi and Beaufort seas from 
longitude 164° to 141°W (Frost and Lowry  1983 ), while the 2008 survey extended 
from longitude 155° to 152°W. Of the 34 taxa captured and identifi ed from the 2008 
Beaufort Sea survey, 17 had also been documented in the 1977 survey. The 2008 
results document or confi rm apparent extensions to the known ranges of four 
species: walleye pollock, Pacifi c cod, festive snailfi sh ( Liparis marmoratus ), and 
eyeshade sculpin ( Nautichthys pribilovius ). A Chukchi Sea survey in 1990 (Barber 
et al.  1997 ) reported Pacifi c cod at three stations located between 68 °N and 
69 °N. Festive snailfi sh are a relatively rare species, likely due to diffi culty in 
correctly identifying it. One specimen was recorded in the NE Bering Sea near 
SLI at 63°00’N, 169°20’W (Busby and Chernova  2001 ). Most recently, 19 con-
fi rmed festive snailfi sh were caught in ten tows during the 2010 AFSC bottom 
trawl survey of the Bering Sea, at latitudes as far north as 65 ° N (J. Orr, personal 
communication). Previous to these records, the species had only been documented 
in the Sea of Okhotsk. The northernmost record of the eyeshade sculpin previous 
to the 2008 survey was in the northern Chukchi Sea, west of Point Barrow (Barber 
et al.  1997 ). Given the scarcity of fi sh survey data in the Arctic, it is possible 
that these apparent range extensions are due to lack of sampling or taxanomic 
uncertainty. Further monitoring is necessary to document that the distributions of 
fi sh are changing as a result of climate change. In addition to the potential range 
extensions of pollock and Pacifi c cod, Bering fl ounder ( Hippoglossoides robustus ) 
were caught in the 2008 survey, but not the 1977 survey. Pollock and Pacifi c 
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cod are abundant in the Bering Sea and are commercially valuable. Analysis of 
pollock otoliths showed that most of the fi sh caught during the 2008 survey were 
sub-adults, age-2. 

 In 1990, an ichthyoplankton survey in the Chukchi Sea found juvenile walleye 
pollock northwest of Barrow (Wyllie-Echeverria  1995 ). During the 2004 RUSALCA 
survey of the Chukchi Sea, (Mecklenburg et al.  2007 ) captured pollock ranging 
from 102 to 168 mm total length, indicating that these fi sh were likely sub-adults. 
So, although pollock are occurring in Arctic seas, fi sh of spawning age or size have 
not yet been documented and the origins of the juvenile fi sh are not known. Of note, 
the pollock caught in the western Beaufort Sea in 2008 were smaller at age than 
pollock in the Bering Sea that year (Rand and Logerwell  2010 ). This suggests that the 
fi sh were spawned in cold Arctic waters or were transported to cold waters shortly 
after spawning. The size difference is manifested fi rst at age-2; age-1 pollock from 
the Bering and Beaufort seas were similar in size. This lends support to the latter 
hypothesis, that fi sh were spawned in north Pacifi c waters and transported into the 
Arctic sometime during their fi rst year of life.   

11.3.2     Marine Birds 

 At hemispheric scales, decadal trends in murre populations appear to respond to 
climatic shifts in SST, with evidence of synchrony in trends among colonies within 
an ocean basin, and opposite trends between the circumpolar Pacifi c and Atlantic 
populations (Irons et al.  2008 ). Longer and more extensive ice-free periods in the 
Chukchi and Beaufort seas could open avenues of migration between Atlantic and 
Pacifi c species. An example might be the dovekie ( Alle alle ), one of the most abun-
dant Atlantic seabirds. This small alcid was documented as having a few hundred, 
possibly nesting birds in the NBS (Day et al.  1988 ). However, at-sea surveys 
between 2006 and 2010 found higher numbers (Kuletz et al.  2008  and unpublished 
data), suggesting an increase in the NBS breeding populations of dovekie, or 
increased immigration from the eastern Arctic, or both. 

 At regional scales within the Pacifi c Arctic and sub-Arctic, a number of studies 
have related changes in breeding success of planktivorous or piscivorous birds to 
presumed changes in the dispersion or abundance of their prey (Table  11.5 ; Springer 
et al.  1984 ,  1986 ; Kitaysky and Golubova  2000 ; Gall et al.  2006 ; Sheffi eld-Guy 
et al.  2009 ). Such changes typically refl ect shifts in SST or in the position of fronts 
between currents, water masses, or thermal strata (Haney  1991 ; Piatt et al.  1991 ; 
Russell et al.  1999 ). For sea ducks that generally do not feed in marine habitats during 
the breeding season, linkages between the marine environment and breeding appear 
to depend mainly on reserves of fat and protein acquired during winter or migration 
(Lovvorn et al.  2003  and references therein, Table  11.5 ). Although the role of 
reserve levels in the success of breeders has been well studied in some sea duck 
species, effects of reserves on their propensity to initiate breeding is poorly under-
stood but potentially important (Coulson  1984 ).
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11.3.2.1       Nesting Auklets and the Anadyr Current 

 For least auklets ( Aethia pusilla ) and crested auklets ( A. cristatella ) nesting on 
the northern coast of SLI, chick survival varied among years depending on diet 
(Gall et al.  2006 ; Sheffi eld-Guy et al.  2009 ). Nestlings of both auklet species hatched 
earlier and had higher survival rates when they were fed the large, oceanic copepod 
 Neocalanus cristatus . Conversely, the small copepod  Calanus marshallae  was 
common in the diet of least auklets, and the mid-sized copepod  N. fl emingeri  
was prevalent in the diet of crested auklets in the year of lowest chick survival. 
More recently, a 5-year study (2000–2004) in the same colonies found that the 
pre sence of  N. cristatus  in the diet was not alone the key to higher chick survival 
for either species; rather, high survival rates depended on a large proportion 
of euphausiids ( Thysanoessa  spp.) in chick diets (Sheffi eld-Guy et al.  2009 ). 
The availability of euphausiids appeared to compensate for years with relatively 
lower abundance of  N. cristatus.  

 The large  N. cristatus , which cannot breed over the shallow Bering Sea shelf, is 
in fact transported into this region from the shelf break 500 km away by the Anadyr 
Current. Access to  N. cristatus  by these breeding auklets appears to depend on the 
strength and position of the Anadyr current north of the island, which can vary 
substantially with the strength and direction of local winds. Northwesterly winds can 
shift this current tens of kilometers to the southeast in only 2–4 days (Gawarkiewicz 
et al.  1994 ), reducing its distance from these auklet breeding colonies. In contrast, 
southeasterly winds may push this current far enough away from the colony to 
reduce its accessibility and force the birds to feed on smaller copepods nearer the 
island (but see Obst et al.  1995 ). The auklets nesting on SLI may forage ~50 km 
from their colonies, thus shifts in prey availability and quality of this magnitude will 
have greater impact on the birds abilities to raise chicks, compared to auklets nesting 
closer to important foraging areas (Sheffi eld-Guy et al.  2009 ). Because this region 
is so shallow (mostly <50 m deep), local winds can have dramatic effects on hydro-
graphic patterns (Woodgate et al.  2005 ). Long-term climatic changes in dominant 
wind direction, by controlling access to valuable foods, could thereby have important 
effects on the population dynamics of these two auklet species in this area. This 
example demonstrates that although changing ice conditions are often emphasized 
in projecting effects of climate change, altered wind patterns and resulting shifts in 
hydrography can also have critical effects on trophic relationships.   

11.3.3      Eiders During Winter and Migration 

 A number of sea duck species winter in or migrate through the PAR. Of these, 
spectacled eiders ( Somateria fi scheri ) and steller’s eiders ( Polysticta stelleri ) are listed 
as threatened under the U.S. Endangered Species Act, king eiders ( S. spectabilis ) 
and common eiders ( S. mollissima ) declined by over 50 % from 1976 to 1996, and 
long-tailed ducks ( Clangula hyemalis ) decreased by 75 % from 1977 to 1994 (Hodges 
et al.  1996 ; Suydam et al.  2000 ). Reasons for these declines are mostly unknown. 
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All these species have been studied on their breeding areas. When at sea, the timing 
of movements and occupancy of different areas by king eiders migrating along the 
Beaufort and Chukchi Sea coasts were documented by satellite telemetry (Phillips 
et al.  2007 ; Oppel et al.  2008 ). However, functional habitat relationships in marine 
waters of the PAR have been studied only for spectacled eiders. 

 Research on spectacled eiders has focused on delineating areas that are critical to 
this species during winter in open-water leads south of SLI in the northern Bering Sea. 
Of prey in this area, bivalves have greatest biomass (Grebmeier and Cooper  1995 ); the 
diet of eiders collected at one site consisted only of the most abundant bivalve species 
( Nuculana radiata ), and included no other prey that were present at lower densities 
(Lovvorn et al.  2003 ). An energetics model was used to estimate threshold prey den-
sities above which spectacled eiders could balance their energy budget (Lovvorn et al. 
 2009 ). Prey densities from a regular sampling grid in 1999–2001 identifi ed areas that 
exceeded that density, the corollary being that areas with densities below the threshold 
were non-essential to the eiders. However, analyses of past benthic surveys revealed 
that the locations of areas with high enough density of the dominant prey to support 
eiders in 1971–1974 were completely different from the locations of such areas in 
1993–1994. Moreover, areas that could still support the eiders in 1999–2001 were 
only a small fraction of the suitable area only 5–8 years earlier (Lovvorn et al.  2009 ). 
In 1971–1974, by far the dominant bivalve prey species was  Macoma calcarea  while 
 N. radiata  was quite rare, whereas by 1993–1994  N. radiata  had become superabun-
dant and  M. calcarea  had declined dramatically. By 1999–2001,  N. radiata  had also 
shown major decline, while  M. calcarea  has remained at low densities. The dispersion 
and abundance of both bivalve species show strong positive correlations with sedi-
ment organic matter content (Grebmeier et al.  2006a ,  b ). Thus, it is likely that changes 
in wind-driven hydrographic patterns that redistribute settled organic matter and 
young bivalves have an important role in these habitat shifts for eiders. 

 In addition to these changes in the abundance, dispersion, and species of prey, 
the eiders’ access to prey can also be affected by ice conditions. In years of very low 
ice cover for most of winter such as 2001, inability of the eiders to rest on ice, where 
energy costs of thermoregulation are much lower than in water, could substantially 
reduce the area of habitat with prey densities high enough to meet the eiders’ energy 
needs (Lovvorn et al.  2009 ). Conversely, in winters such as 2009 and 2010, when 
there was dense ice cover with few leads that allowed access to water, eiders can be 
excluded from the best feeding areas (Cooper et al.  2013 ). Decreased fat stores dur-
ing 2009 suggested that in years when ice cover restricts access to the better feeding 
areas, spectacled eiders may have diffi culty acquiring adequate reserves for migra-
tion and breeding (Lovvorn, unpublished data). 

 During warm years of the early 2000s, northward range shifts of important 
commercial fi shes suggested that bottom trawl fi sheries might expand north of 
St. Matthew Island into the wintering area of spectacled eiders. If the need arises to 
exclude habitat critical to eiders from possible impacts of intensive trawling, it is 
important to consider that suitable habitat for eiders may shift greatly in location 
and extent over time, and in annual accessibility depending on ice conditions. A much 
larger area must be set aside than is indicated by sampling prey dispersion over the 
span of only a few years or even a decade. 
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 In the spring, spectacled eiders migrating to nesting areas along the Beaufort Sea 
coast move along the eastern coast of the Chukchi Sea. This narrow migration cor-
ridor is only 10–30 m deep, and is accessible in the spring only through open-water 
leads between land-fast and moving pack ice. As this migration path is also used by 
a number of other species, including king and common eiders, long-tailed ducks, and 
red-throated and yellow-billed loons, it is among the most important habitats for sea 
ducks and loons in the western Arctic (Oppel et al.  2009 ). During spring migration, 
ice conditions are highly variable there, resulting in unpredictable access to benthic 
foods. Rare instances in which ice completely excluded the birds from such habitats 
along the Beaufort Sea coast led to mortality of tens of thousands of eiders (Barry 
 1968 ; Fournier and Hines  1994 ). Even without high direct mortality, failure of 
females to achieve or maintain the minimum body reserves needed for breeding 
(Lovvorn et al.  2003 ), or to complete courtship and pair bonding which may occur 
mostly during migration (Lovvorn et al.  2012 ), might have important population 
impacts over a series of years with unfavorable weather. With earlier breakup of ice 
as predicted by climate trends, access to limited areas of habitat might be restricted 
if northwesterly winds drive drifting ice to become densely packed in those areas. 
Conversely, reduced extent or duration of land-fast ice, allowing greater wind-driven 
resuspension of shallow sediments, might alter sediment quality and the structure of 
benthic communities. Long-term studies of ice conditions and prey assemblages in 
that nearshore migration corridor (cf. Feder et al.  1994 ) may be important to under-
standing future population trends of diving birds that nest along the Arctic Coast.  

11.3.4     Marine Mammals 

 The extreme sea ice retreats, common in late-summer since 2002 (Perovich  2011 ), 
served as a unifying theme for a special volume of papers focused on the effects of 
climate change on Arctic marine mammals (Huntington and Moore  2008 ). The 
impact of sea ice loss was described by species-specifi c sensitivity indices where a 
reliance on sea ice as a physical structure was one of nine factors considered (Laidre 
et al.  2008 ). Using the sensitivity indices, a conceptual model was developed that 
catalogued marine mammal species by their ecological relationship to sea ice (Moore 
and Huntington  2008 ). Here we provide empirical examples of three instances 
where marine mammals have exhibited responses to environmental variability, 
especially seasonal reduction in sea ice, in the PAR. 

11.3.4.1     Timing and Relative Abundance of Bowhead Whales Feeding 
in the Canadian Beaufort Sea 

 Aerial surveys in the Canadian Beaufort Sea during late summer 2007–2009 found 
feeding aggregations of bowhead whales in areas similar to those of the 1980s 
(Richardson et al.  1987 ; Harwood and Smith  2002 ; Harwood et al.  2010 ). However, 
the feeding aggregations occurred roughly 2 weeks earlier in the season and the 
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number of surfaced whales counted was consistently higher in the 2000s than in the 
1980s. The study area, design, and survey methods were comparable across years, 
so the earlier timing and increased relative abundance of bowheads during the 
2007–2009 surveys likely refl ects an increase population size since the 1980s 
(George et al.  2004 ), an increase in the summer use of the Canadian Beaufort Sea 
shelf by bowheads, or both. 

 An examination of June sea ice cover in the aerial survey study area found that 
open water increased by 65 % per year for the period 1979–2002 (Moore and Laidre 
 2006 ). If both primary production and upwelling of prey on the summer feeding 
range has increased coincident with the loss of sea ice, as predicted by biophysical 
models of the Canadian Beaufort shelf (Arrigo and van Dijken  2011 ; Carmack et al. 
 2006 ), this may be a contributing factor to observed changes in timing and relative 
abundance as bowhead whales respond to earlier and better feeding opportunities.  

11.3.4.2    Body Condition of Ringed Seals in the Western Canadian Arctic 

 Prime ringed seal breeding habitat, such as the large bays of eastern Amundsen Gulf 
(Fig.  11.14 ), combine the qualities of readily available food, as well as stable fast 
ice with adequate surface deformation to provide suitable sites for the construction 

  Fig. 11.14    Location of seal harvest, sampling and ice analysis areas in east Amundsen Gulf 
(Adapted from Harwood et al.  2012 )       
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of subnivean lairs, which are essential to protect pups from both predators and the 
elements (Smith  1987 ; Kelly et al.  2010 ). Since 1992, there has been a statistically 
signifi cant trend of decreasing mean annual body condition of adult and sub-adult 
ringed seals in eastern Amundsen Gulf (Fig.  11.15 ). That the changes in body condi-
tion were well matched among years and sex/age groupings, suggests that the trend 
can be linked to changes in the seal’s diet, possibly from shifts in fi sh species 
composition or availability. This temporal trend of declining seal body condition 
was also apparent in ringed seals in Hudson Bay during the same period (Chambellant 
et al.  2012 ).

    A parallel result in the Amundsen Gulf study was that body condition of seals 
was negatively correlated with the timing of fast ice clearance in spring (Fig.  11.16 ). 
The decline in condition was apparent in all sex/age groupings, and statistically 
signifi cant in sub adults (Harwood et al.  2012 ) The mechanism is thought to be 
linked, at least in part, to how the timing of spring break up infl uences the amount 
of time there is for seals to feed, when they can start feeding, and the quality and/or 
quantity of prey (Wu et al.  2007 ; Smith  1987 ). There was also variation in reproduc-
tive output (reduced ovulation rates, percent pups in the harvest) following extreme 
heavy ice years, particularly in 1974 and 2005 when break-up of the fast ice in the 
breeding area was unusually late (Smith  1987 ; Harwood et al.  2012 ). Conversely, in 
1998, break-up was 6 weeks early which led to higher body condition indices in all 
age and sex classes except for unweaned pups. In that year, break-up was so early 
that it shortened the lactation period by 3 weeks, and this resulted in pups being in 
poor condition and increased pup mortality (Smith and Harwood  2001 ).

