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with (red) and without (green) the effect of anthropogenic forcings.

The hatched areas mark the probability of exceeding a threshold

value in the two climates. The FAR is the fractional change in the
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anthropogenic climate change (red line). (b) Fraction attributable
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Schematic representations of the probability distributions

of daily temperature, which tends to be approximately Gaussian
(exceptions can be caused by soil freezing, feedbacks, or energy
balance constraints, see text), and daily precipitation, which has

a skewed distribution. Extremes are denoted by the shaded areas.
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of the distribution to the right would substantially increase warm
extremes and decrease cold extremes. In addition, the frequency
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or could become somewhat skewed rather than being symmetric

as depicted. In a skewed distribution such as that of precipitation,
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and vice-versa. In addition, the shape of the right hand tail could
also change, affecting extremes. Furthermore, climate change

may alter the frequency of precipitation and the duration of dry
spells between precipitation events (From Zhang

and Zwiers (2013), after Folland et al. (1995)

and Peterson et al. (2008)).....cccuuriiiiiiiiiiieieeiieeee e 345
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Geographical distribution of trends of extreme precipitation
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(RX1D) during 1951-1999. Observations (OBS); model
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at the 5 % level or lower. Significance is determined using the
Mann-Kendall trend test (From Wang et al. (2011). The statistical
methods are described in Wang and Swail (2001)) .....c..ccoceevierernennen. 361
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trends. Only the top three curves have statistically significant
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Atmospheric CO, concentration future projections assuming,

as in the Charney report, future anthropogenic emissions to increase
at a rate of 4 % per year (blue), 2 % per year (red) or to remain
constant (green). Also shown (dotted lines) are the projected
concentrations for these three cases accounting for a positive
climate-carbon feedback, absent from the Charney’s calculations.
The observed CO, concentrations, and the twenty-first century CO,
concentrations projected for the four Representative Concentration
Pathways (RCPs) used in CMIP5 are shown in black symbols........... 396
Understanding and quantifying the ocean’s role in climate change
involves a variety of questions related to how physical processes
impact the movement of tracers (e.g., heat, salt, carbon, nutrients)
across the upper ocean interface and within the ocean interior.

In general, processes move tracers across density surface
(dianeutrally) or along neutral surfaces (epineutrally), with
epineutral processes dominant in the interior, yet dianeutral
processes directly impacting vertical stratification. This figure
provides a schematic of such processes, including turbulent

air-sea exchanges and upper ocean wave breaking and Langmuir
circulations; gyre-scale, mesoscale, and submesoscale

transport; high latitude convective and downslope shelf
ventilation; and mixing induced by breaking internal gravity

waves energized by winds and tides. Nearly all such processes

are subgrid scale for present day global ocean climate

simulations. The formulation of sensible parameterizations,
including schemes that remain relevant under a changing

climate (e.g., modifications to stratification), remains

a key focus of oceanographic research efforts..........ccceeeeveeriieneennee. 400
Unlike weather prediction, there are limited opportunities

to evaluate long-term projections (or climate sensitivity as

an example) using observations. Multi model analysis show

that many of the observational tests applied to climate models

are not discriminating of long-term projections and may not

be adequate for constraining them. Short-term climate variations
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Distribution of models in a space defined by increasing model
simplicity (relative to the system it aims to represent) on the
vertical axis and system complexity on the horizontal axis.

Our attempt to realistically represent the earth system is both
computationally and conceptually limited, and conceptual
problems that arise in less realistic models are compounded

as we move to complex models, with the result being that adding
more complexity to models does not make necessarily make

them more realistic, or bring them closer to the earth system.
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Platonosphere, which is the realm of the Laws. Reliability is
measured by empirical adequacy of our models, which

is manifest in the fidelity of their predictions to the world as

we know it. To accelerate progress we should work to close
conceptual gaps at their source, and try to advance understanding
by developing a conceptual framework that allows us to connect
behavior among models with differing amounts of realism/
simplification. As time and technical capacity evolve models

may move around in this abstraction-complexity space............ccccuen.
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(Left) Best estimates and very likely uncertainty (90 % confidence,
as in Forster et al. 2007) ranges for aerosols and gas contributions
to CO,-equivalent concentrations for 2005, based on the
concentrations of CO, that would cause the same radiative

forcing as each of these as given in Forster et al. (2007).

All major gases contributing more than 0.15 W m=2 are shown.

Halocarbons including chlorofluorocarbons, hydrochlorofluorocarbons,

hydrofluorocarbons, and perfluorocarbons have been grouped.

Direct effects of all aerosols have been grouped together with

their indirect effects on clouds. (Right) Total CO,-equivalent
concentrations in 2005 for CO, only, for CO, plus all gases,

and for CO, plus gases plus aerosols (From Stabilization

Targets, NRC 201 1) .c.ccoiiiiniiiiniieiiieieeeeeeeee et
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(a) Pulse emission of gases with various lifetimes but identical
GWP, . The emission corresponds to an initial radiative
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emission rate up to year 200 for an infinite lifetime CO,-like

gas vs. a short-lived methane-like gas having the same

GWP,,. The total mass of short-lived gas emitted is the

same as in the pulse emission calculation shown in (a).

(¢) Temperature increases from the CO, time series in test

cases in Eby et al.(2009), corresponding to cumulative

carbon emissions of 640 or 1,280 GtC between 2,000

and 2,300, alone or with superposed effect of constant-

rate methane emissions with total GWP,y-weighted

emissions equal to the difference in CO, emissions between

the two cases; all emissions cease by 2,300 ........cccceevevierienciieneencnennns 426
Climate response to zero CO, emissions, compared to the
climate response to constant atmospheric CO, concentration.
Upper panel (a) shows the global temperature response to
zero-emissions from three models (Lowe et al. 2009;

Solomon et al. 2009; Matthews and Weaver 2010) and constant-
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of both scenarios) and the future emissions associated
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(“‘carbon-climate response”), estimated from historical
observations of CO, emissions and CO,-attributable temperature
changes (thick black line with dashed uncertainty range),

as well as from coupled climate-carbon cycle models
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Abstract In this chapter an overview of the research planning and priorities of the
World Climate Research Program (WCRP) over the next decade is provided. The
research, modeling and prediction plans are significantly shaped by the major spon-
sors of the WCRP, as well as by its international network of scientists and stakehold-
ers. However, major input into the planning process was also derived from sessions
and discussions among the more than 1,900 scientists who attended the WCRP
Open Science Conference (OSC) in October 201 1. This monograph is comprised of
position papers emanating from the OSC. They address many of the overall research
and intellectual challenges across the WCRP spectrum of activities. A brief overview
of these papers is given.
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1 Introduction

The WCRP convened a major Open Science Conference (OSC) on 24-28 October
2011, in Denver, Colorado (Asrar et al. 2012). The purpose of the OSC was to
assess the current state of knowledge on climate variability and change, identify the
most urgent scientific issues and research challenges, and ascertain how the WCRP
can best facilitate research and develop partnerships critical for progress. The OSC
also sought to facilitate dialogue and cooperation across the diverse research
communities among the WCRP Projects and their network of researchers, as well as
with other international research programs, including the International Geosphere-
Biosphere Program (IGBP), the World Weather Research Program (WWRP) and
the Earth System Science Partnership (ESSP).

The overall theme of conference was “Climate Science in Service to Society” to
allow a more effective dialogue between the climate information and knowledge
developers (i.e., the research community) and the decision makers faced with diffi-
cult adaptation, mitigation and risk management issues. A main goal was to identify
key opportunities and challenges in observations, modeling, analysis and process
research required to understand and predict Earth system variability and change.
The main objectives for the WCRP since its inception have been to determine the
predictability of climate and to determine the effect of human activities on climate.
The OSC confirmed that these remain valid objectives today, along with the WCRP
strategic priority of an enhanced focus on climate research that is of direct value and
benefit to society.

More than 1,900 participants, including 541 graduate students and early career
scientists from 86 nations and more than 300 scientists from developing nations,
made the conference a terrific success. The conference included seven plenary
sessions, 15 parallel sessions and more than 2,000 poster presentations organized
around daily themes (e.g., societal needs for climate information, the state of the
global climate observing system, challenges and opportunities in climate modeling
and prediction, and the detection and attribution of climate extremes). The sessions
were designed to allow for in-depth plenary presentations informed by a series
of community-based scientific position papers, followed by parallel and poster
sessions with sufficient time for discussion and one-on-one interactions among
presenters and participants.

This monograph is developed around the papers prepared and presented at the
Open Science Conference based on contributions by a large number of international
climate scientists at the invitation of the WCRP. The conference participants and
members of the broader scientific community were invited to provide their com-
ments and feedback to the authors before they were presented and discussed during
the conference. Prior to acceptance for inclusion in this book, each paper was
revised based on these feedbacks, the outcome of conference deliberations, and at
least three independent peer reviews. The scientific challenges and opportunities
identified in the following chapters form the basis of climate research priorities
for WCRP to pursue through its network of affiliated projects and scientists in the
ensuing decade.
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2 Evolution of WCRP Research Mandate

The WCRP was established at the conclusion of the first World Climate Conference in
1980, in Geneva, Switzerland. Under the sponsorship of the World Meteorological
Organization (WMO), the Intergovernmental Oceanographic Commission (IOC) of
UNESCO, and the International Council for Science (ICSU), the aim of WCRP is to
facilitate the analysis and prediction of Earth’s climate system variability and change
for use in an increasing range of practical applications of direct relevance, benefit, and
value to society (Asrar 2009). This primary objective was reaffirmed in 2005 with a
new strategic framework for WCRP referred to as COPES (Coordinated Observation
and Prediction of the Earth System). COPES was designed to help promote the cre-
ation of a comprehensive, reliable, end-to-end global climate observing system for the
dual purpose of describing the structure and variability of the climate system, and of
generating a physically consistent description of the state of the coupled climate system
for numerical prediction of climate. Through this framework WCRP strives to provide
the soundest possible scientific basis for the predictive capability of the total climate
system for the benefit of society, including an assessment of the inherent uncertainty in
probabilistic prediction of climate on various space and time scales (WCRP 2005).

In 2008, the sponsors of the World Climate Research Program (WCRP) initiated
an independent review of the Program to evaluate the extent to which WCRP adds
value to national efforts in climate research. The international panel of experts also
identified and recommended major future research priorities for WCRP (ICSU-
IGFA 2009). The Review Panel took a prospective view with the aim of maximizing
the future added value of WCRP while learning from a retrospective assessment of
the current program and its recent evolution. The Review focused on interactions
within WCRP and also its external connections. The Review Panel considered not
just science relevance, but also the policy and development relevance of WCRP.
Questions considered by the review panel included: “What is the role of natural
versus social science? Does the Program engage the younger generation of scien-
tists? What is the relationship of WCRP to the Earth System Science Partnership?
Is the increasing collaboration between IGBP and WCRP an impetus for even
tighter working relationships? What do end-users serviced by members of the
sponsoring international organizations expect from WCRP?”

Upon completion of their review and deliberations, the panel recognized the
many important achievements of WCRP, and it concluded that WCRP plays a sig-
nificant role in helping society meet the challenges of global climate change. The
panel cited numerous examples of unique contributions by the program and pointed
out that, without WCRP leadership, such contributions would not have been possi-
ble. The panel concluded, however, that WCRP lacked the focus, planning, and
funding to meet the scientific challenges identified in the COPES document. A rec-
ommendation was “WCRP must focus its Projects and connect with partners and
users in strategic ways, and it will need new resources to do so”. The panel indicated
that WCRP should continue to stay in the forefront of climate research, modeling
and prediction, in order to attract international research leaders to volunteer their
time and efforts to support the Program. The panel also concluded excellence in
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research alone is not sufficient: WCRP also needs to facilitate the use of the scien-
tific knowledge it develops by decision makers to demonstrate the benefits to be
accrued by its sponsors, stakeholders and the society at large. In this regard, the
panel offered several specific recommendations aimed at building the necessary
focus and connections into WCRP and its partnerships (ICSU-IGFA 2009).

In parallel with the independent review of WCRP, the Joint Scientific Committee
(JSC), who has the scientific oversight for the Program, began to engage in a dialogue
with the WCRP International Projects and other partner programs (e.g., IGBP, WWRP,
ESSP) to develop a strategy and implementation plan for the future. The WCRP
International Projects are: Global Energy and Water Experiment (GEWEX), CLImate
VARIiability and Change (CLIVAR), Climate and Cryosphere (CliC) and Stratospheric
Processes And their Role in Climate (SPARC). The JSC and the leaders of these
Projects reached agreement in short order to adopt the WCRP COPES strategic frame-
work as a blueprint for the near-term (2008-2012) and worked to develop an accom-
panying implementation plan (WCRP 2009b). This approach offered sufficient
time for developing a longer-term (post 2012) strategy through consultation with the
international scientific community at large, and for transitioning the functions and
structure of the four core Projects to support future research directions and emerging
priorities. The logic behind this two-phase approach was to foster active community
engagement in setting the new research directions and priorities through a “bottoms
up” and participatory approach, a necessity given the voluntary nature of the Program.

3 Future Plans and Priorities of WCRP Major Sponsors

To set the stage for its deliberations, the JSC also sought guidance from the three
major WCRP sponsors. This was especially important because the three sponsors
had also initiated their own future planning through separate processes.

The WMO convened the World Climate Conference-3 (WCC-3) in September
2009, in Geneva, Switzerland, about 30 years after the first conference (WCC-1)
that established the WCRP. More than 2,500 scientists, policymakers, Non-
Governmental Organizations (NGOs) and a wide range of regional and national
experts from 150 countries participated. The scientific and technical part of the
conference, “the Expert Segment,” identified an urgent need for establishing the
Global Framework for Climate Services (GFCS) as a complement to the research,
observations and assessment initiatives that resulted from the WCC-1 and WCC-2.
The Expert Segment called for major strengthening and implementation of the
essential elements of a global framework for climate services; however, they stated
that for a GFCS to be successful it must function as an integrated and end-to-end
system, with the main focus on delivery of climate information and services to the
end users and stakeholders of such information. The five essential elements of the
GFCS were identified as:

* The Global Climate Observing System and all its components and associated
activities; and provision of free and unrestricted exchange and access to cli-
mate data;



The World Climate Research Program Strategy and Priorities: Next Decade 5

* The World Climate Research Program, underpinned by adequate computing
resources and increased interaction with other global climate relevant research
initiatives;

» Climate services information systems taking advantage of enhanced existing
national and international climate service arrangements in the delivery of prod-
ucts, including sector oriented information to support adaptation activities;

* Climate user interface mechanisms that are focused on building links and inte-
grating information, at all levels, between the providers and users of climate
services, and that are aimed at the development and efficient use of climate
information products including the support of adaptation activities; and

e Efficient and enduring capacity building through education, training, and
strengthened outreach and communication.

In 2011, the WMO Congress endorsed the GFCS initiative as a UN system-wide
effort and requested that WMO establish a secretariat to facilitate the development
of an implementation plan and a governance strategy to be presented for further
deliberation and approval at an extra ordinary session of its member states in
October 2012 in Geneva, Switzerland. In this process, WCRP was identified as a
major contributor to the development of the Research, Modeling and Prediction
pillar of the GFCS (Fig. 1), in coordination and with active engagement of other
major international research programs (WMO 2011). The GFCS Implementation
Plan that was recently approved by the WMO Congress includes an annex chapter
that highlights research priorities and WCRP expected contributions for the GFCS
during next decade (WMO 2012).

In September 2009, the ICSU General Assembly decided to develop a future
strategy for ICSU environmental research. Subsequently, ICSU established an inter-
national planning panel to initiate this process through a combination of web-based
consultation and several planning workshops during 2010-2011. The ICSU vision-
ing process concluded that there is a need to expand Earth System Science research
towards sustainability science that explicitly covers development and equity in
relation to other global change issues. The visioning process led to the identification
of five Grand Challenges for the international global change research communities
(Table 1, ICSU-ISSC 2010; Reid et al. 2010). Simultaneously, the international
funding agencies developed the Belmont Challenges (ICSU-ISSC 2010) with a
strong regional and sectoral emphasis and user orientation.

The ICSU strategy calls for trans-disciplinary research towards the goal of global
sustainability by recognizing a need for end-to-end and solution oriented approaches
to Earth system research through more effective partnerships between natural,
socioeconomic sciences, and engineering disciplines (ICSU-ISSC 2010). In 2011,
ICSU appointed a Transition Team consisting of international scientists and experts
to develop further its research strategy and a governance mechanism for its oversight.
The ICSU initiative is entitled “Future Earth: Research for Global Sustainability”.
It is envisioned Future Earth will succeed ESSP (Leemans et al. 2009). A subset of
the International Group of Funding Agencies (IGFA), called the Belmont Forum,
together with some UN system organizations and ICSU, have established an
Alliance to oversee the governance and implementation of the Future Earth
initiative.
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Fig. 1 A conceptual illustration of how the five major pillars of the Global Framework for Climate
Services (GFCS) must function in a coordinated and integrated manner to realize the GFCS grand
vision in near-, mid- and long-term (Adapted from WMO 2011)

Table 1 The five Grand Challenges according to the International Council of Science (ICSU 2010)

Challenge 1 Forecasting: improve the usefulness of forecasts of future environmental
conditions and their consequences for people

Challenge 2 Observing: develop, enhance and integrate the observation systems needed to
manage global and regional environmental change

Challenge 3 Confining: determine how to anticipate, avoid and manage disruptive global
environmental change

Challenge 4 Responding: determine what institutional, economic and behavioral changes can
enable effective steps toward global sustainability

Challenge 5 Innovating: encourage innovation (coupled with sound mechanisms for
evaluation) in developing technological, policy, and social responses to
achieve global sustainability

The Future Earth initiative has the strategic goal “to develop knowledge for solutions
to move toward a future of integrated environmental, social, and economic well-being
[or...provide new knowledge to face risks and seize opportunities posed by global envi-
ronmental change and to support transitions of societies in the world to global sustain-
ability]”. The intent is to deliver at global and regional scales the knowledge required for
sustained human development in an era of rapidly escalating global environmental risks
and new opportunities. The Future Earth will include major foci in synthesis and
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assessment of research knowledge, communication, bridging science with policy and
practice, and capacity development such as training and development of the next genera-
tion of early career scientists, especially those from developing countries. These exciting
goals and objectives will require a “step change” in required funding, both flexible insti-
tutional funding and competitive research funding (ICSU-ISSC 2010).

The IOC/UNESCO, a third sponsor of WCRP, organized its second OceanObs09
Conference in 2009, in Venice, Italy to define its strategy for ocean observations and
research in the ensuing decades (Hall et al. 2009). The conference objective was to
take stock of progress made since the first OceanObs Conference in 1999 to identify
future observations and research priorities in support of the IOC mission. More than
800 participants from 36 countries confirmed significant progress on the goals
and priorities identified in the first conference. These included the establishment
of global in situ observing networks in the oceans, development and operation of
space-based ocean observing satellites through international cooperation, and test-
beds for near real-time ocean information activities such as GODAE. The partici-
pants recognized the seminal contributions of the WCRP to the ocean observing
systems through major research projects such as World Oceans Climate Experiment
(WOCE), Tropical Oceans Global Atmosphere (TOGA), and the regional observing
systems through the CLIVAR project. The conference identified the following priori-
ties through a conference statement (Hall et al. 2009);

Provision of routine and sustained global information on the marine environment sufficient
to meet society’s needs for describing, understanding and forecasting marine variability
(including physical, biogeochemical, ecosystems and living marine resources), weather, sea-
sonal to decadal climate variability, climate change, sustainable management of living
marine resources, and assessment of longer term trends. The ocean observing system must
be sustained and enhanced because; 1) systematic observation of the properties of the ocean
and the information derived are changing what we know about the ocean and its implications
for society; 2) the real-time flow of these observations underpin the development, produc-
tion, and delivery of many ocean services and support coastal zone management; 3) global
oceans information is critical to support forecasting of climate, weather and natural hazards
from daily to centennial time scales; 4) the development of an increasing range of ocean
assessments and climate services for planning, early warning, adaptation and mitigation,
depend upon availability of accurate observations and models of the world ocean; 5) the
ocean is an important sink of anthropogenic CO2, and ocean acidification potentially has
significant impacts on marine ecosystems; 6) sustainable management of marine living
resources depends on timely and accurate monitoring of and information on biogeochemical
cycles and ecosystem function; 7) biodiversity is understood to be a key factor in ensuring
sustainable ecosystem function; 8) healthy coastal environments and their interactions with
the open ocean are important to society; and 9) the oceans remain seriously under-sampled,
and no single nation can perform all necessary ocean observations.

4 Overview of Following Chapters

The following chapters consist of the key position papers that were prepared and
presented at the OSC. Each paper addresses the overall research and intellectual
challenges of the topic it covers. Together, the papers present an excellent assessment
of the current state of knowledge on climate variability and change, identify the
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scientific challenges and most urgent research issues, and ascertain how the WCRP
can best facilitate research and develop partnerships critical for progress during
the next decade. Each paper benefited from comments and feedback from at least
three independent reviewers. The following chapters are organized according to the
major scientific themes of the OSC.

The Climate System Components and Their Interactions: The presentations in this
part of the conference focused on the need for WCRP to remain focused on facilitat-
ing the discovery of key processes in each component of the Earth’s climate system
and the interactions among them. They also referred to the need to represent these
processes in models and thereby provide the basis for improved predictions of cli-
mate variability and change. Talks emphasized, for instance, significant shortcom-
ings in our understanding of cloud and convection-related processes, as well as
uncertainties in aerosol radiative effects (Sherwood et al. and Rosenfeld et al., this
volume). Gaps in our understanding of the complexity of the hydrological cycle and
human influences on the character and dynamics of it were discussed, as well as
the fact that these are central to our understanding of many other atmospheric,
chemical, and physical processes (Gleick et al., this volume). The many research
achievements, yet remaining challenges, around land-atmosphere coupling were
also presented and discussed (OKki et al., this volume).

Observation and Analysis of the Climate System: Presentations in these sessions
outlined significant progress over the past three decades in observations of all of the
major Earth system domains (i.e., atmosphere, oceans, land and polar region). These
observations are increasingly needed for planning and informed decision making
related to climate services in the broadest sense. However, data gaps and other major
challenges still exist, such as how best to deal with the continually changing observ-
ing system, especially from satellites, in order to provide a continuous climate record
(Trenberth et al., this volume). Since most observing systems were not developed
with a climate objective in mind, tremendous efforts have gone into assessing and
reprocessing data records. Recent progress in reprocessing and reanalyzing observa-
tions, as well as existing challenges and next steps in these efforts, were described
and discussed by OSC participants (e.g., Bosilovich et al., this volume).

Assessing and Improving Models and Predictive Capabilities: Climate and Earth
System models are getting more realistic, comprehensive and capable to deliver
short-, medium- and long-term predictions and projections to users. The scientific
basis for prediction from weeks to decades, current capabilities and outstanding
challenges were highlighted in these sessions (e.g., Kirtman et al., this volume), as
were the reliability of models used for longer-term climate projections and the
power of multi-model ensembles (van den Hurk et al., this volume). The presentations
also emphasized, however, the need for WCRP to continue to facilitate comprehen-
sive and coordinated model evaluation, especially in light of the long list of system-
atic errors that plague all models, and the importance of continued development
of the “foundations” of Earth System models, namely the atmospheric, oceanic,
and land components. Overall, the sessions re-confirmed the major outcomes and
recommendations of the WCRP Modeling Summit (WCRP 2009a).
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Climate Assessments and Future Challenges: The speakers in these sessions
focused both on science-based climate and environment assessments and strength-
ening the policy relevance of such assessments by highlighting the need for research
on anthropogenic climate change (Bony et al., this volume; Solomon et al. this
volume). Priority should be given to understanding the processes and mechanisms
responsible for climate variability and predictability at regional scales (Vera et al.,
this volume; Rosenlof et al., this volume). Promoting research on detection and
attribution of extreme events and research on heat waves, tornadoes, extreme pre-
cipitation and tropical cyclones will provide a solid scientific foundation to improve
their prediction (Stott et al., this volume; Zwiers et al., this volume). It was also
stated that cryospheric research is rich with grand challenges and recommended that
WCRP continue to promote research, modeling and analysis for addressing large
uncertainties in knowledge of ice sheet mass balance for sea-level change and vari-
ability, sea-ice dynamics, and changes in solid precipitation in a changing climate,
with a major regional focus.

Translating Scientific Understanding of Climate System into Climate Information

for Decision Makers: The speakers in the final plenary session of the Conference
focused on the development and use of climate knowledge and information for socio-
economic development and societal services. They stated that, in less developed
countries, there is a direct relationship between building adaptive capacity and
development (Lemos et al., this volume). Many of the causes of vulnerability are
connected to development deficits, which calls for a new paradigm of adaptive
development and the requirement for countries to solve some of their development
problems in a context of climate and environmental change. The ICSU vision
for “Future Earth” initiative and associated Grand Challenges (Reid et al. 2010), for
example, states that the global sustainability is a prerequisite for poverty alleviation.
The concept of “planetary boundary thresholds” (Rockstrom et al. 2009) calls for
innovative pathways for societal transformations to ensure global sustainability,
and science-based planetary stewardship for human prosperity.

Climate services are a necessary element of this transformation, and they have the
potential to bridge communities, language and value systems. The language of uncer-
tainty employed in the climate information provision, however, casts doubts among
users, and there is a merit for informing them based on the concept of probabilities
and likelihood. Providing climate information that meet or exceed in time, space,
and frequency the user-defined needs is powerful. The issues of responsibility,
accountability, credibility, and values are largely missing from the climate services
dialogue. To put them in place, producers and users of climate information need to
collectively develop the language that leads to plausible, defendable and actionable
messages. For example, in the area of climate and health, projects like Meningitis
Environmental Risk Information Technologies (MERIT) (Thompson et al. 2006)
is showing significant achievements in implementing health—climate alliance.
The basis for joint action is the agreement among the stakeholders on the cor-
responding evidence, stemming from a strategic approach to the creation of the
evidence, together with the development of a cumulative knowledge base, effective



10 G.R. Asrar et al.

dissemination of knowledge, with development of effective means of access to
knowledge, and resulting in initiatives to increase the uptake of evidence in both
policy and practice.

Meeting the Climate Information Needs of Decision Makers: A clear and emerging
priority from the OSC was the need for “actionable” science. The consensus that
emerged at the conference was that the number one service to society provided by
WCREP is the encouragement and enabling of the climate-related research that will
provide the scientific basis for sound decision making over the next decades. WCRP
should also help in developing an interface between climate information and its use
for a particular application. The main challenge in the discussion of science support
to climate services is the optimal balance of fundamental and applied research, and
interface between climate research and climate information and users. Given the
still existing gap between science and decision-making, the need to understand
and use deliverables of climate research outcomes become even more important
than in the past.

The reality is that decision-makers — including water providers, farmers, insur-
ance companies, oil exploration companies and many more — need climate and
other scientific information to guide decisions more than ever before. Future water
availability in a region, for example, may guide crop selection for the ensuing year,
or siting decisions for a new water treatment plant that will be operational for
decades. But there is often a mismatch between the scientific data available and the
information needed, so there is a need for “symbiotic” relationships between pro-
viders and users of climate information to ensure that ‘actionable’ (timely, accessible,
and easy to understand) climate information is developed and used effectively.

The need for actionable science was also explored during an evening session
with a panel of experts from the private sector. Sponsored by the University of
Maryland’s Earth System Science Interdisciplinary Center, the panelists were senior
executives of several major companies — BP, Northrup Grumman, Zurich Financial
Services, Computer Sciences Corporation and the Weather Channel. The discussion
focused on the need for scientists and the private enterprise to work better together
toward actionable information. They shared the perspective that conversations
during scientific conferences such as the OSC were a start, in that awareness of the
richness of the scientific data and information available is gained by users
while scientists begin to understand what kind of data and information is required
to guide business and policy decisions. Participants agreed that while gaps exist
today between data and information needs and availability, those gaps are rich with
opportunity. In particular, there is the chance for private companies to use the data
created by the research community to deliver more detailed, relevant information
to decision-makers. The participants stated the need now is to go beyond under-
standing natural systems alone into understanding how natural systems connect
with human systems, and that requires understanding the kinds of information the
users need to make decisions. A major point made repeatedly by the users of climate
information throughout the conference was the importance of their early and
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continued engagement with scientists to define the needs from science, the type of
information required, and the most effective way to convey the results to inform
actionable decisions. The “symbiotic” relationship between producers and users of
climate information was identified as the best model to ensure such effective
partnership.

5 Summary

As a result of the week’s deliberations at the OSC, several major scientific themes
and priorities emerged from the conference presentations and discussions. They
include: (1) the need for prediction of the Earth System bridging the physical
climate system with biogeochemistry, the social sciences, and human dimensions, a
problem that transcends the WCRP and one that should benefit from the proposed
Earth System Science alliance; (2) the opportunity, provided by new satellite obser-
vations, to make a quantum leap in understanding of clouds and aerosols and their
contributions to climate sensitivity; (3) the necessity of skilful climate information
on regional scales, embodying the so-called “seamless prediction” paradigm; (4) the
importance of quantifying “true” uncertainty in climate predictions; (5) the challenges
and opportunities of predicting how natural modes of climate variability will modify
the “forced” anthropogenic component of climate change over the coming years
to decades; (6) the increasing importance of establishing the predictability of
polar climate, perhaps especially with the opening of the Arctic and international
negotiations regarding increased commercial traffic for shipping and extraction of
natural resources; (7) the need to better understand the causes of extreme events
and performing attribution studies in near real-time; (8) the challenges of improved
predictions of future sea-level rise on regional scales, which will require knowledge
of not only cryospheric and thermosteric contributions but also how gyre circula-
tions, storm tracks, and tidal amplitudes will change; and (9) the requirement to
train and empower the next generation of climate scientists across all corners of the
globe, a priority of the future WCRP as it seeks opportunities for capacity develop-
ment with its partners in the human and social sciences.

The general consensus among the OSC participants was that the WCRP and its
affiliate network of international scientists and Projects must continue to provide
the scientific foundation for understanding and predicting the Earth’s climate
system. However, they also must play a major role in providing the resulting knowl-
edge and information in ways that yield practical solutions to the complex and
interrelated challenges required to ensure a sustainable Earth for future generations.
The World Climate Research Program, its leaders, and network of projects stand
ready to support the research community in pursuing the challenges and oppor-
tunities identified during the conference and captured in the following chapters
of this book in the spirit of pursuing Climate Science in Service to Society in the
ensuing decades.
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Challenges of a Sustained Climate
Observing System

Kevin E. Trenberth, Richard A. Anthes, Alan Belward, Otis B. Brown,
Ted Habermann, Thomas R. Karl, Steve Running, Barbara Ryan,
Michael Tanner, and Bruce Wielicki

Abstract Observations of planet Earth and especially all climate system components
and forcings are increasingly needed for planning and informed decision making
related to climate services in the broadest sense. Although significant progress has
been made, much more remains to be done before a fully functional and dependable
climate observing system exists. Observations are needed on spatial scales from local
to global, and all time scales, especially to understand and document changes in
extreme events. Climate change caused by human activities adds a new dimension and
a vital imperative: to acquire climate observations of sufficient quality and coverage,
and analyze them into products for multiple purposes to inform decisions for mitiga-
tion, adaptation, assessing vulnerability and impacts, possible geo-engineering, and
predicting climate variability and change and their consequences. A major challenge
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is to adequately deal with the continually changing observing system, especially from
satellites and other remote sensing platforms such as in the ocean, in order to provide
a continuous climate record. Even with new computational tools, challenges remain to
provide adequate analysis, processing, meta-data, archival, access, and management
of the resulting data and the data products. As volumes of data continue to grow, so do
the challenges of distilling information to allow us to understand what is happening
and why, and what the implications are for the future. The case is compelling that
prompt coordinated international actions are essential to provide for information-
based actions and decisions related to climate variability and change.

Keywords Climate observing system ¢ Satellite observations ¢ Climate change *
Data processing * Earth observations ®* Metadata * Climate data records

1 Introduction

The first rule of management is often stated to be “you can’t manage what you
can’t measure”. Indeed, Earth is observed more completely today than at any other
time. Multiple observations are made from space in many different wavelengths
via passive and active sensors that provide information on many geophysical and
meteorological variables. However, a key question is the extent to which these
observations are suitable for characterizing climate, and especially for climate
monitoring and prediction.

As the climate system is continuously evolving, there is a need to measure
changes globally and regionally, to understand the system, attribute the causes of
the changes by linking the changes in state variables to various forcings, and to
develop models that can simulate and predict the system’s evolution (Trenberth
et al. 2002, 2006). The observations must be processed and analyzed, often into
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globally gridded fields that can be used as an initial state for predictions using
climate models. Accordingly, observations are used to document the state of the
climate and how it varies and changes over time, along with documenting external
influences on the system such as the sun, the Earth’s radiation budget, the Earth’s
surface and changes in the climate system from human influences.

Moreover, because the climate is changing from natural and human influences
(IPCC 2007) it is an imperative to document what is happening, understand
those changes and their causes, sort out the human contribution, and make pro-
jections and predictions on various time horizons into the future (Trenberth
2008). Mitigation of the human influences, such as reducing greenhouse gas and
aerosol emissions, is a major challenge yet to be adequately addressed and the
effectiveness of any mitigation actions needs to be documented in order for
them to continue. However, given the likelihood of large future human-induced
changes, understanding and planning how to cope with the projected changes,
and how well the predictions are verifying, become extremely important. Hence
information related to adaptation to climate change is also vital. Process studies
using special, perhaps short-term observations will help improve models and the
information they can provide. Prospects of geo-engineering to offset climate
change mandate diligent observations to ensure that the intended effects are in
fact happening and to check for unforeseen side effects. Together, all of these
activities and needs define the observation requirements for a climate informa-
tion system that provides climate services to users of all kinds.

Many observations pertinent to this information system are made (Fig. 1), but
most are not of sufficient quality to meet climate needs. In the atmosphere, most
observations are made for weather forecasting which involves documenting the
state of atmospheric weather systems such as low and high pressure systems, cold
and warm fronts, tropical cyclones, rain bands, clear skies, and so forth as a first step
to predicting their movement and evolution. Weather fluctuations are huge com-
pared with climate change and so high measurement accuracy and precision have
not been a priority, although this has changed as models have improved and the need
to correct biases has grown. Climate change must discern relatively small changes
over time, which calls for both stability and calibrated measurements of high accu-
racy. Knowing how the measurements of 20 or 50 years ago relate to those of today
is very important.

The climate observing system challenge can be understood by considering
that understanding and predicting this complex system requires many more variables
than for weather prediction. The current estimate is 50 Essential Climate Variables
(ECVs): 16 for atmosphere, 18 for ocean, and 16 for terrestrial (GCOS 2010).
The ECV accuracy requirement is also much more stringent than for weather
observations (e.g., 0.1 K vs 1 K). Space and time scales are more extreme, ranging
from aerosol and cloud physics occurring at seconds and micrometers, to global
decadal change at 100 years and 40,000 km: a range greater than 10° in time, and
10" in space.

At the surface, observing instruments can be calibrated, but sites often change
and the representativeness of the observations is a concern. For instance, since the
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Fig. 1 Changes in the mix and increasing diversity of observations over time create challenges
for a consistent climate record (Courtesy, S. Bronnimann, University of Bern. Adapted from
Bronnimann et al. 2008)

1970s around 50,000 km? per year of natural vegetation across Africa has been
converted to agricultural land or cleared (Brink and Eva 2009). Elsewhere the urban
heat island effect associated with the concrete jungle of a city and its effects on
runoff and heat retention plus space heating are important locally but make up less
than 0.5 % of land (Schneider et al. 2009), and these changes are very small on a
global basis. Radiosonde and other instrumental records suffer from biases that have
changed over time.

Satellites have observed Earth for over 50 years now, and have provided a series
of wonderful and enlightening imagery and measurements (NRC 2008). They help
offset the otherwise uneven spatial coverage of in situ observations. Nonetheless,
each satellite mission has a new instrument that is exposed to cosmic rays, outgas-
sing contaminants, and a hostile environment, and the satellite orbit eventually
decays and drifts in time. The instruments thus require on-board calibration and/or
validation from in situ instruments. An exception is GNSS (Global Navigation
Satellite System) radio occultation, which is self calibrating (Steiner et al. 2011).
A mission typically lasts 5 years or so; thus determining how new measurements
relate to old ones to ensure continuity of the record is a major issue (Fig. 1).
Because of these issues, only a few satellite records (water vapor and microwave
temperatures) were used to determine trends in the IPCC Fourth Assessment
Report (AR4) (IPCC 2007).

In the following, the observing system and its suitability for climate purposes is
outlined. Acronyms are given in an appendix. We describe recent improvements for
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cross calibrating space-based observations, for instance, and immediate prospects
for the future. The needs are discussed along with the issues and challenges in meet-
ing them. Indeed the needs are compelling and enormous, but also feasible with
international cooperation and leveraging of resources.

2 The Current Climate Observing System

2.1 Status of Systematic Climate Observations

The Global Climate Observing System (GCOS) organization leads the international
advisory oversight of systematic climate observations, and focuses on observations
to support the United Nations Framework Convention on Climate Change
(UNFCCC). Appendix A provides a brief summary of its organizational structure
and charter. One of GCOS most critical roles is to produce regular assessments of
the adequacy of climate observations, including suggestions for needed improve-
ments. Recent GCOS reports provide an excellent reference point for discussing the
status of climate observations.
A progress report (GCOS 2009) concluded that:

* the increasing profile of climate change had reinforced awareness of the impor-
tance of an effective global climate observing system;

e developed countries had improved many of their climate observation capabili-
ties, but with little progress in ensuring long-term continuity for several impor-
tant observing systems;

* developing countries had made only limited progress in filling gaps in their in
situ observing networks, with some evidence of decline, and capacity building
remained small in relation to needs;

* both operational and research networks and systems, established principally for
other purposes, were increasingly responsive to climate needs including the need
for timely data exchange;

* space agencies had improved mission continuity, observational capability, data
reprocessing, product generation and access;

e GCOS had progressed significantly, but still fell short of meeting all the climate
information needs of the UNFCCC and broader user communities.

The Third World Climate Conference (WCC-3) in 2009 underscored the importance
of systematic observations (Manton et al. 2010; Karl et al. 2010). WCC3 recom-
mended strengthening GCOS by:

e sustaining the established in situ and space-based components of GCOS;

» applying the GCOS Climate Monitoring Principles (GCMPs);

e improving the operation and planning of observing systems; identify deficien-
cies, achieving resilience, and assuring reliable and timely delivery of quality
data, traceable to international standards;
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» enhancing observing systems wherever feasible; filling gaps in spatial coverage
and in the breadth of variables measured, improving measurement accuracy and
frequency, increasing use of operational platforms for satellite sensors, monitor-
ing urban and coastal conditions, and establishing reference networks;

e rescuing, exchanging, archiving and cataloging data, and recalibrating, repro-
cessing and reanalyzing long-term records, working towards full and unrestricted
access to data and products;

» giving high priority to observational needs for adaptation planning, identifying
country needs in National Adaptation Programs of Action;

 assisting developing countries to maintain and strengthen their observing net-
works through support for updating, refining and implementing the GCOS
Regional Action Plans and other regional observational and service initiatives.

The 2010 update (GCOS 2010) also noted advances in observational science and
technology, an increasing focus on adaptation, and the demand to optimize mitiga-
tion measures. It reaffirmed the importance of the GCMPs, emphasizing the need
for and ways to achieve continuity and stability of measurements. Guidelines for
operations including on-orbit calibration and validation, the need for global cover-
age, timeliness of data, and development of a maturity index for each ECV, were
also included. It introduced a small number of new ECVs, and called for colocated
measurement of ecosystem variables along with the ECVs that influence or are
influenced by them. Table 1 provides details of the ECVs.

The 2010 GCOS update provided cost estimates for fully implementing and
operating the climate observing system; around US$2.5 billion each year (in addi-
tion to the current annual global expenditure of some US$5-7 billion on global
observing systems serving climate and related purposes). Around US$1.4 billion of
this additional expenditure is needed for satellites or for in situ observation of the
open ocean, in both cases for the benefit of all. In addition, around US$600 million
per year are needed for in situ observations in developing countries (GCOS 2010).
Consequently, the magnitude of the investment required is order 1 to 4 of the cur-
rent expenditure (whose estimate depends on how costs are assigned when the
observations serve multiple purposes).

A definition of a climate data record is, “...a time series of measurements of suf-
ficient length, consistency, and continuity to determine climate variability and
change” (NRC 2004). A challenge for climate observations is to have a consistent,
well-understood framework for observations that is independent of a parameter’s
origin and observing approach, and, easily found and accessed.

2.2 Building a System for Climate Observations

The push to develop a systems approach to climate observations has been detailed
in Trenberth et al. (2002, 2006). Trenberth (2008) outlined a framework for how
observations, data and analyses feed into assimilation and modeling that support
prediction and attribution. Assessments build on the products to inform stakeholders,
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Table1 Essential climate variables (ECVs) that are both currently feasible for global implementation
and have a high impact on UNFCCC requirements (GCOS 2010)

Domain Essential climate variables
Atmospheric Surface: air temperature, wind speed and direction, water vapor,
(over land, sea and ice) pressure, precipitation, surface radiation budget

Upper-air: temperature, wind speed and direction, water vapor,
cloud properties, earth radiation budget (including solar
irradiance)

Composition: carbon dioxide, methane, and other long-lived
greenhouse gases; ozone and aerosol, supported by their
precursors

Oceanic Surface: Sea-surface temperature, sea-surface salinity, sea level,
sea state, sea ice, surface current, ocean color, carbon dioxide
partial pressure, ocean acidity, phytoplankton

Sub-surface: temperature, salinity, current, nutrients, carbon
dioxide partial pressure, ocean acidity, oxygen, tracers

Terrestrial River discharge, water use, ground water, lakes, snow cover,
glaciers and ice caps, ice sheets, permafrost, albedo, land
cover (including vegetation type), fraction of absorbed
photosynthetically active radiation (FAPAR), leaf area index
(LAI), above-ground biomass, soil carbon, fire disturbance,
soil moisture

users and decision makers. Because of the long time scales associated with climate
variations and change, basic research and operational applied research are inherent
parts of the entire system that ultimately feed into climate services. All elements are
essential for a useful and robust climate information system.

Not all observing systems and datasets are suitable for climate studies. The evo-
lution of data systems to support climate observations has been a multi-step process.
Many in situ observations originated in a single investigator or team developing an
approach, building a network and eventually moving to a systematized network,
e.g., meteorological variables followed such a path and transitioned to primarily
nationally operated and internationally coordinated observing enterprises by the
mid-twentieth century. While in situ ocean, land, and ice observing activities have
moved along similar trajectories, they have been less mature for the most part. In
contrast, space-based remotely sensed observations required significant investments
from the outset, most of which were national in origin. Thus, these activities were
subject to a systems engineering rigor from very early in their evolution due to their
platform dependencies and expense. Nevertheless, the same rigor did not apply to
calibration, and recalibration and reprocessing of the data has become essential.
It is important to appreciate that there are differing strategies and maturities asso-
ciated with each ECV.

A “maturity matrix” (Privette et al. 2008) translated NASA concepts on tech-
nology readiness into similar attributes for satellite observation maturity. It
defines six levels of maturity as a function of sensor use, algorithm stability,
metadata completeness, documentation, validation, availability of data, and
science and applications. Such an approach provides a framework for defining
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the attributes and readiness of space-based observations for use in climate appli-
cations. While this approach was applied initially to space-based observations,
more recently it has been suggested that it be applied to in situ observations as
well. CEOS, GCOS, GOOS, GTOS and GEOSS are stewarding an integrated
approach for Earth observations along with WCRP through its WCRP
Observations and Assimilation Panel (WOAP), which is transitioning into the
WCRP Data Advisory Council.

The history of space-based observations and currently funded initiatives gives a
basis for looking at the state of each ECV (Fig. 2). Combining this information with
similar information from in situ systems provides the basis for doing assessments of
integrated observing system health, gaps, and so forth.

2.3 Developing Operational Components

No single agency, organization, or country has the resources to develop a robust
operational end-to-end system for monitoring Earth’s climate over the required spa-
tial and temporal scales. By operational we mean regular and with a sustained insti-
tutional commitment to the observing system, as opposed to single principle
investigator-led or one-of-a-kind research missions. The developing international
Global Framework for Climate Services (GFCS) led by WMO (WMO 2011) is a
key driver of the need for a more operational approach to climate observations.

There are examples, however, that could serve as models or starting points for an
operational climate system. One such example is the operational system that has
been built over the last 40 years for weather observations, research, modeling and
forecasting. Lives and property are saved everyday as a result of this operational
weather system.

The challenges for climate monitoring are more complex, and are compounded
by the lack of international agreements and architecture for developing a sustained,
integrated climate monitoring capability. GCOS certainly provides an overarching
framework and key components, yet much more is needed. Building blocks for an
operational system would, at a minimum, include the following components:
requirements identification and analysis, observations, intercalibration, contingency
planning, analysis and product generation, archiving, distribution and dissemina-
tion, and user engagement and training.

Figure 3 shows key components required for an operational capability, which
includes satellites sensors and data, climate data records (CDRs), satellite products,
and ultimately users of those products. This value chain, although originally
employed for weather purposes by WMO, is being extended for climate purposes
by using the requirements that GCOS has identified and articulated for climate
monitoring, e.g., the ECVs. Many agencies and organizations contribute to compo-
nents of this value chain.

The WMO Global Observing System (GOS) (Fig. 4), was originally comprised of
geostationary and polar-orbiting meteorological satellites (early 1960s to early
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Fig. 2 Relationship of extreme phenomena to ECVs for monitoring. Both the phenomena and the
ECVs are color coded to describe the adequacy of the current monitoring systems to capture trends
on climate timescales set against alternating grey and white lines to enhance readability. Green
indicates global coverage with a sufficient period of record, data quality, and metadata to make
enable meaningful monitoring of temporal changes. Yellow indicates an insufficiency in one of
those three factors. Red indicates insufficiency in more than one of the factors. The check mark in
the colored ECV block indicates that the ECV is of primary importance to monitoring changes in
the extreme event phenomenon
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Fig. 4 Schematic of the space-based global observing system (GOS) as of about 2010

2000s) and has grown to include research and development satellites. This observing
system, its underpinning architecture, and the results achieved illustrate the reliance
on and importance of international collaboration. The GCOS reports suggest that the
benefits countries receive from this global system far exceed the costs of their indi-
vidual contributions. Additionally, the interplay between operational satellites and
research and development satellites becomes more important to obtain the range of
spatial and temporal scales and spectral resolutions needed for climate monitoring.
The Global Space-based Inter-Calibration System (GSICS) is an international
program to improve the comparability of satellite measurements taken at different
times and locations by different instruments operated by different satellite agencies
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(Goldberg et al. 2011). GSICS inter-calibrates selected instruments of the GOS
including operational low-Earth-orbit and geostationary Earth-orbit environmental
satellites and, where possible, ties these measurements to common reference standards.
The agencies participating in GSICS have developed a comprehensive calibration
strategy involving inter-calibrating satellite instruments, tying measurements to
absolute references and standards, and recalibrating archived data. GSICS correc-
tions, initially for infrared channels and thereafter for visible and microwave sen-
sors, are being performed and delivered operationally. GSICS results are used for
CDR processing activities, as illustrated in Fig. 3, by the Sustained Co-Ordinated
Processing of Environmental Satellite Data for Climate Monitoring (SCOPE-CM)
effort. At present, GSICS reference observations (e.g., AIRS, IASI, MODIS) are SI
traceable, but not at the absolute accuracy required for climate change. Planned
observing systems (e.g., CLARREO) are designed to enable climate change accu-
racy requirements to be met if deployed.

A number of SCOPE-CM projects are underway, led by one of three space
agencies (EUMETSAT and its Climate Monitoring Satellite Application Facility,
JMA or NOAA). Structures are being established for the sustained generation of
Fundamental CDRs and Thematic CDRs. Extension of the network is also being
sought, as the existing projects are primarily target ECVs from the atmospheric
domain; increased coverage of the oceanic and terrestrial domain ECVs is
needed.

3 Lost in Space: Climate Observations?

The existence of GEOSS, its climate observing component (GCOS), its satellite
observing component (CEOS) and their implementation plans (GEO 2005; GCOS
2010) are a strong initial step toward a true international climate observing system.
Necessarily, there are both strong in sifu and global orbiting satellite components.
However, a comprehensive system remains more vision than reality, although very
promising developments through GCOS, GSICS and SCOPE-CM are taking place.
In addition WMO, with CGMS and CEQS, are drafting a climate monitoring from
space architecture plan. This section highlights some of the key remaining chal-
lenges in observations, especially from space.

3.1 Current and Programmed Satellite Observations

Many new satellite remote sensing programs are under way. The Japan Aerospace
Exploration Agency (JAXA) is developing and implementing a suite of climate
monitoring satellites including ALOS (mainly for land), GOSAT (for carbon bal-
ance estimation among other applications), GCOM-W (for tasks including water
circulation), and the EarthCARE platforms (cloud and aerosol observations).
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From Europe, satellites flying today plus commissioned systems have the potential
to generate 29 of the ECVs. The European Space Agency’s Climate Change
Initiative, EUMETSAT Satellite Application Facility on Climate Monitoring and
the ECMWF ERA reanalysis already support production of some 40 % of the ECVs
over the next 5-10 years (Wilson et al. 2010). The European Earth Observation
program, GMES (Global Monitoring for Environment and Security), includes five
new missions (the Sentinels, which include radar imaging of land and ocean, multi-
spectral 10 m resolution land monitoring and a mission to measure sea-surface
topography, sea- and land-surface temperature, ocean color, and terrestrial variables
such as FAPAR). The first Sentinels are planned for launch in 2013 and each has a
7-year design lifetime.

NASA is developing and implementing a broad range of Earth space-borne
remote sensing missions including the Decadal Survey (NRC 2007) and Climate
Continuity series of satellites. NOAA operates operational weather satellites includ-
ing the polar orbiters [Joint Polar Satellite System (JPSS) (previously called
National Polar-Orbiting Environmental Satellite System NPOESS)] and two geo-
stationary satellites [Geostationary Operational Environmental Satellite (GOES)].
The backbone of current global terrestrial monitoring for the U.S. are the NASA
Earth Observing System platforms Terra, launched in 1999, Aqua, launched in 2002
and Aura, launched in 2004. At higher spatial resolution, the Landsat satellite series
has operated since 1972, with the next satellite in the series planned for January,
2013. The Earth Observing System (EOS) platforms are currently likely to operate
through about 2015 and possibly longer.

The first U.S. National Research Council (NRC) decadal survey for Earth
sciences (hereafter the Decadal Survey; NRC 2007) reviewed the expected ongoing
observations and recommended new observations over the next decade (roughly
until 2020). It also provided an overview of translating satellite observations into
knowledge and information for the benefit of society. NASA Earth Science has been
responsive to and acted upon these recommendations, but significant issues have
resulted in a much slower schedule than called for in the Decadal Survey (NRC 2012).
CLARREO (Climate Absolute Radiance and Refractivity Observatory), DESDynl
(Deformation, Ecosystem Structure, and Dynamics of Ice), SMAP (Soil Moisture
Active/Passive) and ICESAT-II (Ice, Cloud, and land Elevation Satellite-II) all had
follow up workshop reports (see http://science.nasa.gov/earth-science/decadal-
surveys/) and the NASA Earth Science Data Systems has been pursuing a “system
of systems” architecture in response to the report recommendations.

The Decadal Survey also recommended that NOAA carry out a fully operational
follow-on mission to COSMIC (Constellation Observing System for Meteorology,
Tonosphere and Climate). COSMIC (2006-), and other radio occultation missions
such as GPS/MET (1993-1995), CHAMP (2001-2010) SAC-C (2000-) and METOP-A
(2006-) have demonstrated the value of radio occultation in producing precise,
accurate, climate quality observations in all weather (Anthes 2011). A follow-on
mission (COSMIC-2) has been proposed (http://space.skyrocket.de/doc_sdat/for-
mosat-7-cosmic-2.htm) and significant funding secured from Taiwan. Implementa-
tion is beginning with key U.S. support (DoD: US Air Force) but NOAA support
has not yet been solidified.


http://science.nasa.gov/earth-science/decadal-surveys/
http://science.nasa.gov/earth-science/decadal-surveys/
http://space.skyrocket.de/doc_sdat/formosat-7-cosmic-2.htm
http://space.skyrocket.de/doc_sdat/formosat-7-cosmic-2.htm
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Continuity of the key ECVs initiated in the EOS era is intended to transfer to the
JPSS series over the next decade, beginning with the NPOESS Preparatory Project
(NPP). However, three expected “foundation” missions have had a troubled history.
OCO (Orbiting Carbon Observatory) and GLORY (carrying aerosol polarimetry
and solar irradiance) both failed on launch and ended up in the Pacific Ocean, and
JPSS replaced the cancelled NPOESS program, which has had rapidly rising costs.
Hence several foundation missions have failed or been delayed. The NPP, originally
intended to be a risk-reduction mission for a subset of the NPOESS sensors, slipped
in time but was successfully launched late October 2011. NPP, now called Suomi
NPP, now has an operational mandate for weather and climate applications, since
the JPSS missions are delayed until late in the decade, and will serve as a gap filler.
The Suomi NPP platform carries the ATMS, CERES, CriS, OMPS (nadir and limb)
and VIIRS sensors. The latter is the successor to the widely used MODIS sensor on
the Terra and Aqua platforms. The other relevant land sensor will be the SMAP
(Soil Moisture Active/Passive) mission planned for an early 2015 launch, which
will continue to monitor surface wetness and freeze/thaw conditions of the land
surface, building on results from ESA’s Soil Moisture and Ocean Salinity (SMOS)
mission that was launched in November, 2009. There is a replacement for OCO
(OCO-2) that has been supported and should launch later in the decade as well.

The overall impact of the above issues remains to be seen, but it is becoming clear
that there is a significant probability of a lack of overlap between the EOS platforms,
Suomi NPP, and the next generation operational system (JPSS). Cross-calibration
from old to new sensors while both are still in orbit is essential for retaining ECV
continuity for multiple decades. Lack of overlap provides challenges to continuity.
Recent NOAA budget cuts have jeopardized the timely launch of the first full JPSS
platform, originally planned for 2015, now possibly delayed to 2017-2018. An esti-
mate of the likelihood of obtaining at least 1 year of intercalibration overlap as a
function of instrument and spacecraft design lifetimes (Loeb et al. 2009) can be
applied to 3 key climate sensors on EOS (CERES, MODIS and AIRS) with the follow-
on sensors on NPP and JPSS-1 (CERES, VIIRS, CrIS). With a JPSS launch by late
2017 the probability of successful 1-year overlap for all three instruments is only
about 37 %. Further delays in launching JPSS will lower this probability. However,
some progress concerning cross-calibration of U.S. and European sensors, and the
validation of products derived from them is being made (Zibordi et al. 2010).

Consistent measurement of the energy received from the sun is a case in point.
There are considerable calibration issues with such measurements from space,
but meaningful time series exist since 1979 only because of overlap between
measurements. However, with the loss of Glory and because of cost constraints in
JPSS that impact inclusion of a solar irradiance instrument, there is a distinct
possibility of a gap that would break a more than three decades long record.
Exploring alternative means of measuring solar output should be a high priority.

A number of emerging remote sensing programs are under development by other
organizations and nations, including China, India and the Republic of Korea. Each
of these contribute to the GOS and thus to GEOSS and, as the systems become
operational, they are sharing increasingly more data and participating in GSICS in
order to increase the quality of their observations.
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3.2 Adequacy of In-Situ Observations

Many in situ measurements need to be combined with satellite measurements: for
calibration/validation and for broader spatial coverage, and sometimes for temporal
resolution. Examples of these synergies include greenhouse gases (many cannot yet
be reliably measured from space), ozone (suborbital measurements can provide
detailed vertical information), snow depth, cover and snow water equivalent. Other
observations are of vital importance to understanding the physical climate system,
including observations of the Earth surface radiation budget (such as the BSRN),
temperature, greenhouse gases, leaf area index, land cover, surface albedo, precipi-
tation, winds, and sea level. Other priority observing networks pertain to elements
of the climate system and the important feedbacks therein: ocean color, biomass,
fire disturbance, and water use.

Current in situ climate observations capabilities are diverse and contribute to
both national needs and global partnerships. These capabilities make use of a broad
range of airborne, terrestrial, and oceanic observations, some of which were
designed primarily for climate, but many of which also serve other purposes.
Overall, capabilities are most mature in the atmospheric domain, bolstered by
observations made for weather forecasting, while needs and priorities are still
emerging in the terrestrial, cryosphere, and oceanic domains. Gleick et al. (2013)
provide examples of how some terrestrial in situ observations are evolving.

Unfortunately, many in situ networks have been in decline, as discussed more
fully in Sect. 5.1 and, as noted in Sect. 2.1, hundreds of millions of dollar invest-
ments are needed to improve the adequacy of the in situ network.

An in situ climate observing component is highly desirable and is beginning to
occur through the Global Reference Upper Air Network (GRUAN) (GCOS 2007).
While other operational upper air observations exist they were not designed for
climate purposes. A reference observation requires:

* traceability to SI or another commonly accepted standard

e comprehensively estimated uncertainty

e documentation of instrumentation, procedures and algorithms
 validation of the data products.

GRUAN will provide reference observations of upper-air ECVs, through a
combination of in situ measurements made from balloon-borne instruments and
ground-based remote sensing observations. The primary goals of GRUAN are to:

* Provide vertical profiles of reference measurements suitable for reliably detect-
ing changes in global and regional climate on decadal time scales.

* Provide a calibrated reference standard for global satellite-based measurements
of atmospheric essential climate variables.

 Fully characterize the properties of the atmospheric column.

* Ensure that gaps in satellite programs do not invalidate the long-term climate
record.
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Fig. 5 The schematic shows the role of climate process and monitoring observations in climate
change science: detection and attribution of climate change, climate model testing, and climate
model improvements

The envisaged capabilities of a fully-implemented GRUAN (GCOS 2007)
include plans to expand to include 30 or 40 sites worldwide. Strict site selection
criteria and operating principles have been established, coordinated through the
GRUAN Lead Centre, currently hosted by the Lindenberg Meteorological
Observatory, Germany. Although GRUAN is a vital component for an adequate
climate observing system, adequate support has been slow in developing.

3.3 The Scope of the Challenge of Satellite Observations:
Adequacy and Issues

As noted in Sect. 1, an extreme range of scales, accuracy, and processes occurs
across oceans, atmosphere, biosphere, cryosphere, and biogeochemistry. How
scientists deal with this range is illustrated in Fig. 5. In general, climate process
data are taken at small time/space scales more similar to weather data. These are
critical to understanding underlying climate physics (blue box/text), but the accu-
racy of climate predictions of decadal change is primarily determined by decadal
change in natural and anthropogenic radiative forcings (black) and decadal
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observations of the climate system response to those forcings (red box and text).
The decadal change forcing and response observations drive the need for very high
accuracy at large time/space scales. Resolving variability at finer spatial resolu-
tions, however, is also required for many purposes such as extremes. To achieve
high accuracy mandates a rigorously maintained link from satellite observations to
metrological international physical standards, with a focus on traceability to SI
standards at climate change accuracy in both ground calibration as well as in-orbit
(green box); see Sect. 3.4.

3.3.1 The Missing Satellite Observing System Principles

The GCMPs include ten that are specifically directed at satellite observations
(GCOS 2010). Two important additional principles have been proposed
(USGCRP 2003):

* Provision for independent observations, especially to verify accuracy of other
systems and to confirm and/or refute surprising climate change results.

* Provision for independent analysis of observations, especially satellite remote
sensing data where analysis systems may involve ten thousand to a million lines
of computer code.

The need for these two principles is well recognized in the metrological commu-
nity. International standards are not accepted until they are independently verified,
complete with an analysis of uncertainty in each step. A similar standard is required
of fundamental tests of physical laws in research groups at particle accelerator labo-
ratories around the world. Unfortunately, the need for independent scientific
verification demands extensive resources especially for independent satellite observa-
tions. This may explain the absence of formal acceptance of these principles to date.
But recent arguments over the accuracy of climate change observations reaffirm the
need for the addition of these two key principles, as independent verification is the key
to high confidence needed for societal decision making.

Independent analysis exists for some, but not most, current climate observations
and processing. It also remains difficult to judge whether our current priorities will
still be the same decades from now. However, a corollary advantage of the indepen-
dence principles is to add reliability to the observing system when unexpected satellite
failures occur such as the recent failures of Glory, OCO, and CryoSat missions, or
premature loss in orbit of entire satellites, such as ADEOS and ADEOS 2.

3.3.2 Delays and Cost Increases

Technical development, schedule, and budget issues can also delay satellite
observations as shown by the delays of JPSS, and the recent indefinite delay of
the CLARREO and DESDynl missions, as well as a follow on copy of the
Global Precipitation Mission radar. The delays of NPP and NPOESS/JPSS
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would already have had dire consequences had the Terra and Aqua missions not
lasted a factor of 2 longer than design life. If those missions had only lasted the
nominal 5 years planned, as did the recent ALOS satellite, the gap of a wide
range of climate relevant observations would have begun in 2007 (Aqua 5 years
old, Terra 7 years old), and continued until at least the end of 2011 with launch
of the delayed NPP mission.

Delays and failures compromise the climate observing system’s ability to deliver
information concerning core UNFCCC needs and severely limit capacity to meet
new demands. As emphasized in the introduction, we must have the ability to relate
measurements of 20 or 50 years ago to those of today. This is equally the case for
new demands for climate information, such as quantifying terrestrial source/sink
dynamics of CO,, and interchanges with the atmosphere (a need that is implicit in
new policy instruments considered in the REDD++ framework). A mitigation
example is testing different approaches with forests: by planting to enhance carbon
sinks or reducing emissions from avoided deforestation and degradation. Therefore
observations inherent in measures of disturbance are required as well as of land-
cover and land-use change, from deforestation, wildfire, or other human activities
which also influence albedo and water balance (Running 2008; Justice et al. 2011).
Metrics to describe degradation require monitoring at spatial resolution of 30 m
resolution and finer. These new demands are in danger of remaining unmet because
of delays, and monitoring remains a challenge.

Accessible archives of historical observations are also fundamental to give that
vital 20 or 50 year perspective on such changes — Landsat has been making observa-
tions since 1972 and significant progress has been made in cross calibrating the
radiometry of the different sensors flown (Chander et al. 2009), but more than two
thirds of the 7 million+ scenes acquired are held in largely inaccessible archives,
which results in very uneven spatial and temporal coverage. Furthermore, the opera-
tional status of the Landsat system is still not fully secure. The unbroken record,
secured since 1972, might not continue to grow. Landsat 5, which provided an
unprecedented (and totally unexpected) 27 years of service suspended imaging mid-
November 2011, Landsat 7 still flies, but with compromised sensor performance,
and the launch of the next satellite in this series has been delayed. Gaps in the
archive might yet be avoided if Landsat 7 survives until the follow-on mission’s
expected January 2013 launch date.

3.4 Decadal Change Accuracy: Unbroken Chain
of Uncertainty to SI Standards

3.4.1 Accuracy and SI Standards

Observations of climate change require stability over decades, and unless overlapping
observations are sustained, including verification of stability, absolute accuracy is
required. Confidence in these observations depends on how accurately we can
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Fig. 6 Traceability of uncertainty in decadal change observations between two decades of data,
followed by comparison of the observed decadal change with climate model predicted change.
While the entire chain of uncertainty must be characterized, even perfect observations are limited
by noise from natural variability of Earth’s climate system itself (e.g., ENSO) when used to test
climate models. The goal is to drive observation uncertainties to roughly a factor of 2 less than
natural variability

relate satellite observations in one decade to those in another decade. However,
few observations provide the rigorous on-board calibration and cross-calibration
needed. Fortunately, progress is being made in cross calibration of U.S. and
European sensors.

The schematic in Fig. 6 shows an example of the traceability required from SI
standards as the anchor through instrument calibration, in-orbit intercalibration,
retrieval of geophysical properties, orbit sampling, to final decadal change observa-
tions that could be used to test climate model predictions. The figure shows the goal
of traceability to SI standards at the foundation that have absolute accuracy uncer-
tainty much smaller than the signals expected from decadal change (NRC 2007;
Ohring et al. 2007). In support of this, CEOS and GEO have led the development of
anew internationally endorsed Quality Assurance Framework for Earth Observation
(QA4EO) (CEOS 2008; GEO 2010). The framework concludes that “All data and
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Fig. 7 Time series of the mean and standard deviations of the ECMWF background and analysis
temperatures at 100 hPa showing a reduction in the bias errors on 12 December 2006 (green arrow)
when COSMIC data began to be assimilated (After Luntama et al. 2008; courtesy Anthes 2011)

derived products must have associated with them a Quality Indicator (QI) based on
documented quantitative assessment of its traceability to community agreed (ideally
tied to SI) reference standards.”

Some satellite observations can meet this goal: examples are GNSS radio occulta-
tion (e.g., Anthes 2011; Ho et al. 2010; Steiner et al. 2011), ocean altimeters and ice
sheet or cloud elevation lidars which trace their accuracy in refractivity or height to
SI standards in time measurement. Indeed, there have been marked improvements to
atmospheric temperature and water vapor analyses through assimilation of COSMIC
observations (see the bias reductions in Fig. 7 as an example and Poli et al. 2011).
As another example, the diurnal heating of spacecraft platforms and instruments as
they move into and out of the sun’s shadow noticeably affects microwave and infra-
red soundings that can be corrected using radio occultation observations, as the latter
are not so affected (Ho et al. 2009; Anthes 2011).

Most satellite instruments, including solar reflected and infrared emitted spec-
trometers and radiometers, as well as passive microwave instruments, do not cur-
rently achieve SI traceable in-orbit climate change accuracy. These instruments rely
on less direct arguments of stability in orbit, and overlap of different instruments to
remove calibration bias differences. This produces a fragile climate observing sys-
tem with much weaker ties to SI standards than desired and severe vulnerability to
any gaps in the overlap of instruments. While GSICS provides a very useful relative
intercalibration of radiometers in orbit, we still lack a set of reference radiometers
that could provide the absolute accuracy to serve as “metrology labs” in orbit and
benchmarks for the GSICS activity (GSICS 2006; Goldberg et al. 2011).

Examples of designs of such platforms include NASA’s CLARREO NRC
Decadal Survey mission, and the TRUTHS mission proposed in 2010 to ESA.
CLARREDO is intended to provide the first observations of the full spectrum of
reflected solar radiation and infrared emitted radiation, as well as radio occultation
observations. TRUTHS would provide full reflected solar spectra as well as spectral
solar irradiance observations. Because of the full spectrum and mission design,
these missions serve as SI traceable transfer radiometers in orbit that can be used to
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increase the accuracy of orbiting operational sensors by matching them in time,
space, angle, and wavelength. This includes future sensors covering a broad range
of climate variables including temperature, water vapor, clouds, radiation, surface
albedo, vegetation, and ocean color. In this sense CLARREO and TRUTHS could
become anchors of the global climate observing system, but neither of these mis-
sions has an approved launch date.

