SEA ICE

An Introduction to its Physics, Chemistry,
Biology and Geology

Edited by
David N. Thomas* and Gerhard S. Dieckmannt

*School of Ocean Sciences, University of Wales, Bangor, UK
T Alfred Wegener Institute for Polar and Marine Research,
Bremerhaven, Germany

Blackwell
Science






SEA ICE

An Introduction to its Physics, Chemistry,
Biology and Geology

Edited by
David N. Thomas* and Gerhard S. Dieckmannt

*School of Ocean Sciences, University of Wales, Bangor, UK
T Alfred Wegener Institute for Polar and Marine Research,
Bremerhaven, Germany

Blackwell
Science



© 2003 by Blackwell Science Ltd,
a Blackwell Publishing Company
Editorial Offices:
9600 Garsington Road, Oxford OX4 2DQ, UK
Tel: +44 (0)1865 776868
Blackwell Publishing, Inc., 350 Main Street,
Malden, MA 02148-5020, USA
Tel: +1 781 388 8250
Towa State Press, a Blackwell Publishing
Company, 2121 State Avenue, Ames, lowa 50014-
8300, USA
Tel: +1 515 292 0140
Blackwell Publishing Asia Pty Ltd, 550 Swanston
Street, Carlton South, Victoria 3053, Australia
Tel: +61 (0)3 9347 0300
Blackwell Verlag, Kurfiirstendamm 57, 10707
Berlin, Germany
Tel: +49 (0)30 32 79 060

The right of the Author to be identified as the
Author of this Work has been asserted in
accordance with the Copyright, Designs and
Patents Act 1988.

All rights reserved. No part of this publication may
be reproduced, stored in a retrieval system, or
transmitted, in any form or by any means,
electronic, mechanical, photocopying, recording or
otherwise, except as permitted by the UK
Copyright, Designs and Patents Act 1988, without
the prior permission of the publisher.

First published 2003 by Blackwell Science Ltd

Library of Congress

Cataloging-in-Publication Data

Sea ice: an introduction to its physics, chemistry,
biology, and geology/edited by David N.
Thomas and Gerhard S. Dieckmann.

p. cm.

Includes bibliographical references (p. ).
ISBN 0-632-05808-0
1. Seaice. I. Thomas, David N. (David
Neville), 1962— 1I. Dieckmann, Gerhard.

GB2403.2.543 2003
551.34'3—dc21
2002038346

ISBN 0-632-05808-0

A catalogue record for this title is available from
the British Library

Set in 10/13pt Times

by DP Photosetting, Aylesbury, Bucks
Printed and bound in Great Britain by
MPG Books Ltd, Bodmin, Cornwall

For further information on
Blackwell Publishing, visit our website:
www.blackwellpublishing.com



Dedication

This book is dedicated to all the ships’ crews, air support teams, field station/base
crews and the myriad of other people associated with the logistic support that makes
sea ice research possible. Beyond their help, however, our families and friends have
had to come to terms with us being at the ends of the earth, often for long periods of
time. In most cases they never get to experience, first hand, the wonders we have
seen. It is only right that this book is dedicated to them.

And now there came both mist and snow,
And it grew wondrous cold:
And ice, mast-high, came floating by,
As green as emerald.

And through the drifts the snowy clifts
Did send a dismal sheen:

Nor shapes of men nor beasts we ken,
The ice was all between.

The ice was here, the ice was there,
The ice was all around:
It cracked and growled, and roared and howled,
Like noises in a swound!

Extracted from The Rime of the Ancient Mariner, Samuel Taylor Coleridge (1772-
1834).
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Foreword

G.E. (Tony) Fogg

Almost everything discussed in this book stems from the unique nature of water.
Whereas comparable compounds are gases at what we regard as normal tempera-
tures, water is a liquid, with a greater heat capacity than almost all other substances
and which, on solidifying, unlike most other fluids, becomes a solid lighter than
itself. Laboratory scientists have explained these peculiarities, but the all-pervading
complexities to which they give rise in the natural environment are still insufficiently
investigated and understood. These complexities are especially evident in sea ice
and their study is becoming increasingly important. Sea ice covers some 7% of our
planet and knowledge of its distribution and behaviour is needed for the purely
practical purposes of navigation but, beyond that, as we now begin to realize, sea ice
acts as an extremely powerful heat engine, controlling global temperatures at levels
which make life sustainable.

Sea ice also provides a habitat for living organisms which, in spite of apparently
extreme conditions, play an important part in the ecosystems of the polar seas. In
studying these things tremendous difficulties have to be faced in making observa-
tions under natural conditions and progress has been slow. However, problems are
being overcome and knowledge advances. In the past, seafarers, although not
altogether unmindful of the beauties of form and colour in sea ice, generally looked
on it as exasperatingly unpredictable — Captain William Parry wrote in 1819 of its
‘whimsicalities’ — formidable in its destructive power, but unproductive and unin-
teresting in itself. Only a few thought it worth studying. James Cook, on his voyage
in Antarctic waters in 1772-75, discussed the origin of sea ice with his naturalist J.R.
Forster but, obviously, could not make detailed observations (Hoare, 1982). The
most comprehensive account from around this time was that of the whaler William
Scoresby in his paper on Greenland ice (1815). This dealt with kinds of ice, the
differences between those of fresh and salt waters, their formation, distribution,
movement and seasonal changes. The effects of ice movements on bird behaviour
were noted, as were the relationships between ice, sea and atmosphere, and parti-
cularly the capacity of the ice as ‘a powerful equaliser of temperature’. Scoresby
entertained his crew by fashioning lenses from clear sea ice and using them to light
pipes and ignite gun-powder. Robert Hooke in the early days of the Royal Society
had already demonstrated the transparency of freshwater ice to radiant heat — an

vii
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important point — and Chinese conjurers had similarly used ice burning glasses some
fourteen centuries before that (Needham, 1962).

However, of all people in Scoresby’s time, the Inuit had the deepest under-
standing of sea ice. Since they migrated into the Canadian Arctic and Greenland
some four thousand years before, they had travelled much on the ice and the ‘little
ice age’ (ca. 1600-1850 ap) forced them to resort to hunting seals in the winter at
breathing holes and leads, devising sophisticated techniques for pursuing their
quarry at different seasons and under varying conditions of ice surface (Aporta,
2002). Obviously, such experience would have been invaluable in the polar
explorations carried out in the 19th century but, for example, the British Royal Navy
would have none of it and even Scoresby, being a whaler rather than a naval man,
was not allowed to play a part.

During these times some advances were being made on the small-scale, mainly
biological, level. Some of the early explorers in Antarctic waters, Bellingshausen in
1820 for example (Debenham, 1945), had commented on the discoloration of sea ice
and surmised that dust from the land or droppings of seabirds were responsible.
James Clark Ross, on his voyage south in 1839—43, was initially inclined to such a
view but his assistant surgeon, Joseph Hooker, collected some of the material and
found it to consist of the remains of microscopic organisms which the eminent
German protozoologist C.G. Ehrenberg later identified as diatoms (Ross, 1847).
The existence of microscopic plants in the open sea was unrecognized at that time
but Hooker realized the abundance and importance of diatoms in ocean waters and
thus provided the basis for biological oceanography. The significance of their
presence in ice as well as in the ambient water was passed by. Fridthof Nansen
(1897) seems to have been the first to make serious studies of micro-organisms in sea
ice. The fact that the same species of diatoms, quite different from those elsewhere,
were to be found in ice from the Bering Strait and from the east coast of Greenland
was used by him in formulating his theory of Arctic Ocean currents. However,
progress remained slow. An idea, now abandoned, that water molecule polymers
concentrated around thawing ice are particularly favourable for living organisms
was put forward to explain the abundance of algae in ice by V. Lebedev (1959).
Identification of sea ice diatoms was carried out by various authors but in situ
investigations of sea ice communities did not develop until the work of J.S. Bunt
(1963), using scuba diving in the Antarctic, and R.A. Horner and V. Alexander
(1972), investigating heterotrophy in sea ice communities in the Arctic.

The necessity of gaining a better knowledge of sea ice distribution and move-
ments became acute, both for navigation and geographical purposes, at the begin-
ning of the 20th century. Studies of the geophysics of sea ice had been initiated by
Nansen in his crossing of the Arctic Ocean but advances were slow and uneven.
With sea ice extending some 160° of longitude to the north of them and with the
possibilities of a north-east passage, the Russians in particular were quick to employ
recently developed ice-breaking ships for both survey and scientific purposes. A
succession of research vessels being beset in Antarctic ice, culminating in the
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crushing and sinking of Shackleton’s ship Endurance in 1915, emphasized the need
for much more information about the physical characteristics of sea ice. Following
World War II, increased use of ice-breakers, the introduction of helicopters to place
scientists and their equipment on ice, and an amazing proliferation of remote-
sensing techniques have made it possible to get some of the information required.

Chapter 1 in this book, by Gerhard Dieckmann and Hartmut Hellmer, adds detail
to this historical sketch. The chapter outlines a framework on which a coherent
picture, basic and still with large gaps, of sea ice science may ultimately be built. The
relationships between sea ice, ocean and atmosphere are clearly dominant but
complicated in the extreme. There are different ice classes, thermodynamics which
must allow for multiple layering, viscous-plastic rheology, snow cover, seawater
flooding and the formation of superimposed ice, brine pockets and the biological
activity they harbour, all coupled to circulation patterns of different degrees of
complexity in both atmosphere and ocean. Then there are surprising differences, as
well as similarities, between the sea ices of the Arctic and the Antarctic. Present
information about these usually comes from spot localities, and extrapolation to
large-scale processes can be problematic.

Sea ice phenomena extend over wide ranges of scale in time and space, and the
question arises as to whether those at the microscopic end of the scale are of interest
only to specialists or are of significance in the global context. This question is
considered by Hajo Eicken in Chapter 2. Putting aside the hypothetical butterfly
flapping its wings to annoy meteorologists, one can easily think of more likely
possibilities in this complex system. The chance establishment of algal growth may,
for example, cause considerable alterations in albedo over extensive ice surfaces.
Eicken discusses the links between microstructure and behaviour of ice on the large
scale, covering the growth, decay and heat budget of ice, simple models of sea ice
growth, the physical chemistry of sea ice, solute segregation and ice microstructure,
salinity evolution, thermal properties, dielectric and optical properties, and macro-
scopic ice strength (including advice on walking on thin ice). It becomes evident that
small-scale processes do affect large-scale behaviour to a considerable extent.

The growth of sea ice is not a matter of thermodynamics alone. There is a
mechanical aspect arising when winds and currents break up the initial cover and
build up the fragments into pressure ridges. It is necessary to have a measure of ice
thickness or, better, volume, as well as horizontal distribution in order to determine
the effects of climate change. This matter is dealt with by Christian Haas in Chapter
3. Model, field, and remote-sensing studies are all required but have been rather
limited. The satellite CryoSat, which employs a synthetic interferometric aperture
radar altimeter, if ground validation proves it satisfactory, should provide a main
source of information for the improvement of sea ice models. Approaching the
problem from below, the British Autosub project has had some success in the
Antarctic.

Sea ice as an insulator limits flow of heat between ocean and atmosphere and its
high albedo results in reflection of solar radiation back into the atmosphere. Given
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the vast extent and seasonal two-fold expansion in the Arctic and the reciprocal
change of five-fold in the Antarctic, the geophysical impacts are enormous and
fluctuating. Added to this, the formation and melting of ice bring about vertical
redistribtion of salt, which is a potent factor in ocean circulation and productivity.
Especially if we are to get an idea of the trend of global warming we need to have
reliable data on the variations of sea ice. Josefino Comiso reviews the situation in
Chapter 4. Satellite data obtained over two decades show large seasonal fluctuations
in ice extent which are inversely correlated with those in sea temperature. Large-
scale trends in ice cover point to decline in the Arctic but to increase over most of
Antarctica. Results so far have some statistical uncertainty and cyclic patterns have
to be taken into account.

Primary production in sea ice has been dismissed in the past as making only a
negligible contribution to the global total. Recent research, as summarized by Kevin
Arrigo (Chapter 5), is still hampered by logistic restraints and lack of adequate
techniques for measuring primary production in situ, but such data as have been
obtained point to it being greater per unit area than has been thought, and one must
not forget that it is one of the most extensive ecosystems on earth. Microprobes
capable of non-invasive sampling of the different microhabitats in sea ice are
desirable and numerical models can perhaps be used to suggest where information is
most lacking.

The smudges of colour noticed in sea ice by the early explorers and eventually
recognized as responsible for this primary production have proved to be more than
accidental and more varied, active and complicated in organization than could have
been supposed. In Chapter 6 Michael Lizotte points out that sea ice microbiology is
just one beneficiary of the tremendous advances made in aquatic microbiology
generally in recent years. Biochemical analysis, isotopic tracers, specific metabolic
inhibitors, genetic analysis, advanced microscopy and micromanipulation are
employed as well as helicopters, drills, and diving equipment. Apart from the algae
responsible for the photosynthesis there are small invertebrates, protozoa, fungi,
bacteria, archeabacteria and viruses. Besides having to tolerate low temperatures
these organisms are often cut off from the ambient environment, which may involve
nutrient deficiency, and subject to abrupt osmotic stress. They may live in a rich
organic soup in which the webs of transfer of metabolites and energy must be
intertwined in a most complicated way. There is everything to be learned about the
development and functioning of ecological relationships in the ice.

Small animals use sea ice for feeding, refuge and breeding, either as permanent
residents or temporary visitors. Biogeography comes to the fore here, the difference
between the Arctic, where rotifers and nematodes are most abundant, and the
Antarctic, where copepods, euphausiids, and turbellarians are most prominent,
being at the phylum rather than the species level. This is discussed by Sigrid
Schnack-Schiel in Chapter 7. The life cycles of these animals are largely determined
by the seasonal fluctuation of the ice, the behaviour of the Antarctic krill being of
particular interest in relation to the food web of the Southern Ocean.
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Ecophysiological investigations have not progressed far except that the survival
mechanisms used by fish frequenting pack ice have been found to involve glyco-
proteins as antifreeze agents.

Large air-breathing animals, the epifauna, are not dependent directly on sea ice as
a source of food but may use it as a solid platform on which they can live and breed,
and from which they can launch foraging forays into the water. Others, which as
David Ainley, Cynthia Tynan and Ian Stirling point out in Chapter 8 include the
human species, find it merely a barrier to getting at food or, at another level, car-
rying out exploration. Seals in both polar regions have rather the same general
behaviour habits on and under sea ice but differ in minor respects. Polar bears in the
north and emperor penguins in the south have fascinating and completely different
adaptations to the rigorous conditions on the upper surface of the ice. Seasonal
changes in sea ice, both in bulk and distribution, have ecological consequences for
both mammals and seabirds, maybe producing species-specific alterations in
demography, range and population size. These must be studied not only for pur-
poses of both economic exploitation and conservation but as potentially sensitive
indicators of long-term changes in climate or marine pollution.

One might think that sea ice can play no great part in marine geochemistry.
Indeed this was so until recently, but when it was realized that sea ice is the site of
considerable microbiological activity the situation changed. However, as David
Thomas and Stathis Papadimitriou emphasize in Chapter 9, it is necessary to have a
background of the abiotic changes in chemistry which take place when sea water
freezes, in order to assess the biological activities. This is no easy matter but the
large-scale ice tank facilities, such as have become available in Hamburg, will help
greatly. A comprehensive view of what is known and what might be known with the
aid of new techniques of the chemistry of a wide variety of substances is given in this
chapter. Among them the occurrence of dimethyl sulphide in sea ice is of particular
interest since this product of marine algae is involved in the formation of aerosol
particles, providing cloud condensation nuclei which become important factors in
localized and global climate control.

Chapter 10, by Amy Leventer, deals with particulate flux, both living and non-
living, from sea ice. Downward transport of solid material plays an integral part in
the cycling of carbon and silica in the oceans besides providing food for benthic
organisms and contributing to the sedimentary record. Long-term monitoring with
sediment traps could provide much information on the interannual variability of
ecosystems. The release of living material by melting ice not only provides a source
of food for pelagic grazers but potential inoculum for the seasonal growth of
plankton. What happens at this stage, of course, will have a considerable impact on
higher trophic levels. Another aspect is that particles from the atmosphere may be
intercepted by sea ice, and it is an interesting possiblity that these may contain iron,
an essential but scarce trace element in phytoplankton growth, and so contribute to
blooms at the ice edge.

Finally, in Chapter 11, Leanne Armand and Amy Leventer discuss the past
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distribution of sea ice, an important matter for reconstructing past oceanic and
climatic conditions. The evidence comes from the records extending over the
Quaternary period provided by microfossils and geochemical and sedimentary
tracers, including ice-rafted debris. Dinoflagellate cysts have played an important
part in Arctic studies whereas in the Antarctic dependence is mainly on diatom
distributions. Such information has to be combined with modern physical interac-
tion studies between ice, ocean and atmosphere, involving complex statistical
treatments. Sea ice conditions can now be reasonably incorporated in general
circulation models predicting future climates but palaeontologically determined
conditions have not yet been used in models to simulate past climates.

The chapters in this book are of necessity specialized. At the one extreme the
physicist, concerned with the thermodynamics or hydrodynamics of the ice itself,
regards living organisms as of marginal importance. At the other extreme the
biologist may study organisms in isolation. Nevertheless, sea ice functions as an
integrated system. The physicist should remember that there is always a remote but
real chance that the most elegant of mathematical models of ice movement can be
put awry by seemingly trivial biological activity. A walrus, for example, may take it
into its head to bash through 20cm of ice at a critical spot. The biologist is more
consciously aware that he needs information about the physical and chemical pro-
cesses going on in the environment in which his organisms live but may not be
sufficiently well informed.

However, in this book we have the different aspects linked together into a
coherent picture. The incentives attracting ‘pure’ scientists to study sea ice are
strong. For the physicist there is the challenge of overcoming technical problems,
such as reconciling remote-sensing data with ground data and having the excitement
of getting out into the field in order to do it, then constructing numerical models
which can account elegantly for the ‘whimsical’ behaviour of sea ice. The biologist
has the thrill of exploring a unique ecosystem which ranks in novelty with the
astonishing communities found around hydrothermal vents in the deep ocean and in
porous sandstone in the dry valleys of Antarctica.

Sea ice research also has its practical applications. These include the everyday
tasks of charting sea ice for navigation and the management of fisheries. At present,
though, the matter of global warming draws most attention, sea ice being a major
component of the earth’s heat engine, the understanding of which is a necessary part
of predicting what may happen in the near future. Related to this is the tracing of
variations in climate in the past. Studies of sea ice microbiology can be of help in
counteracting the effects of oil spills in Arctic waters or in finding micro-organisms
active at low temperatures which may be used to avoid the expense of providing
elevated temperatures in industrial processes. In a wider field, investigation of sea
ice microhabitats may indicate what is to be expected in looking for life elsewhere in
the solar system and what techniques should be used in detecting it. “There are more
things in heaven and earth, Horatio, Than are dreamt of in your philosophy’
(William Shakespeare, 1603, Hamlet).
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Chapter 1
The Importance of Sea Ice:
An Overview

Gerhard S. Dieckmann and Hartmut H. Hellmer

1.1 Introduction

Following the initial freezing of sea water, sea ice is profoundly modified by the
interaction of physical, biological and chemical processes to form an extremely
heterogeneous semi-solid matrix. Oceanic, atmospheric and continental inputs all
serve to influence the formation, consolidation and subsequent melt when the ice
returns to water. Probably the most important property of sea ice is that, despite it
being solid, it is less dense than sea water and therefore floats.

During the course of a year, tremendous areal expanses of sea water in the Arctic,
the Southern Ocean, and also in the Baltic and other seas such as the Caspian and
Okhotsk, undergo a cycle of freezing and melting. In winter, sea ice covers an area
of up to 7% of the earth’s surface, and as such is clearly one of the largest biomes on
earth (Comiso, Chapter 4).