   While the seal population in this core habitat appears to recover from natural, 
extreme-year fl uctuations (Stirling  1997 ; Smith  1987 ; Harwood et al.  2012 ), the 
possible magnifi ed effect of several consecutive extreme ice years, compounded by 
the simultaneous occurrence of the temporal decline in seal body condition, is of 
particular concern. Seals residing in non-core and less populated habitats (e.g., offshore 
of the North Slope of Alaska and the west coast of Banks Island) may be more prone 
to environmentally-induced decline in body condition and reproductive failure than 
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seals in core, prime habitats such as Amundsen Gulf. Longterm studies are required 
to reveal trends, particularly in ecologically important areas. Identifi cation of the 
types of prey taken by the seals is also needed to elucidate changes in diet and thus 
point to the links to broader environmental changes which are taking place.  

11.3.4.3     Changes in Life-History and Diet of Walruses and Seals 
in the Northern Bering and Chukchi Seas 

 An analysis of fi ve decades (1950s–2000s) of walrus harvest records in the Bering 
Strait region, showed that the age at harvest for males and females increased and the 
pregnancy rate decreased over time (Garlich-Miller et al.  2006 ). The age at fi rst 
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reproduction increased from 8 years in the 1950s and 1960s to 10 years in the 
late 1970s to early 1980s, suggesting that females were energetically stressed 
during the later period and the population overall was less productive. More recently, 
tens of thousands of walruses have shifted from resting on sea ice to resting on land 
along the northwest coast of Alaska and the northeastern coast of the Chukotka 
Peninsula coincident with the extreme seasonal retreats of sea ice since 2007 
(Jay et al.  2011 ). In addition to increases in mortality (especially of calves) due to 
trampling, it is anticipated that increased use of land haul outs may result in 
increased energy expenditure during feeding bouts and reduced access to preferred 
feeding grounds. In modeling projected status of the Pacifi c walrus, the availability 
of sea ice habitat in summer and fall, along with harvest levels had the greatest infl u-
ence on future population outcomes (Jay et al.  2011 ). Specifi cally, projections indi-
cated that an increase in mortality of walrus calves at land haul outs had a greater 
effect on the population than an equivalent increase in harvest-related mortality 
distributed among all age classes (Udevitz et al.  2013 ). 

 An analysis of four decades (1960s–2000s) of body condition, growth and ovulation 
rate data from seals harvested for subsistence in Alaskan Bering and Chukchi sea 
communities indicated that for spotted and ribbon seals, the environmental conditions 
in the 1960s and 2000s produced similar levels of body condition and similar rates 
of growth and ovulation. However, environmental conditions in the 1970s were better 
for ribbon seals, which had higher indices of body condition, growth, and reproduction 
than in the 1960s and 2000s. Conversely, the conditions in the 1970s were worse for 
spotted seals according to the same indices (Quakenbush et al.  2009 ; Quakenbush 
and Citta  2008 ). For ice-obligate species, bearded and ringed seals, environmental 
conditions in the 2000s produced average or better body condition and rates of 
growth and ovulation compared to the past (Quakenbush et al.  2011a ,  b ). Therefore, 
for all seal species, recent environmental conditions, although extreme regarding 
summer sea ice extent, have not affected indices of life history parameters beyond 
what has been measured in the past. Overall, the results for walruses and seals 
demonstrate that a change in the environment is not always negative and that the 
same change can affect species differently. 

 In addition to life history parameters such as body condition and productivity, 
investigations of seal stomach contents show how diet has changed in the Bering and 
Chukchi seas over four decades. For example, spotted and bearded seals ate more 
invertebrate prey and less fi sh in the 1960s and 1970s than they did in the late 1990s 
and 2000s (Fig.  11.17 ; Quakenbush et al.  2009 ,  2011b ). Examination of the fi sh spe-
cies eaten by spotted seals showed that there was an increase in all species (herring, 
rainbow smelt, Arctic cod, saffron cod) or group of species (all cod, fl atfi sh) eaten, 
except sclupin. For bearded seals, the breakdown was similar except that sculpin 
increased along with the other fi sh. This combination of results suggests that sculpin 
were also likely increasing, but were not a preferred prey for spotted seals, at least 
when other fi sh species were available. Knowing how prey species are shifting in 
marine mammal diets can help us identify changes in the ecosystem. The increase in 
fi sh and concomitant decrease in invertebrates may be evidence that the productivity 
of the benthos is decreasing, as reported for some areas by Grebmeier ( 2012 ) and 
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predicted by models. The situation is likely more complicated, however, because 
several of the fi sh species that increased in the diet were benthic fi sh (e.g., fl atfi sh and 
sculpin). In addition, the change in diet was not associated with a negative change in 
body condition or productivity indicating fl exibility in diet for these seals.

11.4          UTL Species as Ecosystem Sentinels 

 Climate warming is altering marine ecosystems (Hoegh-Guldberg and Bruno  2010 ), 
with some of the clearest examples described in polar regions (Schofi eld et al. 
 2010 ; Wassmann  2011 ). Whether infl uenced by physical (bottom-up) or biological 
(top- down) forces, it appears that ecosystems reorganize in steps, not clines (Hare 
and Mantua  2000 , and references therein). Such steps often follow abrupt changes 
physical forcing. For example, Scott and Marshall ( 2010 ) describe a 12-day abrupt 
change in the timing of sea ice breakup that occurred between 1988 and 1989 in 
western Hudson Bay, with no signifi cant trend before or after the step. An increase 
in regional southwesterly winds in early June and a corresponding increase in surface 
temperature appeared to be contributing factors to this abrupt change in break- up 
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timing, which has proven detrimental to polar bears that require a longer period to 
hunt seals from sea ice. A similar step-loss in seasonal sea ice cover in the PAR 
occurred in 2007, linked to a preconditioning phase of ice    thinning (2000–2006) 
and to ‘anomalous’ wind conditions that year (Overland  2009 ; Overland et al.  2014 , 
this issue). A step-change in top-down forcing can also reorganize ecosystems. For 
example, after the collapse of commercial fi sheries off southwest Africa in the late 
1960s, the trophic structure shifted, jellyfi sh biomass increased and one of its preda-
tors, the bearded goby ( Suffl ogobius bibarbatus ), became the predominant prey for 
UTL species (Pennisi  2010 ). Of note, the reorganization of this ecosystem was 
detected by analyzing goby diet using stable isotope ratios of body tissues. 

 In a review of Arctic ecological dynamics associated with recent climate change, 
Post et al. ( 2009 ) list seven urgent research priorities. Three of the seven include 
studies of: (i) trophic interactions, (ii) scale dependence of climate responses and 
(iii) the importance of extreme events (i.e. tipping points) to species composition 
and ecosystem restructuring. The extreme loss of sea ice in late-summer 2007 and 
2012 is an example of a physical ‘tipping point’ for the PAR; a threshold beyond 
which sea ice is not expected to return to its former late-summer state (Perovich 
 2011 ). This event provides an opportunity to develop a threshold-based research 
approach to study the effects that a dramatic shift in a defi ning physical element has 
on trophic interactions across the ecological scale of UTL species (see Fig.  11.1 ). 
Given that sea ice is forecast to continue to decline to an ice-free summer by about 
2040 (Wang and Overland  2009 ), a research focus on the responses of UTL species 
could be more informative than studies of sea ice alone (see Hare and Mantua  2000 ). 

11.4.1     UTL-Focused Research Framework 

 The example case studies demonstrate that marine fi shes, birds and mammals 
respond in measurable ways to variability in sea ice, water temperature and salinity, 
sediment type and available prey. The challenge now is to propose how UTL species 
can best serve as sentinels for broad-scale ecosystem shifts and reorganization. As a 
starting point, we suggest that UTL species could be used to investigate shifts within 
three ecosystem processes in the PAR: (i) trophic interactions, focused on the relative 
importance of arctic cod, forage fi shes and zooplankton in UTL diets, (ii) foraging 
dynamics, focused on prey delivery and aggregation via pelagic-benthic coupling, 
upwelling, advection and the formation of fronts and eddies, and (iii) species compo-
sition, focused on shifts in UTL species phenology and range expansion (Fig.  11.18  
and Table  11.5 ). Note that trophic interactions focus on intrinsic responses, while 
investigations of ecological scale of prey delivery and species composition focus on 
extrinsic responses to climate change (see Fig.  11.11 ). Further, tracking responses 
using a suite of UTL species as ecosystem ‘samplers’ would provide data over a 
broad range of temporal and spatial scales (see Fig.  11.1 ). By combining informa-
tion across taxa we may be able to recognize and perhaps even predict steps, or 
thresholds, that could result in cascading changes in ecosystem structure.
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11.4.1.1      Trophic Interactions 

 Arctic cod are a vital trophic link between plankton and UTL species in the PAR 
marine ecosystem (e.g. Bradstreet et al.  1986 ; Frost and Lowry  1984 ; Ainley and 
DeMaster  1990 ), yet little is known about the distribution, abundance and responses 
to ecosystem variability of this key species. Observations of and models based on 
UTL stomach analyses suggest that cod are a conduit for up to 93 % of the energy 
fl ow between zooplankton and seabirds/marine mammals (Frost and Lowry  1984 ; 
Welch et al.  1992 ). While the functional response of Arctic cod populations to the 
seasonal loss of sea ice is unknown, a shift away from cod as a key trophic link can 
be tracked via seabird and marine mammal diets, especially in black guillemots and 
ringed seals. Reliance of these two UTL species on Arctic cod has been studied in 
the PAR over the past three to four decades (e.g., Divoky  in  Moline et al.  2008 ; Frost 
and Lowry  1981 ,  1984 ; Harwood et al.  2012 ) providing a long-term baseline against 
which to assess shifts in diet, body condition and reproduction rates. Recent hydro- 
acoustic surveys have identifi ed dense shoals of Arctic cod, which likely play an 
important role in structuring the Beaufort Sea ecosystem (e.g., Benoit et al.  2008 ; 
Parker-Stetter et al.  2011 ; Crawford et al.  2011 ). Using UTL species to investigate 
how the reduction of sea ice affects the stability of arctic cod availability seems the best 
option to discover if, when, and how this fundamental trophic relationship is altered. 

 Shifts in the availability of other forage fi sh and zooplankton species could also 
be evaluated by tracking the diet and body condition of various UTL species 
(Table  11.5 ). For example, the biology of ringed, bearded and spotted seals has 
recently been reviewed (Quakenbush et al.  2009 ,  2011a ,  b ), providing information 
on their distribution, diet and body condition dating back to the 1960s. Similarly, 
bowhead whale diet and body condition have been studied, via collaboration with 
Alaskan Native hunters, since the late 1970s (Lowry et al.  2004 ; Moore et al.  2010 ). 
These studies demonstrate that bowhead stomach contents vary, principally between 

  Fig. 11.18    Three ecosystem processes that could be investigated in the PAR by research focused 
on the trophic interactions, foraging dynamics and/or species composition of UTL species. 
Sampling across a broad range of spatial and temporal scales (see Fig.  11.1 ) would be achieved by 
including research on a spectrum of UTL species in multidisciplinary oceanographic programs       
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endemic-copepods and advected-euphausiids, between seasons and across years. 
These longitudinal observations provide a foundation against which current diet and 
body condition can be compared and evaluated in light of physical changes to the 
PAR ecosystem over the past 40–60 years. A concerted effort to standardize and 
combine observations of diet and body condition from seabirds, to seals to whales 
would provide insights to ecosystem variability and responses to physical forcing 
unavailable through other means.  

11.4.1.2    Foraging Dynamics 

 The northern Bering and Chukchi seas are considered benthic-dominated systems 
because productivity related to the presence of sea ice is generated faster than it can 
be consumed in the water column and it falls to the sea fl oor resulting in regions of 
very high benthic productivity (Hunt et al.  2013 ; Grebmeier  2012 ; Nelson et al. 
 2014 , this volume). Conversely, the southern Bering Sea is considered a pelagic-
dominated system because the earlier seasonal retreat of sea ice is followed by a 
phytoplankton bloom that is harvested by zooplankton and fi shes consuming much 
of the productivity the water column before it reaches the sea fl oor (e.g., Hunt et al. 
 2002 ). Therefore, benthic-feeding UTL species should thrive where there is persis-
tent sea ice, but pelagic-feeding UTL species may be favored with the loss of sea 
ice. While this simplifi ed conceptual model does not include the importance 
of prey advection (Springer et al.  1989 ), nor the dynamics of upwelling that bring 
deep-dwelling prey onto the continental shelves (Carmack et al.  2006 ), it does offer 
a conceptual model where in benthic-foraging UTL species can act as sentinels to 
ecosystem restructuring as sea ice declines. 

 The long-term study of spectacled eiders has revealed how dynamic the benthic 
prey assemblages associated with NBS polynyas are (Lovvorn et al.  2003 ,  2009 ), 
and continued research in this area would provide detail of future changes at a 
regional scale. Over broader spatial scales, integration of long-term research on 
benthic-feeding bearded seal, walrus and gray whales would provide a window into 
how the benthic prey assemblages on which these species depend are altered with 
changing physical conditions (e.g. Quakenbush et al.  2011b ; Jay et al.  2011 ; Moore 
 2008 ). With regard to the pelagic vs. benthic scenario, ringed and spotted seals 
should fare better than bearded seals in a reduced-ice environment because their diet 
consists of more pelagic fi shes. However, if the bearded seal diet is fl exible, we may 
see an increase in pelagic fi sh species in the diet of all seals. By looking for “steps,” 
like reduced benthic feeding, via continued monitoring of walrus and seal diet and 
body condition, we may be able to determine when a ‘tip’ between benthic and 
pelagic trophic pathways occurs. Interpretation of these data would be greatly 
enhanced if information on UTL species movements relative to sea ice conditions 
and measures of productivity are also available. 

 The simplifi ed pelagic-benthic coupling model omits the fundamental processes of 
production, advection, upwelling and concentration of prey that are essential to the 
foraging success of UTL species (e.g., Benoit-Bird et al.  2013 ). Indeed, pelagic 

11 Marine Fishes, Birds and Mammals as Sentinels of Ecosystem Variability…



380

foraging seabirds are infl uenced by changes in transport of zooplankton from the 
Bering into the Chukchi Sea (e.g. Springer et al.  1984 ). Specifi cally, Gall et al. ( 2013 ) 
found that seabird species composition and total abundance changed over 3 years 
(2008–2010), depending on the degree of Bering Sea water intrusion onto the north-
eastern Chukchi shelf. In particular, planktivorous auklets were associated with regions 
of strong stratifi cation and high salinity that occurred where Bering Sea water was in 
the upper layer. While copepods and other arctic-endemic zooplankton are an essential 
component in the diet of many UTL species (Nelson et al.  2014 , this volume) it is 
noteworthy that euphausiids are common in the diet of fi shes (see Fig.  11.13 ), seabirds 
and marine mammals, demonstrating that a Pacifi c-derived prey plays a prominent role 
in UTL foraging in the PAR. Investigation of step-changes to in foraging dynamics 
could be achieved by tracking feeding aggregations of bowhead whales in the Beaufort 
Sea coupled with continued sampling of stomach contents and body condition (see 
Lowry et al.  2004 ). Recent work pairing such sampling with multidisciplinary oceano-
graphic studies near Barrow resulted in the development of a ‘krill-trap’ conceptual 
model, a fi rst step in elucidating the effects of winds and tides on the availability and 
concentration of bowhead whale prey (Ashjian et al.  2010 ; Okkonen et al.  2011 ). Of 
note, the dominance of euphausiids in bowhead whale stomachs was fi rst discovered in 
the 1980s (Lowry et al.  2004 ), through research partnerships between scientists and 
local hunters; without this partnership, it would likely be assumed that bowheads were 
feeding solely on copepods, as broadly reported in the literature.  

11.4.1.3    Species Composition 

 There are numerous examples in the literature of temperate species moving to more 
northern or alpine habitats as the climate warms, as well as examples of changes in 
migration timing and breeding seasons (e.g., Root et al.  2003 ; Tewksbury et al. 
 2011 ). Changes in UTL species composition due to range expansions and shifts in 
phenology are anticipated in response to warming in the PAR, which in turn will 
alter the trophic dynamics of the system. Indeed, shifts in phenology and range for 
several Arctic species appear to be well underway (e.g. Post et al.  2009 ). Salmon, 
snow crab and several species of whales may be good candidates for tracking 
shifts in species composition in the PAR, due to commercial importance and 
protected- species status, respectively. Densities of pink and chum salmon near 
Bering Strait (see Fig.  11.2 ), and their comparatively large size in the Chukchi Sea, 
will be research foci as the BASIS study continues to track the status of these species. 
Research partnerships with coastal residents could augment information on salmon 
species composition, size and diet, as well as track the occurrence of more temperate 
fi sh species such as capelin (e.g. Thedinga et al.  2013 ), a common prey of hump-
back whales. Similarly, snow crab of commercial size have already been reported in 
the western Beaufort Sea (Logerwell et al.  2011 ), with continued monitoring of this 
commercially important species is anticipated. 