3.4.2 Stability of Observations and Algorithms

A second key issue is the stability over decades of satellite geophysical retrieval
algorithms which all have bias errors larger than decadal climate change signals.
Moreover, the algorithms and ancillary data they depend on evolve with time.
Current climate studies assume that these biases remain sufficiently stable to cancel
out in observing decadal change anomalies, an assumption that should be verified.
Otherwise, it would be essential to develop retrieval algorithms that are optimized
for decadal change as opposed to optimization for instantaneous retrievals such as
those from weather satellites. Another possibility to limit sensitivity to retrieval
biases is the use of reflected solar and infrared spectral fingerprinting studies of
climate change (Huang et al. 2010; Feldman et al. 2011; Jin et al. 2011). These
climate Observing System Simulation Experiment (OSSE) studies have shown that
infrared and solar reflected spectral fingerprints are very linear at the large time/
space scales relevant to decadal climate change, unlike their highly nonlinear
behavior for instantaneous retrievals.

Increasing attention to calibration and to algorithm performance is increasing the
overall robustness of the global climate observing system. For example, structural
and radiometric measures of plant canopies quantifying vegetation dynamics
(terrestrial net primary productivity, FAPAR, Leaf Area Index) are being monitored
with improving reliability using satellite observations from a range of polar orbiting
platforms (Knyazikhin et al. 1998; Gobron et al. 2006, 2008; Zhao and Running
2010), but this has only been possible as greater attention has been paid to cross
calibration and product validation. An example of rigorous intercomparison with
reference data (Gobron et al. 2006, 2008) is given in Fig. 8 which shows how plant
dynamics vary in both space and time as derived from daily observations from
SeaWiFS (1998-2006) and MERIS (2002-2010).

3.4.3 Accuracy

Finally, the question arises as to what level of absolute accuracy is required to
eliminate issues with gaps in climate data records, and to eliminate the uncer-
tainties of changing instrument biases in orbit over time? Leroy et al. (2008) use
mid-tropospheric temperature interannual variability to suggest an accuracy for
infrared radiometers of 0.03 K for a 1 sigma confidence bound. Similar analyses
could be performed for a wide range of climate variables and time/space scales.
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Fig. 8 Monthly zonal FAPAR anomalies relative to the period January 1998 to December 2010
estimated from decadal FAPAR products derived at a resolution of 0.5 x 0.5° from measurements
acquired by the SeaWiFS (NASA) and MERIS (ESA) sensors. As rates of photosynthesis are
affected by temperature and precipitation, FAPAR is an indicator of climate impacts on vegetation;
favorable temperatures and soil moisture availability are accompanied by higher than average
FAPAR values, drought and/or excessive temperature are accompanied by lower values (Gobron
et al. 2010)

In summary, accuracy is not just about instrument calibration, but is the entire set
of analysis steps required to move from SI standards at the foundation, to decadal
change of a radiance or a geophysical variable at the other.

3.5 [Improving Transitions Between Observing Systems

Arguably the biggest challenge to ensuring homogeneous time series is related
to the timing of changes in observing systems and the critical need for continu-
ity. Associated transitions in sampling (both in space and time), instrument
accuracy (including biases), and processing methods are a major source of time-
dependent biases in time series of Earth system observations. Nowhere is this
more evident than in the satellite observing systems because of their relatively
short lifetime of about 5 years, but in situ observing systems also have had a
history of suboptimal transitions between old and new observing methods and
systems. In some cases, information from other observations may help bridge
gaps and constrain offsets.

Standard practice today either relies on launching a satellite on a planned date or
launching in response to the loss of a satellite and/or specific instrument. In the
former case, there may or may not be an adequate overlap, while the latter strategy
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does not comply with the GCMPs of planned overlaps. It inevitably leads to too
short, or none-at-all observing overlaps between the old and new systems. Without
absolute calibration and the use of exactly the same sampling strategy, undefined
time-dependent observing system biases will likely be introduced into the time
series. Poorly documented changes in processing systems can also introduce time-
dependent biases. Similarly, for in situ observations, new observing methods and
systems have been introduced with little consideration of the optimal overlap
required with legacy systems.

Rule-of-thumb practices have resulted in seldom-adhered-to requirements of at
least 1-year overlap between old and new observing systems to fully understand
varying seasonal biases. It is unlikely that the overlap needed for a radiometer will
be equivalent to that of a spectral irradiance sensor or an altimeter. Similarly, the
overlap required for water vapor, precipitation measurements, and temperature are
all likely to be different, especially when the sampling and accuracy changes.

Of course, to plan for an overlap, regardless of length, requires some prediction
about the lifetime of the legacy observing system. For satellites, this includes the
probability of failure of the satellite bus or the instruments. For some satellite
research missions, Cramer (Remanifest of NASA’s NPP and NOAA’S NPOESS
instruments. Personal communication, 2008) and Loeb et al. (2009) have developed
a few prototype probability density functions that help to understand the likelihood
of failure of both instruments and the satellite bus.

For in situ observing systems, plans for a sufficient overlap must include an
estimate of observing system degradation beyond which it cannot provide the
sampling and accuracy needed to produce homogenous time series. Such analyses are
needed for all climate-relevant observing systems. This would enable scientists to
objectively communicate priorities for new observing systems. Optimization of
observing system transitions could be based on climate risk assessments, which could
then be evaluated in context with other requirements for multi-purpose observing
systems.

3.6 How to Prioritize?

Observing system experiments (OSEs) have proven exceedingly useful in exam-
ining the impacts of a new set of observations (such as from a new satellite) by
performing data assimilation with and without the new observations. This meth-
odology also enables estimation of biases. The complexity of 50 ECVs, indepen-
dent observations and analysis, and high accuracy traceability of all analysis steps
to SI standards suggests that there is a need to also prioritize observation require-
ments within the climate observing system. This is fraught with difficulty because
of the different and generally subjective underlying assumptions and the fact that
observations are used for multiple purposes. The OSSE methodology (Sect. 3.4)
can potentially be used to prioritize within the climate observing system but
model errors currently limit their utility. However, as climate models become
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more accurate, OSSEs will become more effective and powerful, and needed to
augment current dependence on scientific intuition “back of the envelope” esti-
mates, and science committee voting approaches.

4 Analyses, Assessments and Reprocessing

Originally the task was getting a single time series of an ECV. Now there is a
proliferation of multiple datasets purporting to be “the correct one”. Many are
created for specific purposes but all differ, often substantially, and the strengths
and weaknesses or assumptions may not be well understood or well stated.
Consequently, assessments are required to evaluate these aspects and to help
improve the datasets. Moreover, continuous reprocessing is essential. Reprocessing
can account for recalibration of satellite data from GSICS, take advantage of new
knowledge and algorithms, and rectify problems and errors that have become evi-
dent. Repeat reprocessing and assessment should be hall-marks of a climate
observing system.

Within the WCRP, the GEWEX Data and Assessments Panel is promoting the
reprocessing of the GEWEX datasets so that they are globally consistent with
regard to water and energy, complete with metadata and error estimates. The goal
is to reduce errors, increase continuity, and improve homogeneity while compre-
hensively documenting uncertainties. The new processing will use calibrated and
inter-calibrated satellite radiances for long time series of observations, and ensure
that all products will “see” the same atmosphere especially in terms of tempera-
ture, water vapor, cloud and radiation. Surface radiative and turbulent fluxes are
also included. ESA’s Climate Change Initiative is also fostering reprocessing of
individual variables to generate ECVs and take advantage of knowledge about
problems and improved algorithms. At the same time, GEWEX is promoting the
assessment of the variable products, not to rank the algorithms, because each often
has a somewhat different application, but rather to adequately characterize each
product as to its use in various ways. Some of these reprocessed data sets will pro-
vide the first long-term look at climate trends on a truly global basis for a number
of climate variables. More generally, these reprocessing and assessment activities
are promoted by WDAC and GCOS.

4.1 Reanalyses

Reanalysis is an activity to reprocess past observations in a fixed, state-of-the-art
assimilation system. Most reanalysis activities have been for the atmosphere, but
some exist for the ocean, sea ice and land variables. Reanalyses are based on data
assimilation in numerical models, and are distinct from operational numerical
weather prediction (NWP) as they can utilize data which were not received at the
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nominal analysis time as well as observations that have been more carefully
processed than possible in real time. Freezing the analysis system removes the
spurious variations that otherwise appear in the NWP analyses, and can potentially
result in climate quality globally gridded products. However, the observing system
changes as new sensors are developed and aging satellites expire (Fig. 1) thereby
exposing different forecast model biases. As a result, some trends are not repre-
sented well in current reanalyses. Nevertheless, the model short-term predictions
act as a powerful check on inconsistencies and errors in observations and model.
The reanalysis process has become fairly mature and has developed variational
techniques for bias correction of observations. The result can be an alternative
source of an ECV record with an advantage that it is globally complete and associ-
ated variables are consistent with the ECV. A large user base is ensured by an open
data policy and this enables scrutiny and evaluation of the results.

While reanalyses contain effects of both model and observation bias and error
(see Fig. 9), there are some substantial strengths, such as their global scope.
Simmons et al. (2010) show how the surface temperature record from reanalysis
agrees with other analyses where overlapping data are available, but the reanalysis
is able to extend the analysis into data sparse regions and provides a much better and
more reliable record.

Uncertainty is important but difficult to quantify. A straightforward way to deal
with it is to evaluate a multi-reanalysis collection of the variables of interest (e.g.,
Fig. 9). In addition, the imbalance of budgets (such as of mass of dry air or water, or
energy) in reanalyses is representative of the forecast error (instantaneously) or the
model and observation climate bias (long term). This needs to be better taken into
account by users of reanalyses data. Lastly, reanalyses can provide the assimilated
observations, as well as forecast error and analysis error for each observation.

4.2 Assessments

As well as assessments of datasets of individual variables, assessments of reanaly-
ses are essential. The most comprehensive assessments with a focus on climate
change are those of the IPCC that look at all aspects of the science. Nationally
within the U.S. a series of Synthesis and Assessment Products (SAPs) has been car-
ried out by the Climate Change Science Program (CCSP) and USGCREP, as well as
Committee on the Environment and Natural Resources of the National Science and
Technology Council.

The IPCC assessments are primarily based on peer-reviewed literature. But it is
not just a review of the literature because conflicting claims and conclusions have to
be reconciled to the extent possible. This means examining the methods, assumptions,
and data used, and the logic behind the conclusions. The IPCC is convened by the
United Nations jointly under UNEP and WMO. Its mandate is to provide policy-
makers with an objective assessment of the scientific and technical information
available about climate change, its environmental and socio-economic impacts, and
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Fig. 9 The components of the global flow of energy through the climate system as given by
Trenberth et al. (2009) as background values are compared with values from eight different reanal-
yses for 2002-2008 (except ERA-40 is for the 1990s), as given at lower left in the Figure, in
W m=. From Trenberth et al. (2011). For example, the estimated imbalance at TOA and at the
surface is 0.9 W m for the 20022008 period, or 0.6 W m~2 for the 1990s, but values from reanal-
yses differ substantially at TOA and at the surface, and also differ between the two values implying
a large source or sink in the atmosphere. Differences reveal assimilating model biases and the
effects of analysis increments

possible response options. It has provided policymakers assessment reports since
1990, and the Fourth Assessment Report (AR4) was released in 2007. The IPCC
assessments are produced through a very open and inclusive process. The volunteer
authorship of the AR4 in Working Group I included 152 lead authors and over 400
contributing authors from over 130 countries. In addition, there were more than
30,000 comments from over 600 reviewers, as well as formal coordinated reviews
by dozens of world governments. All review comments are addressed, and review
editors are in place for each chapter of the report to ensure that this is done in a
satisfactory and appropriate manner.

The IPCC assessments provide a snapshot of the state of the science every 6 or
7 years, but increasingly there is a need for yearly, monthly and even shorter—term
assessments. The “State of the Climate” reports published annually in the Bulletin of
the American Meteorological Society are a step towards meeting needs between
IPCC reports. NOAA’s National Climate Data Center (NCDC) also reports monthly
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on the observed state and provides some commentary on what is happening and
why. However, near-real time information and attribution is increasingly in demand,
especially when major events occur, such as the 2010 Russian heat wave. How to
include model prediction information and guarantee quality and peer review of near
real time assessments to ensure that they have “authority” are key issues for climate
services.

S Further Needed Improvements

5.1 In Situ Observations

While the existing collection of in situ observations covers most of the high prior-
ity and currently feasible measurements, their spatial and temporal coverage is
incomplete and many improvements can be envisioned. Such improvements would
be based on technical innovations in the measurement techniques, the recognition
of new needs for observations, and improved integration of variables for societally-
relevant topics, including providing a sound scientific basis for mitigation and
adaptation efforts.

There is a general need for improved integration and synthesis of satellite and in
situ observations beyond that provided by reanalysis. Observations from multiple
sources complement each other and provide calibration and validation. It should not
be assumed, therefore, that observations from multiple sources are redundant and
unnecessary. Some observation systems are currently at risk because they require
substantial investments that cannot be done incrementally; or because budget con-
straints and ageing equipment have gradually reduced capabilities or data quality to
unacceptable levels.

Several networks in need of physical repair and maintenance to ensure data qual-
ity include stream gauge networks, surface sensors for Earth radiation budget,
ground-based snow cover (including snow depth), especially in mountainous areas;
gaps exist in observations for ice caps, ice sheets, glaciers, and permafrost, and
temperature profiles of permafrost in bore holes that are being degraded or lost by
warming. Some important measurements could provide a cost-effective way to
enhance the information obtained. These include enhancement of greenhouse gas
networks including sensor automation, expansion of the network of ground-based
soil moisture measurements, increased measurement frequency/time resolution, and
airborne sensor deployments. Accurate and precise ground-based GPS measurements
of total column water vapor also contribute to climate-quality data sets, calibration of
other instruments, and verification of reanalysis data sets (Wang and Zhang 2009;
Vey et al. 2010).

Measurements of variables describing terrestrial fresh water in its liquid and
solid phase are currently limited, as are the fluxes (see Jung et al. 2010). Satellite
altimetry is used to monitor river and lake levels, but only for a few river basins and
large lakes. Fresh water is considered in more detail by Gleick et al. (2013).
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Snow-cover extent is mapped daily by satellites, but sensors change and continuing
research and surface observations are needed to calibrate and verify satellite prod-
ucts for snow depth and snow water equivalent. Monitoring glaciers and ice caps is
important for early detection of climate changes because their contraction indicates
warming trends. Satellite observations of polar ice caps, continental mountain gla-
ciers and ice shelves increasingly help provide a regular inventory. Satellite derived
digital elevation maps of the ice surface for Greenland and Antarctica are available,
though long term commitments to such monitoring are not in place.

One area where potential exists for cost savings, improved efficiency, and more
comprehensive observations is through the consolidation and rationalization of the
multitude of in situ networks that have grown up under different agencies and coun-
tries. For instance, the networks for radiosondes, ozonesondes, other atmospheric
constituents (GAW), radiation (BSRN), flux towers (IGBP), and so on have been
developed for specific purposes. By consolidating some of these measurements
increased value accrues and the networks become more sustainable because they
serve more purposes.

Numerous bilateral and multilateral international partnerships exist, providing
highly productive avenues for coordination and cooperation. Partnership opportuni-
ties exist with communities other than the international framework: with defense
agencies, the private sector, and non-governmental organizations, although some-
times with adverse consequences. Major strengths include the leveraging of indi-
vidual national resources toward common goals, and the sharing of data and
expertise. However, more effort is needed in overcoming differences in data and
metadata standards, data sharing and data policy, and access to currently restricted
data (this includes both in situ and satellite data).

In summary, WCRP should take a leadership role in an international coordina-
tion framework to perform a comprehensive assessment of the research priorities of
an operational global in situ observation system. WCRP should also provide recom-
mendations for transition from research to operational capability and identify where
overlap is needed to prevent critical gaps in this extensive array of climate-relevant
observations administered by many agencies from the international community. The
challenge to WCRP is to recommend guidelines and identify specific ways that the
international community can optimize this mix, across agencies and under consid-
eration of international agreements and participation with other partners. Such a
framework and set of guidelines could greatly serve the needs of the climate research
community and yet exercise maximum fiscal responsibility for a global observation
capability.

5.2 Data Documentation and Adequacy of Metadata

For several decades, metadata and data discovery have been inextricably intertwined
because of the difficulty in keeping up with the explosion in observations and data
products. Discovery alone, however, is not adequate for understanding observa-
tions and, more importantly, temporal variations in those observations. Excellent
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documentation of environmental observations and data, preferably in peer-reviewed
literature, is more important today than ever before:

* Rapid evolution of the global climate adds requirements for understanding
temporal variations in observed properties. Pertinent data must be documented
so as to unambiguously recognize change and differentiate real change from
observational, experimental or analytical error.

* The changing environment increases the importance of older observations that pro-
vide context but which may have been collected, processed or synthesized by sci-
entists who are no longer available. Detailed documentation is essential to ensure
that today’s observations can contribute to answering tomorrow’s questions.

e There are increased requirements for sharing data across broad communities
with diverse expertise. Users include decision and policy makers, inter-disciplinary
scientists, and the general public.

* The international environmental community is coming together in unprecedented
collaborations.

A series of international metadata (International Organization for Standardization-
ISO) standards have emerged recently, forming the foundation for effectively docu-
menting observed and synthesized data. These standards include mechanisms for
describing sensors, data quality assessments, provenance (sources and algorithms),
and temporal variations in all these items. They also include mechanisms for creat-
ing metadata at many levels (sensor, platform, network, project...) and connecting
to related documentation in standard or non-standard forms. The global scientific
community needs to work together to:

e Develop conventions for how standards will be used to describe important data
types to enable meaningful sharing of metadata. Like the Climate and Forecast
Conventions for data, metadata conventions will include standard names and
ontologies for shared concepts.

e Extend high-quality documentation with increased emphasis on preservation
and sharing of that documentation. Adoption of the ISO standards supports both
of these goals.

 Participate in evolving the standards as documentation and sharing needs change.

Considerable progress has been made towards supporting open data across a
growing segment of the scientific community. Scientists around the world should
share environmental observations along with their documentation, or risk under-
mining a basic scientific premise of independent verification of results that supports
the credibility of the scientific process.

5.3 Tracking Climate Observing Performance

As we strive to be more effective in our climate observing and research activities, an
important objective is the effective use of both operations and research for early
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identification of time-dependent biases. The International State of the Climate Report
and the subsequent special NOAA report (SOC 2009) focused on a set of nine indica-
tors in a warming world. In SOC (2009), numerous indicators and indices represent-
ing ECVs were compared and contrasted to ensure that observing systems (satellite
and in situ) were providing a physically consistent set of information about climate
and global change (Fig. 10). These analyses demonstrate the value of collectively
analyzing a broad set of essential climate variables across various observing systems
using independent time series developed by various science teams.
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Figure 10 shows time series from independent observing systems (satellite and
in situ) and various independent analyses. This kind of display enables checks of
consistency among datasets of the same variable and also the physical consistency
among variables.

Consistency among other variables is being explored within the GEWEX Data and
Assessments Panel for temperature, water vapor, cloud, precipitation, surface fluxes
of sensible and latent heat, and surface radiation. This kind of display therefore also
reveals changes in the climate that are extremely useful for many purposes.

Nonetheless, understanding differences among datasets, their strengths and
weaknesses is also very important in order to properly utilize the most appropriate
data for certain purposes. At NCAR a new Climate Data Guide http://climate-
dataguide.ucar.edu/ is being developed to provide this information about the multi-
tudes of datasets.

5.4 Climate Observations at High Risk

The GCOS is designed to meet evolving national and international requirements for
climate observations. Certainly our current observing system and the one in the
foreseeable future (taking all planned U.S., European and Asian satellite missions
into account), will lead to a lot of new information about our planet and the climate
system. Many observations can be used for climate purposes although more so for
some ECVs than others. But unless there is major progress on climate observations,
we shall not see as much or as clearly as needed for effective climate research and
applications. Moreover, progress is much needed to reduce the probability of being
tripped up by something unexpected that we cannot grasp with our deficient vision.
While the need for climate information has greatly increased, the effort to meet this
need has not.

A recent mid-course assessment of the Decadal Survey (NRC 2012) supports our
assessment. It notes that despite some successes (e.g., successful launches of the
Ocean Surface Topography Mission (OSTM), Aquarius, and the Suomi NPP), a
number of significant issues have had damaging effects on the U.S. satellite observ-
ing system. These include significant budget shortfalls in NASA and NOAA, launch
failures, delays, changes in scope, and cost growth of missions. NOAA has made
significant reductions in scope to the future operational Earth satellites, omitting
observational capabilities assumed by the Decadal Survey to be part of NOAA’s
future capability and failing to implement the three new missions recommended for
NOAA by the Survey (the Operational GPS Radio Occultation Mission, the
Extended Ocean Vector Winds Mission, and the NOAA portion of CLARREO).

Furthermore, the U.S. Earth observing capability from space is in jeopardy as
older missions fail faster than they are replaced; thus the number of NASA and
NOAA Earth observing instruments in space is likely to decline to as little as 25 %
of the current number by 2020 (Fig. 11, NRC 2012).
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Fig. 11 Estimated number of NASA/NOAA Earth Observing instruments in space out to 2020
(NRC 2012)

While significant progress has been made in the last decade, we conclude that the
climate observation architecture is still very much a work in progress, with a long
way to go before we achieve a fully implemented climate observing system. Serious
challenges remain in the areas of data accuracy, independence, continuity, and pri-
oritization within the observing system. Comprehensive standard metadata is also
missing for many observations. Much more complete spatial and temporal sampling
is essential if we are to determine how extremes are changing; as an example the
need for hourly data on precipitation has long been recognized because of its inher-
ent intermittent nature. Changes in extremes are the main way climate change is
perceived (Trenberth 2011) and of special interest are changes in hurricanes, storm
surges, severe convection, tornadoes, hail, lightning, floods, droughts, heat waves
and wild fires. All of these depend on detailed information about precipitation: its
distribution, intensity, frequency, amount, type, and sequences in time. The evidence
is increasing for changes in weather and climate extremes whereby, for example,
500-year events become 50-year events, but the information is not being made
available and planning for those changes is wholly inadequate. The need to assess
model capabilities from this standpoint is also clear.

Other needs are rearing up in the form of irreversible climate change and tipping
points as thresholds are crossed, and whether it is possible to even recognize that we
have passed such a point when we do, until decades or centuries later, when it is far
too late to do anything about it (Solomon et al. 2009). A classic example is the
increased melting of the Greenland and West Antarctic ice sheets. Are these revers-
ible, or is it already too late?

Nations have continued to recognize the needs for a fully implemented climate
observing system, for example through acceptance of the GCOS Implementation



44 K.E. Trenberth et al.

Plans and other reports by the Parties to the UNFCCC: most recently GCOS
(2010); and in the resolutions of the WMO Congresses relating to GCOS. But in
many cases, funding commitments have not yet been made by GCOS member
nations to provide or improve key components of the climate observing system.
As we have seen with losses of ADEOS, Cryosat, OCO, Glory, inability to fully
implement COSMIC-2, delays of NPP and JPSS, CLARREO, DESDynl, the
GPM follow-on, limb soundings, as well as the TAO buoy network preventive
maintenance, the stream gauge network and an integrated carbon-tower network;
the risk of major satellite and in situ observing system gaps is already present, and
will grow in the future.

Climate observations today contain many very good pieces, but are not yet well
coordinated, understood, developed, maintained and preserved as a true global
observing system. Satellite and in situ observations must be synthesized and ana-
lyzed and reanalyzed into usable and well documented integrated climate quality
products. We must solve these challenges if we are not to walk blindly into our
planet’s future.

6 Appendix A: The GCOS Organizational Framework

The Global Climate Observing System activities are collectively sponsored by the
(WMO), Intergovernmental Oceanographic Commission (IOC) of the United
Nations Educational, Scientific and Cultural Organization (UNESCO), United
Nations Environment Program (UNEP), and International Council of Science
(ICSU) to meet national and international needs for climate-related observations of
atmosphere, ocean and land. GCOS addresses the observations themselves, the
transmission and management of data, the establishment of fundamental climate
data records and the formation of products from these data records. In undertaking
its review and advisory role, GCOS collaborates with other entities active in these
fields, including the World Climate Research Program (WCRP).
GCOS functions through the contributions of nations to help implement:

e component comprehensive observing systems, principally the GOS and Global
Atmosphere Watch (GAW), the IOC-led Global Ocean Observing System
(GOOS) and the FAO-led Global Terrestrial Observing System (GTOS);

» baseline and reference networks designated or established for specific monitor-
ing purposes;

* observing principles and guidelines for dataset production;

e operation of regional lead centers, network monitoring centers and lead centers
for analysis/archiving and the reference upper-air measurement network;

* acooperation mechanism and associated technical program for observing-system
improvements in developing countries; and

e coordination of GCOS activities at national and regional levels across the atmo-
spheric, oceanic and terrestrial domains.
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GCOS is guided by a steering committee, and supported by co-sponsored panels,
and by a secretariat working alongside those of WMO, GOOS and GTOS.

GCOS focuses on observations to support the United Nations Framework
Convention on Climate Change (UNFCCC). Its activities include detailed assess-
ments of the adequacy of the composite observing system, statements of required
actions and reports on progress, and it interacts with the UNFCCC’s Subsidiary
Body for Scientific and Technological Advice (SBSTA) and open public reviews via
responses and requests. Activities also cover many systematic observational needs
for climate-change assessment, research and the provision of climate services, and
serve many societal benefit areas of the GEOSS, including agriculture, biodiversity,
climate, disasters, ecosystems, energy, health, water and weather.

The Second Adequacy Report (GCOS 2003) identified a set of ECVs judged to
be the minimum required to support the work of the Convention and to be techni-
cally and economically feasible for systematic observation. It was followed by a
5-10 year implementation plan in 2004, which identified 131 specific actions. The
response to the space-based actions was coordinated by the CEOS, with the
CGMS - the international forum for the exchange of technical information on geo-
stationary and polar orbiting meteorological satellite systems.

Acronyms

ALOS Advanced Land Observing Satellite

ADEOS Advanced Earth Observing Satellite

AIRS Atmospheric Infrared Sounder

AR4 Fourth Assessment Report (IPCC)

ATMS Advanced Technology Microwave Sounder
BSRN Baseline Surface Radiation Network

CCSP Climate Change System Program

CDR Climate Data Record

CEOS Committee on Earth Observation Satellites
CERES Clouds and the Earth’s Radiant Energy System
CF Climate and Forecast

CGMS Coordination Group for Meteorological Satellites

CLARREO Climate Absolute Radiance and Refractivity Observatory
COSMIC Constellation Observing System for Meteorology, Ionosphere and

Climate
CrIS Crosstrack Infrared Sounder
DESDynl Deformation, Ecosystem Structure, and Dynamics of Ice
DoD Department of Defense

EarthCARE Earth, Cloud, Aerosol, Radiation and Energy
ECMWF European Centre for Medium-range Weather Forecasts
ECV Essential Climate Variable

ENSO El Nifio-Southern Oscillation
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EOS
ERA
ESA
EUMETSAT

FAPAR
GAW
GCOM
GCOS
GCMPs
GEO
GEOSS
GEWEX
GFCS
GMES
GNSS
GOES
GOOS
GOS
GOSAT
GPM
GPS
GRUAN
GSICS
GTOS
ICESAT
ICSU
IGBP
IGDDS
10C
IPCC
JAXA
IMA
JPSS
LAI
MERIS
MERRA
MODIS
NASA
NCAR
NCDC
NOAA
NPOESS
NPP
NRC
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Earth Observing System

ECMWF Re-Analysis

European Space Agency

European Organisation for the Exploitation of Meteorological
Satellites

Fraction of Absorbed Photosynthetically Active Radiation
Global Atmospheric Watch

Global Change Observation Mission (JAXA)

Global Climate Observing System

GCOS Climate Monitoring Principles

Group on Earth Observations

Global Earth Observation System of Systems

Global Energy and Water Exchanges (WCRP)

Global Framework for Climate Services

Global Monitoring for Environment and Security

Global Navigation Satellite System

Geosynchronous Operational Environmental Satellite
Global Ocean Observing System

Global Observing System

Greenhouse Gases Observation Satellite (JAXA)

Global Precipitation Mission

Global Positioning System

GCOS Reference Upper-Air Network

Global Space-based Intercalibration System

Global Terrestrial Observing System

Ice, Cloud, and Land Elevation Satellite

International Council for Science

International Geosphere-Biosphere Programme

WMO Integrated Global Data Dissemination Service
Intergovernmental Oceanographic Commission
Intergovernmental Panel on Climate Change

Japan Aerospace Exploration Agency

Japanese Meteorological Agency

Joint Polar Satellite System

Leaf Area Index

Medium Resolution Imaging Spectrometer

Modern Era Retrospective-Analysis for Research and Applications
Moderate Resolution Imaging Spectro-radiometer (NASA)
National Aeronautics and Space Administration

National Center for Atmospheric Research

National Climatic Data Center (NOAA)

National Oceanic and Atmospheric Administration
National Polar-Orbiting Operational Environmental Satellite System
NPOESS Preparatory Project

National Research Council (USA)
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NWP Numerical Weather Prediction

0/6(0) Orbiting Carbon Observatory

OMPS Ozone Mapping and Profiler Suite

OSE Observing System Experiment

OSSE Observing System Simulation Experiment

REDD Reducing Emissions from Deforestation and Forest Degradation
SAPS Synthesis and Assessment Products

SBSTA Subsidiary Body for Scientific and Technological Advice

SCOPE-CM  Sustained Co-Ordinated Processing of Environmental satellite data
for Climate Monitoring

SI International System of units (Systéme International)

SMAP Soil Moisture Active/Passive

SOC State of Climate

TOA Top of Atmosphere

TRUTHS Traceable Radiometry Underpinning Terrestrial- and Helio-Studies
UNEP United Nations Environment Programme

UNFCCC United Nations Framework Convention on Climate Change
USGCRP United States Global Change Research Program

VIIRS Visible/Infrared Imager/Radiometer Suite
WCC-3 World Climate Conference-3

WCRP World Climate Research Programme
WDAC WCRP Data Advisory Council

WG Working Group

WMO World Meteorological Organization
WOAP WCRP Observation and Assimilation Panel
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On the Reprocessing and Reanalysis
of Observations for Climate

Michael G. Bosilovich, John Kennedy, Dick Dee,
Rob Allan, and Alan O’Neill

Abstract The long observational record is critical to our understanding of the Earth’s
climate, but most observing systems were not developed with a climate objective
in mind. As a result, tremendous efforts have gone into assessing and reprocessing
the data records to improve their usefulness in climate studies. The purpose of this
paper is to both review recent progress in reprocessing and reanalyzing observa-
tions, and summarize the challenges that must be overcome in order to improve our
understanding of climate and variability. Reprocessing improves data quality
through more scrutiny and improved retrieval techniques for individual observing
systems, while reanalysis merges many disparate observations with models through
data assimilation, yet both aim to provide a climatology of Earth processes. Many
challenges remain, such as tracking the improvement of processing algorithms and
limited spatial coverage. Reanalyses have fostered significant research, yet reliable
global trends in many physical fields are not yet attainable, despite significant
advances in data assimilation and numerical modeling. Oceanic reanalyses have
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made significant advances in recent years, but will only be discussed here in terms
of progress toward integrated Earth system analyses. Climate data sets are generally
adequate for process studies and large-scale climate variability. Communication
of the strengths, limitations and uncertainties of reprocessed observations and reanal-
ysis data, not only among the community of developers, but also with the extended
research community, including the new generations of researchers and the decision
makers is crucial for further advancement of the observational data records. It must
be emphasized that careful investigation of the data and processing methods are
required to use the observations appropriately.

Keywords Essential climate variables ® Climate data records ¢ Data rescue * Data
provenance * Reanalysis ® Uncertainty ¢ Bias correction

1 Reprocessing Observations

A major difficulty in understanding past climate change is that, with very few excep-
tions, the systems used to make the observations that climate scientists now rely
on were not designed with their needs in mind. Early measurements were often
made out of simple scientific curiosity or needs other than for understanding climate
or forecasting it; latterly, many systems have been driven by other needs such as
operational weather forecasting, or by accelerating improvements in technology.
This has two major consequences.

The first consequence is that although large numbers of observations are available
in digital archives, many more still exist only as paper records, or on obsolete
electronic media and are therefore not available for analysis. Measurements made
by early satellites, whaling ships, missions of exploration, colonial administrators,
and commercial concerns (to name only a few) are found in archives scattered
around the world. Finding, photographing and digitizing observations from paper
records and locating machines capable of reading old data tapes, punch cards, strip
charts or magnetic tapes are each time-consuming and costly, but they are vital to
improving our understanding of the climate. Furthermore, there is a growing need
for longer, higher quality data bases of synoptic timescale phenomena in order to
address questions and concerns about changing climate and weather extremes,
risks and impacts under both natural climatic variability and anthropogenic climate
change. Such demands are leading to a greater emphasis on the recovery, imaging,
digitization, quality control and archiving of, plus ready access to, daily to sub-daily
historical weather observations. These new data will ultimately improve the quality
of the various reanalyses that rely on them. There is also a sense of urgency as many
observations are recorded on perishable media such as paper and magnetic tapes
which degrade over time. Without intervention, our ability to understand and recon-
struct the past is disintegrating in a disturbingly literal sense.

The second major consequence is that current observation system requirements
for climate monitoring and model validation such as those specified by GCOS
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(http://www.wmo.int/pages/prog/gcos/index.php?name=ClimateMonitoringPrincip
les) — typically emphasizing continuity and stability over resolution and timeliness — are
met by few historical observing systems. Changes in instrumentation, reporting
times and station locations introduce non-climatic artifacts in the data necessitating
consistent reprocessing to recover homogeneous climate records. Nevertheless,
reliable assessments of changes in the global climate have been made such as the
[PCC’s statement that “warming of the climate system is unequivocal”. This assess-
ment relies on the many multi-decadal climate series which now exist.

Reprocessing of observations aims to improve the quality of the data through
better algorithms and to understand and communicate the errors and consequent
uncertainties in the raw and processed observations. Reanalyses differ from repro-
cessed observational data sets in that sophisticated data assimilation techniques
are used in combination with global forecast models to produce global estimates
of continuous data fields based on multiple observational sources (to be discussed
in the following section).

1.1 Data Recovery and Archiving

A vital first step for the understanding of historical data and hence past climate is to
digitize and make freely available the vast numbers of measurements, other obser-
vations and related metadata that currently exist only in hard copy archives or on
inaccessible (or obsolete) electronic media. Some estimates suggest that the number
of undigitized observations prior to the Second World War is larger than the number
of observations currently represented in the largest digital archives.

Digitizing large numbers of observations that are printed or hand-written in a
variety of languages is labor intensive: imaging fragile paper records is time con-
suming and optical character recognition (OCR) technology is not yet capable of
dealing with handwritten log book or terrestrial registers entries, so they must be keyed
by hand. Scientific projects such as CLIWOC (Garcia-Herrera et al. 2005), RECLAIM
(Wilkinson et al. 2011) and the international ACRE initiative (Atmospheric
Circulation Reconstructions over the Earth, Allan et al. 2011) have worked to recover
and make available these observations. More recently they have been supplemented
by citizen science projects such as oldweather.org (http://www.oldweather.org) and
Data.Rescue@Home (http://www.data-rescue-at-home.org/) which have reliably
and rapidly digitized large numbers of meteorological observations online at the
same time as increasing public engagement with science via lively e-communities.
Such projects are not only of climatological interest but can also be of wider historical
interest (Allan et al. 2012).

The international ACRE initiative (Allan et al. 2011) both undertakes data rescue
and facilitates data recovery projects around the world and their integration with
existing data archives. A number of these data archives exist. The International
Comprehensive Ocean Atmosphere Data Set (ICOADS Woodruff et al. 2010)
holds marine meteorological reports covering a wide range of surface variables.
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The World Ocean Database (WOD, Showstack 2009) has large holdings of
oceanographic measurements. The Integrated Surface Database (ISD, Lott et al.
2008) holds high-temporal resolution data for land stations. The International
Surface Pressure Databank (ISPD, Yin et al. 2008) contains measurements of
surface pressure from ICOADS and land stations, supplemented by information
about tropical cyclones from the International Best Track Archive for Climate
Stewardship (IBTrACS, Knapp et al. 2010). The Global Precipitation Climatology
Centre (GPCC) has gathered precipitation observations from many different sources.
The International Surface Temperature Initiative (ISTI, Thorne et al. 2011b) is
bringing together temperature measurements from many different sources to pro-
vide a single, freely available databank of temperature measurements combined
with metadata concerning the provenance of the data. Nevertheless, these various
activities are very fragile, and often only exist as a result of ‘grassroots’ actions
by the climate science community (Allan et al. 2011, 2012). These projects and
initiatives urgently need to be imbedded in an overarching, sustainable, fully funded
and staffed international infrastructure that oversees data rescue activities, and com-
pliments the various implementation and strategy plans and documents on data
through international coordinating bodies, such as GCOS, GEO, WMO and WCRP.

The consolidation of meteorological, hydrological and oceanographic reports
and observations into large archives facilitates the creation of a range of ‘summary’
data sets which are widely used in climate science and can also act as a focus for
an international community of researchers. However, further consolidation could
bring greater benefits. A land equivalent of the ICOADS, for example, would bring
together many of the elements needed to fully describe the meteorological situation
and potentially reduce the efforts that are currently expended to maintain and grow
a large number of different datasets. In fact, both the terrestrial and marine data
efforts need to be integrated and better linked up under an international framework
that supports their activities in a fully sustainable manner.

1.2 Data Set Creation and Evaluation

The difficulties of converting raw observations into data sets which are of use to climate
researchers are well documented (e.g. Lyman et al. 2010; Thorne et al. 2011a; Kent
et al. 2010; Lawrimore et al. 2011; Hossain and Huffman 2008). Systematic errors
and inhomogeneities in data series caused by changes in instrumentation, time of
observation and in the environment of the sensor are often as large, or larger than,
the signals we hope to detect. Without reliable traceability back to international
measurement standards, the problem of detecting and accounting for these errors is
not easy. Before the satellite era, observations were often sparsely distributed.
Various methods have been devised to impute the values of climatological variables
at locations and times when no such observations were made. The problems are
further compounded by the necessity of making approximations, using uncertain
inputs (such as climatologies), the use of different data archives and having sometimes
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limited statistics with which to estimate important parameters. Three examples
will help to illustrate some of these difficulties and the way that they have been
tackled.

One long running example is seen in the different reprocessings of the data from
the satellite-based Microwave Sounding Units (MSU) which can be used to derive
vertical temperature profiles through the free atmosphere (Thorne et al. 2011a). The
earliest processing by Spencer and Christy (1990) suggested a monthly precision
of 0.01° C in the global average lower troposphere temperatures but the lack of a
trend in the satellite data was not physically consistent with contemporary surface
temperature estimates. However, when other teams (Prabhakara et al. 2000;
Vinnikov and Grody 2003; Mears et al. 2003) processed the data they found quite
different long term behavior. Successive iterations of the datasets have considered
an increasingly broad range of confounding factors including orbital decay, hot
target temperature and diurnal drift. Twenty years of analysis and reprocessing
have undoubtedly improved the overall understanding of the MSU instruments
(Christy et al. 2003; Mears and Wentz 2009a, b), the quality of the data sets and
estimates of atmospheric temperature trends, but despite these improvements
temperature trends from the different products still do not agree. This implies either
the existence of unknown systematic effects, or significant sensitivity to data
processing choices. Mears et al. (2011) used a monte-carlo approach to assess the
uncertainty arising from data processing choices, but this did not fully bridge the
gap between their analysis and others.

In the past decade, the view of ocean heat content has changed considerably.
Early estimates of global ocean heat content (Levitus et al. 2000) showed marked
decadal variability. Gouretski and Koltermann (2007) identified a time-varying bias
in measurements made by eXpendable BathyThermographs (XBT). An XBT is a
probe that is launched from the deck of a ship and falls down through the ocean
trailing behind it a fine wire that relays water temperature measurements to the
operator. The depths of the measurements are estimated from an equation that
relates time-since-launch to depth. Gouretski and Koltermann (2007) found that
there were time-varying differences between the actual and estimated depths. Since
2007, various groups (Wijffels et al. 2008; Ishii and Kimoto 2009; Levitus et al.
2009; Gouretski and Reseghetti 2010; Good 2011) have proposed adjustments for
the XBT data based on a number of factors including, the make and model of the
XBT, water temperature (which is related to viscosity) as well as a pure thermal bias
of unknown origin. By running the different correction methods on a defined set
of data, it has been possible to begin to assess the uncertainty arising from the
different parts of the reprocessing e.g. bias adjustment, choice of climatology etc.
(Lyman et al. 2010).

The third example provides contrasting depth to the problems at hand. A number
of sea-surface temperature data sets extend back to the start of the twentieth century
(and before). Because observations become fewer the further back in time one goes,
statistical methods are used to estimate SSTs in data gaps. However, as before, the
data sets differ. Trends in SSTs in the tropical Pacific show different behavior
depending on the data set used. Some data sets show an El Nifio-like pattern, others
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a La Nifa-like pattern (Deser et al. 2010) indicating that uncertainty in long-term
trends can arise from sources other than systematic instrumental error.

Because of the obvious difficulties with observationally-based data sets, it is
dangerous to consider them as unproblematic data points which one can use to build
and challenge theories and hypotheses regarding the climate. The reality is not
so simple. The data sets are themselves based on assumptions and hypotheses
concerning the means by which the observed quantity is physically related to the
climatological variable of interest. In the first example given above, the MSUs are
sensitive to microwave emissions from oxygen molecules in the atmosphere. To
convert the measured radiances to atmospheric temperature requires knowledge of
atmospheric structure, the physical state of the satellite, quantum mechanics and
orbital geometry.

In the first two examples above, the earliest attempts to create homogeneous data
series underestimated the uncertainties because they did not consider a wide enough
range of systematic effects. The physical understanding of the system under study
was incomplete. Such problems are not unique to the study of climate data; see
for example, Kirshner (2004) on the difficulties of estimating the Hubble constant.
The uncertainty highlighted by the differences between independently processed
data sets is often referred to as structural uncertainty. It arises from the many different
choices made in the processing chain from raw observations to finished product.
Part of this difference will arise from the different systematic effects considered —
implicitly and explicitly — by the groups, but part will also arise from the different
ways independent groups tackle the same problems. In most cases there are a wide
variety of ways in which a particular problem can be approached and no single
method can be proved definitively to be correct. The uncertainty associated with
small changes in method (for example, using a 99 % significance cutoff as opposed
to 95 % for identifying station breaks) can be assessed using monte-carlo techniques
(see e.g. Mears et al. 2011; Kennedy et al 2011; Williams et al. 2012) and is referred
to as parametric uncertainty to differentiate it from the deeper — and often larger —
uncertainties associated with more significant structural chances that can only be
assessed by taking independent approaches.

This slow evolution underlies what drives improvements in the understanding of
the data. It also highlights the fact that no reprocessing is likely to be final and
definitive. These considerations show the ongoing importance of making multiple,
independent data sets of the same variable and many analyses that rely on climate
data sets use multiple data sets to show that their results are not sensitive to struc-
tural uncertainty.

Comparisons between different methods have been used to assess the relative
strengths and weaknesses of different approaches. Side by side comparisons of
existing data sets have been made (Yasunaka and Hanawa 2011) but the use of care-
fully designed tests datasets can be far more illuminating. Real observations can
be used (e.g. Lyman et al. 2010), but in this case the ‘true’ value is unknown. By
using synthetic data sets, where the truth is known, much more can be learned
(e.g. Venema et al. 2012; Williams et al. 2012). The use of carefully designed test
data sets has been used in metrology to understand uncertainties associated with
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software in the measurement chain. However, the National Physics Laboratory
(NPL) best practice guide on validation of software in measurement systems (NPL
report DEM-ES 014) excludes measurement systems where the physics is still being
researched which is arguably the case for many climate data sets. The International
Surface Temperature Initiative (ISTI Thorne et al. 2011b) is developing a sophisti-
cated process for developing test data sets based on synthetic ‘pseudo-observations’
that have been constructed to contain errors and inhomogeneities thought to be
representative of real world cases. By running the algorithms designed to homoge-
nize station data on these analogues of the real world as well as on the real data, it
will be possible to directly compare the performance of different methods. Tests like
these have been used to study the effectiveness of paleo-reconstruction techniques
(Mann and Rutherford 2002) and have long formed the basis of Observing System
Simulation Experiments (OSSE’s). Ideally, such processes need to be ongoing
for two reasons. Firstly, benchmark tests become less useful over time because there
is a danger that the methods will become tuned to their peculiarities. Secondly,
because the benchmarks might not address novel uses of the data or reflect new
understanding of the error structures present in real world data.

Such methods are less effective for assessing homogenization procedures where
they are based on empirical studies (Brunet et al. 2011), or on physical reasoning
(Folland and Parker 1995). However, they could be used to cross-check results
if statistically-based alternatives can be developed. A more empirical approach to
the problem of assessing data biases is to run observational experiments (Brunet
et al. 2011) whereby different sensors, including historical sensors, are compared
side by side over a period of years. Such comparisons can be used to estimate the
biases and associated uncertainties that can be used to cross check other methods,
and in periods with fewer observations they may be the only means of assessing the
data uncertainties.

Greater emphasis is now being given to the importance of uncertainty in
observationally-based data sets, but it is not always clear how a user of the data
should implement or interpret published uncertainty estimates. The traditional
approach of providing an error bar on a derived value is often unsatisfactory because
it provides information only on the magnitude of the uncertainty, but not how
uncertainties co-vary. For example in the schematic in Fig. 1, each of the red lines
is consistent with the median and 95 % uncertainty range indicated by the black
line and blue area. By providing only the black line and ‘error bar’, information
concerning (in this case) the temporal covariance structure of the errors is lost.
This has implications when the data are further processed, because the covariance
is needed to correctly propagate the uncertainties.

Recent approaches have drawn representative samples (roughly equivalent to
the red lines shown in Fig. 1) from the posterior distributions of statistically
reconstructed fields (Karspeck et al. 2011; Chappell et al. 2012) or representative
samples from a particular error model (Mears et al. 2011; Kennedy et al. 2011).
Each sample, or realization, can then be run through an analysis to generate an
ensemble of results that show the sensitivity of the analysis to observational
uncertainty.
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Fig. 1 Four examples showing that very different behaviors are consistent with the same ‘error
bars’. (Top) uncertainty range indicates that high-frequency variability is missing. (second from
top) uncertainty range indicates a systematic offset. (botrom and second from bottom) uncertainty
range indicates red-noise error variance

While these issues have been important for assessing large scale long term
climate change, the challenges become even more formidable when data sets are
used to assess climate change at higher resolution in time and in space. It is the
extremes of weather that most often have the highest societal impacts and detecting
and attributing changes in the statistics of these events is hampered by sparse data
and poorly characterized uncertainties (see the OSC Community Paper on Extremes
by Alexander et al.). The analysis of extremes demands more careful quality
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control — which in turn necessitates greater understanding of the underlying
processes — because unusual events can sometimes resemble data errors and vice
versa. In order to provide the data sets demanded by climate services the problems
detailed above need to be resolved for a new generation of high resolution data set;
from the discovery imaging and digitizing of paper records and metadata, through
the management of appropriate archives, the generation of multiple independent
data sets and their intercomparison to the wide dissemination and documentation of
the final products.

Addressing the above concerns is vital for the creation of Climate Data Records
(CDR http://www.ncdc.noaa.gov/cdr/guidelines.html), defined by the National
Research Council (NRC) as “a time series of measurements of sufficient length,
consistency, and continuity to determine climate variability and change”. At the
moment, the concept of a CDR has been associated with satellite processing, but
a similar approach would be illuminating for in situ measurements of other geo-
physical variables. Of particular interest, from this point of view are the importance
accorded to transparency of data and methods. Openness and transparency have many
advantages over their opposites. They lay bare the assumptions made in the analysis:
although methods sections in papers can adequately describe an algorithm, there
is always the danger of ambiguity, or unstated assumptions. Where computer codes
are provided, they unambiguously describe the methods used. In addition, the
discovery and correction of errors in data and analysis are greatly facilitated, as is
the reuse of methods in later analyses (Barnes 2010). The Climate Code Foundation
(http://climatecode.org/) has been set up to help improve the visibility, availability
and quality of code used in climate assessments and has recoded the NASA Goddard
Institute of Space Studies global temperature data set, which has been developed
over a number of years, in a single consistent package.

Assessing the quality of anything is a difficult task (Pirsig 1974) and CDRs are
no exception. Indices attempting to measure the quality, or maturity of CDRs
have been proposed (www]l.ncdc.noaa.gov/pub/data/sds/cdrp-mtx-0008-v4.0-
maturity-matrix.pdf). These include considerations of criteria such as scientific
maturity, preservation maturity and metadata completeness as well as highlighting
the importance of independent cross-checks and the provision of validated uncertainty
estimates. A concept such as “maturity” is dangerous when applied to a single dataset:
longevity and quality are not equivalent. As shown above, scientific maturity has
typically developed by means of making multiple independent data sets. Even when
considering the understanding of a variable across a range of data sets, difficulties
arise because systematic errors in the data can go undetected for many years.
“Immaturity” has only ever been obvious in hindsight.

Climate research encompasses a large range of studies, from process studies,
overlapping more traditional research, that focus on large space-time scale interactions
and coupling (i.e, feedbacks) to global, long-term monitoring (change detection)
and attribution (change explanation). Planning for the needs of all of these uses
is difficult. The need for greater transparency and traceability of raw data charac-
teristics, analysis methods and data product uncertainties also have to help users
judge whether a particular product is useful for a particular study. Given the large
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range of data products currently available—both raw and analyses—it is sometimes
difficult for users to identify, locate and obtain what they need unless there is an
organized set of information available. A number of approaches can help users find
the data they need.

First, users need information about the various data sets. Journal papers and
technical reports describing data set construction are often less useful as user guides,
with technical details hidden behind journal paywalls or spread across a series of
publications. Initiatives such as the Climate Data Guide project aims to provide
expert and concise reviews of data and quality (http://climatedataguide.ucar.edu/).
By comparing data sets side by side in a common setting, it should be easier for
users to understand the relative strengths and weaknesses of different data sets.

Second, the users need to be able to find the data. This is easiest to do if there
exists a common method for data discovery. At the basic level of individual meteo-
rological reports, there exist a large number of archives (as mentioned before). At a
higher level, there is no single repository for gridded and otherwise processed
observational data sets that is analogous to the CMIP archive of model data (Meehl
et al. 2000). Generating such an archive would have the dual effect of giving users
easy access to the data in a standard format while allowing data producers to get
their work more widely recognized. Presenting different data sets side by side will
also serve to highlight the uncertainties in the observations themselves. A problem
common to all data sets is that of accurate citation. Where data sets are regularly
updated, a citation to a journal paper might not be sufficient to allow full reproduc-
ibility. Data archives could allow systematic version control of data set through
a common mechanism allowing future users to extract a particular data set down-
loaded at any time. There is a growing concern about archiving and ready access to
all of these data under a viable system that can easily handle the storage and access
to an ever expanding volume of data. By combining such an archive with detailed
provenance information, as anticipated by ISTI, would allow users to use data of a
kind that is appropriate for their particular analysis. In gathering together observa-
tional data, thought must also be given to archiving and systematizing metadata
and documentation. Such things as, quality flags, stations histories, calibration
records, reanalysis innovations and feedback records, observer instructions, and so
on, provide valuable information for analysts. Ideally, archives of metadata should
coexist with the archives of data to which they refer.

Third, the information and data sets need to be integrated. There is not as yet a
systematic way to gather value that has been added by a community that works with
the data. The Climate Data Guide points to the data, but the data exist in a variety of
formats. Collections of data sets exist, but they are sometimes divorced from the
expert guidance necessary to understand them. A number of initiatives are addressing
these problems. The ICOADS does incorporate some information concerning
quality control, or bias identification and adjustment, but the IVAD (ICOADS
Value-Added Data http://icoads.noaa.gov/ivad/) data base plans to add a layer which
will give users access to a range of value-added data. The ISTI (International Surface
Temperature Initiative) plans to create an archive of air temperature data and go
further by planning to include other variables, as well as full provenance information
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for each observation in the archive allowing users to drill down from fully analyzed
products to the original handwritten note made by the observer. Other projects,
such as Group for High Resolution Sea Surface Temperature (GHRSST, www.
ghrsst.org; Donlon et al. 2007), have produced alternative models for their own user
communities that give access to greater detail allowing them to make their own
evaluations of uncertainty.

1.3 Recommendations

1. Projects and initiatives concerning data digitization and archiving of basic
observations urgently need to be imbedded in an overarching, sustainable, fully
funded and staffed international infrastructure that oversees data rescue activities,
and compliments the various implementation and strategy plans and documents
on data coming out of GCOS, GEO, WMO, WCRP and the like.

2. Terrestrial and marine data efforts need to be integrated and better linked up
under an international framework that supports their activities in a fully sustainable
manner.

3. An archive of observational data sets analogous to the CMIP archive of model
data, should be set up and integrated with user-oriented information such as the
Climate Data Guide.

2 Reanalysis of Observations

Reanalyses differ from reprocessed observational data sets in that sophisticated data
assimilation techniques are used in combination with global forecast models to
produce global estimates of continuous data fields based on multiple observational
sources (Bengtsson and Shukla 1988; Trenberth and Olson 1988). One advantage of
this approach is that reanalysis data products are available at all points in space and
time, and that many ancillary variables, not easily or routinely observed, are gen-
erated by the forecast model subject to the constraints provided by the observations.
An important disadvantage of the reanalysis technique, however, is that the effect of
model biases on the reanalyzed fields depends on the strength of the observational
constraint, which varies both in space and time. This needs to be taken into account
when reanalysis data are used for weather and climate research (e.g. Kalnay et al.
1996). Nevertheless, recent developments in data assimilation techniques, com-
bined with improvements in models and observations (e.g. due to reprocessing of
satellite data) have led to increasing use of modern reanalyses for monitoring of the
global climate (Dee and Uppala 2009; Dee et al. 2011b; Blunden et al. 2011).

With multiple reanalyses now available for weather and climate research, inves-
tigators must consider the strengths and weaknesses of each reanalysis. Estimates of
the basic dynamic fields in modern reanalyses are increasingly similar, especially in
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the vicinity of abundant observations (Rienecker et al. 2011). The physics fields
(e.g. precipitation and longwave radiation) are more uncertain due to shortcomings
in the assimilating model and its parameterizations. Understanding the effect of model
errors is important both for users and developers of reanalyses, and ultimately
needed to further improve the representation of climate signals in reanalysis.
Observations provide the essential information content of reanalysis products; their
quality and availability ultimately determines the accuracy that can be achieved.
The types of observations assimilated span the breadth of remotely sensed and
instrumental in-situ observations. Dealing with the complexities and uncertainties
in the observing system, including data selection, quality control and bias correction,
can have a crucial effect on the quality of the resulting reanalysis data.

Given the importance of reanalysis for weather and climate research and applica-
tions, successive generations of advanced reanalysis products can be anticipated.
In the near future, coupling ocean, land and atmosphere will allow an integrated
aspect of the reanalysis of historical observations, but may also increase the presence
of model uncertainty. However, with the complexity of all the components of
the Earth system, realizing the true potential of such advancements will require
coordination, not only among developers of future reanalyses but also with the
research community.

2.1 Current Status

The most used and cited reanalysis is the NCEP/NCAR reanalysis, which includes
data going back to 1948 (Kalnay et al. 1996). The 45 year ECMWF reanalysis
(ERA-40, Uppala et al. 2005), which stops in August 2002, has also been extensively
used in weather and climate studies. Both of these reanalyses span the transition
from a predominantly conventional observing system (broadly referring to in situ
observations and retrieved observations that are assimilated) to the modern period
with abundant satellite observations, marked by the introduction of TOVS radiance
measurements in 1979. Many spurious variations in the climate signal have been
identified in these early-generation reanalyses (Bengtsson et al. 2004; Andersson
et al. 2005; Chen et al. 2008a, b), mainly resulting from inadequate bias corrections
of the satellite data and modulated effects of model biases related with changes in
the observing system. There now exist several atmospheric reanalyses covering the
post-1979 period that are being continued forward in near-real time. The Japanese
25-year Reanalysis (JRA-25), released for use in March 2006 (Onogi et al. 2007) is
the first effort by the JIMA, and their second, JRA-55 is underway (Ebita et al. 2011).
The National Centers for Environmental Prediction (NCEP) second reanalysis
(NCEP-DOE, Kanamitsu et al. 2002) improved upon the NCEP/NCAR reanalysis
data. More recently, ECMWEF has produced the ERA-Interim reanalysis based on a
2006 version of their data assimilation system (Dee et al. 2011a), in preparation for
a new climate reanalysis to be produced starting in 2014. NASA’s Modern Era
Retrospective-analysis for Research and Applications (MERRA) was developed as
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a tool to better understand NASA’s remote sensing data in a climate context
(Rienecker et al. 2011). The NCEP Climate Forecast System Reanalysis (Saha et al.
2010) became available in early 2010, produced with a data assimilation system
that includes precipitation assimilation over land, and a semi-coupled ocean/land/
atmosphere model and intended for seasonal prediction initialization. This is a brief
description of the latest atmospheric reanalyses. The basic information about the
data can be found at http://reanalyses.org/atmosphere/comparison-table, along with
similar information for the latest oceanic reanalyses.

While the fundamental strength in resolving dynamical processes remains, recent
reanalyses have improved on many aspects of the earlier-generation systems. Direct
assimilation of the remotely-sensed satellite radiances, rather than assimilation of
retrieved state estimates, has become the norm. Variational bias correction of the
satellite radiances effectively anchors these data to high-quality observations from
radiosondes and other sources (Dee and Uppala 2009; used in ERA-Interim,
MERRA, and CFSR as well as the forthcoming JRA-55). The recently completed
CFSR is the first reanalysis to use a weakly-coupled ocean/atmosphere model,
and also assimilates precipitation data over land. In addition to the technical and
scientific improvements of the reanalysis systems, increased computational resources
allow the use of higher-resolution models that better resolve the observations.
These advances combined have lead to improved representations of many physical
parameters and processes in reanalyses, for example improved skill of the large-scale
global and tropical precipitation (Bosilovich et al. 2008, 2011). In addition, the need
for reanalyses to contribute to climate change studies has prompted significant
innovations. For example, the twentieth century Reanalysis (20CR) project carried
out by NOAA in collaboration with CIRES uses the available global surface
pressure observations and sea surface temperature record reconstructed through the
1870s in an ensemble-based global analysis method. The resulting analysis is able
to produce weather patterns with the quality of a modern 3-day numerical forecast
(Compo et al. 2011).

Even with substantial improvements, assessment of the uncertainties in reanalysis
output, especially in the physical processes needed to study climate variations and
change, remains a significant concern. For a more complete picture of the climate sys-
tem, as represented by reanalyses, the impact of the observations on the resulting data
should be captured in the analysis of the physical processes (as in Schubert and Chang
1996; Roads et al. 2002). Even the most recent reanalyses demonstrate, to varying
degrees, shifts in the time series that can be related to changes in the observing systems
being assimilated (Dee et al. 2011a; Saha et al. 2010; Bosilovich et al. 2011). These
shifts, which may be due to changing biases in the observations, systematic errors in
the assimilating model, or both, interfere with the ability to detect reliable climate
trends from the reanalyses. While there are some post-processing techniques that may
address these spurious features (Robertson et al. 2011), dealing with biases in models
and observations remains the most difficult challenge for the reanalysis and data assim-
ilation community in developing future generations of climate reanalyses.

The number of global reanalyses has increased greatly in recent years, as com-
puting improves, and various entities have need for specific missions to support.
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Furthermore, spanning the various Earth system disciplines shows that uncoupled
ocean and land reanalyses are being performed as regularly as those for the atmosphere
(Guo et al. 2007; Xue et al. 2012; an evolving list of reanalyses is maintained at
reanalysis.org). Regional reanalyses attempt to improve upon the local representa-
tion of climate and processes that must be handled more generally in global systems
(Mesinger et al. 2006; Verver and Klein Tank 2012). While this increase in new
reanalyses can cause additional work for the research community in understanding
the various strengths and weaknesses, it does provide opportunity to more quantita-
tively investigate the uncertainties of the reanalysis data. For example, in studying the
global water and energy budgets Trenberth et al. (2011) characterized the range of
values for each term. In addition, collections of analyses have been used to derive a
super ensemble mean and variance for the ocean (Xue et al. 2012), land (Guo et al. 2007)
and atmosphere (Bosilovich et al. 2009). While the ensembles can expose biases in
the character of various reanalyses, there is some evidence that the ensemble itself
can also provide reasonable data from weather to monthly timescales. Despite the
difficulties in dealing with a large amount of data, a researcher will find more
advantage to have multiple data sets available for study. Just as several coupled
model integrations are required for present day and future climate projections,
multiple reanalyses will better contribute to the characterization of present day
climate. Reanalyses may well benefit from common data standards that facilitate
evaluation and analysis of the IPCC climate change experiments.

2.2 Integrating Earth System Analyses

Observations are the critical resource for a reanalysis, which needs as many as possible
to characterize the state of the Earth system. As decadal predictions begin to play a
role in understanding near-term climate variations, the Earth system ocean/land/
atmosphere needs to be initialized in a balanced state. Newer measurements, such
as aerosols, sea ice and ocean salinity contribute to the need for reanalyses that
encompass the broad Earth system. Therefore, Integrated Earth Systems Analysis
(IESA) encompasses the connections of these disparate observations, and have
become an important challenge for data assimilation development.

NCEP CFSR provides a reanalysis produced with a semi-coupled ocean/land/
atmosphere model, along with an analysis of land precipitation gauge measurements
(Saha et al. 2010). Development of the next reanalysis from NASA includes
aerosols, ocean (temperature and salinity), land (soil water) and ocean color (biology)
analysis. While there are significant difficulties in both the modeling and assimila-
tion of the integrated Earth system, extending these more complex reanalyses to
historic periods, when little or none of the diversity in observations is available
will require even more effort on addressing the impact of changes in the observing
systems. Likewise, maintaining and expanding many of the Earth observations for-
ward in time is also a critical issue (Trenberth et al. OSC position paper on observing
system), and reference networks can provide stable benchmarks for reanalyses
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and their data assimilation. Consistency and overlap of newer systems will help
maintain the consistency in the integrated reanalyses.

2.3 Reanalysis Input Observations

Essentially, reanalyses without input observations revert to model products, hence
the importance of the observing system emphasized here. As discussed previously,
there are numerous value added advantages from reanalysis, but they cannot replace
observed data. It is very important, especially for new reanalysis users, to understand
that reanalyses are not observations, but rather, an observation-based data product.
Since reanalyses combine many types of observations, their relative comparison
should be valuable in assessing the quality of the observation as well. However, it is
not always easy to determine which observations are included in the reanalysis at
specific spatio-temporal coordinates. Any given observation will be weighted with
other nearby observations and the model forecast in the assimilation process. It may
be accepted or rejected, and if accepted will contribute to the overall analysis including
other accepted observations. The degree to which an observation influences an
analysis can be determined from the output background model forecast error and
the analysis error (as discussed in Rienecker et al. 2011).

Such output data have been available from reanalysis and data assimilation
products for some time, but generally only used by developers or those closely
familiar with the data assimilation methodology. However, these assimilated obser-
vations represent a key component in the output of the reanalyses, and can show
which observations are used and how. For example, Haimberger (2007) used feedback
information from ERA40 to better characterize inhomogeneities in the radiosonde
time series, and this information was, in turn, used to improve the input observa-
tions to both ERA-Interim and MERRA. To facilitate broader access, assimilated
observations need to be provided in a format easily accessible to the reanalysis
users, so that users can more appropriately identify the agreement between observed
features (including all sources of a given state variable) and reanalysis features at
any specific point in space and time. Even just the capability of easily determining
the presence (or lack thereof) of assimilated observations during a given event
would be useful in many research studies. Typically, the data is produced in
“observation-space”, in that, it is an ascii record including space and time coordinates.
To facilitate comparisons with the gridded reanalysis output, the GMAO has
processed MERRA’s assimilated observations to its native grid (Rienecker et al.
2011) called the MERRA Gridded Innovations and Observations (GIO). It includes
each observation, its forecast error and analysis error (as well as the count of obser-
vations and variance within the grid box). Similarly, recent efforts at ECMWF aim
to make assimilated observations and the “feedback” files available through a WWW
interface. With these data, researchers can quickly identify the observation assimilated
at each of the reanalysis grid points.

Of course, reanalyses rely on the broad and open availability of increasing numbers
of observing systems and variables. Regarding in situ (or sometimes referred to as
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conventional) observing networks, reanalysis projects have been able to coordinate
and update data holdings to reflect the latest quality assessments and reprocessing
of the data. For the remote sensing data, however, there remains much less organiza-
tion of the data and how it is used in reanalyses. As part of preparations for a new
comprehensive climate reanalysis, an inventory of satellite radiances potentially
available for reanalysis is currently being compiled at ECMWE. Some remotely
sensed data is still assimilated as retrieved state fields, instead of radiances, and is
therefore a function of the algorithm or radiative transfer model and its version, as
well as the version of the input radiance.

There is significant work progressing on the radiances themselves that should
affect their use in reanalyses. For example, intercalibrated MSU (channels 2—4) (Zou
et al. 2006) were newly available and assimilated from the start of MERRA produc-
tion, but this was not an option for reanalyses beginning prior to it. The satellite data
input is generally handled by the reanalysis center, which must maintain contacts
with the data community to be informed on all the latest information and updates.
Presently, each center documents its own data usage, but there is no central information
about this for research users to access and intercompare among reanalyses. As dis-
cussed earlier, observations are the key resource for reanalysis, reanalysis are sensi-
tive to the assimilated observations and so, it is vitally important for reanalysis
projects to have the latest information and reprocessing of the input data type, and
also convey that information to the research community. The series of international
reanalyses conferences have provided a focal point for discussions on the accom-
plishments, challenges and future directions of reanalyses (e.g. jra.kishou.go.jp/3rac_
en.html and icrd.org). Additionally, a grass roots effort to open communication
among reanalysis developers and the research community leveraging internet com-
munication technology has begun and is gaining momentum (reanalysis.org).