With the exception of the Inuit, who over several thousand years adapted to a life
closely associated with Arctic sea ice, until the turn of the last century sea ice was
simply a hostile environment and an obstruction to the navigation of sea routes and
the hunting of birds and mammals (Fogg, 1992; Weeks, 1998). It is only during the
past 200 years, and mostly within the past 100 years, that adventurous expeditions
have visited the polar oceans and our understanding of the significance of sea ice in
a global context has begun to develop.

Today we know that the annual cycle of sea ice formation and degradation not
only plays a pivotal role in governing the world’s climate, but also influences
processes in the oceans down to the abyss. The life cycles of marine plants and
animals ranging from micro-organisms to whales, and even man, are also influenced
by the large-scale cycles of ice formation. Sea ice is recognized as a fundamental
component of system earth, which cannot be ignored in the large-scale environ-
mental discussions and the predictions of future climate conditions.

Recently, disturbing headlines from the high latitudes regarding the effects of
ozone holes, collapsing ice sheets and rising temperatures seem to indicate that
rapid climate change is underway. The seeming inevitability of shrinking ice on the

1
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Arctic Ocean, for instance, would infer a threat to the indigenous way of life of local
human communities, hard times ahead for Arctic birds and mammals including the
polar bears, and an ice-free Northwest Passage (Kerr, 2002; Smith et al., 2002). In
the Antarctic, significant changes in the extent and distribution of sea ice cover are
attributed to global climate warming. These changes are closely related to obvious
ecological changes in krill and whale feeding, and have severely affected local
seabird populations (Croxall et al., 2002).

Sea ice research spans many modern scientific disciplines including, among
others, geophysics, glaciology, geology, chemistry, biogeochemistry and numerous
branches of biology. Sea ice research is important for climate researchers and
oceanographers interested in processes pertinent for the localized polar regions and
also for global-scale climate and ocean processes. Present-day sea ice research
ranges from molecular studies into the composition and structure of the ice itself, to
that of the elements and the microorganisms living within the ice, through to scales
many orders of magnitude greater up to the monitoring of ice cover from space
(Plate 1.1).

Modern ice-breakers, as well stations on the peripheries of Antarctica or the
Arctic, greatly facilitate access to sea ice, even during seasons when in the past ice
and weather conditions prohibited effective work. During the past 50 years these
facilities have greatly enhanced the chances for regional meso-scale studies on the
development and growth of sea ice and the dynamics of pack ice fields. These
include investigations into the physicochemical interactions between the atmo-
sphere, ice and underlying water, as well as into the fauna and flora living within or
in close association with sea ice (Eicken, Chapter 2; Haas, Chapter 3; Schnack-
Schiel, Chapter 7; Ainley et al., Chapter 8). Geologists use information gathered
from sediment cores in areas beneath past and present sea ice cover, obtained by
ice-breaker, to reconstruct the earth’s history, particularly that of the sea ice extent
(Leventer, Chapter 10; Armand & Leventer, Chapter 11).

On an even larger scale, airborne equipment used from helicopters or light air-
planes provides information on heat exchange, floe distribution and sea ice thick-
ness as well as on the distribution of birds and animals. Submarines and remotely
operated, or autonomous, vehicles are the latest tools to be used for obtaining
insight into the underside topography of sea ice fields, ice thickness and the
behaviour of animals under the ice (Brierley & Thomas, 2002; Brierley et al., 2002).
New technologies have been harnessed to investigate the fluxes of organic matter
from sea ice to benthic communities on the sea floor, as well as investigating the
seasonal dynamics and growth of these communities (Haas, Chapter 3; Schnack-
Schiel, Chapter 7; Leventer, Chapter 10).

Constantly improving remote-sensing technology and new satellites (Haas,
Chapter 3; Comiso, Chapter 4) enable high-resolution, large-scale monitoring of the
ice cover, surface roughness, dynamics and thickness on a seasonal and interannual
basis. This information is being compiled to drive models that reconstruct and
forecast the behaviour and role of sea ice with regard to past and present climate
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change, as well as enabling assessment of its large-scale ecological significance
(Comiso, Chapter 4; Arrigo, Chapter 5). Satellite and global positioning technolo-
gies allow the tracking of birds and animals, including seals and polar bears, and
their seasonal migrations associated with sea ice (Ainley et al.,, Chapter 8).
Sophisticated suites of information such as diving depths, water temperature and
salinity, and foraging behaviour can be transmitted daily over many months
allowing a far greater understanding of animal behaviour in sea ice covered regions
than has ever been possible before (Bornemann et al., 2000; P16tz et al., 2001).

This chapter provides a brief overview of the importance of sea ice. It spans the
historical development of sea ice research and the expansion in research interests
through to the current state-of-the-art issues and new perspectives that are receiving
increasing attention.

1.2 Historical aspects of sea ice exploration

For obvious reasons the historical development of sea ice research differs greatly
between the northern and southern hemispheres. A detailed chronological account
is beyond the scope of this chapter and is more fully covered by Fogg (1992), Martin
(1998) and Weeks (1998). Excerpts have been extracted from these works to
compile the brief summary that follows.

In both hemispheres it was probably the biology associated with sea ice that led to
man’s interest, association and confrontation with this hostile environment. Around
the Arctic, Baltic and Caspian Seas man has inhabited coastal areas for millennia,
living off the animals closely associated with sea ice, and adapting their lifestyles and
migrations to the seasonal fluctuations in sea ice cover. In the Antarctic it was the
whalers and sealers of the 19th century who first encountered sea ice during the
pursuit of their prey.

The first records of sea ice date back to reports in the Baltic, and near Greenland,
when Irish monks crossed Mare Concretum during their voyages to Iceland. These
journeys actually took place in approximately 795 ap (Weeks, 1998). In about 1070,
Adam of Bremmen described both Iceland and Greenland as well as sea ice. Two
hundred years later a book containing descriptions of sea ice was written by the
priest Ivarr Bodde. There is a detailed report with a map showing the crossing of sea
ice on the Baltic Sea prepared by Olaus Magnus Gothus in 1539, whilst expedition
reports containing general descriptions of sea ice in the Arctic, such as those of
Martin Frobisher, date back to 1576 (Weeks, 1998). Because of the general
expansion of ocean trade routes during the later 18th century, interest increased in
finding a route that offered faster passage between Europe and the Orient. One of
the most notable expeditions during that time was the Great Northern Expedition
started in 1733 under the command of Vitus Bering, who concluded in 1774 that the
route was probably not navigable with the ships available at that time.

The 19th century began with a series of expeditions established mainly to clarify
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the existence of a north-west or north-east passage. The best known are the expe-
ditions of Ross (1818, 1829-33), William Edward Parry and Franklin in 1845. By
1870 the first scientific papers on the properties and variations in sea ice conditions
had started to appear (Tomlinson, 1871; Petterson, 1883), as had reports on the first
sea ice experiments (Buchanan, 1874). Ehrenberg (1841, 1853) was the first to
describe diatoms from Arctic sea ice, after which many papers followed describing
diatoms and organisms in sea ice (Dickie, 1880; Cleve, 1883; summarized by Horner,
1985). Probably the most epic voyage with a scientific background at the end of the
19th century was that of Nansen on the Fram. This voyage initiated the beginning of
modern sea ice geophysics.

Sea ice research in the 20th century was governed by political, logistical, as well as
scientific, enterprise interrupted by the two world wars. At the forefront of 20th
century research was engineering and the development of metal ice-breaking ships.
The first, the Yermak was actually built for Admiral Makarov in 1898 and used for
the first sea ice research programme in the summer of 1901, with the additional
intention of discovering the northern sea route. In 1927 Malmgren published his
doctoral thesis on sea ice growth and property observations carried out during the
drift of the Maud between 1918 and 1925. This probably made him the first true
student of sea ice geophysics (Weeks, 1998).

The Russians were very active in sea ice research even prior to and during World
War II. Particularly noteworthy is the book on Arctic ice by Zubov (1945). Other
pioneering work on sea ice during this period was conducted by Tsurikov who
developed the first geometric model for the variation in sea ice strength with
changes in the gas and brine volumes. Usachev (1949) reviewed work that had been
carried out on sea ice algae. Western scientists were evidently not active during the
period up to 1945 although Ringer, a Dutch chemist, worked on phase relationships
in sea water and brines in 1906, only publishing his work in German in 1926. Other
scientists involved in sea ice research at that time were Whitman, Barnes, Smith,
Crary and Ewing, the last later becoming the Chief Scientist for the US IGY
(International Geophysical Year 1-1957) Program in the Antarctic (Weeks, 1998).

After World War 1l sea ice research increased markedly. Emphasis changed from
that of finding appropriate sea routes and facing the challenges that sea ice posed to
shipping to other priorities. These were in part directed by the then developing
political ‘cold war’ with the consequences for the missile race, submarine strategy,
Arctic offshore oil exploration, remote sensing, the role of sea ice in global climate
and the transfer of pollutants via sea ice.

The first mention of the Antarctic continent is that of Aristotle in 322 Bc who
described, an as yet unknown, extreme southern region Antarktikos. The name was
derived from ‘opposite the Bear’, Arktos being the Great Bear (or Big Dipper)
constellation above the North Pole (Martin, 1996). Yet while the ancient Greeks
only imagined the continent, the first human to actually encounter the Antarctic
may well have been a 7th century Raratongan traveller, Ui-te-Rangiara, who
according to Polynesian legend is said to have ‘sailed south to a place of bitter cold
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where white rock-like forms grew out of a frozen sea’. However, the actual recorded
discovery and exploration of the Antarctic dates back just 200 years.

Voyages into sub-Antarctic waters began in the 16th and 17th centuries. The first
recorded crossing of the Antarctic Circle and encounter with sea ice was in 1773 by
British Captain James Cook who described that there must be ‘a tract of land at the
Pole that is the source of all the ice that is spread over this vast Southern Ocean’.
Cook reached 71°S, a higher latitude than anyone before him. These voyages were
followed by a period when American and British sealers travelled south encoun-
tering sea ice during their pursuit of seals (Fogg, 1992).

Scientific expeditions followed in the wake of the sealing parties. From the late
1830s onwards investigations into the earth’s magnetic fields encouraged expedi-
tions to set out to locate the South Magnetic Pole. The Frenchman Dumont
d’Urville and the American Charles Wilkes searched for the South Magnetic Pole in
1840. The following year James Clark Ross of Great Britain sailed into the Ross Sea
on HMS Erebus and HMS Terror on an unsuccessful expedition to determine the
approximate position of the South Magnetic Pole. He was successful, however, in
charting unknown territory and was probably the first to show a scientific interest in
the sea ice. In fact, Joseph Hooker, the young naturalist on board HMS Erebus,
investigated the discoloured sea ice they often encountered and which was first
thought to contain volcanic ash. Hooker’s examination of the melted ice samples
showed this discoloration to be made by diatoms.

From then onwards, almost every expedition to the Antarctic resulted in scientific
work being carried out, often including sea ice studies. Among the most significant
were the descriptions of Antarctic sea ice by Drygalski (1904) which he recorded
during the expedition of the Gauss. Wright and Priestley, who were members of
Scott’s last expedition, reported their interesting observations of sea ice both in the
Journals and Reports of Scott’s last expedition and in a classic book entitled
Glaciology in 1922. A subsequent expedition, which provided new insight into the
understanding of sea ice, was that of Shackleton between 1914 and 1917 published
by Wordie (1921).

With the advent of new technology and scientific interest, the past 70 years has
resulted in an almost exponential expansion in sea ice research, not only in the sense
of reports and papers published, but also in the numbers of scientists participating in
expeditions, workshops and dedicated sea ice symposia. Sea ice research is of great
international importance, and present-day sea ice campaigns tend to bring scientists
from many countries together in order to consolidate their efforts in a truely multi-
and inter-disciplinary research focus.

1.3 Sea ice influence on ocean and atmosphere

Sea ice can be thought of as a thin blanket covering the ocean surface which
controls, but is also controlled by, the fluxes of heat, moisture and momentum across
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the ocean—atmosphere interface. Because it is relatively thin, sea ice is vulnerable to
small perturbations within the ocean and/or the atmosphere, which significantly
change the extent and thickness of the polar ice cover. Both, in turn, have a major
influence on the state of the ocean and the atmosphere. Due to this complex
interaction between key components of the earth’s climate system sea ice has
become one, if not the most important, component in the research of the past,
present and future climate. The consequences of these interactions for the state of
the sea ice itself are discussed separately.

Sea ice extent and thickness are controlled by the growth/decay and drift of the
ice cover. They are therefore linked to thermodynamic and dynamic processes in the
ocean and the atmosphere (and the sea ice). Cooling of the ocean surface below the
freezing temperature, which ranges from 0°C for fresh water to —1.9°C for salty
Antarctic shelf waters, initiates the formation of sea ice. The growth rate, and later
the age, determines how much brine is expelled to the ocean (Eicken, Chapter 2),
causing a densification of the surface waters.

For both hemispheres, these waters primarily correspond to shelf waters, indi-
cating that on earth the continental shelves are the prime location for sea ice for-
mation. In contrast to the Arctic where strongly diluted surface waters, due to
river run off, buffer most of the salt input in autumn, brine rejection in the South-
ern Ocean causes deep convection, a cooling and salt enrichment of the whole
shelf water column. At salinities greater than 34.46, these waters have the poten-
tial to initiate deep and bottom water formation during mixing with open
ocean components at various locations of the Antarctic continental shelf break
(Gill, 1973).

Especially in the Weddell and Ross Seas a most southerly located broad con-
tinental shelf results in surface waters being exposed to cold air, transported from
high elevations of Antarctica’s interior to the coast by strong katabatic winds. These
winds, supported by tidal action, maintain narrow (hundreds of metres to a few
kilometres) coastal polynyas along the ice shelf edges in which new ice forms at rates
of up to 10 cm per day. In addition, coastal polynyas are very productive because the
environmental conditions are such that sea ice formation occurs almost all year
round. They are called latent heat polynyas because of the heat the surface water
gains from the formation of ice crystals. This is the only heat available, but it is
insufficient for melting sea ice because shelf convection transports only very limited,
if any, heat from the depth to the surface (shelf waters are characterized by near-
surface freezing temperatures). Therefore, it is the action of external forces (wind
and tides) that mainly maintains low ice concentrations close to the Antarctic coast
line.

The route high salinity shelf water takes on the shelf determines the mixing
process and its contribution to the formation of new bottom water. Observations
from the southern Weddell Sea are presented here, but the types of processes
described are applicable to all broad continental shelves fringed by large ice
shelves:
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e A direct route towards the continental shelf break results in the mixing with
different open ocean components forming Weddell Sea Bottom Water (WSBW)
at the slope front (Foster & Carmack, 1976).

e A sloping shelf topography towards the south induces high salinity shelf water to
flow into the ice shelf cavity participating in the sub-ice shelf circulation.

e Interaction with the deep ice shelf base initiates melting and possibly freezing,
and the formation of a meltwater plume. This is less saline and, with tempera-
tures below surface freezing, is defined as Ice Shelf Water (ISW). If bottom
topography allows, ISW might reach the continental shelf break where mixing
with deep waters of circumpolar origin again results in the formation of WSBW
(Foldvik et al., 1985).

It has been speculated that the latter route might be sensitive to climate shifts, and
related changes in the sea ice cover will have consequences for the ice shelf mass
balance and the characteristics of the meltwater plume (Nicholls, 1997). The
spreading of the new bottom water is confined to the Weddell Basin, but through
mixing with overlying water masses it is able to escape as Weddell Sea Deep Water
(WSDW) through gaps in the confining ridges. Outside the Weddell Sea this water
mass is historically called Antarctic Bottom Water which has been observed in the
Atlantic as far as 40°N.

The most famous sensible heat polynya is the Weddell polynya. Initiated by the
heat of warm deep waters, at its maximum it has exposed nearly 250 000 km? of ice-
free ocean to the winter atmosphere in the eastern Weddell Sea. It occurred most
impressively during the mid-1970s. Thin ice and/or low ice concentration are
common winter conditions in the vicinity of Maud Rise, a seamount at 65°S, 2.5°E
which rises from the 5000 m deep abyssal plain to within 1600 m of the ocean surface.
Interaction of ocean currents and tides with the steep bottom topography is assumed
to trigger a complex regional circulation pattern which transports warm deep waters
of circumpolar origin to the near surface. For a short period of time, the winter heat
fluxes associated with this upwelling can be almost 200 W m ™ with an areal average
of 25 W m? (Muench et al., 2001). Under the perennial pack of the western Weddell
Sea, however, heat fluxes are as low as 3W m? (Lytle & Ackley, 1996) similar to the
2Wm™ in the central Arctic Ocean. Although ocean processes might initiate the
polynya’s onset, a persistent wind resulting from the interaction of the ice-free
ocean with the atmosphere seems necessary to keep the area clean of ice, as indi-
cated by results from a sea ice-mixed layer model coupled with a simple atmosphere
(Timmermann et al., 1999). However, for the better understanding of the processes
related to the onset, maintenance and decay of a polynya, further small-scale field
studies accompanied by high-resolution numerical models combining atmosphere,
sea ice and ocean processes are necessary.

As in the coastal polynya, sea ice formation and the resulting densification of the
surface layer initiates open ocean convection which can affect a water column up to
4000 m thick (Gordon, 1978). As a result, most of the underlying deep water is
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cooled with consequences for deep and bottom water formation and the char-
acteristics of the world ocean abyss ventilated by these waters. For example, the
cooling of the bottom layer of the Argentine Basin in the late 1980s can be related to
the cooling of the deep Weddell Sea during the polynya years of the 1970s (Coles et
al., 1996). Similar open ocean convection sites influenced by sea ice related
processes exist in the northern hemisphere, namely the Greenland and Labrador
Seas where the parent water masses of the North Atlantic Deep Water (NADW)
are formed. NADW dominates the lower stratum of the Atlantic Ocean and has a
global distribution by feeding the deep waters of the Antarctic Circumpolar
Current.

A sensitivity of the formation process to changes in the Arctic sea ice cycle was
assumed for the period of the Great Salinity Anomaly (Lazier, 1980). In the late
1960s a lens of fresh water caused by enhanced sea ice export through the Fram
Strait, travelled south with the boundary current influencing both the Greenland
and Labrador Seas. Nowadays, open ocean convection in the North Atlantic is
supposed to be controlled by the atmospheric circulation, which might be influenced
by anomalous sea ice conditions (Dickson et al., 1996).

In the central Arctic Ocean, convection is restricted to the upper 50-100 m due to
the strong stratification of the water column. The deeper layers are renewed by
advection of water masses of Atlantic origin entering through the Fram Strait and
across the Barents Sea. Further modification occurs due to the admixture of cold
and increased saline waters from the shallow continental shelf as the deep water
flows anticlockwise with the gyre circulations which dominate the three Arctic
basins (Rudels et al., 1994). Finally, these deep waters escape from the Arctic
Ocean, again through the Fram Strait (sill depth ~2500m), into the Greenland and
Norwegian Seas to contribute either there, or further downstream, to deep water
formation. However, due to a sill depth of 600-800m at the Greenland-Scotland
Ridge only the upper deep waters of Arctic origin are able to continue towards the
Labrador Sea.

The influence of sea ice on the atmosphere is manifold, covering a wide range of
physical processes, and spatial and temporal scales. Primarily, sea ice, and the snow
cover it can sustain, prevent the ocean from heating the lower atmosphere due to
turbulent fluxes across the interface. A cooler atmosphere is also supported by a
high surface albedo in summer and the emission of long-wave radiation in winter.
The former reduces the absorption of short-wave solar radiation (absent in winter)
that would otherwise warm (and melt) the ice or the ocean surface. The latter cools
the snow and ice surfaces which in turn extract heat from the air blown across the
interface. The winter cooling, however, can be mitigated by the existence of clouds,
resulting from evaporation in ice-free areas, that effectively trap long-wave radia-
tion. In summer, the warming of the atmosphere due to clouds might be less because
a denser cloud cover reduces the incoming solar radition.