 With regard to cetaceans, gray whales have demonstrated responses to environ-
mental changes in the North Pacifi c (Moore  2008 ), including detection of their calls 
in the Beaufort Sea over winter (Stafford et al.  2007 ). Humpback whales are seen 
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routinely in the southwestern Chukchi waters (Fig.  11.10 ; Clarke et al.  2013 ), with 
at least one recent report of a feeding whale as far north as Barrow, while fi n whale 
calls are commonly recorded in the northeastern Chukchi Sea from July-October 
(Delarue et al.  2013 ). Although these reports may indicate a northward shift of 
 seasonally migrant cetaceans, they should be interpreted within the context of 
decades-earlier summaries of fi n, humpback and gray whale distribution in the 
southern Chukchi Sea, especially the productive zone just northwest of Bering 
Strait (Maher  1960 ; Nasu  1974 ; Votrogov and Ivashin  1980 ). Populations of these 
seasonally migrant cetacean species are rebounding from commercial harvests that 
continued through the mid- twentieth century, so recent sightings may refl ect both a 
response to climate warming and a re-occupation of their historic summer range by 
expanding populations. While an increase in the occurrence of killer whales has 
not been consistently reported in the PAR, they have been reported seen more 
often in the Hudson Bay region of the Canadian Arctic concomitant with sea ice loss 
related to climate warming (Ferguson et al.  2010 ). Their role as top-predators of both 
fi shes and marine mammals (e.g. Springer et al.  2008  and references therein) suggest 
they could dramatically alter the PAR marine ecosystem should they expand their 
range or remain in northern waters longer in response to the recent loss of sea ice.    

11.5     Summary 

 Marine fi shes, birds and mammals are formidable oceanographers (Fedak  2004 ; 
Smith  2001 ) and sample the PAR ecosystem at spatial and temporal scales unavailable 
through standard means. To survive, each species must adapt to environmental vari-
ability and in doing so can identify ecosystem alterations. In this chapter, we have 
provided an overview of ecology for UTL species, followed by examples where par-
ticular species in each guild have shown measurable responses to ecosystem variabil-
ity. At broad spatial and temporal scales, fi shes and snow crab appear to be moving 
north in response to climate warming; but, there are insuffi cient data on the quintes-
sential species, arctic cod, to evaluate its reaction to systemic change. At more regional 
scales, marine birds and mammals have changed aspects of their phenology, body 
condition, productivity and diet, as they respond to sea ice variability and prey avail-
ability. Because these species must fi nd dense assemblages of prey to forage effec-
tively, they are particularly adept at identifying regions of high secondary productivity 
and will continue to do so if and when those regions change with climate warming. 

11.5.1     Tracking Biological Responses in an Era 
of Rapid Change and Extreme Events 

 The intensity and frequency of extreme events has emerged as a common facet of 
climate change (Jentsch et al.  2007 ) and it seems likely that the next 10–50 years 
will be marked by tremendous variability in physical conditions in the PAR. The 
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ranges between sea ice seasonal maxima and minima extents are now record- setting, 
with extensive late-summer retreats in the Chukchi and Beaufort seas (2007, 2011 
and 2012) followed by broad advances in spring (2008, 2012) in the Bering Sea 
(  http://nsidc.org    ). Sea ice is also thinning at a rapid rate, with ice volume in 2012 
roughly half that of 2007. In addition, with increased heat stored in the ocean, storm 
events north of Bering Strait are now common, bringing novel forcing conditions to 
seasonally open-water areas and unprecedented erosion to coastal areas. The PAR 
appears to be responding to all these physical changes with increased primary 
production (Arrigo and van Dijken  2011 ; Arrigo et al.  2012 ) and possibly new path-
ways of zooplankton prey delivery to UTL species via advection and upwelling 
dynamics (Carmack et al.  2006 ). 

 It is in this context that we urge the development of a UTL-focused research 
approach, using marine fi shes, birds and mammals as sentinels or guides to reorga-
nization in ecosystem structure. Just as Grebmeier et al. ( 2010 ) proposed focused- 
sampling at highly productive regions along a latitudinal gradient of the PAR as 
a means of tracking biological responses to physical forcing, here we suggest 
focused- sampling on species that refl ect ecosystem shifts by measurable changes in 
their migration and movement patterns, distribution and relative abundance, diet, 
reproductive output and body condition. Linking the results of each of these focused- 
sampling approaches would strengthen both. As in the launch of the Distributed 
Biological Observatory (  http://www.arctic.noaa.gov/dbo    ), using extant long-term 
data sets to identify study sites and species would accelerate a program of research 
based on marine fi shes, birds and mammals as monitors of step-changes in the 
PAR ecosystem.  

11.5.2     Integration of Science and Local Knowledge 

 Several of the marine mammal studies cited in this chapter are based upon partner-
ships among researchers trained in the ‘western science’ and indigenous people, 
holders of local or ‘traditional’ knowledge (e.g. Ashjian et al.  2010 ; Moore et al. 
 2010 ; Quakenbush et al.  2010 ; Citta et al.  2012 ; Harwood et al.  2012 ). Partnerships 
between local residents and scientists in arctic research are becoming more common 
place (Weatherhead et al.  2010  and references therein). One example, the Sea Ice for 
Walrus Outlook (SIWO), combines weather forecasting and satellite observations 
of sea ice with local observations by walrus hunters from April through June in the 
Bering Strait region (  http://www.arcus.org/search/siwo    ). This combination of indi-
genous observations with scientifi c approaches has resulted in a more comprehensive 
understanding of springtime biophysics in this dynamic region. To be successful, it 
is essential for the science and indigenous partners to respect and trust each other’s 
skills, knowledge and abilities, that regular communication is fostered at all steps, 
and that provisions are in place to monitor progress (Bell and Harwood  2012 ). 
The credible blending of indigenous and scientifi c views and skills improves the 
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likelihood of ultimately understanding the resource, its habitats and its inherent 
ecological relationships. 

 Indigenous residents of the PAR rely on marine fi shes, birds and mammals both 
for sustenance and cultural identity. Scientists and policy makers study UTL species’ 
ecology, in some cases to act upon regulatory statutes for their conservation as people 
that live outside the Arctic relate to UTL species, especially birds and mammals, for 
their ‘charismatic’ nature. This strong link between UTL species and humans makes 
them a natural nexus, or connection, between people (Arctic residents, scientists, 
policy makers and the public) and ecosystem science. Observing, understanding 
and predicting future states in Arctic ecosystems will require the combined focus 
and will of all these human resources.   
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    Abstract     At this early stage of modeling marine ecosystems and biogeochemical 
cycles in the Pacifi c Arctic Region (PAR), numerous challenges lie ahead. 
Observational data used for model development and validation remain sparse, espe-
cially across seasons and under a variety of environmental conditions. Field data are 
becoming more available, but at the same time PAR is rapidly changing. Biogeochemical 
models can provide the means to capture some of these changes. This study introduces 
and synthesizes ecosystem modeling in PAR by discussing differences in complexity 
and application of one-dimensional, regional, and global earth system models. Topics 
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include the general structure of ecosystem models and specifi cs of the combined 
benthic, pelagic, and ice PAR ecosystems, the importance of model validation, model 
responses to climate infl uences (e.g. diminishing sea ice, ocean acidifi cation), and the 
impacts of circulation and stratifi cation changes on PAR ecosystems and biogeochem-
ical cycling. Examples of modeling studies that help place the region within the con-
text of the Pan-Arctic System are also discussed. We synthesize past and ongoing PAR 
biogeochemical modeling efforts and briefl y touch on decision makers’ use of ecosys-
tem models and on necessary future developments.  

  Keywords     Biogeochemical models   •   Ecosystem modeling   •   Arctic   •   Sea ice 
biogeochemistry   •   Carbon cycling modeling  

12.1       Introduction 

 Rapid climate change occurring in the Pacifi c Arctic Region (PAR) and questions 
about the impact on marine ecosystems and biogeochemical cycles have led to the 
development of models to interpret observations and predict future changes and 
responses. Large uncertainties exist regarding the ways in which the biology of the 
Arctic, including PAR, is responding to climate change. Biogeochemical models can 
help elucidate these changes, synthesize observations, and guide resource- limited 
fi eld campaigns. Models are particularly useful in PAR due to limited access, incom-
plete satellite coverage, and poor spatial resolution of fi eld data. To comprehend the 
impact of climate change on the ecosystem and on biogeochemical cycling, modeling 
based upon measures of key processes and a range of in situ validation data is required. 

 The PAR ecosystem is a dynamic system. Biogeochemical models attempt to 
 capture the dynamics and cycling of the biochemical (i.e., living) and geochemical 
(i.e., non-living) parts of an ecosystem. These dynamic models are formulated as a 
combination of a set of differential equations, some algebraic equations, and a 
parameter list (Box  12.1 ). To qualify for the term “ecosystem model”, a model must 
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    Box 12.1: Ecosystem Model Basics 

    The simplest marine ecosystem models usually represent a planktonic food 
web with one or more nutrient (N), phytoplankton (P), zooplankton (Z) and 
often detritus (D) compartments (i.e., state variables). More complex models 
may contain more components (e.g., bacteria, zooplankton life stages, DOM), 
additional biomes (e.g. sea ice, benthos), and gases, or they may extend to fi sh 
and higher trophic levels (HTLs) in order to more readily address human 
dimensions (e.g., fi sheries, lifestyle, and habitat changes). Models that include 
socioeconomic interactions and responses are beginning to be introduced but 
are as yet unavailable for PAR and thus lie beyond the scope of this chapter. 

 Figure  12.1  shows a schematic of compartments and processes represented 
in ecosystem models with multiple layers of complexity. The basic NPZD model 

  Fig. 12.1    Simplifi ed schematic of ecosystem model components with multiple layers of 
complexity. The simplest NPZD (Nutrient, Phytoplankton, Zooplankton, Detritus) model 
as used in some ESMs; e.g., The Canadian Earth System CanESM1.5 (discussed in 
Sect.  12.10 ) is indicated by red frames and arrows which show processes linking compart-
ments. Increased complexity is displayed by multiple nutrients (NO 3 , NH 4 , Fe, Si, PO 4 ), 
phytoplankton (P 1 , P 2 , P 3 , P 4 ) and zooplankton (Z 1 , Z 2 , Z 3 , Z 4 ) functional types, and detritus 
(D 1 , D 2 ), as well as additional components for ice algae and benthic communities, fi sh and 
higher trophic levels (HTLs), dissolved and particulate organic matter (DOM, POM), and 
bacteria. Links within levels of higher complexity are only drawn indicatively and do not 
represent the full extent necessary to model a real ecosystem       

(continued)
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include explicit phytoplankton and heterotrophic organisms; the simplest such model 
is a nutrient-phytoplankton-zooplankton (NPZ) model. Biogeochemical models have 
been used for several decades in an attempt to explain, analyze, and predict what we 
can only sparsely measure. With their ability to extend over spatial and temporal 
scales far beyond what we can observe, models are useful tools in scientifi c research. 

 In this chapter, we present a synthesis of biogeochemical model development 
within PAR ranging from one-dimensional (1-D) and high-resolution regional, to 
global earth system modeling. The choice of an appropriate model is determined by 
the questions being asked and the data available. Validation is a large part of model 
development and evaluation, and is discussed in more detail in Box  12.2 . With this 
biogeochemical model synthesis, we address the ability of dynamic modeling tools 
to help understand the impacts of climate change and to explore physical-chemical- 
biological interactions within PAR. We will discuss several examples of PAR mod-
eling studies and will point to knowledge gaps and future research needs.   

is indicated by red frames and arrows that show processes linking compartments. 
Increased complexity is indicated by multiple boxes for N, P, Z, and D, as well as 
multiple arrows representing interactions and dependencies. (In text, subscripts 
are usually used to denote the number of compartments; e.g., N 3 P 2 ZD 3  denotes 
three N, two P, one Z, and three D compartments).

  Numerically, temporal changes in model compartments are expressed by 
conservation equations fi xed in space. There are several basic transfer func-
tions (or processes) to consider: phytoplankton response to light, phyto-
plankton uptake of nutrients, zooplankton grazing, and loss terms due to 
death, excretion, predation, and sinking. Several functional forms for each 
process have been used, ranging from simple linear responses to nonlinear 
forms. A thorough description of modeling microbial foodwebs would 
extend over many pages and go beyond the scope of this chapter. Instead, we 
refer the reader to literature reviews that discuss different aspects and numer-
ics of biogeochemical modeling, model components, and equations, as well 
as parameterizations for ecosystem processes and biogeochemical interactions 
(e.g. Tett  1987 ; Davidson  1996 ; Gentleman  2002 ; Vichi et al.  2007 ; Hood 
and Christian  2008 ). 

 Model differential equations require the defi nition of an initial state, which 
is based on available observational data. The basic model unit used is typi-
cally mmol N m −3  since nitrogen is limiting to PP in the oceans, and in the 
Arctic specifi cally (Tremblay and Gagnon  2009 ). 

Box 12.1: (continued)
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     Box 12.2: Validation of Biogeochemical Models 

 In view of the growing human effect on the ocean and the increased interest 
in understanding ocean biogeochemistry (e.g., Doney  2010 ), the purpose of 
coupled biological/physical models goes beyond information synthesis and 
numerical experimentation. Marine system models are increasingly used to 
enable cost analyses, to predict outcomes of management choices, and even-
tually to support high-stakes decision making (e.g., Stow et al.  2009 ). 
Naturally, a model’s sensitivity and skill must be tested and measured to 
enable us to understand model capabilities and to be confi dent in ecosystem 
projections. With the increasing complexity of physical and biogeochemical 
models, this is no easy task. 

 Model intercomparisons show that model skill is not necessarily associ-
ated with model complexity or model type, nor is it possible to identify one 
single model that is most skilled according to all criteria (Friedrichs et al. 
 2009 ). Different statistical quantities (i.e., skill metrics) may capture different 
aspects of model performance, and a thorough assessment of model skill may 
require use of multiple types of skill metrics simultaneously (Stow et al. 
 2009 ). The equations within a model represent hypotheses about how the sys-
tem works; they might not be correct. Similarly, observations provide an 
approximation of the truth, limited by measurement uncertainties as well us 
under-sampling in space and time. Stow et al. ( 2009 ) state that a model starts 
to exhibit skill when the observational and predictive uncertainty halos over-
lap; the ideal case is a complete overlap. 

 More specifi cally for ecosystem applications, Fennel ( 2009 ) writes that the 
skill of physical-biogeochemical ocean models, which include truncated food 
webs, depends on how effectively unresolved processes are parameterized in 
terms of resolved processes. An important aspect is the mixture of time scales 
at different trophic levels of the food web. Since truncated models are still the 
only available choice for many biogeochemical model studies, we require a 
thorough understanding of potential error sources. 

 Stow et al. ( 2009 ) highlight several graphical techniques that are useful for 
assessing model skill, including simple time series plots of observations and 
model predictions, bivariate plots, and misfi t representations as well as quan-
titative metrics like correlation coeffi cients, root mean squared error, bias, 
model effi ciency, etc. Diagrams summarizing multiple aspects of model per-
formance in a single fi gure have begun to appear, especially in the coupled 
model literature, as a convenient way to quantify and communicate model 
performance. Most common is likely the Taylor diagram, which provides 
summary information about how the linear correlation coeffi cient and the 

(continued)
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Box 12.2: (continued)

variance comparisons each contribute to the unbiased root mean square difference 
(RMSD) (Taylor  2001 ). Jolliff et al. ( 2009 ) point out that in certain cases the 
Taylor diagram provides an incomplete picture, because it often yields no 
information about other aspects of model performance such as the bias (the 
comparison of mean values) or the total RMSD (a metric for overall model 
and data agreement). Hence they introduce the target diagram, a Cartesian 
coordinate plot providing summary information about how the magnitude and 
sign of the bias and the pattern agreement (unbiased RMSD) each contribute 
to the total RMSD magnitude. While the purpose of both the Taylor and target 
diagrams is to compactly summarize statistical quantities to aid in model skill 
assessment, Jolliff et al. ( 2009 ) suggest that target diagrams may be better 
suited for ocean ecosystem modeling because they better summarize the over-
all agreement between model and data. 

 Since many ecosystem models are highly complex, the outputs from such 
models are highly multivariate. Allen and Somerfi eld ( 2009 ) explore multi-
variate approaches for skill assessment (e.g., principal component analysis or 
vector correlations). These allow the simultaneous examination of the ways in 
which numerous variables vary in relation to each other, both spatially and 
temporally. Doney et al. ( 2009 ) point out that the multivariate analyses of 
model dynamics may be particularly useful when the model data skill assess-
ments are applied to fully-coupled climate or earth system models (e.g., 
Doney et al.  2006 ; Schneider et al.  2008 ; Orr et al.  2005 ). In global models, it 
is especially challenging to replicate observations from local time-series 
because there are many subgridscale processes and representation issues that 
tend to confound the comparison. Persistent physical biases in coupled mod-
els propagate into the ecological/biogeochemical mean state and seasonal 
cycle. Because the coupled ocean–atmosphere models generate their own 
internal climate variability, assessment of simulated interannual-to-decadal 
variability can only be done statistically, not directly (Doney et al.  2009 ). It 
has been stated repeatedly that the success of the biological and chemical 
simulations are highly dependent on the hydrodynamic fi elds and hence 
require a high-quality underlying physical circulation model (e.g., Matear and 
Holloway  1995 ; Doney et al.  2009 ; Smith et al.  2009 ). It is, therefore, essen-
tial to include physical model biases and errors in ecological and biogeo-
chemical model data assessment. 