2.4 Recommendations

1. The research community and reanalysis developers benefit from the availability
of multiple international reanalysis products. Researchers should be encouraged
to use as many as possible to better define the uncertainty of reanalyses. Data
management practices and utilities should be developed to facilitate intercom-
parison among reanalyses.

2. Given the criticality of observations and their quality in reanalyses, efficient and
open communications among the reanalyses developers and observation develop-
ers/stewards needs to be enhanced. Likewise, information on how the observations
are used in the reanalysis can be used by the observation developers and research
community. Reanalysis developers should be encouraged to provide the assimi-
lated observations and innovations alongside the characteristic reanalysis data.

3. Interdisciplinary coupled modeling and assimilation across the atmosphere
(including aerosols and the stratosphere), ocean, land and cryosphere needs
significant advancement and communications to accomplish the long-term goals
of integrated reanalyses.
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3 Future Directions

Global data products and their further refinement will continue to be a critical
resource for understanding the Earth’s climate, variability and change. Not only is
reduction of uncertainty for any individual product important, through improved
algorithms and processing, but also, global data must be physically integrated and
consistent in their use of ancillary information and consistency in assumptions.
These considerations are leading to more formal assessments of global data
products, such as those put forward by the GEWEX Data and Assessment Panel
(e.g. Gruber and Levizzani 2008).

A substantial amount of observations are not regularly analyzed in present day
research projects because it has yet to be digitized. Projects and initiatives concerning
data digitization and archiving of basic observations urgently need to be imbedded
in an overarching, sustainable, fully funded and staffed international infrastructure
that oversees data rescue activities, and compliments the various implementation
and strategy plans and documents on data coming out of international coordinating
agencies. Terrestrial and marine data efforts need to be integrated and better linked
up under an international framework that supports their activities. An archive of
observational data sets analogous to the CMIP archive of model data, should be
established and integrated with user-oriented information such as the Climate
Data Guide.

The reanalysis developer and user community has increased substantially over
the last decade, mostly due to the broad utility of the data. This paper has addressed
some of the most pressing challenges facing the international reprocessing and
reanalysis communities. WCRP has been an integral partner in the development of
reprocessing and reanalyses, fostering communications within the community
through workshops, conferences and its scientific panels. Recently, reanalyses data
have been discussed and considered in the derivation of Essential Climate Variables
(ECVs), as well as using the data for climate monitoring and information services (Dee
et al. 2011b). Assessment of global data products is also a major issue for ECVs.

As can be easily seen in the overview summary of reanalyses, the reanalysis
systems are evolving and growing. There will be newer, more advanced and
comprehensive reanalysis data products available in coming years. Regarding
the most recent reanalysis data products, there are many questions on their relative
performance for the many uses and regions covered. It is not feasible for any one
institution to be able to fully address the exact quality among all the reanalyses,
simply because there are too many applications of reanalyses. While this does put
the burden of intercomparison on the individual researcher, in quite a few instances,
communication and sharing of knowledge between users and developers will have
become critically important. In a grass roots effort to address the communications
issues, an effort to utilize the internet and live documents has begun, to provide
a forum that facilitates communication within the reanalysis community. It is
considered a pilot project, and is called reanalyses.org. At this site, developers
can contribute to a central knowledge-base regarding all issues of reanalyses.
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In addition, reanalyses.org provides a function to allow users to compare reanalyses.
In the long run, users are encouraged to summarize their results with pointers to
detailed information and ultimately publications on the ongoing efforts. While this
should not be the sole effort to facilitate communications, it does provide an outlet
and focal point for anyone in the community. The Climate Data Guide (climate-
dataguide.ucar.edu) provides concentrated information and expert analysis of many
reprocessed data set, data sources for reanalysis and the reanalyses themselves.
Another platform, the Earth System Grid (ESG) is under development and will
allow users to easily compare the existing reanalyses with observations and also
CMIP present day simulations. While significant challenges remain, the active
communities of users and developers have numerous avenues of information and
interaction to pursue the solutions.
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especially in the tropics. Uncertainty in aerosol radiative effects complicates the
interpretation of climate changes in the observational and paleoclimate records, in
particular limiting our ability to infer climate sensitivity. Dynamical uncertainties,
notably those involving teleconnections and troposphere-stratosphere interaction,
also affect simulation of regional climate change especially at high latitudes. In
response, targeted field programs, new satellite capabilities, and new computational
approaches are promoting progress on these problems. Advances include recogni-
tion of the likely importance of non-greenhouse gas forcings in driving recent trends
in the general circulation, compensating interactions and emergent phenomena in
aerosol-cloud-dynamical systems, and the climatic importance of cumulus entrain-
ment. Continued progress will require, among other things, more integrative analysis
of key processes across scales, recognizing the complexity at the local level but also
the constraints and possible buffering operating at larger (system) scales.

Keywords Clouds * Atmospheric convection ® Aerosols ¢ Cloud-aerosol interaction
* Atmospheric dynamics * Climate feedbacks ¢ Climate modeling

1 Introduction

Cloud, aerosol, and dynamical processes remain at the core of uncertainties about
atmospheric aspects of climate and continue to be the subject of detailed research.
This research encompasses observations, process modeling, and the analysis of
global climate models (GCMs) to examine the possible broader consequences of the
processes. While aerosols play an important role in air quality and visibility, this
paper will consider only their climatic consequences; similarly, our discussion of
cloud and dynamical issues will be oriented toward WCRP science objectives rather
than purely weather-related or highly localized phenomena.

Anthropogenic aerosols are now cooling the climate by an amount that remains
difficult to quantify accurately, but could be comparable to the warming effect of
anthropogenic carbon dioxide. Moreover, because aerosols are highly nonuniform
and therefore warm the atmosphere and cool the surface non-uniformly over the
Earth, they can drive changes to the atmospheric circulation that may affect patterns
of rainfall (Rotstayn and Lohmann 2002) or cloud (e.g., Allen and Sherwood 2010)
independently of any impact on global-mean temperature.

Clouds remain the greatest source of spread in model predictions of future climate.
Much of this spread comes from low clouds, but other cloud types also contribute
and/or may be more important than suggested by their contribution to this among
present models. Cirrus clouds, for example, are not well represented in models and
exert a net warming effect that is comparable to the net cooling effect of low clouds;
models are beginning to hint at the potential importance of this for climate change.
Convective clouds interact with the circulation and tend to amplify or organize
many tropospheric circulations, playing a central role, for example, in tropical intra-
seasonal variability and helping to drive the general circulation at low latitudes
(Slingo and Slingo 1991). Polar clouds interact not only with atmospheric dynamics,
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but also with sea ice. See Heintzenberg and Charlson (2009) for a thorough review
of our understanding of how clouds respond to both aerosols and climate changes,
and Rosenfeld et al. (this volume) for a more focused perspective on current ideas
about aerosol impacts on clouds.

Dynamical processes at all scales modulate how global heat inputs are expressed
regionally, and affect global-mean climate indirectly through their role in transporting
energy to where it can be radiated to space. The dynamical processes considered here
are not comprehensive but include motions from the cloud-system scale upward,
that appear to be important for climate or inadequately understood. While it is often
assumed that global-scale circulations are fully captured by existing climate
models, this is not necessarily the case as shown by recent examinations of varying
circulations in different model designs as described in Sect. 2.3. Also, even if global
models do capture a phenomenon correctly there are typically intellectual and
practical advantages to achieving a more fundamental or heuristic understanding
(see, e.g., Held 2005). Rosenlof et al. (this volume) discuss global-scale dynamical
changes more extensively, including their ocean and surface components.

2 Recent Scientific Advances

2.1 Clouds and Convection

The representation of clouds in climate models continues to exhibit mean biases that
have been brought into sharper focus by the data from active remote sensors on
board the CloudSat and CALIPSO satellites. These sensors reveal more clearly the
vertical distribution of cloudiness, confirming that many climate models generate
too much cloud in upper levels and too little at middle and low levels (e.g., Chepfer
et al. 2008).

2.1.1 Boundary Layer Clouds and Dynamics

Field programs have shed new light on the strong and varied dynamical and micro-
physical interactions in maritime shallow convection and marine stratus clouds
(Wood 2012). In many cases these systems are remarkably robust, but occasionally
exhibit rapid transitions from open-celled to closed-celled morphologies, with
substantially different albedos and rainfall characteristics. The role of aerosol-cloud
interactions in these transitions is discussed further in Sect. 2.2.3.

Recent progress in the representation of boundary layer clouds in climate models
has been brought about through both parameterization improvements and in many
cases the use of higher vertical resolution. Other recent parameterization developments
include: (i) Non-local boundary layer schemes with explicit entrainment, which
typically lead to improved stratocumulus (e.g. Lock et al. 2000); (ii) Eddy diffusion
mass flux schemes, which seek to unify turbulence and cumulus parameterizations
(e.g. Siebesma et al. 2007).
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Improved community coordination through groups that bring together observa-
tionalists, process modelers and parameterization developers, such as GCSS (Global
Cloud System Studies group, now being subsumed into a new program called GASS
that also includes land processes), has been a positive development in recent years.
GCSS and CFMIP (Cloud Feedback Model Intercomparison Project) efforts have
additionally engaged members of the climate feedback community. Observation
sites that monitor detailed surface and remotely sensed information on turbulent
fluxes, boundary layer depth, and cloud properties have been linked to create
improved networks through programs like CLOUDNET and ARM.

2.1.2 Deep Convection and Its Dynamical Coupling to Larger Scales

There is now evidence that phenomena such as the Madden Julian Oscillation
(MJO) and other tropical wavelike phenomena are sensitive to aspects of convective
behavior (Hannah and Maloney 2011; Raymond and Fuchs 2009). Raising barriers
to deep convection, either through more stringent triggering conditions or greater
entrainment, generally improves the representation of the MJO. However these
changes usually affect other aspects of simulations adversely, and are not a modeling
panacea. It now appears that the eastward propagation of the MJO, previously
attributed either to dynamical/wavelike propagation or to a wind-surface flux
feedback, may actually arise from simple advection of mid-level moisture (Maloney
et al. 2010). This accounts for the importance of convective sensitivity to this variable
in reproducing the phenomenon in models.

After a long period of relative apathy since the early 1990s, the last few years
have seen renewed interest in developing new parameterizations for deep convec-
tion and in cloud dynamics generally. This has been motivated partly by negative
drivers such as the significant failure of many existing schemes to properly respond
to atmospheric humidity variations (Derbyshire et al. 2004) or simulate realistic
diurnal and intraseasonal variations, but also by positive drivers such as the advent
of new computational approaches and the spread of cloud-resolving models. Some
recent studies have questioned the centrality of thermodynamic, parcel-based
reasoning in theories of convection, emphasizing the additional role of mesoscale
dynamical constraints in influencing convective growth (Robinson et al. 2008,
2011). At the same time climate models with “superparameterizations,” or explicit
convection models in place of the usual convective and cloud parameterizations
(Randall et al. 2003), have also come into wider use and global models have
appeared at resolutions better than 10 km (Satoh et al. 2008). These models are too
expensive to run as conventional climate models themselves, but are beginning to
provide insights that may help improve standard parameterizations; for example,
convective mass fluxes from these simulations can be used in parameterizations of
aerosol physics (Gustafson et al. 2008; Wang et al. 2003).

As model grid sizes decrease, traditional assumptions of grid independence and
statistically equilibrated cloud fields used in convective parameterizations appear
increasingly unjustifiable. Two alternative strategies gaining attention are the inclusion
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of evolving mesoscale structure, and some elements of stochasticity. While only
one convective scheme (Donner 1993) accounts for mesoscale motions explicitly,
several new strategies capture in other ways the qualitative evolution of convective
events, and seem to improve both diurnal and intraseasonal variability. One such
strategy is to add prognostic parameters representing the evolving degree of convec-
tive organization (Mapes and Neale 2011) or boundary-layer forcings (Rio et al.
2009), while another is to represent transitions between convective stages or regimes
in a population of clouds (e.g. Frenkel et al. 2011a, b; Khouider and Majda 2008).
Stochastic parameterizations are also being tested for many model physical schemes,
the basic idea being to predict a range of possible outcomes (or one chosen at random)
from the inputs to the scheme. One advantage of this is to create a more physical
way of generating ensemble forecasts; another is to “smooth” the behavior of the
physical scheme with respect to resolved state variables. It is as yet unclear whether
stochastic physics will improve climate simulations, or whether any of these strate-
gies will systematically improve the simulated mean climate or cloud feedbacks.

2.1.3 Microphysics

More climate models are beginning to include multiple-moment cloud microphysical
schemes to represent both liquid and ice particles. This allows prediction of cloud
droplet sizes as well as bulk condensate amounts, and makes possible the computa-
tion of more aerosol indirect effects.

However, the fundamental problem with applying more sophisticated cloud
microphysics schemes in models that rely on cloud parameterizations is that micro-
physics is tightly coupled to the cloud dynamics, with the latter unresolved when
clouds are parameterized. Arguably, some bulk aspects of convective clouds (such
as their total water content profiles) may be well constrained by the mass flux quan-
tities that convective schemes predict. However, predicting sizes of cloud and pre-
cipitation particles requires additional assumptions. For instance, in shallow
convective clouds in the tropics and subtropics, activation of cloud condensation
nuclei strongly depends not only on aerosol characteristics, but also on the vertical
velocity field. Some recent cloud parameterizations include information about
the vertical velocity in order to provide an estimate of the droplet concentration
(Chen et al. 2010; Golaz et al. 2011; Ghan et al. 2011).

2.1.4 Trends, Variations and Feedbacks

While absolute trends in cloud cover have always been difficult to verify due to
calibration difficulties, Bender et al. (2012) found evidence in multiple observing
systems of a poleward shift of storm-track clouds, that is relative increases at high
latitudes and decreases in the subtropics. This shift is qualitatively consistent with
poleward shifts of the general circulation reported on the basis of other indices
(Sects. 2.3.1 and 2.3.4), and on its own would imply a significant increase in net
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radiative heating of the planet in recent decades. This phenomenon contributes
strongly to a net positive cloud-amount feedback in GCMs (Zelinka and Hartmann
2010).

Climate models, process models, and observations show that upper-level
clouds at a given latitude rise or fall roughly in accord with upper-tropospheric
isotherms, as predicted by Hartmann and Larson (2002) (Zelinka and Hartmann
2011). This produces a positive feedback on global temperature that accounts for
most of the overall mean positive cloud feedback in the CMIP3 collection of climate
models (Zelinka and Hartmann 2010).

In general, cloud fields in models change in roughly the same way that the relative
humidity field changes (Sherwood et al. 2010). However the exception is boundary-
layer clouds, which are crucial to the spread in model predictions. Boundary-layer
relative humidity changes are small generally in models. Instead these clouds appear
to be sensitive to subtle perturbations in radiation, subsidence and surface fluxes
(Zhang and Bretherton 2008; Colman and McAvaney 2011).

2.2 Aerosols and Aerosol-Cloud Interactions

2.2.1 Sources, Ageing and Sinks of Aerosols in the Atmosphere

Volkamer et al. (2006) identified evidence that the natural production of secondary
organic aerosol (SOA) is much larger than expected, perhaps by an order of magni-
tude. This aerosol forms from organic precursor gases such as VOCs (volatile
organic compounds) emitted from vegetation and other sources. Recent studies have
explored this discrepancy and are suggesting that it is not quite as large as previ-
ously thought, but still evident in model-observation comparisons (Spracklen et al.
2011; Hodzic et al. 2009). It is not yet clear whether the main problem is insufficient
sources, or incorrect sinks in models.

Aerosol sinks are not as well understood as sources, but some progress is being
made. The crucial importance of wet scavenging of CCN aerosols in the dynamics
of shallow cloud systems is now recognized (see Sect. 2.2.3). Sinks of organic
aerosols are not fully understood, and may include unexpected processes such as
fragmentation (Kroll et al. 2009). Aerosol ageing is a complex process especially
for organics, but recent work suggests possible simplifications in how this can be
described (Heald et al. 2010).

A significant problem affecting aerosol-cloud interactions is that currently IN
concentrations are poorly quantified, and we still don’t have a very good idea
which substances are the most important IN, or what fraction of IN are anthropo-
genic. An important factor determining IN concentrations in the atmosphere appears
to be the overall number concentration of aerosol particles at sizes greater than 0.5 p
diameter (Demott et al. 2010), but there are still large variations in the ratio of IN to
other aerosol. While primary organic aerosol such as pollen do not appear to be
dominant sources of IN in clouds, organic residues on dust and in soils do appear to
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contribute significantly to the ice-nucleating ability of these substances (Conen
etal. 2011) but in ways that vary mysteriously from one region to another. Most IN
are undoubtedly natural; the most likely anthropogenic IN would either be black
carbon (whose ability to nucleate ice is still in question) or additional dust emissions
arising from human land use changes or other activity (which are hard to isolate
from the much greater quantities of natural dust).

2.2.2 Direct and Indirect Radiative Effects of Aerosols on Climate

Aerosols exert a direct cooling effect on climate by reflecting sunlight to space,
although dark carbonaceous aerosols can exert either warming or cooling effects
because they absorb as well as scatter sunlight. Quantifying these effects from
observations alone is difficult, as some type of model is needed to establish the
radiative balance that would have occurred in the absence of whatever aerosol is
present. Some kind of model is also needed to establish how much of the observed
aerosol is anthropogenic, given that global observations are unable to distinguish
aerosol types sufficiently for this purpose, except via crude assumptions. Interest
in aerosol effects on climate has been enhanced by proposals to disperse aerosols
in boundary layer clouds and in the stratosphere as a geoengineering strategy for
cooling the planet.

The most straightforward and long-established aerosol impact on cloud albedo
comes through the so-called Twomey (sometimes known as cloud-albedo) effect,
whereby more droplets are nucleated by greater aerosol counts, increasing the
surface area and thus albedo of a given total cloud water content. Model estimates
of the magnitude of this forcing over time have changed little. Additional indirect
effects due to changes in cloud lifetime or cover, or arising from changes to atmo-
spheric circulations arising from aerosol thermal and microphysical effects, are
increasingly being considered but are much more difficult to quantify. There is
some suggestion in recent studies that as new effects are added, compensation
occurs with existing effects such that the total impact on cloud albedo and/or pre-
cipitation doesn’t change as much as might have been expected (see Sect. 2.2.3).
However, rapid transitions can be triggered in stratocumulus such that changes in
cloud amount and thickness strongly amplify the Twomey effect (see Rosenfeld
et al. this volume).

A number of GCMs equipped with aerosol physics now predict the radiative
effects of anthropogenic aerosol. Model predictions of both the direct (Myhre
2009; Bellouin et al. 2008) and aerosol-cloud related (Storelvmo et al. 2009) cooling
effects have decreased somewhat in more recent studies, with estimates of total forc-
ing (not including ice processes) now near —1.5 W m=%; a few models with ice effects
tend to show greater cooling. Considering only the albedo effect, estimates of forc-
ing constrained by satellite observations show significantly less cooling than those
predicted by models alone: from —0.5 W m~ to near zero. This may mean models are
still overestimating the albedo effect, though it is also possible that observations of
aerosol in the vicinity of clouds, and methodologies for averaging data from the
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satellite pixel scale to model grid-box scale, bias the strength of the cloud-aerosol
relationships used to constrain climate models (McComiskey and Feingold 2012).
Inter-model estimates of aerosol-cloud forcing that allow for dynamical feedbacks
tend to be more variable than estimates of the albedo effect alone because of the
greater range of processes considered. However there are some indications, from both
observations and small-scale models, that compensating factors may be at play in real
cloud systems, and that the higher negative forcing estimates are a result of the
inability of climate models to resolve small spatiotemporal scale cloud, and aerosol-
cloud interaction processes (see Sect. 2.2.3). This is an active area of research.

There are several reasons why model estimates of aerosol forcing have dropped.
Perhaps the most important is increased estimates of the absorbing effect of black
carbon (Myhre 2009; Chung et al. 2005), which offsets the cooling effect of aerosol
scattering and can warm climate further by settling on ice surfaces where it is a
particularly efficient absorber. Also, new observations are showing somewhat greater
natural contributions to the observed aerosol burden (see Sect. 2.2.1).

There is growing evidence that decadal changes in aerosols may be responsible
for the observed phenomenon of global dimming (the reduction of sunlight observed
at the surface) prior to about 1990 and global brightening since, although changes
in cloudiness (whether due to aerosols or not) play a large role especially on a
regional basis (Wild 2009). Background stratospheric aerosol and water vapor may
also vary on decadal or longer time scales, making some contribution to radiative
forcing (Solomon et al. 2010, 2011). Aerosols may also drive interdecadal climate
variations in the Atlantic basin (Booth et al. 2012).

New research highlights the possibility of IN effects on cirrus or mixed-phase
cloud properties, which has even been suggested as another geoengineering strategy
(Mitchell and Finnegan 2009). The main anticipated mechanism for IN to affect
clouds is by causing the earlier nucleation of smaller numbers of ice particles at
temperatures between —10 and —40° C in deep convective clouds. These early-
initiators would grow rapidly and become efficient collectors, leading (in principle)
to optically thinner deep-cloud outflows. However the complexity of mixed-phase
cloud systems means that currently such mechanisms are hypothetical; indeed some
simulations show IN leading to increased cirrus (Zeng et al. 2009). See Rosenfeld
et al. (this volume) for more details.

2.2.3 Microphysical Effects of Aerosols on Precipitation and Vice Versa

A long history of efforts to ascertain the influence of CCN aerosol on warm clouds
(Gunn and Phillips 1957; Warner 1968) have indicated a likely suppression of rain-
fall, although there exists no definitive, statistically-sound, observational proof
of this. The proposed mechanism is that by nucleating more droplets, droplets do
not grow as fast, fall speeds are reduced, and the formation of rain by collision and
coalescence is delayed or prevented. However this suppression of precipitation
will lead to more evaporation in the free troposphere, destabilization and deepening
of subsequent clouds, and the potential for more rain. Dynamical feedbacks of



Climate Processes: Clouds, Aerosols and Dynamics 81

this kind make it particularly difficult to untangle aerosol effects on precipitation
(e.g., Stevens and Feingold 2009). The net effect of aerosol on cloud albedo is a
complex function of small-scale processes and feedbacks that occur at a range of
scales. As aresult it is likely cloud-regime-dependent. When averaged over multiple
regimes, it may be significantly less than would be expected from consideration of
the simple microphysical response in isolation (Stevens and Feingold 2009).

Recent work shows that the knock-on effects from the initial modification of
clouds are sometimes “absorbed” by the cloud system, but other times are more pro-
found. Observations of shallow convective cloud layers confirm strong connections
between aerosol loading, precipitation and cloud morphology, with precipitating
portions of marine cloud decks appearing nearly devoid of aerosols (Sharon et al.
2006; Wood 2012). This suggests a strong positive feedback where precipitation
removes aerosol, leading to more efficient formation of precipitation, a feedback
thought to shift closed-cellular to open-cellular convection, in sub-regions that are
non-raining and raining respectively (Stevens et al. 2005; Sharon et al. 2006). Both
A-Train observations (Christensen and Stephens 2011) and large eddy simulation
(e.g., Wang et al. 2003; Ackerman et al. 2004; Xue et al. 2008; Wang and Feingold
2009) show that the aerosol increases cloud amount and cloud water in clean, open-
cell regions and decreases cloud amount in non-precipitating, closed-cell regions.

It is now argued that as coupled cloud systems evolve, they tend to prefer certain
modes (e.g., non-precipitating closed cells and precipitating open cells) that are
resilient to change due to internal compensating processes (Stevens and Feingold
2009; Koren and Feingold 2011). However under certain conditions, e.g., very low
aerosol concentrations, instability sets in and the closed-cell, stable system may
transfer to the precipitating open-cell system. The open cells appear to constantly
rearrange themselves as precipitation-driven outflows collide and drive new convec-
tion, which forms new precipitation, and so on (Feingold et al. 2010).

A weakness of the detailed process-level large eddy simulation is that it is rather
idealized. Cloud resolving and regional models allow for a much broader range of
scale interactions and timescales and are increasingly being used to explore aerosol-
cloud interactions (e.g., Grabowski 2006). Modeling of deep convective cloud
systems suggests that the average impact of added aerosol is very short-lived, with
a slight delay in the initial development of rainfall but no effect on the integrated
rainfall amounts over times approaching a day or longer (Morrison and Grabowski
2011; Seifert et al. 2012). Similarly, under conditions of radiative-convective equi-
librium van den Heever et al. (2011) have shown that aerosol perturbations have
little influence on domain-averaged precipitation and cloud fraction. However
this is a result of compensation between the responses of shallow and deep convec-
tive clouds, in keeping with the idea that while average aerosol influences may be
small, local influences may be significant.

In addition to their potential to study aerosol-cloud interactions, cloud resolving
and regional models show that gradients in the aerosol may generate changes in
circulation patterns via changes in heating rates (Lau et al. 2006), radiative properties
of cloud anvils (van den Heever et al. 2011), or in the spatial distribution of precipi-
tation (Lee 2012).
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2.2.4 Advances in Parameterizing Aerosols

Aerosol treatments in global climate models remain fairly crude, although this could
be said of all model parameterizations. Studies using chemical transport models
driven by observational estimates of wind fields have proven useful in constraining
and refining the schemes for predicting poorly-constrained natural sources of aerosols
such as sea-salt and organic aerosol precursors (Lapina et al. 2011).

Aerosol effects on clouds are being treated in more models, and are beginning to
include effects on convective clouds including secondary effects although this
involves massive uncertainties. Mass fluxes obtained from explicit simulations are
being used to implement aerosol effects on convective clouds (see Wang et al. 2003).

2.3 Dynamics from Small to Global Scales

2.3.1 Gravity Waves

Small scale atmospheric gravity waves (or internal waves), produced by flow over
topography, convection, and imbalances in the geostrophic flow, influence climate
through their effects on the large-scale circulation, which in turn affect synoptic
and planetary wave propagation and dissipation (e.g. Alexander et al. 2010). With
important horizontal and vertical scales as small as 5 km and 1 km, respectively,
much of the gravity wave spectrum remains unresolved at current climate model
resolution. Mountain wave drag reduces westerly biases in zonal winds near the
tropopause, and parameterized mountain wave drag settings in climate models can
affect high-latitude climate change response patterns in surface pressure (Sigmond
and Scinocca 2010). The changes in wind shear that occur with tropospheric
warming and stratospheric cooling alter the altitude and strength of mountain
wave drag; this affects planetary wave propagation and associated surface pressure
patterns, strengthening aspects of the Brewer-Dobson circulation such as poleward
stratospheric transport and upwelling and downwelling near the tropical and polar
tropopause respectively.

Trends in upwelling near the tropical tropopause have been related to changes
in stratospheric water vapor, an important greenhouse gas (Solomon et al. 2010).
An increasing trend in twenty-first century upwelling is predicted in models that
resolve the stratospheric Brewer-Dobson circulation (Butchart et al. 2006). This
wave-driven transport circulation responds to changes in forcing by planetary-scale
and gravity waves, and many models ascribe a large fraction of the trend to changes
in parameterized orographic gravity wave drag (Li et al. 2008; McLandress and
Shepherd 2009; Butchart et al. 2010). Cooling in the stratosphere and warming in
the troposphere associated with greenhouse gas (GHG) trends lead to stronger
subtropical jets, and these changes in the winds explain the changes in the parame-
terized drag.
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An early focus on different dissipation mechanisms within non-orographic gravity
wave parameterizations has given way in recent years to a focus on defining wave
sources and the properties of the waves emitted. This has followed from research
demonstrating effective equivalence of different parameterization methods in climate
model applications (McLandress and Scinocca 2005). For climate prediction, the
sources of non-orographic gravity waves should respond to climate changes, but in
most current models wave sources are simply prescribed. A few models do include
multiple wave sources like convection and fronts in addition to orography (e.g. Richter
et al. 2010; Song et al. 2007). However, the underlying processes remain rather
poorly understood and the parameterizations are largely based on two-dimensional
theoretical models.

Recent global simulations at very-high resolution capable of resolving many
(though not all) scales of gravity waves have advanced our understanding of the
processes important for improving parameterizations (e.g. Sato et al. 2009; Watanabe
et al. 2008), and comparisons of these with observations are assessing their ability
to realistically represent the resolvable portions of the wave spectrum (Shutts and
Vosper 2011).

2.3.2 Blocking Events

Atmospheric blocking is characterized by abnormally persistent (i.e. time scales of
1-2 weeks) high pressure systems which steer, or “block,” the usual propagation of
midlatitude cyclones, and thus play a critical role in intraseasonal variability and
extreme events in the extratropics. Limitations in the ability of climate-models to
capture these important synoptic scale features were described in the IPCC’s AR4,
and appear to persist in more recent models. Since the 1980s many authors reported
an upscale feedback of eddy vorticity that helps to maintain blocking highs (e.g.
Shutts 1986; Lau 1988). Recently this has been verified in models and analyses,
and the self-maintaining nature of blocking eddies has been confirmed (e.g. Kug
and Jin 2009).

Despite this, it is not yet clear what resolution is required to successfully model
enough of the vorticity flux to give reasonable blocking statistics. Traditionally,
models have under-represented the frequency of blocking (D’ Andrea et al. 1998) in
a way consistent with their limited resolution. Some studies have shown an increase
in blocking when either horizontal resolution (Matsueda et al 2009) or vertical
resolution (Scaife and Knight 2008) is increased. This is consistent with the idea of
an upscale feedback from poorly resolved eddies. Evidence has also emerged that
climate models are systematically westerly biased (Kaas and Branstator 1993),
which can greatly bias blocking frequencies diagnosed via standard measures
(Doblas-Reyes et al. 1998), even if the simulated variability appears adequate
(Scaife et al. 2010). In coupled models, the westerly bias and blocking deficit over
the Atlantic may be associated with errors in the simulated Gulf Stream (Scaife
et al. 2011).
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2.3.3 Widening of the Tropics

On planetary scales, evidence for a widening of the Hadley circulation, or tropical
belt, in the last decades of the twentieth century has been deduced from various data
sources, and model simulations show that GHG increases cause widening (e.g.,
Schneider et al. 2010). This has potential connections to important changes in global
precipitation patterns and other climate variables (e.g. Seidel et al. 2008). How the
width of the Hadley cell is controlled is however unclear. Both thermodynamic
changes at low latitudes and eddy flux changes in the subtropics and extratropics
likely play a role. Indeed, Son et al. (2008) show that changes in polar stratospheric
ozone influence the width of the Hadley Cell, most likely by displacing the midlatitude
jets and so modifying eddy momentum fluxes in the subtropics. Based on model
simulations, the expansion of the Hadley cell has been ascribed to radiative forcing
associated with changes in GHG and stratospheric ozone depletion (Lu et al. 2007)
or absorbing aerosols or ozone in the troposphere (Allen et al. 2012), and is consistent
with poleward shifts of the subtropical jet streams (Yin 2005). However changes in
tropical tropopause heights that have been associated with the Hadley cell widening
(Seidel and Randel 2007) are also strongly affected by changes in the Brewer-Dobson
circulation (Birner 2010) and therefore coupled to changes in the extra-tropical
circulation in the stratosphere.

2.3.4 Impact of the Stratosphere on the Large-Scale Circulation

Observational evidence for a significant impact of stratospheric ozone loss on the
tropospheric circulation emerged prior to the IPCC’s AR4 (e.g., Thompson and
Solomon 2002). To date, the largest change in the midlatitude jet streams and storm
tracks is observed in the Southern Hemisphere in summer, following the annual
formation of the ozone hole, and climate model studies have verified the critical role
of ozone in these changes (e.g. Arblaster and Meehl 2006; Polvani et al. 2011).
However some of the CMIP3 models used in the last assessment ignored ozone
changes, and most represented the stratosphere poorly in general. Understanding
of the connection between twenty-first century ozone recovery and SH climate
projections has advanced very recently. Son et al. (2008) showed that models with
realistic ozone recovery predict a weak equatorward shift in the summertime extra-
tropical jet in the twenty-first century, while models with constant ozone predict
a poleward shift in the jet due to GHG increases. These trends in jet position project
strongly onto the Southern Annular Mode (SAM). While GHG trends lead to a
year-round positive trend in the SAM, some models including ozone recovery with
a well-resolved stratosphere predict a large negative trend in the SAM in summer
(e.g. Perlwitz et al. 2008). Seasonally dependent trends in SAM could influence
carbon uptake in the Southern Ocean (Lenton et al. 2009) and may further couple with
Antarctic sea ice trends (Turner et al. 2009).

New work shows the stratosphere plays another important role in climate change
independent of ozone changes. In models with good representation of the stratosphere,



Climate Processes: Clouds, Aerosols and Dynamics 85

regional climate changes, particularly those associated with ENSO teleconnection
to European winter climate, can propagate through a stratospheric pathway (Ineson
and Scaife 2009; Cagnazzo and Manzini 2009), and even long-term predictions of
precipitation and wind patterns in models lacking a well-resolved stratosphere can
suffer from first order errors compared to those of models that better resolve the
stratosphere (Scaife et al. 2012). These changes often project onto the North Atlantic
Oscillation (NAO) and the Northern Annular Mode (NAM), a primary mode of
northern hemisphere climate variability. Gerber et al. (2012) review the current
understanding of stratospheric effects on surface weather and climate. Roughly ten
models in the CMIP5 will include a better represented stratosphere, compared to
almost no models in CMIP3, so these issues should become clearer in the IPCC’s
ARS report.

2.3.5 Impact of Warming on Rainfall Extremes, Cyclones,
and Severe Storms

Infrequent, intense weather events are part of a stable climate system, and involve
many scales, from isolated convective cells on the order of kilometers to planetary
scale features such as the Madden Julian Oscillation. Evidence of increases in
certain extremes is beginning to emerge in the observational record (Zwiers et al.
this volume), though attribution to specific aspects of climate change is difficult,
especially for individual events (Stott et al. this volume). While model predictions
of extremes remain dubious, certain expectations follow from our understanding of
basic physical processes and are being investigated by process models.

Dynamical responses in the atmosphere to the warming climate lie behind
changes in likelihood of some “extreme” weather events and therefore understanding
and quantifying these is a basic step in determining changes in extremes. Poleward
shifts of the extra-tropical jet stream with associated migrations of storm tracks and
changes in the intensity of the storms may be accompanied by changes in weather
patterns and associated extremes (Gastineau and Soden 2009, 2011). Expansion
of sub-tropical dry zones at the edges of the widening Hadley circulation may be
accompanied by pronounced changes in precipitation patterns and associated
desertification (Johanson and Fu 2009).

Assessing the response of tropical circulations and associated weather extremes
to changes in GHG forcing using climate models has proved to be difficult because
of the lack of agreement among models (Kharin et al. 2007) and their general inability
to consistently represent some key physical features such as the observed mean
precipitation regimes of the Asian summer monsoon (Stowasser et al. 2009). Such
deficiencies are in large part associated with resolution constraints and associated
inadequate parameterization of unresolved small scale processes. Large-scale
increases in tropical sea surface temperatures (SSTs) associated with a warming
climate do not necessarily translate directly into local increases in precipitation
intensity associated with enhanced deep moist convection. In fact model results
suggest that precipitation may decrease in regions such as the equatorial Indian
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Ocean in association with uniform increases in SSTs. However modeling results do
indicate that intensified deep convection with higher precipitation is more likely
to occur where SSTs are locally larger than their surroundings (Stowasser et al. 2009;
Neelin and Held 1987). Only a few of the coupled models used in AR4 simulate a
qualitatively realistic climatology of the Asian monsoon (Annamalai et al. 2007,
Stowasser et al. 2009); under global warming, these models predict an increase in
monsoon rainfall over southern India, despite weakened cross-equatorial flow
(Stowasser et al. 2009).

3 Current Scientific Gaps and Open Questions

3.1 Clouds and Convection

Observational capabilities for clouds have improved significantly with the launch of
MODIS, CloudSat/CALIPSO and other satellite sensors. However we lack good
data on the detailed motions at the convective scale that would be beneficial for
testing the assumptions of cloud models and in particular for constraining processes
such as entrainment. Also, observations of precipitation still have large errors even
from the best spaceborne sensors, particularly for light rain.

Many GCMs still have difficulty in successfully simulating transitions between
different cloud regimes (e.g., stratocumulus to cumulus). Most deep convective
schemes used in global models appear to make the transition from shallow to deep
convection much too quickly, which among other problems leads to inaccurate diurnal
cycles. A possibly related problem is that convection in models is insufficiently sensi-
tive to humidity above the cloud base (Derbyshire et al. 2004). This problem is well-
recognized by model developers but a fundamental basis for redeveloping the convective
schemes is currently lacking, such that most approaches to address the problem have
so far been convenient fixes that don’t come to grips with underlying problems.

While recent research (e.g. through GEWEX) has focused particularly on low
clouds due to their role as a “known unknown,” (e.g., Soden and Vecchi 2011), the
representation of upper-level and cirrus clouds in GCMs is a source of concern as it
is highly simplified, and models currently underpredict mid-level cloud which begs
the question of whether feedbacks by these clouds might be missing or underrepre-
sented. Cirrus clouds have also been hypothesized as playing a role in polar ampli-
fication of warmer past climate states (Sloan and Pollard 1998) but this has not been
reproduced by climate models so far.

Models still have difficulty representing tropical variability (Lin et al. 2006).
Convective parameterizations tend to well represent either the mean climate or the
variability, but not both. Convectively coupled equatorial waves (CCEWSs) control a
substantial fraction of tropical rainfall variability. CCEWSs have broad impacts within
the tropics, and their simulation in general circulation models is still problematic,
although progress has been made using simpler models. A complete understanding
of CCEWs remains a challenge in tropical meteorology (Kiladis et al. 2009).
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Cloud microphysics remains a great challenge, with most work so far limited to
liquid clouds, which have still proven difficult to model. For ice clouds the situation
is even more difficult because of complications of ice initiation (i.e., homogeneous
versus heterogeneous activation) and subsequent growth. Only about 1 in 10° aerosol
particles are active as heterogeneous ice nuclei, they are hard to measure, and the
detailed nature of the freezing mechanisms is uncertain. Cloud physics has strug-
gled with representation of ice processes in detailed models for decades, so it should
not be surprising that representation of such processes in large-scale models remains
highly uncertain. In summary, parameterizing cloud microphysics in models with
parameterized clouds is extremely difficult. Arguably explicitly cloud-resolving
approaches are a significant improvement, but often not at an affordable cost for
many applications.

The modeling of clouds is badly hampered by the poor state of understanding of
basic cloud physics and dynamics, and the inability to represent all scales of cloud
motion and entrainment. Fundamental uncertainties about entrainment and mixing
may significantly affect our ability to quantify aerosol impacts on cloud radiative
forcing (e.g., Jeffery 2007).

Some researchers are calling for greater emphasis on basic cloud physics in
the context of aerosol effects (e.g. Stevens and Feingold 2009), on the grounds that
we cannot fully understand or quantify how clouds are modified by aerosols before
we are able to predict what clouds do in the absence of aerosol perturbations. While
that article focuses mainly on warm boundary layer clouds, an equally or stronger
case can be made for mixed-phase stratus clouds (Morrison et al. 2011) or cirrus
clouds, where even the relative importance of homogeneous vs. heterogeneous
nucleation is still unknown let alone the cloud dynamics or evolution of ice particles
after they have formed. An alternative view however, is advanced by Rosenfeld
(this volume) on the basis that aerosol impacts on clouds can be observed even if we
don’t have complete theories of cloud behavior.

3.2 Aerosols and Aerosol-Cloud Interactions

The discrepancy between model and observational estimates of aerosol cloud-mediated
forcings (Sect. 2.2.2) is a significant issue. It is not yet clear whether biases lie pre-
dominantly with the observations or with the models. If satellite-derived estimates
are correct, most GCMs are probably overestimating the cooling effect of aerosols
during the twentieth century.

The quantitative study of aerosols is greatly hampered by the complexity of aerosol
structures in the atmosphere and the limited compositional information provided by
most observing systems, especially satellite sensors. It is evident that most aerosols
are inhomogeneous mixtures, with optical and hygroscopic properties that depend
on how they are mixed. One upshot is that particles not normally thought to be
effective CCN may become effective after a modification through the deposition of
other materials while the particle is airborne (Ervens et al. 2010). The reverse may
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be true for IN because their effectiveness is reduced by the addition of soluble material.
There are also many forms of organic aerosol with different source and deposition
properties. Economically describing or categorizing such a rich spectrum of possi-
ble aerosol types, mixtures, and sizes is a significant observational and modeling
challenge.

Relatively little research has gone into quantifying aerosol sinks, in comparison
to sources (e.g., Lee and Feingold 2010). The measurement of dry deposition of
aerosols is difficult in many cases, and measurements are currently too scarce to
constrain models. The processing of secondary organic aerosols through aqueous
chemistry is also not well understood. It is possible that poor representation of
sinks may be affecting model simulations of aerosol distribution as much as inac-
curate sources.

Aerosol modeling is also affected by transport issues. Models typically make naive
assumptions about vertical redistribution of aerosols by boundary layer motions and
deep convective mixing. Aerosol effects on clouds are quite sensitive to mixing
assumptions and the science is currently hampered by basic questions of how to
model turbulent entrainment and mixing within clouds noted above. Vertical distribu-
tions of aerosol vary significantly with region and aerosol type, and are of concern in
interpreting both satellite observations and in-situ near-surface observations.

Observational studies of aerosol impacts on clouds have long been plagued by a
problem of correlation vs. causality, since clouds strongly affect aerosols as well as
the reverse, and both are affected by meteorology. Satellite-based aerosol observa-
tions are mainly provided by polar orbiters, but these only give snapshots, providing
little traction against the causality dilemma. Geostationary satellites can provide
crucial temporal information but produce relatively poor aerosol and cloud products
compared to polar orbiting satellites.

It continues to be difficult to unambiguously distinguish aerosol and cloud in
remote sensing observations, because of a combination of factors, including aerosols
becoming hydrated and growing in size with decreasing distance to clouds, cloud
fragments, and enhanced scattering of photons between clouds (Wen et al. 2007).
Since even in principle there is no clear distinction between a hydrated CCN
aerosol and an incipient cloud droplet, it may for some purposes be better not
to attempt to distinguish aerosol and clouds at all (Koren et al. 2007; Charlson
et al. 2007).

Ice nuclei remain a particularly puzzling aspect of the global aerosol burden.
Progress in predicting IN concentrations appears to be hampered by the incomplete
understanding of why some substances nucleate ice well and others poorly. It is hard
to see how aerosol-cloud radiative effects modulated by deep convection, and sub-
sequently affecting anvils and cirrus, will be properly understood or quantified
while issues surrounding ice nucleation and growth remain so unresolved.

Aerosol-cloud related forcings remain poorly quantified. Even in the relatively
well-studied case of shallow clouds, it remains unclear whether secondary effects
globally tend to cancel (e.g., Stevens and Feingold 2009) or reinforce (e.g., Rosenfeld
et al. this volume) the primary (“Twomey”) effect, since both outcomes are possible
depending on circumstances. The prevalence and areal coverage of the sign and
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magnitude of these responses would seem to be an important line of enquiry. Aerosol
effects on ice-containing clouds are likely in opposition to those on shallow clouds,
and climate model simulations suggest that radiative forcings involving these are
potentially larger than those of liquid-phase clouds, and involve large infrared forc-
ing effects. While this result is highly uncertain, it highlights the need for progress
on mixed-phase cloud microphysics, and points to large uncertainties in model-
based “forward” estimates of indirect forcing; it also leaves open the possibility that
a modest net aerosol-cloud forcing represents a near-balance between opposing large
ones from deep and shallow clouds (Rosenfeld et al. this volume).

Studies attempting to back out aerosol forcing from the observed temperature
record (“inverse estimates”) must consider not only uncertainties in climate sensi-
tivity and ocean heat uptake, but also the role of other forcings such as tropospheric
ozone, stratospheric water vapor, and land use changes. Recent studies also show
that aerosol impacts on surface temperature can be highly non-local, nonlinear, and
can include impacts on the general circulation. This complicates attribution efforts,
as for example changes in tropical aerosol may have affected the extratropical tem-
peratures in either hemisphere and may not be strictly additive with other forcings.

3.3 Dynamics from Small to Global Scales

The push toward higher horizontal resolution leads to resolution of more gravity
waves in climate and NWP models. Observational verification of these waves and
their effects on general circulation is needed. Evidence in the tropics suggests that
higher vertical resolution is more urgently needed to properly simulate large-scale
equatorially trapped modes (e.g. Evan et al. 2012) important to driving the QBO
(e.g. Scaife et al. 2000; Giorgetta et al. 2002). Even at NWP resolutions, short hori-
zontal wavelength gravity waves with substantial momentum fluxes and inferred
large effects on circulation remain unresolved (e.g. Alexander et al. 2009).
Improvements in the parameterization of gravity wave sources is needed to properly
simulate gravity wave effects in future climate scenarios.

Higher resolution also impacts the representation of synoptic scale variability in
climate models. It is still unclear what resolution is required to accurately represent
atmospheric blocking. Further work is needed to understand the role of mean state
errors in blocking statistics and how blocking might be improved in models. The
organization of synoptic scale heat and momentum fluxes in the planetary scales
generates the midlatitude jet streams. There are substantial biases in the location of
austral jets in almost all CMIP3 models, which are associated with errors in their
intraseasonal variability and sensitivity to climate forcing (e.g. Kidston and Gerber
2010). While these processes are nominally resolved by all CMIP3 models, simply
increasing the resolution appears to help correct (but not eliminate) biases
(Arakelian and Codron 2012). Further work is need to understand how errors in
marginally resolved mesoscale processes are scattering back and biasing the
resolved variability.
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The issue of resolved vs. unresolved scales is a more pressing problem in tropical
meteorology, where key processes must be parameterized. The interactions of unre-
solved cloud and convective processes with resolved waves and vortices is a critical
area of current research (e.g. Khouider et al. 2013). This coupling across scales
(or lack thereof) is likely behind the most persistent problems in climate model’s
representation of tropical variability, including convective coupled waves and the
Madden—Julian oscillation (e.g. Lin et al. 2006). Poor tropical variability in turn
affects both the mean climate (i.e. the double inter-tropical convergence zone
problem; Lin 2007) and the frequency of high- and low-intensity rainfall events
(e.g., Stephens et al. 2011).

Although the simulated pattern of sea-surface temperature response to global
warming includes an El Nino-like component, the extratropical atmospheric
responses occur in a somewhat opposite fashion to the El Nino teleconnection pattern
(Lu et al. 2008). Understanding the difference between the response to El Nino (jets
shift equatorward) and global warming (jets shift poleward) may provide important
clues to understanding mechanisms for the poleward shift of the jet and widening of
the Hadley cell in climate change scenarios.

A common theme in many of these gaps in our understanding is the relationship
between natural, or internal variability, and the mean climate. One can view the
climate as a stochastically forced system, and formulate the questions: what does
climate “noise” tell us about the system and its response to external forcing, and
how does noise at unresolved scales scatter back to resolved scales? To account for
unresolved variability, new stochastic parameterizations are being developed to
explicitly introduce uncertainty in subgrid scale processes (e.g. in the sources of
non-orographic gravity waves; Berner et al. 2009; Eckermann 2011). To account for
resolved variability, modeling groups are turning to large ensemble forecasts, as is
routinely done in numerical weather prediction. Properly accounting for natural
variability is also extremely important for predicting changes in the extremes
and making regional climate forecasts, where the signal to noise ratio is smaller
(e.g. Deser et al. 2012).

Another general issue which affects all research areas covered in this article is
the limited size of the community involved in model development (e. g., Jakob
2010). A relatively large community of researchers use global and regional climate
models, or study the processes that are not well represented. Some of this work gets
as far as proposing parameterization improvements. However, there is a large and
separate task of improving the GCMs, which is crucial, but in which there are only
a relatively small number of people participating. The problem is exacerbated by
current funding models which tend to separate basic research (largely at universities)
from model development (largely at big modeling centers) with too little support or
incentive to link these activities. Further, scientific achievement is measured by
counting papers, which may be harder for hands on-model developers to do in quantity.
Finally, model development is a challenging undertaking for a postgraduate student
or short-term postdoc, really requiring longer-term support and a team environment;
this will become more true as models become more complex and parameterizations
more interconnected.
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4 Strategic Opportunities and Recommendations

After decades of effort it remains evident that no current model can reliably simulate
both individual clouds and the climate at the same time. Yet the cloud and climate
scales cannot be decoupled. One question that then arises is how to best harness
high-resolution computations, and whether they can ultimately bridge the gap and
render parameterization unnecessary? Second, how can observations be used to
help make progress? The complexity of the system makes it very difficult either to
durably improve models by haphazard experimentation, or to diagnose their prob-
lems directly from discrepancies with observations, although these activities must
continue. Nor is there evidence that numerical cloud models, even at extreme reso-
lutions, converge to solutions that are insensitive to parameterizations. These diffi-
culties highlight the need for better fundamental understanding. We believe this
applies equally to aerosol and dynamical research.

4.1 Research Foci, Strategies and Resources

While there is a wide array of diverging views on the best paths forward, we see
several promising opportunities, as well as important assets that must be protected
and nourished.

4.1.1 Confront Two-Way Integration Across Scales

A recurring theme in cloud, aerosol and dynamics research is the tight connections
between behavior across scales. It is becoming evident for example that the immediate
response of a cloud to an aerosol perturbation, in the absence of any interactions or
feedbacks from the larger environment, may differ dramatically from what happens
in a more realistic setting where the cloud interacts with others dynamically. Thus
role of clouds in climate may be as difficult to discern from traditional small-scale
(e.g. cloud-scale) studies—where dynamical adjustments and feedbacks from
remote processes cannot occur—as from global studies that cannot resolve the
clouds. Numerical (e.g. LES) simulations may capture some, but not all of these
adjustments. A similar limitation affects observational analyses based on local
relationships between variables that do not account for the fact that the putative
causal agent (e.g., acrosol) can effect the target quantity (e.g., clouds) nonlocally.

A key research priority should be the development and implementation of strategies
to couple large-scale responses into process modeling efforts, and the application of
this to interpretation of observations. One approach is simply to perform extremely
large and expensive computations; another has been ‘“‘superparameterization/”
The latter approach could for example be extended to resolve gravity wave propaga-
tion into the stratosphere. However, other, more affordable and widely adoptable
strategies are needed.
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A useful prototype strategy is to run process models in a “weak temperature
gradient” setup (Sobel and Bretherton 2000) that allows some idealized feedback
from larger scales in a Tropical setting. Development and standardized use of a
small set of analogous strategies or testbeds, perhaps involving the coupling of mul-
tiple process models, would fill a crucial gap. Another strategy for combining mod-
els and observations is to exploit emergent behavior or other non-traditional
measures of the behavior of a tightly coupled aerosol-cloud-dynamical system,
rather than trying to isolate deterministic impacts of one part of the system on the
others (e.g., Harte 2002; Koren and Feingold 2011; Bretherton et al. 2010; Morrison
et al. 2011). A prototype for this strategy is the longstanding effort to explain
convectively-coupled wave activity in the tropics, with models of varying complexity
and design, to see what is needed to get it right.

4.1.2 Emphasize Fundamental Science and Model Development

Our perception is that the amount of effort being expended toward the proper
development of atmospheric model “physics” (cumulus and other parameteriza-
tions) is too small relative to the expanding use of the models for predictions and
demands from users for greater regional accuracy, which in most cases the models
cannot yet deliver (Jakob 2010). While there are significant model development
efforts at some centers, more often the development is driven toward short-term model
improvement rather than identifying and resolving fundamental problems. A larger,
vibrant community working on the development of more solid theory through basic
research into poorly understood processes and, crucially, the transfer of this to practical
applications in more comprehensive models, is essential to sustained improvement
in global and regional simulations. This probably requires more durable institutional
support for broadly engaged model development teams, as well as promotion of
stronger links between basic research and model development.

4.1.3 Explore Hierarchical Modeling Approaches

While adding new processes to models has value, there is equal value (but cur-
rently less effort) in simplifying models—even in highly idealized ways—in order
to reveal deeper aspects of system behavior, narrow down possible explanations
for phenomena or for model differences, or identify misconceptions (see Bony
et al. this volume). One specific example could be the use of aquaplanets or other
even more idealized configurations to explore the cloud-mediated effects of aero-
sols or other forcings; another could be switching off selected processes in GCMs
systematically as part of future intercomparisons. Single-column versions of
GCMs are a potentially valuable resource that is currently underutilized outside
model development centers.
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4.1.4 Integrate the Whole Atmosphere, Ocean and Surface

The recent reorientation of SPARC toward troposphere-stratosphere coupling is
already a good development in light of new awareness that such interactions
may be more important than previously thought. This accompanies a growing
development of “high-top” atmosphere models. However, as the stratosphere,
cryosphere and ocean each have more “memory” than the troposphere, they may
be capable of interactions (through the troposphere) that would only be resolved
by fully coupled high-top models. Such models barely exist at present; more
should be pursued. One area of attention would be the impact of solar variability
on climate.

4.1.5 Plan for the High-Resolution Future

Advancing computer power will inevitably lead to higher resolution global and
process models, a potential boon for atmospheric physics research but one not with-
out problems. First, performance does not always increase, and can even drop, when
resolution rises beyond those for which parameterizations were optimized. It is thus
becoming clear that physical parameterizations in models should be “scale aware”—
their behavior should depend on the grid size, and in particular, they should gradu-
ally stop acting if and when the grid size shrinks to where it can explicitly resolve
the parameterized phenomenon. Second, data transfer and storage technologies are
not keeping pace with CPU power, and data analysis software is typically not paral-
lelized, with the result that the analyses needed to take full advantage of large simu-
lations will continue to become more difficult. Traditional practices of dumping
output and then analyzing it may become increasingly impractical. Modeling, IT
and theory communities should together devise strategies to maximize the practical
scientific utility of state-of-the-art computations.

Similar issues exist for more modest but more numerous CRM and LES compu-
tations, which have entered a rapid-growth phase, and could benefit from the adop-
tion of canonical test cases (analogous to CO,-doubling, 1 %/year and twentieth
century hindcasts for GCMs) and standardized output quantities and formats. Moves
in this direction are already occurring in GEWEX and e.g. CGILS. These studies
are often based on observed cases, but simpler, idealized cases also have a role to
play in testing hypotheses and understanding key processes and how best to repre-
sent them in larger-scale models.

4.1.6 Bring Weather to Climate

The experience of the weather forecasting community, which routinely runs at
high resolution, could be better utilized by climate modelers. Efforts to examine the
behavior of climate models on short time scales in a variety of different environments,
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and the climatic behavior of forecast models, should be encouraged as possible
pathways to better understanding. For example, idealized studies with simplified
GCMs suggest a connection between the internal variability and the response to
external forcing (Ring and Plumb 2008; Gerber et al. 2008). Other evidence is
that strong connections are found between biases in the time-averaged position of
the extratropical jets in different GCMs, the time scales of their natural weather
variability, and biases in blocking (e.g. Kidston and Gerber 2010; Barnes and
Hartmann 2010). The similarity of short-term and long-term errors in model
forecasts from a specified initial state also suggests the utility of this approach for
climate (Brown et al. 2012). Related to this is a need for more statistical rigor,
and perhaps opportunities from new statistical approaches, in many aspects of climate
and climate-process research.

4.1.7 Sustain and Improve Observations

Last but not least, new observational capabilities are needed to address key weak-
nesses, and existing capabilities should be protected and kept as homogeneous and
continuous as possible. Experience has shown the importance of sustained observa-
tions in order to capture crucial variability on decadal and multi-decadal time scales, and
how sensitive this can be to gaps or too-short overlaps in satellite records. Continuation
of existing cloud- and aerosol-observing capabilities is not assured, as few new
missions are in the pipeline; plans to incorporate process- and climate-oriented
observations into operational satellites in the US in particular have largely fallen by
the wayside.

New observables that would be particularly useful include better fine-scale
observations of clouds on a range of scales, better information on vertical velocities
in clouds (promised by the EarthCare satellite scheduled to launch in 2015),
measurements of aerosols and water vapor underneath clouds, better characterization
of cloud microphysics and water content, more accurate global measurement of
light and/or shallow precipitation, and better monitoring of spectral solar variability
(Harder et al. 2009). Some of these could potentially be provided from space by
multiangular, multispectral sensors, by GPS technologies or by new active sensors.

New observational opportunities need not be limited to big satellite missions or
traditional aircraft observations, but could also include unattended aerial observations
that can dwell over a single scene (Stevens and Feingold 2009). Expansion of inex-
pensive radar networks or cameras, perhaps combined with advanced data-mining/
reduction techniques to cope with the large amount of information potentially avail-
able, is another possibility. The network of DOE ARM (Atmospheric Radiation
Measurement) and similar European sites will prove the more valuable as record
lengths grow, and their value could be further augmented by expanding the network
to new sites and/or better integrating modeling and observations at such sites, as
described by Neggers et al. (2012).
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4.2 Research Coordination

Existing projects under the WCRP are well structured to improve the problem
associated with lack of resources for model development. Examples include WGNE/
WGCM model development and testing; GCSS/GABLS (now GASS) looking at details
of boundary layer/clouds/convection; SPARC DynVar for defining necessary improve-
ments in representation of the stratosphere (Gerber et al. 2012); CFMIP for representa-
tion of cloud feedbacks. In addition, recent efforts to improve the links between
the groups (and the proposed new modeling council) should provide further support.
Important links to THORPEX (subseasonal prediction) and WGSIP and WGCM
(seasonal to centennial prediction) and through WGNE to the numerical weather pre-
diction (NWP) community will also assist in the effort to achieve ‘seamless science’.

Similar programs or efforts would be very useful, however, for aerosol and
aerosol-cloud interactions. While all GCMs include similar cloud types and pro-
cesses, different models include different types of aerosol-cloud effects (lifetime,
semi-direct, cumulus, IN etc.) and this makes it difficult to compare these effects
between models, or distinguish the impacts of different aerosol predictions from
those of different aerosol sensitivities (e.g., Quaas et al. 2009). It is also difficult to
distinguish the impacts of aerosol physics and cloud microphysical assumptions in
assessing behavioral differences among models. Finally, although the AEROCOM
program evaluates global models (Textor et al. 2006), no systematic program is in
place to use available field data from observational case studies to evaluate detailed
aerosol process models in the manner analogous to GCSS intercomparisons of
cloud process models. Such a program could be helpful in identifying the root
causes of model-observation discrepancies and could draw on the testbed estab-
lished by Fast et al. (2011) for this purpose.

5 Summary

In this paper we have attempted to summarize a broad sweep of issues relating to
atmospheric physical processes and their impact on our understanding and simula-
tion of climate. Significantly, recent work has highlighted that some important
aspects of climate change, including global cloud feedbacks and regional climate
changes, may be modulated by shifts of the atmospheric general circulation that are
not thought to depend in particular on small-scale processes. These shifts are evident
in observations and qualitatively in models, but not all are fundamentally understood
or well simulated. Some involve interactions with the stratosphere, which may be
more important to tropospheric climate than previously assumed, and was given
short shrift in most climate models until very recently. These findings represent a
real advance in terms of confidence in model predictions, but do not resolve long-
standing problems in how to model the smaller-scale processes, which remain
broadly important.
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Progress on smaller-scale processes, as well as the larger-scale issues, is being
driven by results of new observing campaigns, growing awareness of key unex-
plained phenomena, targeted research initiatives e.g. through the WCRP, and
advancing computational resources. We have identified key problems and presented
a number of suggestions for emphasis in coming years. Chief among these is the
need for research approaches that confront the interactions on a wide array of scales
from the process scale out to (potentially) near-global scales. Such approaches must
treat the complexity at the local process level but also account for feedbacks from
remote dynamical adjustments, which may occur at any scale, and which could
either buffer, enhance, or qualitatively modify local changes. This requires novel
modeling, theoretical or observational analysis approaches because traditional
numerical models will not be able to span the full range of scales required in the
foreseeable future, for many key applications.

The evolution of scientific efforts will continue to be shaped by rapidly advancing
information technology. Applications of this should not be limited to bigger computa-
tions alone, although these will be carried out. Equally important is facilitating inter-
comparison and hypothesis-testing efforts via greater accessibility of the complete
spectrum of modeling approaches and results to the greater scientific community,
members of which are always generating the new ideas that may eventually become
the basis for new and deeper understanding of atmospheric physical phenomena.
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Aerosol Cloud-Mediated Radiative Forcing:
Highly Uncertain and Opposite Effects
from Shallow and Deep Clouds

Daniel Rosenfeld, Robert Wood, Leo J. Donner, and Steven C. Sherwood

Abstract Aerosol cloud-mediated radiative forcing, commonly known as the aerosol
indirect effect (AIE), dominates the uncertainty in our ability to quantify anthropo-
genic climate forcing and respectively the climate sensitivity. This uncertainty can
be appreciated based on the state of our understanding as presented in this chapter.

Adding aerosols to low clouds generally causes negative radiative forcing by
three main mechanisms: redistributing the same cloud water in larger number of
smaller drops, adding more cloud water, and increasing the cloud cover. Aerosols
affect these components sometimes in harmony but more often in opposite ways.
These processes can be highly non-linear, especially in precipitating clouds in which
added aerosol can inhibit rain. There is probably little overall sensitivity in most
clouds but hyper sensitivity in some, where the processes become highly nonlinear
with positive feedbacks, causing changes of cloud regimes in marine stratocu-
mulus under anticyclones. This leads to a complicated and uneven AIE. Process
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models at high resolution (LES) have reached the stage that they can capture much
of this complicated behavior of shallow clouds. The implementation of the pro-
cesses of cloud aerosol interactions into GCMs is rudimentary due to severe
computational limitations and the current state of cloud and aerosol parameteriza-
tions, but intense research efforts aimed at improving the realism of cloud-aerosol
interaction in GCMs are underway.

Aerosols added to deep clouds generally produce an additional component of
positive radiative forcing due to cloud top cooling, expanding, and detraining vapor
to the upper troposphere and lower stratosphere. The level of scientific understand-
ing of the AIE on deep clouds is even lower than for the shallow clouds, as mixed
phase and ice processes play an important role. Respectively, the parameterization
of these processes for GCMs is further away than for the low clouds.

Crucially, the AIE of both shallow and deep clouds must be considered for
quantifying anthropogenic climate forcing and inferring climate sensitivity from
observations.

While our objective is reducing the uncertainty, it appears that the recently
acquired additional knowledge actually increased the uncertainty range of the AIE,
as we learn of additional effects that should be quantified.

Keywords Cloud-aerosol interactions ¢ Aerosol indirect radiative forcing

1 Introduction

Aerosols are thought to have exerted a net cooling effect on earth’s climate that have
grown over the last century or two due to aerosol added by anthropogenic activities,
influencing climate. This negative radiative forcing must have offset some of the
warming that would otherwise have occurred due to greenhouse gases. The magni-
tude of this however remains highly uncertain; indeed aerosols represent the most
uncertain climate forcing over the last 150 years (IPCC 2007), due to the complex
ways aerosols can directly and indirectly affect radiation.

First, aerosols scatter sunlight to space that would otherwise have been absorbed,
causing a so-called direct radiative forcing especially for aerosols over dark
surfaces (oceans and forests). This negative forcing is offset somewhat by the
absorption of outgoing infrared radiation (e.g., Myhre 2009) and by the absorption
of sunlight by dark (primarily carbonaceous) aerosols, both of which cause net
warming, though nearly all studies find the cooling effects of the non-absorbing
aerosols to be larger. This chapter will not discuss direct radiative forcing in detail,
but chapters elsewhere in this volume touch on some of the issues (Sherwood et al.
2013, Chap. 4).

Second, aerosols serve as the nuclei (CCN or ice nuclei IN) for cloud droplets
and can alter the albedo of clouds. As this component contributes the greatest uncer-
tainty to our knowledge of Earth energy budget, it is the focus of our article. Adding
CCN typically produces more droplets in a cloud, although this depends on details
of the aerosols. Indeed the opposite can occur if the added particles are large enough
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compared to those already present, for example if sea salt is introduced into polluted
continental air (Rosenfeld et al. 2002), although anthropogenic particles are gener-
ally too small for this to happen. All other things being equal (in particular, the
cloud’s size and condensed water content), more numerous droplets result in a so-
called “Twomey” or droplet radius effect whereby the increased droplet surface area
increases the cloud albedo, producing a negative indirect radiative forcing by the
added CCN (Twomey 1977).

All other things are however not generally equal: aerosols can also alter the sub-
sequent fate of condensed water, and can drive circulations that alter the formation
of clouds. These impacts lead to “adjusted” aerosol forcings analogous to those
following the stratospheric adjustment to added greenhouse gases (e.g., Hansen
et al. 2005). Both direct (radiative) and indirect (CCN-based) pathways produce
such adjustments. For example, heating of the air by absorbing aerosols can alter
local stability and/or drive circulations that alter local or remote cloud amounts,
producing a “semi-direct forcing” on regional or global radiative balances (e.g.,
Allen and Sherwood 2011). Smaller droplets may cause a cloud to dissipate either
more quickly (by reducing fall speeds and increasing cloud break-up by increasing
evaporative and radiatively driven entrainment) or more slowly (by decreasing
droplet lifetimes in subsaturated air and the rate at which cloud is depleted by pre-
cipitation) — so called “lifetime” or “cloud amount effects” (Albrecht 1989). They
also typically delay the formation of precipitation, which alters the latent heat
release and therefore the dynamics of the cloud. Impacts can include invigoration
and deepening of already deep clouds that would have rained anyway (e.g.,
Rosenfeld et al. 2008b), or the suppression of rain in weaker, shallower and more
susceptible cloud systems (e.g., Rosenfeld 2000). Either implies changes to cloud
water content, hence albedo; to cloud top height, hence greenhouse effect; to cloud
amount, which affects both of these; and to net rainfall, hence the larger-scale circu-
lation. It is in these “adjustments” where most of the uncertainty lies in quantifying
the net climate forcing due to anthropogenic aerosols. Understanding of these has
been sufficiently poor that the IPCC has not attempted to assess them up until now,
but will do so to a limited degree in the upcoming ARS report.

Model calculations of the aerosol indirect effect (AIE) have yielded radiative
forcings of about —0.5 to —2.0 Wm™ (e.g., Forster et al. 2007); these values overlap
recent estimates based on satellite observations, which range from —0.2 to —1.2 Wm™
(Quaas et al. 2009). Quaas et al. (2009) argued that models overestimate the AIE
compared to satellite observations in present-day climate, while Penner et al. (2011)
argue that flawed assumptions used in interpreting satellite data can cause several-
fold underestimation of AIE between pre-industrial and present-day climate.
Another possible reason for the discrepancy could be that additional effects not yet
included in models offset the Twomey effect. Such an effect might be positive radia-
tive forcing due to aerosol impacts on deep convective clouds.