All of these factors illustrate a positive feedback mechanism, initiated by a
climatic warming, that might lead to a reduced extent and thickness of the polar ice
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cover. Sensitivity studies with a thermodynamic sea ice model reveal that the
summer Arctic ice cover would completely disappear with a 3-5°C increase in air
temperature or a 15-20% decrease in albedo (Maykut & Untersteiner, 1971). This
model, however, did not include the relevant ice dynamics that might enhance an ice
retreat because thinner ice is more compressible.

The influence of the sea ice on the dynamics of the atmosphere is concentrated
on the atmospheric boundary layer. The exchange of momentum due to turbulent
processes primarily controls the sea ice drift on time scales of 1 day and more;
ocean currents dominate the sea ice motion on time scales of more than 1 month
(Kottmeier & Sellmann, 1996). Among other things, polar field experiments are
designed to determine drag coefficients used to parameterize the transfers of heat,
moisture and momentum in atmosphere and sea ice models. The state-of-the-art
sea ice models take numerous parameters into consideration including: different
ice classes, thermodynamics based on a one-dimensional heat diffusion equation
applied to multiple layers, a viscous-plastic rheology, a snow cover, sea water
flooding due to the suppression of the ice—snow interface, and the formation of
superimposed ice, the treatment of brine pockets, and biology. This information is
all coupled to circulation models of different complexity for the atmosphere and
the ocean.

The deep and bottom waters produced by the polar oceans form part of the global
thermohaline circulation. Therefore, sea ice processes contribute to the driving of
the global distribution of water mass characteristics, the ventilation of the deep
world ocean, and the transport of natural and anthropogenic substances (tracers)
from the ocean surface to the abyss where these can be stored for centuries. The
latter is of climatic relevance in the view of increasing concentrations of greenhouse
gases in the atmosphere, which are assumed to have caused the 0.5K increase in
global temperatures during the last century (Jones et al., 1999).

This warming, in turn, is thought to be responsible for the rapid reduction in
summer extent of the Arctic ice cover during the past two decades (Comiso,
Chapter 4). Since the warming predominately affects the perennial ice cover, it is
not surprising that during the same period Arctic mean ice drafts also declined by
42% (Wadhams, 2001). Whether this trend continues or reverses due to, so far,
unknown feedback mechanisms, and the consequences of an ice-free summer Arctic
Ocean on the climate of the northern hemisphere and beyond, are still speculative.
Further research is necessary to understand the complex climate system of which
sea ice is one key component.

While in the Arctic, despite a large interannual variability, negative trends are
becoming obvious. In contrast such changes are minor in the Antarctic where sea ice
is more influenced by alternating anomalies propagating around Antarctica as part
of the Antarctic Circumpolar Wave (ACW) (White & Peterson, 1996; Comiso,
Chapter 4). The latter, however, seems to be linked to the El Nifio Southern
Oscillation (ENSO) cycle, indicating a control on the sea ice conditions far beyond
the limits of the polar southern hemisphere.
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1.4 Similarities and differences between Arctic and Antarctic
sea ice

The most significant difference between the two polar regions, with regard to sea
ice, is that the Arctic is a closed basin surrounded by land with only one deep
passage through which water can be readily exchanged with the rest of the world’s
oceans. In contrast, the Antarctic Ocean is circumpolar and connected with the
Indian, Atlantic and Pacific Oceans surrounding the continent.

Shelf seas in the Arctic take up about one-third of the ocean area with a depth
below 100 m and the mean depth is 1800 m (Wadhams, 2000). In a broader sense, the
Arctic encompasses estuaries, gulfs and bays such as Hudson Bay or smaller seas
such as the Sea of Okhotsk and the White Sea. At the time of its maximum advance
in February and March, sea ice covers the entire Arctic Ocean. By September it has
reached its minimum (Comiso, Chapter 4). Sea ice in the Arctic extends from the
North Pole to about latitude 44° in the Sea of Japan (Wadhams, 2000).

Antarctic annual sea ice has a much higher amplitude and year-to-year variability
than in the Arctic (Table 1.1). Sea ice here occurs between about 55° and 75°S. In
the Antarctic the continental shelves are very narrow, and so the Antarctic pack ice
zone is largely over ocean basins between 4000 and 6500 m deep.

Ice growth and melting in both polar regions are governed by the same energy
fluxes but several factors differ considerably between the hemispheres. The most
notable is the oceanic heat flux. The heat flux in the Arctic is estimated to be about
2 W m™, whereas the average annual flux in many parts of the Southern Ocean may
be as high as 30 Wm™ (Lytle et al., 2000). More than half of the sea’s ice in the
Arctic is multi-year ice (Table 1.1) whereas in the Southern Ocean multi-year ice
only constitutes a small fraction (Table 1.1; Eicken, Chapter 2; Haas, Chapter 3;
Comiso, Chapter 4).

In the Arctic, sea ice is subjected to considerable terrestrial input, due to river
run-off in the form of sediment and/or suspension freezing of bottom sediments.
Pollution of sea ice in the Arctic can be considerable and is either aeolian or due to
terrestrial and riverine runoff resulting from the proximity of industrial centres
(Thomas & Papdimitriou, Chapter 9; Leventer, Chapter 10). In contrast, Antarctic
sea ice can still be considered pristine, with terrestrial input playing an insignificant
role and only found where sea ice occurs in the vicinity of exposed rocks or nunataks
where strong winds may blow dust onto the sea ice. Aeolian pollution through
industrial input is also of minor significance; however, signs of elevated PCB
(polychlorinated biphenyls) have been found in birds and seals associated with sea
ice.

Many other differences between Antarctic and Arctic sea ice exist, some of which
are summarized in Table 1.1. They range from structural and textural differences,
such as the composition of different ice textures, to differences in the salinity
regime, heat flux and the biology.

One of the most significant differences is that in the Arctic man has been
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Table 1.1

Examples of major differences between Arctic and Antarctic sea ice.

Feature

Arctic

Antarctic

Maximum extent

Minimum extent

Mean thickness

Annual ice cover
(first-year ice)

Latitudinal range

Multi-year ice

Extent of land-fast ice

Annual average heat flux

Platelet ice

Polynyas

Melt ponds
Superimposed ice
Flooding

Sea ice residence time
Drift velocity
Texture

Salinity

Pollution

Sediment inclusion
Top predators

Seals

Flightless birds

Fish associated with
sea ice

Central crustaceans
associated with sea ice

Foraminifers

Nematodes

15.7 x 10°km? (February—
March) (Comiso, Chapter 4)

9.3 x 10%km? (September)
(Comiso, Chapter 4)

1996: 3 m
1976: 5m (Wadhams, 2000)

7 x 10°km?: <50% (Comiso,
Chapter 4)

90°N to 44°N

9 x 10°km? (Gloersen et al.
1992) (Comiso, Chapter 4)

Not known

2Wm™2 (Wadhams, 2000)

Sporadic
Fresh water under floes

Coastal

Significant feature

Present (Haas, Chapter 3)

Not extensive

5-7 years

2kmd™" (Gow & Tucker, 1990)
5-20% frazil (Tucker et al., 1987)
Generally low

Considerable riverine and aeolian
Considerable

Polar bear, polar fox

Walrus; ringed, harp, bearded
and hooded seal

None (except during moulting)

Arctic cod (Boreogadus saida)
Amphipods
Planktonic foraminifera

Neogloboquadrina pachyderma

Several species, common

18.8 x 10°km? (September)
(Comiso, Chapter 4)

3.6 x 10°km? (February)
(Comiso, Chapter 4)

0.5-0.6 m (Wadhams, 2000)

15.5 x 108km?: > 80% (Comiso,
Chapter 4)

55°S to 75°S

3.5 x 108km? (Comiso,
Chapter 4)

5% (0.8 x 10°km?) (Fedotov
et al. 1998)

5-30Wm™2 (Lytle et al. 2000)

Common under fast ice
(Gow et al., 1998)

Large, open ocean
Insignificant feature
Significant (Haas, Chapter 3)
Extensive

1-2 years

>20km d~" (Ackley, 1981)
50-60% frazil (Lange et al., 1989)
Higher

Insignificant aeolian
Insignificant

Leopard seal

Weddell seal, crabeater seal,
Ross seal, fur seal

Emperor penguin, Adélie penguin

Broadhead fish (Pagothenia
borchgrevinki)

Krill (Euphausia superba)

Planktonic foraminifera
Neogloboquadrina pachyderma

One record (Blome & Riemann,
1999)
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associated with sea ice for millennia, whereas in the southern hemisphere man has
only come into contact with sea ice very recently. The biology associated with sea ice
has both similarities and large differences when Arctic and Antarctic ecologies are
compared. In fact some species are cosmopolitan. Whales such as the minke whale
frequent the pack ice of both the Arctic and the Antarctic, yet both hemispheres do
not share the same seal species (Ainley et al., Chapter 8). While the polar bear is the
top predator on Arctic sea ice, an equivalent predator is missing from Antarctic sea
ice, although the leopard seal occupies a similar niche, living off penguins and other
seals.

Many different seal species associated with sea ice occur in both polar regions
where they have a very similar function in the food web (Ainley et al., Chapter 8).
Many birds, both endemic and migratory, frequent the sea ice fields in both polar
regions, the most significant difference being the flightless Adélie and emperor
penguins in the Antarctic while the Arctic does not have flightless birds (Ainley et
al., Chapter 8). Notable differences exist between the fish associated with the sea
ice. The most important species in the Arctic is the arctic cod (Boreogadus saida)
while in Antarctica it is the broadhead fish (Pagothenia borchgrevinki). These
species occupy similar niches, often living amongst ice crystals, and have developed
almost identical antifreeze proteins in response to similar environmental conditions
although they are genetically unrelated.

Another major difference between Arctic and Antarctic sea ice associated
organisms is found in the crustacea. In Antarctica, krill (Euphausia superba) is the
pivotal crustacean, in terms of biomass, associated with sea ice. It is adapted to live
off the micro-algae growing on the peripheries of ice floes as well as in the water
column (Schnack-Schiel, Chapter 7). Although krill species occur in the Arctic, they
do not reach the biomasses reported in Antarctic waters and E. superba is absent
from the Arctic. Amphipods are not frequently found in Antarctic sea ice, whereas
in the Arctic amphipods are the most dominant crustaceans associated with sea ice.

Smaller metazoans and protozoans such as copepods, ciliates, nematodes, tur-
bellarians and foraminifers have been found in the sea ice of both hemispheres. An
example is the planktonic foraminifer, Neogloboquadrina pachyderma, which has
been found by many studies to be present in large numbers in Antarctic sea ice but
has rarely been reported in Arctic sea ice. On the other hand, there is only one
record of nematodes from sea ice in the Antarctic (Blome & Riemann, 1999),
whereas they are commonly found in Arctic sea ice. The same applies to rotifers,
often found in large numbers in Arctic sea ice, but which have not yet been recorded
in Antarctic sea ice (Schnack-Schiel, Chapter 7).

There are well over 100 diatom species that are commonly found to live within the
brine channel labyrinth of sea ice. Some of the important diatom species, such as
Fragilariopsis cylindrus and F. curta, are bipolar and constitute important repre-
sentatives in the sea ice of both polar oceans. Other species such as Melosira arctica
have a central role in the sea ice ecosystem of the Arctic only.

Many of the similar, as well as different, features pertaining to sea ice relate to the
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geological history of the poles. The bipolar occurrence of the same organisms in sea
ice is often found in those that are able to migrate long distances, such as some birds
and whales, or in the case of smaller planktonic organisms, those that are transported
by ocean currents. However, some conundrums, such as the occurrence of the large
numbers of krill in Antarctica and not in the Arctic, still need to be clarified.

1.5 Implications for astrobiology and future natural resource
exploitation

Sea ice as a proxy for extraterrestrial systems

During the past 10 years sea ice has received increasing interest as a proxy for
extraterrestrial systems and the search for life in other parts of our solar system. The
fact that the earth’s ice-covered poles appear to closely resemble those of other
planets such as Mars or Jupiter’s moons, Europa and Ganymede, makes ice, par-
ticularly sea ice, a possible proxy to assess and compare the suitability of extra-
terrestrial life (Chyba & Phillips, 2001). Based on the understanding of life
processes on earth, some scientists argue that analogically life on another planet or
moon might exist if four conditions are met (McKay, 2000):

The presence of water or a similar solvent to enable biochemical activity.
The availability of carbon, nitrogen, phosphorus and sulphur.
Environmental stability.

Energy to maintain biochemical processes.

Since sea ice appears to be an ideal terrestrial analogy, scientists are focusing on
the psychrophilic environmental conditions and constraints for organisms living
within. One theory is that life may have originated under just such conditions
(Deming, 2002; Soare & Green, 2002). Because of its brine network, sea ice has the
capacity to retain liquid pockets containing nutrients and organic resources down to
—35°C. Metabolic activity, such as respiration and functional protein synthesizing
machinery, has been detected at —20°C in sea ice. This, combined with the further
evidence that bacteria have been observed to live at the interface between crystal
and liquid (Junge et al., 2001), indicates that the eutectic interface between solid and
liquid phases of water may well be a biochemical crucible for life (Deming, 2002). In
particular, these ideas are enhanced by the findings that freezing improves and
enhances important biomolecular reactions (Vajda, 1999).

Although these are possible analogues for the conditions that may have sustained
primitive life on earth, countless questions concerning the origin of life and ante-
cedent pre-biotic conditions remain unresolved (Levy & Miller, 1998). However,
despite the tantalizing lure to compare the brown colourations observed on
Europa’s surface to diatom-coloured sea ice, these ice systems, tens to hundreds of
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kilometres thick, are substantially different to the 1-10m thick ice we know from
polar oceans. Surface water or near surface water required for photosynthesis or
sub-surface energetic conditions required for chemosynthesis have also not yet been
discerned in this extraterrestrial system. With the intense radiation acting on the
extraterrestrial ice, if life forms do exist, or have existed in the past, it seems that
they will be quite unlike those that dominate sea ice found on earth today (Thomas
& Dieckmann, 2002).

Use of ice organisms for novel biotechnologies

Because organisms, particularly bacteria and micro-algae living within the sea ice,
have a high degree of biochemical and physiological adaptation to cold and
changeable salinity conditions, they have a high potential for biotechnological
applications (Russell, 1997; Cavicchioli et al., 2002; Thomas & Dieckmann, 2002;
Thomas & Papadimitriou, Chapter 9). Adaptation to a permanently cold environ-
ment includes the optimization of basic cell processes necessary for growth and
survival. These can be summarized into three categories: enzyme function, nutrient
transport and cell membrane function. The adaptations of cellular processes in each
of these areas represent potential biotechnology products for exploitation (Cavic-
chioli et al., 2002).

Two such examples are the production of polyunsaturated fatty acids (PUFAs)
and the production of cold-active enzymes by bacteria and diatoms from Antarctic
sea ice (Thomas & Dieckmann, 2002). A critical metabolic requirement at low
temperatures is the maintenance of functional membranes. The fatty acid compo-
sition of membrane phospholipids regulates the degree of fluidity (Russell &
Nichols, 1999). Therefore an increase in PUFAs is required to retain membrane
fluidity at low temperatures. This approach may lead to new ways of manufacturing
these fatty acids for the expanding market in these compounds as dietary supple-
ments for humans, livestock and fish. To this day PUFAs have remained as a natural
product due to the synthetic difficulty of reproducing the methylene interrupted
double bond sequence by industrial chemistry. Their significance to animals and
humans lies in their biological activity, as precursors for groups of nutritionally
important compounds and as essential cellular components (Meyer et al., 1999).
Interest in the production of PUFAs from alternative sources for use in aquaculture
feeds and human health supplements has fuelled recent research into the molecular
biology of PUFA production in sea ice organisms (Mock & Kroon, 2002a,b)

Cold-active or cold-adapted enzymes are produced by organisms existing in
permanently cold habitats located in polar zones, at high altitudes or in the deep sea.
These enzymes provide opportunities to study the adaptation of life to low tem-
perature and also the potential for biotechnological exploitation (Morita et al., 1997;
Deming, 2002; Thomas & Dieckmann, 2002). Applications exist in a range of
industries for cold-active enzyme applications, e.g. cleaning agents, leather
processing, degradation of xenobiotic compounds in cold climes, food processing
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(fermentation, cheese manufacture, bakery, confectionery, meat tenderization) and
molecular biology (Margesin & Schinner, 1999). Cold-active enzymes typically have
maximal catalytic activity at temperatures below 40°C and usually display some
degree of thermolability. Recent research has focused on determining the structural
characteristics that confer cold adaptation in enzymes (Feller & Gerday, 1997).
Individual enzyme types possess different structural strategies to gain overall
increased flexibility, suggesting that protein folding has a critical role in conferring
activity at low temperature. Preliminary data have been obtained for a variety of
psychrophilic and psychrotolerant (cold-tolerant) enzymes from Antarctic bacterial
isolates from sea ice indicating that they are good sources of cold-active enzymes
(Nichols et al., 1999).

In addition to enzyme applications and PUFA production, cold-adapted archaea,
bacteria and eukaryotes have wide-ranging biotechnological applications. These
range from sources of cryoprotectants, bioremediation of oil spills, frost protection
and low temperature waste treatment (Cavicchioli et al., 2002). The vastness of sea
ice extent, and the diversity of abiotic regimes that are found within the sea ice zone,
clearly promise tremendous potential for the discovery of novel low temperature
extremophiles and their exploitation for future biotechnological applications.

1.6 Recent advances and perspectives

As we become increasingly aware of the tremendous influence sea ice has on global
processes, particularly climate, it is not surprising that scientific interest is steadily
growing and making rapid advances in all disciplines. Possibly one of the most
crucial and pressing issues is whether the observed changes in sea ice cover, parti-
cularly in the Arctic, are part of some natural cycle or represent a climatic regime
change in which the feedbacks associated with the presence of a sea ice cover play
an important role. It is not yet really understood what the connections are between
what is happening in the Arctic or Antarctic and other changes both inside and
outside the polar regions. These questions will hopefully be answered with the
advent of new remote-sensing technology and the development of improved mod-
els. Cryosat, for instance, is a 3-year radar altimetry mission, scheduled for launch in
2004, to determine variations in the thickness of the earth’s continental ice sheets
and marine ice cover. Its primary objective is to test the prediction of thinning
Arctic ice due to global warming.

There are still fundamental problems with sea ice dynamical models that prevent
their useful application in Global Circulation Models (GCMs). Parameter tuning is
required because current sea ice models do not resolve physical processes below
grid sizes of 100km. Such tuning can, at best, provide a good fit to reality over
limited periods of time. Accurate simulation over decadal and longer time-scales
requires models with parameters that can be independently assessed. Ice thickness
remains a largely uncertain parameter (Haas, Chapter 3).
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The lack of sub-100km scale model physics is compounded by the fact that,
because ice floes are of typically 0.1-10 km?, the continuity assumption of existing
models breaks down below 100 km. Therefore the observed discontinuities in
properties such as ice velocity, thickness and motion cannot be represented.
Although these problems have been recognized for almost three decades, recent
advances in numerical climate prediction make the study of the impact of improved
sea ice physics especially relevant (Eicken, Chapter 2). There is a need to include
comprehensive, elastic—viscous—plastic models of sea ice rheology. Further
improvements to sea ice dynamical models require fundamental advances in
understanding sub-grid scale physics down to the microstructure of sea ice. How-
ever, here too considerable advances are being made. Meso-scale ice thickness is
being obtained with airborne EM (electromagnetic) instrumentation and upward
looking sonars (ULS) either tethered to the sea floor or deployed in submarines
(Haas, Chapter 3).