 Cross-validation and Monte Carlo simulation have been suggested as other 
options to test model skill and uncertainty or, more specifi cally, interpolative and 
extrapolative skill of marine ecosystem models (e.g., Hemmings et al.  2004 ; 
Friedrichs et al.  2007 ; Smith et al.  2009 ; Wallhead et al.  2009 ). These methods 

(continued)
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12.2     PAR Characteristics Particularly Relevant 
for Biogeochemical Modeling 

 Seasonal ice cover, wide shallow shelves, extreme environmental conditions, and 
extensive advection create unique biophysical relationships in the spatially and tem-
porally dynamic PAR system. Sea ice extent can vary by hundreds of kilometers 
from year to year; differences of up to about 25 % have been observed based on 

Box 12.2: (continued)

allow predictive objectives to be specifi ed, including how much interpolation 
and extrapolation is required of the models. Skill assessment is then focused 
on estimating the skill function using skill metrics. Monte Carlo type 
approaches have also been used to assess ecosystem model sensitivity. Such 
approaches usually involve defi ning a domain of possible model input param-
eters, randomly selecting parameter inputs given the specifi ed domain, per-
forming deterministic computations using these inputs (running the model), 
and fi nally aggregating and analyzing the results to assess model  variance and 
determine a statistical relationship between the model input parameters and 
output (e.g., Megry and Hinckley  2001 ; Gibson and Spitz  2011 ). Gibson and 
Spitz ( 2011 ) suggest that sensitivity analysis should be considered a prerequi-
site for any new marine ecosystem model. In addition to providing a measure 
of uncertainty to ecosystem projections, it provides helpful information dur-
ing model tuning as well as insight into expected behavior of the ecosystem 
model under alternative physical conditions or in different regions. Sensitivity 
analysis can also indicate where further fi eld and laboratory studies should be 
focused. This is especially true in regions where data access is limited and 
hence skill assessment via model data intercomparison is biased due to sea-
sonally- or regionally-focused measurements. 

 In all skill assessment approaches, a major requirement is data accuracy and 
availability. It is essential that observations represent the true state of the system 
with acceptable accuracy and precision, and provide a reasonable representa-
tion of model time and space scales. Unfortunately, suitable coherent datasets 
are still very limited, especially in polar regions, which are within limited satel-
lite range and frequently inaccessible for a large part of the year. We hope that 
the current expansion of ocean and coastal observing systems, along with 
improvements in satellite data product quality and advanced data management, 
will help to address this issue. For the PAR region, the BEST/BSIRP and the 
DBO (Grebmeier et al.  2010 ) are good examples of such improvements. 
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Scanning Multichannel Microwave Radiometer and Special Sensor Microwave/
Imager (SSM/I) data in March and September, respectively (Frey et al.  2014 , this 
volume). As the ice melts in spring, increased light and salinity-induced stabiliza-
tion of the water column initiate the phytoplankton bloom (Sakshaug  2004 ) that 
follows the retreat of the marginal ice zone. These waters may be too cold for 
zooplankton to be abundant, resulting in low levels of grazing, and much of the 
phytoplankton biomass is left to sink to the benthos undigested (Bluhm and 
Gradinger  2008 ). Phytoplankton biomass from an open water and later-occurring 
bloom is more often recycled by grazers because the water column is warmer then, 
thus, the food source for the benthos is reduced. Recent reductions in sea ice have 
resulted in a shift of the subarctic pelagic-dominated ecosystem typical of the south-
eastern Bering Sea northward into the northern Bering Sea (Grebmeier et al.  2006 , 
 2010 ). Are existing ecosystem models capable of simulating these temporal and 
spatial shifts that determine benthic or pelagic dominance? Capturing the timing of 
ice-associated and open water blooms in a model is critical for simulating the result-
ing food web structure. 

 More than half of PAR is composed of very shallow shelf seas. On these arctic 
shelves, sea ice, benthic, and pelagic systems are intimately linked. More than 
60 % of Chukchi Sea primary production (PP) is available for local export to the 
benthos or offshore transport to the adjacent basin (Campbell et al.  2009 ). Nutrients 
regenerated from the benthos can fuel pelagic production when distributed upward 
through re-suspension processes and mixing events. A holistic modeling study of 
arctic warming impacts on biological productivity and biogeochemical cycling in 
PAR thus calls for a benthic component, including grazing by the organisms that 
feed on the benthos. 

 Implementation of a sea ice ecosystem component is also important for PAR, 
especially in the Chukchi Sea, where sea ice is the prime source of production and 
algal biomass during the spring (Gradinger  2009 ). Jump-starting of the phyto-
plankton bloom by sea ice algae is another potential link between sea ice and 
pelagic systems, just as entrainment of phytoplankton into the sea ice in autumn 
may “seed” the spring ice algal bloom (McRoy   , personal communication 2006; 
Werner et al.  2007 ). Model studies can help to elucidate these signifi cant roles and 
assist us to zero in on the short window of opportunity that is available for observ-
ing these key connections. 

 Much of the PAR system is governed by advection (Carmack and Wassmann 
 2006 ). Circulation, currents, and fl ow structures (e.g., eddies, fronts) can transport 
and/or concentrate biomass and nutrients and cause  hot spots  for grazers at all 
trophic levels. For example, elevated Euphausiid abundance in the fall at Barrow, 
Alaska has been explained by transport from the northern Bering Sea and by south-
erly winds (Berline et al.  2008 ). Movements and other changes in fl ows due to 
changes in climate may exert a disproportionate infl uence on ecosystems, species 
distributions, and community structure. Hence, accurate high-resolution modeling 
of physical properties is highly important in modeling the biogeochemistry of PAR 
and will be addressed in Sect.  12.9 .  
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12.3     A Brief History of PAR Biogeochemical Models 

 One of the fi rst numerical modeling studies of the planktonic ecosystem in PAR 
focused on the Bering Strait and was performed as part of the Inner Shelf Transfer 
and Recycling (ISHTAR) program. The three-dimensional (3-D) ecohydrodynamic 
model developed at the University of Liege was adapted to the northern Bering Sea 
(Nihoul et al.  1993 ) to assess system variability in summer. Reconstructions of the 
fi rst available data fi elds from ISHTAR by inverse modeling showed the strong 
infl uence of major circulation features on the biogeochemical cycles and ecosys-
tems (Brasseur and Haus  1990 ). Nihoul et al. ( 1993 ) found seasonal patterns of 
primary and secondary production to be dominated by the main water mass trans-
ports, upwelling, and fronts (e.g., the strong upwelling of nutrients along the east 
Siberian coast was shown to sustain the biology of the region). Maxima in their 
simulated PP patterns appeared fi rst along the Anadyr Stream front, and later farther 
north in the Chukchi Sea. The measured PP pattern is similar, although the absolute 
production appears to be lower in recent years compared to previous decades (Lee 
et al.  2007 ; Lee unpublished data). 

 Using 3-D circulation, plankton, and benthos models, Walsh et al. ( 2004 ) 
explored the effects of interannual changes in ice cover and water motion on carbon 
and nitrogen cycling within the Chukchi and Beaufort seas. Fall case studies were 
simulated with the analysis focusing on carbon dioxide (CO 2 ) cycling. Walsh et al. 
( 2005 ) used the same ecological model to explore the relative roles of light and 
nutrients in controlling year-round production within the Chukchi and Beaufort 
seas. They developed seasonal carbon budgets by making use of extensive fi eld data 
obtained during 2002, a year signifi ed by the lowest ice cover in 20 years. (Since 
then the ice cover has decreased even further, with a minimum in 2012). Their 
analysis of biogeochemical processes in light-limited and nutrient-limited regimes 
(i.e., end of summer in open seas, and under extensive ice cover in the nutrient-poor 
upper waters of the Canadian Basin) provided insights into the possible conse-
quences of future climate changes at these high latitudes. They concluded that 
increased light availability from future ice retreat would not benefi t the shelf food 
web or increase carbon sequestration in the Chukchi and Beaufort seas unless addi-
tional nutrients became available. 

 Sea ice ecosystem models have been applied in PAR only recently. They have 
been used to investigate environmental controls and variability of sea ice PP and 
ice algal biomass. For a few western Arctic locations where sea ice algal dynamics 
and habitats have been rather well characterized, ice algal production has been 
simulated in 1-D (Lavoie et al.  2005 ); most often coupled to biological production 
models in the water column (Jin et al.  2006a ,  2007 ,  2009 ; Lavoie et al.  2009 , 
 2010 ; Lee et al.  2010 ; Pogson    et al.  2011 ). The Jin et al. sea ice biological model 
has been coupled to a global dynamic sea ice model to assess large-scale variabil-
ity of ice PP and algal biomass (Deal et al.  2011 ). All of these sea ice ecosystem 
models are based on the fi rst ice algae model developed by Arrigo et al. ( 1993 ) for 
sea ice in Antarctica. The Arrigo et al. model contains a detailed treatment of 
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internal ice light and nutrient fl uxes. However, ice in the Arctic is different 
(Dieckmann and Hellmer  2003 ). For example, there is more multi-year ice (MYI) 
and less extensive fl ooding in arctic ice; therefore, nutrients are more limited for 
algal communities close to the ice surface, while the bottom 2–3 cm are the most 
favorable sub-habitat for ice algal blooms (Gradinger et al.  2005  and references 
therein; Lee et al.  2010 ). The primary source of nutrients for ice algae is the mixed 
layer, and algae accumulation at the base of the ice will thus be greatly affected 
by factors that govern this nutrient exchange. 

 During the most recent International Polar Year (IPY March 2007 to March 
2009), a large effort was expended to improve simulations of PAR ecosystem 
dynamics by adding ice and benthic biology, achieving higher resolution to better 
resolve features important to the biology, looking at longer timescales to under-
stand long-term dynamics, examining coupling within earth system models 
(ESMs), and working on future projections.  

12.4     Modeling PAR in 1-D: Introduction and Locations 

 Before proceeding to fully 3-D ecosystem models, it is often useful to fi rst develop 
and test a coupled ice-ocean ecosystem model in a 1-D context. Generally, 1-D 
models are used for detailed diagnostic and prognostic modeling and process stud-
ies. In PAR they have been applied at specifi c locations to investigate the impacts of 
shrinking sea ice cover, increasing freshwater fl ux, and shifting climate regime on 
primary and export production. The vertical 1-D model structure simplifi es analysis 
of model results and allows us to examine the relative importance of physical pro-
cesses (i.e., water column stratifi cation, mixing, snow melt, snow and sea ice thick-
ness, freshwater runoff). A fast-running 1-D model can be a testing tool for 
developing parameterizations of complex biogeochemical or physical processes 
that affect ecosystem dynamics. Time series observations at specifi c sites allow for 
extensive testing and validation of 1-D models. Observations might include labora-
tory studies or mesocosm experiments, which are by design 1-D. Well-designed 1-D 
model experiments can provide a fi rst take on addressing science questions about 
ecosystem responses to changes in temperature, stratifi cation, seasonal ice zones 
(SIZs), and acidifi cation associated with current environmental transitions. 

 Figure  12.2  includes PAR locations that have worked well for 1-D ice-ocean 
ecosystem modeling investigations: the outer shelf region of the Canadian Beaufort 
Sea (Lavoie et al.  2009 ,  2010 ), the National Oceanic and Atmospheric Administration 
(NOAA)/Pacifi c Marine Environmental Laboratory M2 mooring site in the Bering 
Sea SIZ (Jin et al.  2007 ,  2009 ; Gibson and Spitz  2011 ), the multi-year pack ice in 
the Canadian Basin (Lee et al.  2010 ), and the landfast ice zone in the Chukchi shelf 
(Jin et al.  2006a ). Ideally, 1-D modeling sites are chosen because (1) they are repre-
sentative of a particular region, (2) intensive biophysical time series measurements 
are available, and (3) it can be reasonably assumed that horizontal advection and 
diffusion effects are negligible.
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12.5         Results from 1-D Modeling Studies 

 Lavoie et al. ( 2005 ) used a detailed treatment of the boundary layer between the 
upper ocean and the sea ice bottom to understand the temporal patterns observed in 
ice algae. In the model ice algae are assumed to be limited by silicic acid. When melt-
ing occurs at the ice bottom, ice algal cells are expelled from the ice into the mixed 
layer at a rate proportional to the ice melt rate. Bottom ice growth and melt, which 
are affected by heat and salt fl uxes between the ice and the ocean, were shown to be 
important factors for ice algae biomass accumulation at the base of the ice. 

 Lavoie et al. ( 2009 ) coupled the ice algae model (Lavoie et al.  2005 ) to a 
pelagic N 3 PZD 3  model (see Box  12.1 ) to simulate the seasonal cycle and to study 
the physical processes controlling primary and export production on the Beaufort 
Shelf. In a continuing study, output from the Canadian Centre for Climate 
Modeling and Analysis (CCCma) coupled global climate model (CGCM2) was 
used to force this 1-D model to project future PP for the years 2041–2060 and 
2081–2100 (Lavoie et al.  2010 ) (Fig.  12.3a ). Their goal was to investigate the 

  Fig. 12.2    Map of PAR, defi ned as the marine region extending from north of St. Matthews Island 
to the Beaufort Sea and the Arctic Ocean. Symbols denote locations where 1-D ice-ocean ecosys-
tem models have been applied ( green diamond : M2 mooring site in SIZ of the Bering Sea;  blue 
dot : landfast ice zone of the Chukchi shelf;  black square : multi-year pack ice in the Canadian 
Basin;  red star : outer shelf region of the Canadian Beaufort Sea)       
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impacts on PP of increased freshwater runoff and longer ice-free season. It was 
found that the subsurface bloom is the most important current contributor to total 
annual PP, although the contribution of the surface bloom can be relatively impor-
tant in some years, when conditions in the previous fall lead to higher nutrient 
replenishment in the mixed layer by wind and winter convective mixing (Melling 
and Moore  1995 ). The simulations suggest that by mid century, the relative impor-
tance of the phytoplankton surface spring bloom compared with the subsurface 
bloom will have decreased further. In the model this is shown to be a result of 
increased stratifi cation (due to increased runoff) that reduces the depth of winter 
convective mixing (Fig.  12.3b , c). Overall, the projected PP increase is modest 
(<10 %) by 2090 (Fig.  12.3a ) and results essentially from a lengthening of the 
subsurface bloom. Lavoie et al. ( 2010 ) suggest that the increasing importance of 
the subsurface versus surface blooms could lead to a greater underestimation of 
chlorophyll a (chl a) concentration and PP by satellite sensors, which cannot 
detect subsurface chl a. Their simulations also project a decrease in the future 
relative importance of the ice algae contribution to total PP due to the decrease in 
the length of the growing season linked to earlier snow and ice melt.

0

100

200

300

400

500
a

b

c

m
g−

C
 m

−
2 

d−
1

Primary production

1983   (23.4 g−C m−2 yr−1)
2050   (24.8 g−C m−2 yr−1)
2090   (25.5 g−C m−2 yr−1)

−40

−30

−20

−10

0

M
ix

ed
 la

ye
r 

de
pt

h 
(m

)

1983
2050
2090

Jan Mar May Jul Sep Nov
0

1

2

3

N
itr

og
en

 (
m

m
ol

 N
 m

−
3 )

  Fig. 12.3    Simulated average annual cycle for each 18-year period for the outer shelf of the 
Canadian Beaufort Sea: ( a ) depth-integrated primary production (phytoplankton and ice 
algae), ( b ) mixed layer depth, and ( c ) nitrogen concentration in the top 40 m (Figures from 
Lavoie et al.  2010 )       
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   The effect of stratifi cation on the projected Beaufort Sea shelf PP could be 
representative of other arctic shelf seas affected by high freshwater runoff such as 
the Laptev and Siberian seas. However, each shelf is unique, and extrapolation of 
results from one shelf to another requires caution (e.g., Carmack et al.  2006 ). In the 
Bering Sea a decrease in PP is projected due to a stratifi cation-dependent decrease 
in nutrient supply (see Sect   .  12.9.2 ). However, this might not hold true for shelf seas 
where production is already limited more by nutrients than by light. A comparison 
of surface PP in the Beaufort Sea between the years 1998–2002 and 2007, a year of 
very low ice extent, shows little variation compared to other arctic regions (Fig.  12.2e  
in Arrigo et al.  2008 ). However, entrainment of nutrients into the surface layer 
through ice edge upwelling (Mundy et al.  2005 ), eddies (Tremblay et al.  2008 ), or 
increased wind mixing could play a more important role in the future. 