Since other anthropogenic radiative forcings are known better than the AIE, and
since temperature changes over the last century or so are relatively well-measured,
the total net forcing due to aerosols (including also any semi-direct effects of green-
house gases) can be constrained based on the energetics of recent global climate, yield-
ing a so-called “inverse” or “top-down estimate.” Anderson et al. (2003) compiled
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similar inverse calculations and concluded that total (direct and indirect) aerosol
forcing near —1.0 Wm™ but without taking the ocean heat uptake into account.
Murphy et al. (2009) obtained a 68 % range of —1.5 to —0.7 Wm~ based purely on
observations since 1950, but with no direct estimate of contributions from cloud and
other feedbacks. Forest et al. (2006) obtained a 90 % range of —0.74 to —0.14 Wm™>
by fitting a simple climate model (including feedbacks and ocean heat storage) to the
spatiotemporal distribution of observed twentieth-century temperature changes.

Stronger (more negative) aerosol forcings correspond to higher climate sensitiv-
ity (Kiehl 2007). Values stronger than —1.5 Wm= would negate the impact of CO,
since 1850, as a lag of the oceans of even —1.0 Wm™ would imply implausibly high
climate sensitivities (Forest et al. 2006). Since these estimates include the direct
effect of aerosols, which is already about —0.6 to —0.1 Wm2, the Forest et al. (2006)
numbers imply an AIE near zero while the Murphy et al. (2009) numbers would
leave room for an AIE of weaker than —1.0 Wm™. These numbers are hard to rec-
oncile with the estimates from GCMs. General circulation models (GCMs) began to
estimate AIE in the middle 1990s. Early estimates ranged from about —0.5 Wm= to
nearly —4.0 Wm=2, but more recently constructed GCMs do not cool more than
about —2.6 Wm™ (Isaksen et al. 2009; Quaas et al. 2009). Quaas et al. (2009) used
satellite observations, which generally indicate weaker interactions between clouds
and aerosols than GCMs, to scale GCM estimates, finding that an average AIE esti-
mate from ten GCMs of —1.1 Wm was reduced to —0.7 Wm~ when scaled by
satellite observations. These lower numbers are presented in the radiative forcing
chart of Isaksen et al. (2009), shown here as Fig. 1. When considering the high
uncertainty range, especially for the cloud lifetime effect, a net forcing of zero or
even negative values are included in the range of possibilities. Net zero or negative
forcings are unlikely, of course, because it is hard to understand how the climate has
warmed with zero or negative overall forcing, and this situation exemplifies the dif-
ficulty in estimating forcing due to cloud-aerosol interactions.

The metrics of the effect of the aerosols on cloud properties are often defined in
logarithmic formulations (e.g., McComiskey and Feingold 2008; Koren et al. 2008).
This means that the clouds respond to the fractional change in CCN concentrations.
This means, in turn, that large impacts can be expected when small amounts of
aerosols are added to pristine air. Therefore, the background to which the aerosols
are emitted is at least as important as the amount of emissions.

This chapter addresses the main sources of uncertainty in AIE in the various kinds
of clouds and aerosols, the way that they might be working together or at opposite
directions, and suggests possible ways to address these questions. Section 1 (this sec-
tion) introduces the uncertainty of the AIE and the motivation for its reduction.
Section 2 addresses the processes that determine the AIE from low clouds, whereas
Sects. 3 and 4 do the same for deep clouds and for supercooled layer clouds, respec-
tively. Section 5 contrasts the mostly negative radiative forcing caused by the AIE of
low clouds to the mostly positive forcing due to the deep and supercooled layer
clouds. It also discusses the implications with respect to GCMs. In Sect. 6 we pro-
vide some recommendations for ways to address the formidable challenges that were
discussed in this chapter. An overall summary is provided in Sect. 7.
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Fig. 1 Radiative forcing estimates of atmospheric compounds from the pre-industrial period
1750-2007 (From Isaksen et al. 2009) in W/m?

2 Aerosol-Induced Radiative Forcing by Boundary-Layer
Warm Clouds

2.1 The Fundamental Physical Processes

The CCN supersaturation activation spectrum, CCN(S), along with the updraft at
cloud base, determines the maximum super saturation at cloud base, S, and hence
the number of activated cloud drops, N,. In a rising adiabatic non-precipitating
cloud parcel the liquid water content, LWC, is determined exclusively by thermody-
namic considerations and is highly linear with the vertical distance z above cloud
base. In general, however, mixing processes (lateral and cloud top entrainment)
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cause the liquid water profile to be subadiabatic. Under most circumstances, mixing
is predominantly inhomogeneous and causes the observed growth of the mean vol-
ume radius r, with z in boundary layer clouds to follow closely the theoretical value
of an adiabatic cloud parcel (Brenguier et al. 2000; Freud et al. 2011). It follows
that, at any given height, r, is inversely proportional to N, 1, as long as the develop-
ment of the cloud drop size distribution is dominated by diffusional growth, i.e.,
before drop coalescence advances and initiates warm rain, unless rain is already
falling from above into the cloud. The same applies to the cloud drop effective
radius, 7, as it is very highly linearly correlated with r,, where r,=1.08 r, (Freud and
Rosenfeld 2012). The r, is a useful measure because it can be directly retrieved from
satellite observations (Arking and Childs 1985). We can write the aerosol indirect
effect as the sensitivity of the albedo a to changes in N, as

w2l )5
dN, oN, ). T aC J{ 9N,

where C; are radiatively important cloud macrophysical properties (e.g. liquid water
path, cloud thickness, cloud cover, etc.). The first term on the RHS of (1) represents
the change in albedo caused only by changes in microphysics, in the absence of
changes in cloud macrophysical properties. This is generally referred to as the
Twomey effect, or the first aerosol indirect effect. The second term on the RHS
represents the changes in albedo associated with aerosol-induced changes in cloud
macrophysical properties. Equation 1 is very general since C; can represent any
changes to the system induced by aerosols. Examples for such properties are cloud
liquid water path, precipitation content, geometrical depth, cloud top height, cloud

cover and organization. The Twomey term is called the albedo susceptibility
(Platnick and Twomey 1994), and is well-approximated (e.g. Twomey 1991) by

[a_aJ :a(l—a) @)

N, N,

Equation 2 indicates that aerosol-induced cloud albedo increases are greatest for
clouds with low initial N,. Further compounding the impact of aerosols on the
albedo of clean clouds with low N, is the fact that in this aerosol-limited cloud
regime, almost all accumulation mode aerosols are activated to form cloud drops,
i.e. N;j=N,. As aerosol concentrations increase, the limiting factor on N, increas-
ingly becomes the updraft speed (updraft limited regime), and N,<N,, leading to
much weaker sensitivity of albedo to aerosol increases (Poschl et al. 2010).

In addition to the Twomey effect, observations and modeling results indicate
that, in this aerosol-limited regime, cloud macrophysical properties (i.e. the second
term on the RHS in (1)) are also particularly sensitive to aerosols. Cloud macro-
physical responses to aerosols are more challenging to understand than the purely
microphysical effect and are mediated via changes in the precipitation, sedimenta-
tion and evaporation of hydrometeors. These changes induce macrophysical
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responses in turbulent dynamics, entrainment rate, and, in some cases, mesoscale
reorganization. Many of these processes remain poorly understood (Wood 2012).
This issue will be discussed later where it will be shown that when CCN is decreased
below a certain concentration a full cloud cover can no longer be sustained.

Aerosol effects on the microphysical properties of boundary layer clouds (i.e.,
cloud drop size distribution and precipitation forming processes) may affect the mac-
rophysical properties of the same clouds (i.e., cloud LWP, geometrical depth, cover
and organization). The microphysical impacts of aerosol changes on boundary layer
cloud macrophysical properties can be partitioned into precipitation/sedimentation
mediated impacts and those that do not involve precipitation changes. Precipitation
impacts are non linear due to internal mechanisms of feedbacks (some positive and
some negative), which under some circumstances may lead to changes in cloud
regime (e.g. closed to open cells, or stratocumulus-to-cumulus transition) that are
associated with drastic jumps in the cloud cover and the respective radiative effect
(Ackerman et al. 1995; Rosenfeld et al. 2006a; Wang and Feingold 2009; Wang et al.
2010, 2011a). Because precipitation can play an important role in these transitions, it
is critical to understand the processes controlling transitions between lightly or non-
precipitating marine stratocumulus (MSC) and heavily drizzling MSC.

Marine stratocumulus that form in stable atmosphere and maintained by radia-
tive cooling of their tops persist under anticyclones and subtropical highs over the
ocean, and occupy nearly 25 % of the ocean surface. The radiative properties of
these clouds represent large sensitivity to CCN concentrations, and might have a
substantial global impact. While having a globally important cloud radiative effect,
the overall actual radiative forcing from these clouds is a subject of intense debate
due to complicated feedback mechanisms that are positive in some cases, mostly in
precipitating MSC, and negative in others, mostly in non precipitating MSC.

Rain intensity in stratocumulus depends on N, and cloud thickness & (Fig. 2).
Aircraft measurements (Van Zanten et al. 2005), supported by physical consider-
ations (Kostinski 2008), showed that cloud base rain rate R ~/43/ N,. Since effective
radius r,>~LWC/Ny~ hINg, then R~h? r.2. This was also reproduced by the simula-
tions of Wang and Feingold (2009), but only for clouds with N,;< 100 mg™!, and % of
about 600 m. For clouds with similar # but Ny~ 150 mg~' the surface rain rate was
zero. This implies cloud top r, of about 15 pm. Wang and Feingold (2009), Wang
et al. (2011a) found similar results of complete suppression of surface precipitation
at high N, and respectively small .. The relation of R ~h*/N,; depends on the exis-
tence of rain embryos, but their scarcity in clouds with very small drops, as expressed
by cloud top significantly smaller than 15 pm, causes R to become practically zero
for any h and N,. The dependence of R on liquid water path (LWP) and & was repli-
cated by bulk microphysics models (Kubar et al. 2009; Wood et al. 2009), but they
could not capture the complete suppression of R at high N, and low r, that was simu-
lated with the explicit bin microphysics models. Aircraft measurements in MSC
(Gerber 1996) showed that when r, exceeds 16 pm most cloud water already
resides in the drizzle mode, and that this can occur due to diffusional growth in the
convective elements when N, is sufficiently small. Interestingly, this height for
onset of heavy drizzle increases linearly with N, A similar linear relationship
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Fig. 2 The dependence of drizzling regimes in marine stratocumulus clouds on drop number
concentration and cloud depth. Heavy drizzle is defined where most water resides in the drizzle
drops. Light drizzle is defined where most water resides in the cloud drops. The cloud drop effec-
tive radius of ,=16 pm was shown to be the minimal size for the heavy drizzle regime (Gerber
1996). Transition to light drizzle occurs between r, of 14-16 pm. The dashed line separates
between negligible drizzle and light drizzle of R>0.2 mm day~' is based on DYCOMS-II observa-
tions. The red lines show the approximation of R~h*/N,, for R of 0.1, 0.5 and 1 mm/day. The
individual points and their R values are posted (From Table 3 of van Zanten et al. 2005. After
Rosenfeld et al. (ACP 2006a))

between N, and cloud depth for initiation of rain was observed by Freud and
Rosenfeld (2012) in convective clouds over land. The validity of this threshold
cloud top r, as separating between the logarithmic response of the Twomey effect
(Eq. (2)) and the highly non-linear response to aerosols by regime change is sup-
ported by satellite observations, which show consistently that a cloud top r, of
16 pm separates the closed and open cell regimes (Rosenfeld et al. 2006a). Aircraft-
measurements show that this change in r, is also manifested in changes of N,. An
average N, of 21 cm™ was measured near cloud base of the open cells and 70 cm™
in the closed cells (Wood et al. 2011).

2.2 Aerosol Effects on Non-precipitating and Modestly
Precipitating Clouds

The aerosol indirect effect on cloud albedo was introduced by Twomey (1977)
and Eq. (2) expresses its dependence upon cloud albedo and droplet concentration
N,. However, changes in aerosols rarely affect only N, without changing cloud
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macrophysical properties such as cloud thickness and LWP. One might expect
LWP to increase with CCN because less water is lost to precipitation (Albrecht
1989). This is true for some meteorological conditions (Ackerman et al. 2004;
Wood 2007). Certainly, there is good modeling and observational evidence that
added aerosols can suppress precipitation (Ackerman et al. 2004; Lu and Seinfeld
2006; Sandu et al. 2008; Feingold and Seibert 2009; Sorooshian et al. 2009, 2010;
Wang et al. 2010, 2011a; Chen et al. 2011; Terai et al. 2012). However, besides
influencing the moisture budget of the clouds, precipitation also impacts the tur-
bulent mixing, which can alter the moisture and energy budget of the boundary
layer by changing entrainment (Ackerman et al. 2004; Wood 2007). Aerosol-
suppressed precipitation results in increased cloud top entrainment that can warm
and dry the boundary layer and thin the cloud, an effect that works in the opposite
direction to the effects of precipitation on the surface moisture budget (Wood
2007). The overall effect on LWP therefore depends upon the ratio of the surface
moistening (suppression of precipitation) compared with the entrainment drying/
warming. When significant precipitation reaches the surface (usually heavily driz-
zling cases), or when the free-troposphere is relatively moist, precipitation sup-
pression tends to increase LWP. In weakly precipitating cases, where there is little
surface precipitation, the entrainment drying may dominate, leading to aerosol-
induced reductions in LWP (Chen et al. 2011). Indeed, many ship track cases
appear to show such a response (Coakley and Walsh 2002; Christensen and
Stephens 2011).

Increasing N, can also enhance mixing due to faster evaporation of the smaller
drops at the border of the clouds and resultant enhanced mixing with the dry ambient
air (Wang et al. 2003; Lu and Seinfeld 2006; Hill et al. 2008, 2009; Chen et al. 2011;
Small et al. 2009). Increased N, also reduces the sedimentation of cloud droplets
which can increase entrainment rate (Bretherton et al. 2007). Large eddy modeling
shows that increases in CCN shorten the life time and reduce the size of small trade
wind cumuli (Jiang et al. 2009a).

Overall, the macrophysical responses to aerosols in weakly precipitating and non
precipitating clouds appear to reduce their solar reflecting capabilities, which coun-
teracts the brightening associated with the Twomey effect itself.

2.3 Aerosol Effects on the Transition to Precipitating Clouds

The dependence of precipitation rate in marine stratocumulus clouds on N, and % is
shown in Fig. 2. The strong dependence on aerosols is evident by the dependence of
N, on CCN. The relationship between CCN and N, is approximately linear at the
low concentrations characterizing the aerosol-limited regime (Martin et al. 1994;
Hegg et al. 2011), where the transition from heavy to lightly or not drizzling clouds
occurs (Fig. 2). Deeper clouds transition at greater N,.

Upon the transition to heavy drizzle the fast loss of cloud water can no longer be
compensated by evaporation, and a net loss of cloud water from the domain occurs.
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The precipitation also scavenges efficiently the aerosols (Feingold et al. 1996; Wood
2006), hence reducing CCN and N, even more, increasing r, and causing even faster
coalescence and precipitation in a positive feedback loop. In the extreme this pro-
cess progresses all the way until there are insufficient CCN for sustaining the growth
of new clouds. Because of the essential role of the clouds in determining the lapse
rate of the marine boundary layer, the suppression of their formation due to dearth
of CCN suppresses also the vertical mixing of air from sea surface to very shallow
heights, thus in fact causing the collapse of the marine boundary layer to a thin layer
of sea fog composed of drizzle drops. The precipitation scavenging feedback leads
in some cases to the collapse of the cloudy boundary layer (Ackerman et al. 1993)
and in other cases to a deep boundary layer with open cellular convection.

This runaway feedback effect is a basis for a situation of bi-static stability (Baker
and Charlson 1990; Gerber 1996), where once the atmosphere has reached a very
clean situation the highly efficient rainout mechanisms keeps it clean until it will be
overwhelmed by a strong aerosol source such as anthropogenic emissions.

The full cloud cover of closed cells is maintained by the strong radiative cooling
from the cloud tops that causes top-down convection and entrainment of air from
the free troposphere just above the clouds (Agee et al. 1973). This replenishes the
CCN that may have lost by the cloud processes (Randall 1980; Clarke et al. 1997,
Jiang et al. 2002; Stevens et al. 2005).

A mechanism for the transition between the closed- and open-cell regimes was
proposed by Rosenfeld et al. (2006a, b). This mechanism is illustrated in Fig. 3.
Based on this mechanism, Rosenfeld et al. (2006a) hypothesized that dynamically
the closed cells are inverse Benard convection, where the cooling at the top causes
polygons of sinking cool air with compensating rising air at the center of the poly-
gons. The rising centers are manifested as patches of polygonal clouds, with nar-
row regions of dry downward moving air at the cell fringes (see Figs. 3 and 4).
The onset of heavy precipitation that occurs when the cloud top r, exceeds 16 pm,
due to decrease in NV, and/or increase in A, breaks the full cloud cover by depleting
the cloud water and by decoupling it from the surface due to the low level evapo-
ration of the precipitation. With reduced cloud cover at the top of the boundary
layer the radiative cooling there decreases respectively, and allows thermal radia-
tion to be emitted upward from the vapor within the boundary layer and the lower
cloud fragments. This reverses the driving of the convection, from inverse convec-
tion due to the radiative cooling at the top, to normal convection of Benard cells
that is triggered by weak surface heating, where the air rises along the walls of the
polygons and sinks in the centers. The rising polygons are manifested as the poly-
gons of the clouds (see Figs. 3 and 4). This picture is complicated by the evapora-
tive cooling of the rain shafts, which form mini gust fronts at the surface that
regenerate the convergence lines away from the rain cells, especially where sev-
eral such fronts collide (Feingold et al. 2010). When the original rain cell decays
new clouds and rain showers form at the convergence along the old gust fronts.
This, in turn, produces new gust fronts and so on, leading to regular oscillations
of the locations of the low level convergence lines and the respective polygonal
cloud and rain patterns.
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Fig. 3 A schematic illustration of the mechanism for transition from non precipitating closed
Benard cells to precipitating open cells and onward to nearly complete rainout and elimination of
the clouds (After Rosenfeld et al. 2006a). In the closed cells (a) the convection is propelled by
thermal radiative cooling from the tops of the extensive deck of clouds with small drops. The
clouds mix aerosols and vapor with the free troposphere from above. The onset of drizzle depletes
the water from the cloud deck and cools the sub-cloud layer (b). This leads to decoupling of the
cloud cover and to its subsequent breaking. The downdrafts due to the evaporational cooling starts
triggering new convection (c). The propulsion of the convection undergoes transition from radia-
tive cooling at the top of the fully cloudy MBL to surface heating at the bottom of the partly cloudy
MBL. This causes a reversal of the convection from closed to open Benard cells, that develop,
rainout and produce downdrafts that trigger new generations of such rain cells (d). The mixing
with of aerosols with the free troposphere at cloud tops is much reduced. Therefore, the process
can continue to a runaway effect of cleansing by the CCN and direct condensation into drizzle that
directly precipitates and prevents the cloud formation altogether (e). The satellite strip is a 300 km
long excerpt from Fig. 4

The self organization of clouds into the three distinct regimes was described by
Koren and Feingold (2011) by simple principles of prey (cloud water) and predator
(rain process):

1. The non or weakly precipitating clouds, where the rain-forming process is too
slow for large depletion of cloud water. This corresponds to the closed cells
regime, with suppressed rain due to high aerosol concentration or a very shallow
cloud with little LWP.
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Fig. 4 MODIS satellite image of open and closed cells in marine stratocumulus with ship tracks
in an area lying between about 35—40 North and 134-142 West, off the coast of California on 26
July 2003 19:40 UTC. The left panel is a true color image, and the right panel is the MODIS-
retrieved cloud top r,. The ship tracks appear as a marked decrease in cloud drop effective radius
(r. in pm) on the right panel. The ship tracks are barely discernible in the true color image on the
left panel, except for areas where r,>16pum, above which significant drizzle occurs (Gerber 1996)
and open the closed cells. The cloud radiative effect (CRE, Wm™) is given for the marked rect-
angles. The difference in CRE between the open and ship track induced closed cells well exceeds
100 Wm2, whereas the RF of the ship tracks within the closed cells is an order of magnitude
smaller. The image is the same as in from Rosenfeld et al. (2006a) with added calculated CRE

2. The heavily drizzling regime, where rain can deplete the cloud water, but the
supply of new aerosols is able to replenish the cloud water after a while, so that
cycles of clouds building and raining out occur. This corresponds to the regime
of oscillating and raining open cells.

3. The heavily precipitating clouds, where all incipient cloud water effectively
precipitates along with the aerosols on which it condensed, probably due to
insufficient rate of replenishment of aerosol. This corresponds to the situation of
the ultra-clean collapsed boundary layer.

The value in this highly simplified description is in elucidating these different cloud
patterns as fundamentally different regimes. It is of particular importance on the back-
ground that internal processes can buffer the aerosol effects within the regimes (Stevens
and Feingold 2009), but not between the regimes. The buffering should not be regarded
as a full compensation, but rather as a negative feedback that attenuates the results of
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the initial microphysical effect of the aerosols on the cloud microstructure. An example
for the buffering in the closed cell regime is the opposite effects of aerosols increasing
the cloud albedo for a given LWP, but decreasing the LWP at the same time. This is
evident in the red rectangles in Fig. 4, where half of the albedo changes due to N,
(Twomey effect) of —31 Wm was offset by a decrease in LWP that incurred +16 Wm™2,
leaving a net effect of —15 Wm. An example for the buffering in the open cell precipi-
tating regime is that an increase in aerosols would delay, but not completely shut off,
the onset of rain in a convective cell, causing it to grow more, and when it eventually
precipitates it would rain more.

Based on the above consideration, we have to consider the hypothesis that most
of the cloud-mediated aerosol forcing is manifested by changes between cloud
regimes. Such transitions are associated with change in cloud radiative effect (CRE)
of the order of 100 Wm=2, whereas the aerosol net effect within the cloud regimes
are 1-2 orders of magnitude smaller.

It is difficult to ascribe the changes of CRE between regimes to aerosol cloud-
mediated RF, because the aerosol amounts are interactive with the clouds, espe-
cially in the open and collapsed BL regimes, so that they are not independent of the
cloud forms. Another major difficulty in ascribing satellite-measured aerosols to
their effects on the clouds is the fact that the greatest effect occurs in the regime
where N;<100 cm™ (see Fig. 2), where on average AOD is <0.05, which is at the
low boundary of the measurement capability, and its conversion to CCN is highly
uncertain (Andreae 2009). Therefore, using the retrieved N, instead of AOD as
proxy for the CCN provides a more sensitive metric of the aerosol cloud-mediated
effects on MSC. Therefore, it is argued here that assessment of the differential CRE
between MSC regimes with respect to NV, captures an important element of the aero-
sol cloud-mediated radiative forcing. The remaining challenge will be quantifying
the extents of the attribution of the regime changes to anthropogenic causes.

A case where the regime changes could be ascribed to anthropogenic aerosols
from ship tracks is reproduced here from Fig. 3 of Rosenfeld et al. (2006a), with the
added CRE, and presented here in Fig. 4. It is shown for this case that the negative
CRE over the closed cells is on average higher by well over 100 Wm™ than the adja-
cent open cells or collapsed boundary layer. This forcing is calculated for the aver-
aged 24 h diurnal cycle. The r, in the closed cells of this example is smaller than
16 pm, very close to the heavy drizzle threshold of 15 pm (see Fig. 2), whereas the 7,
is considerably larger than 16 pm in the open cells. The appearance of heavy drizzle
after cloud top r, exceeds this threshold appears to be the main cause for opening the
closed cells (e.g., Rosenfeld et al. 2006a; Koren and Feingold 2011). The cloud top
r, is determined mostly by N, and 4 (Freud et al. 2011). Therefore, the combination
of N, and £ is required for explaining the transitions from closed to open cells.

The ship tracks within the closed cells obviously did not incur a regime change
and hence the associated change in CRE was about 10-15 Wm™, which is lower by
an order of magnitude than the change associated with regime change.

A consistent picture emerges from the study of George and Wood (2010) who
quantified the dependence of the variance in albedo over the southeastern Pacific
Ocean on the variances in the controlling variables (i.e., cloud fraction, LWP and N,,).
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The variability in cloud fraction, LWP and N, explained on average roughly 1/2, 1/3
and 1/10 of the spatial variance of the area-mean albedo that was accounted for by
these variables, respectively. It is interesting that despite a strong gradient in N,
within the analyzed region, N, does not explain more than 10 % in the variance of
the area-mean albedo. Is it because & and hence LWP increases along with the
decrease in N, with distance from land? These results should be treated with cau-
tion, because part of this variability could be explained by meteorological factors
that are correlated with the cloud fraction, LWP and N,.

Does it mean that much, if not most of the variability in the cloud RF in the
southeastern Pacific is not contributed by MSC regime changes? It appears that this
partition of the CRE components is not limited to areas where MSC regime changes
occur frequently, because these results are in agreement with the previous global
studies that separated the contributions of RF. Sekiguchi et al. (2003) showed based
on AVHRR data that the N, effect could not have contributed more than 25 % of the
total cloud RF over the global oceans. Kaufman et al. (2005) analyzed MODIS data
over the Atlantic Ocean and showed that only 10-20 % of the enhanced cloud RF
that was associated with increased T, was contributed from N,. The dominance of
cloud cover effect over ocean was also supported qualitatively by several other sat-
ellite studies (Matheson et al. 2006; Myhre et al. 2007b; Menon et al. 2008). Lebsock
et al. (2008) used CLOUDSAT for showing that the LWP effect dominated the
Twomey effect, being positive with added T, in precipitating clouds and negative in
non-precipitating clouds.

How much of the aerosol indirect effect on climate can be explained globally
by regime changes, and how much by net radiative changes within regimes? It is
possible that a large fraction occurs through the latter. Buffering (Stevens and
Feingold 2009) and cancellation (Wood 2007) mechanisms have been shown to
work within regimes, but between the regimes it is not so clear that this is the case
(Koren and Feingold 2011). A possible mechanism to communicate information
that may cause some buffering between regimes pertains to the determination of
the inversion height.

The two regimes have two different equilibrium states. Weakly precipitating
closed cells have large inversion heights at the top of a well-mixed boundary layer
and strong entrainment at the top of the inversion. Very pristine drizzling clouds
or a thin layer of very low clouds in equilibrium state are topped by a very low
inversion height, also defined as a “collapsed” boundary layer (Bretherton et al.
2010b). However, this does not result in a step change in PBL height at the bound-
ary between the regions, but instead the inversion tends to “homogenize” due to
the strong buoyancy forcing at a scale in the order of at least 100 km, thus inducing
a shallow secondary circulation above the PBL top (Berner et al. 2011) so that, in
effect, open cell regions keep the adjacent closed cell region’s PBL from deepening
as fast as it would in the absence of the open cell region. From the other side, the
closed cells regions keep the open cell PBL from collapsing in their vicinity. We
don’t yet know what the consequences of this interaction are for cloudiness, but
they are likely to be important for determining AIEs associated with regime
change in MSC.
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These questions will have to be answered quantitatively by future research. In
particular, an emphasis should be placed on the role that aerosols play in mediating
regime changes in marine low clouds. This might require some experiments with
controlled dispersion of aerosols into MSC.

2.4 The Frequency of Occurrence of Aerosol-Starved
Cloud Regimes

The regime of open cells cannot inherently sustain full cloud cover, and water that
does condense is depleted quickly by precipitation. Therefore, it is appropriate to
describe this as a situation where scarcity of aerosol limits the cloud cover and LWP,
i.e., an aerosol starved cloud regime (Van Zanten and Stevens 2005; Petters et al.
2006; Sharon et al. 2006; Wood et al. 2008, 2011). The regime of the collapsed
boundary layer was not yet analyzed for its differential CRE with respect to the
other regimes, but given the mechanism of its creation, it can be considered even
more strongly as an aerosol starved cloud regime.

How frequent are these conditions where clouds are starved for aerosols, such
that the depletion of aerosols can incur a regime change from closed to open cells
with decreased radiative forcing in the order of —100 Wm? The addition of aero-
sols has been observed to close the open cells, at least in the regime of collapsed
boundary layer (Christensen and Stephens 2011). Simulations of added aerosols to
open cells stopped their precipitation, but failed to convert them back to closed cells
(Wang et al. 2011a). The ability of aerosols to close relatively deep open cells
requires additional research. Figure 5 presents global maps of the occurrence of
mesoscale cellular convection, partitioned into closed cells, open cells that are orga-
nized in Benard convection, and disorganized open cellular convection. The organi-
zation of the first two regimes can be ascribed clearly to the aerosols and N, as
discussed above, but this is not obvious for the latter regime. These three regimes
cover a large part of the eastern subtropical and tropical oceans. The frequency of
the open cells increases with the distance westward away from land. This occurs
due to a combination of decreasing N, (Fig. 6) and increasing cloud thickness (see
e.g. George and Wood 2010), the combination of which increases precipitation dra-
matically (Fig. 6, see also Bretherton et al. 2010a). Open cells observed during the
VOCALS Regional Experiment tended to be associated with aerosol-starved condi-
tions (e.g. Wood et al. 2011), but it is not yet clear the extent to which this is the case
for all open cell regions in the subtropics.

Open cells are also frequent in midlatitudes, but here they can occur due to cold
advection of air (e.g. cold air outbreaks), which provide strong surface forcing in
subsiding conditions which dominates the dynamics of open cells regardless of pos-
sible aerosol effects. The extent to which these open cell systems modulate their
own microphysical state and become aerosol-starved is currently poorly known.

Some light can be shed on this question from the shape of the functional depen-
dence of cloud cover on aerosol amounts, as represented by AOD. Globally, almost
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Fig. 5 Frequency of occurrence of closed (fop) and open (bottom) mesoscale cellular convection
(MCC), based on all available MODIS data from 2008, using method of Wood and Hartmann
(2006)

all of the increase in cloud cover f, with AOD occurs at AOD <0.2 (see Fig. 7). For
AOD <0.75 the In(f.)/In(AOD)=0.57. This shows that the sensitivity of f, to AOD
is much greater than logarithmic at the lowest AOD, and that the behavior is consis-
tent with the aerosol changes with the MSC regimes responsible for a large part of
the dependence of f, on AOD.
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Fig. 6 7op Annual mean map of column maximum precipitation rate from clouds with tops below
3 km altitude, from the CloudSat Precipitation Radar (Lebsock et al. 2011). Bottom Annual mean
cloud droplet number concentration for horizontally extensive (instantaneous cloud cover exceed-

ing 0.8 for 1 x 1° boxes) liquid clouds N, using data from MODIS, following the method of
Bennartz (2007)
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The Attribution of the Regime Changes
to Anthropogenic Aerosols

Open cellular convection is more frequent over the Southern Hemisphere subtropical
and midlatitude oceans than over the corresponding regions of the Northern
Hemisphere (Fig. 5). It is interesting to ask the extent to which this might be attribut-
able to anthropogenic aerosol influence. Mean N, values for low clouds in polluted
regions are higher than for clean regions (e.g. Quaas et al. 2009), and the ability of
increased cloud droplet concentrations to keep large areas of MSC at the closed
regime is evident in the observations of Goren and Rosenfeld (2012), where the large
areas of closed cells are shown to have been shaped by old ship emissions. Other
mechanisms that can transport aerosols from land to the remote ocean areas are
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pollution plumes in the free troposphere that subside in the anticyclones to the
underlying MSC (Wilcox et al. 2006).

It is hypothesized that the greater amount of aerosols from the northern
hemisphere continents are responsible for the hemispheric differences in open cell
frequency, but more understanding of factors controlling this frequency, including
the large- scale meteorology, is required to test this hypothesis. If the reduction in
open cells is a manifestation of the added anthropogenic aerosols it implies a huge
negative radiative forcing, because the differential RF between the closed and open
cells can exceed 100 Wm~2 (see Fig. 4).

2.6 The Possible Underestimation of the Radiative
Forcing Via Low Clouds

As we have discussed in Sect. 2.3, it is possible that the Twomey effect is 1/4 the
overall AIE from low clouds, or less (Sekiguchi et al. 2003; Kaufman et al. 2005;
Lebsock et al. 2008). Yet, the IPCC AR4 found a cloud drop radius effect of
—0.7 Wm= with the large uncertainty range of —0.3 to —1.8 Wm2 If indeed the
cloud-cover effect is much larger than the clouddrop-radius effect, the AR4 range
has to be increased by a large factor to account for other effects. Even if not all cloud
types respond in the same way as our example of MSC, we face the possibility of a
very large and highly uncertain net forcing from low clouds, especially once adjust-
ments involving dynamics occur.

This should be contrasted with the inverse calculations showing that the overall
net cloud-mediated RF should likely be even lower than the IPCC-estimated albedo
effect alone (see Sect. 1). To resolve this apparent contradiction, there are two likely
possibilities:

1. The aerosols that are involved in regime changes and the respective RF are pre-
dominantly natural, or,

2. Most of the strong negative RF is balanced by another similarly strong positive
RF, particularly by anthropogenic aerosols interacting with deep and high clouds.

While at least part of the aerosols involved in the regime changes are natural, based
on some of the evidence presented here, we cannot discard the second possibility,
especially in view of its far-reaching consequences, The second possibility, that a
strong negative RF is partially countered by a positive RF from less-studied cloud
types, is explored next.

3 Aerosol Induced Radiative Forcing by Deep
Convective Clouds

If indeed the forcing of low- level cloud is large to the extent that the climate should
have been cooling, the constraints described in Sect. 1 would be difficult if not
impossible to satisfy without a similarly large positive radiative forcing to balance
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most of this cooling effect. We hypothesize here that such a positive forcing may
indeed exist, in the form of aerosol effects on deep and/or high clouds, through
several possible mechanisms that are presented in this section.

3.1 Aerosol Invigoration of Deep Clouds in Warm
and Moist Atmosphere

Most of the condensed cloud water in deep tropical convective clouds in pristine air
masses is precipitated as warm rain before reaching the freezing level. Adding CCN
to the clouds causes N, to increase, and respectively the height for onset of warm
rain to increase as well. This effect was quantified in several aircraft field campaigns
in the Amazon tropical clouds (Andreae et al. 2004), Argentina hail storms
(Rosenfeld et al. 2006b), California winter storms (Rosenfeld et al. 2008a), Israel
winter clouds and India summer monsoon clouds (Freud and Rosenfeld 2012). As
seen for the case of MSC (Fig. 2), and for the same fundamental physical reasons,
the number of activated cloud drops near cloud base scales linearly with the cloud
depth required to grow droplets to the threshold r, of ~14 pm for rain initiation in
deep convective clouds (Freud et al. 2011; Freud and Rosenfeld 2012). Increasing
the number of activated aerosols by 100 cm™ increases & for the onset of rain by
~280 m. Therefore, in deep tropical clouds with freezing level of 3—4 km above
cloud base, an adiabatic concentration of nearly 1,000 drops cm™ would delay the
onset of precipitation to above the freezing level, thus preventing warm rain forma-
tion. Observations from the Amazon (Andreae et al. 2004) and India (Freud and
Rosenfeld 2012; Konwar et al. 2012) support this conclusion.

It has been hypothesized (e.g., Khain et al. 2004, Rosenfeld et al. 2008b) that
delaying the precipitation to above the freezing level would cause the cloud water to
freeze first onto ice hydrometeors and so release the latent heat of freezing, which
would not have been realized had rain at lower levels not been prevented by the aero-
sols (see illustration at Fig. 8). The released added latent heat adds buoyancy to the
cloud, increases the updraft speed, and causes the cloud top to grow higher and the
anvil to expand over a larger area. The melting of the ice hydrometeors while falling
cools lower levels, with a net result of more low-level cooling and high-level warm-
ing for the same surface rainfall amount. This means consumption of more static
gravitational energy and its conversion into respectively more kinetic energy, which
is the essence of the invigoration of the storm. The invigoration, along with enhanced
ice precipitation processes, enhance also the cloud electrification (Molinie and
Pontikis 1995; Williams et al. 2002; Andreae et al. 2004; Rosenfeld et al. 2008b). Set
against this possibility, however, is the added gravitational loading of the retained
condensate. The net result of these competing factors is not obvious a priori.

Cloud simulation studies have generally confirmed the net invigoration hypoth-
esis for deep warm- base clouds with weak wind shear in moist environments.
For other conditions no invigoration was obtained, and for cool-base clouds, dry
environment and/or strong wind shear the precipitation amount was even decreased
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Fig. 8 Illustration of the aerosol cloud invigoration hypothesis. Top Clouds in pristine air rain-out
their water before reaching the freezing level. Bottom The aerosols delay the rain until the cloud
reaches the freezing level, where the water freezes into ice hydrometeors and releases more
intensely the latent heat of freezing, which invigorates the cloud. The cloud tops grow to greater
heights and expand to larger anvils (From Rosenfeld et al. 2008b)

(Khain and Pokrovsky 2004; Khain et al. 2004, 2005, 2008a; Wang 2005; Seifert
and Beheng 2006; van den Heever et al. 2006; Fan et al. 2007, 2009, 2012). In some
of the simulations, the greater low-level evaporative cooling of the enhanced rainfall
produced stronger gust fronts that triggered more new clouds and invigorated them
(Tao et al. 2007; Lee et al 2010). Morrison and Grabowski (2011) argue that invigo-
ration is counteracted in radiative-convective equilibrium by large-scale feedbacks,
but clouds still become deeper.

Satellite observations using MODIS showed deeper and more expansive convec-
tive clouds associated with greater aerosol optical depth over the tropical Atlantic
Ocean (Koren et al. 2005, 2010a, b). The reality of such associations has been ques-
tioned due to possible errors in the retrieved aerosols due to cloud contamination
and other artifacts that are caused by the proximity to the clouds, but Koren et al.
(2010a) showed that this was not the cause in a study of the North Atlantic region,
because the cloud invigoration was detected with a similar magnitude when
comparing the retrieved cloud properties to the results of an aerosol transport model.
They also partitioned their analysis to different meteorological conditions that
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control the depth of the convection, and still found the aerosol invigoration effect
having a similar magnitude for the different meteorological partitions. However, the
average measured cloud top height in the study of Koren et al. (2010a) was only
about 3 km, which is well below the height of an anvil cloud.

The radiative effects of the aerosols reduce the solar radiation reaching the sur-
face and therefore act to suppress the convection, working against the aerosol invig-
oration effect, at least on land. Therefore the aerosol effect is not monotonic, such
that the invigoration effect was calculated by Rosenfeld et al. (2008b) to reach a
maximum at AOD of ~0.3. This was confirmed observationally over the Amazon
(Koren et al. 2008; Ten Hoeve et al. 2012). Satellite measurements reported for the
Amazon region by Lin et al. (2006), also showed that total rainfall and cloud heights
increased on average with AOD and that the effects weakened above an AOD near
0.3, although these observations did not specifically target deep convective clouds.

Anvil clouds associated with deep convection exert a substantial longwave and
shortwave cloud forcing, and the longwave component dominates in clouds that are
optically thin, including the cirrus clouds produced by the anvil. Aerosol-induced
changes in anvil clouds associated with deep convection and more distant cirriform
clouds whose ice is partly supplied by convective detrainment can therefore act as
warming mechanisms. Lee et al. (2009) found in a deep-convection simulation that
28 % of the increased shortwave cloud forcing (cooling) associated with higher
aerosol concentrations was offset by increased longwave cloud forcing (warming).
The corresponding offset for stratocumulus clouds was only 2-5 %.

Critical supporting observational evidence to the validity of the invigoration
hypothesis was obtained very recently, where volcanic aerosols, whose variability
was completely independent on meteorology, were observed to invigorate deep con-
vective clouds over the northwest Pacific Ocean and more than double the lightning
activity (Yuan et al. 2011; Langenberg 2011). This lends credibility to the sugges-
tion of Zhang et al. (2007b) that the trend of increasing emissions of air pollution
from East Asia caused their observed trend of increasing deep convection and inten-
sification of the storm tack at the North Pacific Ocean.

The aerosol-induced invigoration on the peripheral clouds of tropical cyclones was
hypothesized to occur at the expense of the converging air to the eye wall, and hence
decrease maximum wind speeds (Rosenfeld et al. 2007b). This aerosol effect was
simulated extensively (Rosenfeld et al. 2007b; Cotton et al. 2007; Khain et al. 2008b,
2010; Khain and Lynn 2011; Zhang et al. 2007a, 2009). The variability in aerosols
was also observed to explain about 8 % of the variability in the intensity of Atlantic
hurricanes (Rosenfeld et al. 2011a). The aerosol effects on the microphysics and
intensity of tropical cyclones are reviewed in Rosenfeld et al. (2012a).

A weekly cycle in the anthropogenic aerosols, peaking during mid-week, was
shown to be associated with a similar cycle in the rain intensity and cloud top
heights (Bell et al. 2008), on the lightning frequency (Bell et al. 2009), and even on
the probability of severe convective storms that produce large hail and tornadoes
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Fig.9 The net TOA radiative forcing of a cloud in a tropical atmosphere, as a function of its cloud
top height and optical thickness (After Koren et al. 2010b)

(Rosenfeld and Bell 2011) in the eastern USA during summer. These findings are
supported by a recent study analyzing 10 years of surface measurements of clouds
and aerosols over the ARM site at the Southern Great Plains in Oklahoma, showing
clearly the cloud invigoration effect, associated with decreasing probabilities of
light rain matched by similar increasing probability for heavy rain (Li et al. 2011).
It is important to note that the invigoration effect is anticipated mainly in the inten-
sity of rain events or vigor of convection, and not necessarily in the average rainfall
(e.g., Storer and van den Heever 2013), which may explain why studies examining
total rainfall (e.g., Morrison and Grabowski 2011) sometimes do not find it.

All these findings, and especially the long-term measurements of Li et al. (2011),
suggest that the aerosol invigoration is a robust effect in the atmosphere. The aero-
sol invigoration of deep convective clouds could exert a cloud-modulated radiative
forcing in several ways, as illustrated in Fig. 9:

* Brightening of the clouds at a fixed cloud top, increasing their albedo and
cooling effect. However, for already thick convective cloud, where the albedo
effect is nearly saturated, the negative RF is expected to be rather small.

* Higher cloud tops, which emit less thermal radiation to space and hence induce
a warming effect.

* More extensive anvils and/or more semi transparent ice clouds. Such cirrus
clouds have small albedo in the visible, but still have large emissivity in the
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thermal IR, thus causing a strong positive RF. They could also reduce the
radiative cooling and air subsidence rates in the upper troposphere, which would
increase relative humidity and therefore the atmospheric greenhouse effect.

* Deep convection could more frequently reach the lower stratosphere adding
more water vapor to the stratosphere which increases the greenhouse effect.

3.2 Aerosols Enhancing Detrainment of Ice and Vapor
in the UTLS

Aerosols may well enhance the amount of ice contained in and detrained from
anvils into the upper troposphere and lower stratosphere (UTLS), even without hav-
ing any dynamic effects (e.g., invigoration) on the clouds. Analyzing deep convec-
tive clouds in satellite data, Sherwood (2002a) and Jiang et al. (2009b, 2011) found
that biomass burning aerosols were associated with smaller ice particle r, at the
anvils of tropical deep convective clouds. These storms also were more intense, as
indicated by their colder cloud tops, though these studies found that proxies for
intensity were too small to explain the smaller r,. The effect could be due to CCN
nucleating small cloud drops that freeze homogeneously into respectively small ice
particles (e.g., Phillips et al. 2002), or (in part) due to invigoration of the storms
activating more aerosols aloft, or to meteorological factors not accounted for in
those studies. The clouds with smaller ice particle r, produce significantly more
lightning, supporting the hypothesis that aerosols played a role in reducing the r, of
theice particle (Sherwood etal.2006). Satellite measurements of pyro-cumulonimbus
showed that the extreme CCN concentrations in the dense smoke keep the cloud
drops extremely small up to the homogeneous ice nucleation level, where they
become similarly small (r,~ 10 pm) ice particles, whereas ice in the ambient clouds
formed mostly by mixed-phase processes producing particles in the anvils with
r,>30 pm (Rosenfeld et al. 2007a). Tracking the life cycle of such anvils showed
that they lived twice as long as anvils from ambient clouds and expanded to much
larger areas (Lindsey and Fromm 2008). This is likely due to the smaller fall speeds
and/or slower aggregation of the particles.

Aircraft measurements and model simulations show that aerosols from Africa
indeed nucleate small cloud drops aloft that freeze homogeneously into small ice
crystals in the anvils of clouds over southern Florida (Fridlind et al. 2004). In simulat-
ing this process, Jensen and Ackerman (2006) showed that the detrainment of small
ice crystals was responsible for creating long-lived cirrus clouds. The simulations of
deep tropical clouds by Fan et al. (2010) show that added CCN can lead to such
enhancement of small ice particles in the anvils, and nearly double the extent of the
resulting clouds; similar results were obtained by Morrison and Grabowski (2011).

A cloud-system resolving model simulation of the aerosol effect at a regional
scale with bin microphysics for tropical and midlatitude summertime convective
cloud situations (Fan et al. 2012) found invigoration in the tropical case with weak
wind shear, but not with strong wind shear. However, the positive RF from the anvil
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Fig. 10 Short wave (SW), long wave (LW), and net radiative forcing of aerosol cloud mediated
effect at the top of atmosphere (TOA), atmosphere, and surface (SFC) for the China tropical (a) and
SGP temperate (b) cases of deep convective cloud system, with weak wind shear (WWS) and
strong wind shear (SWS). Values in red are for the stronger wind shear condition. Values are aver-
aged over the last day of simulations (From Fan et al. 2012)

expansion with added CCN dominated the negative RF due to cloud brightening in
both cases, as shown in Fig. 10a. In the temperate case the net RF were weaker and
of opposite signs for the different wind shears (Fig. 10b).

Another possible pathway for aerosol indirect effects is through altering strato-
spheric water vapor, a strong greenhouse gas. Solomon et al. (2010) found that
decadal variability in lower stratospheric water vapor was contributing to decadal
climate variability, following previous calculations showing that increases in
stratospheric water vapor over the latter part of the twentieth century contributed a
radiative climate forcing of order 0.2 Wm=2 (Forster and Shine 1999, 2002; Myhre
et al. 2007a). While the decadal humidity variations can largely be explained by
those of tropopause temperature through a simple freeze-drying model (e.g.,
Notholt et al. 2010), radiosonde data do not show a longer-term warming trend, and
the source of the moistening trend is still unknown. The radiative forcing is signifi-
cantly larger than accounted for by the IPCC in 2007, which only included the part
attributable to methane oxidation.

Two plausible mechanisms have been suggested linking this trend to anthropo-
genic aerosols. First, smaller ice particles lofted in polluted storms could cause
overshooting clouds to re-evaporate more quickly when mixing with dry strato-
spheric air, delivering more water vapor to levels where it can reach the lower strato-
sphere as shown by satellite and in-situ observations and simulated by models
(Sherwood 2002b; Chen and Yin 2011; Wang et al. 2011b; Nielsen et al. 2011).
Back-of-the-envelope calculations suggest this mechanism, which is observed to
affect stratospheric humidity independently of tropopause temperature, could
account for the observed trend since 1950 even discounting any invigoration effect
(Sherwood 2002b), but this has not been comprehensively modeled; isotopic data
do not suggest any trend in ice re-evaporation since 1991 (Notholt et al. 2010) but
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most of the humidity trend occurred before 1991. A similar microphysical effect
from ice nuclei could also occur for cirrus clouds formed near the tropopause
(Notholt et al 2005). The second possibility is suggested by observations (Su et al.
2011; Wu et al. 2011) and models (Liu et al. 2009) indicating that pollution particles
lofted in deep convection elevate cirrus cloud height and water vapor mixing ratios,
which would increase water transport into the stratosphere (Liu et al. 2009).
Observations do not show a corresponding temperature trend since 1958, but this
could be due to biased trends in the radiosondes which are difficult to correct (JS
Wang et al. 2012). In summary, aerosols probably exert a second indirect warming
effect through lower stratospheric water vapor, and this could be of nontrivial
magnitude.

4 Aerosol Induced Radiative Forcing by Supercooled
Layer Clouds

New satellite remote sensing data, especially from active sensors, are revealing that
supercooled layer clouds are more common than previously suspected (Hogan et al.
2004; Zhang et al. 2010; Hu et al. 2010; Morrison et al. 2011). Almost all clouds
with tops warmer than —20° C contain supercooled liquid water (Hu et al. 2010),
and supercooled liquid can exist in many stratiform clouds with temperatures down
to =30° C (Hu et al. 2010, Shupe et al. 2006). In the midlatitude storm tracks and
high latitudes supercooled liquid layers can occur 10—15 % of the time (Zhang et al.
2010), making this a climatologically important category of clouds.

Often supercooled layer clouds, both at low and mid troposphere, are maintained
by radiative cooling at their tops that induces inverse convection in a layer within a
stable atmosphere, similar to the mechanism that sustains decks of marine stratocu-
mulus. What is particularly remarkable about such clouds is their apparent sensitivity
to small changes in ice nuclei (IN) ingested (e.g., Prenni et al. 2007; Motrrison et al.
2011), with the result of increased IN being a rapid glaciation, the loss of liquid
condensate and a suppression of longwave cooling that weakens the turbulent mixing
sustaining the supercooled layer (H. Morrison et al. 2011). Thus, the hypothesis has
been raised in recent studies that Arctic clouds exhibit bistability: they consist either
of turbulent supercooled layers with minimal ice, or rarefied clouds containing
only ice particles (Morrison et al. 2011, 2012). Because the ice-only clouds tend to
be optically thin (perhaps even just diamond snow under some circumstances), such
bistability could permit a particularly strong aerosol cloud-mediated radiative
forcing. In addition to IN-mediated impacts, observational data indicate that a
CCN-starved regime is often present in the Arctic over sea ice (Mauritsen et al. 2011).
This change between the two stable regimes of supercooled water and ice clouds is
illustrated in Fig. 11.

Adding CCN to supercooled layer clouds may delay their transition to glaciated
clouds for a given IN concentration. With more CCN cloud drops are smaller and
less likely to accreted to ice crystals or coalesce and precipitate, leading to smaller
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Fig. 11 A schematic illustration of the mechanism for transition from persistent supercooled
layer clouds to a stable situation of glaciated or no clouds. The mechanism that maintains the
supercooled layer clouds is the radiative cooling and mixing at their tops, the same as for closed
marine stratocumulus. The inverted convection replenishes the cloud water that is lost to ice
precipitation (a). An increased loss of cloud water to ice precipitation, due to increased concen-
trations of IN and/or decrease in CCN, makes the cloud thinner and broken with less water (b).
When the cloud water is fully consumed by the ice crystals that precipitate, there is nothing that
will keep the radiative cooling that regenerated and maintained the cloud at the first place, and the
cloud dissipates and leaves some falling ice crystals or no cloud at all (c). The image was taken
by LANDSAT over the eastern USA on 11 December 2009. The glaciation in this case occurred
probably due to addition of IN by aircraft exhaust to clouds at temperatures of —30 to —35° C
(Source: NASA Visible Earth)

loss of cloud water. In such case, added CCN would have a negative forcing, whereas
added IN have a positive forcing.

The remarkable sensitivity of supercooled layer clouds seems at odds with their
frequent occurrence. This has led to the search for mechanisms limiting the forma-
tion of ice in these clouds. It appears that most of the IN in supercooled layer clouds,
particularly in the Arctic, arrive via long-range transport in the freetroposphere. They
enter the cloud by subsidence and are then entrained into the cloud. This process
does not supply IN at a particularly high rate, with typical replenishment timescales
of several days after entrainment removal (Fridlind et al. 2012). This results in a
slower rate of IN activation than would occur if all the free-tropospheric IN were
activated at once, and limits the desiccation of supercooled liquid clouds.

Similarly, the effect of aerosols on cirrus clouds could result in either a positive
or negative forcing on climate. GCM simulations of the effect of added IN show a
reduction in cirrus water content and optical thickness, and sometimes a reduction
in relative humidity, producing a negative forcing of uncertain magnitude (Penner
et al. 2009; Hendricks et al. 2011). Opposing this, the introduction of CCN aerosol
can enhance cirrus coverage; the radiative forcing of this is fairly small for aircraft
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emissions (Burkhardt and Kircher 2011) but could be larger when including all
anthropogenic aerosol. As already stated, such calculations should be regarded as
provisional at this time.

There are still major unresolved questions. Chief among these is that ice-
nucleating mechanisms of aerosols are poorly understood. In some supercooled lig-
uid clouds the concentration of ice crystals appears to be significantly greater than
the IN concentration (Fridlind et al. 2007). We do not yet fully understand how
pollution aerosols affect the IN concentration in the Arctic and midlatitude freetro-
posphere where supercooled clouds are common (McFarquhar et al. 2011). Aircraft
observations suggest that high ice crystal concentrations in supercooled shallow
cumulus in maritime polar airmasses tended to occur in the presence of large drizzle
drops (Rangno and Hobbs 1991). This suggests a possibility whereby CCN avail-
ability might be important for ice formation. At this stage, it would be difficult to
attribute even a sign to the potential aerosol cloud-mediated effects on supercooled
water clouds, but there nevertheless exist important possibilities that warrant further
exploration.

5 Discussion and Implications for GCMs

Based on the previous section, AIE on deep convective clouds appear to induce
positive radiative forcing of yet unknown global magnitude by invigorating clouds,
expanding their anvils, and enriching the lower stratosphere with water vapor. Air
pollution aerosols were also observed to glaciate mid- and upper-tropospheric
supercooled clouds (Rosenfeld et al. 2011b), and thus adding positive radiative
forcing.

This compensates to an unknown extent the negative forcing due to the AIE on
low clouds.

Even if the net effect is very small on a global average, the cooling occurs mainly
over the subtropical highs and migratory anticyclones over ocean, whereas the
warming occurs mainly at the areas of deep tropical convection. The spatial separa-
tion can propel atmospheric circulation systems that would modify the weather pat-
terns. GCMs do not yet treat AIEs in both deep convection and shallow clouds
comprehensively enough to ascertain the nature of these changes, but studies focus-
ing on direct effects of aerosols and/or indirect effects on shallow clouds suggest
aerosol-induced circulation changes are possible in the tropical Atlantic climate
(Chang et al. 2011), Sahel rainfall (Ackerley et al. 2011), south Asian monsoon
circulations (Bollasina et al 2011), the Hadley circulation (Ming and Ramaswamy
2011; Allen et al. 2012), North Atlantic (Booth et al. 2012), and the boreal winter
extra-tropical circulation (Ming et al. 2011).

As noted elsewhere in this chapter, observational and process studies suggest
that aerosols and clouds interact through a range of radiative, microphysical, ther-
modynamic, and dynamic mechanisms. With increasing aerosol concentrations,
these mechanisms all recognize an initial response taking the form of smaller cloud
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particles, delayed precipitation formation, and larger water contents. The instantaneous
radiative forcing is comprised of increased shortwave reflection (cooling) and
increased longwave emission (possible warming from high clouds) and can be
described as a radiative indirect effect. Several subsequent competing mechanisms
resulting from smaller cloud particles, delayed precipitation formation, and larger
water contents are possible. In the absence of mechanisms responding to larger
water contents, cloud lifetimes and areas increase, enhancing the instantaneous
radiative forcing (included in “adjusted” radiative forcing). Numerous counter-
acting mechanisms have been identified. Increased water contents near cloud top
enable evaporation resulting from entrained dry air to break up clouds, reducing
water content, cloud lifetime, and cloud areas. The “adjusted” radiative forcing by
this mechanism opposes that described above. Increased water content near cloud
top can enhance radiative cooling and generate instabilities, leading to a similar set
of consequences. Increased water content can also lead to changes in the heights
and thicknesses of clouds. Changes in the sizes of drizzle particles below cloud
base can change evaporation and stability below cloud base. In some cases, aero-
sol-induced changes can alter the cloud regime, changing significantly cloud areas
and lifetimes. Microphysical changes in deep convection can change distributions
of latent heating and induce evaporatively driven downdrafts, increasing the inten-
sity of convection. Effects related to ice nucleation are likely, and absorbing aero-
sols can heat the atmosphere around clouds, altering clouds in what is referred to
as a semi-direct effect.

While observational and process studies suggest this wide range of cloud-aerosol
interactions capable of both warming and cooling the earth-atmosphere system,
scaling these interactions to global scale and inferring their impacts on climate and
climate change requires synthesis provided by climate models. On the other hand,
state-of-the-science atmospheric general circulation models (GCMs) treat processes
relevant for cloud-aerosol interactions in a highly simplified manner, limiting the
confidence with which conclusions can be drawn.

Quaas et al. (2009) compared ten GCMs which treat cloud-aerosol interactions
with satellite observations. All of the GCMs in that study, as well as those summa-
rized in Isaksen et al. (2009), are cooled by their cloud-aerosol interactions. To the
extent underlying relationships between clouds and aerosols in GCMs can be evalu-
ated using satellite observations, present-day positive relationships between aerosol
optical depths and cloud liquid in GCMs seem to be too strong, while positive rela-
tionships between aerosols and drop number are comparatively well simulated
(Quaas et al. 2009). Penner et al. (2011) note that GCMs suggest present-day rela-
tionships between cloud and aerosol properties may differ from their pre-industrial
counterparts, with the latter stronger than the former. Quaas et al. (2009) had noted
that present-day aerosol optical depths and their variations with cloud properties are
related in GCMs to AIEs between pre-industrial and present-day climates in those
GCMs. By replacing the modeled aerosol optical depths and their variations with
cloud properties with the corresponding satellite observations, they infer GCM AIEs
are larger than would be consistent with satellite observations. Quaas et al. (2009)
also found most GCMs had difficulty simulating reductions in cloud-top temperature
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with increasing aerosol optical depth, especially over oceans, consistent with the
absence of interactions between deep convection and aerosols in most GCMs.

The complexity with which GCMs treat aerosol processes varies widely, from
empirical methods relating aerosol concentrations to drop number (e.g., Lin and
Leaitch 1997) to physically based methods using aerosol activation theory (e.g.,
Abdul-Razzak and Ghan 2000; Ming et al. 2007). Aerosol size distributions are
specified (e.g., in terms of aerosol concentration, Donner et al. (2011)) in some
models but calculated from prognostic aerosol modal equations (e.g., Liu at al.
2012) in others.

The chief limitation in GCM representations of aerosol-cloud interactions arises
from simplifications in their cloud macrophysics (the processes governing the envi-
ronments for activating cloud liquid and ice particles and their subsequent micro-
physical evolution) and the absence of aerosol interactions with deep convection in
most GCMs. GCM cloud macrophysics also dominates the interactions between
radiation, microphysics, thermodynamics, and dynamics; these interactions are
quite restricted in current GCM macrophysics relative to the interactions identified
by process studies. As an example, in GFDL CM3, a normal distribution whose
variance is related to large-scale eddy diffusivity is used to characterize the small-
scale variations in vertical velocity, which is a major control on aerosol activation
(Golaz et al. 2011). CM3 treats cloud-aerosol interactions only in stratiform and
shallow cumulus clouds. CM3 macrophysics can straightforwardly capture micro-
physics interactions which increase cloud water paths as aerosol concentrations
increase but is much less able to represent processes discussed in the preceding
paragraph in which increasing aerosol concentrations could reduce water paths.
Indeed, GFDL CM3 exhibits an annual global-mean temperature increase of 0.32 °C
between the period from 1980 to 2000 and the period from 1880 to 1920 (Donner
et al. 2011). The corresponding increase for GFDL CM2.1, which does not include
cloud-aerosol interactions, is 0.66 °C (Knutson et al. 2006). Observed estimates
of this difference from the Climate Research Unit (Brohan et al. 2006) and the
Goddard Institute for Space Studies (http://data.giss.nasa.gov/gistemp/tabledata/
GLB.Ts+dSST.txt) are 0.56 and 0.52 °C, respectively. Changes other than incorpo-
ration of cloud-aerosol interactions between CM2.1 and CM3 preclude attributing
the change in temperature increase solely to these interactions. Six of the ten models
analyzed in Quaas et al. (2009) impose lower limits on cloud drop number concen-
tration, which arbitrarily restricts cooling by cloud-aerosol interactions. An impor-
tant research priority is for GCMs to improve their parameterization of aspects of
cloud-aerosol interactions which are poorly represented currently, many of which
limit cooling by aerosols.

The simulation of temperature increases in climate models between pre-industrial
and present times depends on their adjusted forcings, climate sensitivities, and tran-
sient climate responses. Since climate sensitivity is not known, the extent to which
a climate model (e.g., CM3) simulates this temperature increase would not strongly
constrain the adjusted forcing due to anthropogenic cloud-aerosol interactions, even
if greenhouse gas forcing and aerosol direct forcing were known. Related to the lat-
ter, it is important that climate models simulate aerosol distributions and properties


http://data.giss.nasa.gov/gistemp/tabledata/GLB.Ts+dSST.txt
http://data.giss.nasa.gov/gistemp/tabledata/GLB.Ts+dSST.txt

Aerosol Cloud-Mediated Radiative Forcing: Highly Uncertain... 135

realistically. Global observation networks for aerosols and surface downward
shortwave radiative fluxes are available for evaluating climate models, e.g., as in
Donner et al. (2011).

Advanced cloud macrophysics parameterizations offer a prospect for improving
representation of cloud-aerosol interactions in climate models. For example, Guo
et al. (2010) show that a parameterization using multi-variate probability distribu-
tion functions for vertical velocity, liquid water potential temperature, and total
water mixing ratio can capture a range of responses of liquid water path to increas-
ing aerosol concentrations. Guo et al. (2011) find that a key mechanism in these
responses is cloud entrainment, as discussed above and modeled by large-eddy
simulation. These methods to date have been used successfully in simulating single
columns in field experiments. Incorporating them in climate models is an ongoing
activity, e.g., at GFDL and NCAR. Droplet activation and ice nucleation in deep
convection depends on vertical velocities therein. Since most GCMs parameterize
deep cumulus convection in terms of mass flux only, they are not able to represent
the interactions between deep convection and aerosols described elsewhere in this
chapter. Examples of promising prospective developments include the use of deep
cumulus parameterizations based on ensembles of cumulus clouds with vertical
velocities in GFDL CM3 (Donner 1993; Donner et al. 2001), the use of double-
moment microphysics in deep convection in experimental versions of GFDL AM3
(Salzmann et al. 2010), the NCAR Community Atmosphere Model (Song and
Zhang 2011), and the ECHAMS-HAM model (Lohmann 2008).

In summary, assessing the role of cloud-aerosol interactions in the climate
system requires studying these interactions in climate models to integrate them
to global scales. Current macrophysical aspects of cloud-aerosol interactions in
climate models remain rudimentary, however, with process studies suggesting a
more nuanced picture of these processes than encompassed by current GCM param-
eterizations. In particular, a number of processes which may limit cooling by cloud-
aerosol interactions are not well parameterized at present. High priority should be
given to addressing the challenge of more realistically representing cloud-aerosol
interactions in climate models.

6 What Should We Do Next?

A key obstacle to better understanding aerosol indirect effects is our poor ability to
model cloud macrophysics. As noted in Sect. 5, high priority should be given to
improving the realism with which cloud macrophysical processes governing cloud-
aerosol interactions are represented in GCMs. Only recently have physically based
approaches to aerosol activation been used in GCMs, and their usefulness is limited
by incomplete representations of the full set of processes which govern cloud-
aerosol interactions in GCMs and by the lack of resolution at the cloud scale. New
approaches to parameterizing cloud macrophysics for both shallow and deep cloud
systems are emerging. Evaluating and further developing these parameterizations
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will require extensive collaboration between GCM developers and scientists
studying cloud macrophysics using process models, large-eddy and cloud-system
simulation, and field observations. Satellite observations will also be critical in
assessing cloud-aerosol interactions on a global scale.

More realistic physics has to be parameterized into both cloud resolving and
global circulation models, and their results need to be validated against actual
observations. A limiting factor in the present Earth observations is the ability to
separate the aerosol from thermodynamic and meteorological effects. Doing so
requires measuring of the CCN and cloud microphysical, thermodynamic and
dynamic properties simultaneously from space at the necessary spatial and vertical
resolution, which is in the order of 50-100 m. This requires a new generation of
satellites with multi-spectral and multi-angle sensors. A way to do that is described
by Rosenfeld et al. (2012b) in a proposed satellite mission. High resolution multi-
angle imager (as in MISR) will be able to map the topography of the cloud surfaces
and their vertical motions. A multi-spectral imager can map the microstructure and
temperature of the cloud surfaces at various heights above cloud base, which will
allow retrieving N, from the vertical evolution of N, in convective elements (Freud
et al. 2011). The vertical development rate of the cloud surface just above its base
will provide a measure of cloud-base updraft, which when combined with N, yields
the supersaturation and the CCN concentrations. Multi-angular near-infrared
observations can also provide information on ice particle habit and microphysical
history not obtainable at visible wavelengths (Sherwood 2005). Such a mission
does not represent a major technological challenge, but requires the recognition to
be of high priority in addressing the large uncertainties in RF that are the subject of
this chapter.

Field campaigns are necessary for performing case studies of simultaneous mea-
surements of the CCN and cloud microphysical, thermodynamic and dynamic prop-
erties in a way that will allow reaching closure of the aerosol, water and energy
budgets, at a scale of a box of several hundred km on the side. This needs to done
both in the shallow and deep clouds, as much as possible in similar meteorological
conditions but with very different aerosols. The outlines for such campaigns are
given by Andreae et al. (2009).