Recent improvements in analytical techniques, with the development of in situ
earth-magnetic field NMR spectroscopy as a particularly interesting example, hold
considerable promise in resolving some of the microstructural issues (Eicken,
Chapter 2). Further down the scale, the eutectic interface between the solid and
liquid phases of water in sea ice can be studied with sophisticated microscope
technology being developed to examine micro-scale processes within sea ice (Junge
et al., 2001; Deming, 2002).

The ecological significance of sea ice in the polar regions, whilst recognized as
being considerable, is still difficult to assess because of logistical constraints and
problems encountered in the methodology to investigate the heterogeneous and
multiple ecological niches of the ice. Remote-sensing technology using ocean
colour satellites such as the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) and
long time-series of sea ice concentration data from microwave sensors, available
from the National Snow and Ice Data Center, one of eight NASA Distributed
Active Archive Centers (DAACs), enable the examination of how variations in sea
ice cover affect primary production associated with a retreating or advancing ice
edge (Arrigo et al., 1999). Long-term records of environmental effects due to sea
ice dynamics are scarce and incomplete. Yet these are essential to interpret
correctly the observed fluctuations in krill, bird and animal populations (Croxall et
al., 2002).

Large-scale under-ice surveys of organisms associated with the sea ice, particu-
larly krill, using remotely operated or autonomous underwater vehicles, have
improved our understanding of the relationship between krill and sea ice cover
(Brierley et al., 2002). Biogeochemical processes, and the growth and survival of
organisms within the ice or at the sea ice peripheries, are difficult to study without
interfering or destroying the ice itself. The latest designs in microelectrodes and
optodes are being successfully developed to avoid these problems and to measure
parameters such as oxygen, nutrients and light in brine channels or the skeletal layer
of sea ice (Mock et al., 2002; Thomas & Papadimitriou, Chapter 9). As mentioned
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before, the psychrophilic sea ice organisms, particularly bacteria and diatoms, are
being investigated and screened using molecular biological techniques to under-
stand their adaptation and potential use in biotechnology.

The progress which has been made in obtaining physical, ecological and bio-
geochemical data on sea ice has benefited the first attempts to model and estimate
primary production of sea ice, particularly in the Antarctic (Arrigo, Chapter 5). Yet
despite these advances sea ice research is often comparable to the proverbial
‘needle in a haystack’. If we consider the field experiments and measurements we
come to the conclusion that only a very small proportion and area of the total sea ice
cover has been investigated. The total number of cores extracted for physical and
biological investigations probably does not even amount to more than a few hun-
dred thousand, covering an area of only a few square kilometres. We use the data
acquired in this manner to extrapolate, well knowing that sea ice samples taken only
a few centimetres apart may differ tremendously in their fundamental properties.

We have a good knowledge of the fundamentals of chemistry and physics leading
to the first crystals of ice (Eicken, Chapter 2). However, do we understand the
chemical changes that take place from the point of freezing to the time of melting
within the sea ice matrix, especially when there is extensive growth of biological
assemblages which can be highly variable in composition (Lizotte, Chapter 6;
Thomas & Papadimitriou, Chapter 9)?

Today more than ever, sea ice in the Arctic is receiving attention because of the
search and quest for oil. The exploration and drilling for oil is known to be hazar-
dous and often devastating to the environment. In the case of sea ice this is even
more acute. The consequences of accidental oil spill in cold regions will clearly be
far reaching. However, it is still unclear as to how oil will react with sea ice and
how the sea ice biota and associated ecology will be affected. Preliminary studies
have been conducted, but our understanding about the recovery of sea ice ecosys-
tems following massive oil spill events still remains highly speculative. There is
therefore a need to increase our awareness and to expand our research activities
on sea ice in order to answer the many open questions. Increasingly we need to
realize that with the expanding human population and the ever-widening quest for
resources, sea ice will more than ever constitute a challenge to scientists and
environmentalists alike.

Despite an overwhelming wealth of information which has been gathered over
the past 200 years, sea ice still remains a largely unexplored realm. This is largely
due to its inaccessibility, its complexity and extreme heterogeneity. Sea ice research
remains a costly enterprise because of the specialized logistics essential for any
fieldwork campaign. Most of our knowledge is derived from the summer months
with very little direct information or data during the winter. More information is
required on small- and large-scale processes. Longer time-series are required to
understand seasonal and annual variations in the many processes that interact to
make sea ice the complex, yet fascinating, substratum so important in a global
context.
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Chapter 2

From the Microscopic, to the
Macroscopic, to the Regional
Scale: Growth, Microstructure and
Properties of Sea Ice

Hajo Eicken

2.1 Introduction

Motivation and context

The scope and individual chapters of this book provide an indication of the
importance of sea ice over a wide range of scales in time and space. Considering the
degree to which ice cover is intertwined with other phenomena and processes, this
brief introduction and overview can only skim the surface and cover selected aspects
but not do justice to the subject matter as a whole. For more complete and rigorous
treatises of the growth, structure and properties of sea ice, readers are referred to
the overview articles by Weeks & Ackley (1986), Weeks (1998) and Wettlaufer
(1998) in the comprehensive monograph by Leppdranta (1998). The same mono-
graph also includes a highly relevant chapter on the optical properties of sea ice by
Perovich (1998). Aspects of sea ice characteristics relevant for microwave remote
sensing are covered by Hallikainen & Winebrenner (1992) and Tucker et al. (1992)
as well as the paper by Golden et al. (1998b) which introduces a series of studies of
sea ice electromagnetic properties. While Maykut (1986) provides a thorough
treatment of ice growth and properties in the context of the sea ice energy and mass
balance, Steele & Flato (2000) extend this to include a detailed discussion of ice
growth models. A useful summary and review of sea ice physical property data sets
and measurements has been provided by Yen et al. (1991). Articles by Pfirman et al.
(1990) and Reimnitz et al. (1992) provide further insight into the importance of sea
ice as a geological agent.

This contribution is dedicated to the memory of Karoline Frey (1974-2002).

22



Growth, Microstructure and Properties of Sea Ice 23

Approach

This chapter borrows from previous treatments of the topic, but attempts to splice
these sometimes isolated and disparate approaches into a common thread that may
help in appreciating the simplicity, as well as the complexity, of sea ice as one of the
more interesting and influential (geo-) materials on our planet.

The importance of sea ice microstructure as both a result and a record of ice
growth processes will be discussed in several sections below (for deformation pro-
cesses see Haas, Chapter 3, and Weeks, 1998). The microstructure and texture of sea
ice are a result of the meteorological and hydrographic boundary conditions pre-
vailing during the growth of an ice layer (Fig. 2.1). Hence, the vertical stratigraphy
of the ice cover, as revealed in thick or thin sections prepared from sea ice cores,
contains an archive of ice growth conditions that can be interpreted in a similar
manner to the climate records laid down in polar ice sheets. Due to the stark con-
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Fig. 2.1 Schematic summarizing the main ice textures, growth conditions and time scales, as well as
typical winter temperature and salinity profiles for first-year sea ice.
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trasts in the thermal, optical and mechanical properties of the component phases of
sea ice (solid ice, brine and gas inclusions and, to a lesser extent, particulate
inclusions) and strong anisotropy in the physical properties of these phases, as well
as their spatial arrangement (i.e. microstructure and texture), the microstructure
feeds back into the mode and rate of ice growth.

The central importance of sea ice microstructure requires that conceptual and
mathematical models and representations of ice properties consider in detail the
volume fraction, size, shape and spatial arrangement of brine, gas and particulate
inclusions. For scalar quantities, such as ice density, only the volume fraction of
inclusions is of concern (Cox & Weeks, 1988), whereas tensor properties such as the
thermal conductivity or permeability require a more sophisticated approach. Sim-
plification, such as the reduction of heat transport to a one-dimensional problem
with temperature gradients restricted to the vertical direction of ice growth, can help
reduce the complexity of such problems. Furthermore, for some processes such as
heat transport, simple microstructural models (e.g. the Schwerdtfeger or Ono
models with spherical or cylindrical brine inclusions, see Section 2.7) may already
suffice. Ultimately, one hopes to integrate from the microscopic scale, that includes
an explicit treatment of the microstructure of the material (as exemplified by the
thin section photographs shown in Plate 2.1), to the macroscopic scale of bulk
material properties (e.g. the individual stratigraphic layers or even the entire
thickness of the ice cover shown in Fig. 2.1).

Much of the excitement and controversy in current sea ice research derives from
the fact that modern methods of microstructural analysis are providing us with
unprecedented detail of the three-dimensional microstructure. At the same time,
large-scale models are only barely incorporating more complex or sophisticated
representations (commonly referred to as parameterizations) of processes and
properties on smaller scales (Steele & Flato, 2000). In the discussion below it is
argued that some of this newly acquired knowledge may require us to revisit pre-
vious concepts of sea ice processes and phenomena and their dependence on events
occurring at small scales. Some of it will undoubtedly only be of relevance for highly
specialized approaches to the study of sea ice. Separating these domains, each
important in its own right, may be a further challenge for sea ice researchers in the
years to come.

Considering the limitations of the present contribution, the links between
microstructure and ice properties cannot be discussed in the depth or detail they
deserve. However, Section 2.4 illustrates the central role that both the bulk salinity
and the in situ temperature of a given volume of ice play in determining key
microstructural variables as well as ice properties. Furthermore, Section 2.5 outlines
how microstructural evolution and chemical composition or salinity of sea ice are
linked through processes confined to a bottom layer of a few centimetres thickness
that govern much of what distinguishes sea ice from other types of ice.
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Lake ice versus sea ice

As a way of illustrating how the aspects discussed above are intertwined in nature,
and as an example of the manner in which ice growth, microstructure and properties
manage to affect important processes up to regional scales, consider the following
example.

The photographs in Plate 2.1 show the surface of a snow-free lake ice and sea ice
cover in late spring near Barrow, Alaska. Despite comparable thickness and growth
conditions, the lake ice, due to its high transparency, appears much darker than the
sea ice. This is also expressed in a large difference in albedo (the fraction of the
incident short-wave radiation reflected from a surface, Section 2.8), such that more
than three-quarters of the incoming short-wave irradiative flux penetrates the lake
ice surface and the underlying water, compared with less than half for the sea ice
cover. This obviously has substantial consequences for the heat budget of the ice
cover and the water beneath. The fact that the albedo of sea ice is typically higher
than that of open water by a factor of up to ten gives rise to so-called ice-albedo
feedback processes: a perturbation in the surface energy balance resulting in a
decrease in ice extent due to warming may propagate and amplify since the
reduction in ice extent in turn increases the amount of solar energy absorbed by the
system (Curry et al., 1995). Under natural conditions, this contrast is affected by
snow deposition in winter which increases albedo, at least prior to the onset of ice
surface melt, and by the drainage of melt water from lake ice, potentially bringing
up albedo later in the melt season. For low-albedo lake ice, this effect is less
pronounced.

What is the cause underlying these contrasts? As the thin-section photographs in
Plate 2.1 demonstrate, lake ice is nearly devoid of millimetre and sub-millimetre
liquid inclusions, whereas sea ice can contain more than 10 mm . Hence, while light
passes through the clear lake ice with only minor attenuation along its path, much of
the light entering sea ice is scattered back into the direction of the incoming rays.
This explains both the high albedo and lack of transparency of thicker ice samples
(Plate 2.1).

This contrast in ice properties and appearance is only in part explained by the
mere difference in salinity between lake and sea water. Microscopically, i.e. at the
scale of brine inclusions and below, lake ice grows differently from sea ice, with the
interface between liquid and solid being planar rather than lamellar as is the case
with sea ice. Hence, typically more than 99.9% of the impurities such as ions dis-
solved in lake water are expelled from the ice cover. In sea ice, brine is trapped
between the lamellae at the bottom of the ice, allowing for a retention of between 10
and 40% of the ions in the ice (see Sections 2.5 and 2.6 for details).

These contrasts also highlight the differences between a macroscopic and a
microscopic approach to the study of sea ice, as the former has to stop short at the
larger scales exemplified by the surface photograph and the thin-section images
shown in Plate 2.1. Here, the term ‘microscopic’ does not describe an absolute scale,



26 Sea Ice: An Introduction to its Physics, Chemistry, Biology and Geology

but rather the range of scales at which the different component phases can be clearly
distinguished. By averaging over the individual, microscopic component phases one
arrives at a macroscopic representation of the material where the specific properties
of the microscopic component phases are subsumed in a single, bulk parameter. This
approach requires a microstructural model of the medium.

While the differences in bulk ice properties such as albedo or optical extinc-
tion coefficient are immediately obvious from these images, the physical fea-
tures and processes responsible for these differences only reveal themselves to
the microscopic approach, as exemplified by the thin-section images depicting
individual inclusions (Plate 2.1d, h). In the sections below, we will consider in
more detail how microstructure and microphysics are linked to sea ice growth
and evolution, and how both in turn determine the properties of the ice cover
as a whole.

2.2 Growth, decay and the heat budget of sea ice
Freezing of sea water

Salinity of ocean water is measured in practical salinity units as defined by
UNESCO (1978). The practical salinity scale (pss) assumes constant seawater
composition (ideal salinity) and is based on conductivity ratios measured in the
salinity interval from 1 to 42. Since bulk salinities of sea ice and brine are often well
below or above these values, and given the varying chemical composition of ice and
brine (Section 2.4), salinities of sea ice and brine will be quoted in %o as based on
measurements of electrolyte conductivity of melted samples. Assuming standard
seawater composition, for practical purposes concentrations in %o and psu (practical
salinity units) can be assumed to coincide between 1 and 42%o.

The freezing point of sea water with a salinity of 34 is at —1.86°C due to the
freezing-point depression by the dissolved inorganic salts (see Section 2.4). Pure sea
water, lacking solid impurities that can act as nuclei for ice crystal formation, can be
cooled substantially below the freezing point without ice formation (supercooling).
However, maximum supercoolings observed in the oceans are typically less than
0.1K due to the abundant presence of impurities upon which nucleation of ice
crystals takes place (Fletcher, 1970).

In contrast to lake or brackish water, the temperature of the density maximum
coincides with the freezing point of sea water. A body of sea water above the
freezing point cooled from the surface will experience thermohaline convection
(overturning of colder surface water which is in turn replaced by warmer water
displaced at depth) until the entire upper water layer stirred by wind, waves and
thermohaline mixing (mixed layer) is at the freezing point. In a lake of zero salinity,
the water has its maximum density at 4°C, such that once the entire water column
has cooled to this temperature, the surface waters stratify with ice forming as soon as
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the very surface layer is at the freezing point, while denser, warmer water remains
underneath.

The combination of thermohaline mixing and the action of wind stress at the
ocean surface only rarely allows for quiescent initial formation of ice typical of
lakes. Rather, ice crystals form throughout the upper water layers and are kept in
suspension until a surface layer of ice slush builds up, reducing wind and thermo-
haline mixing. The ice crystals forming in the water take the shape of needles,
spicules or platelets, often intertwined into aggregates and are known as frazil ice
(Fig. 2.1, Plate 2.2). Individual crystals are typically a few to a few tens of millimetres
across and less than a millimetre in thickness (Weeks & Ackley, 1986). Following
further freezing and consolidation of this surface slush layer composed of frazil ice,
the microstructure and texture of the ice changes as layer upon layer is added to the
bottom of the ice sheet through quiescent growth of so-called congelation ice (Fig.
2.1). The stratigraphy of such a ‘typical’ ice cover, as revealed through analysis of
vertical core sections, consists of a sequence of granular ice (a few tens of centi-
metres at most in the Arctic, but substantially more in other, more dynamic
environments such as the Antarctic; crystals are isometric or prismatic (see detailed
descriptions in Weeks & Ackley, 1986; Tyshko et al., 1997), followed by a transi-
tional layer that is underlain by columnar ice, composed of vertically elongated
prismatic crystals that can grow to several centimetres in diameter and tens of
centimetres in length (Fig. 2.1, see Section 2.5 for details).

Formation of sea ice

In the Arctic Ocean, with its perennial ice cover and surrounding land masses, frazil
ice forms mostly in the marginal seas and in leads or other openings in the ice pack,
while most of the ice cover (between 60 and 80% ) is composed of congelation ice. In
the Antarctic, on the other hand, higher wind speeds, the effects of ocean swell
penetrating from higher latitudes and the larger number of openings in the pack
greatly favour the formation of frazil ice, which can constitute as much as 60-80% of
the total ice thickness in some regions (Lange et al., 1989; Jeffries et al., 1994).

In the Southern Ocean, the ice edge advances northward from the continent by as
much as 2500km in austral autumn through spring (Comiso, Chapter 4). This
dynamic ice-growth environment favours growth of frazil ice and leads to the pre-
dominance of so-called pancake ice (Plate 2.2). Pancake ice forms through accretion
of frazil crystals into centimetre-sized flocs of ice which in turn accrete into deci-
metre-sized pans of ice. Under the action of wind and ocean swell penetrating deep
into the sea ice zone, these pans bump and grind against one another, resulting in a
semi-consolidated ice cover composed of ice discs that are from a few centimetres to
more than 10 cm thick, with raised edges. Pancakes congeal into larger units, which
may turn into ‘meta pancakes’ under the action of swell in the outermost pack ice
zone (Wadhams et al., 1987). Once the ice cover has consolidated into a continuous,
solid sheet or large floes, with snow accumulating on top, only characteristic surface
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roughness features (‘stony fields’) betray its dynamic origins. However, strati-
graphic analysis of ice cores clearly demonstrates that the ice cover is largely
composed of individual pancakes, often tilted or stacked in multiplets on top of one
another. The interstices between the individual pancakes eventually consolidate
through a combination of frazil growth and freezing of congelation ice (Lange et al.,
1989). Typically, these processes account for ice thicknesses of up to 0.5m
(Wadhams et al., 1987; Worby et al., 1998).

Surface energy balance and heat budget of sea ice

The fact that in the Southern Ocean, level, undeformed ice typically grows to less
than 0.7 m thickness within a single year, compared to as much as 1.8 m in the Arctic
(Haas, Chapter 3), leads us to the question as to what exactly controls the thickness
that an ice floe can attain through freezing of sea water onto its bottom. The
enthalpy of freezing, often referred to as latent heat of freezing, associated with the
phase transition from water to ice is 334 J g for pure ice and somewhat less for sea
ice depending on salinity (Yen et al., 1991). Heat released from bottom freezing and
cooling of the ice interior is then transferred to the upper surface of the ice cover
and ultimately released to the atmosphere. The rate at which heat can be extracted
is determined by the energy balance at the upper and lower surfaces of the ice sheet
as well as the snow and ice thermal properties. For a surface that is in thermal
equilibrium with the atmosphere, conservation of energy requires that the heat
fluxes out of and into the ice be balanced:

1-o)F,—Ip+FLY) —FLf +Fs+ Fe+ Fe+ Fn =0 (Equation 2.1)

Here, the individual heat flux terms are: incoming solar short-wave flux, F, (with
ice albedo, a, indicating the ratio between incident and reflected short-wave energy
for a given ice surface); the short-wave flux penetrating into the ice/water, Iy; the
incoming long-wave flux, F1l}; the outgoing long-wave flux, F11); the turbulent
sensible and latent heat fluxes F; and F,; the heat flux due to melting or freezing of
ice at the surface, Fy, (in the Arctic typically only relevant during the summer after
the ice surface starts to melt); and the conductive heat flux, F.. By convention, fluxes
directed away from the surface are negative; details on the surface energy balance
can be found in Maykut (1986) and Steele & Flato (2000).