 Results from Jin et al. ( 2009 ) multi-species model indicate that the ecosystem in 
the Bering Sea SIZ responds to climate regime shifts by a switch in the dominant 
phytoplankton group. Their physical model was forced by sea surface wind, heat 
and salt fl uxes, oceanic tides, and sea ice data from Hadley Center (monthly) before 
1978 and SSM/I (daily) after 1979. Their sea ice algae model has four compart-
ments, including ice algae and three nutrients, nitrate + nitrite, ammonium, and sili-
cate. The ocean ecosystem model is N 3 P 3 Z 3 D. Remotely-sensed sea ice concentration 
data were used to approximate the sea ice thickness in the model, as in Jin et al. 
( 2007 ). Simulated dominant phytoplankton switched from ice-associated cold water 
species to warm water species, and zooplankton abundance increased coinciding 
with changes in the timing and vertical distribution of lower trophic level produc-
tion after the Pacifi c Decadal Oscillation index reversal in 1977. Before 1977, most 
of the simulated annual PP was from early blooms in icy cold water. Because graz-
ing was light, much of the assimilated carbon was transferred to the benthos. After 
1977 open water phytoplankton blooms prevailed in warmer water, supporting high 
pelagic secondary production and zooplankton biomass. 

 Lee et al. ( 2010 ) applied the Jin et al. ( 2007 ) model to three sites in PAR where 
ice core observations were conducted (Lee et al.  2010 ). The sites included one clean 
sediment-free site (Chukchi) and one sediment-rich site (Beaufort), both in landfast 
sea ice offshore Barrow, plus one oceanic Ice Exercise site. Comparisons among 
model sites revealed that strong light attenuation by trapped sediments controlled 
ice PP. Thicker ice at the oceanic site also attenuated light, delaying the peak in ice 
algal biomass, and maximum production reached only 10 % of that at the Chukchi 
site because of nutrient limitation. 

 A 1-D version of the Bering Ecosystem Study (BEST)-NPZ ecosystem model 
(Sect.  12.8 ) was used for a sensitivity analysis to gain insights into the relative 
importance of biological vs. physical model parameters (Gibson and Spitz  2011 ). 
Sensitivity studies are critically important because reliable model projections 
require model validation, an understanding of model sensitivities, and a measure of 
model uncertainty. Box  12.2  introduces many of the currently applied methods. 
Working with the BEST-NPZ model, Gibson and Spitz ( 2011 ) used a Monte Carlo- 
type approach to address uncertainty in model forecasts. Their 1-D model was run 
iteratively with randomly selected biological inputs and environmental conditions 
(including temperature, salinity, ice cover, and light) that were based on triangular 
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probability distributions. Baseline values for each biological parameter were 
estimated based on literature reviews and on input from BEST-Bering Sea Integrated 
Ecosystem Research Program (BSIERP) fi eld scientists. In their fi rst experiment 
(Ex. I), the biological parameters varied within ±10 % of the baseline values. In 
their fourth experiment (Ex. IV), the parameter range expanded to within their “best 
guess” of minimum and maximum values or, if the range was unknown, to ±60 % 
of the baseline value. Physical parameters varied within −0.7 and 1.0 SD in Ex. I 
and within ±2.0 SD in Ex. IV. Results suggest that the fraction of total secondary 
production attributable to small zooplankton (small copepods and microzooplank-
ton) vs. large zooplankton (large copepods and euphausiids) will increase with 
increasing water temperature, indicating a shift to a longer pelagic food web 
(Fig.  12.4a ). The relationship holds even with a broader range of parameter vari-
ability (Fig.  12.4b ).

  Fig. 12.4    Fraction of secondary production generated by small zooplankton (microzooplankton 
and small copepods; red) versus large zooplankton (large copepods and euphausiids;  blue ) for 
( a ) Ex. I, in which biological parameters were varied by ±10 % of the baseline values and physical 
parameters were varied within −0.7–1 SD and ( b ) Ex. IV, in which biological parameters were 
varied within best guesses for their actual range, and physical parameters were varied within 
±2.0 SD. P T  is temperature (Figure from Gibson and Spitz  2011 )       
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   Gibson and Spitz ( 2011 ) also ranked parameters using a least squares lineariza-
tion, a multiple regression between the parameters’ deviation from the mean and 
the model output. When they varied each parameter by only a small amount, they 
found that zooplankton grazing rate and effi ciency, light, temperature, and ice 
thickness and timing were as important as benthic biomass and benthic produc-
tion. But when they varied parameters within their “best guess”, benthic grazing 
rate, benthic half saturation uptake rate, benthic assimilation effi ciency, and ben-
thic respiration rate were the most important parameters. The range implemented 
for the benthic parameters was relatively broad due to limited information in the 
literature. As a result, while benthos appears sensitive to temperature increases 
(Fig.  12.5a ) when the parameter range is small, the relationship is not clear when 
the biological range is broader (Fig.  12.5b ). The biological variability swamps the 
physical signal, highlighting the importance of narrowing down some of the ben-
thic parameters.

  Fig. 12.5    Fraction of secondary production by mesozooplankton (small copepods and large cope-
pods and euphasiids;  red ) versus benthic infauna ( blue ) for ( a ) Ex. I and ( b ) Ex. IV. For Ex. 
descriptions see Fig.  12.4  caption. P T  is temperature (Figure from Gibson and Spitz  2011 )       
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12.6         Introduction to High-Resolution Regional and  Pan- Arctic 
Models 

 High-resolution models provide us with tools that we can use to address science 
questions about biogeochemical responses to transitions in terrestrial, gateway, 
and shelf-to-basin fl uxes, as well as to changes in ice cover. They also allow us to 
make fi rst estimates of the consequences of these responses for higher trophic 
levels (HTLs) and socioeconomic activities. We include here models with grid 
cells of ¼ degree (~25 km) resolution or less. A 25 km resolution model barely 
resolves the Bering Strait, which is 50 km wide at its narrowest and provides heat, 
nutrients, Pacifi c fauna, and ~40 % of the total freshwater input to the Arctic 
Ocean (Woodgate and Aagaard  2005 ). Arctic models that have a boundary at the 
Bering Strait  usually prescribe boundary conditions from climatology or, if avail-
able, coarser- resolution global models. Coarse-resolution global circulation 
 models (GCMs) usually artifi cially widen the strait to allow two-way fl ow. The 
main advantage of high resolution is the ability to resolve advective processes and 
spatial details such as smaller-scale circulation, currents, orographic features, 
fl ow structures, and ocean eddies that contribute to mixing and transport. 

 Below, recent high-resolution modeling studies in the PAR are presented, examining 
how climate-induced changes in physical forcing (e.g., temperature) and sea ice loss 
may alter productivity. These modeling studies usually involve evaluating mean 
fi elds, integrals, seasonal cycles, and interannual variability. In addition, sensitivity 
studies provide insights into ecosystem behavior in a changing climate.  

12.7     Primary Productivity: Modeling the Present 
and Recent Past 

 The coupled 3-D pan-Arctic biology/sea ice/ocean model by Zhang et al. ( 2010 ) was 
developed to investigate the impact of declining arctic sea ice on the marine plank-
tonic ecosystem from 1988 to 2007. Their model’s horizontal resolution averages 
22 km and there are 30 vertical levels of different thicknesses as small as 5 m in the 
top 30 m. The biological model is a modifi ed version of the Kishi et al. ( 2007 ) 
11- component lower-trophic-level model adapted to the Arctic Ocean. The physical 
model results are in good agreement with observed downward trends in summer sea 
ice extent and thickness (Rothrock et al.  1999 ,  2008 ; Stroeve et al.  2008 ). In the 
model, these changes in sea ice led to an increase in both surface and subsurface PP, 
mainly in the seasonally and permanently ice-covered Arctic Ocean. The general 
upward trend in PP was attributed to increasing photosynthetically active radiation 
and nutrient availability (mainly due to strengthened upwelling), and surface water 
temperature in the Arctic Ocean peripheral seas. Compared to in situ observations, the 
model was basically able to capture the timing of the spring bloom in the seasonally 
ice covered waters of the Chukchi/Beaufort seas. As mentioned earlier, Lavoie et al. 
( 2010 ) suggest that only the subsurface bloom in the Beaufort Sea will increase due to 
the reduction of nutrient replenishment to the mixed layer during winter. Models often 
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disagree and the differences (e.g., processes included, spatial domain, time period) 
need to be kept in mind when interpreting, contrasting, and utilizing model results. 

 Jin et al. ( 2012 ) coupled an ice ecosystem model to the global POP-CICE 
(Parallel Ocean Program-Los Alamos National Laboratory Sea Ice Model) with an 
open-ocean pelagic ecosystem model (Moore et al.  2004 ). The global domain avoids 
open boundary settings in the Bering Strait. Horizontal resolution ranges from 20 to 
85 km, averaging 40 km north of 70°N. There are 40 vertical layers ranging from 
10 m in the surface to 250 m below 2,000 m. The sea ice algal ecosystem component 
was coded into CICE (Hunke and Lipscomb  2008 ; Hunke and Bitz  2009 ) and fi rst 
tested in CICE-standalone with a mixed-layer ocean model (Deal et al.  2011 ). Jin 
et al. ( 2012 ) examined the simulated PP in arctic sea ice and ocean waters for the 
model period 1992–2007 and found that annual PP increased from 305 Tg C year −1  
in 1998 to 550 Tg C year −1  in 2007. Annual mean ice PP was highest during low ice 
years from 2005 to 2007. In the Zhang et al. ( 2010 ) modeling study, total PP 
increased by 50 %, from 456 Tg C year −1  in 1988 to 682 Tg C year −1  in 2007. These 
PP values are comparable to satellite derived estimates of 375 Tg C year −1  in 1998 
and 485 Tg C year −1  in 2006 (Pabi et al.  2008 ). 

 Simulated annual PP in the ocean (upper 100 m) and sea ice from 1995 to 2006 
in PAR by Jin et al. ( 2012 ) are shown in Fig.  12.6 . The ocean production (top left) 
reveals high productivity in the Bering Sea (>150 g C m −2  year −1 ). The Chukchi Sea 
production downstream of the Bering Strait ranges from 150 g C m −2  year −1  at the 
Bering Strait down to about 50 g C m −2  year −1  along the shelf break, similar to the 
range of 55–145 g C m −2  year −1  observed during 2002–2004 (Lee et al.  2007 ; Rho 
and Whitledge  2007 ). Arrigo et al. ( 2008 ) suggest an annual production rate (mean 
1998–2002) of about 40 g C m −2  year −1  for the Chukchi Sea. The production in the 
perennial-ice-covered central Arctic is much lower; less than 1 g C m −2  year −1  in 
some regions. The modeled annual ice algal production (Fig.  12.6 , top right) is 

  Fig. 12.6    Modeled annual primary production in the ocean upper 100 m ( top left ) and sea ice ( top 
right ), averaged over 1995–2006, from the study of Jin et al. ( 2012 )       
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around 2 g C m −2  year −1  within the observed ranges of 0.7–5 g C m −2  year −1  offshore 
Barrow in the Chukchi Sea (Jin et al.  2006a ). To investigate the decadal change of 
ocean PP from 1990s to 2007, the average annual PP in the ocean upper 100 m for 
low ice years (2002, 2003, 2005–2007) was subtracted from model results for high 
ice years (1998–2001, 2004). The differences indicate a northward shift in ocean PP 
with a decrease in the Bering Sea and an increase in the more northern shelf and 
PAR SIZ (Jin et al.  2012 ).

   The recent Arctic Ocean biogeochemical model intercomparison by Popova 
et al. ( 2012 ) includes the Jin et al. ( 2012 ), Zhang et al. ( 2010 ), and three other 
coupled physical-biological models: Yool et al. ( 2010 ), Dupont (in review); and 
Popova et al. ( 2010 ). The study compares and contrasts the substantial variability 
in biogeochemical model structure and complexity, and the differences between 
the physical models (e.g., resolution, initial and boundary conditions, sea ice sub-
model). Results show that the models broadly reproduce the present-day large-
scale distribution pattern of total annual PP across the Arctic Ocean in agreement 
with satellite-derived (Arrigo et al.  2008 ) and in situ data, including the high values 
of observed PP in the Chukchi Sea (Carmack et al.  2006 ). However, the models 
disagree when it comes to the physical factors controlling PP. The study focuses on 
winter mixing as the main mechanism controlling basin-scale patterns of nutrient 
supply. An important conclusion is that the models’ vertical mixing, in particular 
winter mixing, needs to be improved before they can predict future annual Arctic 
Ocean PP under continued sea ice retreat. 

 In addition to these pan-Arctic biogeochemical models, Slagstad et al. ( 2011 ) 
have recently extended their Barents Sea ecosystem model (Wassmann et al.  2006 ) 
to the Arctic domain. For many years, their ecosystem model consisting of 13 state 
variables stood out as the most validated and comprehensive physical-biological 
model applied within the Arctic. As with the models above, high PP in the Chukchi 
Sea is reproduced, but they also test the effect of retreating sea ice in the forthcom-
ing century on primary and secondary production. One experimental outcome proj-
ects the expansion of the typical Arctic zooplankton species  C. glacialis  into the 
Chukchi and East Siberian Seas.  

12.8      Regional Modeling Focusing on the Bering 
and Chukchi Seas 

 In the western Arctic, the most comprehensive marine ecosystem numerical mod-
eling effort to date is part of the National Science Foundation (NSF)-supported 
BEST and the North Pacifi c Research Board-supported BSIERP. The BEST-
BSIERP partnership is working to develop and implement a suite of integrated 
climate, physical oceanography, lower and upper trophic level ecosystem, and eco-
nomic models. The ultimate objective is to produce a series of multi-year forecasts 
for the eastern Bering Sea ecosystem using alternate climate projections. The 
15-component BEST-NPZ ecosystem model is a modifi ed version of the Global 
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Ocean Ecosystems Dynamics model (Hinckley et al.  2009 ). Its domain includes 
the entire Bering Sea. The model has been designed for coupling with a HTL fi sh 
model ( Forage- Euphausiid Abundance in Space and Time) under development 
through the BSIERP research program and has both a sea ice ecosystem (modifi ed 
from Jin et al.  2006a ) and a benthic component. Inclusion of the benthic submodel 
with explicit benthic processes, infauna, and detritus makes this model unique 
among PAR ecosystem  models, thus enabling studies of the partitioning of organic 
carbon between pelagic and benthic systems. 

 Using the Coupled Ice Ocean Model (CIOM; Wang et al.  2009  and references 
therein; Hu and Wang  2010 ) and the Physical Ecosystem Model (PhEcoM; Wang 
et al.  2003 ; Jin et al.  2006b ), a 3-D coupled CIOM-PhEcoM was developed and 
implemented in the Bering and Chukchi seas. Figure  12.7  shows CIOM-PhEcoM 
simulated chl a, and remotely-derived chl a (SeaWifs) on April 29, 2008 and June 28, 
2008. The model simulations are in general consistent with observed features, indicat-
ing that their ice-ocean-ecosystem model captures some of the important dynamics of 
this complex coupled system. For example, relatively high chl a concentrations (proxy 
for phytoplankton biomass) are apparent along the Bering Slope Current (BSC) in the 
daily snapshots of model results and observations. And, in the deep western Aleutian 
Basin, eddies or gyres (Hu and Wang  2010 ) entrain phytoplankton, in particular along 
the Kamchatka Current (Fig.  12.7a , b). Due to cloud cover, only a trace of high values 
is seen in the remotely-derived chl a observations along the BSC and Kamchatka 
Current. Chl a (Fig.  12.7c , d) and nitrate (not shown), indicate that after the sea ice has 
melted in late June, phytoplankton blooms in the Gulf of Anadyr and western Bering 
Strait are sustained by the nutrient-rich water of the Anadyr Current transiting north-
ward into the Chukchi Sea.

12.9         Advancements in the Simulation of Physical Features 

 While ecosystem models are implemented in existing, usually well-established 
physical models, modelers are aiming for even higher resolution and more accurate 
representation of small-scale (<10 km horizontal) processes. So far, these kinds of 
improvements have mostly been achieved without a coupled ecosystem module. 
Even though adding ecosystem variables can help to pinpoint problems with physi-
cal parameterizations, the increase in computational resources often makes it more 
feasible to develop the physical model fi rst. Eventually, the appropriateness of the 
physical model and its temporal and spatial scale will depend on the goal of the 
biogeochemical modeling effort. 