7 Summary

The aerosol indirect effect on radiative forcing (AIE) is the main source of uncer-
tainty in the overall anthropogenic climate forcing and climate sensitivity. The
uncertainties are summarized in Table 1. The AIE can be generally divided into
negative forcing from low clouds, which is at least partially countered by positive
forcing from deep and high clouds and by the IN effects on glaciating supercooled
water clouds. The quantification of both opposite and possibly large effects is highly
uncertain, to the extent that even the sign of the overall net effect cannot be deter-
mined with any degree of certainty.
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Table 1 Aerosol cloud-mediated radiative forcing: status of current understanding

Process

Current understanding

Activation of liquid
droplets

Primary nucleation
of ice crystals

Aerosol size distributions
for cloud condensation
and ice nuclei

Aerosol-induced changes
in cloud regimes
and organization

Aerosol-induced changes
in cloud entrainment,
dynamics, and
microphysics

Aerosol-induced changes
in dynamics, radiation,
and microphysics
of deep convection

For aerosols with known solubility properties and size distributions,
understanding is well-established

Although some ice nuclei have been identified, significant
uncertainty remains as to the nucleating abilities of black
carbon, biogenics, and mixtures

Size distributions can be modeled reasonably accurately in detailed
process models, but considerable simplifications, the conse-
quences of which are not fully understood, are required for
computational efficiency in GCMs

Conceptual and numerical models have identified basic issues. Field
and satellite observations have been limited and will remain so in
the absence of simultaneous characterization of dynamics,
microphysics, and aerosols, enabling closure of aerosol budgets.
GCM parameterizations have not explicitly been developed, and
capabilities of current GCM parameterizations to capture these
changes are likely to be severely limited

Large-eddy simulations with advanced microphysics have
identified key issues. Observations have been limited. Current
GCM parameterizations are very limited regarding these
processes, but multi-variate probability distribution functions
with dynamics have been able to capture entrainment-aerosol
interactions

Cloud-system models have identified basic processes Observations
have been limited. Most GCM cumulus parameterizations lack
the physical basis to simulate these processes, but GCM
cumulus parameterizations with vertical velocities and advanced

microphysics have recently been developed

Aerosols added to low clouds generally incur negative radiative forcing, because
they can cause cloud brightening by three main mechanisms: redistributing the
water in larger number of smaller drops; adding more cloud water, and increasing
the cloud cover. Aerosols affect these components some times in harmony and quite
often in opposite ways that cancel each other at least partially. These processes can
be highly non-linear, especially in precipitating clouds that added aerosol can inhibit
from raining. This amounts to behavior of little overall sensitivity in most of the
clouds, and hyper-sensitivity in some of the clouds where the processes become
highly non linear with positive feedbacks, leading to very complicated and uneven
AIE. Present observations assume a logarithmic relation between aerosol amount
and cloud response. This hides the physics of much more complicated behavior,
whose state-of—the-art understanding is described in this chapter. Key processes that
are involved in the AIE are the precipitation-forming processes and the response of
the cloud properties to the precipitation, which have profound impacts on the clouds
and their environment. Some of these impacts are the formation of downdrafts and
cold pools that alter the dynamics of the clouds, change the vertical diabatic heating
profiles and the atmospheric instability, and scavenging the aerosols that affect the
clouds at the first place. Process models at high resolution (LES) have reached very
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recently to the development stage that they can capture much of this complicated
behavior, but the implementation into a GCM has been rudimentary due to severe
computational limitations and the present state of cloud and aerosol parameteriza-
tions in GCMs. The latter deficiencies are an active research area at present.

Aerosols added to deep clouds generally incur positive radiative forcing, where
to the effects that are operative in low clouds (cloud drop size, cloud water path and
cloud cover) are added the effects of cloud top cooling, expanding, and detraining
vapor to the upper troposphere and lower stratosphere. The latter three factors gen-
erally incur positive radiative forcing. The level of scientific understanding of the
AIE on deep clouds is even lower than for the shallow clouds, as the deep clouds are
much more complicated, where mixed phase and ice processes play an important
role. Process models still have a major void in the knowledge in mixed-phase and
ice processes, for both layer and deep convective clouds, both low and high level, in
the arctic and lower latitudes. Respectively, the parameterization of these processes
for GCMs is further away than for the low clouds.

Future efforts must address the AIE of both shallow and deep clouds for obtain-
ing the net effect, which is required so much for quantifying the anthropogenic cli-
mate forcing, climate sensitivity and climate predictions. Furthermore, the cooling
occurs mainly over the subtropical highs and migratory anticyclones over ocean,
whereas the warming occurs mainly at the areas of deep tropical convection. The
spatial separation can propel atmospheric circulation systems that would modify the
weather patterns at all scales and the hydrological cycle. Therefore, the AIE must be
quantified correctly not only for understanding climate, but also for improving
weather and precipitation forecasts.

As a limiting factor in our understanding and quantification of the weather-
forming processes and its integration into the climate system, we recommend coor-
dinated field campaigns and satellite missions for addressing this problem, with the
objective to describe and parameterize correctly these complex processes, and to
measure these processes from space and quantify their effects at a global coverage
and climate time scales. Present day satellite missions (CLOUDSAT, CALIPSO,
GPM) focus at measuring the precipitation and large cloud particles and aerosols,
but lack the critical measurements of CCN and detailed cloud microstructure. An
example of a proposed satellite mission that is being designed to address the issues
described here is given by Rennd et al. (2013). An example of the concept of field
campaigns that are designed to address is issues is given by the Aerosols-Clouds-
Precipitation-Climate initiative (Andreae et al. 2009), which provides the template
for the design of a closure box experiment for quantifying all the energy and mass
fluxes within a region of several 100 km on the side. The recommendations are sum-
marized in Table 2.

This position chapter can be summarized in the following points:

1. While many of the clouds have little sensitivity, some of the clouds are hyper-
sensitive, especially when the mechanism of regime change is involved.

2. The sign of the effects are of opposite signs for different kinds of clouds and
aerosols.
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Table 2 Aerosol cloud-mediated radiative forcing: key uncertainties and recommendations for

increased understanding

Process

Issues and uncertainties

Recommendations

Activation of liquid drops

Primary nucleation of ice
Crystals

Aerosol size distributions
for cloud condensation
and ice nuclei

Aerosol-induced changes
in cloud regimes and
organization

Aerosol-induced changes
in cloud entrainment,
dynamics, and
microphysics

Aerosol-induced changes
in dynamics, radiation,
and microphysics of
deep convection

Solubility properties of
organics

Identification of ice nuclei,
especially roles of
biogenics

Accurate, computationally
efficient parameteriza-
tions, especially for
GCMs

Process-level understanding,

parameterization for
GCMs

Improved process-level
understanding, param-
eterization for GCMs

Convective invigoration,
changes in UTL clouds
and vapor, parameteriza-
tion for GCMs

Characterization and lab studies

Field and lab studies of nuclei
candidates

Interactions between process-level
studies and GCM development

Model development; analysis of
satellite and field observations to
evaluate conceptual models,
numerical models, and
parameterizations

Interactions between process- level
studies and GCM development;
analysis of field and satellite
observations

Interactions between process- level
studies and GCM development;
closure box experiment at a
regional scale; analysis of field
and satellite observations

3. We have little quantitative knowledge on the AIE of any of these cloud and aero-

sol types.

4. We have even much less knowledge on the combined effect, even as far as its

sign

5. We propose certain ways to address it.

Finally, we have shown here that the recently acquired additional knowledge

actually increased the uncertainty bar in the chart of the radiative forcing, while
everyone strives to reduce it. How large is this uncertainty? Do we know now all
what we should know that we don’t know yet? When we will be there the uncertainty
range will peak, and start to be reduced from there on.
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for a growing population, we must improve our understanding of the fundamental
science of the hydrological cycle, its links with related global processes, and the
role it plays in ecological and societal well-being. At the same time, human influences
on the character and dynamics of the water cycle are growing rapidly. Central to
solving these challenges is the need to improve our systems for managing, sharing,
and analyzing all kinds of water data, and our ability to model and forecast aspects
of both the hydrological cycle and the systems we put in place to manage human
demands for water. We need to improve our understanding of each of the compo-
nents of the hydrological water balance at all scales, and to understand the spatial
and temporal variability in the components of the water cycle. This chapter provides
a short summary of current WCRP efforts and addresses four primary research
challenges:

1. The collection of more comprehensive data and information on all aspects of the
hydrologic cycle and human uses of water, at enhanced spatial and temporal
resolution and increased precision;

2. Improved management and distribution of these data;

3. Improved representation of the anthropogenic manipulations of the water cycle
in the coupled land-atmosphere-ocean models used to forecast climate variations
and change at both seasonal to interannual, and decade to century, time scales;
and

4. Expanded research at the intersection of hydrological sciences and the technical,
social, economic, and political aspects of freshwater management and use.

Keywords Hydrologic cycle » Water  Water systems ® Climate ® Modeling ® Water
balance ¢ Data * GEWEX ¢« GRACE » Water-energy nexus

1 Introduction: The Challenge

Water, energy, and climate are physically, spatially, and temporally linked. Energy
from the sun and from internal geological processes drives the hydrological
cycle. Atmospheric composition, climate system characteristics, and complex
feedbacks help determine the planet’s energy and water balances and distribution
(Oki 1999). Both linear and non-linear dynamics amplify and dampen effects of
external forcings. Water on Earth in its three phases is integral to the functioning,
dynamics, and variability of the global climatological and biological support
systems (Oki et al. 2004). From a purely scientific and academic point of view,
understanding the complexity of the hydrological cycle is of paramount interest and
central to our understanding of other planetary geological, atmospheric, chemical,
and physical processes. But water is more than that: water is key to some of the core
economic, social, and political issues of our time such as poverty, health, hunger,
environmental sustainability, conflict, and economic prosperity (Gleick 2003).
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Perhaps more than any other scientific discipline, hydrological science traces its
roots to efforts to tackle challenges of social and economic development, including
the provision of safe and reliable drinking water, flood forecasting and protection,
wastewater treatment, irrigation development and food production, hydropower
generation, and more (Loucks 2007; Wood et al. 2011). As society seeks to meet
demands for goods and services for a growing population, the more apparent it
becomes that we must improve our understanding of the fundamental science of
the hydrological cycle, its links with related global processes, and the role it plays
in ecological and societal well-being. At the same time, human influences on the
character and dynamics of the water cycle are growing (FC-GWSP 2004a; Vérosmarty
et al. 2010; Pokhrel et al. 2011), often faster than our understanding of these influ-
ences and their ultimate consequences.

Central to solving these challenges is the need to improve our systems for managing,
sharing, and analyzing all kinds of water data, and our ability to model and forecast
aspects of both the hydrological cycle and the systems we put in place to manage
human demands for water. These improvements would help lead to a far better
understanding of the local, regional, and global details of the water balance on
timescales from minutes to millennia. In short, we need to improve our understand-
ing of each of the components of the hydrological water balance at all scales, and to
understand the spatial and temporal variability in the components of the water cycle.
Extensive efforts in some of these areas are ongoing under the auspices of national
research centers, universities, and international scientific collaborations, including
the World Climate Research Program (WCRP). Recent reviews summarize the
current state of understanding and future research priorities in the direct science-
related aspects of these problems (for example, Hornberger 2001; FC-GWSP 2004b;
OKki et al. 2006; NRC 2007, 2008b; Shapiro et al. 2010; Wood et al. 2011). This
assessment expands on those efforts by integrating key scientific research needs
with a broader perspective. There is also overlap between the recommendations here
and in other reviews of geophysical components of the broad climate system, pre-
pared for the October 2011 WCRP meeting (see, for example, the discussion on
satellite observing systems and needs in Trenberth et al. 2011 and Oki et al. 2012).

The hydrological sciences community is faced with a complex moving target in
three ways: First, very long-term climatological and hydrological balances are influ-
enced by both cyclical and non-cyclical solar, orbital, and geophysical forcings.
Second, climatological and hydrological balances are subject to substantial variability
on widely varying timescales of seconds to millennia, and our limited instrumental
and paleo observations give us an incomplete understanding of the statistics of extremes
and natural variability. Thirdly, humans are now driving changes in atmospheric
processes and have also substantially modified the natural hydrological cycle and
altered hydrological processes across the land branch of the cycle, with growing
evidence of oceanic, continental, and global-scale impacts and resource constraints
(Meybeck 2003; FC-GWSP 2004a, b; Oki and Kanae 2006; Vorosmarty et al. 2010;
Gleick and Palaniappan 2010).

While our understanding of the role that humans play in altering planetary
systems has improved enormously in recent decades, uncertainties in both the
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science and in our knowledge of future societal factors such as population, economic
conditions, technology trends, and energy choices make modeling efforts and future
forecasts inherently imperfect. Any effort to summarize future needs must therefore
note the important distinctions among the urgent need to improve our basic
understanding of the hydrological cycle, the equally urgent need to improve our
understanding of how humans are influencing and changing it, and the ultimate
consequences of those changes for societal well-being. Perhaps in part as a result of
these complexities, few if any of the current generation of land surface models used
in coupled land-atmosphere-ocean climate models represent anthropogenic effects
on the water cycle, a deficiency that is especially limiting as the demand for climate
change information at regional and local scales increases.

This chapter provides a short summary of current WCRP efforts' and addresses
four primary research challenges:

1. The collection of more comprehensive data and information on all aspects of the
hydrologic cycle and human uses of water, at enhanced spatial and temporal
resolution and increased precision;

2. Improved management and distribution of these data;

3. Improved representation of the anthropogenic manipulations of the water cycle in
the coupled land-atmosphere-ocean models used to forecast climate variations and
change at both seasonal to interannual, and decade to century, time scales; and

4. Expanded research at the intersection of hydrological sciences and the technical,
social, economic, and political aspects of freshwater management and use.

2 Current WCRP Efforts

WCRP’s efforts in the area of hydrology, atmospheric dynamics, thermodynamics,
and the interaction between surface-land-ocean-atmosphere processes and the
hydrological cycle are addressed mostly by the Global Energy and Water Cycle
Experiment (GEWEX), Climate Variability and Predictability (CLIVAR), and
Climate and Cryosphere (CLIC) projects.? WCRP efforts are linked to the Global
Water System Project (GWSP; a partnership with three other global environmental
change programs) and the WMO Global Framework for Climate Services (GFCS)
efforts. The latter is developing a new working group on climate information and
services that is expected to deal with aspects of climate service delivery relative
to the water management community. One area that would benefit from better inte-
gration of changes in terrestrial systems with oceanic and cryospheric ones is the

'Good and more comprehensive summaries of WCRP programs can be found online.

2GEWEX was formerly “Global Water and Energy Cycle Experiment” and is now “Global and
Regional Energy and Water Exchanges.” CLIVAR is the “Climate Variability and Predictability”
program.
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issue of understanding the dynamics and components of sea-level rise. An example
is the effect of reservoir filling globally during the second half of the twentieth
century on sea level rise (discussed by Lettenmaier and Milly 2009). Another is the
2010-2011 reduction in the rate of sea-level rise (see http://sealevel.colorado.edu/
frontpage). One argument is that this anomaly can be traced to extreme rainfall over
several major land areas associated with a strong La Nifia event, which had the effect
of storing unusually large amounts of water on the global land areas (e.g., Australia
and northern South America). GRACE observations have generally confirmed this
hypothesis (Behera and Yamagata 2010).
Within each core project there are common themes, including:

. Making observations and performing analyses

. Developing, conducting, and evaluating experiments
. Understanding and evaluating processes

. Developing applications and services

. Building technical and management capacity.

W AW N =

A few of the key questions for the future identified by GEWEX (Box 1 below)
and CLIVAR include:

* How are the Earth’s energy budget and water cycle changing?

e Can we quantify feedback processes in the Earth system and determine how
these processes are linked to natural variability?

e Can we accurately model climate variability on the seasonal to interannual
timescale?

e What are the impacts of climate variability at different space and time scales on
water resources?

e How does and will anthropogenic climate change interact with natural climate vari-
ability to alter both the means and extremes of regional water and energy budgets?

» Can we track the flow of energy through the atmospheric and oceanic system and
understand the nature of global warming?

e Can we understand the forcings and feedbacks among the different climate
system components?’

3 Improve Collection of Hydrological
and Water System Data

The first recommendation in almost all past reviews of the state of the hydrological
sciences is to substantially expand collection of a wide range of geophysical, clima-
tological, and hydrological data. Without adequate data, understanding of existing
conditions and dynamic processes will always be constrained. Without adequate

3From the WCRP website: http://www.wcrp-climate.org/waterclim.shtml
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Box 1 GEWEX Plans for 2013 and Beyond

Mission Statement

To measure and predict global and regional energy and water variations,
trends, and extremes (such as heat waves, floods and droughts), through
improved observations and modeling of land, atmosphere, and their interac-
tions; thereby providing the scientific underpinnings of climate services.

Vision Statement

Water and energy are fundamental for life on Earth. Fresh water is a major
pressure point for society owing to increasing demand and vagaries of climate.
Extremes of droughts, heat waves and wild fires as well as floods, heavy rains
and intense storms increasingly threaten to cause havoc as the climate changes.
Other challenges exist on how clouds affect energy and climate. Better obser-
vations and analysis of these phenomena, and improving our ability to model
and predict them will contribute to increasing information needed by society
and decision makers for future planning.

GEWEX Imperatives
Datasets: Foster development of climate data records of atmosphere, water,
land, and energy-related quantities, including metadata and uncertainty
estimates.
Analysis: Describe and analyze observed variations, trends and extremes
(such as heat waves, floods, and droughts) in water and energy-related
quantities.
Processes: Develop approaches to improve process-level understanding of
energy and water cycles in support of improved land, ocean, and atmosphere
models.
Modeling: Improve global and regional simulations and predictions of ocean
evaporation, overall precipitation, clouds, and land hydrology, and thus the
entire climate system, through accelerated development of models of the land
and atmosphere.
Applications: Attribute causes of variability, trends, and extremes, and deter-
mine the predictability of energy and water cycles on global and regional
bases in collaboration with the wider WCRP community.
Technology transfer: Develop new observations, models, diagnostic tools, and
methods, data management, and other research products for multiple uses
and transition to operational applications in partnership with climate and
hydro-meteorological service providers.
Capacity building: Promote and foster capacity building through training of
scientists and outreach to the user community.

(Source: WCRP 2010)
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data, the ability to develop more accurate models for forecasting and planning will
be limited. As Hornberger (2001) noted, most major advances in the environmental
sciences have resulted from new observations and the acquisition of new, better, or
more comprehensive data, not just from the creation of new analytical models. Recent
analysis of hydrologic extremes in a changing climate (Trenberth 2011a; NRC
2011a) yet again highlights this issue, in particular the essential need for investments
in coherent and long-term observations in light of the “death” of stationarity (Milly
et al. 2008) and the growing evidence that changes in the hydrological and climato-
logical cycle due to climate change are already occurring, on land, over the oceans,
and in the atmosphere (Meehl et al. 2007, 2009; Zhang et al. 2007; Syed et al. 2010;
Trenberth 2011b; Durack et al. 2012).

For example, new analyses of ocean salinity trends and atmospheric water
content and fluxes provide evidence for such changes. Syed et al. (2010) used
multiple remotely-sensed datasets to analyze the global ocean water balance for
changes in water cycle strength. Over the 13-year (1994-2006) study period, they
observed significant increases in the rate of oceanic precipitation (240 km*/year?),
oceanic evaporation (768 km?®/year?), and continental discharge (540 km¥/year?),
which included ice sheet melting. Durack et al. (2012) noted an increase in ocean
salinity, which suggests an accelerating global water cycle. Other studies also support
an intensification of the water cycle, including:

1. Anincrease in atmospheric water content (precipitable water). While not directly
indicative of fluxes, these data suggest that the humidity of the atmosphere has
been increasing at close to the Clausius—Clapeyron rate, especially over the
oceans (Trenberth et al. 2005; Wentz et al. 2007). More work is needed to resolve
differences in changes of both absolute and relative humidity.

2. An increase in oceanic evaporation rates. Yu and Weller (2007) find evaporation
increasing over the global ocean at 1.3 %/decade since the mid-1970s, due to
both warming and intensifying winds. This is above model predictions and
close to expectations from Clausius—Clapeyron theory (see also Weimerskirch
et al. 2012).

3. Changes in precipitation rates. Wentz et al. (2007) report that global precipitation
rates observed from satellites have been increasing with sea-surface tempera-
tures at a rate of about 9 %/°C in the last two decades, though other observations
(such as estimates from the Global Precipitation Climatology Project) offer
different regional patterns and rates (see, for example, Zhou et al. 2011). At this
point, the satellite-based precipitation estimates comprise a short record, and
given high natural variability and routine concerns about satellite calibration,
additional observations and analysis are warranted.

4. An increase in sea-surface salinity trends. Sea-surface salinity differences have
increased by ~8 % over the five decades from 1950 to 2000 (Durack and Wijffels
2010; Durack et al. 2012). The oceanographic data also support these obser-
vations, with a consistent pattern found in both the mean salinity and the long
term salinity trends (Boyer et al. 2005). Since the oceans have no internal sources
or sinks of salinity, the variations are introduced at the surface by changes in
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evaporation, precipitation, and runoff. Additional observations and modeling
work is needed to improve our understanding of the sensitivity of salinity to
temperature and hydrologic changes.

While differences between modeled and observed evaporation and precipitation
may be due in part to inadequate data (Allan and Soden 2007) and short observa-
tional time series, the trends noted above seem consistent with a strong response
of the water cycle to warming. Additional studies should help improve our under-
standing of these changes.

While many core concepts in hydrological sciences have been largely understood
for decades, important basic data on stocks and flows of water, water vapor, and ice
are missing for vast regions of the planet — even regions with large populations and
highly productive economies. And new opportunities are continuing to emerge,
such as understanding the origins and roles of “atmospheric rivers” in long-distance
transport of water vapor in the lower atmosphere (Dettinger et al. 2011; Ralph et al.
2011) which now appears to be the driving mechanism for most major floods along
the U.S. West Coast and winter-time floods in the U.K. (Lavers et al. 2011). Rapid
changes in Arctic sea ice conditions must now also be evaluated because of the
likelihood that they will changes the dynamics of important circulation patterns
and add a new source of moisture in high latitudes. New data sets focused on water-
balance studies are needed because such dynamics and balances are central to the
development of useful water models (addressed later). New continental and global
hydrometeorological data sets will be required to support these activities. These
data sets include observations of streamflow over watershed and continental
domains (Fekete et al. 2002), gridded high-resolution precipitation data, and more
work to integrate different efforts to improve evapotranspiration estimates at
small and continental scales (Jin et al. 2011). Expanded budget studies covering the
role of the oceans, snow accumulation, melt, runoff, and evaporation of snow in
continental regions are also needed to better understand how snow contributes to
the water cycle, and the role of diminishing snowpacks on climate and water avail-
ability. Four central data needs include*:

» Improvements in precipitation observations sufficient to resolve the diurnal cycle
and at a spatial resolution capable of representing variations in precipitation that
control runoff generation in small to medium sized watersheds. Precipitation obser-
vations should include boundary layer observations, aircraft observations, surface
measurements, synoptic-scale information, and coordinated satellite observations.

* Expansion of surface water, ocean surface salinity and moisture flux, and ocean-
topography observations are needed to provide data on water storage and flows,
including variability, in oceans, rivers, lakes, reservoirs, and wetlands. Efforts
should be made to strengthen ocean salinity measurements as an integral
measure of water cycle changes through the new salinity satellites Aquarius and
SMOS, the ARGO float program, and the Global Drifter program.

“Some of these needs will be addressed by planned satellite missions, notably the Surface Water and
Ocean Topography mission (SWOT), a joint venture of NASA and CNES, the French space agency.
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* Improvements in snow-ice observation networks capable of estimating water
storage in snowpacks, especially in mountainous and polar regions, including
volumetric measurements of glaciers. Enhanced ice sheet observations are
needed, combining satellite remote sensing and deployment of ocean buoys and
subsurface floats. Efforts should be made to expand observing systems such as
the NRCS SNOTEL of automated snow-water equivalent observations network
over the U.S. to provide a global in-situ observational basis for estimating snow
water storage in mountainous headwater regions of major river basins.

* Development and deployment of a combination of remote sensing and in situ
soil-moisture monitoring systems capable of filling gaps in key elements of the
land-surface water balance and land-atmosphere fluxes of heat and water, again
of sufficiently high spatial and temporal resolution. In this respect, NASA’s
planned (2014 launch) SMAP mission, coupled with the COSMOS and other
in-situ soil moisture networks over the U.S., should be an important first step.

In addition to these data sets, however, there is a growing need for the collection
of far more comprehensive data on human interactions with the hydrologic cycle,
including water withdrawals, consumption, and reuse (for example, revising the
comprehensive but dated work of Shiklomanov (1997) and the data currently
available from UN datasets such as AQUASTAT). Data are also needed on redirec-
tion and transfers of water, information on disruptions of nutrient cycles and on
contamination by human and industrial wastes (Galloway et al. 2004; He et al.
2011), and on social and economic factors that influence the size and efficiency of
water use (Vorosmarty et al. 2005; Gleick et al. 2011). Some work has been done
to estimate water withdrawals on a spatially distributed basis, using the distributions
of population and irrigation area, for instance, as proxies (Vorosmarty et al. 2000;
OKki et al. 2001; Alcamo et al. 2003) but these efforts are limited by data constraints
and the strengths and relevance of the proxies chosen.

The global water cycle and related data needs have long been recognized as a
top priority for national research programs. In the late 1960s, the International
Hydrological Decade pursued studies of world water balances, and pioneering
estimates on large-scale hydrologic processes were published in the 1970s (L'vovitch
1973; Korzun 1978; Baumgartner and Reichel 1975). Shiklomanov (1997) assem-
bled country-level statistics on water withdrawals in the past and present and
made future projections. These early efforts were expanded with recent advances in
information technologies that permit some global water-balance estimates at finer
spatial resolution (Alcamo et al. 2007; Shen et al. 2008).

In the U.S., the National Research Council has issued a series of reports address-
ing research priorities in the areas of global environmental change, the hydro-
logic sciences, water system management, and climate change (NRC 1998,
1999a, b, 2002a, b, 2005, 2007, 2008a, b, ¢, 2009, 2010a, b). In 1999, the NRC
Committee on Hydrologic Science argued for a comprehensive program of
research on the role of the hydrologic cycle in the context of the broader global
climate system (NRC 1999a). That same year, the NRC issued another report call-
ing for new strategies for addressing the challenges of watershed science and
management (NRC 1999Db).
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The good news is that we have unprecedented new capabilities in the form of
technologies for in-situ and remote sensing and data collection, new approaches for
embedded network sensing (ENS), sophisticated computer models for analyzing
complex hydrologic processes, techniques for visualization of data, and growing
interest and concern on the part of the public and policy makers about a wide range
of water challenges.

The bad news is that these tools are not adequately utilized and resources (and
sometimes the political will) for collecting even basic data on human uses of water
remain limited. For example, the quality of existing remote-sensing data on soil mois-
ture is poor (the recently launched ESA SMOS and upcoming NASA SMAP missions
will offer improvements); snow-water equivalent is inadequately monitored at high
resolution, especially in mountainous terrain; remote sensing estimates of snow water
equivalent are especially problematic in mountain and forested headwaters of major
river basins, variations in surface-water levels are not accurately captured by current
sensors, and estimates of river discharge remain “an elusive goal” (NRC 2007).

Having better real-time and long-term data on water-balance variables would
substantially improve the ability to close the water balances in local and regional
watersheds, and the ability to model and understand the global water cycle. Other
data of interest include estimates of water vapor transport, wind fields, ocean salinity,
cloud structure, extent, and distribution, sea ice, groundwater balances, and a wide
range of water-quality conditions.

Improvements are also needed in the resolution and precision of data. These
improvements will come about through the development and deployment of new
technologies for data collection and observations, expansion of data collection net-
works, the preservation and broader distribution of existing data sets, and new
approaches for identifying unused or underutilized sources of information. The
global Earth Science imperative, acknowledged by both international scientific
organizations and national academies includes strong recommendations for
advances in ground and satellite observational capabilities and implementation of
observational data collection and management programs. As stated by the National
Research Council (NRC 2007):

“The scientific challenge posed by the need to observe the global water cycle is to integrate
in situ and space-borne observations to quantify the key water-cycle state variables and
fluxes. The vision to address that challenge is a series of Earth observation missions that
will measure the states, stocks, flows, and residence times of water on regional to global
scales followed by a series of coordinated missions that will address the processes, on a
global scale, that underlie variability and changes in water in all its three phases.” (Emphasis
added.)

The ultimate goal, not yet realized, is for scientists to be able to track surface,
subsurface, and atmospheric water in real-time, over the entire planet, and at sufficiently
fine spatial resolution to integrate a complete quantitative picture of the terrestrial
water cycle and embed that knowledge into decision support tools for forecasting
extreme events for reducing risks and improving the use of water for agriculture and
economic development. While such tools will always have limitations because of
social, political, and economic factors, it is expected that investments in research
and improved models will produce substantial economic benefits. For example, the
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financial benefits in public-sector weather forecasting and warning systems have
been large and positive, estimated at over $30 billion per year on an investment of
$5 billion (Lazo et al. 2009).

3.1 Ground-Based, In-Situ Observations

Spatial and temporal observations from surface networks and sensors must be
improved and expanded. Regional-scale networks of sites should be developed to
record meteorological and surface hydrological variables, soil moisture and dynamics,
and groundwater levels and quality. This includes ocean buoys, river gages, snow
sampling, new approaches to “embedded network sensing” (ENS), and much more.
Such expanded networks should include new inexpensive, linked sensors (e.g.,
Harmon et al. 2007), establishing monitoring stations near the deltas of major rivers
to record water fluxes for dissolved and suspended material, in particular, to improve
understanding of carbon and nitrogen cycles, and a wide range of other priorities
(NRC 2008Db), not the least of which is the protection of deltas from both upstream
and ocean-derived threats (Syvitski et al. 2009; Vorosmarty et al. 2009).

Yet even maintaining existing collection networks is difficult. In the U.S., the
total number of active streamgages maintained by the U.S. Geological Survey
dropped from over 8,250 in 1970 to 6,759 in 1997 due to budget cuts (Fig. 1). Some

Fig. 1 The number of active USGS streamgages from 1900 to 2010. http://water.usgs.gov/nsip/
history1.html
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Fig. 2 Availability of historical discharge data in the GRDC database by year (number of stations
per year represented in the GRDC database) http://www.bafg.de/cln_031/nn_266918/GRDC/
EN/02__Services/services__node.html?__nnn=true

stations have been restored in recent years, but the total number of observing
stations is still below the levels of the 1970s and early 1980s. This is a global prob-
lem as well, where budget and financing pressures, intellectual property issues,
and conflicting policy priorities conspire to discourage monitoring and contribute to
the loss of both observational stations and important data sets. Figure 2 shows the
declining number of discharge monitoring stations worldwide in the Global
Runoff Data Centre (GRDC) archives. Similar trends can be seen at the national
level. The number of gages in South Africa dropped from a high of more than 4,000
to around 1,700 by the turn of the twenty-first century. Vast numbers of gages fell
into disrepair or were dismantled following the collapse of the former Soviet
Union (Stokstad 1999; Shiklomanov et al. 2002). Snow depth in Canada was
recorded at over 2,600 stations in 1981 and at fewer than 1,600 in 1999. New methods
of data collection and network design may permit more and better data to be
collected with fewer stations (Mishra and Coulibaly 2009), but even with these
improvements, the current scale of hydrologic data collection is not adequate to
satisfy information needs for either science or policy.

3.2 Remotely Sensed Observations

Even with a significant expansion of ground-based monitoring, improved short-
term event data collection from aircraft, and additional boundary layer observations,
there are concerns that such monitoring is inadequate without increased reliance on
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satellite systems. There is some limited good news. The synoptic view afforded by
satellites is uniquely poised to fill spatial and temporal gaps in ground-based
data collection. For instance, improvements in global weather forecasting over the
last several decades are largely attributable to better information from satellite
retrievals about the distribution of atmospheric water vapor in the Southern
Hemisphere. The Tropical Rainfall Monitoring Mission launched in 1997 improved
our understanding of mid- and low-latitude precipitation. The GRACE satellites,
despite the coarse resolution of their observations, have led to advances in the
understanding of water storage changes in ice sheets and groundwater (Box 2).

Unfortunately, few countries and international consortia have the financial and
technological resources to commit to comprehensive Earth Observing programs,
and growing financial pressures are weakening the budgets allocated to such
programs. This results in challenges to agencies, such as NASA in the U.S. and ESA
in Europe, that wish to transition research satellites and sensors to other entities.
Another aspect of the transition to operations problem (termed the “Valley of Death”
by NRC 2000) is resistance by operational agencies to integrating data streams that
may have a limited duration. While the authors appreciate this dilemma, we assert
that it is in part a matter of culture and motivation. In this respect, a bright spot has
been the European Center for Medium-Range Weather Forecasts (ECMWF), which
has been working to evaluate the effect of new sensors and data on global weather
forecast accuracy. ECMWEF is now a global leader in weather forecasting, attribut-
able at least in part to its willingness to evaluate and assimilate new data streams,
especially satellite data. We will not review here the diverse and rapidly changing
nature of these programs — by the time a final version of this paper is published,
details will have changed again. But a general observation is that too little money
has been made available to support building and maintaining adequate observing
platforms with appropriate instruments, and even those few in development are at
high risk of delay or cancellation. One example of a long-term remote observing
program is the Global Precipitation Measurement effort, described in Box 3, which
began in the late 1990s and is continuing to evolve, with expected launch of the core
satellite in early 2014.

New and near-future satellite missions brighten this picture somewhat, but a
comprehensive global water cycle platform is desperately needed. The current ESA
SMOS (Soil Moisture and Ocean Salinity Mission) and the future NASA SMAP
(Soil Moisture Active Passive) missions are positioned to map the water content of
the thin veneer of soil near the land surface. The planned joint NASA-CNES SWOT
(Surface Water and Ocean Topography) mission will routinely map the heights
and inundation extent of inland surface waters. However, current plans for earth
observing systems remain inadequate for deliberately moving the science forward
in the direction recommended by scientific reviews (Group on Earth Observations
2007; NRC 2007). Worse, the planet is in grave danger of losing a substantial part
of the current observing network because replacement systems, including both
ground- and ocean-based instruments and satellites, are not being built quickly
enough to fill inevitable gaps caused by expected instrument aging and by satellite
orbital decay and failure. As one example, the recent budget crisis in the United
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Box 2 Gravity Recovery and Climate Experiment (GRACE)

The Gravity Recovery And Climate Experiment (GRACE) is a joint mission
of NASA and the German Space Agency DLR. Launched in 2002, the twin
GRACE satellites are now making extremely accurate measurements of
changes in Earth’s gravity field caused by mass redistribution over the planet.
The major driver of these mass variations on the monthly time scales of
GRACE observations is water movement. Hence the gravity maps generated
by GRACE provide new detail on how the storage of water is changing in
Earth’s major land, ocean, and ice reservoirs. When combined with additional
ground-based or satellite observations, GRACE data have helped improve the
tracking of water flows through river basins, withdrawals of groundwater,
rates of ice-sheet melting, and other important hydrologic, oceanographic,
and geologic phenomenon (Neumeyer et al. 2006; Ramillien et al. 2004). The
data collected by GRACE are also helping to reconcile regional and global
terrestrial water budgets (Syed et al. 2008; Sahoo et al. 2011) and allow for
water balance estimates of unknown fluxes, including evapotranspiration
(Rodell et al. 2004a) and continental discharge (Syed et al. 2009). GRACE-
based estimates of groundwater depletion are already influencing the discus-
sion of regional water policies as new data on water withdrawal and storage
are made available (Rodell et al. 2010; Famiglietti et al. 2011a).

A follow-on GRACE mission (GRACE-FO) is currently planned for
launch in 2017. The GRACE-FO will be essentially identical to the current
mission, providing near-continuous measurements of water storage variations
from March 2002 through the end of its lifetime. Coupled with the availability
of more user-friendly GRACE data projects (Rodell et al. 2010; Landerer and
Swenson 2011), the water community will have far-greater access to GRACE
data than previously possible. Future, improved versions of the GRACE mission,
that would achieve greater spatial and temporal resolution than the current
200,000 km?, monthly data with 1.5 cm accuracy, are not slated for launch
until the next decade (NRC 2007). This so-called GRACE-II (see Table 1)
mission will enhance capabilities for monitoring water storage changes at the
smaller scales at which water management decisions are made. Moreover, when
data from GRACE (or its successor missions) are combined with the remotely-
sensed soil moisture and surface water data described here, and integrated
into data-assimilating models, an unprecedented picture of global distribution
of water, both laterally and vertically, will emerge (Famiglietti 2004).

States and instrument design issues have delayed the Joint Polar Satellite System
(JPSS) program and launch to the point where there is now expected to be a major
and risky gap in coverage for vital hydrometeorological data (Box 4).

In this context, and while the entries in Table 1 offer hope to estimate a variety of
water-cycle variables using remote sensing, a coherent strategy will be necessary to
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Box 3 Global Precipitation Measurement (GPM)

The Global Precipitation Measurement (GPM) mission started as an international
mission and follow-on and expansion of the Tropical Rainfall Measuring
Mission (TRMM) satellite. TRMM, which hosts the first precipitation radar
as well as a passive microwave sensor, was launched in November 1997 and
continues to make observations almost 16 years later. Its major objective is
to measure the global distribution of precipitation accurately with sufficient
frequency so that the information provided can improve weather predictions,
climate modeling, and understanding of water cycles. An important goal
for the GPM mission is the frequent measurement of global precipitation to
produce rainfall maps using a TRMM-like core satellite, jointly developed by
the U.S. and Japan, and a constellation of multiple satellites that will carry
passive microwave radiometers and/or sounders intended to enhance precipi-
tation estimates during the time when the radar is not overhead.

GPM is composed of core system and multiple satellites carrying micro-
wave radiometers and/or sounders (Constellation satellites). The GPM Core
Observatory is now schedule to be launched in 2014, and will carry the sen-
sors from multiple countries and agencies designed to collect as much micro-
physical information as possible for accurate rain estimation, and to provide
reference standards for the instruments on the constellation satellites.

Constellation satellites will carry a microwave imager and/or sounder, and
are planned to be launched around 2013 by each partner agency for its own
purpose. They will contribute to extending coverage and increasing frequency
of global rainfall observations. Currently, several satellite missions are plan-
ning to contribute to GPM as a part of constellation satellites, including
JAXA’s Global Change Observation Mission — Water (GCOM-W) series; CNES/
ISRO’s Megha-Tropiques; EUMETSAT’s MetOp series; NOAA’s Polar
Operational Environmental Satellites (POES) Joint Polar Satellite System
(JPSS); and DoD’s Defense Meteorological Satellite Program (DMSP) and
Defense Weather Satellite System (DWSS).

link these data sources with the dynamics of water-management systems and
regional watersheds. One example is need to understand the hydraulics of stream
and river systems as well as the statistical time-space domains that different moni-
toring strategies would have to confront. For example, the technical requirements
for developing short-term flood forecast and monitoring are quite different from
those needed for long-term water resource assessment, agricultural water efficiency
efforts, or integrated management among the energy, water, and food sectors.

A related and often overlooked issue is the need to link remote sensing with in-
situ measurements. There is the misperception that satellites measure geophysical
parameters. Rather, almost all (GRACE is a notable exception) measure radiation
(such as brightness temperatures) and radar backscatter, which are then used to infer
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Box 4 Joint Polar Satellite System (JPSS)

NOAA maintains both geostationary weather satellites and polar satellites.
Their polar systems provide observations of land, ocean, and atmosphere over
the entire Earth. There are only two polar research satellites systems that
provide this kind of hydroclimatological data: NOAA’s and Europe’s
EUMETSAT. These two systems provide the primary data for developing
National Weather Service (NWS) weather prediction models at high confi-
dence forecasts 2—7 days in advance and they are the backbone of all weather
forecasts beyond 48 h. These polar satellites, however, also play other critical
roles. They aid in hurricane forecasting and rapid coastal evacuation, provide
continuity of the 40+ years of space-based earth observations to monitor
and predict climate variability, produce drought forecasts worth $6-8 billion
to the farming, transportation, tourism, and energy sectors, support troop
deployment operations, and pick up rescue beacon signals. NOAA estimates
that satellite observing systems saved 295 lives in the U.S. alone in 2010 and
over 28,000 lives worldwide since 1982.

NOAA’s current polar satellites are reaching the end of their useful lives.
A research satellite known as NPP (NPOESS Preparatory Project) launched
in October 2011 to serve as a bridge between from the current polar-orbiting
satellites and the next-generation of polar-orbiting satellites, known as the
Joint Polar Satellite System (JPSS). NOAA planned to launch the first
two JPSS satellites in 2014 but the current budget crisis in the US led Congress
to cut NOAA funding forcing a delay in JPSS launch to at least 2017 and pos-
sibly beyond. While the President’s FY 2012 budget restores full funding, it
will not prevent a gap in observation coverage. According to NOAA, it is now
a “near-certainty that an unprecedented observational data gap of 15-21 months
will occur between the anticipated end of the NPP spacecraft’s operational
life in 2016 and the date when the first JPSS mission is planned to begin”.

Loss of coverage would set back weather observations and forecasting
almost a decade to when forecasts were of lesser quality. This problem may
reduce forecast accuracy, especially for major weather events such as winter
snow storms over the East Coast and hurricane tracks and intensity, by as
much as 50 %. Errors in track and intensity forecasts could delay hurricane
warnings and evacuations or result in unnecessary evacuations.

geophysical variables. Harmonizing remote sensing data with past ground/in-situ
measurements can help to greatly extend spatial and temporal data records. While
these harmonization efforts are part of ongoing NASA, NOAA, ESA, JAXA, and
EUMETSAT programs, more are needed.
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3.3 Managing Data

Climate data, including in-situ and satellite observations and model output (such as
re-analyses) are not as widely available or readily accessible as they should
be. This lack of access is a threat to GEWEX s ability to meet its imperatives (see
Box 1) and more broadly, constrains all regional water planning, analysis, and
management efforts. The applications goals for GEOSS (Global Earth Observation
System of Systems) similarly cannot be met without better access to data. As additional
hydrologic data are collected, new systems are needed to manage and distribute those
data. Wood et al. (2011) note the additional complications and costs associated with
data support systems, but developing such systems is secondary to access and
having interoperability across products.

New commitments to establishing and maintaining hydrological data networks
are not enough. As articulated by Parson (2011), there is consensus in the science
and application communities that open and free access to hydrological and meteoro-
logical data is critical for improved utilization of data resources and for transpar-
ency in data-based research results and derived data products. Many international
bodies such as the World Meteorological Organization, International Science Union
and the Group on Earth Observations (ICSU 2004; WMO 1995; Group on Earth
Observations 2009) have passed resolutions, advocated for, or created central
principles for more open access to data. A global open-access database is highly
desirable, and systems must be put in place to ensure access to data and to maintain
data in forms that are useful for different research and application needs. These data
are crucial for assessing water resources at multiple scales and for verifying hydro-
logical models and evaluating policy solutions.

Many organizations already collect hydrological data using different and often
inconsistent platforms for both operational (e.g., National Water Information System
(NWIS) of the US Geological Survey (USGS), US EPA, NOAA) and research pur-
poses (NASA, Atmospheric Radiation Measurement (ARM) program, AQUASTAT
of the UNFAO, and the Global Runoff Data Center (GRDC)). Data fragmentation
and variation makes it difficult for scientists to use data from different sources, to
evaluate data accuracy or bias, and to combine mixed data sets without extensive
analysis. The lack of data access prevents the development of systems to integrate
data from disparate sources like in-situ observations and satellite measurements.
Earlier in this article we recognized that satellites are “uniquely poised to fill spatial-
temporal gaps in ground-based data,” but the development of systems that can integrate
and merge such data is seriously hindered by data access barriers. One specific
example is the desirability of using TRMM (and in the future GPM), derived
precipitation in data sparse regions for flood prediction where both real-time ground
observations and satellite-based estimates, when integrated and merged, can lead to
improved heavy precipitation monitoring and flood forecasting. Some efforts are
now being made to integrate and manage such datasets under the auspices of the
Consortium of Universities for the Advancement of Hydrological Science, Inc.
(CUAHSI) but these efforts are neither comprehensive nor global (Oki et al. 2006).



170 P.H. Gleick et al.

The management of global data also remains a challenge. One European-led
effort, GRDI2020 (Global Research Data Infrastructures), has been formed to
develop “technical recommendations to increase the ability of the research com-
munity, industry, and academia to influence the development of a competitive global
ICT infrastructure.” The International Groundwater Resources Assessment Centre
(IGRAC; www.un-igrac.org) offers another example of a new, international hydro-
logical data collection and distribution strategy. Under the IGRAC approach, the
continents are discretized into one-degree grid cells. Each one-degree cell has an
associated expert, designated by his or her home country, who is responsible for
monthly submissions of a short list of key groundwater variables, for example, well
levels. The local expert is responsible for determining a representative monthly,
one-degree average value for the key variables, and for uploading the averaged and
raw data in standardized formats through a user-friendly web-based interface.
IGRAC is a new center and as such, its success and the viability of its approach will
only become apparent in time. If successful however, the IGRAC approach is
one that could conceivably be implemented for other hydrologic variables and
organized by UNESCO or the WMO. Other efforts such as CUASHI or GRDI also
need to be supported and fostered.

4 Modeling

Models are critical tools for the hydrological sciences. Models are used over a wide
range of spatial and temporal scales to forecast future conditions and to reconstruct
hydrologic conditions in the instrumental and pre-instrumental past. They are also
used to simulate scenarios such as hydrologic stocks and flows or water-quality
variations under different observed or hypothetical conditions, and to interpolate
observational data, integrate point data over large areas, downscale large-scale data
to regional areas, and estimate hydrological variables where no observational
data are available. Models help identify water-system risks and test strategies for
reducing those risks. Ironically, our ability to develop complex hydrological models
has outstripped our ability to provide them with adequate data, hence the need
for improving data collection noted above. Despite progress in both model develop-
ment and data collection and assimilation, Wood et al. (2011) note that the current
class of parameterizations used to represent the land surface in numerical weather
prediction and climate models is unable to address a wide range of societal needs
for water-related information. For example, current weather forecasts are carried
out using land surface models with resolutions that are too coarse to represent key
local processes (e.g., evapotranspiration along riparian corridors in semi-arid
landscapes). Efforts to make the outputs of the current generation of global climate
models of use to hydrologists and water resource planners and practitioners, while
of growing value, have yet to be completely successful (NRC 2011b). We argue that
this should be a priority for WCRP (and GWEX in particular), which previously has
placed more emphasis on understanding variations and controls on the global water
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and energy cycles than on their manifestations over land, and in particular over the
most populous parts of the global land area.

Recently, the hydrologic community has begun to call for an acceleration in the
development of hydrological models that can be applied to a range of high-priority
issues related to food, energy, climate, and economic security, and that represent the
land surface hydrology of managed, rather than just natural systems. As one exam-
ple, the Community Hydrologic Modeling Platform (CHyMP) under development
in the U.S., is a broad-based effort that parallels the successful efforts in climate
model development (Famiglietti et al. 2009, 2010, 2011a, b). CHyMP will enable
fully integrated (snow, ice, surface water, soil moisture, groundwater) modeling of
the natural and managed water cycles, across scales, and will provide access to
continental-scale models and datasets for a broad swath of research and practicing
water scientists and engineers.

Wood et al. (2011) issued a “grand challenge” to the hydrologic community to
develop a new generation of “hyperresolution” hydrologic models that can exploit
advances in computing power, the internet, and improved access to data. Such
models would be capable of representing critical water cycle systems at a high
spatial and temporal resolution and would require improved information about
existing and projected human modifications such as dams and other artificial
storage, groundwater withdrawals and recharge, alterations of nutrient flows, the
impacts of urbanization, and much more. This is a core activity required for the devel-
opment of Earth System models that include human drivers, as described in the
next section.

GEWEX’s scientific strategy also includes improved prediction. To better represent
improved land-surface interactions that include human activities, resolution must
increase, and the schemes need to be tested off-line before they are coupled. Steps
are being taken in this direction, and the spatial resolution of global hydrological
simulations is improving. Current global land-surface hydrologic simulations, such
as the Global Land Data Assimilation System (GLDAS) (Rodell et al. 2004b) have
grids scales around 25 km and approximately 50 km for offline global simulations
(e.g., Dirmeyer et al. 2006; Haddeland et al. 2011); however, a land information
system is under development that will have a spatial resolution of 1 km? (OKki et al.
2006). This model is designed to be an operational tool that will provide estimates
of all major surface hydrological quantities (including evaporation, transpiration,
soil moisture, snow depth and melt, and more), using a daily timestep. Forcing data
and surface characteristics, including precipitation, radiation, surface winds, and
vegetation cover will be provided by both surface (in situ) observations and remote
sensing and will be tied into a modeling framework using four dimensional data
assimilation (4DDA). The spatial resolution of the resulting model analysis fields
eventually will be as high as 100 m globally, which is at least as high as the spatial
resolution of most current generation regional hydrological models. If such a
system becomes operational on a daily or even hourly timestep, and if observational
data of sufficient quality are available to populate and test the model, then it could
form an early warning system for hydrological disasters, such as floods and droughts,
anywhere in the world (Oki et al. 2006).
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Human influences on the hydrological cycles of the Earth are now widespread
and often large in magnitude. Yet many current hydrological and land-surface models
either exclude or poorly represent human influence on the terrestrial water cycle
through activities such as agriculture, forestry, grazing, urbanization, or water diver-
sions. These are critical elements of the contemporary water cycle to understand,
with a perhaps more immediate impact than future effects of climate change
(which, of course, will be felt in addition to these other anthropogenic influences)
(Vorosmarty and Meybeck 2004). Many of these impacts appear to be an inescap-
able byproduct of economic development, (Vorosmarty et al. 2010), but that does not
mean they cannot be mitigated through changes in policies, incentives, behaviors,
and technology. An important feature of these influences is that they are, by their
nature, interdisciplinary. Another is that they are often local, but with growing
regional and even global influence.

Global hydrological models should now consider the effects of human intervention
on hydrological cycles. Some efforts in this direction are underway. Several recently
developed macro-scale models for water-resources assessment now include reservoir
operation schemes (e.g., Haddeland et al. 2006a, b; Hanasaki et al. 2006). Hanasaki
et al. (2008a) describe an integrated water-resources model that can simulate the
timing and quantity of irrigation requirements and estimate environmental flow
requirements. Such an approach can help assess water demand and supply on a
daily timescale, and the gaps between water availability and water use on a seasonal
basis in the Sahel, the Asian monsoon region, and southern Africa, where conventional
water-scarcity indices such as the ratio of annual water withdrawal to water avail-
ability and available annual water resources per capita (Falkenmark and Rockstrém
2004) are not adequate (Hanasaki et al. 2008b). Wisser et al. (2008), Fekete et al.
(2010), and Lehner et al. (2011) have worked to assess the implications of large
infrastructure projects on water balances. Further improvements in models that
couple natural hydrological systems with anthropogenic activities can improve
our understanding of key challenges in water management, including the sustain-
ability of water use, ecosystem health, and food production (Hanasaki et al. 2010;
Pokhrel et al. 2011).

The effects of anthropogenic alterations in the land surface hydrologic cycle can
go far beyond the river basin scale. The scale of human intervention is large enough
that we now recognize that the water stored behind reservoirs globally has influ-
enced Earth rotational variations and orbital dynamics, including length of day and
polar motion (Chao 1995; Chao and O’Connor 1988). Similarly, Lettenmaier and
Milly (2009) estimate that sea level rise, which over the last 50 years has averaged
about 3 mm/year, would have been 15-20 % larger in the middle of the last century
were it not for the reduction in freshwater flux to the oceans associated with filling
of manmade reservoirs (they also note that the rate of filling has since decreased
substantially, perhaps to a global net less than zero due to infilling of reservoirs
with sediment and slowing of reservoir construction. Recently, Pokhrel et al. (2012)
estimated on the basis of an integrated modeling framework that artificial reservoir
water impoundment caused a sea level change (SLC) of —0.39 mm/year, while
unsustainable groundwater use (groundwater depletion), climate-driven terrestrial
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Fig. 3 Higher-resolution models allow better spatial representation of saturated and nonsaturated
areas, with implications for runoff generation, biogeochemical cycling, and land-atmosphere inter-
actions. Soil moisture simulations on the Little Washita showing the effect of resolution on its
estimation of variables (Kollet and Maxwell 2008)

water storage (TWS) change, and the net loss of water from endorheic basins
contributed +1.05, +0.09, and +0.03 mm/year of the SLC, respectively. Therefore,
the net TWS contribution to SLC during 1961-2003 is +0.77 mm/year. Their result
for the anthropogenic TWS contribution to global SLC partially fills the gap in the
global sea level budget reported by the Fourth Assessment Report (AR4) of IPCC
(2007) (Fig. 3).

5 Hydrological Sciences Needs for the Twenty-First Century
in the Earth System Context

As described above, extensive efforts are underway by the global hydrological
sciences community to identify and prioritize needs for data collection, modeling,
and analysis. But it is also becoming increasingly apparent that many of the current
water-related challenges facing society will not be resolved solely through improve-
ments in scientific understanding. Many of these challenges lie at the intersection
between pure and applied science, or require interactions among the sciences,
economics, and policy. For example, we must improve our understanding of the
societal and economic risks associated with extreme events such as droughts, floods
(e.g., Okazawa et al. 2011), and coastal disruptions (NRC 201 1a). We must improve
our understanding of the role of extreme events and thresholds, the extent to which
the water cycle is being modified or intensified (Huntington 2006; Trenberth 2011b),
how much of the change is due to human activities, and the social implications
of — and possible responses to — such changes. We must improve our understanding
of “peak” constraints on water withdrawals from renewable and non-renewable
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hydrologic systems (Gleick and Palaniappan 2010). IPCC (2012), in the Special
Report on Managing the Risks of Extreme Events and Disasters to Advance Climate
Change Adaptation (SREX), noted that while risks cannot be fully eliminated,
the character and severity of impacts from climate extremes depend not only on the
extremes themselves but also on exposure and vulnerability, and emphasized the
value of disaster risk management and adaptation strategies that focus on reducing
exposure and vulnerability and on enhancing resilience to climate extremes.

As a result, there are new efforts underway to improve our understanding of the
complex social, economic, and structural challenges facing water managers and
users. These efforts would be greatly enhanced by interdisciplinary research efforts
involving the scientific community and a broader range of engineers, economists,
utility managers, irrigators, and local communities. Through these efforts, scientists
may better understand the data needs of practitioners and some of the constraints
they face, thereby helping to ensure that the products produced are actually applied.
For example, as one measure of the recognition of these challenges, the Hydrology
Section of the American Geophysical Union has just constituted a new Water and
Society Technical Committee to heighten the visibility of water policy issues among
AGU members and to develop new approaches to addressing a wide range of water-
related challenges at the interface of science and policy. While such efforts are
not traditionally addressed in the context of efforts by organizations such as the
WCREP, it would be worth a serious discussion about the advantages and disadvan-
tages of doing so.

5.1 Climate, Water, and Social Adaptation

As large-scale climate models have improved in their parameterizations of hydrologic
processes and their spatial resolution, it has become increasingly clear that some of
the most likely and unavoidable impacts to society of changes in climate will be
changes in water availability, timing, quality, and demand (Kundzewicz et al. 2007,
NRC 2011b). For more than a decade, the research community (and sometimes the
water management community) has issued increasingly urgent calls for expanded
efforts to integrate the findings from climate models with water management and
planning efforts at regional levels because of the issues at the intersection of water,
food, and energy (increasingly referred to as the “water-energy-agricultural nexus”),
and the need to improve our integration of water quality and ecosystem needs into
research efforts (AWWA 1997, Gleick 2000; Karl et al. 2009; CDWR 2009; Stakhiv
2011). Each of these topics demands both high-quality science and innovative
interdisciplinary thinking. Such integration will require improvements in the quality
and detail of information available from global and regional climate models, but
will also require new approaches for integrating climate information into water-
management institutional planning, improved economic and health risk assessment
models, more robust engineering reviews of existing water-related infrastructure,
and updated or improved operations rules for water supply, treatment, delivery, and
wastewater systems.
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5.2 Water, Energy, Agricultural Nexus

Connections between water, energy, and food have been recognized for centuries,
but most of the focus of attention has been on ensuring the basic availability and
reliability of supply of key resources for the production of other goods and services
demanded by society. In the past decade or so, there has been new work to expand
our understanding of these connections, in part because of adverse consequences
caused by ignoring them. For example, changes in the energy policies of some
industrialized countries to encourage greatly expanded production of domestic
biofuels, such as corn-based ethanol programs, had unanticipated impacts on global
food markets and prices and on conflicts over water resources (NRC 2008c,
2010b), with little reflection of biogeophysical realities (Melillo et al. 2009).
Similarly, efforts to expand natural gas and oil production from unconventional
fields, especially shale oil and gas, has led to unanticipated and poorly studied
impacts on water quality, the generation of large volumes of “produced water” with
high concentrations of pollutants, and new water demands in some water-scarce
regions (Cooley and Donnelly 2012). Growing demands for electricity and for water
to cool these systems are also intensifying competition for water in water-short
regions and new efforts are underway to pursue alternative water sources and cooling
technologies as well as less water-intensive generating systems.

Most current generation land-surface models are not well suited to address
these issues. For instance, while climate change will almost certainly affect the
availability of cooling water — a key constraint on energy production in many parts
of the world — few current models simulate the most critical variable, water tem-
perature. That is beginning to change — recent work by Van Vliet et al. (2012) and
Cooley et al. (2011) illustrates the sensitivity of electric power generation to both
the hydrological and surface climatic conditions, as well as to assumptions about
energy futures and technology choices. This is an area that is deserving of greater
attention by both the scientific and applications communities.

5.3 Water Quality and Ecosystems

There are serious limitations to our understanding of water quality, including both
natural variability and human-induced changes in quality, and the role that water
plays in ecosystem dynamics and health. Representations of these complex factors
in regional and global models are inadequate and unsophisticated, though some
small-scale catchment models have been developed that include physical and
biochemical dynamics for some water-quality constituents such as carbon, nitrogen
and phosphorus, and sediment (Vorosmarty and Meybeck 2004). Very little work
has been done on other chemical components, heavy metals, or new contaminants
such as pharmaceuticals (Palaniappan et al. 2010), and the challenge of articulating
the additive, and possibly synergistic, interactions of multiple stressors from a variety
of sources (broad array of chemicals, thermal pollution, sedimentary impacts)
remains (Vorosmarty et al. 2010).
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In this context, humans both accelerate and decelerate discharge and biogeochemical
(BGC) fluxes through rivers (Meybeck and Vorosmarty 2005). For example,
despite huge increases in local erosion from poor land management, around 30 %
of global sediment flux is estimated to be trapped upstream behind dams and fails to
enter the oceans (Syvitski et al. 2005), placing major coastal landforms like river
deltas at risk and altering nutrients available to fisheries. Climate change and its
attendant impacts on runoff, carbon and nutrient cycling, and weathering rates will
also change these land-to-ocean linkages (Amiotte-Suchet et al. 2003). Frameworks
are necessary to handle the component hydrologic, sediment, and biogeochemical
dynamics, but notwithstanding ongoing work (e.g., Wollheim et al. 2008) much
more needs to be done.

6 A Grand Challenge in Hydrologic and Water-Resources
Modeling

Existing vulnerabilities and new threats to water posed by demographic changes,
climatic changes, increased exposure to extreme events, and growing economic
demands for water and water services are driving urgent needs for improvements in
our understanding of the world’s water resources and systems (Kundzewicz et al.
2007; Hirschboeck 2009; Shapiro et al. 2010). We will not go back to a time when
hydrological sciences could only address pristine, unaltered systems. Humans now
not only influence the water-cycle but are integral to it, and we must develop predic-
tive models that represent human interactions with the water cycle at scales useful
for water management. This implies that weather and seasonal climate models
and land-surface parameterizations must improve in parallel. Without a strong
understanding of the dynamics of global and regional water balances and the com-
plex human interactions and influence on water quantity and quality, society risks
making incorrect decisions about critical issues around energy, human health,
transportation, food production, fisheries, ecosystem protection and management,
biodiversity, and national security.

Until recently, anthropogenic effects on the global land water cycle were thought
to be small (in part because the global land area is small compared with the oceans
and because human populations were small). This is changing: it is now clear that
anthropogenic activities such as land use and land cover change, irrigation, ground-
water withdrawals, and reservoir storage have influenced sea level (Milly et al.
2010) and even orbital parameters; similarly we have an improved understanding of
the role of the oceans in influencing land-surface hydrology. At regional scales,
human effects have, in many cases, been large for a longer time — for instance, a
number of major global rivers, including the Nile and the Colorado, no longer flow
at their mouths as a result of consumptive water use (mostly for agriculture) and
trans-basin diversions (Alcamo et al. 2005). In the case of the Colorado, about 1/3
of the river’s natural discharge is diverted out of the basin and the rest is used
consumptively. Other human influences that substantially affect regional hydrology
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include groundwater mining, increased soil moisture in irrigated areas, urbanization,
and permafrost melt. These effects nonetheless are mostly not represented in regional
or global climate models, and regional hydrology models often focus on runoff
generation areas far upstream of the parts of the basin that have been most affected
by anthropogenic activities. At continental scales, direct anthropogenic effects are
probably more modest, but nonetheless can be substantial — especially the effects of
land cover change, including irrigation, on moisture recycling and precipitation
generation, mostly in the interior of the North America and Eurasia (Haddeland
et al. 2007). These effects likewise are rarely represented in land-atmosphere
models or their host climate global models.

We therefore argue that the “grand challenge” in the hydrology/water resources/
climate arena is to model the role of humans on the water cycle at regional (e.g.,
large river basin), continental, oceanic, and global scales, including the feedbacks of
these effects to the climate system, such as ocean/land interactions. This enterprise
will involve the development of new understandings of the complex interactions of
humans with the water cycle such as reservoir storage, diversions, and return flows,
but even more importantly, of the decision process that will determine the nature of
changes in water management as the climate warms. WCRP can serve an important
role by fostering activities such as expanded data collection, model development,
and intercomparison projects. Furthermore WCRP could and should promote the
development of the global data sets that will be required to support the development
and testing of these new models. Some of the required data sets have already been
developed through activities like the Global Water System Project (GWSP), but
effort will be required to assure that they are sufficient for the purposes of land
models that ultimately must run within fully coupled Earth System models.

7 Conclusions

Over the last decade there has been a transformation in the way in which we view
the continental water cycle. While freshwater systems of the planet are collectively
an essential regulator of the non-living dynamics of the Earth System, they also play
a central role in human existence and water security. At the same time, we now
understand that our contemporary water system is increasingly tightly coupled to
economic, social, technological and other factors like climate change. Along with
this recognition of a globalized water system has come the awareness that human
activities are themselves significantly and increasingly dominating the nature of this
major cycle. This dominance takes the form of many “syndromes” that are at once
both the causes as well as manifestations of rapid human-induced changes. Although
we can increasingly detect and in many cases understand the sources, scope, and
mechanisms associated with these changes, we urgently need to improve investments
in our observational networks, our basic understanding of the water cycle and the
ways it is integrated with energy, climatic, atmospheric, oceanic, and other complex
geophysical characteristics of the planet, and our training of the next generation of
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researchers who increasingly will be called upon to study these larger-scale
challenges, which are outside the traditional training perspectives of the hydrologic
science community. Otherwise we will be unable to counteract the rising threats
to public health, economic progress, and biodiversity caused by a global water
system in transition.
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Land Use and Land Cover Changes
and Their Impacts on Hydroclimate,
Ecosystems and Society

Taikan Oki, Eleanor M. Blyth, Ernesto Hugo Berbery,
and Domingo Alcaraz-Segura

Abstract This chapter presents recent advances in the understanding of the effect
of land cover/land use changes on the hydrologic cycle, and identifies current gaps
in the knowledge needed for useful decision-making and water resource manage-
ment. Research achievements within a framework of Earth System Models (ESM)
are introduced, and research needs and future challenges are identified. Land sur-
face provides the lower boundary condition to the atmosphere over continents by
controlling the fluxes of momentum, heat, water, and materials such as carbon. In
turn, land surface conditions are substantially influenced by atmospheric conditions
on various temporal scales. As such, a land-atmosphere coupled system is estab-
lished through biogeochemical feedbacks. Current land surface models exhibit a
wide variety of responses to the same forcings, suggesting the need for increased
research at the land-atmosphere interface. Indeed, all Earth System Models require
the inclusion and validation of the processes that pertain to the biogeochemical
feedbacks. Anthropogenic activities that result in land use and land cover changes
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affect the land surface characteristics and consequently the land-atmosphere
feedbacks and coupling strength. Therefore, human activities play a role in the land-
atmosphere coupling system, and thus, in the climate system. Water is essential to
societal needs that require the construction of reservoirs, extraction of ground water,
irrigation, changes in land use, urbanization among many other influences. The
extent and sustainability of those interferences in the natural system remains to be
assessed at global scales.

Keywords Land-atmosphere feedback » Vegetation * Ecosystem ® Human impacts ®
Water ¢ Energy  Carbon ¢ Land cover/land use

1 Introduction

The land surface provides lower boundary conditions to the atmosphere: It receives
downward short wave and long wave radiation, and emits or reflects upward short
wave and long wave radiation. The net radiation is balanced by the fluxes of sensi-
ble, latent and ground heat to the atmosphere (Oki 1999). In terms of the water
balance, precipitation is balanced by evapotranspiration and runoff (assuming that
over long term periods there is no net water storage change on the soil). These
exchanges also depend on the atmospheric conditions, including the surface pressure,
temperature, humidity and wind. A balance mainly between precipitation, evapo-
transpiration and surface and deep runoff determines the land surface water cycle.
Surface soil moisture, in turn, governs the partitioning of the sensible and latent
heat fluxes into the atmosphere, and can affect daily, weekly, intraseasonal, sea-
sonal, and interannual rainfall in various spatial scales through the impacts on devel-
opment PBL (planetary boundary layers), its longer temporal auto-correlation
(“memory” effect), and possibly through interactions with vegetation (see Table 1
of Taylor et al. 2011). Excess water from land discharges into the ocean changing
its salinity and temperature, and possibly influences the formation of sea ice and
thermohaline circulation at least on local scales (Oki et al. 2004).

The energy, water, and carbon balances determined by land surface processes
are characterized by the land surface conditions such as topography, land cover, soil
properties, and geological condition. Land cover can be characterized by the vegeta-
tion over it, such as forests, shrubs, grass, bare soil, or open water. Since vegetation
types are dominantly determined by climatological conditions, land surface interacts
with the atmosphere not only on the short time scales but also in longer temporal
scales, such as decadal to centennial. Even though storage volumes are not as large
as in the ocean, the land stores heat, water, and carbon, and thus, the land surface is
one of the key components in the climate system on the Earth.

In many cases, particularly when dealing with extreme events, climatic variations
and changes can have significant impacts on human activities; therefore it is critical
that climate science includes and develops tools for monitoring and prediction of
climatic variations. As climate affects human activities, in turn humans interfere with
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the climate system from local to global scales. Apart from human influences through
greenhouse gases (GHGs, not discussed in this chapter), human influences on the
ecosystem service of climate regulation occur through changes in land use and land
cover (Anderson-Teixeira et al. 2012), as well as through interventions on the water
cycle components, for example by irrigation (Rosnay et al. 2003; Guimberteau et al.
2011) and storage in artificial reservoirs (Haddeland et al. 2006; Hanasaki et al.
2006, 2010).

The World Climate Research Programme (WCRP) emphasis on the role of land
in the climate system has been mainly conducted through the Global Energy and
Water Cycle Experiment (GEWEX). The GEWEX Hydroclimate Panel (GHP) has
been promoting and synthesizing field campaigns measuring, estimating, and seek-
ing to close the regional water balances in various climatic zones at continental and
sub-continental scales. The Global Land-Atmosphere System Study (GLASS; van
den Hurk et al. 2011) has been promoting and organizing numerical studies assess-
ing the coupling between land and atmosphere, and the Global Data and Assessments
Panel (GDAP) supports the creation and dissemination of comprehensive datasets
of the climatic variables over land. The products from the Second Global Soil
Wetness Project (GSWP-2; Dirmeyer et al. 2006) contributed to illustrate the global
water cycles as shown in Fig. 1 (Oki and Kanae 20006).
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In this chapter, we discuss the feedbacks and interactions between the land surface
and the climate system, particularly with regard to land use and land cover change.
The role of land use change in the hydro-climate system is presented in Sect. 2.
The interactions with ecosystems are summarized in Sect. 3, and societal needs for
research on water over land are introduced in Sect. 4. Section 5 identifies current
gaps and future challenges for the research on land surface processes in the climate
system.