While a detailed discussion of the magnitude of all these terms is given in Maykut
(1986) or Persson et al. (2002), over Arctic multi-year ice the net radiation balance
typically does not drop below —50 W m ™ during winter and has its maximum in July
at just over 100 W m 2. The other fluxes range between a few to a few tens of Wm™.

The conductive heat flux, F, indicates how much energy is transferred into a unit
area of the surface ice layer per unit time (not only through heat conduction but also
through convective or advective processes). It depends on the thermal conductivity,
Asi, Oof the ice and the local temperature gradient 07/0z at depth z (for the simplified
one-dimensional case, with z =0 at the ice surface):
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Fe(z) = —hsi (Z—Z) (Equation 2.2)
z

For thin ice of thickness H, or slow variations in surface energy balance terms —
with respect to the rate of conductive heat transfer, the temperature gradient can be
approximated as linear, such that:

To—T,
Fe =~ (M) (Equation 2.2a)

where T is the salinity-dependent freezing temperature at the ice bottom (typically
constant at —1.86°C or 271.29K) and T, is the surface temperature. Since most
terms in the surface energy balance (Equation 2.1) depend on T, themselves,
thermal equilibrium at the ice surface is the result of a number of physical processes
that adjust 7 such that all the terms in Equation 2.1 are balanced. Hence, the
conductive heat flux can be thought of as a residual term that responds to changes in
the other fluxes into and out of the surface layer by inducing variable rates of
accretion (or melting) at the ice bottom.

The ice growth rate, in turn, is determined by the energy balance at the lower
boundary, i.e. the ice bottom. Here, the conductive heat flux out of the interface, F,
(which is equal in magnitude to that into the upper surface for a linear temperature
gradient), and the oceanic heat flux, F,, out of the underlying water into the ice are
balanced by the release or uptake of latent heat, L, during freezing or melting for a
thickness change dH/dt for ice of density p;:

dH
F.+ Fy+ piLE =0 (Equation 2.3)

In the absence of an oceanic heat flux, the ice cover would thicken as long as the
surface temperature of the ice were less than the freezing point of sea water at the
lower interface (assuming no radiative transfer of energy into the ice). Typically,
however, the ocean underlying the ice contains a reservoir of heat that is either
remnant from solar heating of the mixed layer in summer (Maykut & McPhee, 1995)
or due to transfer of heat from deeper water layers. In the Arctic, where the amount
of heat transported into the polar basin and entrained into the surface mixed layer
from below the halocline is comparatively small, F,, amounts to a few Wm™ at
maximum in most regions (Steele & Flato, 2000). In the North American Arctic,
where advection of heat is minimal, the seasonal cycle of F,, is almost exclusively
controlled by the absorption of solar short-wave radiation in the upper ocean, which
is transferred to the ice bottom later in the season (Maykut & McPhee, 1995).

In the Antarctic, ocean heat flow can be in the order of several tens of Wm™
(Martinson & Iannuzzi, 1998). As a result, even an ice cover that is cooled sub-
stantially from the atmosphere in winter, may only grow to a maximum thickness
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that is determined by the balance of ocean and conductive heat flow, F. = F.
Measurements of ice thickness and surface hydrography indicate that this maximum
(winter equilibrium) thickness is in the order of 0.5 to 0.7 m (Wadhams et al., 1987,
Martinson & lannuzzi, 1998). As shown in Section 2.3, such estimates can also be
obtained from simple analytical modelling.

In areas where oceanic heat fluxes can episodically increase to several hundred
Wm™ due to convective exchange with a deeper ocean well above freezing
(McPhee et al., 1996), an ice cover can thin significantly, or vanish entirely, by
melting from below. Such extended areas where the ocean is ice free even in mid-
winter are referred to as polynyas. The vast Weddell Sea polynya of the 1970s is the
most prominent example of open water maintained through active melting and
heating of the surface ocean (Dieckmann & Hellmer, Chapter 1; Comiso, Chapter
4). Alternatively, polynyas can also form dynamically, with strong, steady winds
pushing ice away from a coastline or stretches of land-fast ice.

The role of the snow cover in sea ice growth

Though it typically accounts for less than 10% of the total mass of ice in the polar
seas, the snow cover plays a major role in the heat budget of sea ice. First, snow
albedos are consistently higher than those of bare sea ice (Section 2.9). More
importantly, the insulating properties of the snow cover, with thermal conductivities
between 0.1 and 0.4 Wm™ K, as compared to roughly 2Wm™ K™ for sea ice
(Massom et al., 2001; Sturm et al., 2002), can impede ice growth by reducing the
conductive heat flux, F, (equation 2.2), by as much as 50%. At the same time, the
sensitivity of the ice cover to changes in the oceanic heat flux increases (Equation
2.3). In the Antarctic, where snow depths on sea ice reach several tens of centi-
metres and more than a metre in some regions (Jeffries et al., 1994), model simu-
lations show that snow deposition approximately halves the ice thickness in the
Weddell Sea and east Antarctica. Another consequence of snow deposition on sea
ice is a reduction in the amount of short-wave radiation entering into the ice and
underlying water, and a temperature increase in the upper sea ice layers. Both have
important ramifications for overall ice properties and the role of sea ice as a habitat
for micro-organisms (Arrigo, Chapter 5).

In most cases snow-covered ice grows to be thinner than snow-free ice. However,
once the load of a thicker snow cover is sufficient to depress the ice surface below
the sea surface, sea water and brine may percolate either vertically or laterally
through the ice cover (Maksym & Jeffries, 2000). Such seawater flooding shifts the
locale of ice growth from the bottom of the ice cover to its top surface and the
bottom of the snow pack. The ensuing increase in the conductive heat flux, F,
(Equation 2.2), allows more ice to grow per unit area and time than would be
possible through freezing at the ice bottom.

In the Arctic, snow depths in relation to ice thickness are rarely high enough to
allow for surface flooding and snow ice formation. In the Antarctic, however, an
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overall thinner ice cover and higher snow accumulation rates result in widespread
occurrence of this phenomenon, with more than 50% of the surface flooded in some
areas (Eicken et al., 1994; Jeffries et al., 1994; Worby et al., 1998). This has
important consequences for sea ice remote sensing as it substantially changes the
dielectric properties of sea ice and hence its signature in active and passive micro-
wave remote-sensing data sets (Section 2.8; Comiso, Chapter 4). Similarly, sea ice
ecology is also strongly affected by this process (Lizotte, Chapter 6; see infiltration
layer community in Plate 2.3b).

As the flooded snow refreezes, the microstructural traces of its meteoric origin
are often obliterated and it becomes exceedingly difficult to distinguish such snow
ice from similarly fine-grained consolidated frazil ice. Here, the stark contrast in the
stable-isotope signatures of snow, which is greatly depleted in the heavy isotopes of
oxygen (*®0) and hydrogen (D), and ice grown from sea water with its stable,
undepleted composition, can help determine the total contribution of precipitation
(often referred to as meteoric ice) to the total ice thickness (Eicken et al., 1994).
Numerous studies in the Southern Ocean have established that snow ice (the frozen
mixture of snow and sea water and/or brine) is exceedingly common, accounting for
between a few per cent to more than 50% of the total ice thickness, with the actual
meteoric ice fraction generally less than 20%. Both small- and large-scale model
simulations (Eicken et al., 1995; Fichefet & Morales Maqueda, 1999; Maksym &
Jeffries, 2000) indicate snow ice formation to be important also on the global scale.

Snow ice formation may also help prevent the complete removal of sea ice from
areas with high oceanic heat fluxes, F,,. For example, in the eastern Weddell Sea
bottom topography and local hydrography result in winter values of F,, in excess of
100 W m™2 for extended periods of time (McPhee et al., 1996). In the mid-1970s this
region was the site of a vast polynya that persisted for several years (Comiso,
Chapter 4). Considering that such high heat fluxes would halt ice growth and induce
bottom melt even in mid-winter, one wonders how an ice cover can survive at all in
this region. Observations during the ANZFLUX study (McPhee et al., 1996)
demonstrated that level ice of several tens of centimetre thickness does in fact melt
at rates of several centimetres per day in the area during intervals of high oceanic
heat flux. At the surface of the ice, buffered against the oceanic heat by the ice
layers below, snow ice growth seems to be able to compensate for the intermittent
substantial bottom ice losses.

Sea ice melt

As has been demonstrated above, ice melts at the bottom whenever the oceanic heat
flux into the ice—water interface exceeds the conductive heat flux out of the inter-
face. For sea water of constant salinity, the interface temperature is not subject to
change but remains constant at the ice melting/freezing point of, for example,
—1.86°C for a salinity of 34. At the upper surface of sea ice, temperatures are
typically much lower in winter, such that the corresponding situation of a net heat
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flux into the ice cover does not immediately result in melting, but first of all in a
warming of the ice cover. As will become evident in Section 2.4, warming of sea ice
is also associated with melting, but on a microscopic scale, not at the scale of the ice
thickness. Typically, this warming is accompanied by a reduction in ice salinity, with
the surface layer of sea ice approaching zero salinity as a result of surface warming
and snow melt that flush salt downwards into the ice cover (Untersteiner, 1968).

While the linkage between surface salinity, ice temperature and microscopic melt
is more complex and discussed in more detail in Section 2.7, warming eventually
brings the temperature up to the bulk melting point of ice. Any further input of heat
into the surface layer results in melting (i.e. the term F,, > 0 in Equation 2.1) and a
reduction in ice thickness through surface ablation. In contrast with bottom melt,
surface melt generates liquid water above sea level, and the subsequent fate of this
melt water plays an important role in the energy and mass balance of the ice cover as
a whole. Typically, in the Arctic a quarter of this water is retained in surface melt
ponds (Eicken et al., 2002), resulting in a significant decrease in surface albedo
(apparent in Plate 2.3a and discussed in more detail in Section 2.9). As much as half
of it percolates downward into the ice, flushing out salt in the process, with the rest
running off into the upper ocean.

While surface melting is the dominant ablation process in the Arctic, accounting
for a loss of between 0.3 and 1 m of ice from the surface of the perennial ice in the
central Arctic, recent studies indicate that bottom melt is increasing in importance:
As much as 0.5 m of level ice melted off the bottom in a single season (McPhee et al.,
1998; Perovich et al., in press). Only a minor fraction of bottom melt can be
explained by transfer of heat from the deeper ocean into the surface layer, with most
of it supplied by solar heating. Decreasing ice concentrations and ice extent over the
Arctic Ocean in the 1990s (Serreze et al., 2000) have apparently resulted in an
increase in the amount of solar short-wave energy stored in the upper ocean and
released during the latter part of the summer melt season. In combination with
atmospheric warming and shifts in ice circulation, these changes are believed to be
underlying observations of a thinning of the Arctic ice pack (Rothrock et al., 1999)
and, if continuing unabated, may result in significant shrinkage, if not complete
disappearance, of the perennial Arctic sea ice.

Currently, and probably for the past hundreds of thousands of years (Armand &
Leventer, Chapter 11), most of the Arctic sea ice cover survives summer melt, with
subsequent surface melting and winter accretion resulting in a gradual thickening of
the ice cover. The amount of winter ice growth at the bottom decreases with ice
thickness (see Equation 2.2 and Section 2.3), whereas the amount of surface and
bottom melt does not. Consequently, at some point perennial sea ice reaches a
maximum equilibrium thickness for which the amount of summer melt is com-
pensated by the amount of a winter’s growth. While the concept of an equilibrium
thickness is highly idealized, neglecting, among other things, interseasonal and
interannual variability in atmospheric and oceanic forcing or ice properties, it is of
substantial value in discussing the impacts of variability in the forcing.
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Numerical simulations by Maykut and Untersteiner indicate that ice which has
attained equilibrium thickness is between 2.5 and 3 m thick at the onset of summer
melt (Maykut, 1986). These model results were obtained for atmospheric forcing
data representative of the 1960s to the 1980s and recent observations indicate that
equilibrium thickness may have substantially decreased (Perovich et al., in press;
Haas, Chapter 4). Among other factors, such as the depth of the snow cover, the
magnitude of the oceanic heat flux plays a prominent role in determining the
equilibrium thickness. Maykut and Untersteiner’s model results suggest that the
perennial ice vanishes for F,, > 7W m™, with only seasonal ice remaining in the
Arctic Ocean.

By contrast, the surface of Antarctic sea ice floes appears almost unchanged
during the summer months (Plate 2.3b), as most of the melting takes place along
their margins and bottom, due to heat transfer from the deeper ocean as well as
absorption of solar radiation in surface waters. The lack of ice surface ablation and
development of melt ponds, characteristic of the Arctic ice pack, is commonly
explained by a combination of a colder, drier atmosphere in the Antarctic that
effectively cools the ice surface even during summer (Andreas & Ackley, 1981)
along with smaller concentrations of surface impurities in Antarctic snow and ice as
compared with the Arctic. Nevertheless, recent observations of melt ponding, both
on sea ice (Drinkwater & Xiang, 2000) as well as on the floating ice shelves of the
Antarctic Peninsula, raise the question whether the Antarctic ice pack can also be
subject to extensive surface melt and the associated drastic reductions in surface
albedo under a variable or changing climate regime.

The importance of ice deformation

In discussing the impact of climate variability and change on the state of the polar
sea ice covers, one needs to consider more than thickening or thinning of the ice
cover through ice growth or melt. Deformation of the ice cover through rafting and
ridging of floes (Plate 2.2) not only accounts for the thickest ice observed in the
polar oceans, it also provides a mechanism for rapid thickening in cases where
freezing rates at the ice bottom are approaching zero (see Section 2.3). The complex
interplay of different deformation processes and their overall impact on the ice
thickness distribution are the topic of Chapter 3 by Haas. Here it suffices to state
that predicting the response of an ice cover to changes in the meteorological and
oceanographic boundary conditions requires an assessment of both the static
component of ice growth and melt, as well as the dynamic component of thickening
through rafting or ridging. Deformation processes are particularly important in a
warming climate, as they may be capable of compensating for some of the thinning
due to lesser ice growth and increased ice melt.
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2.3 Simple models of sea ice growth

A rigorous mathematical treatment of the problem of ice growth requires numerical
techniques because the individual terms in the surface energy balance (Equation
2.1) depend either directly or indirectly on the surface temperature, which in turn
determines the magnitude of the conductive heat flux and hence the ice growth rate
(Steele & Flato, 2000). Thus, it is not possible to describe the surface ice tem-
perature and the ensuing ice growth rate through a simple, closed (analytical)
statement. Nevertheless, as demonstrated more than a century ago by Stefan
(Leppéranta, 1993) through some simplifications it is actually possible to arrive at
fairly accurate predictions of ice growth. Such simple, so-called degree-day models
can also help us in understanding key aspects of the heat budget of sea ice and are
therefore discussed in more detail below.

The principal aim of ice-growth modelling is to evaluate the growth rate dH/dt of
sea ice as a function of time. Assuming heat-transfer only in the vertical and a linear
temperature profile (see Section 2.2), dH/dt is given by

an_ o,
dt  Hp,L

(To — Ty) (Equation 2.4)

with ice density p;, latent heat of fusion L, ice thermal conductivity 2;, surface
temperature T and bottom temperature 7t During the polar winter, the short-wave
fluxes can be ignored and one furthermore finds that net long-wave radiative fluxes
can be described as a function of surface or air temperature. Likewise, the turbulent
heat fluxes F and F. depend on air and surface temperature. In his analysis of the
problem, Stefan assumed that the ice surface temperature is equal to the air
temperature, T,. This is a reasonable simplification, in particular for large ice
thicknesses, and as discussed above and in Section 2.2, air and surface temperature
are in fact closely coupled. Substituting 7, for T, and integrating Equation 2.4 over
time (i.e up to day z.) yields

te
1., M .
EH = piLJ (Ty — T,)de (Equation 2.5)
0

Commonly, the term
te
0= J (T; — T)dt (Equation 2.5a)
0
is computed for discrete time steps of Az = 1 day; 6 is then referred to as the number

of freezing-degree days, a variable easily derived from standard meteorological
observations.
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Rather than solving Equation 2.5 for H, one can take into account differences in
ice surface and air temperature (7, and T,) by introducing a transfer coefficient, K,
that describes the heat flux out of the upper surface as a result of the difference
between T, and Ty. For T below freezing, this simplified flux balance is then given
by

K, (Ta — To) = % (To — Ty) (Equation 2.6)
which yields
dH MK,

E — m (Ta - Tf) (Equation 27)

for the ice growth rate. Integrating, one obtains

INH 2N
=iy

H? +
Ka piL

(Equation 2.8)

Whereas the thermal properties of the ice A;, L and its density p; are known, the heat
transfer coefficient K, is likely to vary depending on the local boundary conditions.
Reasonable accuracy can be achieved by deriving K, empirically, typically from a
time-series of ice thickness and air temperatures for a given location. One such
empirical approach is that by Anderson (1961) with ice thickness given as

H? +5.1H =6.70 (Equation 2.9)

Figure 2.2 shows a comparison between the Anderson model and measurements.
As indicated by the quadratic nature of Equation 2.8, ice growth slows as the ice
cover thickens with time. As a consequence, differences in thickness between ice
floes formed at different stages in winter tend to diminish with time. In the absence
of ocean (or solar) heat fluxes into the ice, and without any summer melt, there
would be no limiting thickness for sea ice growth. However, since the oceanic heat
flux, Fy, is rarely 0, at some point the ice thickness reaches a limiting, maximum
value for which the conductive heat flux out of the ice bottom equals that of the
oceanic heat flux into it (Equation 2.3) and all ice growth stops. The magnitude of
this limiting or equilibrium thickness, H.q, is given by

Ai(Ty — To)

Heq = T (Equation 2.10)

For typical Antarctic conditions, with Ty — Ty =5K, A; =2.0 Wm 'K "'and F, =
20 W m™, the limiting thickness is 0.5 m, suggesting that the ocean does in fact limit
growth of level ice. In the Arctic, owing to Fy, typically being smaller by an order of
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Fig.2.2 Simulations and measurements of ice growth near Barrow, Alaska. The solid line corresponds
to results from a numerical model (as described in Eicken, 1998), whereas the dotted (no snow cover)
and dashed (0.1 m snow) lines show results from an analytical degree-day model based on Anderson
(1961). Measurements of ice thickness (H) and snow depth (h) are represented by large dots and
asterisks, respectively.

magnitude, the limiting thickness greatly exceeds what can be achieved within a
single year of ice growth.

As discussed in Section 2.4, Equation 2.8 may be overly simplistic insofar as it
ignores the impact of a snow cover on ice growth. This problem can be addressed,
however, by deriving an effective ice thickness, H.¢, that follows from the balance of
fluxes at the snow-ice interface and takes into account the additional impact of an
insulating snow layer of thickness 4 and thermal conductivity Ag:

Hp = H+ %h (Equation 2.11)

Substituting into Equation 2.7 and integrating yields

2 2
2 -1 -1 —
H" + (xs h + Ka>H

2
piL

1

0 (Equation 2.12)

Evaluating this equation with typical values as given by (Maykut, 1986), where K, =
209 cm™ day™! K™, & = 1758 Jem™ day™' K™!, piL = 272 ecm™, A, = M/6.5, we
obtain the following general expressions for H (in cm):

H? +16.8H = 12.90 (h =0) (Equation 2.13a)

and

H? + (13.1h +16.8)H = 12.90 (h > 0) (Equation 2.13b)
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As evident from Fig. 2.2, the impact of a snow cover on the ice thickness evolution is
substantial. Comparing the measurements to results from the analytical model
(which assumes a constant snow depth) and a more sophisticated numerical model,
the discrepancies between the three growth curves are as much dependent on
uncertainties in the amount and timing of snowfall as on uncertainties in the ice and
snow thermal properties.