 A limited number of 3-D physical modeling studies have focused on the physical 
oceanography of the northern Bering and Chukchi seas (e.g., Overland and Roach 
 1987 ; Spaulding et al.  1987 ; Nihoul et al.  1993 ; Hermann et al.  2002 ; Hu and Wang 
 2008 ). These studies have proven useful in simulating the major circulation features 
of the region. However, they have been limited by low spatial resolution and/or 
small domains with lateral boundary conditions prescribed in close proximity to the 
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  Fig. 12.7    ( a ) CIOM-PhEcoM simulated chl a, and ( b ) remotely-derived chl a (from the SeaWifs) 
for April 29, 2008; and ( c ) CIOM-PhEcoM-simulated chl a, and ( d ) remotely-derived chl a for 
June 28, 2008. Units for chl a ( color bar ) are μg l −1          
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region of interest. In addition, these studies were integrated for only a short period 
of time (1 month to 1 year). Recent advancements in computing capability and 
updated bathymetry information have allowed the development of relatively high- 
resolution models, with pan-Arctic domains. In Chap.   7     of this book Clement 
Kinney et al. ( 2014 ) discuss volume transport and property fl uxes through the 
Bering Strait, comparing several high-resolution models. The following subsec-
tions  highlight examples from only one of these models (the Naval Postgraduate 
School Arctic Modeling Effort, NAME) and from an additional model for the 
Chukchi-Beaufort seas illustrating high-resolution capabilities related to biogeo-
chemical modeling. 

12.9.1     Gateway Fluxes 

 Flow through restricted passages such as the Bering Strait and in narrow currents 
such as the Anadyr and Alaska Coastal currents can signifi cantly impact ecosystem 
dynamics, but are challenging to adequately resolve. Model resolutions on the order 
of kilometers are required. NAME uses a ~9 km ocean model that permits fl ow 
through the narrow straits and passages of PAR and realistically represents the 
coastal currents (Clement Kinney et al.  2009 ,  2014 , this volume). NAME also 
resolves fl ow reversals that affect ice conditions in the central and eastern Bering 
Sea, which in turn affect nutrient and biomass transport through the Bering Strait. 

 The NAME 26-year (1979–2004) mean circulation in the northern Bering and 
Chukchi seas is shown in Fig.  12.8 . Representing the narrow and shallow fl ow 
through the Shpanberg, Anadyr, and Bering straits is critical to the overall fl ow fi eld 
and to the mass and property exchanges across this region. The strongest velocities 
occur within the Anadyr Current, along the coast of Siberia, and in the Bering Strait. 
A strong northeastward fl ow also exists in Barrow Canyon. This mean circulation 
agrees with the available observations (e.g., Stabeno et al.  1999 ), and it is presented 
primarily for reference.

   Evidence of major impacts on the PAR ecosystem through the redistribution of 
ocean boundaries and habitats due to climate change are already observed 
(Grebmeier et al.  2010 ). A model not capable of resolving changes in gateway 
fl uxes (also ocean fronts, currents, and general transport pathways) could easily 
miss changes in species transport and habitat shifts.  

12.9.2      Vertical Structure 

 The vertical structure of the water column—i.e., the depth of any permanent or 
seasonal pycnoclines, the strength of vertical mixing, and the stability of the water 
column—plays a large role in determining the access of phytoplankton to light and 
nutrients, and thus PP. Although not yet coupled to an ecosystem model, NAME has 
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demonstrated the ability to capture the infl uence on stratifi cation of surface warming, 
sea-ice melt, and river discharge interacting with ocean circulation over large areas. 
The 2.5 m vertical resolution is currently state-of-the-art for a pan-Arctic model 
(Clement Kinney et al.  2014 , this volume). 

 Eddy kinetic energy (EKE) is an important model parameter; it commonly 
represents regions of active mixing, including in the vertical. Vertical mixing is 
believed to lead to increased biological productivity in areas that become nutri-
ent-limited in the euphotic zone. Simulated seasonally-averaged EKE in the 
surface layer for a typical summer and autumn is shown in Fig.  12.9 . North of 
St. Lawrence Island, in the Chirikov Basin, and north of Bering Strait, there is a 
distinct decrease in EKE. Clement et al. ( 2005 ) propose that the high primary 
and secondary (benthic) production often found in this region (Grebmeier et al. 
 1988 ; Springer and McRoy  1993 ; Grebmeier and Dunton  2000 ) might be at least 
partially attributed to the high EKE and associated vertical mixing providing 
nutrient supply just upstream.

  Fig. 12.8    Twenty-six-year mean (1979–2004) circulation in the upper 100 m from NAME. Every 
2nd vector in each direction is shown. Shading represents total kinetic energy.  Magenta lines  
denote bathymetry contours       
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12.9.3        Mesoscale Eddies and Shelf-Basin Exchange 

 Eddies generated along the Chukchi-Beaufort shelf slope contribute to the transport 
of Pacifi c water into the basin interior and to the shelf-basin exchange of particulate 
organic carbon (POC), including zooplankton (e.g., Llinas et al.  2009 ). Zooplankton 
effectively link the lower and upper trophic levels, supporting large populations of 
mammals, seabirds, and species targeted by local fi sheries (Nelson et al.  2014 , this 
volume). Thus it is important to be able to model the impacts of the changes in these 
current patterns and fl ow structures on the ecosystem. 

 A number of anti-cyclonic eddies have been captured in the surface and halocline 
layers above 300 m depth in the Canadian Basin by in situ and drifting buoy observa-
tions (Manley and Hunkins  1985 ; Mathis et al.  2007 ). The Moderate-Resolution 
Imaging Spectroradiometer (MODIS) sea surface temperature has also detected a few 
warm-core eddies along the Beaufort shelf break (Fig.  12.10 ). Detailed physical and 
chemical properties of a cold-core eddy observed on the Chukchi Sea continental 
slope have been surveyed in Mathis et al. ( 2007 ) and Kadko et al. ( 2008 ). Both studies 
mention that the bottom-intensifi ed shelf-edge current forms such mesoscale eddies, 
which play a signifi cant role in the transport of carbon, oxygen, and nutrients associ-
ated with the Pacifi c winter water into the upper halocline of the Canadian Basin.

   Numerical experiments using the eddy-resolving coupled sea ice-ocean Center 
for Climate System Research (CCSR) Ocean Component Model (COCO; Hasumi 
 2006 ), with a horizontal resolution of about 2.5 km, reveal that the interannual vari-
ations in mesoscale eddy activities and the shelf-basin exchange of Pacifi c water in 
the western Arctic Ocean depend on sea ice cover and shelf-wide surface wind con-
ditions (Watanabe and Hasumi  2009 ; Watanabe  2011 ) (Figs.  12.10  and  12.11 ). 
Mesoscale eddies were also identifi ed by the NAME model (Maslowski et al.  2008 ) 

  Fig. 12.9    Seasonally-averaged EKE at the surface calculated from NAME daily 1987 snapshots 
( a ) Summer (J–A–S) average, and ( b ) Autumn (O–N–D) average       
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  Fig. 12.10    ( Top ) MODIS 8-day-composite sea surface temperature during September 6th–13th, 
2003 [deg C; color bar]. AMSR-E sea ice area is overlaid by  sky-blue shade . ( bottom ) Sea surface 
temperature [deg C; color bar] and sea ice area in September simulated by the eddy-resolving ver-
sion of the coupled sea ice-ocean model CCSR-COCO.  White contours  denote bottom topography 
(Figures from Watanabe  2011 )       
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in the Beaufort Sea and Canadian Basin throughout the years. Mesoscale activity 
has the potential to signifi cantly infl uence PP as illustrated in the northern Gulf of 
Alaska (Okkonen et al.  2003 ), where mesoscale eddies produce tongue-like features 
with maximum chl a concentrations. PP is enhanced in this region via the transport 
of phytoplankton and nutrients (including iron) from the outer shelf into the deep 
basin. In the Barents Sea, Wassmann et al. ( 2006 ) found considerably increased PP 
in their eddy-resolving 4-km-resolution model compared to an earlier 20-km- 
resolution model (Slagstad and Wassmann  1997 ).

   High-resolution modeling is indispensable to resolve not only mesoscale eddies 
but also ice-edge and shelf-break upwelling. The ability of a model to simulate 
localized mechanisms of nutrient supply, on the order of ~1 km, depends on model 
resolution. In addition to more accurately predicting PP, high model resolution can 
help to clarify the underlying physical mechanisms responsible for spatial and tem-
poral variations in marine ecosystems.   

12.10      Modeling the PAR Ecosystem from an ESM Perspective 

 ESMs are coupled atmosphere-ocean-land-biosphere models designed to run for 
time periods of centuries to thousands of years and forced by changes in 
atmospheric CO 2  and other greenhouse gases, aerosols, solar variability, volcanism, 

  Fig. 12.11    Pacifi c water content in October 2003 (m), simulated by the eddy-resolving COCO 
with atmospheric forcing. The Pacifi c water content is calculated by the vertical integration of the 
Pacifi c water tracer concentration from the ocean surface to sea bottom in each grid (Figure from 
Watanabe  2011 )       
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ozone, and land use change. Model adjustment to its forcing (spin up) is usually 
done in a preindustrial control mode with forcing levels fi xed to preindustrial times. 
The spin-up time is determined by deep ocean overturning timescales, which can be 
thousands of years. Upon reaching a stable state, model runs can be executed in 
historical mode, forced by known CO 2  concentrations or emissions from preindus-
trial to present. Based on current states, the models are then run for future scenarios. 
Up to now simulations have mostly been based on the scenarios outlined in the 
Special Report on Emission Scenarios (SRES, Nakicenovic et al.  2000 ). For the 
Intergovernmental Panel on Climate Change (IPCC) 5th Assessment Report (AR5), 
new scenarios known as Representative Concentration Pathways (RCPs) have been 
created (Moss et al.  2010 ). 

 The development of biogeochemical components in ESMs has been advanced 
signifi cantly over recent years. Results from the fi rst generation of ESMs which 
incorporated an interactive carbon cycle are discussed, e.g., by Friedlingstein 
et al. ( 2006 ) and Denman et al. ( 2007 ). The next generation of models is cur-
rently being archived for the 5th Coupled Model Intercomparison Experiment 
(CMIP5) in support of the IPCC AR5. This is the fi rst CMIP to include ocean 
biogeochemical fi elds. 

 Generally ESMs have fairly coarse resolution, both horizontally (1–3.5°) and 
vertically (~50 m at the surface for earlier models and ~10 m for more recent mod-
els). This makes it diffi cult to resolve biological or chemical processes happening in 
the euphotic zone as well as small-scale physical processes, which are important for 
the biogeochemistry (see previous section). ESMs simulate the overall spatial and 
seasonal pattern with fair accuracy. However, based on the nature of those models 
and current data availability, it is not surprising that model skill (Box  12.2 ) for 
biogeochemical variables in global ESMs (which are usually based on limited local 
data sources) are rather low (e.g., Schneider et al.  2008 ; Steinacher et al.  2010 ). This 
is especially true in areas like the Arctic, which is characterized by few and 
seasonally- biased data and which includes vast shelf areas requiring high vertical 
model resolution. 

 Keeping those limitations in mind, we can focus on the uses of global ESMs 
and discuss their applicability for specific regions such as the PAR. ESMs pro-
vide insight into global connections and interactions between ocean basins, 
which might be important for the specific regions of interest. Moreover they 
are able to provide an estimate of changes in response to rising atmospheric 
CO 2  and other greenhouse gas levels and climate warming. They allow us to put 
recent changes into perspective with past and projected climates, and to study 
influences on and feedbacks from energy flows, carbon cycling, and biological 
productivity. More specifically, they can be used to study how biogeochemical 
cycling will respond to transitions in temperature, vertical stratification, SIZs, 
and acidification. This is a first step toward addressing consequences for socio-
economic activities. Guided by the outcomes from ESMs, we then must look to 
higher-resolution regional models of particular ecosystems to address more 
specific questions. 
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12.10.1     Ocean Acidifi cation and Primary Production (PP) 
Changes Projected Over the Twenty-First Century 

 The Arctic, encompassing PAR, is one of the regions most sensitive to recent and 
expected future climate changes. Climate models predict a signifi cant retreat in sea 
ice cover (e.g., Holland et al.  2006 ; Solomon et al.  2007 ), signs of which are already 
being observed in PAR (e.g. Stroeve et al.  2011 ). Recently the scientifi c community 
has paid increasing attention to ocean acidifi cation (lower pH) and the particular 
vulnerability of arctic ecosystems (e.g., Orr et al.  2005 ; Steinacher et al.  2009 ; 
Denman et al.  2011 ; Gattuso and Hansson  2011 ). Acidifi cation can signifi cantly 
affect the growth, metabolism, and life cycle of marine organisms (see Box  12.3 ). 
The ocean’s acidity is affected by increased atmospheric CO 2  and increased fresh-
water inputs from river runoff and ice melt. The combined effect renders arctic 
waters especially vulnerable to decreased saturation states of calcium carbonate 
(CaCO 3 ) minerals such as aragonite and calcite (Yamamoto-Kawai et al.  2009 , 
 2011 ; Denman et al.  2011 ). Signs of aragonite undersaturation in surface waters in 
the Arctic have been reported by Chierici and Fransson ( 2009 ), Bates et al. ( 2009 ) 
and Yamamoto-Kawai et al. ( 2009 ,  2011 ). The Arctic Monitoring and Assessment 
Programme highlighted ocean acidifi cation as an important issue and an Arctic 
Ocean Acidifi cation assessment report is now in preparation. 

 Steinacher et al. ( 2009 ), using the Climate System Model (CSM) 1.4-Carbon of 
the US National Center for Atmospheric Research (NCAR), and Denman et al. 
( 2011 ), using the Canadian ESM CanESM1, report model projections of aragonite 
and calcite saturation, carbonate concentration, and pH, based on SRES scenarios; 
all project signifi cant acidifi cation in the Arctic over the next century. CMIP5 results 
are now publicly available, allowing for a more thorough analysis. As an early 
example we present results for the PAR from the CanESM1.5, which is a higher- 
resolution version of CanESM1.0 (see Arora et al.  2009  and Christian et al.  2010  for 
model details). CanESM1.5 is a precursor to the AR5 model version CanESM2 
(e.g. Arora et al.  2011 ), which includes an improved ocean model and a new atmo-
sphere but was not ready in time for this synthesis. The ocean component includes 
a NPZD ecosystem with simple parameterization of N 2  fi xation, calcifi cation, and 
iron limitation (Zahariev et al.  2008 ). In CanESM1.5 and 2 the ocean has more 
vertical levels (40) and greater vertical resolution (~10 m in the top 107 m) than in 
CanESM1.0 (Arora et al.  2011 ). The horizontal resolution is 1.41° in longitude and 
0.94° in latitude. The CanESM1.5 atmosphere is the same as in CanESM1.0 but 
with slightly higher resolution (~2.8°). Results are presented from a historical run 
(1850 to 2005) and a scenario run (2006–2100). The latter is based on RCP 8.5 with 
aerosol optical depth as in the SRES A2 scenario. Both are carbon-intense scenarios 
with RCP8.5 utilizing the highest total CO 2  emission scenario that has been used in 
AR5 experiments. 

 Figure  12.12  shows annually-averaged surface pH, aragonite saturation, and 
depth-integrated PP simulated for the end of the century (2096–2100, left hand side) 
and differences (end of century minus current) projected for the next 100 years. 
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     Box 12.3: Ecosystem Response to Acidifi cation and Multiple Stressors: 
A Challenge for Ecosystem Models 

 In recent years, laboratory studies testing the response of certain ecosystem 
components to acidifi cation have revealed signs of dissolution in existing 
shells (e.g., Riebesell et al.  2000 ; Fabry et al.  2008 ), altered rates of essen-
tial metabolic processes and effi ciency (e.g., Dupont and Thorndyke  2009 ; 
Barcelos e Ramos et al.  2010 ), impaired ability to sense chemical cues from 
predators (Munday et al.  2010 ), inhibited calcifi cation, lower growth rates, 
degradation of mechanical integrity (e.g., Comeau et al.  2009 ; Gaylord 
et al.  2011 ), and underdevelopment of essential functions (e.g., Dupont and 
Thorndyke  2009 ). The observed responses have been found to be species- 
specifi c and to affect different life stages in different ways. Melzner et al. 
( 2009 ) studied the physiological basis for high CO 2  tolerance and found that 
species with a higher metabolic rate and a powerful ion regulatory appara-
tus, or with more buffer fl uids (e.g., blood, egg fl uid) surrounding their 
cells, are able to cope more easily with high CO 2 . Early developmental 
stages that expose cells directly to the surroundings seem to be a bottleneck 
for species survival. 

 Pörtner and Farrell ( 2008 ) associate the ability to cope with climate change 
with an aquatic lifeform’s aerobic thermal window (the temperature range 
within which the species is able to execute vital functions). The thermal win-
dow varies with life stages; eggs, early larvae, and spawning animals are most 
vulnerable because their thermal windows are narrow. This window is 
expected to decrease with increasing partial pressure of CO 2  (pCO 2 ) and 
decreasing oxygen (O 2 ; Pörtner and Farrell  2008 ; Pörtner  2010 ). 

 As pCO 2  rises, species distribution and abundance will change according 
to each organism’s tolerance of and ability to adapt to the increase. The extinc-
tion of one keystone species creates an opportunity for another species with a 
more fl exible and robust regulatory system or a different thermal window. 
Species that are able to do so might migrate to more suitable habitats. Hence, 
trophic structure and biodiversity are key to the resistance and resilience of 
marine ecosystems to future perturbations (e.g., Dupont and Thorndyke 
 2009 ). Cheung et al. ( 2011 ), using a bioclimatic envelope model, found that 
ocean acidifi cation and reduced O 2  content lead to reduced growth perfor-
mance, an increase in the rate of range shifts, and lower estimated fi sheries 
catch potentials. Beyond the individual species response, species interaction 
is an important factor. Many ecological processes are synchronized; hence, 
the timing of processes and developmental stages is crucial. 