2 Land Use Change and Hydroclimate

Long term changes to the land surface state occur when there is a significant change
in the land cover, such as conversions from forest to crops. In cases like this, there will
be changes in the biophysical properties of the surface, like its albedo, surface
roughness length, and stomatal resistance. In addition, there will be changes to the
hydrological functioning of the land surface, with changes in the amount of water
available for storage and the runoff, possibly through changes in the soil properties
and root uptake.

Many researchers have worked to quantify the impact that such changes have on
the atmosphere. For instance, modeling experiments have been carried out to under-
stand the regional climate impact of the wide-scale spread of agriculture that has
occurred over the last century (see Pitman et al. 2009). Specifically, the goal was to
assess if the current regional climate has been influenced by the anthropogenically
altered landscape. The model results showed varying responses of the evaporation
and rainfall to the deforestation, as the changes were small and of either sign. Part
of the reason is due to difficulties in defining a consistent definition of vegetation
characteristics for natural versus anthropogenic land use types and differences in
parameterization in the models. However, the models were in better agreement on
the changes in the air temperature: removing the forests and replacing them with
crops and pasture cools the summer air by about 1° in the last 100 years in the two
key regions of largest land use change: the middle of the USA and western Russia.
This result is supported by an observational study of evaporation and sensible heat
flux observations from a series of paired forest and grass sites across Europe by
Teuling et al. (2010), which demonstrated, similar to the models, that the forests
generally warm the atmosphere compared to grasses and crops. However, Teuling
et al. (2010) also showed how this signal changes during drought conditions, when
the grasses dry out and then warm the atmosphere more than the forests. Figure 2 is
a schematic summarizing the findings of Teuling et al. (2010) and of Pitman et al.
(2009), showing how the forests act to warm the overlying atmosphere under normal
climatic periods, while grasses or crops warm the atmosphere during anomalously
dry periods. This has important implications for the physical response to land use
change and its impact on the regional meteorology, since an increasing cropped area
may act to enhance the regional susceptibility to heat waves, while reforestation
may act to reduce a heat wave. Clearly, more research and a combined approach to
risks and hazards (such as wild fire) are necessary to support this conclusion.
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Fig. 2 Summary of impact of land-cover on atmospheric conditions

As well as impacts on the heat and temperature of a region, impacts of land cover
change on the hydrological conditions should be expected due to feedbacks in the
system. The relationships between the land and the atmosphere are part of the natural
interplay that happens all around us: with a long term reduction in rainfall, the land
dries out and this warms and dries the atmosphere which leads to further drying out
of the land. This positive feedback means that a percentage drop in rainfall leads to
a greater percentage drop in runoff and vice versa. Many articles have discussed the
mechanisms by which a change in land cover can affect the overlying planetary
boundary layer (PBL), its thermodynamic properties and circulation, and conse-
quently the precipitation processes and regional climate (e.g., Pielke and Avissar
1990; Stohlgren et al. 1998; Kanae et al. 2001; Pielke et al. 2007, 2011; Lee and
Berbery 2012). This feedback can be important for water resources, for instance,
Cai et al. (2009) have demonstrated the role that land-atmosphere feedbacks have
had on the recent Australian drought: their model results imply that feedbacks in
the system act to exaggerate a drying period and that, during a warm, dry period, the
feedbacks in the climate system act to extend the dry period. In contrast, there are
areas where the land use change involves extensive moistening of the land through
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irrigation. This might be the case in India where the strength of the monsoon is
determined by the land-sea temperature contrast and decreasing surface tempera-
tures due to irrigation would be expected to reduce the intensity of the monsoon
systems (Lee et al. 2009). Tuinenburg et al. (2011)’s study of the observed (from
Radiosondes) atmospheric structures in the region show a potential alteration of the
timing of the monsoon due to changes in PBL moisture from irrigated land. Douville
et al. (2001) conclude that although precipitation does increase as a consequence of
increasing evaporation this is somewhat counterbalanced, in the case of the Indian
peninsula, by a reduced moisture convergence. Saeed et al. (2011) looked at these
influences in more detail using a regional climate model, with and without irrigation.
They found increased rainfall over the irrigated areas due to increased local moisture
recycling and also an increase of the penetration of rain bearing depressions travel-
ling inland from the Bay of Bengal, caused by a reduction in the westerly flows from
the Arabian Sea.

Several researchers have managed to capture this large-scale long-term relation-
ship between climatological precipitation (P), evapotranspiration (E) and potential
evapotranspiration (PE) and, by implication, runoff (R), but possibly the most famous
empirical equation was derived by Budyko (1974); see also Choudhury (1999):

E:L (1)

1

(P" + PE")"

Where ‘n’ is a catchment specific dimensionless factor (Roderick and Farquhar
2011). The shape of this curve for various values of ‘n’ is shown in Fig. 3. Roderick
and Farquhar (2011) examined the effect of this relation on freshwater flows at the
global scale and how well the climate models are able to represent it. They note that
there are different regional responses to the large scale forcing of the water balance:
in some regions where ‘n’ is high, changes in runoff follow closely the changes in
precipitation. In other systems or regions where ‘n’ is low, changes in runoff are
always greater than the changes in precipitation. Part of the reason for the differ-
ences is associated with different rainfall types (see Porporato et al. 2004) and
different topographic and land-cover responses to rainfall. Other influences include
atmospheric feedbacks with the atmosphere as outlined in the previous section.
In addition, an analysis by Zhang et al. (2004) showed that the land cover is a factor
in defining ‘n’ with forests displaying a higher ‘n’ compared to data from grass sites
(see their Figure 8). This result is confirmed by Yang et al. (2009). The change from
forest to grass decreases the ‘n’ from 2.12 to 1.83. Since it is logical that the value
of ‘n’ is affected by the strength of the land-atmosphere feedbacks, the results from
Zhang et al. (2004) suggest that forests have a higher feedback strength than
crops, a point that has also been made by Bonan (2008). This is consistent with
the result of Teuling et al. (2010) who showed that forests have a conservative
approach to the water use, so as precipitation drops and evaporative demand
increases, the evaporation decreases quickly. Grasses and crops however do not
drop their evaporation so quickly (they have a more linear response to precipitation
decrease) and they lose the water, thus leading to hotter drier conditions in drought
conditions. The larger feedback strength of forested regions is also consistent with
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the finding of McNaughton and Spriggs (1989), who used a PBL model and
found that the Priestley-Taylor parameter — which is a measure of the strength of
land-atmosphere interactions — should be higher for forests than for grasses.

According to this analysis, the impact of having a decreased level of feedback
between the surface and the atmosphere when changing the land cover from forest
to crops and pastures is to reduce the sensitivity of the change in runoff to changes
in precipitation. This will mean a more linear relationship between changes in
precipitation and river flow, with less conservation of water and more drought
vulnerability. These conclusions need to be more thoroughly examined with large
scale observations and models.

3 Land Use Change and Ecosystems

Climate is the main regional driver of ecosystem structure and functioning through
the timing and amount of energy and water that is available in the system (Stephenson
1990). In turn, ecosystems influence climate by determining the energy, momentum,
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water, and chemical balances between the land-surface and the atmosphere (Chapin
et al. 2008). Hence, extensive impacts on ecosystems, both from natural origin and
human made (e.g., land use changes), alter one or several pathways of the ecosys-
tem—climate feedbacks, which ends up affecting the regional and global climate.

Indeed, several studies (e.g., Pielke et al. 2002; Kalnay and Cai 2003; Weaver
and Avissar 2001; Werth and Avissar 2002) have concluded that the contribution of
land-use changes to climate change might be about 10 % of the total global change,
but that regionally the relative contribution of land-use change may be notably
larger, even larger than that from greenhouse gas emissions. There are conspicuous
known cases showing how land-use changes may end up altering the regional climate,
such as the aridification of the Mediterranean basin during the Roman Period
(Reale and Dirmeyer 2000; Reale and Shukla 2000), or changes in the hydrome-
teorology of Amazonia after deforestation (Baidya Roy and Avissar 2002; Gedney
and Valdes 2000). In South America, inter-annual variability in climate conditions
significantly affects vegetation structural and functional properties (Phillips et al.
2009; Brando et al. 2010; Zhao and Running 2010), whose effects may end up
influencing the regional climate.

The ecosystem-climate feedbacks are a central problem not only for modeling
the land-atmosphere interactions of the climate system (e.g., Mahmood et al. 2010),
but also for many other biological and environmental issues. Ecosystem-atmosphere
interactions and feedbacks depend on the physical properties of the underlying sur-
face, like surface albedo, surface roughness, and stomatal resistance, among others.
These properties affect the radiation balance at the surface as well as the exchange
of momentum, heat, moisture, and other gaseous/aerosol materials. Changes in the
structure and functioning of the ecosystems will thus have an impact on those
exchanges that may end up affecting the climate regulation service that ecosystems
provide to societies (Anderson-Teixeira et al. 2012).

Many land surface models do not consider the inter-annual dynamics of ecosys-
tems. Models of intermediate complexity have static vegetation or land-cover classes
with look-up tables to identify their corresponding biophysical properties (Chen and
Dudhia 2001; Ek et al. 2003). Land cover types are assumed to remain constant but,
in reality, they may experience important changes. For instance, the biophysical
properties of a typical vegetation type during a wet period should be very different
during a drought. The same is true during anomalous periods of intense rain that can
create numerous ponds, or flooding. A model that assumes constant surface proper-
ties will still be able to represent in general changes in soil moisture content and
water stress, but will be unable to represent the different conditions that emerge,
e.g., when a field is flooded affecting land-atmosphere interactions, the radiation
budget, and the surface water, energy and carbon cycles. Dynamical vegetation
models that include the carbon cycle are an attempt to advance in the area of
ecosystem-atmosphere interactions, since they allow for changes in vegetation com-
position and have advanced assumptions regarding surface processes that will feed
back into the atmosphere. Yet, direct human-imposed land use change, as deforesta-
tion and land cover conversions may have an immediate impact on the atmosphere,
as opposed to the slower effects included in a dynamical vegetation model.
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Traditionally, land-cover maps are mainly driven by vegetation structure and
composition but do not formally include ecosystem functional aspects such as the
dynamics of carbon gains. Ecosystems functional attributes (i.e., different aspects
of the exchange of matter and energy between the biota and the atmosphere) add
some advantages to the traditional use of structural variables. First, variables
describing ecosystem functioning have a faster response to disturbances than
vegetation structure (Milchunas and Lauenroth 1995). Second, functional attributes
allow the quantitative and qualitative characterization of ecosystems services (e.g.,
carbon sequestration, nutrient and water cycling) (Costanza et al. 1998). Additionally,
they can be more easily monitored than structural attributes by using remote sensing
at different spatial scales, over large extents, and utilizing a common protocol (Foley
et al. 2007). Functional descriptors of ecosystems have been successfully used to
define Ecosystem Functional Types (EFTs) (Alcaraz-Segura et al. 2006, 2013; see
also Korner 1994; Valentini et al. 1999; Paruelo et al. 2001). In ecology, such
classifications into functional units aim to reduce the diversity of biological entities
(e.g. ecosystems) on the basis of processes, and allow for the identification of homo-
geneous groups that show a specific and coordinated response to the environmental
factors. EFTs are groups of ecosystems that share functional characteristics in rela-
tion to the amount and timing of the exchanges of matter and energy between the
biota and the physical environment. In other words, EFTs are homogeneous patches
of the land surface that exchange mass and energy with the atmosphere in a common
way (Valentini et al. 1999; Paruelo et al. 2001; Alcaraz-Segura et al. 2006, 2013a,
2013b). EFTs are computed from satellite information (e.g., spectral vegetation
indices), so they do not identify the functions of a given plant species (as it occurs
with plant functional types; see Wright et al. 2006), but instead identify a patch of
land that has homogeneous properties in terms of exchanges of energy and mass
over a given region. EFTs can thus be considered a top-down functional classification
directly based on ecosystem processes.

The definition of EFTs relies in three metrics derived from the NDVI (Normalized
Difference Vegetation Index) time series. First, the average of NDVI over 1 year
(NDVI-mean) is a linear estimator of the amount of solar energy that is used for
photosynthesis, formally called the Fraction of Absorbed Photosynthetically Active
Radiation (fAPAR), and is empirically (Paruelo et al. 1997) and conceptually
(Monteith 1972) related to net primary production (NPP; Tucker and Sellers 1986).
Second, the seasonal coefficient of variation (CV) is a measure of the intra-annual
variation of photosynthetic activity, which has been used as an indicator of the sea-
sonality of carbon fluxes or the amplitude of the annual cycle (Oesterheld et al.
1998; Potter and Brooks 1998; Guerschman et al. 2003). Third, the phenology, or
date of the absolute maximum of NDVI (DMAX), indicates the intra-annual distri-
bution of the period with maximum photosynthetic activity (Lloyd 1990; Hoare and
Frost 2004). These three metrics capture important features of ecosystem function-
ing for temperate ecosystems (Pettorelli et al. 2005; Lloyd 1990; Paruelo and
Lauenroth 1995; Nemani and Running 1997; Paruelo et al. 2001; Virginia et al.
2001) and up to 90 % of the variability of the NDVI temporal dynamics (Paruelo
et al. 2001; Alcaraz-Segura et al. 2006, 2009).
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Fig. 4 Ecosystem Functional Types based on three descriptors of the seasonal dynamics of the
NDVI estimated from MODIS images for the period 2001-2009

Figure 4 is an example that presents the median of the 64 EFTs for North America
as computed from MODIS (or Moderate Resolution Imaging Spectroradiometer)
NDVI. The warm colors indicate greatest exchanges of mass and energy between the
ecosystems and the atmosphere. As expected, these regions include the coastline of
the Gulf of Mexico extending over the Great Plains, subtropical forests surrounding
the Gulf of Mexico and the Caribbean, the Pacific coast, the North American
Monsoon in northwestern Mexico and the East Coast states. On the other hand,
desert regions in Arizona and Nevada, where the net productivity is very low, are
depicted with dark colors; tundra is distinctly identified in light purple. The figure
depicts the median EFTs for 2001-2009, but since EFTs can be defined on a year-
to-year basis, they can give a much better representation of time-varying surface
states. Since EFTs are identified from time-series of satellite-derived estimates of
the carbon gains dynamics (e.g. spectral vegetation indices such as NDVI and EVI),
differences between sensors and datasets may occur due to the corrections applied
(Alcaraz-Segura et al. 2010a). Such differences can be used to evaluate the uncer-
tainty of the approach and the sensitivity to different databases (e.g. Alcaraz-Segura
et al. 2010b).

Another advantage of Ecosystem Functional Types is that their definition is
exclusively based upon the carbon gain dynamics estimated from time-series of
satellite images, so EFTs are able to capture differences between natural ecosystems
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(e.g. native oak forest) and managed ecosystems (e.g. tree plantations) when they
differ in their carbon gain dynamics. For instance, Volante et al. (2012) showed how
the intrusion of cattle rising and croplands on natural dry forest and shrublands
of NW Argentina significantly changed satellite-derived ecosystem functional
attributes related to productivity and seasonality and, subsequently, the EFTs
composition (Paruelo et al. 2011).

4 Societal Needs for Research on Water Over Land

All organisms, including humans, require water for their survival. Therefore, ensuring
that adequate supplies of water are available is essential for human well-being
(Millennium Ecosystem Assessment 2005; Oki and Kanae 2006; Vorosmarty et al.
2010). Water issues are related to poverty, and providing access to safe drinking
water is one of the key necessities for sustainable development (WHO/UNICEF
2012). However, better information on the hydro-climate system is necessary to
understand the issues of supply and demand of water, both in the current climate and
the future. Substantial changes to the Earth’s climate system, hydrological cycles,
and social systems have the potential to increase the frequency and severity of water-
related hazards, such as: storm surges, floods, debris flows, and droughts (IPCC
2011). Global population is growing, particularly in the developing world and is
accompanied by migration into urban areas, and could be associated with large scale
land use/land cover changes. The urbanization threatens to increase the risks of urban
flash floods and reduce per-capita water resources. Global economic growth is
increasing the demand for food, which further drives demands for irrigation water
and drinking water, demands more cropland, and potentially changes land use/land
cover. Therefore it is critically important to consider both the social and climate
changes in a concerted framework (Kundzewicz et al. 2007) as illustrated in Fig. 5.
In the past, water issues remained local; however, they are becoming a key
global issue due to the increased awareness that human induced global warming
has large impacts on the water cycle. Further, due to the increase in international
trade and mutual interdependence among countries, water issues now often need to

Emissions of Terrestrial
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’_> greenhouse Climate hydrological cycle

gases (water quantity and
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opulation, and variabilit
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resources

economy, _T
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Fig. 5 Impact of human activities on freshwater resources and their management, with climate
change being only one of multiple pressures (Modified after Oki 2005)

Water use
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be dealt on a global scale, and thus require information on global hydrological
conditions and their changes associated with climate changes. In trans boundary
river basins and shared aquifers, it is necessary to share not only hydrological
information but also any development plan that implies modifying LULC to reduce
conflicts between relevant parties. In addition, quantitative estimates of recharge
amounts or potentially available water resources will assist in implementing sus-
tainable water use.

Global hydrology is not only concerned with global monitoring, modeling, and
world water resources assessment. Owing to recent advancements in global earth
observation technology and macro-scale modeling capacity, global hydrology can
now provide basic information on the regional hydrological cycle which may sup-
port the decision making process in the integrated water resources management.

The use of offline land surface models at very fine spatial and temporal scales,
e.g., 1-km grid spacing and hourly time intervals, is yet to be fully assessed (Oki
et al. 2006; Wood et al. 2011). For such research efforts, observational data from
regional studies can provide significant information for validation, and efforts to
integrate datasets from various regional studies should be promoted. The recent
Coordinated Regional Climate Downscaling Experiment (CORDEX) initiative
(Giorgi et al. 2009) from the World Climate Research Program (WCRP) promotes
running multiple RCM simulations at higher spatial resolution for multiple regions,
and current and future estimates of atmospheric conditions will be provided,
although at much lower resolution than that of the offline land surface models.

Certainly another societal need is to assess the impacts of human interferences
on the hydrological cycle due to land use changes, such as deforestation and urban-
ization, reservoir constructions, and water withdrawals for irrigation, industry, and
domestic water uses (e.g., Haddeland et al. 2006; Hanasaki et al. 2006, 2010;
Pokhrel et al. 2012a).

Withholding water in reservoirs may result in a drop in the sea level. On the other
hand, over exploitation of ground water, particularly “fossil water” which has virtu-
ally no or very little recharge at present, would have contribution to sea level rise.
These effects are studied based on in-situ observations (Gornitz et al. 1997; Konikow
2011), satellite observations (Rodell et al. 2009; Moiwo et al. 2012), and modeling
studies (Wada et al. 2010; Pokhrel et al. 2012b). Satellite information like that
provided by GRACE (Gravity Recovery and Climate Experiment) serves to monitor
the long term changes of these major water storages over land, and provides a
powerful tool to assess and validate the global estimates from models.

5 Current Gaps, and Future Challenges

Current global land surface modeling has begun integrating most of the latest
achievements in process understanding and regional- or local-scale modeling stud-
ies. For example, there are emerging efforts in global simulation of the occurrence,
circulation, and balance of solutes and sediments. In addition, improvements to the
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Fig. 6 Comparisons between the density of rain gauge [/10° km?] used in preparing the forcing
precipitation and the mean bias error [mm year~'] of 11 LSMs for 150 major river basins in the
world in 1987 and 1988 (OKki et al. 1999)

modeling of hydrology and groundwater are being incorporated into the models.
Less developed are efforts to consider both natural and anthropogenic sources for
nutrients, as well as their coupling to agricultural models that simulate crop growth
and yield. Precise information on land use/land cover (LULC) is essential to have
better estimates on nutrient, carbon and water cycles. Coupling of the LULC
changes with biogeochemical and biogeophysical land surface model would be nec-
essary for better future projections considering both climate and societal changes.
Hydro-meteorological monitoring networks need to be maintained and further
expanded to enable the analysis of hydro-climatic trends at the local level and the
improvement in the accuracy of predictions, forecasts, and early warnings. As
clearly illustrated in Fig. 6 (Oki et al. 1999), global hydrological simulations are
relatively poor in areas with little in-situ observations. Basic observational net-
works on the ground are critically crucial for proper monitoring and modeling of
global hydrology; they are also needed to validate remotely sensed information
that in turn is needed in order to fill the gaps of in-situ observations. Reliable
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observational data are essentially necessary not only as the forcing data for global
hydrological modeling, but also for the validation of model estimates. River dis-
charge and soil moisture data are critically important for global hydrological studies.
Hence the cooperation and coordination of operational agencies in the world need
to be prioritized and promoted.

Some key land surface processes, such as hydrology, have been represented in
only simple ways in the current global climate models or earth system models due
to their relatively minor impacts on the climatic feedbacks from the land surface to
the atmosphere on global scales. It has also been pointed out that differences
between land surface models is the major source of uncertainty in water balance
estimates and multiple impact models are recommended to be used in this type of
studies (Haddeland et al. 2011). However, land surface models with higher spatial
resolution information are now being developed as impact assessment tools to sup-
port decision-making. Integrated land surface models that consider biogeochemical
cycles and anthropogenic interventions explicitly (e.g., Hanasaki et al. 2010;
Pokhrel et al. 2012a, b) need to be developed and implemented in order to provide
more realistic impact assessments and to support the design of practical adaptation
measures. In the WCRP conference held in Denver, CO, USA, in October 2011,
these research needs and gaps were identified in the Land session. The identified
research needs are outlined next:

e The observed and modeled feedbacks between land cover change induced by
human activities needs to be assessed. Furthermore, the impact of deforestation
on river flow, heat waves and wild fires should be investigated.

e There is a need to check that the earth system models are reproducing the simple
signals that have been observed with large scale land use change, such as the
cooling effect of deforestation under normal climate conditions, and the opposite
warming effect under drought conditions.

e Current earth system models need to include and improve their representation of
crop growth in order to better understand the role of land use change on the
regional climate and subsequent impacts.

*  WCRP, through efforts in GEWEX, has made great advances in understanding
the land-atmosphere coupling and its relation to the hydrologic cycle. Yet, there
are several areas that currently are poorly covered or not covered at all in the
WCRP structure. Two GEWEX panels, GHP and GLASS, are the closest to the
themes discussed in this paper, and could either assume or partner with other
groups to lead efforts in the following areas: (a) Impacts of irrigation and water
management on the hydrologic cycle of large basins; and (b) Effects of LULC on
land-atmosphere feedbacks and its subsequent impact on river flows.

* For future states of the climate system, future assessments of the evolution of
land use will require an interdisciplinary approach that considers not only the
physical science but also societal aspects and economy information.

* A very challenging issue is that of prediction of land use changes based on soci-
ety’s future needs and responses to change. Assessments of future land use are
important for climate prediction and climate change scenarios, and in this case
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WCRP will have to partner with human dimensions groups (e.g., IHDP) in order
to advance our knowledge of future states. Initiatives promoting interdisciplinary
research that includes the physical aspects as well as human dynamics will be
needed.

6 Concluding Remarks

Land use has had a large impact on water cycles and carbon changes over the twen-
tieth century, and consequently understanding land surface processes is crucial for
research of the climate system, and more so in relation with delivering policy rele-
vant knowledge. The choices we make in LULCC will likely influence future climate
through the water, carbon and energy balances and cycles.

Major advances in recent Earth System Models (ESMs) include state of art global
scale land surface models that include anthropogenic activities such as irrigation, res-
ervoirs and the carbon cycle. They are very promising to assess past, current and
future global water crisis and may provide valuable information supporting better
policy-making in crop and water management. The relation between biophysical
effects of regional LULCC and global GHG is still unclear. For these reasons, LULCC
matters at regional scale and so must be included in studies of climate change.
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Prediction from Weeks to Decades

Ben Kirtman, David Anderson, Gilbert Brunet, In-Sik Kang,
Adam A. Scaife, and Doug Smith

Abstract This white paper is a synthesis of several recent workshops, reports and
published literature on monthly to decadal climate prediction. The intent is to docu-
ment: (i) the scientific basis for prediction from weeks to decades; (ii) current capa-
bilities; and (iii) outstanding challenges. In terms of the scientific basis we described
the various sources of predictability, e.g., the Madden Jullian Ocillation (MJO);
Sudden Stratospheric Warmings; Annular Modes; El Nifio and the Southern
Oscillation (ENSO); Indian Ocean Dipole (IOD); Atlantic “Nifio;” Atlantic gradient
pattern; snow cover anomalies, soil moisture anomalies; sea-ice anomalies; Pacific
Decadal Variability (PDV); Atlantic Multi-Decadal Variability (AMV); trend
among others. Some of the outstanding challenges include how to evaluate and
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validate prediction systems, how to improve models and prediction systems (e.g.,
observations, data assimilation systems, ensemble strategies), the development of
seamless prediction systems.

Keywords Seamless weather and climate prediction ® MJO ¢ ENSO ¢ Annular
modes ¢ Pacific Decadal Variability ¢ Atlantic Multi-Decadal Variability ¢ Indian
Ocean Dipole

1 Introduction

Numerical weather forecasts have seen profound improvements over the last
30-years with the potential now to provide useful forecasts beyond 10 days ahead,
especially those based on ensemble, probabilistic systems. Despite this continued
progress, it is well accepted that even with a perfect model and nearly perfect initial
conditions,' the fact that the atmosphere is chaotic causes forecasts to lose predic-
tive information from initial conditions after a finite time (Lorenz 1965), in the
absence of forcing from other parts of the Earth’s system such as ocean surface
temperatures and land surface soil moisture. As a result, for many aspects of weather
the “limit of predictability” is about 2 weeks.

So, why is climate prediction” (i.e., forecast beyond the limit of weather predict-
ability) possible? While there is a clear limit to our ability to forecast day-to-day
weather, there exists a firm scientific basis for the prediction of time averaged cli-
mate anomalies. Climate anomalies result from complex interactions among all the
components of the Earth system. The atmosphere, which fluctuates very rapidly on
a day-to-day basis, interacts with the more slowly evolving components of the Earth
system, which are capable of exerting a sustained influence on climate anomalies
extending over a season or longer, far beyond the limit of atmospheric predictability
from initial conditions alone. The atmosphere, for example, is particularly sensitive
to tropical sea surface temperature anomalies such as those that occur in association
with El Nino and the Southern Oscillation (ENSO). There is also increasing evi-
dence that external forcings, such as solar variability, greenhouse gas and aerosol
concentrations, land use and volcanic eruptions, also ‘lend’ predictability to the
system, which can be exploited on sub-seasonal to decadal timescales.

Consequently, numerical models used for climate prediction have progressed
from atmospheric models with a simple representation of the oceans to fully cou-
pled Earth system models complete with fully coupled dynamical oceans, land
surface, cryosphere and even chemical and biological processes. In fact, many

! Arbitrarily small initial condition errors.

2Here we define the prediction of climate anomalies as the prediction of statistics of weather
(i.e., mean temperature or precipitation, variance, probability of extremes such as droughts, floods,
hurricanes, high winds ...).
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operational centers around the world now produce sub-seasonal to seasonal predictions
using observed initial conditions that include components of the Earth system
beyond the atmosphere.

The traditional boundaries between weather forecasting and climate prediction
are fast disappearing since progress made in one area can help to accelerate improve-
ments in the other. For example, improvements in the modeling of soil moisture
made in climate models can lead to improved weather forecasting of showers over
land in summer; and data assimilation, which has been restricted to the realm of
weather prediction, is now becoming a requirement of coupled models used for
longer term predictions (Brunet et al. 2010).

As the scope of numerical weather forecasting and climate prediction broadens
and overlaps, the fact that both involve modeling the same system becomes much
more relevant, as many of the processes are common to all time scales. There is
much benefit to be gained from a more integrated or “seamless” approach. Unifying
modeling across all timescales should lead to efficiencies in model development and
improvement by sharing and implementing lessons learned by the different com-
munities. There are many examples of the benefits of this approach (e.g. Brown
et al. 2012). These include enabling climate models to benefit from what is learned
from data assimilation in weather forecasting, enabling weather forecasting models
to learn from the coupling with the oceans in climate models, and sharing the
validation and benchmarking of key common processes such as tropical convection.
The inclusion of atmospheric chemistry and aerosols, essential components of Earth
system models used for projections of climate change, can now be exploited to
improve air quality forecasting and the parametrization of cloud microphysics.
Predictions of flood events require better representation of hydrological processes at
local, regional, continental and global scales, which are important across all time
scales. Diagnostic of precipitation model errors show often significant similarity
between climate and weather prediction systems hence pointing out to a common
solution to the problem. The use of a common core model for various applications
is also an opportunity to save human time when porting a system to a new compu-
tational platform.

Clearly, there is a growing demand for environmental predictions that include a
broad range of space and time scales and that include a complete representation of
physical, chemical and biological processes. Meeting this demand could be acceler-
ated through a unified approach that will challenge the traditional boundaries
between weather and climate science in terms of the interactions of the bio-geophysical
systems. It is also recognized that interactions across time and space scales are fun-
damental to the climate system itself (Randall et al. 2003; Hurrell et al. 2009; Shukla
et al. 2009; Brunet et al. 2010). The large-scale climate, for instance, determines the
environment for microscale (order 1 km) and mesoscale (order 10 km) variability
which then feedback onto the large-scale climate. In the simplest terms, the statis-
tics of microscale and mesoscale variability significantly impact the simulation of
weather and climate and the feedbacks between all the biogeophysical systems.
However, these interactions are extremely complex making it difficult to understand
and predict the Earth system variability that we observe.
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We also note that predictions can be made using purely statistical techniques, or
dynamical models, or a combination of both. Statistical and dynamical methods are
complementary: improved understanding gained through successful statistical fore-
casts may lead to better dynamical models, and vice versa. Furthermore, statistical
methods provide a baseline level of skill that more complex dynamical models must
aim to exceed. Statistical methods are actively used to correct model errors beyond
the mean bias so that model output can be used by application models.

Increasingly all forecasts are probabilistic, reflecting the fact that the atmosphere
and oceans are chaotic systems and that models do not fully capture all the scales of
motion, i.e. the model itself is uncertain (see Slingo and Palmer 2011 for a full dis-
cussion of uncertainty). That being the case, skill cannot be judged based on a single
case since a probabilistic prediction is neither right nor wrong. Instead an ensemble
prediction system produces a range of possible outcomes, only one of which will be
realized. Its skill can therefore only be assessed over a wide range of cases where it
can be shown that the forecast probability matches the observed probability (e.g.,
Palmer et al. 2000, 2004; Goddard et al. 2001; Kirtman 2003; DeWitt 2005;
Hagedorn et al. 2005; Doblas-Reyes et al. 2005; Saha et al. 2006; Kirtman and Min
2009; Stockdale et al. 2011; Arribas et al. 2011 and others).

Given our current modeling capabilities, a multi-model ensemble strategy may
be the best current approach for adequately resolving forecast uncertainty (Derome
et al. 2001; Palmer et al. 2004, 2008; Hagedorn et al. 2005; Doblas-Reyes et al.
2005; Wang et al. 2010). The use of multi-model ensembles can give a definite
boost to the forecast reliability compared to that obtained by a single model (e.g.,
Hagedorn et al. 2005; Guilyardi 2006; Jin et al. 2008; Kirtman and Min 2009;
Krishnamurti et al. 2000). Although a multi-model ensemble strategy represents the
“best current approach” for estimating uncertainty, it does not remove the need to
improve models and our understanding.

Another factor in climate prediction is that, unlike weather forecasting, model-
specific biases grow strongly in a fully coupled ocean—atmosphere system, to the
extent that the distribution of probable outcomes in seasonal to decadal forecasts
may not reflect the observed distribution, and thus the forecasts may not be reliable.
It is essential, therefore, that forecast reliability is assessed using large sets of model
hindcasts. These enable the forecast probabilities to be calibrated based on past
performance and the model bias to be corrected. However, these empirical correc-
tion methods are essentially linear and yet we know that the real system is highly
nonlinear. As Turner et al. (2005) have demonstrated, there is inherently much more
predictive skill if improvements in model formulation could be made that reduce
these biases, rather than correcting them after the fact.

2 Sub-seasonal Prediction

Forecasting the day-to-day weather is primarily an atmospheric initial condition
problem, although there can be an influence from land and sea-ice (Pellerin et al.
2004; Smith et al. 2012) conditions and ocean temperatures. Forecasting at the
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seasonal-to-interannual range depends strongly on the slowly evolving components
of the Earth system, such as the ocean surface, but all the components can influence
the evolution of the system. In between these two time-scales is sub-seasonal
variability.

2.1 Madden Julian Oscillation

Perhaps the best known source of predictability on sub-seasonal timescales is the
Madden-Jullian Oscillation (MJO, Madden and Julian 1971). This has a natural
timescale in the range 30-70 days. It is associated with regions of enhanced or
reduced precipitation, and propagates eastwards, with speeds of ~5 m/s, depending
on its longitude. The MJO clearly influences precipitation in the tropics. It influ-
ences tropical cyclone activity in the western and eastern north Pacific, the Gulf
of Mexico, southern Indian Ocean and Australia (See Vitart 2009 for references).
It also influences the Asian and Australian monsoon onset and breaks and is associ-
ated with northward moving events in the Bay of Bengal (Lawrence and Webster
2002). Recent estimates of the potential predictability associated with the MJO
suggest that it may be as much as 40 days (Rashid et al. 2011).

Interaction with the ocean may play some role in the development and propaga-
tion of the MJO, but does not appear to be crucial to its existence (Woolnough et al.
2007; Takaya et al. 2010). The way convection is represented in numerical models
does influence the characteristics of the MJO quite strongly, however. Until recently
the MJO was quite poorly represented in most models. There are now some models
that have something resembling an MJO (Pegion and Kirtman 2008; Vitart and
Molteni 2010; Waliser et al. 2009; Wang et al. 2010; Gottschalck et al. 2010; Lin
et al. 2010a, b; Lin and Brunet 2011) but more remains to be done.

Not only is the MJO important in the tropics, there is growing evidence that it has
an important influence on northern hemisphere weather in the PNA (Pacific North
American pattern) and even in the Atlantic and European sectors. Cassou (2008)
and Lin et al. (2009) have studied the link from the MJO to modes of the northern
hemisphere including the North Atlantic Oscillation. In Lin et al. (2009) time-
lagged composites and probability analysis of the NAO index for different phases of
the MJO reveal a statistically significant two-way relationship between the NAO
and the tropical convection of the MJO (see Table 1). A significant increase of the
NAO amplitude happens about 1-2 weeks after the MJO-related convection anom-
aly reaches the tropical Indian Ocean and western Pacific region. The development
of the NAO is associated with a Rossby wave train in the upstream Pacific and North
American region. In the Atlantic and African sector, there is an extratropical influ-
ence on the tropical intraseasonal variability. Certain phases of the MJO are pre-
ceded by 24 weeks by the occurrence of strong NAOs. A significant change of
upper zonal wind in the tropical Atlantic is caused by a modulated transient west-
erly momentum flux convergence associated with the NAO.

The MJO has also been found to influence the extra-tropical weather in various
locations. For example, Higgins et al. (2000) and Mo and Higgins (1998) investigated



210 B. Kirtman et al.

Table 1 Lagged probability composites of the NAO index with respect to each MJO phase

MJO phase 1 2 3 4 5 6 7 8
NAO Lag -5 =35 —40 +49 +49

Lag —4 +52 +46

Lag -3 -40 +46

Lag -2 +50

Lag -1

Lag 0 +45 —42
Lag 1 +47 +45 —46
Lag?2 +47 +50 +42 —41 -41 —42
Lag3 +48 —41 —48

Lag4 -39 —48

Lag 5 —41

From Lin et al. (2009)

Lag n means that the NAO lags the MJO of the specific phase by n pentads, while Lag —n indicates
that the NAO leads the MJO by n pentads. Positive values are for the upper tercile, while negative
values are for the lower tercile. Values shown are only for those having a 0.05 significance level
according to a Monte Carlo test

the relationships between tropical convection associated with the MJO and U.S. West
Coast precipitation. Vecchi and Bond (2004) found that the phase of the MJO has a
substantial systematic and spatially coherent effect on sub-seasonal variability in win-
tertime surface air temperature in the Arctic region. Wheeler et al. (2009) documented
the MJO impact on Australian rainfall and circulation. Lin and Brunet (2009) and Lin
et al. (2010b) found significant lag connection between the MJO and the intra-sea-
sonal variability of temperature and precipitation in Canada. It is also observed that
with a lead time of 2—-3 weeks, the MJO forecast skill is significantly influenced by the
NAO initial amplitude (Lin and Brunet 2011) (Fig. 1).

The importance of the tropics in extra-tropical weather forecasting has been
illustrated by several authors. Early results from Ferranti et al. (1990) indicated that
better representation of the MJO led to better mid-latitude forecasts in the northern
hemisphere, and the benefit of the connection of the MJO and NAO in intra-seasonal
forecasting has been demonstrated in Lin et al. (2010a). With a lead time up to about
1 month the NAO forecast skill is significantly influenced by the existence of the
MIJO signal in the initial condition. A strong MJO leads to a better NAO forecast
skill than a weak MJO. These results indicate that it is possible to increase the
predictability of the NAO and the extra-tropical surface air temperature with an
improved tropical initialization, a better prediction of the tropical MJO and a better
representation of the tropical-extra-tropical interaction in dynamical models.

2.2 Other Sources of Sub-seasonal Predictability

An important source of potential predictability comes from the relatively persistent
variations in the lower stratosphere following sudden stratospheric warmings and
other stratospheric flow changes, which have been shown to precede anomalous
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Anomaly correlation (%) of ECMWF 500hPa height forecasts
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Fig. 1 Evolution of ECMWEF forecast skill for varying lead times (3 days in blue; 5 days in red;
7 days in green; 10 days in yellow) as measured by 500-hPa height anomaly correlation. Top line
corresponds to the Northern Hemisphere; bottom line corresponds to the Southern hemisphere.
Large improvements have been made, including a reduction in the gap in accuracy between the
hemispheres (Source: Courtesy of ECMWEF. Adapted from Simmons and Holligsworth (2002))

circulation conditions in the troposphere (Kuroda and Kodera 1999; Baldwin and
Dunkerton 2001). The long radiative timescale and wave-mean flow interactions in
the stratosphere can lead to persistent anomalies in the polar circulation. These can
then influence the troposphere, particularly in the mid-latitudes to produce persis-
tent anomalies in the storm track regions and highly populated areas around the
Atlantic and Pacific basins (Thompson and Wallace 2000). Once they occur, strato-
spheric sudden warmings provide further predictability during winter and spring,
although the extent to which they are themselves predictable is generally limited to
1-2 weeks (Marshall and Scaife 2010a).

Soil moisture memory spans intraseasonal time scales depending on the season.
Memory in soil moisture is translated to the atmosphere through the impact of soil
moisture on the surface energy budget, mainly through its impact on evaporation.
Soil moisture initialization in forecast systems is known to affect the evolution of
forecast precipitation and air temperature in certain areas during certain times of the
year on intraseasonal time scales (e.g., Koster et al. 2010). Model studies (Fischer
et al. 2007) suggest that the European heat wave of summer 2003 was exacerbated
by dry soil moisture anomalies in the previous spring.

Hudson et al. (2011a, b) and Hamilton et al. (2012) have shown that modes of
climate variability, such as ENSO, the Indian Ocean Dipole (IOD) and the Southern
Annular Mode (SAM), are sources of intra-seasonal predictability; if ENSO/IOD/
SAM are in extreme phases, intra-seasonal prediction is extended. These studies
argue that it is not predicting intra-seasonal variations in the tropics per se that
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matters, but that these slow variations shift the seasonal probabilities of daily
weather one way or the other and this shift can be detected as short as 2 weeks into
the forecast.

Although the field is still in its infancy, early results concerning the extent of
polar predictability also show promise (e.g., Blanchard-Wrigglesworth et al. 2011).
Most of these efforts have taken place in Europe or North America and have there-
fore focused on the Arctic and North Atlantic. Operational seasonal prediction
systems for the Arctic show the impact of summertime sea-ice and fall Eurasian
snow-cover anomalies, and September Arctic sea-ice extent appears to be predict-
able given knowledge of the springtime ice thickness or early to mid summer sea
ice extent.

3 Seasonal-to-Interannual Prediction

In many respects seasonal prediction is the most mature of the three timescales
under consideration in this paper. Statistical methods have been used for many
decades, especially for the Indian Summer Monsoon, and the seasonal timescale has
been the primary focus of the early development of ensemble prediction systems.
The seasonal timescale is also one in which the low frequency forcing from the
ocean, especially El Nino/La Nina, really begins to dominate and provide signifi-
cant levels of predictability.

3.1 El Nino Southern Oscillation (ENSO)

The largest source of seasonal-to-interannual prediction is ENSO. ENSO is a coupled
mode of variability of the tropical Pacific that grows through positive feedbacks
between sea surface temperature (SST) and winds — a weakening of the easterly
trade winds produces a positive SST anomaly in the eastern tropical Pacific which
in turn alters the atmospheric zonal (Walker) circulation to further reduce the east-
erly winds. The time between El Nifio events is typically about 2—7 years, but the
mechanisms controlling the reversal to the opposite La Nifia phase are not under-
stood completely, nor are those that lead to sustained La Nina events extending
beyond 1 year.

ENSO influences seasonal climate almost everywhere (see Fig. 2 taken from
Smith et al. 2012), either by directly altering the tropical Walker circulation
(Walker and Bliss 1932), or through Rossby wave trains that propagate to mid and
high latitudes (Hoskins and Karoly 1981), substantially modifying weather pat-
terns over North America. There is also a notable influence on the North Atlantic
Oscillation (NAO), especially in late winter (Bronimann et al. 2007). It has also
been shown that ENSO governs much of the year-to-year variability of global
mean temperature (Scaife et al. 2008). However, the strongest impacts of ENSO
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occur in Indonesia, North and South America, East and South Africa, India and
Australia. A notable recent example was the intense rainfall and flooding in
Northeast Australia during 2010/2011 during a pronounced La Nina event — the
strongest since 1973/1974.

The ability to predict the seasonal variations of the tropical climate dramatically
improved from the early 1980s to the late 1990s. This period was bracketed by two
of the largest El Nifio events on record: the 1982—-1983 event and the 1997-1998
event. In the case of the former, there was considerable confusion as to what was
happening in the tropical Pacific (see Anderson et al. 2011). As a result the NOAA
Tropical Atmosphere Ocean (TAO) array of tethered buoys was implemented across
the equatorial Pacific, providing essential observations of the ocean’s sub-surface
behavior. By contrast the development of the 1997-1998 El Nino was monitored
very carefully and considerably better forecast. This improvement was due to the
convergence of many factors. These included: (i) a concerted international program,
called TOGA (Tropical Oceans Global Atmosphere), with the remit to observe,
understand and predict tropical climate variability; (ii) the application of theoretical
understanding of coupled ocean-atmosphere dynamics, and (iii) the development
and application of models that simulate the observed variability with some fidelity.
The improvement led to considerable optimism regarding our ability to predict sea-
sonal climate variations in general and El Nifio/Southern Oscillation (ENSO) events
in particular.

Despite these successes, basic questions regarding our ability to model the physical
processes in the tropical Pacific remain open challenges in the forecast community.
For instance, it is unclear how the MJO, Westerly Wind Bursts (WWBs), intra-
seasonal variability or atmospheric weather noise influence the predictability of
ENSO (e.g., Thompson and Battisti 2001; Kleeman et al. 2003; Flugel et al. 2004;
Kirtman et al. 2005) or how to represent these processes in current models. It has
been suggested that enhanced MJO and WWB activity was related to the rapid onset
and the large amplitude of the 1997-1998 event (e.g., Slingo et al. 1999; Vecchi and
Harrison 2000; Eisenman et al. 2005). However, more research is needed to fully
understand the scale interactions between ENSO and the MJO and the degree that
MJO/WWB representation is needed in ENSO prediction models to better resolve
the range of possibilities for the evolution of ENSO (Lengaigne et al. 2004;
Wittenberg et al. 2006).

After the late 1990s, however, the ability of some models to predict tropical
climate fluctuations reached a plateau with only modest subsequent improvement in
skill; but see for example Stockdale et al. (2011) who document progress with one
coupled system over more than a decade of development. Arguably, there were
substantial qualitative forecasting successes — almost all the models predicted a
warm event during the boreal winter of 1997/1998, one to two seasons in advance.
Despite these successes, there have also been some striking quantitative failures.
For example, according to Barnston et al. (1999) and Landsea and Knaff (2000)
none of the models predicted the early onset or the amplitude of that event, and
many of the dynamical forecast systems (i.e., coupled ocean—atmosphere models)
had difficulty capturing the demise of the warm event and the development of cold
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anomalies that persisted through 2001. In subsequent forecasts, many models failed
to predict the three consecutive years (1999-2001) of relatively cold conditions and
the development of warm anomalies in the central Pacific during the boreal summer
of 2002. Accurate forecasts can still sometimes be a challenge even at relatively
modest lead-times (Barnston 2007, Personal communication) although the recent
2009/2010 EI Nino and 2010/2011, 2011/2012 La Nina events were well predicted
at least 6 months in advance by most operational centers.

Typically, prediction systems do not adequately capture the differences between
different ENSO events such as the recently identified different types of ENSO event
(Ashok et al. 2007). In essence, the prediction systems do not have a sufficient num-
ber of degrees of freedom for ENSO as compared to nature. There are also apparent
decadal variations in ENSO forecast quality (Balmaseda et al. 1995; Ji et al. 1996;
Kirtman and Schopf 1998), and the sources of these variations are the subject of
some debate. It is unclear whether these variations are just sampling issues or are
due to some lower frequency changes in the background state (see Kirtman et al.
2005 for a detailed discussion).

Chronic biases in the mean state of climate models and their intrinsic ENSO
modes remain, and it is suspected that these biases have a deleterious effect on El
Nino/La Nina forecast quality and the associated teleconnections. Some of these
errors are extremely well known throughout the coupled modeling community.
Three classic examples, which are likely interdependent, are (1) the so-called
double ITCZ problem, (2) the excessively strong equatorial cold tongue typical to
most models, and (3) the sub-tropical eastern Pacific and Atlantic warm biases
endemic to all models. Such biases may limit our ability to predict seasonal-to-
interannual climate fluctuations, and could be indicative of errors in the model
formulations. Resolution may be one cause of some of these errors (e.g. Luo et al.
2005). Studies with models that employ higher resolution in both the atmosphere
and ocean have demonstrated significant improvements in the mean state of the
tropical Pacific and the simulation of El Nino and its teleconnections (e.g. Shaffrey
et al. 2008).

3.2 Tropical Atlantic Variability

On seasonal-to-interannual time scales, tropical Atlantic SST variability is typically
separated into two patterns of variability — the gradient pattern and the equatorial
pattern (Kushnir et al. 2006). The gradient pattern is characterized as a north—south
dipole centered at the equator with the largest signals in the sub-tropics, and is typi-
cally associated with variability in the southern-most position of the inter-tropical
convergence zone (ITCZ). The equatorial pattern is sometimes referred to as the
zonal mode (e.g., Chang et al. 2006), or the “Atlantic Nino” because of its structural
similarities to the ENSO pattern in the Pacific, although the phase locking with the
annual cycle is quite different and the air-sea feedbacks are weaker leading to a
more clearly damped mode of variability (e.g., Nobre et al. 2003).
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The gradient pattern is linked to large rainfall variability over South America and
the northeast region (Nordeste) of Brazil in particular during the boreal spring
(Moura and Shukla 1981; Nobre and Shukla 1996). The positive gradient pattern
(i.e., warm SSTA to the north of the equator) is associated with a failure of the ITCZ
to shift its southern most location during boreal spring. This leads to large-scale
drought in much of Brazil and coastal equatorial Africa. The equatorial pattern in
the positive phase is linked to increased maritime rainfall just south of the climato-
logical position of the boreal summer ITCZ. The associated terrestrial rainfall
anomalies are typically relatively small.

Early predictability studies (Penland and Matrosova 1998) suggest that the north
tropical Atlantic component of the gradient pattern (and variability in the Caribbean)
can be predicted one to two seasons in advance largely due to the “disruptive” or
excitation influence from the Indo-Pacific SSTA, but this does not suggest that local
coupled processes in the region are unimportant (e.g., Nobre et al. 2003). The NAO
can also be an external excitation mechanism, but again local processes remain
important for the life cycle of the variability. The predictability of the southern sub-
tropical Atlantic component of the gradient mode has not been well established, and
is largely viewed as independent from ENSO (Huang et al. 2002). There has been
little success in predicting the zonal mode.

3.3 Tropical Indian Ocean Variability

There are three dominant patterns of variability in the tropical Indian Ocean that
affect remote seasonal-to-interannual rainfall variability over land: (i) a basin- wide
pattern that is remotely forced by ENSO (e.g., Krishnamurthy and Kirtman 2003);
(i) the so-called Indian Ocean Dipole/Zonal Mode (IOD for simplicity) that can be
excited by ENSO, but also can also develop independently of ENSO (e.g., Saji et al.
1999; Webster et al. 1999; Huang and Kinter 2002); and (iii) a gradient pattern simi-
lar to the Atlantic that is prevalent during boreal spring (Wu et al. 2008). The basin
wide pattern is slave to ENSO and thus its predictability is largely determined by the
predictability of ENSO. The IOD plays an important role in the Indian Ocean sector
response to ENSO and contributes to regional rainfall anomalies that are indepen-
dent of ENSO. Idealized predictability studies suggest that the IOD should be pre-
dictable up to about 6-months (Wajsowicz 2007; Zhao and Hendon 2009), but
prediction experiments are less optimistic (e.g., Zhao and Hendon 2009). Shi et al.
(2012) compare the skill of several operational seasonal forecast models, and con-
sider whether larger amplitude events are more skillfully predicted. The predictabil-
ity of the Indian Ocean meridional mode has not been investigated to date.
Mechanistically, the basin wide mode is captured in thermodynamic slab mixed
layer models suggesting that ocean dynamics is of secondary importance and that the
pattern is due to an “atmospheric bridge” associated with ENSO (e.g., Lau and Nath
1996; Klein et al. 1999). The IOD, on the other hand, depends on coupled air-sea inter-
actions and ocean dynamics. For example, Saji et al. (1999) noted that the IOD was
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associated with east-west shifts in rainfall and substantial wind anomalies. Huang
and Kinter (2002) argued for well defined (although not as well defined as for ENSO)
interannual oscillations where thermocline variations due to asymmetric equatorial
Rossby waves play an integral role in the evolution of the IOD. The importance of
thermocline variations are a potential source of ocean memory and hence predict-
ability. The development and decay of the meridional mode is largely driven by local
thermodynamic cloud and wind feedbacks induced by either ENSO or the IOD,
whereas thermocline variations do not seem to be important (Wu et al. 2008).

3.4 Other Sources of Seasonal to Interannual Predictability

3.4.1 Upper Ocean Heat Content

On seasonal-to-interannual time scales upper ocean heat content is a known source
of predictability. The ocean can store a tremendous amount of heat. The heat capacity
of 1 m? of seawater is around 3,500 times that of air. Sunlight penetrates the upper
ocean, and much of the energy associated with sunlight can be absorbed directly by
the top few meters of the ocean. Mixing processes further distribute heat through the
surface mixed layer, which can be tens to hundreds of meters thick. With the differ-
ence in heat capacity, the energy required to cool the upper 2.5 m of the ocean by
1 °C could heat the entire column of air above it by the same 1 °C. The ocean can
also transport warm water from one location to another, so that warm tropical water
is carried by the Gulf Stream off New England, where in winter during a cold-air
outbreak, the ocean can heat the atmosphere at a rate of many hundreds of W/m?,
similar to the heating rate from solar irradiation.

Ocean heat can also be sequestered below the surface to re-emerge months later
and provide a source of predictability (e.g., Alexander and Deser 1994). This occurs
in the North Pacific and has been well documented in the North Atlantic where
Spring atmospheric circulation patterns associated with a strong (weak) Atlantic jet
drive positive (negative) tripolar anomalies in Atlantic ocean heat content (Hurrell
et al. 2003). A positive tripole here indicates cold anomalies in the Labrador and
subtropical Atlantic and warm anomalies just south of Newfoundland. The shoaling
of the thermocline in summer then preserves these heat content anomalies in the
subsurface until late Autumn or early winter when the more vigorous storm track
deepens the mixed layer and the original heat content anomalies can “re-emerge” at
the surface (Timlin et al. 2002) to influence the atmosphere again. This has been the
basis of some statistical methods of seasonal forecasting (Folland et al. 2011) and it
appears to have played a role in some recent extreme events (Taws et al. 2011).
However it is still the case that models produce only a weak response to Atlantic
ocean heat content anomalies, and higher resolution (e.g. Minobe et al. 2008;
Nakamura et al. 2005) or other atmosphere—ocean interactions may need to be rep-
resented if the levels of predictability suggested in some studies from this coupling
are to be fully realized.
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3.4.2 Snow Cover

Snow acts to raise surface albedo and decouple the atmosphere from warmer underlying
soil. Large snowpack anomalies during winter also imply large surface runoff and soil
moisture anomalies during and following the snowmelt season, anomalies that are of
direct relevance to water resources management and that in turn could feed back on
the atmosphere, potentially providing some predictability at the seasonal time scale.

The impact of October Eurasian snow cover on atmospheric dynamics may
improve the prediction quality of northern hemisphere wintertime temperature fore-
casts (Cohen and Fletcher 2007), and winter snow cover can affect predictive skill
of spring temperatures (Shongwe et al. 2007). The autumn Siberian snow cover
anomalies have also been used for prediction of the East Asian winter monsoon
strength (Jhun and Lee 2004; Wang et al. 2009) and spring-time Himalayan snow
anomalies may affect the Indian monsoon onset (Turner and Slingo 2011). Becker
et al. (2001) demonstrated that Eurasian spring-time snow anomalies may also
affect Indian summer monsoon strength through the influence of soil moisture
anomalies on Asian circulation patterns.

3.4.3 Stratosphere

Recent investigations suggest that variations in the stratospheric circulation may
precede and affect tropospheric anomalies (e.g. Baldwin and Dunkerton 2001;
Ineson and Scaife 2009; Cagnazzo and Manzini 2009). The long timescales of the
stratospheric QBO could also have an effect under some circumstances (e.g. Boer
and Hamilton 2008; Marshall and Scaife 2009). All of these influences act on the
surface climate via the northern and southern annular modes (or their regional
equivalents such as the NAO). Currently skill is very limited in these patterns of
variability and given their key role in extratropical seasonal anomalies this could be
an important area for future development. A key factor in this is the vertical resolu-
tion of the models used for seasonal prediction, which typically do not include an
adequately resolved stratosphere, but should.

3.4.4 Vegetation and Land Use

Vegetation structure and health respond slowly to climate anomalies, and anomalous
vegetation properties may persist for some time (months to perhaps years) after the
long-term climate anomaly that spawned them subsides. Vegetation properties such
as species type, fractional cover, and leaf area index help control evaporation, radia-
tion exchange, and momentum exchange at the land surface; thus, long-term memory
in vegetation anomalies could be translated into the larger Earth system (e.g. Zeng
et al. 1999). Furthermore a significant portion of the Earth’s land surface is cultivated
and hence the seasonality of vegetation cover may be different from natural vegeta-
tion. Early work with coupled crop-climate models suggests that this may also con-
tribute to seasonal variations that may be predictable (e.g. Osborne et al. 2009).
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3.4.5 Polar Sea Ice

Sea ice is an active component of the climate system and is coupled with the atmosphere
and ocean at time scales ranging from weeks to decadal. When large anomalies are
established in sea ice, they tend to persist due to inertial memory and feedback in
the atmosphere—ocean-sea ice system. These characteristics suggest that some aspects
of sea ice may be predictable on seasonal time scales. In the Southern Hemisphere,
sea ice concentration anomalies can be predicted statistically by a linear Markov
model on seasonal time scales (Chen and Yuan 2004). The best cross-validated skill
is at the large climate action centers in the southeast Pacific and Weddell Sea, reach-
ing 0.5 correlation with observed estimates even at 12-month lead time, which is
comparable to or even better than that for ENSO prediction.

On the other hand we have less understanding of how well sea ice impacts the
predictability of the overlying atmosphere although some studies now suggest a
negative AO response to declining Arctic Sea Ice (e.g. Wu and Zhang 2010).

4 Decadal Prediction

4.1 Potential Sources of Decadal Predictability

4.1.1 External Forcing

Anthropogenic forcing effects from greenhouse gases and aerosols are a key source
of skill in decadal predictions, and are incorporated through the initial conditions
and boundary forcings (e.g. Smith et al. 2007). The forcing from greenhouse gases
and aerosols are included in the initial condition in that they affect the current state
of the climate system. A first order estimate of the likely effects of anthropogenic
forcings is provided by the trend since 1900 (Fig. 3 from Smith et al. 2012). This is
over-simplified because not this entire trend is attributable to human activities. The
response to greenhouse gases is non-linear so that future human-induced changes
could be different, and other sources of anthropogenic forcing such as aerosols and
ozone could produce responses very different to the trend. Nevertheless, in many
regions the trend is comparable to the natural climate variability, suggesting that
anthropogenic climate change is a potentially important source of decadal predic-
tion skill.?

Solar variations have also been recurring themes historically in discussions of
decadal prediction. Variations in solar forcing are, however, generally compara-
tively small and tend to operate on long timescales with the most notable being the

3In some of the literature a “prediction” corresponds to an initial value problem and the “projection”
corresponds to a boundary forced problem. Here we recognize that decadal prediction and even
seasonal prediction is a both an initial value and a boundary value problem. Throughout the text we
refer to the combined initial value and boundary value problem as prediction problem.



B. Kirtman et al.

220

((Z102) e 10 s Surmor[oy umerpar amnsiy) A[oAn0adsar ‘S[OAJ] 9, G pue /8 dy) Je

JueoyuSIs A[[eoNsneIs a1 §'(F Pue GZ'()F SAN[BA INOJUOD dY) ‘WOPI]LY JO . SUIUNSSY "§/6[—1L6] TTEI—9061 I SILAL ANV QANEIIN "S00T-6661 ‘LS61-TS61
‘Y61 ‘THO1—FE6] T8 SIBAK AJNY 9ANISOJ "UBQW JUTUUNI JBAK-g B YIIM PAYJoows a1om [[V “(AV) AN[Iqeliea [epedop-ninw onuey 10 Inq ¢ ‘S Sy ¢ “Si

6L S+ L S0 S0 S20S20-S0-SL0- k- STH-GI- G G2t L SL0 S0 S20S20-G0-SL0- b- STl G- G'L G2k L SL0 S0 S20S20-S0-SL0- = STI-G'-
0 M09 MozZL ost 3021 309 0 0 M09 MOZH 081 3021 309 0 o M09 MOzZh 08t 3021 309 0
S06 g :
- S09
- soe
o3
F NoE
NO9
NO6
dioeid yrr AWY dis vrr ANY Lwoue} vt AWY
G1 Sg+ b S0 S0 S20S20-G0-SL0- - SgI-GL- G1 G2t L S0 S0 S20 S20-G0- GL0- - Sg'b- G- GL G2t L SL0 S0 S20S20- S0-SL0- b— SZ- G-
0 M09 MozZL o8t 3021 309 0 0 M09 MOZL 08} 3021 309 0
{ 2 ; ) : h 2 s : . S06
- 09 I s09
- soe I soe
o3 o3
- Noe I Nog
- NO9 - F NO9

dieid 4ra ANY

NO06

wouey 4rd AWY

dis 4ra AWY



Prediction from Weeks to Decades 221

11-year solar cycle. Van Loon et al. (2007) review some aspects of solar forcing, and
Ineson et al. (2011) have recently shown that the 11-year solar cycle could be an
important component of extra-tropical decadal predictability on regional scales,
especially in the Euro-Atlantic sector, provided models contain an adequate repre-
sentation of the stratosphere.

Explosive volcanic eruptions, although relatively rare (typically less than one per
decade) also have a significant impact on climate (Robock 2000) and can ‘lend’
predictability on timescales from seasons to several years ahead. Aerosol injected
into the stratosphere during an eruption cools temperatures globally for a couple of
years. The hydrological cycle and atmospheric circulation are also affected, globally.
Precipitation rates generally decline due to the reduced water carrying capacity of a
cooler atmosphere, but winters in northern Europe and central Asia tend to be milder
and wetter due to additional changes in the NAO.

Volcanic eruptions are not predictable in advance, but once they have occurred
they are a potential source of forecast skill (e.g. Marshall et al. 2009). A similar
approach has been considered for seasonal forecasting; once the atmospheric load-
ing has been estimated based on the severity and type of explosion, this could be
used in the forecast model. Furthermore, volcanoes impact ocean heat and circula-
tion for many years, even decades (Stenchikov et al. 2009). In particular, the Atlantic
meridional overturning circulation (AMOC) tends to be strengthened by volcanic
eruptions. Volcanoes could therefore be a crucial source of decadal prediction skill
(Ottera et al. 2010), although further research is needed to establish robust atmo-
spheric signals on these timescales. Moreover, there is also evidence that volcanism
can reduce the AMOC and may have been a contributor to the Little Ice Age onset
(e.g., Miller et al. 2012).

4.1.2 Atlantic Multi-decadal Variability

Atlantic multi-decadal variability (AMV) is likely to be a major source of decadal
predictability (Fig. 4 from Smith et al. 2012). Observations and models indicate that
north Atlantic SSTs fluctuate with a period of about 30—80 years, linked to varia-
tions of the AMOC (Delworth et al. 2007; Knight et al. 2005). The AMOC and
AMV can vary naturally (Vellinga and Wu 2004; Jungclaus et al. 2005) or through
external influences including volcanoes (Stenchikov et al. 2009; Ottera et al. 2010),
anthropogenic aerosols and greenhouse gases (IPCC 2007).

Idealized model experiments suggest that natural fluctuations of the AMOC
and AMV are potentially predictable at least a few years ahead (Griffies and
Bryan 1997; Pohlmann et al. 2004; Collins et al. 2006; Dunstone and Smith
2010; Matei et al. 2012). If skilful AMV predictions can be achieved in reality,
observational and modeling studies suggest that important climate impacts,
including rainfall over the African Sahel, India and Brazil, Atlantic hurricanes
and summer climate over Europe and America, might also be predictable (Sutton
and Hodson 2005; Zhang and Delworth 2006; Knight et al. 2006; Dunstone
et al. 2011).
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4.1.3 Pacific Decadal Variability

Pacific decadal variability (PDV; Fig. 5 from Smith et al. 2012) is also associated
with potentially important climate impacts, including rainfall over America, Asia,
Africa and Australia (Power et al. 1999; Deser et al. 2004). The combination of
PDV, AMV and climate change appears to explain nearly all of the multi-decadal
US droughts (McCabe et al. 2004) including key events like the American dustbowl]
of the 1930s (Schubert et al. 2004). However, mechanisms underlying PDV are less
clearly understood than for AMV. Furthermore, predictability studies show much less
potential skill for PDV than AMV (Collins 2002; Boer 2004; Pohlmann et al. 2004).

4.1.4 Other Sources of Decadal Predictability

As mentioned above, another potential source of interannual predictability is the
Quasi-Biennial Oscillation (QBO) in the stratosphere. The QBO is a wave-driven
reversal of tropical stratospheric winds between easterly and westerly with a mean
period of about 28 months. The QBO influences the stratospheric polar vortex and
hence the winter NAO and Atlantic-European climate. Because the QBO is predict-
able a couple of years ahead, this may provide some additional predictability of
Atlantic winter climate (Boer and Hamilton 2008; Marshall and Scaife 2009).

The ongoing decline in Arctic sea ice volume (e.g. Schweiger et al. 2011) as a
result of global warming may also provide another element that influences decadal
prediction. As already discussed, there is emerging evidence that reduced Arctic sea
ice favors negative AO circulation patterns in winter; as yet there is no evidence for
how an increasingly ice-free summer Arctic may affect the summer circulation but
much more research needs to be done.

4.2 Achievements So Far

Decadal prediction is much less mature than seasonal prediction and does not ben-
efit from a dominant mode of variability, ENSO, as is the case for seasonal to inter-
annual prediction. Skilful statistical predictions of temperature have been
demonstrated, both for externally forced signals (Lean and Rind 2009) and for ide-
alized model internal variability (Hawkins et al. 2011). Lee et al. (2006) found evi-
dence for skilful temperature predictions using dynamical models forced only by
external changes. Furthermore, several studies show improved skill through initial-
ization, although whether this represents skilful predictions of internal variability or
a correction of errors in the response to external forcing cannot be determined. In
addition to demonstrating useful predictions of global temperature (Smith et al.
2007), initialization also improves regional predictions of surface temperature,
mainly in the north Atlantic and Pacific Ocean (Pohlmann et al. 2009; Mochizuki
et al. 2009; Smith et al. 2010). Evidence for improved predictions over land is less
convincing.
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Skillful retrospective predictions of Atlantic hurricane frequency out to years ahead
have been achieved (Smith et al. 2010). As discussed earlier, some of this skill is attrib-
utable to external forcing from a combination of greenhouse gases, aerosols, volcanoes
and solar variations, but their relative importance has not yet been established.
Initialization improves the skill mainly through atmospheric teleconnections from
improved surface temperature predictions in the north Atlantic and tropical Pacific.

On longer timescales, studies of potential predictability within a “perfect model”
framework suggest multi-year predictability of the internal variability over the high-
latitude oceans in both hemispheres. The first attempts at decadal prediction have
identified the Atlantic subpolar gyre as a key source of predictability, with a telecon-
nection to tropical Atlantic SSTs (Smith et al. 2010).

Based on model predictability experiments, improved skill in north Atlantic SST
is expected to be related to skilful predictions of the Atlantic meridional overturning
circulation (AMOC), but this cannot be verified directly because of a lack of obser-
vations. However, recent multi-model ocean analyses (Pohlmann et al. 2013)
provide a consistent signal that the AMOC at 45°N increased from the 1960s to the
mid-1990s, and decreased thereafter. This is in agreement with related observations
of the NAO, Labrador Sea convection and north Atlantic sub-polar gyre strength.
Furthermore, the multi-model AMOC is skilfully predicted up to 5 years ahead.
However, models forced only by external factors showed no skill, highlighting the
importance of initialization.