2.4 A brief overview of the physical chemistry of sea ice

Crystal structure of ice Ih

Ultimately, the characteristic properties of sea ice and its role in the environment, as
exemplified by the stark contrasts in ice albedo between sea and lake ice (Plate 2.1),
are governed by the crystal lattice structure of ice Th. Depending on pressure and
temperature, water ice can appear in more than a dozen different modifications. At
the earth’s surface, freezing of water under equilibrium conditions results in the
formation of the modification ice Ih, with the ‘h’ indicating crystal symmetry in the
hexagonal system. Throughout this chapter, the term ‘ice’ refers to ice Ih.

The water molecules (H,O) in ice Th are arranged tetrahedrally around each
other, with a six-fold rotational symmetry apparent in the so-called basal plane (Fig.
2.3). The principal crystallographic axis (referred to either as the corresponding unit
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Fig. 2.3 Crystal structure of ice |h. The c-axis is indicated at left and right, the centre panel corresponds
to a view along (top) and normal (bottom) to the c-axis. From Weeks & Ackley (1986).
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vector [0001] or simply as the c-axis) is normal to the basal plane and corresponds to
the axis of maximum rotational symmetry (Fig. 2.3b). The basal plane defined by the
crystal a-axes typically also coincides with the plane of fastest ice growth, resulting
in, for example, individual frazil crystals having thickness—width aspect ratios in the
order of 1:10 to 1:100 (Hobbs, 1974).

Another key aspect of the ice crystal structure is the fact that the packing density
of water molecules in ice, and hence its material density, is lower than in the liquid.
In the liquid state, water molecules are arranged into clusters with impurities such as
sea salt ions surrounded by hydrate shells owing to the strong polarity of the water
molecule. Accommodation of sea salt ions in the voids of the ice crystal lattice (Fig.
2.3) is greatly restricted, however. The constraints in size and electric charge
imposed on ions or molecules substituting water molecules or individual atoms in
the lattice or occupying voids within the crystal lattice are such that only very few
ions or molecules actually qualify. Among them are fluorine and ammonium ions
and some gases. The major ions present in sea water (Na*, K*, Ca**, Mg>*, CI',
SO4%, CO5%), however, cannot be incorporated into the ice crystal lattice and are
rejected by the advancing ice-water interface during crystal growth. This has very
important consequences for the microstructure and properties of sea ice, as part of
the salt is retained in liquid inclusions in the solid ice matrix, with a larger fraction
rejected into the underlying water column. Both of these processes will be discussed
next.

Phase relations in sea ice

Having established that sea salts and ice do not form a solid solution, in which the
ions would be intermingled with the water molecules in a fashion similar to the way
different proportions of zinc and copper can form a brass alloy, the question arises
as to what exactly is the fate of ions in freezing sea water. In order to fully address
this problem, one needs to consider the physicochemical phase relations of an
idealized or somewhat simplified seawater system. Sodium and chloride ions (Na™,
CI") account for roughly 85%, sulphate ions (SO4*) for 8% and magnesium,
calcium and potassium for another 6% of the mass of salts dissolved in sea water.
While many aspects of sea ice properties and structure can hence already be
observed in a simple sodium chloride solution, more sophisticated representations
of sea water typically take into account H,O, Na*, K*, Ca**, Mg**, CI", SO,*,
CO5”". In his classical study of the phase relations in sea ice, Assur (1960) also took
this approach, assuming a constant ‘standard’ composition for sea ice. While such an
approach is inadequate for geochemical studies (Marion & Grant 1997; Thomas &
Papadimitriou, Chapter 9) and does present problems with ice that is strongly
desalinated or grown in isolated basins, it is sufficient to predict the most important
characteristics of sea ice behaviour upon cooling or warming.

Figure 2.4, taken from Assur’s work, serves to illustrate the key aspects of the
phase relations in sea ice. In a closed system (i.e. the mass fraction of all components
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Fig. 2.4 Phase diagram of sea ice. The different curves indicate the mass fraction of solid ice (top),
salts (middle) and liquid brine (bottom) present in a closed volume of ideal sea water at different tem-
peratures. From Assur (1960).

is constant) of sea water of salinity 34, cooled below the freezing point at —1.86°C,
one would observe a steady increase in the ice fraction as the temperature is low-
ered, assuming that the individual phases are in thermodynamic equilibrium at all
times. As the salts dissolved in sea water are not incorporated into the ice crystal
lattice (see above), their concentration in the remaining brine increases steadily. At
the same time, the freezing point of the brine decreases, co-evolving with the
increasing salinity of the liquid phase. At a temperature of —5°C, the ice mass
fraction in the system amounts to 65% and the salinity of the brine in equilibrium
with the ice has risen to 87. At —8.2°C, the concentration of salts has increased to
the point that the solution is supersaturated with respect to sodium sulphate, a major
component of sea water, resulting in the onset of mirabilite precipitation
(NayS04.10H,0, Fig. 2.4, Plate 2.4). If one were to continue lowering the tem-
perature of the system, mirabilite would continue to precipitate in the amounts
specified in Fig. 2.4. Other salts precipitating during the freezing of sea water
include ikaite (CaCOs3.6H,0), about whose distribution and mineralogy in sea ice
little is known, as well as hydrohalite (NaCl.2H,0). The latter is predicted to start
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precipitating at —22.9°C, with roughly 90% of the precipitable sodium chloride
present as hydrohalite at —30°C (Fig. 2.4, Plate 2.4). While the mass fraction of
brine drops below 8% at —30°C, even at the lowest temperatures typically
encountered in sea ice (around —40°C), a small but non-negligible liquid fraction
remains. The presence of unfrozen water even at these low temperatures has
important consequences, in particular for the survival of micro-organisms over-
wintering in sea ice (Lizotte, Chapter 6).

Phase fractions and microstructural evolution

A phase diagram, such as that shown in Fig. 2.4, in itself contains no direct infor-
mation on the (microscopic) configuration of individual phases within the system,
i.e. its microstructure. In the case of natural sea ice, the latter depends on two
principal factors, the growth environment and the boundary conditions at the
advancing ice-water interface (Fig. 2.1), a topic discussed in detail in the following
section, and the in situ temperature and chemical composition of the ice horizon
under consideration. This second controlling factor is of prime importance for a
wide range of ice properties considered individually in Sections 2.7-2.10. Owing to
the stark contrast in physical properties between ice, brine, salts and gas inclusions,
knowledge of their relative volume fraction can already provide us with a first-order
estimate of the bulk (macroscopic) properties of sea ice of a given bulk salinity and
temperature. For example, the mechanical strength of sea ice depends strongly on
the relative brine and gas volume fraction, because these two phases effectively have
no strength (see Section 2.10).

A specific example of the microstructural evolution of sea ice as a function of
temperature is given in Fig. 2.5, which shows the relative volume fraction and
microstructure of elongated pores (brine layers and brine channels, whose spacing
and spatial orientation are determined mostly by the ice growth conditions, see
Section 2.5) in a core sample of columnar sea ice. The data for these images were
obtained using magnetic resonance imaging (MRI) of samples at the indicated
temperature. This permitted the microstructural evolution of brine-filled pores to
be followed without disturbing or destroying the sample. One particular challenge
common to most studies of ice microstructure and properties is the strong depen-
dence of the relative liquid pore volume on temperature. Commonly, samples are
cooled to temperatures below —20°C immediately after sampling to avoid loss of
brine from the sample, which would also strongly affect properties and micro-
structure. As evident in Figs 2.4 and 2.5, such temperature changes strongly affect
the pore microstructure. Hence it requires either special sampling and sample
preparation techniques or non-destructive methods, such as MRI, to actually obtain
insight into the pore microstructure at the in situ temperature (Eicken et al., 2000).

As the sample is warmed from its in situ temperature, at which it was maintained
for the entire period after sampling, the brine volume fraction increases as pre-
scribed by the phase relations. At the same time, however, the size, morphology and
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connectivity of pores evolve, with pores linking up at warmer temperatures (—6°C,
Fig. 2.5). This process of interconnecting isolated pores as the temperature increases
above a critical threshold (for a given salinity) is an important aspect of micro-
structural evolution and of great importance for sea ice transport properties, such as
thermal conductivity or permeability. Indirect evidence from studies of physical
properties and simple microstructural models suggests that for columnar sea ice
such a critical transition (percolation threshold) with a strongly non-linear variation
in the magnitude of transport properties occurs at a brine volume fraction of around
50%o (Golden et al., 1998). However, both microscopic observations and measure-
ments of bulk permeability provide evidence of a more complex microstructural
evolution that requires further attention.

Temperature and salinity as state variables

From the phase relations (as summarized in Fig. 2.4), it follows that for an isothermal
volume of sea ice in thermodynamic equilibrium at atmospheric pressure, the relative
volume fraction of brine is fixed and depends solely on the ice temperature, 7, and its
bulk composition or rather, in the case of ‘standard’ sea ice, its bulk salinity, Sg;. The
salinity of the brine, Sy, contained within such an ice volume would similarly be
prescribed by the phase relations (see also Fig. 2.5). Hence, temperature and salinity
of the ice are the prime controlling or state variables governing not only the phase
fractions but, as outlined below, a whole host of other physical properties. Here, use
of the term ‘state variable’ occurs in a very loose sense, as formulation of a true
equation of state for sea ice has been elusive to date. For deeper insight into the
problem and recent progress, see Feistel & Hagen (1998).

The thermodynamic coupling between these different variables is a key aspect of
sea ice as a geophysical material and a habitat, since any temperature change
directly affects the porosity and pore microstructure of the ice as well as the salinity
and chemical composition of the brine. Direct measurement of these properties in
the field is difficult. Commonly, the in sifu brine volume fraction and other prop-
erties are derived from the bulk salinity of an ice sample and its in situ temperature.
The latter can be measured by inserting thermistors into freshly drilled holes in a
core or measured from sensors frozen into the ice. The former is typically obtained
by dividing an ice core into sections, melting these in the lab and then deriving the
salinity from electrolytical conductivity measurements. Ideally, one would also
measure the density of a sea ice sample, pg;, in order to estimate the pore volume
fraction V,/V, which in fresh ice is typically much smaller than the brine volume
fraction, but can increase substantially in multi-year or deteriorated ice.

From the data compiled by Assur (1960) for the phase relations' and based on the

'The data assembled by Assur originate mostly from the first half of the 20th century but have been
verified to some extent by nuclear magnetic resonance studies of the liquid volume fraction (Richardson,
1976). Nevertheless, some cautions apply (see Section 2.5).
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continuity equations for a multi-phase sea ice mixture, Cox & Weeks (1983) derived
a rather useful set of equations describing the brine volume fraction as a function of
ice temperature and salinity. Thus, the brine volume fraction is derived as:

Vi Va piSsi .
LU U T E 2.14
v ( V> Fi(T) — piSaFa(T) (Equation 2.14)

The density of pure ice is given as

p; =0.917 —1.403 x 107*T (Equation 2.15)
with p; in gem™ and T in °C. Fy(T) and F,(T) are empirical polynomial functions
F(T)=a+b; T+ ¢ T? + d,T°, based on the phase relations. The coefficients for

different temperature intervals are listed in Table 2.1. The brine salinity and density
can be approximated for temperatures above —23°C as

5411\ 7"
Sy = (1 - T) x 1000 %o (Equation 2.16)

Py =1+8x107*S, (Equation 2.17)

with 7T in °C. Equations 2.14 through to 2.17 thus provide us with a simple tool to
derive key quantities of importance for a wide range of physical, biological and
chemical studies of sea ice.

Table 2.1 Coefficients for functions F4(T) and F,(T) for different temperature intervals. From Cox &
Weeks (1983), Lepparanta & Manninen (1988).

T‘ °C a, b1 Cq d1
0>T7>-2 —0.041221 —18.407 0.58402 0.21454
—2>T>-229 —4.732 —22.45 —0.6397 —0.0174
—229>T>-30 9899 1309 55.27 0.7160

T, °C as b2 Co d2
0>T7>-2 0.090312 —0.016111 1.2291 x 107 1.3603 x 107*
—-2>T>-229 0.08903 —0.01763 —5330 x 10* —8.801 x 107°
—229>T>-30 8.547 1.089 0.04518 5.819 x 107*

Caveats and limitations

In arguing the case for the overriding importance of temperature and salinity in
determining ice properties, one needs to be aware of some important limitations and
knowledge gaps that may, at least in some cases, invalidate the approach outlined
above. Plate 2.4 can serve as a simple illustration of one such caveat. In contrast with



44 Sea Ice: An Introduction to its Physics, Chemistry, Biology and Geology

the assumption of the system under consideration being of constant chemical
composition and attaining thermodynamic equilibrium with respect to its bulk
composition, the microphotograph illustrates that chemical fractionation, of which
there is also evidence in chemical data, cannot always be ignored. Here, the fraction
of mirabilite in a particular brine pocket greatly exceeds the corresponding bulk
concentration of Na* and SO4>~ in sea water. Assuming that this particular pore is
not connected to the remainder of the pore space, then its contents are not easily
equilibrated with the rest of the pore matrix and both morphology and chemistry of
the liquid inclusion can deviate substantially from the idealized, ‘standard’ case.
Here, it could be possible to retain mirabilite precipitates in equilibrium at tem-
peratures significantly above —8.2°C, also affecting the macroscopic evolution of
sea ice undergoing thermal changes. Such deviations from the evolution of a
microscopically homogeneous system are potentially of great significance for bio-
logical processes within the ice cover. Recent improvements in analytical techni-
ques, with development of in situ earth magnetic field NMR (nuclear magnetic
resonance) spectroscopy as a particularly interesting example (Callaghan et al.,
1999), as well as advances in geochemical modelling of aqueous solutions at low
temperatures (Spencer et al., 1990; Marion & Grant, 1997) hold considerable
promise in resolving some of these issues. Geochemical modelling is particularly
useful, as it allows us to easily treat systems of different chemical composition,
whereas the empirical approach outlined above is only valid for a single system of a
given, standard composition.

2.5 Solute segregation and ice microstructure
Planar versus lamellar ice-water interface

After discussing how temperature controls the brine porosity and changes in pore
microstructure of an ice volume with constant salinity, we will now consider the
factors that control the bulk salinity and the initial pore microstructure of a given ice
layer. Both of these are closely linked, as pointed out in Section 2.1 and evident from
the contrasting appearance of lake and sea ice sections shown in Plate 2.1. The
processes governing the contrasting evolution of such different ice types are con-
fined to the bottom-most few centimetres of the ice (Figs 2.1, 2.6).

As ice grows and the ice—water interface advances downwards into the melt, salt
ions are rejected from the ice (Section 2.4). The salt builds up ahead of the
advancing interface, increasing the salinity of a thin layer of a few millimetres to a
few centimetres in thickness. The resulting gradient in salt concentration leads to
diffusion of salt away from and heat towards the interface. Thermodynamic equi-
librium dictates that the interface itself is always at the respective melting/freezing
point, such that an increase in salt concentration goes along with a drop in tem-
perature relative to the underlying sea water. At the same time, the higher density
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Fig. 2.6 Schematic depiction of the lamellar ice—water interface (skeletal layer) and the corresponding
salinity (left) and temperature (right) gradients. The freezing temperature profile is shown as a dashed
line on the right, with a constitutionally supercooled layer bounded by the actual temperature gradient
and the salinity-dependent freezing-point curve.

(Equation 2.17) of the more saline brine in contact with the ice bottom can also lead
to enhanced transport of brine through convective overturning (Niedrauer &
Martin, 1979; Wettlaufer et al., 1997). While convective processes play an important
role in the salinity evolution of the ice cover (see Sections 2.6 and 2.7), in a sim-
plified approach the effects of convective transport and molecular diffusion can be
subsumed in an ‘effective’ salt transport or diffusion coefficient. Heat transport
through this boundary layer from the warmer ocean to the colder interface is faster
(roughly by an order of magnitude) than the transport of salt away from the
interface, since the former corresponds to a transfer of momentum whereas the
latter constitutes an actual flux of ions. As a result, a thin layer is established ahead
of the interface which is cooled as a result of upward heat transport, but which has
not yet received the entirety of the corresponding influx of salt from above. This
layer is said to be constitutionally supercooled, since salt concentration and tem-
perature are at a mismatch with respect to the local freezing point (Figs 2.4, 2.6).
It is this constitutional supercooling that distinguishes the growth of lake ice from
that of sea ice and helps explain their respective characteristic properties. Any small
(sub-millimetre) perturbation of a planar ice-water interface that protrudes into the
constitutionally supercooled zone finds itself at a growth advantage, since heat is not
only conducted upward and away from the ice—water interface but the supercooled
water layer also provides a non-negligible heat sink. Part of the heat flux sustaining
this growth occurs at the ‘cost’ of adjacent portions of the ice surface set back
against the growing protrusion. The salt rejected by such a protrusion contributes to
a freezing-point reduction of the brine retained along the protrusion boundaries.
Consequently, such perturbations can grow into ordered patterns of lamellar bulges
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at the ice-water interface (for a full quantitative analysis of constitutional super-
cooling and its impact on ice microstructure see Weeks & Ackley (1986) and
Wettlaufer (1998)). In its most pronounced manifestation, this process of localized,
non-linear heat and salt dissipation leads to so-called dendritic growth, with a rough,
complex interface typical of, for example, snowflakes. In the case of sea ice, the
morphology of the interface is mostly reported to be lamellar or cellular (Figs 2.6,
2.7) rather than fully dendritic. For lake ice or brackish ice grown from water with
low salinities (details given in Weeks & Ackley (1986)), a planar interface remains
stable throughout the growth process, resulting in rejection of the bulk of the
impurities and low porosities.

When fully developed, as in the case of ordinary columnar sea ice (see Section 2.2
and Fig. 2.1), the lamellar interface consists of sub-millimetre thick blades of ice,
separated by narrow layers of brine. The transitional layer, demarcated by ice
volume fractions tending towards zero at its lower end and with a transition to
laterally interconnected ice lamellae at a porosity <30% or so at its upper end, is
commonly referred to as the skeletal layer. It is this thin, low- to zero-strength layer
that determines much of the bulk salinity as well as the microstructure of the
growing ice cover.

As evident from Fig. 2.6, the arrays of brine layers between ice blades extend all
the way up into the ice sheet. If we were to consider the fate of the skeletal layer in a
thickening ice cover with time, we would in essence be following a trajectory in the
phase diagram shown in Fig. 2.4 (though for a smaller bulk salinity). As more ice is
added underneath the layer under consideration, its temperature drops (as dis-
cussed on the scale of the entire ice thickness in Sections 2.2 and 2.3) and conse-
quently the fraction of liquid decreases while ice is added onto the ice blades.
Eventually, the ice layer is entrained into the floe interior and the ice lamellae join
up and consolidate into lower-porosity sea ice. During this consolidation process,
brine is being lost from the ice as discussed in more detail in Section 2.6. Though not
an accurate quantitative or even qualitative representation of the process itself, one
can visualize this process in principle as something in reverse of the warming
sequence depicted in Fig. 2.5. In fact, the question of whether warming and cooling
events in sea ice lead to changes in microstructure that are reversible or, instead, are
associated with significant hysteresis effects, is of considerable interest in the con-
text of ice transport properties.