 The future cost of acidifi cation and other climate effects (such as warming) 
on ecosystems (e.g., biogeographic shifts, decreases in marine harvests, loss 
of coastline protection, and shoreline destabilization) will depend on the 
marine ecosystem response and on changes in human uses of marine resources 

(continued)
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Box 12.3: (continued)

(Cooley et al.  2009 ; Sumaila and Cheung  2010 ) and the ability of community 
and infrastructure planning to adapt successfully to change. Coupled ecosystem 
models and bioclimatic envelope models will help to address those issues, 
although socioeconomic models might be required to compare probable out-
comes of different management choices (Cooley et al.  2009 ). How can we 
reliably calculate species/ecosystem tipping points in coupled ecosystem 
models and understand how the structure and function of whole ecosystems 
will adapt to multi-decadal environmental change? Recommendations include 
studying a wide range of species, mechanisms of physiological response, 
complete life cycles (over several generations), organisms that are less vulner-
able (to detect the physiological traits crucial for ecological success in a future 
ocean), species already experiencing stress (from, e.g., high pCO 2 ), and multi- 
stressor environments (e.g., Dupont and Thorndyke  2009 ; Melzner et al. 
 2009 ; Ridgwell et al.  2009 ; Denman et al.  2011 ). Lynch et al. ( 2009 ) point to 
the need to focus on system integration of model theory and observation as an 
overarching goal. Much of what is mentioned above is described in much 
more detail in the book on ocean acidifi cation by Gattuso and Hansson ( 2011 ). 

Surface pH in the PAR has decreased from ~8.2 in preindustrial times to ~8.0 at 
present. In the RCP8.5 scenario pH is projected to further decrease to ~7.9 by mid- 
century and below 7.7 by the end of the century (Fig.  12.12a ), which corresponds 
with the results in Steinacher et al. ( 2009 ). While pH change highlights the increased 
ocean acidifi cation to be expected over the next century, aragonite and calcite satu-
ration also depend on salinity and are signifi cantly affected by increased freshwater 
contributions from river infl ow, precipitation, and ice melt (Yamamoto-Kawai et al. 
 2009 ; Denman et al.  2011 ). Hence the surface ocean north of Bering Strait, which 
receives higher freshwater contributions, is predicted to become undersaturated 
(below 1.0) in aragonite before the southern PAR (Fig.  12.12b ). From now to the 
end of the century, CanESM1.5 results project the aragonite saturation state to 
change by about 0.8–1.0 in most of the PAR with somewhat smaller changes north 
and northeast of the Bering Strait, where surface waters have already become under-
saturated. Increased PP within and north of Bering Strait (Fig.  12.12f ), which acts 
to increase aragonite (and calcite) saturation states in the surface layer, might con-
tribute to somewhat smaller changes in this area. Increased PP could also be respon-
sible for rendering simulated summer surface saturations in the northern Bering 
Strait slightly higher than in the subsurface (not shown).

   The freshwater infl uence at the surface can lead to a subsurface maximum in the 
mean saturation state, with undersaturation in the deep ocean. The switch from 
surface supersaturation to deeper ocean undersaturation is commonly called the 
saturation horizon or saturation depth. The latter has been slowly moving upward 
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  Fig. 12.12    Model predictions for the end of the century (2096–2100,  a ,  b ,  c ) and differences 
between the end of the century and current times (1996–2005) ( d ,  e ,  f ), simulated with 
CanESM1.5 and using the IPCC AR5 RCP8.5 scenario (see text). ( a ,  d ) annually-averaged pH, and 
( b ,  e ) aragonite saturation state in the surface layer (top 10 m). ( c ,  f ) annually-averaged and verti-
cally-integrated primary production in g C m −2  year −1            
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since preindustrial times and is projected to continue to do so in the future (e.g., 
Steinacher et al.  2009 ; Denman et al.  2011 ). The aragonite saturation horizon in the 
PAR is currently still below shelf level. CanESM1.5 projects the aragonite satura-
tion horizon to rise to 200 m in almost all of the PAR by mid-century and the entire 
PAR, from surface to bottom, to be undersaturated by the end of the century. This 
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could have severe consequences for the pelagic and benthic communities as well as 
HTLs and fi sheries in the area. 

 The simulated pattern and magnitude of PP in current times is very similar to the 
simulations of pelagic production by Jin et al.  2012  (Fig.  12.4 , top left). Figure  12.12c  
shows annually-averaged depth-integrated PP projected for the end of the century 
with changes from current conditions in Fig.  12.12f . CanESM1.5 projects an 
increase in Bering Strait and Chukchi Sea PP due to the increased light and tem-
perature that accompanies retreating sea ice. The increases range from 10 to 50 g C 
m −2  year −1  by mid-century and 20–110 g C m −2  year −1  by the end of the century with 
the highest increase within the Bering Strait. At the same time, the model shows a 
decrease of about 15 g C m −2  year −1  by mid-century and up to 40 g C m −2  year −1  by 
the end of the century in the central and southern Bering Sea. This decrease can 
likely be attributed to changes in stratifi cation. A scenario discussed in Mathis et al. 
( 2010 ) suggests that a decrease in sea ice causes increased availability of solar radi-
ation and a more stratifi ed water column. The latter would limit production through 
limited nutrient fl uxes. A model analysis confi rms that suggestion. The CanESM1.5 
results show intensifi ed warming in the area over the second part of the century 
leading to temperatures about 3 °C higher than current. Nutrient levels are decreased 
by about 30–60 % at the surface and subsurface, while nutrient levels in deeper lay-
ers are higher by about 15–40 % compared to present time values at the same depth 
and corresponding to reduced mixed layer depths (MLDs). 

 An analysis of the multimodel mean from 17 of the previous CMIP3 models 
(W. Merryfi eld, CCCma, pers. Comm.) indicated that, while the multimodel mean 
shows shallower MLDs under anthropogenic warming, the primary infl uence differs 
with region. In the northeast Pacifi c, increased near-surface stratifi cation was most 
important. Steinacher et al. ( 2010 ) compare global fi elds of projected PP in the IPSL-
CM4-LOOP model from the Institut Pierre Simon Laplace (IPSL), the COSMOS 
ESM from the Max Planck Institute for Meteorology (MPIM), and two versions of 
the NCAR Community Climate System Model (CSM1.4-Carbon and CCSM3-BEC) 
for the SRES A2 scenario (a high-CO 2  scenario similar to RCP8.5). A robust result 
from the intercomparison is a decreasing trend in global net PP. However, the mag-
nitude differs among models and regions. Two processes are primarily responsible 
for changes in PP. First, a reduction in nutrient supply to the surface in a more 
 stratifi ed ocean leads to decreased production; second, an increase in light and tem-
perature with retreating sea-ice and suffi cient nutrients supports increased  production. 
While the models are generally consistent in their responses, IPSL projects a decrease 
in Arctic PP, related to a reduced supply of macro nutrients, whereas CSM1.4, 
MPIM, and CCSM3 project an increase due to reduced temperature and light limita-
tion (Note that absolute changes in the Arctic are small). In the PAR (Steinacher et al. 
 2010 , their Fig.  12.3 ) all models simulate present values that are too low; the most 
realistic values are produced by the IPSL model. Projections show increases in PP 
for all models but the IPSL, which shows a decrease in the Bering Sea and an increase 
north of the Bering Strait, similar to the CanESM model results. In a multi-model 
average weighted by skill score, the IPSL model dominates in the PAR, although the 
skill scores are generally very low in that area (<0.2). 
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 Discussing discrepancies between results from empirical approaches and 
process- based ESMs, Steinacher et al. ( 2010 ) point out the importance of a realistic 
representation of nutrient cycling and distribution in order to project changes in 
PP with some realism. 

 However, as stated earlier, ESMs are computationally expensive. Constant ten-
sion exists between simple grid resolution adjustments, which can improve circu-
lation physics, and the tracer/reaction-intensive biology and chemistry. Some 
processes might not be resolved and parameterized adequately, especially in areas 
of narrow straits and shallow shelves, both of which are characteristic of the PAR. 
Also, ESMs so far do not account for changing carbon fl uxes via rivers and coastal 
erosion, which can be signifi cant (Cai et al.  2014 , this volume). Fabry et al. ( 2009 ) 
point out that the polar seas constitute ecosystem laboratories for diverse studies 
in ocean acidifi cation, including assessing potential acclimation and adaptation 
and modeling future impacts at population, community, and regional scales. The 
PAR is already an area with an intensive research program and it can serve as a 
test bed for developing detailed biological and biogeochemical models. It will be 
reasonable to perform simulations at a variety of scales ranging from local (point 
or column) to regional, and then to refi ne and transfer appropriate parameteriza-
tions to global ESMs.  

12.10.2     Projections of Fisheries and Biodiversity 
Impacts with Bioclimatic Envelope Models 

 While of intense interest to managers and policy makers, projections of HTLs in the 
Earth system modeling framework are not yet possible. Bioclimatic envelope mod-
els are an intermediate step to allow projections of global marine biodiversity 
impacts (e.g. Cheung et al.  2009 ) and fi sheries catch potential (e.g. Cheung et al. 
 2010 ,  2011 ) under climate change. In these models, shifts in species distribution can 
be predicted by evaluating changes in physical and biological conditions relative to 
those suitable for a given species. Suitability is determined by correlating current 
environmental conditions with maps of current species abundances. Future environ-
mental conditions are provided from climate models or ESMs (e.g. Cheung et al. 
 2009 ,  2011 ). Cheung et al. ( 2009 ) predict numerous local species extinctions in the 
sub-polar regions and intense species invasion in the Arctic and southern oceans. 
Cheung et al. ( 2010 ) project 30–70 % increase in maximum fi sheries catch potential 
in high-latitude regions with the largest changes in the Pacifi c. They note, however, 
that their model does not yet account for the effects of changes in ocean 
 biogeochemistry (e.g. ocean acidifi cation, oxygen reductions, and thermal window 
limitations, see Box  12.3 ) and phytoplankton community structure. Cheung et al. 
( 2011 ) introduced a model including these new factors, but have not yet applied it 
to the Arctic or the Pacifi c oceans.  
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12.10.3     Marine Methane Emissions 

 Methane (CH 4 ) from subsea permafrost (Shakhova et al.  2010 ) and trapped in the 
form of clathrate hydrates is expected to leak from shallow arctic shelves, partly 
driven by penetration of the North Atlantic warming signal into central ocean layers 
(Reagan and Moridis  2008 ). Archer ( 2007 ) concluded that destabilizations will be 
particularly important around the rim of the central arctic basin because the Atlantic 
layer is the warmest source of water to the Arctic and both the Chukchi and Beaufort 
shelf zones will be directly affected. 

 Modeling arctic marine methane chemistry is in its infancy, and simulating 
methane emissions from the ocean have so far been afforded low priority in ESMs. 
For the most part they are represented as a constant fl ux equally distributed over the 
global ocean. The IPCC AR3 and AR4 (Prather et al.  2001 ; Denman et al.  2007 ) cite 
global emissions of 10–15 Tg methane year −1 , although the most recent measure-
ments in the Pacifi c (Bates et al.  1996 ) and Atlantic (Rhee et al.  2009 ) suggest 
these values may constitute strong overestimates. The arctic continental shelves are 
believed to be a large potential source to the global atmosphere. Macdonald et al. 
( 2009 ) estimate that they provide up to four times the annual fl ux estimated for all 
other coastal seas combined. New studies further suggest that aerobic marine meth-
ane production will be sensitive to changes in water-column stratifi cation and also 
to the nutrient limitation likely to result from greenhouse-gas-induced warming 
(Karl et al.  2008 ). An additional source of methane may be organic carbon buried in 
sediments over glacial timescales and then transformed into methane under anaerobic 
conditions (Reeburgh  2007 ). 

 The premise of a recent modeling study by Elliott et al. ( 2010 ) is that CH 4  gas 
emanating from such systems will be consumed along the periphery of the PAR by 
methanotrophs and anaerobic oxidizers of methane (Reeburgh  2007 ). In the model, 
consumer organisms are pulled out of the sediments along with bubbles and fl uids 
fl owing into regional-scale plumes. As metabolism progresses using the new meth-
ane sources, hypoxia and nutrient depletion appear at scales of tens to hundreds of 
kilometers. Elliott et al. ( 2010 ) conclude that these altered water masses will form a 
new geochemical component of the central Arctic Ocean milieu; different regions 
will display distinct responses to future methane throughput.  

12.10.4     Ocean Biogeochemistry-Aerosol Connections 

 Another important factor for consideration in modeling climate with earth system 
simulations is the generation of aerosols over the oceans. While current atmospheric 
models treat aerosols as produced mostly from sea salt and volatile reduced sulfur 
(Jones et al.  2001 ), some authors suggest a strong but poorly-quantifi ed link between 
the particulate organic matter of polar surface waters and aerosol and arctic cloud 
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systems (e.g., Leck and Bigg  2005b ,  2008 ; Matrai et al.  2008 ), and a possibly 
overestimated role of sea salt (e.g., Leck and Bigg  2005a ; Bigg and Leck  2008 ). 

 The role of volatile dimethylsulfi de (DMS) is still unclear as well. DMS is 
formed via a complex network of food web interactions from its precursor, dimeth-
ylsulphoniopropionate (DMSP), produced by many marine phytoplankton and sea 
ice algae. In the atmosphere, DMS is oxidized to sulfate aerosols, which serve as 
cloud condensation nuclei (CCN). Shaw ( 1983 ) was the fi rst to suggest that biogenic 
sulfur gases may regulate climate through generation of sulfate aerosols that scatter 
sunlight back to space. However, quantitative descriptions of key processes and 
direct links are still lacking (e.g., Ayers and Cainey  2007 ). The relative importance 
of sea salt, sulfate, and organics in determining the CCN number concentration is 
still unclear, as are the responses of plankton community structure and/or plank-
tonic DMSP production to climate change. The underlying marine biogeochemistry 
has not yet been modeled adequately at any scale with respect to recent fi ndings 
regarding the organic-to-CCN connection. 

 Global process models for the marine sulfur cycle constitute the fi rst real attempt 
by the earth system simulation community to examine climatic effects of ocean bio-
geochemistry by mechanisms other than greenhouse gases (Six and Maier- Reimer 
 2006 ; Elliott  2009 ; Le Clainche et al.  2010 ). Several authors on this review are now 
involved in implementing generic sulfur reaction schemes into the CICE-POP- 
CCSM family of codes (Hunke and Lipscomb  2008 ; Elliott et al.  2012 ). Despite the 
development of 1-D and high-resolution regional biogeochemical models for north-
ern high latitudes that include sea ice algae (see Sects.  12.5  and  12.6 ) and ocean 
DMS cycling (Jodwalis et al.  2000 ), polar biogeochemical cycling and especially the 
ice algae remain underdeveloped in GCMs (Elliott  2009 ).   

12.11     Gaps and Needs: Introduction 

 PAR biogeochemical modelers agree that more observations are needed, specifi cally 
observations sustained throughout the year and biological process and rate measure-
ments. For example, there is little known about the biology of marine organisms such 
as zooplankton at depth under the ice, and the wintertime distribution and physiolog-
ical state of phytoplankton. Also, biogeochemical transfer processes within and 
through sea-ice have yet to be elucidated (e.g. Loose et al.  2011 ). Advances in mod-
eling sea ice are critical overall: Directly and indirectly, sea ice infl uences nutrient 
availability and atmospheric composition (e.g., trace gas exchange, aerosol sources) 
and, along with snow cover, controls the light available to PAR ecosystems for much 
of the year. Many recent and on-going efforts are directed toward improving model-
ing of biochemical and geochemical processes, and of physical transport within the 
sea ice matrix. Regional downscaling from GCMs is recognized as an important tool 
in producing regional climate information for impact and adaptation studies. Relevant 
studies are at an early stage but have great potential for future research.  
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12.12     Availability of Observations 

 Wassmann et al. ( 2011 ) studied footprints of climate change in the Arctic  ecosystem 
and point out the signifi cant lack of reliable baseline data from which change can be 
identifi ed, particularly for planktonic and benthic systems. The sparseness and 
 heterogeneity of the available biological and biogeochemical observations, for 
instance seawater nutrient concentrations and plankton biomass, also creates prob-
lems for 3-D model initialization and validation. An ideal dataset would cover all 
seasons and most of the model domain. The World Ocean Atlas (WOA) monthly 
 climatology   http://www.nodc.noaa.gov/OC5WOA05/pr_woa05.html     is the only 
 gridded dataset available for model initialization of seawater nutrient concentrations 
in PAR. However, a few new arctic databases are being developed with the goal of 
improved understanding of Arctic Ocean PP and its changing physical controls such 
as light, nutrients, and stratifi cation. The NSF Arctic Primary Productivity 
Observational Synthesis Project has perhaps the largest nutrient database as a result of 
this effort. A merged-calibrated fi le for the Arctic is now also available from the 
Carbon dioxide in the Atlantic Ocean (CARINA) data synthesis project, which 
is accessible via the Carbon Dioxide Information Analysis Center (CDIAC, 
  http://cdiac.esd.ornl.gov/oceans/CARINA/Carina_inv.html     ) . The quality of the data 
in this merged product is signifi cantly higher than data in the WOA, but the measure-
ments are patchily distributed and insuffi cient to grid, especially by season and in 
shallow water. Carbon data from the Pacifi c Ocean are being synthesized in  t he North 
Pacifi c Marine Science Organization effort. Additional datasets from large arctic proj-
ects exist that have not yet been added to the WOA, such as the NSF Shelf Basin 
Interactions (SBI) and the NOAA IPY project: Russian American Long-Term Census 
of the Arctic (RUSALCA). Observationally-driven IPY projects, such as Canada’s 
Three Oceans, measured spatial variability along ship transects and recorded temporal 
variability using year-round moorings. Many of the recent measurement programs 
within the Pacifi c Arctic are part of the Pacifi c Arctic Group’s (PAG) Distributed 
Biological Observatory (DBO) which aims at linking physics and biology (Grebmeier 
et al.  2010 ). Efforts for data management and sharing of DBO data, e.g. within The 
Advanced Cooperative Arctic Data and Information Service (ACADIS) of the Arctic 
Observing Network (AON), are underway. ACADIS provides data management sup-
port for all projects funded by NSF’s Arctic Science Program. 