5 Summary

The societal requirement for climate information is changing. Across many sectors,
the need to be better prepared for and more resilient to adverse weather and climate
events is increasingly evident and that is placing new demands on the climate sci-
ence community. Even without global warming, society is becoming more vulner-
able to natural climate variability through increasing exposure of populations and
infrastructure, so the need for reliable monthly to interannual predictions is growing,
especially in the Tropics. Also, it is now generally accepted that the global climate
is warming and the requirement to adapt to current and unavoidable future climate
change is becoming more urgent. The emphasis is moving quite rapidly from end-
of-the-century climate scenarios towards more regional and impacts-based predic-
tions, with a focus on monthly to decadal timescales.

Various physical mechanisms exist to support long-range predictability beyond
the influence of atmospheric initial conditions. These come from slowly varying
components of the Earth system, such as the ocean, and boundary conditions such
as increasing greenhouse gases or solar variability. While there have been impor-
tant developments in representing these processes to provide skill in monthly to
decadal prediction, there are likely to be other sources of predictability that are
currently not exploited due to lack of scientific understanding and/or the ability to
capture them in models.

Major areas of research include.
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5.1 Improving the Fidelity of the Climate Models
at the Heart of Forecast Systems

Model biases remain one of the most serious limitations in the delivery of more reliable
and skillful predictions. The current practice of bias correction is unphysical and
neglects entirely the non-linear relationship between the climate mean state and
modes of weather and climate variability. Reducing model bias is arguably the most
fundamental requirement going forward. A key activity must be the evaluation of
model performance with a greater focus on processes and phenomena that are
fundamental to reducing model bias and for delivering improved confidence in
the predictions. Likewise, the potential predictability in the climate system for
monthly to decadal timescales is probably underestimated because of model
shortcomings.

Recent research has already shown that higher horizontal and vertical resolution
has the potential to increase significantly the predictability in parts of the world
where it is currently low, such as western Europe, and a coordinated effort to
assess the value of model resolution to improved predictability is needed.

5.2 Developing More Sophisticated Measures of Defining
and Verifying Forecast Reliability and Skill
Jor the Different Lead Times

The development of probabilistic systems for weather forecasting and climate
prediction means that the concept of skill has to be viewed differently from the
traditional approaches used in deterministic systems. The skill and reliability of
probabilistic forecasts have to be assessed against performance across a large num-
ber of past events, the hindcast set, so that the prediction system can be calibrated.

The process of forecast calibration using hindcasts presents some serious chal-
lenges, however, when the lead time of the predictions extends beyond days to months,
seasons and decades. That is because to have a high enough number of cases in the
hindcast set means testing the system over many realizations, which can extend to
many decades in the case of decadal prediction. The observational base has improved
substantially over the last few decades, especially for the oceans, and so the skill of the
forecasts may also improve just because of better-defined initial conditions. The fact
that the observing system is changing can introduce spurious variability making cali-
bration and validation difficult. Additionally, the process of calibration assumes that
the current climate is stationary, but there is clear evidence that the climate is changing
(see the Fourth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC 2007)), especially in temperature. The potentially increasing numbers of
unprecedented extreme events challenges our current approach to calibrating monthly
to decadal predictions and interpreting their results.
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Although both the limited nature of the observational base and a changing climate
pose some problems for seasonal prediction, for decadal prediction, they are extremely
challenging. As already discussed, there is decadal predictability in the climate sys-
tem through phenomena such as the Atlantic multi-decadal oscillation and the
Pacific decadal oscillation, but our understanding of these phenomena is still limited
largely owing to the paucity of ocean observations.

A review of the current methods of quantifying forecast skill and reliability
in a changing climate is needed and an assessment of their fit for purpose going
forward.

5.3 Design of Ensemble Prediction Systems

Ensemble prediction systems (EPS) are now established in extended range weather
and climate prediction, but the techniques to represent forecast uncertainty and to
sample adequately the phase space of the climate system are quite diverse. One of
the challenges in the past has been ensuring that the spread of the probabilistic sys-
tem is sufficient to capture the range of possible outcomes. One of the implications
of model bias is a restriction in the spread of the ensemble, and a response to this
was to develop multi-model ensembles. There is still more research to be done
on how to best combine multiple forecasting tool as well as how to measure
progress.

The techniques used to sample forecast uncertainty range from initial condition
uncertainty (including optimal perturbations and ensemble data assimilation),
through stochastic physics to represent the influence of unresolved processes, to the
use of perturbed parameters in the parametrizations to represent model uncertainty,
and on longer timescales uncertainties in the boundary forcing (e.g. anthropogenic
GHG and aerosol emissions). New activities in coupled data assimilation and in
defining more physically-based approaches to representing stochastic, unre-
solved processes in models are recommended.

The methods outlined above essentially address different aspects of forecast and
model uncertainty, but there is currently little understanding of the relative impor-
tance of each for forecasts on different lead times. A new research activity is pro-
posed that will bring together the various techniques used in weather forecasting
and climate prediction to develop a seamless EPS.

5.4 Utility of Monthly to Decadal Predictions

There is a growing appreciation of the importance of hazardous weather in driving
some of the most profound impacts of climate variability and change, and a clear
message from users that current products, such as 3-month mean temperatures and
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Fig. 6 Seamless forecasting services and potential users of monthly to decadal predictions (From
Met Office Science Strategy: http://www.metoffice.gov.uk/media/pdf/a/t/Science_strategy-1.pdf)

precipitation, are not very helpful. Instead, information on weather and climate
variables that directly feed into decision-making (such as the onset of the rainy
season, the likelihood of days exceeding critical temperature thresholds, the
number of land-falling tropical cyclones) is needed (see Fig. 6).

Increased computational power has meant that it is now possible to perform
simulations that represent synoptic weather systems more accurately (~50 km)
and are closer to the global resolutions used in weather forecasting. This raises
the questions of how best to exploit the wealth of weather information in
monthly to decadal prediction systems; how to understand more fully the
weather and climate regimes in which hazardous weather forms; and how to
derive products and services that address levels of risk that relate to customer
needs. Stronger links must be established between the science and the
service provision.
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Abstract In spite of the yet incomplete subsample of the 5th phase of the Coupled
Model Intercomparison Project (CMIPS5) model ensemble to date, evaluation of
these models is underway. Novel diagnostics and analysis methods are being utilized
in order to explore the skill of particular processes, the degree to which models have
improved since CMIP3, and particular features of the hindcasts, decadal and centennial
projections. These assessments strongly benefit from the increasing availability of
state-of-the-art data sets and model output processing techniques. Also paleo-climate
analysis proves to be useful for demonstrating the ability of models to simulate climate
conditions that are different from present day. The existence of an increasingly wide
ensemble of model simulations re-emphasizes the need to carefully consider the
implications of model spread. Disparity between projected results does imply that
model uncertainty exists, but not necessarily reflects a true estimate of this uncertainty.
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Projections generated by models with a similar origin or utilizing parameter
perturbation techniques generally show more mutual agreement than models
with different development histories. Weighting results from different models is a
potentially useful technique to improve projections, if the purpose of the weighting
is clearly identified. However, there is yet no consensus in the community on how
to best achieve this.

These findings, discussed at the session “Assessing the reliability of climate
models: CMIP5” of the World Climate Research Program (WCRP) Open Science
Conference (OSC), illustrate the need for comprehensive and coordinated model
evaluation and data collection. The role that WCRP can play in this coordination is
summarized at the end of this chapter.

Keywords Climate model assessment ¢ Evaluation « Model ensembles ¢ Process
verification « CMIP5 « WCRP coordinations
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1 Introduction

The assessment of the reliability of climate models is needed to have confidence
in the information about future development of the climate system generated with
these models. It is generally applied by confronting climate model output with
observations over a past period, and interpreting the performance of the model to
replicate observed trends, spatial and temporal variability patterns, mean seasonal
cycles, responses to perturbation and mutual relationships between relevant quantities.
However, this assessment is subject to a large number of aspects:

 the quality and representativity of the reference observational data set

* the knowledge on the initial and time-varying boundary conditions needed to
force the climate model

* the comparability between the observed and modeled quantities

 interpretation of discrepancies in terms of model or observational deficiencies, etc.

Yet, this assessment is rapidly evolving and improving. In the context of the 5th
Coupled Model Intercomparison Project (CMIPS) an increasing number of climate
model simulations is becoming available, and a wide range of analyses currently
based on a sub-set of the anticipated model ensemble is being undertaken. During
the WCRP Open Science Conference (OSC) held in Denver, October 2011, a selec-
tion of studies dedicated to the assessment of the reliability of these climate models
was presented in the parallel session B7. Many studies referred back to results from
the earlier CMIP3 project, which likewise benefited from the public availability of
a large set of model results, leading to a revolution of model evaluation tools, obser-
vations and diagnostics. This revolution is ongoing as CMIP5 is running ahead, but
important new findings can already be noted. Here we provide an overview of the
main topics that emerged during the OSC, which reflect the current state-of-the-art
assessments for the reliability of climate models. In particular we summarize what
has been implied from the spread in model results, provide examples of novel obser-
vations and diagnostics, and give a set of examples of ongoing process evaluation
studies that have been discussed as part of the session. Recommendations for WCRP
to the governance of this important activity are given at the end of this document.

2 The Implications (and Usefulness) of Model Spread

CMIP5 is clearly more ambitious than its predecessors (in particular CMIP3):
although it is still under development, more experiments and associated research
questions, more participating models, more model fields, a better documentation of
models, and more data storage are becoming available (CLIVAR 2011; Taylor et al.
2012). As model data are submitted to the Program for Climate Model Diagnosis
and Intercomparison (PCMDI) and the several storage nodes that are linked together,
it becomes evident that model spread will still be substantial. Part of the difference
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between model results can be attributed to unforced variability, originating from the
nonlinear nature of the variable climate system. The impact of this unforced vari-
ability reduces as the projection horizon, spatial scale or averaging period increases
(Hawkins and Sutton 2009), although natural variability may still be pronounced at
the small spatial scales at the end of the twenty-first century. At short time scales
(i.e., less than 5 years) unforced uncertainty may potentially be reduced by a realis-
tic initialization of the forecasts, a procedure at the heart of the decadal projections
contained in CMIP5.

The spread between equally forced models at longer projection time scales or
averaging intervals can be considered to be related to the total model uncertainty.
However, this spread does not reflect systematic biases in the models, it assumes
that the model sample is representative across the model space, and may be limited
due to model formulations that are mutually similar. In general, model spread does
imply that model uncertainty exists, but it may not reflect what we think the “true”
model uncertainty is, because models are related by taking some observations as
reference for the model tuning (Masson and Knutti 2011) and may not sample all
possible uncertainties.

Although an increased model ensemble does not capture model deficiencies
common to all models (like missing small-scale processes), it is informative about
our ability to reliably simulate the climate and its response to external forcings. The
design of CMIPS allows assessment of the importance of many processes in the
climate system (see examples of process analyses below), and can help set research
priorities in order to reduce this aspect of uncertainty (Dufresne and Bony 2008).
Some of these process uncertainties can potentially be reduced by making use of
observations showing variability due to comparable forcings at seasonal or interan-
nual time scales. Examples include the evaluation of the snow-albedo feedback
(Hall and Qu 2006) and the evaluation of the terrestrial biosphere in the carbon-
climate feedback (see below). A paleo-modeling experiment is explicitly included
in CMIPS, focusing on the mid Holocene, the Last Glacial Maximum (LGM, where
large ice sheets and low greenhouse gas levels were present) and the Past Millennium
are considered specifically. Also paleo-observations of SST during the LGM from
the MARGO synthesis (Margo Project Members 2009) allow “out-of-sample”
evaluation of climate models, that is, evaluation of models under climate conditions
different from present day. In spite of a fair amount of uncertainty of these obser-
vations, a reliable model ensemble should encompass the observed observation
range, showing as a preferably uniform rank histogram of model-observation differ-
ences. Comparisons between MARGO data and a Perturbed Physics Ensemble
(PPE) generated by perturbing physical parameters clearly showed this PPE to be
incapable of capturing the large SST-responses of the LGM relative to the current
climate. The available CMIP5 Multi-Model Ensemble (MME) was shown to be able
to encompass the LGM observed global mean SST-response, although spatial patterns
of this response and individual model results were not as reliable (Hargreaves
et al. 2011).

Model spread can also be utilized to diagnose the inherent predictability of the
climate at decadal time scales. Climate states can be considered to be predictable
if their probability of occurrence conditional to the initial state is significantly
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different from the climatological probability of occurrence. An ensemble of initialized
model simulations will at some stage diverge to their climatological probability
distribution, preferably at the same rate as nature. The predictability of the natural
climate system given an initial state cannot be assessed, as we have only a single
realization of the near future. But long integrations of climate models can be used to
infer their inherent predictability, for instance by calculating the rate of divergence
from an ensemble of episodes that have analogous start conditions (Branstator and
Teng 2010). This procedure does assume the absence of model error and thus maps
the inherent predictability in the modeled climate, which can be considered as an
upper limit of predictability under the assumption that models are free of systematic
errors. Analysis of the predictability of the 5 year low-pass filtered ocean heat con-
tent in the upper 300 m from six climate models for which a long unforced integra-
tion was available revealed that the time range in which useful predictions could be
made varied between 5 and 20 year for the North Atlantic basin and somewhat
shorter for the Pacific. An evaluation with 10 CMIP5 models shows comparable
results, albeit that the results varied widely across the ensemble. Assessment of
the inherent predictability should be carried out for every model participating in the
decadal prediction simulations (e.g. Matei et al. 2012).

The existence of an MME and their varying degree of consistence with a wide
range of observations raises the question as whether a probability distribution of
future climate conditions could be constructed by weighting the models using
performance metrics. Model quality metrics obtained by combining multi-variable
performance metrics such as those presented by Reichler and Kim (2008) demon-
strate an increase in skill of climate models over time, but their interpretations are not
clear, and not very useful for any particular purpose. For example, climate change
assessments in the Arctic regions will be tempted to give a stronger weight to metrics
that represent sea ice conditions, whereas climate change assessments for the Sahel
will need other variables to be represented well (Knutti 2008). The increased skill
of climate models does not imply that the spread in future projections is reducing.
On the contrary, preliminary analysis of a small subset of CMIP5 (10 models)
shows that the spread in twenty-first century global mean temperature is similar to
the CMIP3 ensemble, despite considerable model development. New observational
analyses put extra constraints on the range in modeled climate sensitivity (e.g. the
analysis of land-ocean contrasts in longwave radiation by Huber et al. 2011), but the
probability distribution of this climate sensitivity is still wide.

The Intergovernmental Panel on Climate Change (IPCC) Expert Meeting on
“Assessing and Combining Multi Model Climate Projections'” held in Boulder in
January 2010 (Knutti et al. 2010) gave a list of properties of performance metrics to
be useful. In particular:

 they should be simple to interpret
 they should be related to the prediction purpose
* they should reflect known processes

'https://www.ipcc-wg1.unibe.ch/publications/supportingmaterial/ IPCC_EM_MultiModel
Evaluation_MeetingReport.pdf
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* relevant observations with sufficiently low uncertainty should be available
 they should be robust against their exact definition and aggregation procedure.

When metrics comply with these criteria, they could be used to generate a model
weighting or selection procedure, provided that the rationale and implementation of
the weighting are clearly defined and documented.

The existence of a range of models is a prerequisite of generating useful climate
change assessment. No model is perfect, and even a model based on “the best avail-
able knowledge” cannot easily be defined since the “best knowledge” concerning a
particular process or regime cannot easily be defined. The variability in the multi-
model ensemble should be utilized and tailored to the application at hand.

3 New Observations and Diagnostics

Since the CMIP3 era a wealth of new observations, diagnostics and analysis methods
have evolved, tailored to the evaluation of physical processes, their interactions,
prediction skill and reliability for describing climate change. A full review of these
developments is out of the scope of this report, but a few noticeable developments
were discussed at the session, which are summarized here.

Use of observations is often implicit in the development and tuning of climate
models: no model can be constructed without them. Model output evaluation using
observations implies an explicit use of these. This evaluation supports the further
development of the models, and gives credibility to the projections produced. In
practice model evaluation and generation of “operational” climate model projec-
tions are parallel processes, where the model versions that usually have some inertia
between upgrades. It preferably should be designed to highlight concrete model
components that should be changed or replaced in order to improve the model’s
skill. An assessment of the model uncertainty in quantities that are subject to many
processes (such as near surface temperature or precipitation) is in itself useful
(see previous section), but often does not reveal the necessary adjustments to models
with limited skill. In the context of model evaluation, observations should be as
much as possible analogous to the model variables that are generated (see the CMIP5
protocol of Taylor et al. 2012), and readily be available to the research community.
For this a strong collaboration between model developers and data collectors
(including satellite mission teams) is mandatory, not only concerning the technical
infrastructure that allows model-to-observation comparisons, but also in the area of
defining comparison metrics and skill thresholds.

A promising initiative in this respect is the presence of a “Obs4MIPS” tab on the
PCMDI website (Teixeira et al. 2011) that discloses a number of satellite products
designed to evaluate model cloud, precipitation and radiation characteristics. For
instance, Jiang et al. (2012) compared A-train ice/water cloud and integrated water
vapor observations to a range of CMIP3 and CMIP5 models, generally showing an
improvement of the modeled cloud characteristics over the recent past. A traditional
approach to compare model output to satellite data is to transfer the observed
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radiances into physical fields using retrieval algorithms. However, using this
approach error propagation and aggregation are difficult to assess. Therefore, sig-
nificant progress has been made in CMIP5 by building in satellite simulators into
the GCMs, allowing evaluation of radiances instead (e.g. Bodas-Salcedo et al. 2011).
However, the translation of radiance errors back to model improvement is often
concealed by the many processes considered in the forward radiance modeling.
A new stage in model-to-observation comparison is to map radiances back to model
fields that takes the observational postprocessing and aggregation into account, but
yet allows a model evaluation in geophysical units.

A powerful analysis method is to conditionally sample observations and model
data in order to obtain quantities that are representative for a certain climate
regime. A Cloud Regime Error Metric is derived by Williams and Webb (2009) by
decomposing cloud regimes from the International Satellite Cloud Climatology
Project (ISCCP) data archive discriminating classes of cloud top temperature and
optical thickness. Utilizing this conditional sampling approach model biases can be
specified for particular cloud regimes, enabling discerning errors due to a misrepre-
sentation of cloud radiative forcing for particular classes and signals attributable to
changes in the relative frequency of occurrence of particular cloud regimes. Using
transpose-AMIP simulations from a single CMIP5 model for which all necessary
data were available it was shown that biases in cloud radiative properties develop
very fast in the forecast (already present 1 day after the initialization). Also a per-
sistent problem of undersampled frequency of mid-level clouds is evident from
this analysis.

Advanced statistical techniques are also being utilized to detect the scale depen-
dence of skill of GCMs (Sakaguchi et al. 2012). The skill of GCM-generated
surface temperature trends over the past decades obviously varies over temporal
and spatial scales: global mean and long term trends are more easily reproduced
than similar trends at smaller scales. The detection of the spatial and temporal scale
of model skill is strongly relevant for the confidence in model climate projections.
Global mean temperature trends from a sub-set of CMIPS5 climate models are shown
to be accurate: the uncertainty is smaller than the observational uncertainty. At
smaller spatial scales the CMIPS subset outperforms the earlier CMIP3 ensemble,
at least for longer time scales.

Also for evaluation of land surface processes more data sets have become available.
Jung et al. (2009) used a regression tree analysis to extrapolate Fluxnet site observa-
tions of surface evaporation and gross primary production (GPP) to all land areas by
means of a set of climate data and vegetation indices satellite products. This data set
is useful for evaluation of global patterns of mean GPP and evaporation, but by
nature of its construction trend analysis cannot be applied. Leaf area index (LAI)
data from MODIS show that simulations by the CMIP5 Earth System models show
a fair correlation for the northern hemisphere (Anav et al. 2013).

For paleo-studies an increasing number of observations becomes available.
Mutually independent data sets exist that reveal information on vegetation (pollen
and other tracers), fires (charcoal deposition), regional hydrology (lake level marks)
and aerosol level (dust deposition). Schmittner et al. (2011) used the Univ. of
Victoria climate model to constrain the likelihood range of the climate sensitivity
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using LGM temperature reconstructions. Similar exercises are currently being
undertaken using CMIP5 model output. In general, climate models seem to reproduce
first order responses to different climate conditions fairly well, but do not recon-
struct the regional signature of these responses and the various feedbacks at the
millennium time scale (such as vegetation feedback) very well.

4 Examples of Process Evaluations Currently in Progress

Many process evaluations are currently underway, exploring the (yet limited)
CMIP5 data archive with sophisticated analysis methods. Here we give a small
number of examples of such studies that were presented during the session, not
attempting to give a complete overview of the ongoing analyses.

An important source of uncertainty is the degree to which terrestrial and oceanic
fluxes of CO, respond to future climate change. In the C4MIP experiment,
Friedlingstein et al. (2006) showed that uncertainty in this response, represented in
an ensemble of Earth System Models (ESMs) representing the carbon cycle and its
interactions with the climate system, has a strong impact on the projected global
temperature, due to pronounced feedbacks between the climate and the carbon
cycle. Increased ecosystem release of carbon under warmer climate conditions may
imply a strong positive carbon-climate feedback. Determination of the strength of
this feedback is one of the outstanding problems in climate research.

Hall and Qu (2006) used the pronounced seasonal cycle in observed snow cover to
determine the strength of the snow-albedo feedback (where reduced snow cover leads
to higher radiative absorption which in turn promotes snow melt), and compared this
to climate change projections from a range of GCMs. The physical mechanism of the
snow-albedo feedback is fairly well understood and operates similarly at the seasonal
and centennial time scale, thus allowing to determine the optimal feedback strength
that should be present in the model simulations. Cox et al. (2012) similarly utilize
observations collected at time scales covered in the current data record to infer an
estimate of the carbon-climate feedback strength. Notifying that the observed inter-
annual variability of atmospheric CO, concentration is primarily due to terrestrial
biosphere responses to (ENSO-modulated) temperature fluctuations, the terrestrial
carbon loss per degree warming can be derived from the observational record. During
ENSO years the carbon uptake by vegetation is much weaker than during non-ENSO
years. CMIP5 models can similarly be evaluated on such interannual time scales and
tested against the observed CO2-climate sensitivity.

Using a similar approach, Mahlstein and Knutti (JGR submitted) use the relation
between Arctic temperature and sea ice extend to estimate future ice-cover area as
a function of regional temperature projections from CMIPS5. According to this sim-
ple extrapolation the Arctic will be free of ice during summer when global mean
temperature increases by 2K above present, whereas the uncalibrated CMIP3
models suggest that this does not occur until a 3K global mean warming.

Analysis of feedbacks between processes is the key in evaluating the ocean com-
ponent of GCMs. This feedback analysis requires advanced processing of available
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observations and the use of informative conceptual frameworks. The CMIP5 archive
and individual models participating to this experiment are currently explored intensively
to diagnose the complex physical feedbacks between the ocean and atmosphere.
Guilyardi et al. (2011) revisit the classical ENSO theory of the interplay between the
dynamical Bjerkness feedback and the heat flux feedback, and conclude that the
disparity between a subset of 6 CMIPS5 models is largest in the strength and sign of
the Bjerkness feedback. Spatial patterns of the shortwave radiative forcing play a key
role. Evaluation of the CCSM4 hindcasts by Bates et al. (2012) reveal the existence
of compensating errors between solar and evaporative fluxes. Using the Common
Ocean-ice Reference Experiments data set the atmospheric feedbacks are further
disentangled in a heat flux equation decomposition, and errors in the surface wind
fields explain a significant portion of the model disparity. The wind driven forcing
also tends to play a role in explaining model errors in Atlantic meridional heat trans-
port at 26°N, where a trade off between overturning and wind driven gyre transport
takes place. Msadek (2011) found that the slope of the wind driven gyre transport as
function of the Atlantic Meriodinal Overturning Circulation strength (another exam-
ple of an advanced feedback diagnostic) has the wrong sign in the GFDL model.
These diagnostic studies are crucial to gain confidence in decadal predictions which
critically depend on a right initialization and propagation of anomalies in the ocean
component of coupled AOGCMs, and on centennial time scale in which the ocean
mixing properties play a crucial role in determining the time scale of the transient
climate response to the changed radiative forcing.

The recent trends in surface solar radiation, attributed to global dimming and
brightening, provide a useful testbed for evaluation of the representation of the clear
sky direct aerosol radiative forcing. CMIP3 models underestimate the amplitude of
the dimming/brightening signals particularly over China, Europe and India (Dwyer
et al. 2010), which was partly attributed to incorrect aerosol emission scenarios.
Allen et al. (2012) revisit this analysis for CMIP5, where in contrast to CMIP3 only
a single aerosol emission inventory was used. 14 CMIP5 models with a total of 54
ensemble members were available, and compared to observations from the Global
Energy Balance Archive, ISCCP, and surface data sets. Clear sky radiation was
calculated by removing radiation variability explained by cloud cover. In spite of
the increased consistency in the aerosol fields, the dimming trend was not well cap-
tured by CMIP5: the timing of the reversion from dimming to brightening in Europe
was about right, but the amplitude both in Europe and China is still too small. The
conclusions are robust after correcting for cloud cover in the observations and mod-
els. It is of interest to explore the ability of detailed radiation process models in
simulating the dimming and brightening features.

5 Summary and Recommendations for WCRP

Since CMIP3 significant progress has been made in the design of multi-model
experiments, the interpretation of model spread, the availability and usage of obser-
vations, and the diagnostics of complex processes and their interactions. As the
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CMIPS archive is filling up these analyses will further develop. Many other studies,
not reported here, are underway along the lines sketched above. The coordinating
role of WCRP in these developments has been very beneficial. But where can
WCREP play a further role?

The evident increase in the level of sophistication in the practice of model evalu-
ation, data collection and development of diagnostics and experimental design is
clearly reflected in a number of recent WCRP coordination meetings and documents,
such as the world modeling summit (2008), and the WCRP modeling coordination
meeting (2010). Many recommendations documented in the workshop reports call
for enhanced collaboration, particular focus areas and promotion of development of
e.g. better observational data bases. Here we will review these recommendations in
the light of the discussions and developments reported previously.

The current overall organizational design of WCRP is well targeted to establish
the required improved collaboration of experts with a different disciplinary back-
ground. Specifically, improved links should be encouraged between observational-
ists and modelers, NWP and climate model developers, and physical and statistical
experts. Links between observation and model experts should be organized around
the development of agreed observable model evaluation diagnostics and perfor-
mance metrics (see e.g. the “Good practice paper” by Knutti et al. 2010). Frequents
meetings between model developers and application experts can benefit from a
cross-fertilization of common practices in these communities. Frequent evaluation
of climate models using data assimilation and routine observations, as commonly
applied in NWP, can help target the most important biases and their causes in
climate models. Long climate integrations can highlight systematic shortcomings in
NWP systems normally masked by routine application and model state adjustments.
The concept of seamless prediction is a fruitful research area where climate and
NWP applications are joined. And finally, the involvement of statisticians is impor-
tant to improve the detection and evaluation of extreme events in the model suite.

Another step forward is the identification of a number of key model deficiencies.
An inventory over >100 experts, carried out in 2010, revealed a number of persistent
shortcomings in model performance, that urgently need improvement. The issues
mentioned most frequently were:

 tropical variability and biases

* moist processes (clouds, convection, precipitation)
» carbon cycle and land/ocean—atmosphere coupling
e troposphere-stratosphere interaction

e formulation of physics in high resolution models.

The first three topics are well covered in the studies reported previously in this
paper, while the agreed need to improve the predictability of the atmospheric circu-
lation, and the representation of extremes are reflected by the last two topics.
Improvements in these areas require an increased investment in model development
capacity (Jacob 2011), but also require improved experimental design (e.g. initial-
ized forecasts, specific feedback experiments, experiments aimed at describing
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specific (extreme) events) and diagnostics. The WCRP working group structure is
well capable for designing these focused studies.

Finally, WCRP can continue to play its role as ambassador aiming at targeting
funding resources, improving interdisciplinary links and engaging experts and students.
It can do so by organizing targeted conferences and sessions, and provide input to
circuits where decisions are being made. Important overarching targets are for
1nstance:

 the continued need to close the gaps between observations and models

» the continuation of the collection and storage of high-quality homogenized
observation records

* the design of focused field observation studies

 the involvement of the NASA and ESA climate initiatives

* the call for focused modeling studies

¢ the promotion of development of comprehensive Earth System Models including
components of e.g. the biosphere, cryosphere, and human dimensions, requiring
strengthened links with IGBP and IHDP.

Most recommendations require efforts from the researchers in the fields: submit
targeted research proposal, commit to coordinated activities, maintain or improve
the interdisciplinary network. By its organizational design with its working groups
and conference sessions, WCRP can synchronize the activities of the wide range of
involved researchers, and as such help in improving the important understanding of
our environment.
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with Climate Change
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Abstract In this paper, we briefly discuss changes in large-scale oscillations such as
the El Nino/Southern Oscillation (ENSO), the North Atlantic Oscillation (NAO), and
the northern and southern annular modes (NAM and SAM), changes in the polar and
tropical troposphere, and interactions between the stratosphere and troposphere in a
changing climate. We consider both changes in variability as well as trends in the
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mean state. We conclude, that to fully understand how modes of variability will
change in a changing climate, we need additional analysis of observations, both
paleo and present day, and a solid fundamental understanding of mechanisms.
Understanding of mechanisms necessarily requires use of models, ranging from
simple to complex. Such models need to be fully coupled, between atmosphere and
ocean, and need to include a fully resolved middle atmosphere as well.

Keywords Climate variability ¢ Climate change ¢ Annular modes ¢ El Nifio
Southern Oscillation ¢ Sea ice * Greenhouse gases ® Ozone  Stratosphere

1 Introduction

Climate change involves changing statistical properties in the climate system over
an extended period of time. Such changes may be induced through long-term
changes in solar or orbital parameters, long periods of enhanced volcanic activity or
through long-term changes in radiatively significant gases. Whatever the actual
forcing is, the end result will likely be long-term changes in the mean state or in the
variability of the system or both. There are multiple ways to assess whether such
changes may be occurring. Extended model simulations, where appropriate forcing
parameters are varied are one means of assessing changes in the mean state or vari-
ability of the climate system. These simulations can then be used to provide esti-
mates of the climate response to changing forcings as well as assess the internal
variability, both of which are needed for detection and attribution studies. Past
changes in climate variability can be addressed via analysis of historical data, using
both recent measurements as well and geologic records or ice core records. As we
are currently in the midst of a large scale climate change experiment, with changes
in radiative gases and surface conditions induced by anthropogenic activity, analysis
of existing climate data over the industrial era is another means of assessing impacts
on variability due to changes in forcings of the climate system. We are interested in
changes in the mean circulation and variability of that circulation ultimately because
it impacts surface temperature and precipitation.

In this paper, we briefly cover an extremely broad topic: “How climate change
impacts climate variability” with focus on the identification and mechanisms for
modes and regimes of large-scale variability in different climates. We are basing the
content of this paper largely on work discussed at the WCRP Open Science Conference
held in Denver in 2011. Although there are many modes of variability that can be
addressed in a review paper such as this, we will concentrate our efforts on just a few
topics. In particular, we will briefly discuss changes in large-scale oscillations such
as the El Nino/Southern Oscillation (ENSO), the North Atlantic Oscillation (NAO), and
the northern and southern annular modes (NAM and SAM), changes in the polar and
tropical troposphere, and interactions between the stratosphere and troposphere in a
changing climate. We consider both changes in variability as well as trends in the
mean state in our discussion. We will then make recommendations as to key issues
that require additional research.
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2 How Do Changes in Greenhouse Gases and Solar
and Orbital Parameters Impact the Tropics?

2.1 ENSO

Decades of observational, theoretical, and numerical modeling research has shown
that E1 Nino/Southern Oscillation (ENSO) is the result of dynamical coupling between
the ocean and atmosphere which results in growth of perturbations to the tropical
Pacific climate on seasonal to interannual timescales, generally referred to as the
‘Bjerknes feedback.” However, while the fundamental mechanism of ENSO is fairly
well understood, there are still some important open questions, particularly with
regards to how ENSO will change in the future in response to anthropogenic forcing.

One way to address this is to look for detectable trends in the behavior of ENSO
over the twentieth century that might be attributable to external forcing. For example,
in the 1990s, it was argued that the persistent, weak El Nino that occurred from 1990
to 1995 was highly unlikely given the character of the record prior to that time
(Trenberth and Hoar 1996, 1997), and that this may be an indication of ‘El Nino and
Climate Change’ (though no formal attribution statement was made in those studies).
What we have learned since then is that the details of ENSO continue to present new
puzzles with practically every realization of the phenomenon (Stevenson et al. 2012).
For example, there seems to be an increasing number of ‘central Pacific’ events,
which, in contrast to the classic eastern Pacific event, have their maximum tempera-
ture response confined to the central basin (Yeh et al. 2009; Newman et al. 2011).
There also appears to be variations in the predictability of ENSO, which depend on
the mean state (e.g. Kirtman and Schopf 1998). In short, the ‘natural’ behavior of
ENSO is so varied that detecting anthropogenic trends in likely to take an extremely
long record (Wittenberg 2009).

One might look back further using paleoclimate records, and then the basic story
is actually fairly straightforward: A simple, first-order answer which is supported
both by paleoclimate records and by climate models is that the Pacific is character-
ized by large seasonal and interannual variability with global impacts no matter
what the state of the mean climate is. Seasonally-resolved tropical Pacific paleocli-
mate records from periods in the Earth’s history that were both warmer and colder
than today show that ENSO-like interannual variability was present. Available
Pliocene records, for example, when the Earth was several degrees warmer than
present and ice sheets were minimal in extent, show that ENSO frequency and
amplitude were not significantly different from today (Watanabe et al. 2011;
Scroxton et al. 2011). The same goes for the glacial climates: Koutavas and Joanidis
(2009) have shown using isotope measurements on individual forams that there is
large variability at the Last Glacial Maximum, and coral records from prior glacial
stages also suggest considerable interannual variability (Tudhope et al. 2001).
Climate models have thus far not been able to rid the tropical Pacific of ENSO vari-
ability by either warming (Huber and Caballero 2003; Galeotti et al. 2010; von der
Heydt et al. 2011) or cooling the climate (Zheng et al. 2008). Nor does there appear
to be an obvious relationship between radiative forcing and ENSO behavior over the
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last millennium, when solar and volcanic forcing as well as the mean climate state
all have varied (Cobb et al. 2003; Emile-Geay et al. 2012).

The only external climate forcing that, thus far, has been shown to influence
ENSO in a systematic way that is consistent in observations and models is preces-
sional forcing. It appears that when perihelion occurs in Northern Hemisphere sum-
mer (every 21 kyr), ENSO variance is reduced. The mechanism varies from model
to model, but fundamentally it is the altered annual cycle of the large-scale atmo-
sphere—ocean circulation that appears to influence ENSO. Models underestimate
the influence of this effect compared with observations (c.f. Brown et al. 2008).

Looking forward using climate models, there is also considerable uncertainty. First,
there are large biases in climate model simulations of the mean tropical Pacific climate,
which may impact their ability to simulate ENSO (Roberts and Battisti 2011). That said,
if models are run into the future with greenhouse gas forcing, they robustly simulate an
enhanced equatorial warming (IPCC 2007; Liu et al. 2005), but this should not be
thought of as a change in ENSO. Rather, models do not simulate a consistent response
in ENSO, and the changes are generally small even with the large 4x CO, forcing (Fig. 1,
from Guilyardi et al. 2012). An analysis of CMIP3 models by DiNezio et al. (2012) sug-
gests an explanation: They argue that ENSO is fairly insensitive to greenhouse gas forc-
ing because the winds and thermocline actually have opposing effects on ENSO. As the
climate warms, the Walker circulation weakens, which on its own would weaken ENSO
variability. However, the ocean response to the weaker trade winds is a less tilted, but
shallower thermocline, and this effect would strengthen ENSO variability. DiNezio
et al. (2012) argue that these competing mechanisms can explain why climate models
simulate overall little change in ENSO in response to greenhouse gas forcing, and the
same arguments can be made for interpreting past climate changes as well.

These prior studies point to some important, outstanding questions about the
response of ENSO to external forcing:

1. Can we develop a more complete characterization of the ENSO system with
paleoclimate proxies including the internal variability as well as the radiatively-
forced changes?

2. What are the mechanisms by which changes in the mean state can influence
interannual variability of ENSO? Can models represent these mechanisms, and
can observational networks support their characterization in the real system?

3. What are the mechanisms that contribute to the different ‘flavors’ of ENSO, and
how may these be altered by a changing mean state?

4. What are the prospects for improving the predictability of ENSO on seasonal,
interannual and even decadal timescales? Is predictability altered by an externally
forced change in mean state?

2.2 Width of the Tropics

A geographic definition of the “tropical belt” is the region between the Tropics of
Cancer and Capricorn, which are currently at 23°27'S and 23°27'N, respectively.
This geographic definition of the tropical edge latitudes is a consequence of the
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Fig. 1 Standard deviation of Nifio3 SST anomalies for CMIP5 model experiments. Blue bars,
preindustrial control experiments, orange bars, years 90-140 from the 1 %/year CO, increase
experiments, red bars years 50-150 from the abrupt 4x CO,. Calculations are performed for the
models indicated on the x axis. The black ‘error bar’ indicates the minimum and maximum of
50 year windowed standard deviation of Nifio3 anomalies computed from the multi-century con-
trol experiments. Thus, when the Nifio3 standard deviation in one of the CO, runs falls below or
above the error bar, the changes are deemed to be significant. If significant changes are seen in both
experiments that indicates a more robust response in that model (After Guilyardi et al. 2012)

axial tilt of the earth, which varies with a periodicity of approximately 41,000 years.
From an atmospheric perspective, there is no similarly simple definition of the lati-
tudinal extent of the tropical belt, but most definitions refer approximately to the
region equatorward of the Hadley cell edges. These atmospheric tropical edge lati-
tudes have been quantitatively diagnosed from observations and models by identify-
ing arbitrary thresholds or local extremes in meteorological properties (e.g., winds,
tropopause height) as they change with latitude from their tropical to extratropical
values. Figure 2 shows examples of tropical edge diagnostics considered in the lit-
erature. From a surface climate perspective, the tropical edges are significant
because they are essentially the poleward boundaries of the subtropical deserts.
Potential changes in the latitudinal extent of the tropics are thus related to changes
in precipitation patterns, and could lead to significant regional impacts in the eco-
system health, water resources, and agriculture.

Additionally, there are more subtle implications regarding transport of mass and
species into the stratosphere. The tropical upper troposphere is the primary location
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Fig. 2 An example monthly-mean zonal-mean cross section of atmospheric properties from the
NCEP/NCAR reanalysis and NCEP OLR dataset for January 2008. The zonal-mean zonal wind is
shaded (5 m s™' contours), and the mean meridional streamfunction (y) based on the zonal-mean
meridional wind is contoured in blue. Tropical edge diagnostics are denoted by asterisks. Dashed
vertical bars illustrate the relative threshold metrics, and the solid vertical bar illustrates the verti-
cal range of averaging for the peak wind metric (From Davis and Rosenlof 2012)

through which air enters the stratosphere; it is the gateway for stratospheric entry of
tropospheric trace gasses, some of which are potentially ozone depleting or radia-
tively active. If the tropical upwelling region widens, it can conceivably alter the
amount of such species entering the stratosphere, especially if the upwelling region
encompasses a greater concentration of populated regions emitting anthropogenic
pollutants. Hence, how the tropical belt responds to natural and anthropogenic forc-
ings is not only significant for regional surface climate in the subtropics, it also has
a potentially global-scale impact via changes in stratospheric composition and radi-
ative forcing.

Multiple independent analyses using chemical constituent measurements,
meteorological observations, and meteorological fields from reanalyses have iden-
tified changes in the latitudinal extent and character of the tropical belt during the
past 40-50 years. Specifically, studies have noted an intensification and poleward
expansion of the Hadley cell as defined by OLR and the meridional mass stream-
function (Hu and Fu 2007; Johanson and Fu 2009; Mitas and Clement 2005),



Changes in Variability Associated with Climate Change 255

the region of high-altitude tropical tropopause (Lu et al. 2009; Seidel and Randel
2007; Seidel et al. 2008), and the region of “tropical”’-like low column ozone
(Hudson et al. 2006).

Other studies based on reanalyses have suggested changes in both the strength
and position of the subtropical and polar jet streams (Archer and Caldeira 2008;
Strong and Davis 2007), and a poleward shift in storm tracks (Fyfe 2003; McCabe
et al. 2001). A lack of trend has also been noted (Swart and Fyfe 2012). Although
changes in the eddy-driven jets are discussed in Sect. 3.1, and are not strictly related
to the other tropical edge diagnostics discussed here, it is worth noting that the jet
latitudes and Hadley cell edge latitudes are correlated during Austral summer in the
SH (Kang and Polvani 2011).

Tropical widening and poleward expansion of the jets has been detected in
climate model simulations with anthropogenic forcings, and pre-industrial control
runs indicate that the magnitude of the late-twentieth century widening cannot be
explained by natural variability alone (Johanson and Fu 2009; Lu et al. 2009;
Yin 2005). However, the rate of widening is greater in observations than in models
for the few diagnostics that have been tested (Johanson and Fu 2009). For example,
the late-twentieth century poleward expansion rates from several Hadley cell
diagnostics span a range of ~0.6—1.8° decade™, whereas comparable model estimates
are 0.1-0.2° decade™' (Hu and Fu 2007; Johanson and Fu 2009).

A better understanding of the dynamical mechanisms for tropical belt expansion
is very important for assessing the relative importance of ozone depletion and
anthropogenic greenhouse gas (GHG) forcing of tropical widening, and may help in
reconciling the discrepancy between observations and models, thus allowing for
better predictions of future widening. Several dynamical mechanisms have been
proposed for explaining the poleward expansion of the tropics and jets, and in general
these mechanisms involve interactions between the atmospheric thermal structure/
gradients, winds, and wave breaking. More specifically, tropical belt changes have
been proposed to occur due to polar stratospheric cooling (Polvani and Kushner 2002;
Polvani et al. 2011a, b; Tandon et al. 2011), increases in upper tropospheric static
stability associated with global warming (Frierson et al. 2007; Lu et al. 2007), warming
in the tropical Indo-Pacific ocean (Johanson and Fu 2009; Lau et al. 2008), and
changes in wave propagation and breaking associated with changes in the near-
tropopause meridional temperature gradient (Chen and Held 2007; Lorenz and
Deweaver 2007; Simpson et al. 2009).

A comparison of a variety of estimates of changes in the width of the tropics over
the past 30 years is given in Davis and Rosenlof (2012). This study demonstrated
that there is a large spread among tropical width trends calculated from different
edge definitions, as well as from different reanalyses. The study also shows that the
use of objective definitions gives trends that are smaller than previous subjective
estimates (i.e., zrp=15 km and OLR =250 W m~ in Fig. 2). For one metric
(the Hadley cell streamfunction, ysy), the reanalysis trends are large (> 1° decade™),
statistically significant, and significantly larger than those derived from climate
models. Other than the Hadley cell metric, reanalysis trends over the past 30 years
from objective definitions are mostly positive but not statistically significant.
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To date, much work has focused on trends, and relatively little work has been
done comparing the co-variability of various metrics on seasonal, interannual,
hemispheric, and longitudinally-resolved scales. Such comparisons, for models,
observations, and between models and observations, would help give a clearer
picture of what aspects of tropical widening are robust. Clearly, additional studies
are needed to ascertain the reasons for the differences in model- and observation-
based trends, and mechanisms for the changes in tropical width need to be further
explored. Key questions that need answering include:

1. Are historical (i.e., satellite- and reanalysis-based) trends in tropical width
accurate? How well can the observational- and model-based trends of the past
several decades be reconciled?

2. What are the predominant drivers of historical and future tropical width trends in
models (e.g., natural variability, greenhouse gasses, stratospheric ozone depletion)?

3. What are the dynamical mechanisms by which these drivers affect the tropical
width? To what extent can trend variations (e.g., as a function of season, hemi-
sphere, definition) be used to test these proposed mechanisms?

4. How do tropical width trends relate to changes in other modes of climate
variability?

5. Are there feedback processes operating whereby tropical width changes impact
stratospheric composition, leading to a radiative impact on surface temperatures
or further tropical width changes?

3 How Does Climate Change Impact Middle
and High Latitudes?

3.1 The Northern Annular Mode and Related Latitudinal
Shifts of the Eddy-Driven Jet

The Northern Annular Mode (NAM), also called the Arctic Oscillation, is the
main atmospheric mode of variability in the northern extratropics (Thompson and
Wallace 2000). It is usually defined as the first empirical orthogonal function (EOF)
of Northern Hemisphere (20°-90°N) winter sea level pressure but other definitions
exist. While the NAM structure is very similar to the North Atlantic Oscillation
(NAO) pattern in the Atlantic, it exhibits stronger anomalies over the North Pacific,
leading to a more zonally symmetric structure. It has been argued that the two pat-
terns, NAM and NAO, may in fact represent two different paradigms of the Northern
Hemisphere variability: the sectoral paradigm (NAO) and the annular one (NAM)
(Deser 2000; Ambaum and Hoskins 2002). While the debate of which of them is
more appropriate remains unresolved, here we take a simple and pragmatic view-
point: it likely depends on the asked scientific question and context. Consequently,
we will be alternatively using both paradigms. In the Atlantic, the NAM/NAO is
also strongly related to latitudinal displacements of the eddy-driven jet although
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other modes of variability (such as the East Atlantic pattern) are also needed to fully
account for the jet variability (Woollings and Blackburn 2012). NAM/NAO positive
phases are characterized by a strong subpolar jet (the eddy-driven jet) that is well
separated from the subtropical jet. During negative phase periods, in contrast, the
two jets merge and lead to a more zonal circulation across the Atlantic. The NAM/
NAO is an intrinsic mode of atmospheric variability as it always appears in long
atmospheric simulations with climatological SST forcing. NAM and related jet
stream variations are due to mean flow forcing associated with the breaking of tran-
sient, synoptic-scale Rossby wave (Benedict et al. 2004; Franzke et al. 2004; Riviere
and Orlanski 2007). The NAM/NAO can also be viewed as a stochastic process with
a characteristic e-folding time around 10 days (Feldstein 2000). On longer interan-
nual time scales, it exhibits long-range dependence with more power than a simple
red-noise process (Stephenson et al. 2000).

The observed interannual persistence of positive NAO phase winter events in the
1990s following the mostly negative phases in the 1960s has led to a strong NAM/
NAO trend and many related climate impacts in the Northern Hemisphere (Hurrell
et al. 2003; Hurrell and Deser 2009). This remarkable phenomenon has spurred a
strong interest in the research community on the possible influence of low-frequency
external forcings, such as interannual-to-decadal SST variability or the increasing
GHG concentrations, onto the NAM/NAO. A couple of studies then suggested
detection of an anthropogenic influence on sea level pressure (SLP) with a response
pattern projecting strongly on the NAM in the northern extratropics (Gillett et al.
2003, 2005). However, they also pointed out that the climate models used in these
studies strongly underestimated the amplitude of the response. A more recent study
(Gillett and Stott 2009) carried out a global seasonal SLP detection and attribution
analysis suggesting detection of an anthropogenic influence for the tropics but not
for the southern and northern extratropics. This indicates that the NAM pattern did
not dominate the anthropogenic fingerprint identified in previous SLP detection
results. Note however that this last study uses a single climate model and needs to
be extended using a multimodel approach to assess the robustness of the findings.
Furthermore, the recent winter NAO/NAM trend has considerably weakened when
updated to 2011 due to the dominance of negative phase years since 2000, to the
extent that it is no longer significant at the 5 % level.

The study of the influence of external forcing upon the extratropical atmospheric
circulation has often been based on the following paradigm (often termed the non-
linear paradigm): the forced response and the leading mode(s) of the unperturbed
climate have similar structure implying also that the dominant patterns of intrinsic
variability remain unchanged. Among the various arguments which have been pro-
posed to sustain this paradigm (Branstator and Selten 2009), the following explana-
tion is the most often invoked. The atmospheric variability exhibits preferred flow
states or regimes such as blocked and zonal flows (Vautard 1990; Cheng and Wallace
1993; Kimoto and Ghil 1993; Hannachi 2007). In this framework, the response to
anthropogenic forcing may be a change in the residence frequency of the most dom-
inant regimes such as the phases of the NAM/NAO (Palmer 1999; Corti et al. 1999;
Terray et al. 2004). Recent work suggests that this paradigm might not be adapted
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Fig. 3 Projected changes in the 10 year running mean wintertime Northern Annular Mode (NAM)
from CCSM3 forced by the SRES A1B GHG scenario. The thick black curve shows the forced
response, estimated from the average of the 40 realizations. The thin colored curves show results
for ten individual realizations in which internal variability is superimposed upon the forced
response. The green shaded curve shows the minimum number of model realizations needed to
detect a 95 % significant change relative to the decade centered on 2010 (After Deser et al. 2012)

to fully capture the atmospheric response to anthropogenic forcing. First, while the
structure of the NAM is mainly barotropic, it has been suggested from CMIP3
model studies that the response to anthropogenic forcing has a strong baroclinic
component in the Arctic due to strong surface warming induced by ice melting
(Woollings 2008). Second, the horizontal pattern of the mean response is never
exactly the NAM (and even less so the NAO) but rather projects onto the NAM/
NAO with different amplitudes depending on the models and periods used, the size
of the ensembles, and other parameters. Third, in the context of the anthropogenic
influence on the Northern Hemisphere extratropical circulation, the signal-to-noise
ratio is likely to be low as shown by a study of a very large ensemble (40 members)
of twenty-first century climate scenarios performed with one climate model (Deser
et al. 2012). For example, more than 25 members are needed to detect the forced
response in the NAM as estimated by the ensemble mean (Fig. 3).

Many studies have documented the possible impacts of increased amounts of
greenhouse gases (GHG) upon the mid-to-high latitude atmospheric circulation
changes in the Northern hemisphere. Among them, one can cite the rise in the height
of the tropopause (Lorenz and DeWeaver 2007), the increase in dry static stability
(Frierson 2006) and a NAM-related poleward shift of the tropospheric jet streams
and storm tracks (Yin 2005). The latter is well marked in the Southern Hemisphere
and less so in the Northern one, where it can actually be missing in some models.
When present, this change is related to changes in baroclinicity with different effects
between low and upper-level baroclinicity in the context of the twenty-first century
GHG increase. Stronger warming in the tropical upper troposphere leads to an
increase in upper-level horizontal temperature gradients in mid-latitudes while the
increased warming of the polar regions due to sea ice melting leads to a decrease of
low-level baroclinicity. Several mechanisms have been proposed to support the
dynamical interpretation of the jet stream poleward shift due to enhanced upper-
level baroclinicity. They usually invoke the increase and poleward shift of eddy
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kinetic energy as well as an increase in eddy length scale and its effects on the
nature of wave breaking (Kidston et al. 2010; Riviere 2011). Other changes such as
the tropopause height increase (Lorenz and DeWeaver 2007) or changes in subtropical
stability (Lu et al. 2010) could also lead to similar effects.

While much has been learned about the impact of radiative forcing associated
with changes in GHG and other constituents upon the NAM/NAO and related
changes in the jet streams and other characteristics of the extratropical circulation,
some key questions remain, including:

1. What are the relative impacts of the known mechanisms of the NAM and jet
streams response? To what extent do competing changes in low and upper-level
baroclinicity explain the model spread in the poleward shift of the Jet streams? If
yes, what are the relative roles and spread of the surface and upper-level tem-
perature response?

2. Does the NAM affect subtropical and tropical atmospheric circulations, and if so,
by what processes? Is the potential interaction between tropical and extratropical
modes going to change with increasing GHGs?

3. Do stratospheric dynamics play a role in the tropospheric NAM response?
Is there a two-way interaction in the response to GHGs?

4. Is the non-linear paradigm still useful? Should we think instead in terms of two-way
interaction between the response and variability?

To answer these, both observational and modeling approaches (including coupled
ocean—atmosphere-land-sea ice models, those with a well resolved stratosphere and
with and without interactive atmospheric chemistry) are needed. Simpler models
such as the three-level quasi-geostrophic (QG) model or dry GCMs with simple
setups must be widely used to provide dynamically coherent mechanisms and support
complex GCM analysis.

3.2 The Southern Annular Mode

The Southern Annular Mode (SAM) refers to a seesaw of atmospheric mass between
the middle and high latitudes of the Southern Hemisphere (SH; e.g. Thompson et al.
2000; Thompson and Wallace 2000; Marshall 2003; Fogt and Bromwich 2006). It
is the leading pattern of tropospheric circulation variability over the extra-tropical
SH, accounting for the largest fraction of variance on time scales longer than a few
weeks (e.g. Thompson et al. 2000). The positive phase of the SAM is associated
with reduced Sea Level Pressure (SLP) at polar latitudes and increased SLP at mid-
dle latitudes, evident as a strengthening of the westerly winds along their poleward
flank; the negative phase shows opposite-sign changes (Thompson et al. 2000). The
SAM is an intrinsic mode of atmospheric variability resulting from unstable dynam-
ical feedbacks between the climatological zonal flow and high-frequency transient
eddies along the storm track (e.g. Limpasuvan and Hartmann 2000). Although it is
an intrinsic property of the atmosphere, it is also sensitive to a variety of external
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forcing factors including changes in radiative forcing associated with the build-up
of greenhouse gas (GHG), depletion of stratospheric ozone concentrations, and
alterations in earth’s orbital parameters (e.g., Arblaster and Meehl 2006; Arblaster
et al. 2011; Son et al. 2009, 2010; Polvani et al. 2011a, b; Hall and Visbeck 2002;
McLandress et al. 2011). The SAM is also sensitive to changes in Sea Surface
Temperatures (SSTs) both in the extra-tropics (e.g., Sen Gupta and England 2007)
and in the tropics in association with the El Nino/Southern Oscillation (ENSO)
phenomenon (e.g., L’Heureux and Thompson 2006; Seager et al. 2005, 2010; Fogt
et al. 2011; Schneider et al. 2011). While present year-round, the SAM is most
prominent in austral summer (December-February) and autumn (March-May).

Assessing the response of the SAM to each of the forcing agents listed above is
a complex task due to: (1) the limited duration of the observational record; (2) the
high level of unforced (internal) variability in the SAM; and (3) the covariability of
the forcings (e.g., the build-up of GHGs and the depletion of stratospheric ozone
have occurred in tandem over the past 50 years or so). Reliable instrumental records
of barometric pressure suitable for documenting the SAM extend back to approxi-
mately 1957 (Marshall 2003). Attempts have been made to extend this record fur-
ther back in time, but the degree of reliability of such efforts is not clear. The recent
positive trend in the SAM since the late 1950s has been argued to be in part a
response to both the increase in GHG concentrations and the decrease in polar
stratospheric ozone amounts, based on a variety of atmospheric general circulation
model experiments (e.g., Kushner et al. 2001; Arblaster and Meehl 2006; Deser and
Phillips 2009; Son et al. 2009; Gillett and Thompson 2003). Arblaster and Meehl
(2006) show further that the impact of ozone depletion is mainly limited to austral
summer while the effect of increased GHGs is evident year-round. The case for the
impact of ozone depletion upon the SAM has also been made in observational anal-
yses, relying on the time-lagged response of the lower troposphere to radiative
changes in the stratosphere to argue cause-and-effect (e.g., Thompson and Solomon
2002). A positive trend in tropical Pacific SSTs associated with ENSO since the late
1950s has also been shown to contribute to the upward trend in the SAM in austral
summer (e.g., Schneider et al. 2011).

Lower-stratospheric ozone levels are expected to return to near-normal condi-
tions in the next 30-50 years as a result of the Montreal Protocol to reduce ozone-
depleting chemicals (Waugh et al. 2009). The increase in ozone levels is expected to
drive a negative trend in the SAM which will counteract the tendency associated with
increased GHG forcing (Perlwitz et al. 2008; Arblaster et al. 2011; Son et al. 2010).
The net result may be a near-cancellation of radiative forcing and a lack of trend in
the SAM, at least in austral summer (e.g., Polvani et al. 2011b).

It should also be noted, that while many of the same issues pertain to the NAM
and SAM responses to anthropogenic forcing, there are some differences in the
factors affecting the two annular modes. A primary consideration is that polar strato-
spheric ozone depletion has been stronger in the Southern Hemisphere (SH) than in
the Northern Hemisphere (NH) over the past few decades. Given that ozone deple-
tion and GHG increases both act to strengthen the SAM and to shift it poleward, one
may expect the annular mode response to anthropogenic forcing to be stronger in the
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SH compared to the NH in the late twentieth century and weaker in the twenty-first
century due to SH ozone hole recovery.

While much has been learned about the impact of radiative forcing associated
with changes in GHG and stratospheric ozone concentrations upon the SAM, some
key questions remain, including:

1. What are the mechanisms of the SAM response, and to what extent are changes
in SSTs (in both the tropics and extra-tropics) and sea ice involved?

2. To what extent does the SAM affect subtropical and tropical atmospheric circu-
lations, and by what processes?

3. To what extent do changes in the stratospheric Brewer-Dobson circulation
impact the SAM, and by what mechanisms?

4. To what extent do known modes of multi-decadal climate variability such as the
“Pacific Decadal Oscillation” and the “Atlantic Multi-decadal Oscillation” affect
the SAM?

To answer these, both observational and modeling approaches (including coupled
ocean—atmosphere-land-sea ice models with and without interactive atmospheric
chemistry) are needed. In particular, paleo-climate proxy records with demonstrated
sensitivity to the SAM are needed to provide a longer-term perspective on past
variations in the SAM and associations with fluctuations in CO, and SSTs, both
tropical and extra-tropical. It is important that these proxy records provide information
on austral summer and autumn conditions when the SAM is most prominent and
distinguishable from another important mode of atmospheric circulation variability,
the “Pacific-South American” pattern, which also affects middle and high latitude
SH climate. While progress has been made towards answering these questions, for
example Kang et al. (2011) address #2 and Li et al. (2010) address #3, additional
studies are still needed.

3.3 Sea Ice and Associated Atmospheric and Oceanic
Circulations

Sea ice responds directly to the changes in wind stress and heat fluxes associated to
standard modes of atmospheric variability. For instance, when the NAO is in its
positive phase, the enhanced south-westerly atmospheric flow in the Barents Sea
induces a reduction of the sea ice cover while the more northerly winds in the
Labrador Sea favors a higher sea ice extent there (Deser et al. 2000; Rigor et al.
2002). Anomalous circulation over the North Pacific also has a potential impact on
sea ice in the Bering Sea up to the central Arctic (Overland and Wang 2005). In the
Southern Ocean, SAM is associated with a decreased ice extent in the Bellingshausen
Sea and an increase in the Ross Sea (Lefebvre et al. 2004). ENSO also has a clear
impact in the Bellingshausen Sea, adding or subtracting its effect to the one of
SAM there, depending on the polarity of the two modes (Stammerjohn et al. 2008;
Pezza et al. 2011). Any change in atmospheric variability, as discussed in the other
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sections of this paper, thus have a clear impact on the sea ice cover. In a similar way,
changes in the state of the ocean, bringing more or less heat to the sea ice, have an
imprint on the sea ice in both hemispheres (e.g. Polyakov et al. 2010). However, the
role of the ocean in explaining sea ice variability has been much less studied than
the one of the atmosphere.

In turn, variations in the ice concentration or thickness modify the surface albedo
as well as the heat and freshwater transfers between the ocean and the atmosphere,
inducing temperature and circulation changes in those two media (e.g., Deser et al.
2007; Raphael et al. 2011) Those changes are present both locally, close to the
anomalies, and at the large-scale. In this framework, the effect on the atmospheric
circulation of the reduced ice cover during the recent summers has received particu-
lar attention because of the expected further reduction in the coming decades. In
particular, it has been suggested that a low summer ice extent could be associated
with stronger easterly winds (or reduced westerlies) in the following seasons, lead-
ing to colder conditions in some regions of Eurasia in Autumn and winter (e.g.,
Honda et al. 2009; Overland and Wang 2010; Petoukhov and Semenov 2010).
However, additional work is still required to confirm and refine this hypothesis.

When analyzing changes in sea ice variability as a function of the mean condi-
tions, we must take into account that sea ice displays a fundamental difference com-
pared to the ocean and atmosphere as the surface it covers depends directly on the
state of the system. By comparing various model results in different set up, it has
been shown that the standard deviation of the summer ice extent in the Southern
Ocean is roughly proportional to the root square of the mean extent (Goosse et al.
2009). The proposed explanation simply states that the largest fraction of the vari-
ability occurs nears the mean ice edge. A larger ice extent corresponds thus to a
longer ice edge and thus to a larger variability. The variability of the ice extent is
also strongly dependent on the mean state in the Arctic. However, its geometry, with
a central basin surrounded by continents compared to the roughly annular Southern
Ocean, induces a maximum standard deviation of the ice extent in summer for a sea
ice cover of about 3 x 10° km?, i.e. when enough ice remains to sustain large vari-
ability but the mean limit of the ice edge is still far away from the continent to allow
strong variability of its position both southward and northward during cold and
warm years (Goosse et al. 2009; Eisenman 2010).

Consequently, sea ice obviously plays a larger role in the setting up the mean
conditions and the variability of the climate during cold periods such as the Last
Glacial Maximum than in much warmer ones where it was absent of the surface of
the Earth (Polyak et al. 2010). The few paleorecords of sea ice concentration are
generally related to the presence or absence of sea ice during some periods covering
centuries to millennia, with not much information on interannual to decadal vari-
ability. However, information from the early Holocene suggest low frequency varia-
tions of the sea ice transport, likely related to changes in atmospheric circulation
and possibly to the forcing changes, as well as periods with larger multi-decadal
variability of the ice cover compared to more quiet ones (e.g. Funder et al. 2011).
The large-scale structure of those suggested changes and the mechanisms potentially
responsible for them are still largely unknown and thus deserve attention.
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In the future, models suggest an increase of the variability of the summer ice
extent in the Arctic as sea ice extent is reduced (Holland et al. 2008; Goosse et al.
2009). This is consistent with the geographic arguments mentioned above but could
also be related to a thinning of the ice pack (Notz 2009). Such a higher variability,
combined with the reduction caused by anthropogenic forcings, can explain the
very low ice extent observed during some recent years and the abrupt reductions
of the sea ice extent simulated in response to the warming (e.g., Holland et al. 2006,
2008). An alternative explanation is that those large reductions would occur when
the system is crossing a threshold (or tipping point) but this hypothesis appears
unlikely on the basis of our present knowledge (Holland et al. 2008; Notz 2009;
Eisenman and Wettlaufer 2009).

This brief overview illustrates that, although we have learned much about sea ice
variability over the past decades, many questions remain. Some keys ones include

1. What is the response of atmospheric and oceanic circulation to anomalies in the
sea ice cover?

2. Will the knowledge of the sea ice concentration and thickness bring predictability
at the seasonal to decadal time scale?

3. Are warm states in polar regions (as for instance in the Arctic during the mid-
twentieth century, the so-called Medieval Climate Anomaly roughly 1,000 year
ago and the early Holocene) characterized by different amplitude/modes of vari-
ability than colder periods?

4. What is the role of ocean in setting up sea-ice variability at multidecadal
time-scales?

Answering the first two questions will help us to understand and predict the
impact of changes of the sea ice cover (mean and variability). Answering the third
one will provide essential information on the behavior of the system that will help us
to refine our projections of future changes. However, this will require additional
high-resolution proxy records and simulations devoted to the target periods.
Additional long time series will also be required in order to address question 4 but
this will allow better estimates of the mechanisms responsible for the multi-decadal
variability of the ice extent. A striking example is the occurrence of the big Weddell
Polynya, covering about 250 10° km? during the entire austral winters of 1974, 1975,
and 1976 (Carsey 1980). We still do not know if this major event is extremely rare
one and may still occur in the future or if it was a recurring feature of the Southern
Ocean that is not observed anymore because of some shifts in the Southern Ocean.

4 How Do Greenhouse Gas Induced Climate Changes
Interact with Ozone Depletion?

Just as the GHG induced climate changes impact stratospheric ozone, changes to the
ozone layer will also affect climate (Forster et al. 2011; Eyring et al. 2010). Changes
in both long-lived greenhouse gases and stratospheric ozone influence surface
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climate directly via radiative effects and indirectly by forcing circulation and
temperature changes. There have been a number of studies looking at the impact of
Antarctic stratospheric ozone depletion on climate. In particular, lower-stratospheric
cooling associated with the Antarctic ozone hole during austral spring and early sum-
mer strengthens the SH polar stratospheric vortex compared with pre-ozone hole
periods (see Thompson and Solomon 2002; Baldwin et al., 2007; Forster et al. 2011).
There may also be impacts on rainfall patterns (Kang et al. 2011) and the latitudinal
extent of the tropics (Lu et al. 2009; Polvani et al. 2011a). Additionally there has
been work considering the climate interactions between greenhouse gas increases
and stratospheric ozone recovery. Key issues under current research include assess-
ing how climate change may impact ozone recovery, how the current levels of strato-
spheric ozone depletion have affected surface climate and how changes in ozone
expected with the decreases in concentrations of ozone depleting substances will
impact the troposphere.

It has been found that changes in stratospheric ozone, water vapor and aerosols
all radiatively affect surface climate. Observations and model simulations show that
the Antarctic ozone hole is the major contributor to SH circulation changes over the
past 50 or so years (Polvani et al. 2011a), and these changes extend all the way to
the SH tropics. Additionally, ozone increases expected with the reduction in ozone
depleting substances in the stratosphere may act to counteract some SH circulation
changes expected from CO, increases (Polvani et al. 2011b). Recent literature
(Scaife et al. 2012) has shown that there is a significant impact of stratospheric
changes on tropospheric climate. It is quite likely that stratospheric ozone changes
will alter the temperature and wind structure of the stratosphere. This will ulti-
mately impact surface climate regimes.

The horizontal structure, seasonality and amplitude of the observed trends in the
SH tropospheric jet are only reproducible in climate models forced with Antarctic
ozone depletion. The southward shift of the SH tropospheric jet due to the ozone
hole has been linked to a range of observed climate trends over SH mid and high
latitudes during summer. Because of this shift, the ozone hole has contributed to
summertime changes in surface winds, warming over the Antarctic Peninsula, and
cooling over the high plateau. Other impacts of the ozone hole on surface climate
have been investigated but have yet to be fully quantified. These include a potential
impact in sea ice area averaged around Antarctica (e.g., Sigmond and Fyfe 2010), a
southward shift of the SH storm track and associated precipitation, warming of the
sub-surface Southern Ocean at depths up to several hundred meters; and decreases
of carbon uptake over the Southern Ocean (see Forster et al. 2011 and references
therein). Robust connections between NH ozone depletion and surface climate have
not yet been established with observational data, possibly due to the fact that NH
ozone losses are much smaller than those observed in the SH.