During this transformation of individual ice horizons, the basic patterns of the
grain and pore microstructure, such as the size and orientation of crystals and the
spacing and arrangement of pores, remain essentially unchanged from what was laid
down in the skeletal layer. This is illustrated in Fig. 2.7, which shows horizontal thin
sections of two different varieties of columnar ice grown under the same boundary
conditions save a difference in the under-ice current regime. Ice grown in the
absence of externally imposed currents exhibits the typical lamellar sub-structure,
with rows of brine layers within individual crystals, and remnants of the liquid
separating individual blades of ice within the skeletal layer. Along grain boundaries,
the size and shape of pores is more heterogeneous, with brine tubes and channels of
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Fig. 2.7 Thin-section photographs of columnar sea ice grown in a large ice tank (Hamburg Environ-
mental Test Basin, INTERICE experiments) in the absence of an under-ice current (a, b: porosity 154%,
mean pore area 0.096 mmz) and with a current speed of 0.16 ms™" (c, d: porosity 138%o0, mean pore area
0.077 mm?). Images a and ¢ have been recorded between crossed polarizers (section is 20 mm wide)
with grain boundaries apparent as transitions in grey shades due to different interference colours.
Images b and d show the same section with pores indicated in black, based on processing of images
recorded in incident light.

several millimetres in diameter apparent in the lower right of Fig. 2.7b. The ice
grown in a current (0.16 ms™! measured 0.5 m below the ice bottom) also exhibits a
grain sub-structure delineated by pores, but the degree of parallel alignment of
pores and the aspect ratios of individual inclusions are much different, as are the
grain sizes (Fig. 2.7c,d). This is a result of the fact that the thickness and degree of
supercooling of the constitutionally supercooled zone, as well as the thickness of the
skeletal layer, depend on a variety of factors, such as the ice growth velocity, the
salinity of the underlying water and, as illustrated here, the magnitude of currents
enhancing transport away from the ice.

The impact of currents, though not all that well understood quantitatively, has
been shown to have dramatic effects on the orientation of individual ice lamellae
and hence the crystals they are constituting. Independent of under-ice currents, in a
growing new ice sheet (Fig. 2.1) the number of grains with horizontal c-axes
increases rapidly downward, such that the vast majority of crystals exhibit
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horizontal c-axes and vertically oriented ice lamellae (see Section 2.4) within less
than 20 cm below the top of the columnar ice layer (Weeks & Wettlaufer, 1996).
This is interpreted to be the result of ‘geometric selection’ during the growth
process, such that crystals with ice lamellae tilted more into the vertical (c-axis
horizontal) are at a growth advantage, displacing lamellaec of a more horizontal
orientation during the thickening of an ice cover. A second process that results in
strong parallel alignment of c-axes within the horizontal requires the presence of a
unidirectional under-ice current (Weeks & Wettlaufer, 1996). It appears that salt
transport away from the interface is enhanced for crystals with lamellae oriented
perpendicular to the current, providing them with a growth advantage that even-
tually results in the dominance of current-parallel c-axes. Both of these processes
result in a pronounced anisotropy of the ice cover.

A further, important aspect of the lamellar sub-structure is the observation that
the width of ice lamellae, and hence the spacing of brine layers, exhibits an expo-
nential dependence on growth velocity. Nakawo & Sinha (1984) demonstrated this
for Arctic sea ice, where the down-core reduction in growth velocity (see Section
2.3) closely corresponded to an increase in the brine layer spacing ao. Typically, a is
in the order of a few tenths of a millimetre. However, in what is probably the oldest
sea ice sampled to date, grown at velocities of a few centimetres per year, Zotikov et
al. (1980) found brine layer spacings in the order of several millimetres. As discussed
in more detail in the following section, brine layer spacing and salt retention within
the ice are closely coupled and deserve further study.

In spite of contributing only marginally to the total mass of sea ice, the skeletal
layer is of importance since it is the origin of a significant salt flux into the under-
lying ocean. Moreover, this layer harbours one of the greatest concentrations of
phytoplankton in the world’s oceans by providing a habitat for diatoms and other
micro-organisms and in turn grazers (Smith et al., 1990; Arrigo, Chapter 5; Lizotte,
Chapter 6; Schnack-Schiel, Chapter 7). As algae depend not only on sunlight but
also on nutrients for photosynthetic activity, in many areas the most active layer of
ice organisms is found within the bottom few centimetres of the ice cover in the
skeletal layer, where high porosities and permeabilities, and the proximity of the
ocean reservoir, provide a sufficient influx of inorganic nutrients and gas exchange
(Arrigo, Chapter 5; Thomas & Papadimitriou, Chapter 9). At the same time this
layer offers some protection from the largest grazers (Schnack-Schiel, Chapter 7)
and presents photosynthetic organisms with a foothold at the top of the water
column where irradiative fluxes are highest (Eicken, 1992b).

Frazil and granular ice

Whereas congelation growth of sea ice with columnar texture typically dominates in
the Arctic, frazil growth resulting in granular textures is also common, in particular
in the Southern Ocean (Section 2.2). Growth of individual platelets and needles of
frazil in a supercooled water column differs from growth of congelation ice insofar
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as both heat and salt have to be transported away from the interface into the sur-
rounding ocean water. Consequently, beyond a certain size, individual frazil crystals
also develop rough, dendritic surfaces as a result of solute build-up. Frazil growing
in the turbulent uppermost metres of the ocean has the tendency to aggregate into
flocs of crystals that are capable of sweeping particulates and biota from the water
column, carrying them to the surface as a layer of frazil or grease ice accumulates
(Reimnitz et al., 1990; Smedsrud, 2001; Lizotte, Chapter 6). Despite its abundance,
some aspects of frazil growth are not that well understood, including the inherent
‘stickiness’ attributed to its role in enhancing concentrations of biota in Antarctic
sea ice or the conditions governing the growth of larger ice platelets at greater
depths in water parcels supercooled through interaction with the melting Antarctic
ice shelves (Bombosch, 1998). The latter process is capable of generating large
volumes of crystals that contribute both to the mass balance of the ice shelves as well
as the coastal sea ice, where one finds platelets as large as 10 cm across and a few
millimetres thick floating towards the surface and accumulating in layers of several
metres thickness.

Another aspect of frazil growth that is currently not well understood is the actual
consolidation of loose masses of frazil crystals, with ice volume fractions between
about 10 and 30% into solid granular sea ice. Evidence from oxygen stable-isotope
and salinity measurements of individual crystals and layers of granular ice suggests
that the consolidation process is a combination of downward freezing of voids
among the mesh of frazil crystals and transformations in the size distribution and
morphology of the crystals themselves. This is similar to what has been observed to
occur in water-saturated snow slush (Eicken, 1998). Further studies are required to
elucidate the specific processes and resultant heat and salt fluxes, since frazil ice
growth is a key process in the interaction of ocean and atmosphere.

2.6 Salinity evolution of sea ice

Salinity profiles of growing and melting sea ice

In a pioneering study, Malmgren (1927)* studied the salinity evolution of Arctic
first-year sea ice during the course of winter and into the summer melt season (Fig.
2.8). In this section, we will briefly consider the processes responsible for the

2Malmgren’s work and fate may also serve to illustrate how scientific investigation, exploration and the
incalculable were intertwined in the early 20th century (and arguably continue to be so to some extent).
Finn Malmgren’s thorough and ground-breaking study of sea ice properties was prompted by Harald
Sverdrup who had suggested this work as a project to at least gain something out of the unplanned
freezing in of Roald Amundsen’s vessel Maud during the Northeast Passage expedition of 1922-25.
Malmgren’s experience and scientific prowess predestined him to be one of the key participants in
Nobile’s ill-fated airship expedition to the North Pole, where Malmgren perished in the ice pack on a trek
to reach the Svalbard archipelago.
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Fig.2.8 Evolution of sea ice salinity profiles as determined by Malmgren (1927). Note the characteristic
C-shape of the young and first-year ice salinity profile and the reduction in surface salinity due to
meltwater flushing with the onset of summer melt.

characteristic C-shape of the salinity profile of young and first-year ice as well as the
reduction in surface salinities during the first melt season in an ice floe’s evolution.
The importance of understanding the evolution of an ice cover’s salinity profile is
rooted in the central role temperature and salinity play with respect to ice porosity
and pore microstructure (Section 2.4). The vast majority of large-scale sea ice
models currently assume constant ice salinity, thus depriving the simulated ice cover
of an important response mechanism to changes in the atmospheric or oceanic
boundary conditions.

The importance of these processes is illustrated by comparing the first-year winter
sea ice salinity profile in Fig. 2.8 with that of summer or multi-year sea ice. As
dictated by the phase relationships (Fig. 2.4; Section 2.4), the transition from the
former to the latter generally corresponds to a change in the direction of the con-
ductive heat flux through an ice floe from being directed upward to being directed
downward. It is the complex, and to this date not fully understood, response of the
salinity profile that underlies this change, rather than simply the surface tempera-
ture forcing.

Segregation of salt during ice growth

In principle, at least for cold first-year sea ice, the single most important factor in
controlling ice salinity is the segregation of sea salt ions at the ice—water interface, as
discussed in Section 2.5. This initial distribution of salt between the ice and the
underlying water is then further affected by a number of brine drainage processes
that are considered in the next section. The salinity of a newly grown layer of ice at
time =0, Sj o, can be described in terms of an effective segregation coefficient, kg,
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and the salinity of the sea water, S, far away from the interface such that (Weeks &
Ackley, 1986):

Sio = kettSw (Equation 2.18)

For columnar ice grown from sea water (i.e. salinities around 34), the magnitude of
kegp is proportional to the ice-growth rate (Fig. 2.9). Based on an idealization of the
salt entrainment comparable to solid solutions, and integrating results from
laboratory experiments (Cox & Weeks, 1988) and field work (Nakawo & Sinha,
1981), Cox & Weeks derived the following dependence of k.¢ on growth rate v;:

0.26
0.26 + 0.74 exp(—7243v;)’

ket = 0.8925 + 0.0568 In vj, 3.6 x107° > v, >2.0x 10 %cms™!
(Equation 2.19)

vi >3.6x 10 cms™!

ket =

ket = 0.12 Vi <2.0x 10 cms™!

Conceptually, these relationships are founded on the same principles underlying the
process of constitutional supercooling as discussed in Section 2.5. The slower the ice
growth, the less build-up of salt ahead of the ice—water interface with diffusive and
convective transport capable of removing substantial amounts of salt before it is
trapped between ice lamellae (Fig. 2.6). The limiting case for zero growth velocities
is determined by an effective equilibrium segregation coefficient keq* that has been
determined as 0.12 (Equation 2.19), based on salinity measurements in Arctic fast
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Fig. 2.9 Dependence of the effective salt segregation coefficient kes (shown here as In(1/kes —1)) on
ice growth rate v*. From Cox & Weeks (1975).
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ice (Nakawo & Sinha, 1981) as well as a combination of salinity and oxygen stable-
isotope tracer measurements in Antarctic sea ice (Eicken, 1998). The latter study,
however, also identified limitations in the approach to deriving k.¢, which implicitly
assumes a planar rather than a lamellar ice-water interface. While a simple
microstructural model yielded a similar dependence of salinity at ¢ = 0, further work
is required to link our understanding of lamellar ice growth (Section 2.5; Wettlaufer,
1998) with that of impurity and oxygen stable-isotope segregation at the interface.
Nevertheless, as it is based on experimental data, Equation 2.19 is still useful in
estimating salt segregation. Thus, salinities of the slowest sea ice growth on earth
correspond well with a kg of 0.12 (Eicken, 1998). Similarly, high salinities found in
young sea ice, such as the example shown in Fig. 2.10 for experimental data with ice
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Fig. 2.10 Salinity profiles for young columnar sea ice grown in a large ice tank (Hamburg Environ-
mental Test Basin, INTERICE experiments, see also Fig. 2.7a,b for microstructural photographs of the
same ice) as compared to model simulations of salinity profile evolution. The solid dots represent
measurements of the salinity of ‘cold’ ice (surface temperature —8 to —10°C) 5 days after the start of the
experiment (standard deviation for measurements on four parallel samples indicated by horizontal bars).
Salinity of ‘warm’ ice (surface temperature between —1 and —2°C) 2 weeks after the start of the
experiment, following an 8-day melting period, is indicated by asterisks. The dashed line (seg) gives the
salinity of newly grown ice layers (f=0) following segregation of salts at the interface as predicted by a
segregation model (Equations 2.18 and 2.19) based on measured growth rates. If only gravity drainage
(Equation 2.20) were to occur, the profile would evolve into the dotted line (seg + gd). Brine expulsion
accounts for another decrease in salinity corresponding to the solid line (seg + gd + ex).
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growth velocities of several centimetres per day, are also quite similar to values
predicted by salt segregation alone (Equation 2.19).

Sea ice desalination processes

The deviations apparent in Fig. 2.10 between a measured salinity profile and that
predicted from the growth-rate/segregation relations (Equation 2.19) are mostly
due to the loss of salt from the ice during the consolidation and ageing process.
Essentially, there are two different types of desalination mechanisms:

e Those that are active in ‘cold’ ice during the ice-growth period, driven mostly by
temperature gradients (7 — T¢)/H < 0 established in the ice cover and the cooling
of individual ice layers (see Section 2.3).

e Those dominating desalination of ‘warm’ ice, requiring the presence of low-
salinity melt water either at the surface or the bottom of the ice.

Among the first group of processes, gravity drainage and brine expulsion are of
quantitative importance. The migration of individual brine pockets in a temperature
gradient (see Weeks & Ackley, 1986) is significant on a microscopic level, and its
impacts on these scales are still not well understood. However, it has been shown to
be of no or little significance for the overall evolution of salinity profiles and will not
be considered further here. The most effective desalination mechanism under ‘cold’
conditions is so-called gravity drainage. As growing sea ice is typically cooled from
above, the density profile of the brine is inherently unstable and, boundary condi-
tions permitting, likely to result in convective exchange: cold, saline brine within the
ice is replaced by warmer, less saline sea water or brine from lower ice layers.

The processes and features associated with this gravitative transport mechanism
will be discussed in more detail in the context of heat transport and ice thermal
properties. Cox and Weeks (see summary in Weeks & Ackley, 1986) conducted a
series of elegant experiments to derive empirical relationships that describe the
desalination rate AS/At (in %o s') as a function of the local temperature gradient
AT/Az (in Kem™):

AS;

AT Vi, AT
—1.68x105 =2 _-337x1077 -2 ==
t Az

V Az

(Equation 2.20)

where V,/V (in %o) is the brine volume fraction. As the pressure gradients associated
with gravity drainage are quite small, this process depends strongly on the con-
nectivity and size of pores, which is generally simplified to be proportional to the
brine volume fraction. Evidence from the laboratory and the field suggests that
below a critical threshold, V/V ~ 50 to 70%., gravity drainage stops altogether
(Weeks & Ackley, 1986; Golden et al., 1998b). However, the actual nature of this
critical transition, as well as the dependence of desalination on the microstructure of



54 Sea Ice: An Introduction to its Physics, Chemistry, Biology and Geology

the ice, are currently not well known. The quantitative importance of gravity
drainage is well established, on the other hand, as indicated by the contribution of
this process to overall desalination in Fig. 2.10.

Brine expulsion, the other important desalination process in ‘cold’ ice, is driven
by the change in volume as ice forms in brine pockets that are cooled in a thickening
ice cover, and hence depends on the density difference between brine and ice.
Though not as effective as gravity drainage, it is generally assumed that owing to the
pressure build-up in isolated pores, brine expulsion is mostly independent of ice
permeability or porosity, with brine ejected through micro-cracks (direct evidence
of which we are lacking) or microscopic pore networks. Its overall impact on ice
salinity profiles is indicated in Fig. 2.10 as well.

The combination of salt segregation, gravity drainage and brine expulsion
explains the typical ‘C’ shape of first-year sea ice. Thus, the decrease in growth rate
as the ice cover thickens (see also Fig. 2.2 and Section 2.3) is responsible for an
overall drop in the segregation coefficient and hence the salinity of newly grown ice
layers. As freshly accreted bottom layers in an ice floe have had less growth time and
less of a cooling history than the interior and surface ice, their salinity is dis-
proportionately higher. Cox & Weeks (1988) developed an ice-growth/salt-flux
model that allows for detailed sensitivity studies. Refinement of the model and
comparison with oxygen stable-isotope tracer data indicate that the salinity profile
in individual floes depends strongly on the date of ice-growth onset, the ocean heat
flux as well as snow accumulation and, in particular, surface flooding (Eicken,
1992a; Maksym & Jeffries, 2000).

The most effective desalination processes are confined to the summer melt sea-
son when ice porosity and permeability are generally high and zero- or low-salinity
meltwater production at the surface and the bottom of the ice is capable of dis-
placing higher salinity brine from within the ice. Untersteiner (1968) described
(and coined the term) meltwater flushing as the origin of the extremely low bulk
salinities of Arctic multi-year sea ice (typically around 2 to 3) and the character-
istic linear increase in ice salinity from values close to zero at the surface to a few
per mil in the lower ice layers (Figs 2.8, 2.10). The desalination is driven by the
hydraulic head of snow and ice melt water produced at the top surface, percolating
downwards into the ice cover, displacing the resident higher-salinity brine. Recent
studies involving different tracers have demonstrated that the vertical and lateral
transport of melt water varies with season as a function of ice permeability. As
much as a quarter of the melt water produced annually at the surface of Arctic sea
ice can be retained in pores within the ice cover (Eicken et al., 2002). At the same
time diffusive, as well as convective exchange of brine displaced by fresh water
underplating summer Arctic sea ice (a form of gravity drainage), is capable of
reducing the salinity of thinner ice to values close to zero throughout. Given the
importance of these processes for ice thermal properties and ablation, more work
is needed to help develop a conceptual and, ultimately, a numerical model of
meltwater transport through sea ice.
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2.7 Sea ice thermal properties
Thermal conductivity

The thermal properties control the amount of heat transferred through the ice cover
and determine its response to variations in surface or bottom forcing. As detailed in
Section 2.2 (Equation 2.2), the conductive heat flux through an ice cover, F., is given
by the product of sea ice thermal conductivity, Ay, and the temperature gradient, d77/
dz. The thermal conductivity of pure ice as a function of temperature is given by
Yen et al. (1991) as:

A =1.16 (1.91 — 8.66 x 10T +2.97 x 107°T?) (Equation 2.21)

with 7'in °C. At 0°C }; is approximately 2.0 Wm ™' K™'. The thermal conductivity of
brine, on the other hand, is lower by a factor of roughly four, and can be approxi-
mated by

Ay = 0.4184 (1.25 + 0.0307 + 0.0001472) (Equation 2.22)

with T in °C (Yen et al., 1991). Thus, the volume fraction of brine as well as its
microstructural arrangement exert a significant influence on the bulk (i.e. macro-
scopic) sea ice thermal conductivity. Schwerdtfeger (1963) and Ono (1968) devel-
oped a model for the thermal conductivity of sea ice based on the thermal properties
of the pure end-members, ice and brine, and assumptions about the ice micro-
structure. For vertically oriented, parallel lamellar brine inclusions one arrives at
the following dependence of Ay on brine volume (no gas inclusions):

Sipsi
mpr

Asi=hi — (A —p) (Equation 2.23)

with sea ice salinity S; (in %o), temperature 7 (in K) and m the slope of the phase
boundary in the phase diagram (Fig. 2.4). Under the assumption of parallel, vertical
brine layers, the magnitude of Ai; does not depend on the actual size of the inclusions
(nor for that matter, on the shape of their horizontal cross-section) but only on their
volume fraction V,/V. The latter depends solely on the in situ temperature and
salinity of the ice layer under consideration, with the liquid volume fraction dictated
by the phase equilibrium (Section 2.4; Fig. 2.4; Equation 2.14). Ono and
Schwerdtfeger also considered the impact of spherical gas inclusions on Ag. These
are typically of minor importance in first-year ice, as gas volume fractions are mostly
an order of magnitude lower than those of brine.

Untersteiner introduced a simple parameterization as a function of ice tem-
perature, T, and salinity, Sj, that has been employed in some ice-growth models
(Maykut, 1986):



56 Sea Ice: An Introduction to its Physics, Chemistry, Biology and Geology

S;

Asi= A + 0.13? (Equation 2.24)

As is evident from Figs 2.5 and 2.7, however, the idealized microstructure under-
lying the approaches outlined above may only apply to certain types of colum-
nar ice, requiring further work to elucidate microstructural controls of Ay. The
few determinations of sea ice thermal conductivity based on actual measure-
ments available today are also indicative of gaps in our understanding of how
Asi is linked to microstructure and of the role of convective, as compared to
conductive (i.e. molecular-diffusive), heat-transfer mechanisms (Trodahl et al.,
2000).