 Long-term observational networks that address spatial scaling issues (e.g., fi ne- 
scale observations vs. coarse scale models) and link observations to processes infl u-
encing biogeochemical dynamics are needed for modeling efforts. Time series 
observations over very broad spatial domains will aid in validating 3-D biogeo-
chemical models. Synthesis products from IPY efforts, such as maps of benthic 
biomass, provide models with more realistic initial conditions across the model 
domain. Remote-sensing data provide synoptic biological information, but these are 
snapshots of the surface ocean layer under clear sky conditions and are not indica-
tive of the hydrography below the surface. Biological rate measurement and process- 
oriented datasets needed for parameterizing models are rare for PAR. 
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 New modeling approaches and data assimilation procedures that directly 
 incorporate observations from a wide range of measurement systems including 
 biological and biogeochemical observations are yet to be developed. The demand 
for marine system models to support policy and management decisions is on the rise. 
The focus needs to be set on better enabling diagnostic modeling of the present-day 
and more accurate modeling for real-time forecasts and management projects. For 
now PAR models could be designed to take advantage of ocean color products that 
are routinely produced and distributed, and expand from there as arctic biological 
databases emerge. To build up these databases, suffi cient support and effort needs to 
be invested in comprehensive sampling of the Arctic.  

12.13     Modeling Brine Processes and Tracer 
Transport in Sea Ice 

 Current ice algae models usually apply simple parameterizations for nutrient supply, 
salt, and material release. Oceanic emissions are essentially prohibited because sea 
ice forms a barrier to gas exchange in models. However, laboratory and fi eld studies 
show that sea ice can be highly permeable to CO 2  (Gosink et al.  1976 ; Kelley and 
Gosink  1979 ; Golden et al.  1998 ) and that it controls and contributes to air-sea fl ux 
of climatically-active trace gases, such as CO 2  and DMS (Semiletov et al.  2004 ; 
Delille et al.  2007 ; Zemmelink et al.  2008 ; Miller et al.  2011 ). A simplifi cation helpful 
for modelers is the “rule of fi ves”: At temperatures below about−5 °C, corresponding 
to a brine volume fraction of about 5 % and a typical bulk sea ice salinity of 5 parts 
per thousand, brine inclusions are mostly disconnected, and sea ice is effectively 
impermeable to fl uid fl ow. For temperatures above −5 °C, the brine inclusions 
become connected over larger scales, allowing fl uid and gas transport through the 
sea ice (e.g. Golden et al.  1998 ; Petrich and Eicken  2009 ) Modelers are now looking 
into more accurate representations of brine dynamics to describe permeability and 
salinity profi les within ice, which affect physical properties like heat transport and 
melting (e.g., Golden et al.  2007 ; Petrich and Eicken  2009 ; Vancoppenolle et al. 
 2009 ) as well as gas fl uxes and nutrient and material cycling (Vancoppenolle et al. 
 2010 ). Notz and Worster ( 2009 ) revisited sea ice desalination processes and con-
cluded that gravity drainage in winter and fl ushing during summer are the only 
signifi cant contributors to salt loss from sea ice. They point out that while models of 
fl ushing are fairly realistic, the lack of a physically-based quantitative description of 
gravity drainage is a signifi cant shortcoming of sea ice models. From the biogeo-
chemical perspective, improved brine process modeling will allow us to assess the 
importance of nitrate versus silicic acid or other nutrient limitations, the production 
of dissolved organic carbon (DOC) and extracellular polymeric substances (EPS) 
by ice algae, and their subsequent recycling by bacteria. The latter appears to play 
an important role in organic carbon cycling within the sea ice (Krembs et al.  2002 ; 
Riedel et al.  2008 ). EPS are sticky and play an important role in cell aggregation and 
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sinking. Although ice algae do not represent a major fraction of annual PP, their 
actual infl uence on the export of organic carbon could be strong. 

 Improved knowledge of gas exchange through sea ice has the potential to alter 
our understanding of the seasonal amplitude, and localized sources and sinks of 
atmospheric CO 2  and other gases in PAR. However, little is known about the 
complex dynamic processes involved. Rysgaard et al. ( 2007 ) suggest that CaCO 3  
precipitation in sea ice might act as a sink for CO 2 . Recent observations confi rm the 
presence of the mineral ikaite likely caused by the precipitation of CaCO 3  within 
brine channels in the Arctic (Dieckmann et al.  2010 ). CO 2  is pumped in and out of 
central ice layers through processes that are partly dominated by chemical thermo-
dynamics but that also involve complex brine dynamics that affect alkalinity and pH 
within the bulk ice structure.  

12.14     Snow Component 

 While most Arctic snow melts completely by Spring, it has a signifi cant effect on 
physical and biological processes within the sea ice matrix and below. Snow remains 
one of the most important variables needing improvement in sea ice models as well 
as ice ecosystem models. Snow cover controls ice growth rate and the amount and 
timing of light availability at the underside of the ice, which in turn regulate ice 
algal bloom onset, biomass accumulation, and termination of the ice algal bloom 
(Lavoie et al.  2005 ,  2009 ; Mundy et al.  2005 ; Jin et al.  2006a ). Snow cover also 
affects the onset and magnitude of the phytoplankton spring bloom, through its 
effect on ice melt, timing of ice disappearance and release of nutrients and ice algae. 
The highly variable processes in the evolution of the snow (and ice) cover, espe-
cially during the melting season (e.g., formation of melt ponds, snow-ice formation 
during fl ooding), which affect both light conditions and habitat for sea-ice ecosys-
tems, are still insuffi ciently described in models and will need further attention in 
future model development.  

12.15     Microbial Loop 

 Heterotrophic bacteria as well as the rest of the microbial loop need attention in 
PAR biogeochemical models. Contributions of the microbial loop to carbon 
cycling (e.g., PP and export production) are substantial and are discussed in a 
previous chapter (Mathis et al.  2014 , this volume). Important bacterial processes 
such as decomposition of organic matter and remineralization of nutrients are 
typically included in PAR biogeochemical models through implicit representation 
of bacteria. In this way, Lavoie et al. ( 2009 ) were able to simulate detrital fl ux 
comparable to the mean annual POC fl ux estimated from sequential sediment 
traps, although microplankton, dissolved organic matter (DOM), ammonium, and 
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bacteria compartments would have enhanced the model. DOM concentrations in 
arctic rivers are among the highest in the world (Dittmar and Kattner  2003 ). Cai 
et al. ( 2014 , this volume) summarize riverine DOC fl uxes from many studies in 
the Pacifi c region of the Arctic Ocean. DOC supplied by these rivers has tradition-
ally been considered refractory, but new studies question this assumption and 
suggest that DOC delivered by rivers during the spring freshet is labile (Holmes 
et al.  2008 , and references therein). Similarly, Garneau et al. ( 2008 ) found that 
some areas of the Mackenzie shelf environment could be a source of CO 2  due to 
high bacterial production, and they suggest that the bacterial-to-PP ratio could 
increase in the future due to the increase in allochthonous substrate supplied by 
rivers. To represent these processes realistically in biogeochemical models, an 
explicit description of bacteria and/or related compounds need to be included.  

12.16     Modeling Adaptation and Synergistic Effects 

 At this point most ecosystem models, especially those incorporated into global 
ESMs, are fairly simple with either constant or temperature-dependent parameter-
izations. However, to adequately simulate both functional and structural ecosystem 
changes in a changing climate, this might not be suffi cient. It is not known how 
Arctic ecosystems will adapt to the drastic changes happening in such short time 
spans. Laboratory studies show signifi cant impact of, for example, ocean acidifi ca-
tion and other stressors on marine life (Box  12.3 ); however, they also show that, 
while some species will fail to survive, others will thrive under the same conditions. 
Many open questions wait to be resolved: Will the less fortunate simply be replaced 
by more suitable species? Do community structures stay the same and just shift their 
location? Or, if creating longer-term projections, do species adapt genetically and/
or behaviorally or die out? How do timings of migration, growth and reproduction 
patterns and predator–prey interactions change? 

 From a modeling perspective, we ask: Are our coarsely-grouped phytoplankton 
and zooplankton compartments representative of those found in today’s climate, 
and will they still be representative tomorrow? Do current parameterizations provide 
accurate predictions because better adapted species will simply replace less com-
petitive/poorly adapted species? Or do we need to think about genetically or physi-
ologically adaptive processes occurring over generations represented on timescales 
of global ESMs? While species replacement and migration might not necessarily 
require changes in parameterizations, evolutionary adaption will. How can this be 
achieved if the adaptation potential for individual species varies? Laboratory studies 
show that for some species one generation is enough to cope with the environmental 
changes like e.g. impacts of ocean acidifi cation (Dupont and Thorndyke  2008 ), 
however many more generations might be needed for genetic mutations to manifest. 
The synergism of effects is an important factor. Organisms might be able to adjust 
to one effect, but perhaps not to multiple stressors including warming, ocean acidi-
fi cation, hypoxia, habitat destruction, overfi shing, introduced species, etc. One type 
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of modeling that would allow projections on how these changes might occur 
requires a complex adaptive systems approach (e.g. Norberg  2004 ). In the approach 
of Norberg, the ability of the ecosystem to evolve with a changing environment/
climate is a function of the existing biodiversity within species or functional groups 
of species. In a related approach, Pahlow et al. ( 2008 ) allow the parameters within 
the model to change or adapt in response to changes in environmental variables, but 
the essential structure of the ecosystem remains unchanged.  

12.17     Dynamical Downscaling 

 Dynamical downscaling, where the output from one (or more) GCM is used to force 
a fi ner-resolution regional climate model (e.g., Liang et al.  2008 ) could be applied 
to PAR. The statistical downscaling method used in Lavoie et al. ( 2010 ) to provide 
forcing for future projections is limited by the ability of the GCM to represent 
important mesoscale features and processes. Regional climate downscaling (RCD) 
techniques are increasingly being utilized to produce regional climate information 
for impact and adaptation studies. Hence it is critical that the potentials, limitations, 
and uncertainties of RCD-based information are well understood by the modeling 
and user communities. The World Climate Research Program has formed a Task 
Force on Regional Climate Downscaling (TFRCD) to address those issues and 
foster international collaboration between global climate modelers, the downscaling 
community, and end-users to better support impact and adaptation activities. The 
TFRCD initiated a framework called the Coordinated Regional Climate Downscaling 
Experiment (CORDEX), which among other integrative approaches defi nes a 
common set of Regional Climate Model domains for dynamical downscaling 
(  http://copes.ipsl.jussieu.fr/RCD_CORDEX.html    ). The CORDEX domains include 
a setup for the Arctic, however so far the program has been limited to the atmo-
sphere. To further advance modeling of arctic marine biogeochemistry Arctic 
System Models are needed (Roberts et al.  2010 ) and are now starting to become 
feasible (e.g., Maslowski et al.  2012 ). Both dynamical and statistical downscaling 
methods will benefi t from the continuously improving presentation of the Arctic 
Ocean in GCMs. Marine biogeochemical modeling has received a signifi cant boost 
in recent years and will provide an important addition to RCD models, especially 
with respect to future fi sheries management.  

12.18     Summary 

 Models are useful and necessary tools for studying the impact of climate related 
changes on the complex interactions that infl uence PAR ecosystems. We expect that 
continuing advances in computing power and resources combined with increasing 
attention to this sensitive region will rapidly advance PAR biogeochemical modeling 
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in coming years. The goal of this model synthesis is to provide an overview, to 
evaluate the ability of current PAR ecosystem models to address interactions within 
the ecosystem and between physical and biogeochemical properties, and to discuss 
model suitability to simulate ecosystem changes in a changing climate. The specifi cs 
of PAR with its seasonal sea ice zone and shallow shelves call for coupled ecosystem 
models including benthic, pelagic, and ice communities. Some models already 
incorporate all three components and are able to represent observed shifts from a 
benthic-dominated system to a pelagic-dominated system in response to sea ice 
retreat, as well as seeding of spring algae blooms by ice algae. Existing models can 
(1) simulate annual ice algal and pelagic production within the ranges of the obser-
vations, (2) represent hot spots in production and differences in regional distribution 
of biomass, (3) explore the effects of interannual changes in ice cover and water 
motion on carbon and nitrogen cycling, (4) analyze biogeochemical processes under 
alternate light- and nutrient-limited regimes, and (5) study seasonal cycles and the 
physical processes controlling primary and export production under both current 
conditions and future scenarios. These results provide valuable insights into possible 
future ecosystem dynamics in a changing Arctic, enabling fi rst estimates of conse-
quences for HTLs and socioeconomic activities. 

 The subsurface phytoplankton bloom is a major contributor of fi xed carbon, and 
we caution that satellite-derived estimates of phytoplankton production, which are 
not able to track subsurface blooms, might underestimate actual concentrations. 
This shortcoming must be taken into account when validating ecosystem models, 
which provide vertical structure and depth-integrated PP. Light attenuation is a 
major factor limiting PP, and factors like ice-entrapped sediments, thicker ice, and/
or snow depth have been shown to affect the amount of light available to marine 
algae. We point out that ecosystem structures and physical environments in different 
regions are quite specifi c and that ecosystem models from other regions (e.g., the 
southern ocean or even the Barents Sea) cannot readily be applied to PAR. 

 We highlight the importance of capturing the timing and location of the ice edge 
and open water blooms for simulating the food web structure that follows. An accurate 
representation thereof requires high-resolution modeling. Since much of the PAR 
system is governed by advection, proper representation of currents, circulation, 
frontal systems, and vertical stratifi cation as well as potential future changes in 
those systems is important. The very-high-resolution physical models that exist are 
able to represent relevant features (e.g., eddies). However, these models are not yet 
coupled to a marine ecosystem component. 

 Both 1-D and regional models forced by climate model output as well as climate 
models themselves provide fi rst estimates of future and current PAR changes. Model 
results suggest not only a PP increase in the northern PAR due to the ice retreat, but 
also some reduction in the southern PAR attributed to changes in the upper ocean 
stratifi cation. They also show a reduction in the importance of the ice algae contri-
bution due to the earlier snow and ice melt, while other models suggest even more 
ice algal production in low ice years. Models also suggest switches in the dominant 
phytoplankton groups due to changes in sea ice cover (i.e., timing of sea ice retreat), 
which might support either pelagic- or benthic-dominated systems. 
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 Projections with ESMs highlight imminent acidifi cation, which renders PAR 
waters undersaturated in aragonite and calcite from top to bottom by the end of the 
century. This acidifi cation could carry severe consequences for pelagic and benthic 
communities. It is important to note that ESMs do not yet incorporate any physiological 
or behavioral changes beyond regional shifts due to acidifi cation or other environ-
mental infl uences. Many of the possible physiological and behavioral changes are 
not yet understood and must be explored in laboratory and fi eld studies. 

 We emphasize model validation as a procedure of major importance in develop-
ing model parameterizations, highlighting the need for observational data from 
within PAR. Consistent and continuous interaction between modelers and fi eld sci-
entists, preferably starting in the planning stage of a project, is essential. These 
interactions have proven benefi cial from an observational standpoint as well. While 
data are essential for validating models, models in turn can be used to interpret and 
extrapolate data, identify hot spots for observations, test hypotheses, and guide the 
design of fi eld programs. 

 In closing, biogeochemical modeling in PAR has advanced signifi cantly over 
recent years. Limitations still exist due partly to the lack of gridded datasets and the 
limited understanding of links between individual ecosystem components and pos-
sible adaptation processes in a changing climate. We expect integrated observing 
and modeling approaches for PAR to increase over the coming years, advancing our 
understanding of the underlying systems and our ability to accurately represent 
those systems in model equations.   
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