In addition to ozone changes impacting surface climate as noted in the previous
discussion here on the SAM, GHG changes also can alter stratospheric ozone chem-
istry. This is through the GHG contribution to stratospheric temperature change,
which then impacts ozone concentrations through changes in reaction rates for
ozone controlling chemical reactions that are temperature-dependent. GHG forced



Changes in Variability Associated with Climate Change 265

changes in the stratospheric circulation can in turn alter the ozone distribution in the
stratosphere and the flux of ozone into the troposphere. As noted above, ozone
depletion/NH climate connections are not robust, however it remains to be seen
whether NH ozone losses will increase with expected increases in GHGs and asso-
ciated stratospheric cooling, thereby potentially altering NH surface climate as well.

There may very well be coincident changes in ozone, water vapor (a key GHG)
and circulation. Randel et al. (2006) demonstrated a strengthening in tropical
upwelling led to decreases in stratospheric water vapor as well decreases in ozone
in a narrow layer near the tropical tropopause. They note that part of the temperature
changes may also be explained as a radiative response to the observed ozone
decreases. The changes in water vapor were subsequently used in a model study that
demonstrated that the water vapor change may have induced a surface temperature
response (Solomon et al. 2010). There are clearly feedback processes operating
here, but they are not fully understood and warrant additional study.

Important questions remain that require further research.

1. When will stratospheric ozone recover to values seen prior to the discovery of
the Antarctic ozone hole?

2. How will stratospheric ozone recovery interact with changing greenhouse gas
concentrations?

3. How will changes in ozone impact surface climate? (primarily see discussion on
the SAM)

4. What are the feedbacks between ozone changes, other radiatively active gases,
and circulation changes?

To answer these questions, observations of stratospheric ozone and ozone deplet-
ing constituents need to continue. Key to furthering our understanding of strato-
spheric ozone/climate relationships are development and analysis of climate models
that fully represent stratospheric processes.

5 Summary

There are strong indications that some aspects of climate variability either will
change or have already changed with variations in GHGs. In this paper, we have
discussed climate changes related to ENSO, tropical width, the NAM and SAM, sea
ice and variations in stratospheric ozone. There is solid fundamental knowledge in
regards to control mechanisms. However, there are many open questions in regards
to all of these as well.

In regards to ENSO, there is more work that can be done using paleoclimate
proxies. There are also questions as to how mean state changes impact interannual
variability and predictability. More work is needed both in regards to modeling and
observations.

In analysis of the latitudinal extent of the tropics there remain many unknowns.
First off, there are questions on the accuracy of historical trends and details on
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mechanisms. More observations are needed, and further analysis of models that
include all potentially relevant processes, both tropospheric and stratospheric.
Similar conclusions can be drawn in regards to the state of knowledge for the NAM
and the SAM, stratospheric ozone and sea ice variability in a changing climate.

The bottom line is that to fully understand how modes of variability will change
we need additional analysis of observations, both paleo and present day, and solid
fundamental understanding of mechanisms. Understanding of mechanisms neces-
sarily requires use of models, ranging from simple to complex. Because coupling,
between ocean and atmosphere, and between different segments of the atmosphere
is important for many of the phenomena discussed, there should be an emphasis on
fully coupled general circulation models. Stratospheric processes are also likely to
be important, so models also need to include ozone chemistry. These topics involve
all of the core WCRP projects, and answering the key questions will involve coop-
erative research between all the WCRP communities.
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Abstract The chapter highlights selected scientific advances made under WCRP
leadership in understanding climate variability and predictability at regional scales
with emphasis on the monsoon regions. They are mainly related to a better under-
standing of the physical processes related to the ocean-land-atmosphere interaction
that characterize the monsoon variability as well as to a better knowledge of the
sources of climate predictability. The chapter also highlights a number of challenges
that are considered crucial to improving the ability to simulate and thereby predict
regional climate variability. The representation of multi-scale convection and its
interaction with coupled modes of tropical variability (where coupling refers both to
ocean-atmosphere and/or land-atmosphere coupling) remains the leading problem
to be addressed in all aspects of monsoon simulations (intraseasonal to decadal
prediction, and to climate change).
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Systematic errors in the simulation of the mean annual and diurnal cycles continue
to be critical issues that reflect fundamental deficiencies in the representation
of moist physics and atmosphere/land/ocean coupling. These errors do not appear
to be remedied by simple model resolution increases, and they are likely a major
impediment to improving the skill of monsoon forecasts at all time scales. Other
processes, however, can also play an important role in climate simulation at regional
levels. The influence of land cover change requires better quantification. Likewise,
aerosol loading resulting from biomass burning, urban activities and land use
changes due to agriculture are potentially important climate forcings requiring
better understanding and representation in models. More work is also required
to elucidate mechanisms that give rise to intraseasonal variability. On longer times-
cales an improved understanding of interannual to decadal monsoon variability
and predictability is required to better understand, attribute and simulate near-term
climate change and to assess the potential for interannual and longer monsoon
prediction.
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A need is found to strengthen the links between model evaluation at the applications
level and process-oriented refinement of model formulation. Further work is required
to develop and sustain effective communication among the observation, model user,
and model development communities, as well as between the academic and “opera-
tional” model development communities. More research and investment is needed
to translate climate data into actionable information at the regional and local scales
required for decisions.

Keywords Monsoons * Climate variability ¢ Climate change ¢ Regional climate
modeling ¢ Predictability

1 Introduction

The better understanding, simulation and prediction of climate and its variability at
regional and local scales have challenged the scientific community for many
decades. These are complex subjects due to the physical processes and interactions
that occur on space and time scales among the different elements of the climate
system. In addition, climate variability is of great importance for society. Particularly
difficult are the world’s monsoon regions where more than two thirds of the Earth’s
populations live.

Understanding, simulating and predicting monsoons involves multiple
aspects of the physical climate system (i.e., atmosphere, ocean, land, and cryo-
sphere), as well as the impact of human activities. During the last decades World
Climate Research Programme (WCRP) has promoted international research
programs that have implemented modeling activities and field experiments
aimed to the fundamental processes that shape the monsoons. The WCRP/
CLIVAR panel on the Variability of American Monsoon Systems (VAMOS,
Mechoso 2000) contributed to the organization of multinational research on the
American Monsoons. VAMOS encouraged the realization of the South American
Low Level Jet experiment (SALLJEX, Vera et al. 2006a), the North American
Monsoon Experiment (NAME, Higgins et al. 2006), La Plata Basin (LPB)
Regional Hydroclimate Project (Berbery et al. 2005), VAMOS Ocean-Cloud-
Atmosphere-Land Study (VOCALS, Wood and Mechoso 2008) in the south-
eastern Pacific, and more recently the Intra-Americas Study of Climate
Processes (IASCLIP) Program (Enfield et al. 2009). The West African Monsoon
(WAM) has also received considerable attention through the international
African Monsoon Multidisciplinary Analysis (AMMA) program (Redelsperger
et al. 2010). Several observational campaigns, such as the GEWEX/CEOP
(Coordinated Enhanced Observing Period) and the YOTC (Year of Tropical
Convection) have archived both in-situ and satellite observation data, providing
a continuous record of observations for studies on processes and interactions
affecting monsoon variability. WCRP also recently sponsored the Asian
Monsoon Years (2007-2012).
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The chapter presents outstanding scientific advances made under WCRP leadership
in understanding, simulating and predicting climate variability and change at
regional scales with an emphasis in the monsoon regions. The chapter also discusses
important related challenges to be addressed by the WCRP community in refer-
ences to the monsoons

2 Regional Perspectives

This section is a brief review of progress in understanding the different monsoon
systems. The focus is on monsoon variability and predictability on time scales of
great societal value, such as intraseasonal, interannual, decadal and longer including
climate change. Rather than being comprehensive, the review highlights major
advances made mainly during the last decade.

2.1 Asian-Australian Monsoons

2.1.1 Regional Variability and Predictability

A prominent feature of the Asia-Australian (AA) monsoon is its intraseasonal varia-
tion (ISV). This consists of a series of active and break cycles, which typically origi-
nate over the western equatorial Indian Ocean. Enhanced and suppressed convective
activity associated with boreal summer intraseasonal oscillations propagate both
poleward over land and eastward over the ocean during the summer monsoon,
exhibiting both 10-20 and 30-50 day modes (Goswami 2005). During the Australian
summer monsoon, ISV is dominated by the Madden Julian Oscillation (MJO) with
a periodicity between 30 and 50 days and propagation primarily west-east with only
limited poleward influence over subtropical Australia (Wheeler et al. 2009). The
AA monsoon ISV with far greater amplitude than the interannual variation can have
a dramatic impact on the region. For example, the intraseasonal break in the mon-
soon over India in July 2002 resulted in only 50 % of normal rainfall that month,
causing enormous loss of crops and livestock. The ISV influences predictability of
the seasonal mean climate (Goswami and Ajaya Mohan 2001) and shortest time
scales through modulating the frequency of occurrence of synoptic events such as
lows, depressions and tropical cyclones (Maloney and Hartmann 2000; Goswami
et al. 2003; Bessafi and Wheeler 2006).

There is some evidence that models that are more successful in simulating the
seasonal mean climate of the AA monsoon region tend to make better predictions of
intraseasonal activity (e.g. Kim et al. 2009). Important westward propagating varia-
tions also occur on the 10-20 day time scale during the boreal summer Asian mon-
soon (Annamalai and Slingo 2001), but the ability to predict these features has yet
to be demonstrated.
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Fig.1 Seasonal change in observed lower tropospheric wind (925 hPa) over the tropical monsoon
regions (JJA minus DJF). Note the obvious reversal from north-easterly to south-westerly winds
near West Africa and India and from anticlockwise to clockwise circulation in tropical South
America, from northern hemisphere winter to summer (Courtesy of A. Turner)

Rainfall in the greater AA monsoon is surprisingly consistent from year to year,
reflecting the robust forcing arising from the seasonal land-surface heating (Fig. 1).
However, even relatively small percentage variations, when set against large seasonal
rainfall totals, can have dramatic impacts on society, particularly where agriculture
remains the main source of living (Gadgil and Kumar 2006). Floods are also common
disasters in monsoon Asia. Due to the recent growth of Asian economies, flood
damage is increasing, particularly in larger cities.

El Nifio Southern Oscillation (ENSO) is the dominant forcing of AA monsoon
interannual variability (IAV). ENSO’s warm phase (El Nifio) tends to be associated
with reduced summer monsoon rainfall, although in the case of the Australian
monsoon, the impact of El Nifio is stronger in the pre-monsoon season (e.g., Hendon
et al. 2012). In addition, antecedent Eurasian snow cover has been reported to con-
tribute to monsoon AV (e.g. Goswami 2006) while tropical Atlantic Ocean tem-
peratures have also been associated with variations of the Indian summer monsoon
(Rajeevan and Sridhar 2008; Kucharski et al. 2008). The Southern Annular mode
(SAM) also influences the Australian summer monsoon through a poleward shift
of the Australian anticyclone during SAM positive phase, resulting in stronger
easterly winds impinging on eastern Australia, enhancing summer rainfall (Hendon
et al. 2007). A large fraction of the AA monsoon IAV is unexplained by known,
slowly varying forcing and may be considered ‘internal’ IAV arising from interactions
with extra-tropics (e.g. Krishnan et al. 2009) or scale-interactions within the tropics
(e.g. Neena et al. 2011).

Seasonal prediction of land-based seasonal rainfall in the AA monsoon region
with the most modern dynamical coupled models such as those that contributed to
Asian-Pacific Economic Cooperation Climate Center (APCC)/Climate Prediction
and its Application to Society (CliPAS) Project (Wang et al. 2009) and in DEMETER
Project (Kang and Shukla 2006) remains too low to be of practical use, even at the
shortest lead times. Poor seasonal predictions of the AA monsoon seems to be
related to model difficulties with the representation of land surface processes and
uncertainty of initial conditions over land, but it also stems from local air-sea inter-
action in the surrounding oceans that tends to damp ocean-atmosphere variability in
regions of monsoonal westerlies (Hendon et al. 2012). However, an encouraging
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trend of improvement in prediction skill of the Asian monsoon has emerged in
recent models such as in ENSEMBLES Project (e.g. Rajeevan et al. 2011; Delsol
and Shukla 2012). The high level of unpredictable intraseasonal variability during
the AA monsoon is another contributing factor, which on top of poor MJO simula-
tion and other monsoon ISV further limits the ability to predict and simulate mon-
soon variability.

The finding that the multi-decadal variability of the south Asian monsoon
(Goswami 2006) and the Atlantic Multi-decadal Oscillation (AMO) are strongly
linked (Goswami et al. 2006), raised hope of decadal predictability of the monsoon.
However, the recent long decreasing trend of Indian monsoon rainfall since 1960
and decoupling with AMO indicates a changing character of multi-decadal vari-
ability of south Asian monsoon, also supported by reconstruction of rainfall over the
past 500 years (Borgaonkar et al. 2010). Character and robustness of decadal vari-
ability of all monsoon systems need to be established from the instrumental records
supplemented by multi-proxy reconstructions. In order to exploit predictability of
such decadal variability, the ability to simulate observed decadal monsoon variability
by the current coupled ocean-atmosphere models need to be established.

2.1.2 Long-Term Trends and Projections

Lack of an increasing trend of South Asian monsoon rainfall in the backdrop of a
clear increasing trend of surface temperature (Kothawale and Rupa 2005) has been
reconciled as due to contribution from a increasing trend of extreme rainfall events
being compensated by contributions from a decreasing trend of low and moderate
events (Goswami et al. 2006). It is also suggested that an increased intensity of
short-lived extreme rain events may lead to a decreasing predictability of monsoon
weather (Mani et al. 2009).

Future projections based on the Coupled Model Intercomparison Project-3
(CMIP3, Meehl et al. 2007b) show monsoon precipitation increasing in South and
East Asia during June-August and over the equatorial regions and parts of eastern
Australia in December-February, though model consistency is not high locally,
especially for Australia (Fig. 2). The projected increase in the monsoon precipita-
tion comes with large uncertainty (Krishna Kumar et al. 2011) making it difficult to
influence policy decisions. Unfortunately, even the CMIP5 models (Taylor et al. 2012)
show similar uncertainty in regional projection of precipitation (Kitoh 2012). Both
CMIP3 and CMIP5 models indicate that while projected monsoon precipitation is
likely to increase, the monsoon circulation strength is likely to decrease in warmer
climate (Kitoh 2012). Projected changes in the atmospheric circulation impact
those on regional precipitation (Kitoh 2011). For example, in the East Asian
summer monsoon, a projected intensification of the Pacific subtropical high, defin-
ing the Meiyu-Changma-Baiu frontal zone and the associated moisture flux, may
bring about increase rainfall (Kitoh 2011). Most models project an increase in the
interannual variability of monthly mean precipitation (Krishna Kumar et al. 2011).
The intensity of precipitation events is also projected to increase, with a shift
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Fig. 2 Projected change in precipitation amount over the Asian-Australian monsoon region in
June-August (fop row) and December-February (bottom row) due to anthropogenic climate change
using the CMIP-3 models. The left panels show the 2001-2100 trend in mm/day (21-model aver-
age), and the right panels show the number of models (of 21) that have an increasing trend
(Figure provided by G. Vecchi (GFDL), following analysis method of Christensen et al. (2007)
using the CMIP3 model archive described in Meehl et al. (2007b))

towards an increased frequency of heavy precipitation events (e.g. >50 mm day-1).
Changes in extreme precipitation follow the Clausius—Clapeyron constraint and
are largely determined by changes in surface temperature and water vapor content
(e.g. Turner and Slingo 2009).

2.2 American Monsoon Systems

2.2.1 Regional Variability and Predictability

During the warm season, the MJO modulates a number of weather phenomena
affecting the North American monsoon system (NAMS) and the inter-American
seas (IAS) region, like tropical cyclones, tropical easterly waves, and Gulf of
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Fig. 3 (a) EOF1 pattern for 10-90 day filtered OLR anomalies during austral summer. (b) Regression
map between EOF1 principal component and 850-hPa wind anomalies (vectors) and the associated
divergence (shading) (Courtesy of Paula Gonzalez, IRI)

California surges (Barlow and Salstein 2006; Yu et al. 2011). Intraseasonal (and
even interannual and interdecadal) variations of South American Monsoon System
(SAMS) appear to be dominated by a continental-scale eddy centered over eastern
subtropical South America (e.g. Robertson and Mechoso 2000; Zamboni et al.
2012). In the cyclonic phase of this eddy, the South Atlantic Convergence Zone
(SACZ) intensifies and precipitation weakens to the south, resembling a dipole-like
structure in the precipitation anomalies; the anticyclonic phase (Fig. 3b) shows
opposite characteristics (e.g. Nogues-Paegle and Mo 1997, 2002; Ma and Mechoso
2007). Such an anomaly dipole pattern seems to have a strong component due to
internal variability of the atmosphere, but it is also is influenced on intraseasonal
timescales (Fig. 3a) by the MJO (e.g. Liebmann et al. 2004) and, on interannual
timescales, by both ENSO (Nogues-Paegle and Mo 2002) and surface conditions in
the southwestern Atlantic (Doyle and Barros 2002).

El Nifio and La Nifia tend to be associated with anomalously dry and wet events,
respectively, in the equatorial belt of both NAMS and SAMS. ENSO influences
NAMS and SAMS activity through changes in the Walker/Hadley circulations of
the eastern Pacific and through extratropical teleconnections extended across both
the North and South Pacific Oceans (PNA and PSA, respectively). During austral
spring, climate variability in southeastern South America is influenced by combined
activity of ENSO (Vera et al. 2006b) and SAM (Silvestri and Vera 2003). Influences
of ENSO on rainfall in the IAS region is complicated by concurrent influences from
sea surface temperature (SST) anomalies in the tropical Atlantic Ocean; the Pacific
and Atlantic rainfall responses are comparable in magnitude but opposite in sign
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(Enfield 1996). An additional complication is the reported change in Atlantic-Pacific
Nifos since the late 1960s, according to which summer Atlantic Nifios (Nifias) alter
the tropical circulation favoring the development of Pacific Nifias (Nifios) in the
following winter (Rodriguez-Fonseca et al. 2009).

Contemporary GCMs are able to capture large-scale circulation features of the
American Monsoon Systems. Moreover, the models can reasonably predict early-
season rainfall anomalies in NAMS, but they have difficulty in maintaining useful
forecast skill throughout the monsoon season (Gochis 2011). In general, models
still have difficulty in producing realistic simulations of the statistics of American
monsoon precipitation and their modulation by the large-scale circulation (Wang
et al. 2005; Marengo et al. 2011, 2012). Model limitations are more evident with the
intensity of the mid summer drought and the SACZ, the timing of monsoon onset
and withdrawal, diurnal cycle, and in regions of complex terrain (e.g. Gutzler et al.
2003; Ma and Mechoso 2007). Assessment of simulated behavior is also limited by
uncertainties in spatially averaged observations (Gutzler et al. 2003), which under-
mines model improvement.

Accurate MJO activity forecasts could be expected to lead to significant improve-
ments in the skill of warm season precipitation forecasts in the tropical Americas
(e.g., Jones and Schemm 2000). On the other hand, CGCM skill in predicting sea-
sonal mean precipitation in both NAMS and SAMS core domains are low and con-
sistent with a weak ENSO impact. In contrast, north and south of the SAMS core
region, higher predictability can be attributed to stronger ENSO impacts (Marengo
et al. 2003).

Land surface processes and land use changes can significantly impact both
NAMS and SAMS (e. g. Vera et al. 2006b). The continental-scale pattern of NAMS
TAV shows anomalously wet (dry) summers in the southwest U.S. are accompanied
by dry (wet) summers in the Great Plains of North America. Stronger and weaker
NAMS episodes often follow northern winters characterized by dry (wet) condi-
tions in the southwest U.S. Moreover, land-atmosphere interactions have to be con-
sidered to reproduce correctly the temperature and rainfall anomalies over all South
America during El Nifio events (Grimm et al. 2007; Barreiro and Diaz 2011).
Moreover SAMS precipitation seems to be more responsive to reductions of soil
moisture than to increases (Collini et al. 2008; Saulo et al. 2010). Recently Lee and
Berbery (2012) examined through idealized numerical experiments potential
changes in the regional climate of LPB due to land cover changes. They found that
replacement of forest and savanna by crops in the northern part of the basin, leads
to overall increase in albedo which in turns leads to reduction of sensible heat flux
and surface temperature. Moreover, a reduction of surface roughness length favors
a reduction of moisture flux convergence and thus precipitation. They found oppo-
site changes in the southern part of the basin where crops replace grasslands.

On decadal and multidecadal time scales, the influence of the Pacific Decadal
Oscillation (PDO) on precipitation has been described in both NAMS (Brito-
Castillo et al. 2003; Englehart and Douglas 2006 and SAMS (e.g. Robertson and
Mechoso 2000; Zhou and Lau 2001; Marengo et al. 2009) regions. The warm PDO
phase tends to have dry (wet) El Nifio and wet (dry) La Nifia summers in North
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America (southern South America) (Englehart and Douglas 2006; Kayano and
Andreoli 2007). The North Atlantic Oscillation (NAO) and, the AMO can also
influence the American Monsoons (Hu and Feng 2008; Chiessi et al. 2009) and the
IAS region (e.g. Giannini et al. 2001), while decadal changes in the SAM influence
on precipitation anomalies in southeastern South America have also been recorded
(Silvestri and Vera 2009).

2.2.2 Long-Term Trends and Projections

Between 1943 and 2002, NAMS onset has become increasingly later and NAMS
rainfall more erratic, though the absolute intensity of rainfall has been increasing
(Englehart and Douglas 2006). In the NAMS core region, daily precipitation
extremes have shown significant positive trends during the second half of the twen-
tieth century (e.g. Arriaga-Ramirez and Cavazos 2010), while consecutive dry days
with periods longer than 1 month have significantly increased in the U.S. southwest
(Groisman and Knight 2008). The SAMS has shown a climate shift in the mid
1970s, starting earlier and finishing later after that date (Carvalho et al. 2010).
Positive trends in warm season mean and extreme rainfall have been documented in
southeastern South America during the twentieth century (e.g. Marengo et al. 2009;
Re and Barros 2009).

Climate change scenarios for the twenty-first century show a weakening of
the NAMS, through a weakening and poleward expansion of the Hadley cell
(Lu et al. 2007). Projected changes in ENSO have, however, substantial uncertainty
with regard to the hydrological cycle of the NAMS (Meehl et al. 2007a). Changes
in daily precipitation extremes in the NAMS have inconsistent or no signal of future
change (e.g. Tebaldi et al. 2006). CMIP3 models do not indicate significant changes
in SAMS onset and demise under the A1B scenario (Carvalho et al. 2010). On the
other hand, the majority of CMIP3 models project positive trends in summer
precipitation for the twenty-first century over southeastern South America (e.g. Vera
et al. 2006c). That trend has been recently related to changes in the activity of the
dipolar leading pattern of precipitation IAV (Junquas et al. 2012). In addition, a
weak positive trend in the frequency of daily rainfall extremes has been projected in
southeastern part South America by the end of the twenty-first century, associated
with more frequent/intense SALLIJ events (e.g. Soares and Marengo 2009).

2.3 Sub-Saharan Africa

2.3.1 Regional Variability and Predictability

WAM (Fig. 4) is characterized by rainfall ISV dominating in two distinct periods:
10-25 and 25-90 days (Sultan and Janicot 2003; Matthews 2004; Lavender and
Matthews 2009; and Janicot et al. 2010). In the 10-25 day range, rainfall variability
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Fig. 4 Three-dimensional schematic view of the West African monsoon (see text for details)
(Adapted from Lafore (2007), illustration: Frangois Poulain)

has been associated with a “quasi-biweekly-zonal-dipole mode” that includes a
notable eastward propagating signal between Central America and West Africa
(Mounier et al. 2008), and a “Sahelian mode” that includes a westward propagating
signal in the Sahelian region (Mounier and Janicot 2004). In the 25-90 day range,
rainfall variability appears to have a significant MJO contribution but the mecha-
nisms for impact are not straightforward, possibly arising in association with a
westward propagating Rossby wave signal that can be equatorial or sub-tropical
(e.g. Janicot et al. 2010; Ventrice et al. 2011) as well as eastward propagating Kelvin
waves (e.g. Matthews 2004).

Recent studies confirm the importance of SST IAV in the Atlantic, Pacific —
Indian and the Mediterranean basins on the WAM (e.g. Losada et al. 2009; Mohino
et al. 2010, 2011; Rodriguez-Fonseca et al. 2011). It has also been suggested that
vegetation AV (affected by the previous year’s rainy season) influences the early
stages of the following rainy season (Philippon et al. 2005). Abiodun et al. (2008)
examined the impacts on the WAM of large-scale deforestation or desertification in
West Africa. Either change yielded strengthened moisture transport by easterly flow,
which led to reduced moisture for precipitation. Short rains over equatorial East
Africa are strongly sensitive to ENSO (e. g. Ogallo 1988; Hastenrath et al. 1993) and
to the Indian Ocean Dipole (e.g. Saji et al. 1999; Webster et al. 1999). One of the
strongest SST-rainfall correlations anywhere on the African continent exists between
East African rainfall and tropical Indian Ocean SST in October-November-December.
Teleconnections between the NAO and austral autumn Congo River discharge and
regional rainfall have also been documented (Todd and Washington 2004).
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In general, warm (cool) SST anomalies east of South Africa are associated with
above (below) average summer rainfall over southeastern Africa (Reason and
Mulenga 1999). ENSO also exerts a strong influence on summer rainfall over southern
Africa. The South Indian Ocean SST dipole, which influences summer rainfall over
southern Africa (Behera and Yamagata 2001; Reason 2001, 2002), has its south-
western pole in the greater Agulhas Current region. In addition, warm (cold) events
in the Angola-Benguela Frontal Zone (ABFZ) region during summer/autumn, not
only disrupt fisheries but also often produce large positive (negative) rainfall
anomalies along the Angolan and Namibian coasts and inland (Rouault et al. 2003).
A teleconnection between the SAM, tropical southeast Atlantic SST and central /
southern African rainfall has also been identified (Grimm and Reason 2011). On the
other hand, local re-circulation of moisture (e.g., Cook et al. 2004), and land surface
feedbacks (e.g., Mackellar et al. 2010) can also contribute to climate variability in
southern Africa. Strong relationships between the frequency of dry spells during the
summer rainy season and Nino 3.4 SST have been found for areas in northern South
Africa/southern Zimbabwe, and Zambia (Reason et al. 2005; Hachigonta and
Reason 2006). A weaker relationship exists between dry spell frequency and the
Indian Ocean Dipole.

Predictability of the seasonal and intra-seasonal regional climate over Africa
depends strongly on location, season, and state of global modes of variability that
couple to a given region. In most regions demonstrable statistical is readily shown.
For example, Ndiaye et al. (2011) examine the performance of eight AGCMs and
eight coupled atmosphere-ocean GCMs (CGCMs) over the Sahel and find skill lev-
els of correlation between predicted and observed Sahel rainfall at up to 6 month
lead time. The same study explores the relative merits of AGCMs versus CGCMs,
and while there are indications that AOGCMs have the advantage, how beneficial
this is to skill enhancement remains an open question. Comparable results are found
over southern Africa, for example Landman and Beraki (2012), who also highlight
the added value of multi-model approaches for improving skill. Generally the
seasonal forecasting studies collectively show forecast skill strongly variable in
time, especially when the equatorial Pacific Ocean is in a neutral state (Landman
et al. 2012). Nonetheless, the value to society, when translating this measure
of predictive skill into the realms of decision maker, remains a point of debate.
While some positive experiences with using forecasts have led to valuable lessons
(e.g. Tall et al. 2012), the interface with decision makers in the context of a variable
skill forecast product remains a significant challenge.

Multi-decadal SST variability in both the Atlantic and Pacific has been shown to
be important for the WAM (e.g. Rodriguez-Fonseca et al. 2011) and southern Africa
(Reason et al. 2006). The partial recovery in West African rainfall over the past
decade has received substantial debate over the respective roles of the Atlantic and
Indian basins (e.g. Giannini et al. 2003; Knight et al. 2006; Hagos and Cook 2008;
Mohino et al. 2011). It has been argued that at interannual time scales the relation-
ship between West African rainfall and tropical SST is non-stationary (Losada
et al. 2012). That is, the impact on West African rainfall of SST anomalies in a
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tropical ocean basin differs before and after the 1070s because in the more recent
period those basin anomalies tend to develop simultaneously with others in the
global tropics. Such findings emphasize the need for proper initial conditions in the
forecasts. Central to the decadal predictability, however, is the challenge of how to
initialize the models (Meehl et al. 2009), and whether the initial state can adequately
capture the mechanisms central to regional predictive skill (for example, the AMO,
PDO, etc.). For Africa this is particularly important, especially southern Africa
where the regional response is linked to a broad range of hemispheric-scale
processes. Liu et al. (2012) explore this initialization issue, and show that while
initialization leads to improvements in hindcast simulations over the oceans, the
improvement with initialization of the land areas was detectable, but limited.
Chikamoto et al. (2012) likewise examine predictability with a hindcast ensemble
experiment, and note the value of ocean subsurface temperatures for decadal signals,
but find this most notable for the north Pacific and Atlantic and the corresponding
connection to North and West Africa. The skill for southern Africa remains more
complicated. Perhaps especially important for Africa in general, is that it remains
unclear what level of skill is required to support stakeholder decisions on a decadal
scale (Meehl et al. 2009).

2.3.2 Long-Term Trends and Projections

The spatial patterns and seasonality of African rainfall trends since 1950 seem to be
related to the atmosphere’s response to SST variations (e.g. Hoerling et al. 2006).
While drying over the Sahel during boreal summer seems to be a response to warm-
ing of the South Atlantic relative to North Atlantic SST, Southern African drying
during austral summer seems to be a response to Indian Ocean warming (e.g.
Hoerling et al. 2006). A reduction in precipitation over eastern and southern Africa
has also been detected in relation with Indian Ocean warming (Funk et al. 2008).
In general, an increasing delay in wet season onset has been detected over Africa
during the last part of the twentieth century (Kniveton et al. 2009).

Climate change projections from WCRP/CMIP3 models fail in showing agree-
ment on changes of West African rainfall for the twenty-first century (Biasutti and
Giannini 2006; Christensen et al. 2007; Joly et al. 2007). However, precipitation
changes derived from empirical downscaling applied to GCM projection ensemble,
show larger agreement in projecting an increased precipitation along the southern
Africa coast, widespread increase in late summer precipitation across south-east
Africa, reduced precipitation in the interior, and a less spatially coherent early sum-
mer decrease (Hewitson and Crane 2006; Tadross et al. 2009). In general across
southern Africa there are indications of future drying in the west and wetter condi-
tion in the east (Hewitson and Crane 2006; Giannini et al. 2008; Batisani and Yarnal
2010). Hewitson and Crane (2006) further note that the interplay between change in
derivative aspects of rainfall (such as increasing intensity but reducing frequency)
can be masked in the more common representation of seasonal averages.
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3 Regional Climate Simulation

3.1 Regionalization Needs

Access to quality-controlled high-resolution, regional climate data is key for assessing
regional climate vulnerability, impacts and the subsequent development of informed
adaptation strategies. Currently, CGCMs used for seasonal to decadal prediction and
climate change projection typically employ horizontal resolutions of ~1-2°. This limits
their ability to represent important effects of complex topography, surface heterogene-
ity, and coastal and regional water bodies, all of which modulate the large-scale climate
on local scales. Coarse resolution also limits the ability of CGCMs to simulate extreme
weather events that contribute non-linearly to the societal impact of regional climate
variability. To increase the utility of CGCM simulations some form of downscaling or
regionalization is usually applied to increase the spatial detail of the simulated data.
Regionalization techniques currently include (i) Dynamical downscaling (DD),
where a Regional Climate Model (RCM) is run at increased resolution over a lim-
ited area, forced at the boundaries by GCM data (Giorgi and Mearns 1999), (ii)
Global Variable Resolution Models (GVAR), that employ a telescoping procedure
to locally increase model resolution over a limited area within a continuous AGCM
(Deque and Piedelievre 1995) and (iii) Empirical-Statistical Downscaling (ESD),
where statistical relationships, developed between observed large-scale predictors
and local scale predictands, are applied to GCM output (Hewitson and Crane 1996).
Most of these techniques aim to add regional detail without changing the large-scale
climate derived from the GCM. All regionalization methods are, to a first-order,
dependent on the quality of the large-scale climate simulated by the driving GCM.

3.2 Coordinated Downscaling Exercises

Several large-scale efforts have been pursued to assess regional climate change
based on the development of ensembles of RCMs in an attempt to sample a fraction
of the uncertainty space associated with projecting regional climate change. Efforts
over North America have occurred in NARCCAP (Mearns et al. 2009, 2012) and
over South America in CLARIS (Menendez et al. 2010) and other regional projects
(Marengo et al. 2009, 2011). A number of coordinated RCM projects have focused
on specific regional phenomena, such as PIRCS for North American summer season
precipitation (Takle et al. 1999; Anderson et al. 2003), WAMME for the west
African monsoon (Druyan et al. 2010), R-MIP for East Asia (Fu et al. 2005) and the
Mediterranean region (Gualdi et al. 2011). The GEWEX-sponsored ICTS project
(Takle et al. 2007) investigated the transferability of RCMs across a range of differ-
ent regions using unmodified model formulations. Over the past 15 years such activ-
ities, many sponsored by WCRP, have provided detailed knowledge of the RCMs’
ability to simulate important regional climate processes and climate change.

In 2008 the WCRP initiated the Coordinated Regional Downscaling Experiment
(CORDEX), with the intention to (i) provide a coordinated framework for the
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development, and evaluation of accepted downscaling methodologies; (ii) generate
an ensemble of high-resolution, regional climate projections for all land-regions,
through downscaling of CMIPS5 projections; (iii) make these projections available to
climate researchers and the impact-adaptation-vulnerability community and sup-
port the use of such data in their activities; and (iv) foster international collaboration
in regional climate science, with an emphasis on increasing the capacity of develop-
ing nations to generate and utilize climate data local to their region. CORDEX is an
unprecedented opportunity for scientists to collaborate in order to evaluate and
improve downscaling methods for different regions of the world and to engage more
closely with users of this data (Giorgi et al. 2009; Jones et al. 2011).

CORDEX has defined a set of target domains along with a standard resolution
for regional data of 50 km. The evaluation phase of CORDEX entails downscaling
global reanalysis data for the past 20 years over all regions for which a group plans
to generate downscaled future projections (e.g. Africa, South America, Europe,
etc.). For each CORDEX area, evaluation teams have been established to define key
climate processes and metrics of performance pertinent to that region, in order to
make a detailed evaluation of downscaling methods for the recent past. Subsequent
to this, DD and ESD methods will be applied to CMIP5 projections for the same
regions. 1950-2010 will used be available for evaluation while 2010-2100 consti-
tutes the time period over which regional projections will be made. While each of
the CORDEX regions will be targeted by groups local to the region, the interna-
tional downscaling community has agreed to target Africa as a common domain for
the coming few years, with an aim of generating an ensemble of climate projections
for Africa to support the Intergovernmental Panel on Climate Change (IPCC) fifth
Assessment process.

4 Challenges in Monsoon Simulation and Prediction

Although there has been substantial progress in understanding and simulating
regional climate as a result of research promoted by WCRP, the successful predic-
tion and simulation of the monsoon and surrounding subtropical regions remains
elusive. Limiting factors to improving simulation of the Earth’s monsoon systems
include the inability to adequately resolve multi-scale interactions that contribute to
the maintenance of those systems (Sperber and Yasunari 2006). A discussion of
some selected processes requiring improved simulation and prediction in the differ-
ent monsoon systems is presented in the following subsections.

4.1 Large to Regional Scale Processes Influencing Monsoon
Variability and Predictability

The identification and understanding of phenomena offering some degree of
intra-seasonal to inter-annual predictability, is necessary to skillfully predict climate
fluctuations in those scales (CLIVAR 2010). In that sense, a prerequisite for a
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successful simulation of regional-scale monsoon variability is an accurate represen-
tation of large-scale modes of variability (e.g. MJO, ENSO). While CGCMs are
improving in their ability to simulate such modes, capturing their remote impact on
monsoon variability requires also simulating atmospheric and oceanic teleconnec-
tions from the mode source regions into the monsoon regions as well as simulating
related regional features (e.g. Alexander et al. 2002).

A number of phenomena that directly impact the quality of simulated monsoon
climates include both large-scale features as well as monsoon features. An exam-
ple is the MJO that can propagate into, and out of the monsoon region while
locally influencing monsoon ISV. While dynamical prediction of the MJO has
improved in recent years (e.g. Rashid et al. 2010; Kang and Kim 2010; Gottschalck
et al. 2010), climate models of the sort used for seasonal prediction have difficul-
ties with the simulation and prediction of monsoon intraseasonal variability,
which compounds the problem of trying to predict relatively low interannual vari-
ability together with the modest relationship with El Nifio (CLIVAR 2010). The
inadequate simulation of MJO and monsoon ISV and in general, the inadequate
simulation of the interaction of organized tropical convection with large-scale
circulation has limited extensively the studies of predictability of monsoon ISV
(CLIVAR 2010). Some of the model limitations in predicting monsoon on intra-
seasonal and seasonal time scales are related to the fact that predictable variations
of the monsoons associated with El Nifio are typically confined to pre-monsoon
and post monsoon, while most of the variability of the main monsoon appears to
be associated with internally generated (i.e. independent of slow boundary forc-
ing) intraseasonal variations (CLIVAR 2010).

Regarding longer time scales, the recent increased capacity of global decadal
prediction brings up the issue of how to address regional decadal prediction. On
decadal timescales, natural variability overlaps with trends and signals associated to
anthropogenic climate change, which might induce different regional climate
responses (as it was discussed in Sect. 2). Moreover, the magnitude of decadal vari-
ability exceeds in many regions of the world those associated with the trends result-
ing from anthropogenic changes. The provision of present and future climate
information on decadal time scales is important considering the need of climate
information on those timescales for decision making of many different socio-
economic sectors (Vera et al. 2010).

The better understanding of how energy and water cycles of the monsoon sys-
tems change as the climate warms is a critical problem (GEWEX 2011). Hydrological
responses to changes in precipitation and evaporation are complex and vary between
regions. For example, it has been shown that a direct influence of global warming
leads to increase water vapor in the atmosphere and more precipitation. However,
with more precipitation and, thus, more latent heat release per unit of upward motion
in the atmosphere, the atmospheric circulation weakens, causing monsoons to falter.
Therefore, sorting out the role of natural variability from climate change signals and
from effects due to land-use change is a key challenge for monsoon related research
(GEWEX 2011). In addition, a warming climate is expected to alter the occurrence
and magnitude of extreme events, especially, droughts, heavy precipitation and heat
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waves. How both, natural variability combined with anthropogenic climate change
signal, affect the nature of climate extremes at regional scales is also a grand chal-
lenge for future research (GEWEX 2011).

Progress in understanding and quantifying predictability of regional decadal climate
variations require climate model simulations that resolve and capture regional pro-
cesses accurately. Moreover, developing skillful decadal predictions at regional scales
relies on better understanding of the associated mechanisms and in particular of the
identification of the climate patterns that offer some degree of decadal predictability
(e.g. PDO, AMO, CLIVAR 2010). Doblas-Reyes et al. (2011) have evaluated the skill
of decadal predictions made with the European Centre for Medium-Range Weather
Forecasts coupled forecast system using an initialization common in seasonal predic-
tion with realistic initial conditions. Despite model drift and model limitation in repro-
ducing several climate processes, positive correlations between decadal predictions
with observations are found for tropospheric air temperature for many regions of the
world with increasing skill with forecast time. On the other hand, precipitation does not
show significantly positive skill beyond the first year. The recent availability of the
CMIPS prediction experiments (Meehl et al. 2009; Taylor et al. 2012) should help to
expand research on monsoon decadal variability and predictability. Evaluation of
decadal predictions over monsoon regions is a challenge by itself in view of the limited
availability of enough long and spatially dense records. Paleo-climate proxy records
might provide useful information for the validation task (CLIVAR 2010).

Besides the influence of large-scale climate variability on monsoon systems,
regional phenomena may also impact the monsoon circulation simulation depend-
ing on how they are locally reproduced. Examples include; Tibetan plateau snow
cover and its impact on large-scale thermal gradients and thereby the monsoon cir-
culation (Shen et al. 1998; Becker et al. 2001) or the Saharan heat low and its impact
on the West African monsoon (Fig. 4, Lavaysse et al. 2009). Interactions between
regional orography and monsoon circulations have been documented for South
America (Lenters and Cook 1999), South Asia (Wu et al. 2007) and East Africa
(Slingo et al. 2005). Over Asia, regionally aerosol emissions can modify both sur-
face and atmospheric solar heating, altering thermal gradients and the monsoon-
scale circulation (Meywerk and Ramanathan 1999, Meehl et al. 2008). Similar
effects were found by Konare et al. (2008), related to radiative cooling due to
Saharan dust and the West African monsoon. Such processes are particularly impor-
tant to represent when estimating potential changes in monsoon circulations in
response to future GHG and aerosol emissions (Ramanathan et al. 2001).

4.2 Key Local to Regional Processes Influencing Monsoon
Variability and Predictability

A number of local- to regional-scale processes strongly influence the accuracy and
utility of simulated monsoon data. These processes are all highly regional, involving
complex interactions across a range of spatial and temporal scales, but are often
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fundamental to the specific development of each monsoon. Improvement in the
understanding and simulation of such processes is crucial for progress in predicting
monsoon variability and change.

4.2.1 Surface Heterogeneity

Land surface processes and land use change play an important role in regional mon-
soon variability. CLIVAR (2010) concludes that during a monsoon early stages,
when the surface is not sufficiently wet, soil moisture anomalies may modulate the
onset and development of precipitation. Furthermore, when the soil is not too dry or
not too wet, the soil conditions can control the amount of water being evaporated,
and also can produce fundamental changes in the planetary boundary layer (PBL)
structure that affects the development of convection and precipitation.

Koster et al. (2004) identified a number of “hot spots” of land—atmosphere cou-
pling, where sub-seasonal precipitation variability is modulated by regional soil
water characteristics. Strong coupling was identified over the Great Plains of North
America, northern India and West Africa—Sahel. In these regions accurate estimates
of soil water, either in initial conditions or during model integration, will likely
impact simulated intra-seasonal monsoon variability. Dirmeyer et al. (2009), showed
that regions and seasons that have large soil moisture memory predominate in both
summer and winter monsoon regions in the period after the rainy season wanes,
excepting the Great Plains of the North America and the Pampas/Pantanal of South
America, where there are signs of land-atmosphere feedback throughout most of the
year. Soil moisture anomalies seem to have a significantly larger impact on rain
rates in the African monsoon than over South Asia, likely due to a weaker oceanic
moisture contribution to Africa and to the South Asian monsoon (Douville et al.
2001). Taylor et al. (2005) further showed that a more responsive and heterogeneous
surface vegetation scheme impact both the simulated diurnal cycle of convection, as
well as the frequency and intensity of convective events over West Africa. Xue et al.
(2006) showed that, during the austral summer, consideration of explicit vegetation
processes in a GCM does not alter the monthly mean precipitation at the planetary
scales, but produces a more successful simulation of the South American monsoon
system at continental scales. The improvement is particularly clear in reference to
the seasonal southward displacement of precipitation during the monsoon onset and
its northward merging with the intertropical convergence zone during its mature
stage, as well as better monthly mean precipitation over the South American conti-
nent. Kelly and Mapes (2010) showed that biases in land surface fluxes reduce the
accuracy of seasonal precipitation in the North American monsoon.

Adequate representation of the land surface conditions should be then carefully
included in monsoon climate predictions (CLIVAR 2010). For example, recently
Guo et al. (2012) showed using forecast experiments from the second phase of the
Global Land- Atmosphere Coupling Experiment (GLACE-2, e.g. Koster et al. 2011)
that predictability of air temperature and precipitation in climate models over North
America rebounds during late spring to summer because of information stored in the
land surface. Coupling becomes established in late spring, enabling the effects of
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Fig. 5 Mean diurnal cycle of precipitation averaged over West Africa and for the period 1998-2008.
Left panel shows TRMM342B, ERA-interim, the 10 RCM ensemble mean and results from each
RCM. Right panel plots in yellow shading the spread of the 50 % most accurate RCMs and the full
spread of the RCM results

soil moisture anomalies to increase atmospheric predictability in 2-month forecasts.
The latter indicates that climate prediction in that particular region could be signifi-
cantly improved with soil moisture observations during spring.

4.2.2 Diurnal Cycle

An accurate representation of the diurnal cycle of convection over tropical lands
remains an unresolved problem in climate models employing convection parameteriza-
tions, with convection systematically triggered too early in the day and precipitation
maxima often phased with local noon, some 6-8 h earlier than observed (Yang and
Slingo 2001; Guichard et al. 2004). Figure 5 presents the mean diurnal cycle of rainfall
for July-August-September, averaged over of West Africa from 10 RCMs that down-
scaled ERA-interim using the CORDEX-Africa domain (see for details Nikulin et al.
2012). TRMM is used as an observational reference, with a clear peak in precipitation
from ~18.00 local time to 03.00 in the night and a minimum at local noon. ERA-
interim 24-h forecast precipitation is completely out of phase with TRMM, exhibiting
a maximum at local noon and minimum from early evening to early morning. Most
RCMs show the same out of phase shape for the diurnal cycle. Two models exhibit
an evening/nocturnal precipitation maximum (UQAM-CRCM and SMHI-RCA).
These models employ variants of the Kain-Fritsch convection scheme (Kain and
Fritsch 1990; Bechtold et al. 2001) with relatively advanced convective trigger
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functions and entrainment/detrainment schemes that are responsive to large-scale
conditions (Kain and Fritsch 1990). Although parameter adjustments in convective
schemes can reduce diurnal cycle errors, much deeper physical insight is needed in
boundary-layer/convection coupling, triggering processes (e.g., Lee et al. 2007) and
the multi-scale behavior of convective systems (Tao and Moncrieff 2009; Stechmann
and Stevens 2010). Clearly, despite concerted efforts, the problem remains challenging
and the need for better physical understanding of convective processes implies that
simply increasing model resolution will not resolve the problem. Thus, much work
remains to fully simulate all components of the precipitation diurnal cycle over
tropical land regions.

Excessive triggering of convection over land contributes to models precipitating
too frequently and at too low intensities (Dai 2006), while an incorrect phase to the
diurnal cycle of convection and associated precipitation and clouds can induce sys-
tematic biases in the diurnal cycle of surface temperature and surface evaporation
(Betts and Jakob 2002). Such errors may have a cumulative impact on soil moisture
through the rainy season. Recent studies have thrown new light on the diurnal cycle
of convection (Grabowski et al. 2006; Khairoutdinov and Randall 2006; Hohenegger
et al. 2008) and suggest a number of extensions to convection parameterizations that
may improve the diurnal cycle. These include; advanced convective trigger functions
that account for heterogeneous surface and atmospheric forcing (Rio et al. 2009;
Rogers and Fritsch 1996), super-parameterizations that embed cloud-permitting
models in each grid box (Xing et al. 2009), convective entrainment that is sensitive
both to the size of developing convective systems and the surrounding environment
(Grabowski et al. 2006), the inclusion of evaporatively driven downdrafts and the
impact of cold pools on vertical stability (Khairoutdinov and Randall 2006;
Rio et al. 2009), and updraft mass-flux detrainment that impacts the convergence
of convective outflows with low-level jets (Anderson et al. 2003).

4.2.3 Low Level Jets

As discussed above, LLIJs are integral part of many monsoon systems. Statistically
significant relationships have been found between nocturnally-peaking LLJs and
nocturnal precipitation extremes in numerous disparate regions of the world
(Monaghan et al. 2010). Widespread changes in the amplitude of near-surface diur-
nal heating cycles have been recorded as an important component of LLJ mainte-
nance and that careful assessment of the impact of these changes on future LLJ
activity is required. The complicated interactions involved in LLJ formation and
maintenance provides an excellent testbed for understanding interactions of a mul-
titude of physical parameterizations. Improvement in the simulation of LLJs should
lead to a better representation of the phase and amplitude of the diurnal cycle of
precipitation and thus warm season rain, though appropriate coupling of LLJs and
convection is required (Anderson et al. 2003). This is a severe test for models given
the unique land-sea distributions, surface types, and orographic influences of the
disparate monsoon regions (Sperber and Yasunari 2006).
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4.2.4 Regional Ocean-Atmosphere Coupling

The primary source of water for monsoon rainfall is evaporation from the ocean.
Processes influencing SSTs and ocean thermocline depth are therefore likely impor-
tant for a good representation of monsoon precipitation. There are indications that
detailed representation of coastal ocean processes may lead to improvements in
model simulations of monsoon ISV in some regions (Annamalai et al. 2005).
Furthermore, it is well established that cyclone variability in the Bay of Bengal
seems sensitive to a detailed representation of ocean mixed layer processes (e.g.
Pasquero and Emanuel 2008). On seasonal time scales, coupled ocean-atmosphere
models are required to simulate the observed negative correlation between precipi-
tation and SST over the warm waters of the AA monsoon region (Wang et al. 2005).
Furthermore, Xie et al. (2007) using a regional coupled model of the tropical East
Pacific, highlight its ability to simulate tropical ocean instability waves, Central
American gap winds, and their impact on coastal SSTs.

The better monitoring and understanding of air-sea interaction processes in sub-
tropical anticyclones/subtropical and tropical gyres in the South Pacific, South
Atlantic and South Indian Oceans will likely lead to improvements in the under-
standing and modeling of climate variability in Africa, South America and Oceania.
The VOCALS program (Wood and Mechoso 2008), which grew out within the
VAMOS panel, focuses on the South East Pacific climate and emphasizes the inter-
actions among major climate components: atmosphere, ocean, clouds, and the aero-
sol. The program has a field component (Wood et al. 2011), and a model assessment
of cloud and PBL which compared the regional performance of a number of differ-
ent models (Wyant et al. 2010). The comparison of model outputs with VOCALS
observations showed a good representation of large-scale dynamics, but a poor rep-
resentation of clouds in general, with too shallow coastal model boundary layers.
Moreover, the model assessment analyses has clarified quantitatively the erroneous
way in which models reproduce the SST underneath the stratocumulus decks in the
region (de Szoeke et al. 2010). Model improvements under VOCALS, nevertheless,
have had more impact on the simulated SSTs in the Pacific than for the Atlantic. The
latter could be due either to a more complex nature of the bias problem in addition
to a lack of focused attention from the research community (Zuidema et al. 2011).

5 Challenges in Generating Actionable Regional Climate
Information

The importance of climate information systems that provide products and services
relevant to climate-related risk management and decision-making has risen dramati-
cally in the last few years, a trend that is likely to continue. However, science and
scientific capacity-building on climate variability and change has been so far insuf-
ficiently translated into policy relevant discourse and action. The lessons learned
strongly suggest that the way forward needs a cultural change in the interaction of
the climate science community and the users (Goddard et al. 2010; Vera et al. 2010;
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and references therein). This change should consider the demand side as the starting
point and the main focus of this interaction, as opposed to using a supply-oriented
approach (e.g. Lemos et al. 2002; Ziervogel 2004). In addition, it is also essential to
enhance natural-social science coupling as well as to improve dialogue with
decision-makers. Such coupling needs to be built into climate modeling institutions
and programs (e.g., SDWG 2012). Building effective partnerships between the pro-
viders and users of climate information are multi-faceted and often not straight-
forward, but it is crucial if the investments in climate science and their potential
benefits to society are to be made (e.g. Barsugli et al. 2009; Vera et al. 2010, and
references therein).

A key need for any climate service is the provision of timely and reliable predic-
tions of the likelihood of hazardous weather and climate events. Defining what
hazardous means, for whom and where, requires detailed understanding of the
vulnerability of society and key systems (e.g. food and water) to changes in the
patterns and characteristics of weather and climate. It also needs to consider how
interactions with other components of the earth system act to mediate the impacts of
hazardous weather and climate (e.g. soil moisture in intensifying heat waves, atmo-
spheric chemistry in linking blocking to poor air quality, oceans and the cryosphere
in determining sea level rise), along the underpinning research required to represent
those processes. These multi-scale, interdisciplinary challenges require the WCRP
to work closely with WWRP, IGBP and IHDP.

The development of climate services needs to be made in parallel to improving
model capability. Besides the overall tasks that WCRP will do in the future to build
better climate models, the effort must include regional-to-local scale verification of
climate predictions pursued together with a dynamical understanding of the pro-
cesses behind the predictability, and a determination of the quality of experimental
predictions (including initialization issues) to provide guidance for climate model
improvement (Vera et al. 2010; Goddard et al. 2010).

A fundamental component of climate services must be the provision of historical
climate data and assessments of the current climate. Improved reanalyses drawing
on the latest developments in models and data assimilation should be promoted
as fundamental to climate services. In particular, ways to assemble, quality-check,
reprocess and reanalyze datasets relevant to climate prediction at regional and local
scales are needed. Also development of quantitative climate information for a wide
range of variables in addition to surface temperature and precipitation is required at
regional and local scales. Efforts should also be made for a better determination and
availability of agreed and reliable datasets and variables required addressing specific
socio-economic sector vulnerability, and identification of the specific regions where
society is most vulnerable to changes in the near-future climate (Vera et al. 2010
and references therein).

Climate services need to provide probabilistic predictions at regional and
local scales which allow users to manage their own risks in an objective way.
Characterization of the uncertainties associated with climate predictions are needed
including properly accounting for those aspects that are and are not predictable.
Ensemble prediction systems are now well established in climate prediction, but the
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techniques to represent prediction uncertainty are quite diverse. Future research
should consider how these diverse approaches can be brought together and the
relative value of each assessed (Goddard et al. 2010).

6 Concluding Remarks

This chapter highlighted a number of advances made in monsoon research, mainly related
to a better understanding of the physical processes related to the ocean-land-
atmosphere interaction that characterize the monsoon variability as well as to a
better knowledge of the sources of climate predictability. Considerable challenges
need to be overcome, however, before predictions of regional monsoon variability
can be achieved at a level of accuracy required by society applications. These chal-
lenges relate both to our basic understanding of physical processes, as well as to
their successful representation in numerical models and the ability to translate that
knowledge in climate information actionable for decision makers. This chapter pre-
sented challenges that we consider crucial to improve our ability to simulate and
predict regional climate variability, particularly in monsoon regions. Central to
many of these is the representation of moist convection and its interaction with
regional dynamics and surface processes. For all aspects of monsoon simulations
(intraseasonal to decadal prediction and to climate change) the representation of
multi-scale convection and its interaction with coupled modes of tropical variability
(where coupling refers both to ocean-atmosphere and/or land-atmosphere coupling)
remains the leading problem to be addressed.

Systematic errors in the simulation of the mean annual and diurnal cycles con-
tinue to be critical issues that reflect fundamental deficiencies in the representation
of moist physics and atmosphere/land/ocean coupling (they do not appear to be
remedied by simple model resolution increases), and are likely a major impediment
to improving the skill of monsoon forecasts at all time scales. Other processes,
however, can also play an important role in climate simulation at regional levels.
The influence of land cover change requires better quantification. Likewise, aerosols
loading resulting from biomass burning, urban activities or, land use changes due to
agriculture are potentially important climate forcings requiring better understanding
and representation in models.

Besides the progress already made, more work is required to elucidate mecha-
nisms that give rise to intraseasonal variability. This timescale is key for users of
climate forecasts and so there is a high societal need to exploit any potential predict-
ability present using current dynamical and/or statistical models. It is expected that
new observational and modeling campaigns, such as DYNAMO (Dynamics of
Madden-Julian Oscillation) and YOTC (Year of Tropical Convection) will contribute
to improving the understanding and numerical representation of active and break
monsoon cycles. Alongside this, it is important to consider how the time-varying,
large-scale environment interacts with variability in regional weather systems
including MCS, easterly waves and tropical cyclones.
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On decadal and multi-decadal timescales an improved understanding of monsoon
variability and predictability is required to better understand, simulate and attribute
near-term climate change and to assess the potential for monsoon prediction. CMIP5
simulations (Taylor et al. 2012) provide improved regional-scale information com-
pared to earlier GCM intercomparison projects, through the use of higher resolution
models. Careful analysis of these simulations will provide new indications of how
climate change may affect monsoon systems particularly in the coming decades.
Community analysis of simulated monsoon processes in these runs are expected,
with some activities having already started (e.g. by CLIVAR-AAMP). CORDEX
will also downscale CMIP5 runs over monsoon land regions, allowing the benefits
of increased model resolution in simulating e.g. intraseasonal variability of the vari-
ous monsoons to be assessed.

Intense work is currently dedicated in many WCRP programs and projects to
improve models, data-assimilation and data-gathering components of numerical climate
prediction systems in order to increase forecast skill. However, further advances are
needed to accelerate the improvement of overall model performance, and strength-
ening the links between model evaluation at the level of the application and the
process-oriented refinement of the model formulation. There is a very large amount of
information generated by numerous process studies and multi-model analyses that
potentially could be used by projects aimed to improve climate models. The com-
munity needs to develop and sustain effective communication and implementation
of this new knowledge. In order to facilitate the access to it by modeling groups,
such synthesis efforts require closer collaboration among the observational data,
model user, and model development communities, and also between the academic
and “operational” model development communities (Jakob 2010). An important area
of common research is the design of metrics to quantify the ability of models to
simulate key features of regional climate systems. It should also be noted that
models largely developed and tuned in the Northern Hemisphere may not perform
optimally over parts of South America or sub-Saharan Africa and attention needs to
be given to regionally sensitive parameterizations.

The community must also exploit the rapidly evolving computing opportunities
afforded by advances in computer hardware and software engineering. Priority must
be given to developing multi-model, multi-member prediction systems, running
models with sufficient resolution to resolve key topographic features and mesoscale
factors that mold regional climate. Complementing this effort is the need to expand
climate models into earth system models that more thoroughly represent the climate
system (Shukla et al. 2009).

A challenge will still remain to connect predictions of regional climate variability
and projections of change to practical outcomes. More research and investment is
needed to translate climate data into actionable information at the regional and local
scales required for decisions (Vera et al. 2010). The expansion of activities must
include: (i) Better determination and availability of agreed and reliable sets of data/
variables required to address specific socio-economic sector vulnerability; (ii) ways
of securing climate observing systems, particularly in less developed regions;
(iii) ways to assemble, quality-check, reprocess and reanalyze datasets relevant to
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climate prediction at regional and local scales; (iv) characterization of the uncertainties
associated with climate predictions including properly accounting for those aspects
that are and are not predictable; (v) tailoring climate information to local scales and
sector needs, and (vi) supporting long-term training of climate scientists in develop-
ing nations, coupled with an effort to ensure suitable infrastructures by which scien-
tists in these regions can access, analyze, and ultimately develop prediction data and
subsequently distribute this data to users in the region.
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Attribution of Weather and Climate-Related
Events

Peter A. Stott, Myles Allen, Nikolaos Christidis, Randall M. Dole,
Martin Hoerling, Chris Huntingford, Pardeep Pall, Judith Perlwitz,
and Daithi Stone

Abstract Unusual or extreme weather and climate-related events are of great
public concern and interest, yet there are often conflicting messages from scientists
about whether such events can be linked to climate change. There is clear evidence
that climate has changed as a result of human-induced greenhouse gas emissions,
and that across the globe some aspects of extremes have changed as a result. But this
does not imply that human influence has significantly altered the probability of
occurrence or risk of every recently observed weather or climate-related event, or
that such events are likely to become significantly more or less frequent in the future.
Conversely, it is sometimes stated that it is impossible to attribute any individual
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weather or climate-related event to a particular cause. Such a statement can be
interpreted to mean that human-induced climate change could never be shown to be
at least partly responsible for any specific weather event, either the probability of its
occurrence or its magnitude. There is clear evidence from recent case studies that
individual event attribution is a feasible, if challenging, undertaking.

We propose a way forward, through the development of carefully calibrated
physically-based assessments of observed weather and climate-related events, to
identify changed risk of such events attributable to particular factors including
estimating the contributions of factors to event magnitude. Although such event-
specific assessments have so far only been attempted for a relatively small number
of specific cases, we describe research under way, coordinated as part of the inter-
national Attribution of Climate-related Events (ACE) initiative, to develop the
science needed to better respond to the demand for timely, objective, and authorita-
tive explanations of extreme events. The paper considers the necessary components
of a prospective event attribution system, reviews some specific case studies made
to date (Autumn 2000 UK floods, summer 2003 European heatwave, annual 2008
cool US temperatures, July 2010 Western Russia heatwave) and discusses the
challenges involved in developing systems to provide regularly updated and reliable
attribution assessments of unusual or extreme weather and climate-related events.

Keywords Attribution * Extreme weather ¢ Climate variability  Climate change

1 Introduction

Episodes of extreme weather or unusual climatic conditions often cause major
economic and human losses. In the aftermath of such events, the scientific commu-
nity is often faced with the challenge of generating and communicating scientifi-
cally robust and timely information about their causes, quantifying their links to
human-induced climate change, if any, and evaluating the prospects for better early
warning of any enhanced risk of such events a month or more in advance.

In this paper we refer to such episodes under the general nomenclature of
“weather and climate-related events”. Such events are discrete episodes of extreme
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weather or unusual climate conditions, often associated with deleterious impacts
on society or natural systems, defined using some metric to characterize either
the meteorological characteristics of the event or the consequent impact. Examples
in the literature considering attribution of weather and climate-related events
include the flooding of Vicarage Road in a suburb of Oxford, England (Allen 2003),
the relatively cool annual mean temperatures across North America during 2008
(Perlwitz et al. 2009), and the extreme summer temperatures in Europe in 2003 (Stott
et al. 2004). Events are often defined as occurring when some relevant threshold is
crossed. For example, in their study of the 2003 European heatwave, Stott et al.
(2004) chose a threshold for mean summer temperatures averaged over a large
region of Europe that before 2003 had not been exceeded since the start of the
instrumental record in 1851. An attribution analysis of the event in question usually
requires a consideration of aspects of the atmospheric and ocean conditions in
addition to that captured by a simple metric, but the latter serves to identify the
occurrence of the event in question as a discrete meteorological episode. An event,
therefore, has specificity in place and time, and event attribution is concerned
with determining the changed probability of the event’s occurrence, due to various
factors, or is concerned with determining how various factors contribute to the
intensity of the event.

The demand for information is often at its greatest in an event’s immediate after-
math, requiring a rapid response from the scientific community. But apparently con-
flicting views can confuse the public, for example that all weather events are affected
by climate change (Trenberth 2011), or that it is not possible to attribute an extreme
weather event to climate change (an oft quoted statement as for example in an online
answer to how many people have died from heat waves per ton of carbon emissions,
http://wiki.answers.com/Q/How_many_people_have_died_from_heat_
waves_per_ton_of_carbon_emissions).

The risk is that such potential confusion could undermine the credibility of the
science of climate change. As a result there is a need for climate science to better
inform decision makers, keenly aware of the need to protect life and property from
the impacts of extreme weather and climate, and who wish to know whether any
enhanced risk of such events could have been anticipated regardless of whether
there has been a human influence (Stott et al. 2011), and whether they are likely to
become more or less frequent owing to future climate change.

A main contributor to any adaptation strategy therefore are reliable assessments
of the probabilities of such events, the likely magnitudes that climate-related events
might be expected to acquire in a stationary climate, and how those might be chang-
ing in time due to human-induced climate change.

Climate science has already provided robust evidence that human influence,
dominated by emissions of greenhouse gases, has altered the climate system (e.g.
Hegerl et al. 2007; Stott et al. 2010), in such a way as to change the occurrence
of extreme temperatures (Zwiers et al. 2011; Christidis et al. 2011a; Morak et al.
2011, 2012) and to lead to an intensification of heavy precipitation events over a
large fraction of northern hemisphere continents (Min et al. 2011). However,
notwithstanding the assertion that all weather events are affected to some extent
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by climate change (Trenberth 2012), and recognizing that all events are in fact
affected by large-scale climate conditions whether natural or anthropogenic, it is
clearly not the case that the occurrence of a specific weather or climate-related
event should, a priori, be assumed attributable unambiguously to human influence.
Many types of such events could happen in a stationary climate, and indeed have
happened in pre-industrial times (Biintgen et al. 2011) and, some types of events
are set to become less not more likely in future (Massey et al. 2012; Christidis and
Stott 2012). Therefore, attribution assessments that relate to the specific weather or
climate-related event in question are required before a conclusion can be drawn
about the links between that event and climate change.

Whereas detection is concerned with determining whether or not climate or a
system affected by climate has changed in such a way that the change’s likelihood
of occurrence by chance due to internal variability alone is small, attribution is the
process of evaluating the relative contributions of multiple drivers of climate to a
change or event with an assignment of statistical confidence (Hegerl et al. 2010).
Consequently, all attribution analyses compare what has actually happened with
what would have happened if a particular climate driver had not been present, and
therefore requires models as well as observations (Hegerl and Zwiers 2011). An
attribution analysis of a weather or climate-related event focuses on a specific region
and time period and in the case of an extreme event focuses on the tails of distribu-
tions of variables (e.g. Stott et al. 2004). Attribution is inherently probabilistic and an
attribution analysis applied to a specific event is no exception. While in most cases it
is not possible to determine that the weather or climate-related event in question
could only have happened because of a particular climate driver, it is possible to
calculate how the climate driver has changed the likelihood of the event (Allen 2003).

While regular and reliable observational assessments of recent weather and
climate-related events are regularly produced (e.g. the annual State of the Climate
report published in the Bulletin of the American Meteorological Society; Blunden
and Arndt 2012), such a regular attribution assessment has only recently been
launched for a few selected events (Peterson et al. 2012). However, attribution of
extreme weather and climate-related events in this way severely stretches the cur-
rent state of climate science (Stott et al. 2012a). Furthermore, mistakenly attributing
an increased risk of an extreme event to climate change could, if natural variability
is playing the major role, lead to poor adaptation decisions; for example, through
allocating resources toward preparing for a greater frequency of such events when
in fact they have become less likely.

The overarching challenge for the community is to move beyond research-mode
case studies and to develop systems that can deliver regular, reliable and timely
assessments in the aftermath of notable weather and climate-related events, typi-
cally in the weeks or months following (and not many years later as is the case with
some research-mode studies; e.g. Pall et al. 2011). In this paper, potential stakehold-
ers are identified who could benefit from such assessments and illustrations pro-
vided of specific case studies that have been carried out so far. Progress in developing
attribution systems is described. We draw lessons from the research work to date
and propose some future research needs.
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2 Relevance of Attribution Assessments of Weather
and Climate-Related Events

Here we discuss six reasons why the development of reliable attribution ass