Convective heat transfer and brine drainage features

Derivations of thermal conductivity from time-series measurements of ice tem-
perature profiles in Antarctic first-year sea ice revealed a dependence of the ther-
mal conductivity on the temperature gradient, with values larger by up to 20%
than explained by simple molecular-diffusive heat transfer alone (Trodahl et
al., 2000). This is at least in part explained by desalination through gravity drain-
age (Section 2.6), associated with enhanced heat transfer due to convective
exchange. Lytle & Ackley (1996) have observed such convective exchange pro-
cesses during freezing of a highly porous, flooded slush layer at the surface of
Antarctic sea ice. Wettlaufer, Worster and collaborators (see detailed discus-
sion in Wettlaufer, 1998) have demonstrated that the onset of convection in
porous crystal-solute mixtures (mushy layers) can be described by a critical Ray-
leigh number that relates the characteristic time scale of fluid exchange to buoy-
ancy and viscous drag forces as well as the permeability k& (which is described
in terms of the brine porosity Vi/V) of the mushy zone. Experiments and
theoretical work suggest that the onset of convection is associated with a sub-
stantial salt and heat flux which diminishes as the fluid density gradients and
the permeability of the ice matrix respond to the perturbation of the con-
vective overturning (Wettlaufer, 1998).

The permeability of the interior layers of fully consolidated, cold sea ice is
mostly too low to allow for convection that penetrates the entire volume. How-
ever, fluid in vertically elongated systems of brine tubes or brine channels, less
than a millimetre to several centimetres in diameter and up to a metre in vertical
extent, has been shown to overturn, resulting in periodic discharge of cold brine
that is replaced by warmer sea water (Niedrauer & Martin, 1979). For typical brine
channel densities in the order of one larger channel per 10 cm? and common tem-
perature gradients, the convective contribution to the total heat transfer through
the ice column can amount to several Wm™. Figure 2.11 shows an example of
well-developed systems of larger brine channels in Arctic sea ice. The actual
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Fig. 2.11 Photograph of a slab of sea ice obtained from sea ice of approximately 1.4 m thickness near
Barrow, Alaska. Note the distinct horizontal layering as well as the parallel rows of vertical brine channels
(shown in horizontal cross-section in Plate 2.1e).

development and evolution of these large, secondary micro- and macro-structural
features is currently not all that well understood. Evidence from experiments and
numerical modelling suggests that it is a combination of hydrodynamic processes
as well as microstructural controls that determines the density and morphology of
individual channels.
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Thermal conductivity of snow on sea ice

In areas with substantial snow accumulation, heat transfer through an ice floe may
be controlled to a large extent by the overlying snow cover, as the thermal con-
ductivity of snow is generally substantially lower (by roughly one order of magni-
tude) than that of sea ice (see Section 2.2). Sturm and co-workers indicate that the
bulk thermal conductivity of snow typically ranges between 0.15 and 0.4 Wm™' K™!
(Sturm et al., 2002). For low-conductivity snow, even a few centimetres’ deposition
on 0.5 m of sea ice can thus effectively double the effective ‘thermal thickness’ of an
ice cover, as discussed in more detail in Sections 2.2 and 2.3 and shown in Fig. 2.2.

Latent heat of fusion and specific heat capacity of sea ice

Unlike freshwater ice, sea ice retains a significant fraction of liquid phase at tem-
peratures below the freezing point of sea water (Fig. 2.4). Hence, the latent heat of
fusion of sea ice, L, is smaller than that of pure freshwater ice (333.6Jg™!), since a
fraction of the mass of sea ice remains unfrozen even at sub-zero temperatures. Yen
et al. (1991) provide an approximation of Lg; as a function of temperature, T (in °C),
and ice salinity, S;, for temperatures above —8.2°C:

Ly =4.187 <79.68 —0.505T — 0.0273S + 4.3115% -+ 0.0008S;T — 0.009T2>

(Equation 2.25)

Thus, the amount of latent heat released during growth of sea ice with a temperature
of —2°C and a salinity of 10 amounts to a total of 246J g™,

While this approximation provides a crude estimate of the latent heat of fusion
and its dependence on ice salinity, a more rigorous approach to the amount of heat
AQ released by cooling a mass of sea ice mg; by AT takes into account both the latent
heat liberated during freezing of ice within brine pores as well as the amount of
sensible heat lost by the entire volume of ice (and brine) of density pg;. For pure ice,
the specific heat capacity, c;, determines the magnitude of AQ for a mass of ice, m;,
according to

AQ = mjci p;AT (Equation 2.26)

The magnitude of ¢; also determines the rate of warming or cooling of a volume of
ice, as derived from the heat transfer equation, describing the change in tempera-
ture with time d77/d¢ in terms of ¢;, A; and p; (in simplified form) as

a7 N 0T

—_— = Equation 2.27
& " ap 322 (Equation )
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Here, the term (Ai/c;p;) is commonly referred to as the ice thermal diffusivity.

In sea ice, a common approach is to include the latent heat term in an effective
specific heat capacity, cg, such that the magnitude of ¢ is determined both by the
specific heat capacity of pure ice and brine as well as by the latent heat associated
with the phase change for a given temperature change. Untersteiner (see Maykut,
1986) provided a simple empirical approximation for cg;:

S; .
ci=ci+172x1073 T—lz (Equation 2.28)

witha¢;of 2.11 T g K™, ; the ice salinity and 7 the temperature in °C. As is evident
from Equation 2.28 and from Fig. 2.12 showing measurements of cg; as a function of
temperature, the specific heat capacity increases substantially above about —5°C.
This increase implies that it takes substantially more energy to warm an ice cover by
1K at a temperature close to the freezing point of sea water than at, say, —10°C,
simply because the amount of heat that has to be supplied to increase the brine
volume fraction from, e.g. 80%o0 at a temperature of —3°C for ice of salinity 5 to
122%o at —2°C amounts to 14 J g*. Ignoring the contribution of latent heat in raising
or lowering the temperature of a sea ice volume has important ramifications, e.g. in
large-scale sea ice or climate models, which would significantly overestimate the

3
X10 40 T T T T T T T T T
O Sakazume and Seki [56]
35 r -3 Y =
Pg; = 872 - 953 kg-m .
S=55-35.3 % o &O
- 30r ° S 9.7
X @ Schwerdtfeger [54] **
P S=2-8% od
2 2T 0 Mal [63] AN
: almgren )
o S =2 -6 %o o © oa%’ B
“a 20} (e]e] e -
% o
= o
15| W@M&ﬁg _
10} _
1 1 1 1 1 1 1 1 1 1

-100 -80 -60 -40 -20 0
6 ,°C
Fig. 2.12 Effective specific heat capacity of sea ice ¢, (shown as product of ¢, with ice density p) as a
function of temperature 6 in °C. From Yen et al. (1991).
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amount of ice thinning or lateral melting, in cases where the ice cover may simply
become more porous without the ensuing drastic reductions in surface albedo.

A further problem inherent in the approaches commonly taken in modelling the
thermal properties of sea ice relates to the practical definition of the melting point of
sea ice. The freezing point is typically defined as the highest temperature at which
ice formation is observed (Section 2.2). A corresponding definition for the melting
point as the lowest temperature at which melting is observed is problematic, how-
ever, since a liquid phase is present in sea ice down to temperatures as low as —55°C
(Fig. 2.4). Thus, with a continuous increase in brine volume fractions as tempera-
tures are increased from typical sea ice winter minima to summer values, sea ice is
technically melting on a microscopic level at all times. Macroscopically, or on the
scale of an individual ice floe, however, ‘melting’ is typically implied to include the
complete melting of the entire ice volume. In a well-mixed water column, the latter
would require the ice temperature to have reached the salinity-dependent freezing
point of sea water. At the same time, the brine residing within the ice would be at
seawater salinity. However, if the melt water in contact with the sea ice cover is of
lower salinity, such as in the melt ponds shown in Plate 2.3 which typically have
salinities of a few per mill, complete melting may require warming to temperatures
well above —1°C. Minuscule though these temperature differences appear to be,
the fact that they are associated with substantial amounts of heat that have to be
provided in order to warm up the ice means they can have dramatic impacts on
model performance and the heat budget of the polar regions. Currently, we are far
from understanding these issues, either on microscopic, macroscopic or larger
scales.

2.8 Dielectric properties of sea ice

The dielectric properties of sea ice govern the propagation and attenuation of
electromagnetic waves which in turn determine both the optical properties of sea ice
(Section 2.9) as well as sea ice signatures in remote-sensing data sets (Comiso,
Chapter 4). For a detailed treatment of electromagnetic wave propagation in lossy
dielectric media see Schanda (1986) and Hallikainen & Winebrenner (1992).

For an electromagnetic wave propagating in z-direction, at the time ¢, the electric
field, Ey, in the x-direction is given by

E, = Egcos(of — kz Equation 2.29
q

where E| is the field at z = 0, k is the wave number and o the angular frequency.
Maxwell’s equations yield the speed of wave propagation (v) in a medium with the
relative electric permittivity, €, and relative magnetic permeability, p, as

vV=—+ (Equation 2.30)
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with the speed of light in terms of the permittivity and permeability of free space

1
c= (Equation 2.31)

VE0H

The relative (dimensionless) permittivity &, also referred to as the dielectric con-
stant, is a complex variable for a medium in which electromagnetic waves are
absorbed (a so-called lossy medium), such that

e=¢ —ig =¢(1 —itand) (Equation 2.32)

with i denoting the complex part of the permittivity and i* = —1; & describes
the contrast with respect to free space (¢, = 1) and tan J is the so-called loss
tangent.

In a non-polar medium, € and &” are constant, whereas in substances such as
water with the constituent molecules exhibiting a permanent dipole moment,
resonance affects wave decay, resulting in a frequency dependence of ¢’ and &”. Ionic
impurities present in sea water and brine also affect the propagation of electro-
magnetic waves, such that ¢” depends on the conductivity

8l/ c

=— Equation 2.33
e (Equation )

(Fig. 2.13). Ignoring scattering and assuming a homogeneous medium, one can
assess the penetration depth, 3, of electromagnetic radiation of a given frequency
as:

1 ! .
8p = - = IQZ_Z’ (fore’ < €”) (Equation 2.34)

Here, the attenuation of electromagnetic waves is described in simplified terms by
an extinction coefficient k, with separate contributions by absorption, k,, and
scattering, Ks:

K = Ka + Ks (Equation 2.35)

Despite its gross simplification of radiative transfer, the concept of a penetration
depth can help in the interpretation of remote-sensing data, such as radar or passive
microwave imagery (Comiso, Chapter 4). Thus, it is of particular relevance for
remote sensing of the oceans and sea ice that the dielectric loss factor €” of water
varies by more than one order of magnitude in the 1-100 GHz frequency range.
Furthermore, at frequencies below 10 GHz, ¢” differs by as much as one order of
magnitude for fresh water and sea water or brine, due to the impact of ionic
impurities on wave decay. Hence, penetration depths at typical radar or passive-
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Fig. 2.13 Permittivity (a, top) and loss factor (b, bottom) for pure water and sea water at microwave
frequencies. From Hallikainen & Winebrenner (1992).

microwave frequencies are in the order of millimetres to centimetres in sea water.
For pure, cold ice, on the other hand, €' is constant at 3.17 for frequencies between
10 MHz and 1000 GHz, whereas € is up to several orders of magnitude smaller than
that of water. Consequently, one can derive the dielectric properties of sea ice from
the properties of its constituent phases based on an underlying microstructural
model (Stogryn, 1987) specifying the shape, size and distribution of brine inclusions
as well as their volume fraction. Rather than describing ice microstructure in highly
idealized terms such as the Stogryn model (or other models discussed in Sections
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2.4, 2.5 and 2.10), Lin et al. (1988) have derived the emissivity of sea ice at micro-
wave frequencies based on a stochastic representation of sea ice microstructure. In
this approach, the sub-parallel arrangement of brine layers within individual ice
crystals (Figs 2.6, 2.7) is rendered in terms of the autocorrelation length of the two-
dimensional autocorrelation function.

In simpler, empirical approaches, € has been parameterized as a function of the
fractional brine volume (Hallikainen & Winebrenner, 1992), which in turn is
determined by the temperature and salinity of the ice (Section 2.4). The extent to
which temperature and ice salinity dominate the penetration depth is illustrated in
Fig. 2.14. At temperatures of around —5°C, radar waves can thus penetrate several
tens of centimetres to more than a metre into low-salinity multi-year ice, whereas
penetration depths in saline first-year ice are only in the order of a few centimetres
at most. Under such conditions, the radar backscatter signatures of multi-year are
dominated by volume scattering from gas bubbles and brine inclusions. In first-year
and young sea ice, ice surface scattering predominates and radar backscatter coef-
ficients are mostly determined by the surface roughness of the ice. This allows for
discrimination of generally smooth first-year ice and multi-year sea ice in radar
satellite imagery. Owing to the polarization and frequency dependence of the
dielectric properties (Fig. 2.14), more sophisticated multi-frequency and multi-
polarization instruments can be of considerable use in distinguishing between dif-
ferent ice types. The same principles apply to thermal emission at microwave fre-
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Fig. 2.14 Penetration depth at microwave frequencies for different types of first-year (FY) and multi-
year (MY) sea ice. From Hallikainen &Winebrenner (1992).
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quencies from different ice types and form the basis for commonly employed
algorithms in discriminating between first- and multi-year sea ice in passive-
microwave data (Comiso, Chapter 4).

2.9 Optical properties
Radiative transfer in sea ice

The thin section photographs in Plate 2.1, as well as the different ice types shown in
Plate 2.2, provide some indication of the complexity of the topic of radiative transfer
between atmosphere, ice and ocean. The amount of light scattered back from the ice
cover (as measured in the albedo, o), the amount absorbed within the ice column
and the fraction that ultimately penetrates into the ocean depend on the relative
contribution of absorption and scattering or reflection along the path of individual
photons (Perovich, 1998). In pure ice, free of gas or brine inclusions (some types of
lake ice actually being acceptable approximations of such ice, Plate 2.1), the
attenuation of light passing through the ice to a depth z can be described through
Beer’s or Bouguer-Lambert’s law (essentially a simplification of the radiative
transfer equation) (Perovich, 1998):

I(z,h) =1(0,L)e "% (Equation 2.36)

where [(z, 1) is the irradiative flux (i.e. light intensity averaged over all directions of
the entire half space) of wavelength A through ice with an absorption coefficient k,.

Owing to the ample presence of inclusions in sea ice, scattering is not to be
ignored, however. The simplest approach to this problem is based on Beer’s law of
exponential decay, by simply replacing the absorption coefficient with an extinction
coefficient that reflects the sum of absorption and scattering processes (k = K, + K),
i.e. as introduced in more general terms in Equation 2.35 in Section 2.8. While not
discussed explicitly here (see Equation 2.38), due to its wavelength dependence, the
value of k(1) is not constant with depth in the ice and furthermore depends on the
spectral composition of the incoming solar radiation, which in turn strongly depends
on cloudiness and other factors. This is commonly taken into account in models
through suitable parameterizations of such processes (for details, see Perovich,
1998).

Qualitatively, the amount of scattering depends on the contrast in refractive
indices between the host medium and inclusions, which in the case of sea ice
explains the disproportionate importance of gas and salt inclusions for the scattering
of light. This is apparent in Plate 2.4, in particular for the fine-grained hydrohalite
conglomeration. While the Beer/Bouguer-Lambert approach is restricted to opti-
cally thick ice slabs, it does allow for reasonable estimates of short-wave attenuation
in sea ice. Due to its computational simplicity it is still widely employed to derive the
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extent of solar heating of individual ice layers (Perovich, 1998). Moreover, it may be
more practical for applications with larger numbers of scatterers other than simple
air or brine inclusions, such as in bio-optical models of sea ice (Arrigo & Sullivan,
1994; Arrigo, Chapter 5). More sophisticated approaches to the solution of the
radiative transfer equation are those of Grenfell (1991), Jin et al. (1994) and those
summarized in Perovich (1998). However, as apparent schematically in Fig. 2.15,
such approaches also require a more sophisticated treatment of the ice micro-
structure, specifically those of brine, gas and salt inclusions. Such data are only now
starting to become available (Light et al., in press) and it will require further efforts
to develop a fully coupled optical/microstructural/heat-transfer model of sea ice.
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Fig. 2.15 Schematic depiction of sea ice radiative transfer processes.

Sea ice albedo

The spectral albedo of a sea ice cover is defined as the fraction of the incident
irradiance that is reflected from the surface:

a(h) = m (Equation 2.37)
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The total (all-wavelength) albedo, o, is then given by the integral over the entire
range of the solar short-wave spectrum (commonly taken as 400-1500 nm; Perovich,
1998):

Ja(MW)FY (0,2) dr
[F1(0,%)dx

o = (Equation 2.38)

As shown schematically in Fig. 2.15, o is determined by the sum of specular
reflection and scattering at the surface as well as scattering and absorption in the
volume of the ice. Hence, the albedo depends strongly on the ice interior structure,
which has been hinted at in Section 2.3 and is clearly apparent in Plate 2.1 in the
contrast between lake ice with few inclusions and low albedo and snow-free sea ice
with numerous brine inclusions and a significantly higher albedo. The number of
brine inclusions acting as scatterers correlates with the thickness of the ice cover
(Fig. 2.15), such that one typically observes a pronounced increase in ice albedo with
an increase in ice thickness. This phenomenon is implicit in the nomenclature of thin
ice types, identified as dark and light nilas, grey, grey-white and white ice (Plate 2.2,
Fig. 2.16).

The range of albedos associated with the polar ice pack spans almost the entire
range of albedo of different planetary surfaces (Fig. 2.16). Values increase during
the course of the sea ice growth season as the ice cover thickens and snow accu-
mulates. In summer, the trend in surface albedo is the opposite, with values drop-
ping to about 0.65 for snow-free bare multi-year ice and decreasing to well below 0.5
for ponded multi-year ice (Plate 2.3). Whereas the stark contrast in albedo of the
open versus the ice-covered ocean is an important driver of ice—albedo feedback
processes (Sections 2.1 and 2.2), even the less drastic differences in albedo between
different degrees of melt-pond coverage are of considerable importance. Model
results suggest that Arctic sea ice is highly sensitive to changes in surface albedo. A
difference in the degree of ponding, typically ranging between 10 and 50% areal
coverage corresponding to albedos > 0.6 and < 0.5, would be critical for the stability
and potential disappearance of the perennial ice pack (Steele & Flato, 2000).

Despite the importance of large-scale albedo variations, few if any models are
currently able to fully predict the summer evolution of ice albedo. The key challenge
that remains to be addressed is the ability to predict the changing pond fractions and
depths, and their impact on the ice albedo. The vast majority of large-scale sea ice
models and global circulation models (GCMs) is currently prescribing ice albedo
through some type of parameterization scheme that links the surface albedo to the
air or surface temperature or introduces a time-dependent albedo that varies during
the course of the melt season. Some of the challenges of this problem and potential
areas of improvement are discussed in more detail in Section 2.11.
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Fig. 2.16 Range of albedo of different ice pack surfaces. From Perovich (1998).

2.10 Macroscopic ice strength

Ice strength — at least on the macroscopic level as manifest, e.g. in a uniaxial
compressive strength test commonly employed in studying the mechanical prop-
erties of sea ice (Richter-Menge, 1992) —is typically defined as the peak stress, Gpax,
sustained by a sample when a load is applied. In simplified terms, ¢ corresponds to
the magnitude of the force, F, applied per unit area, A
F .

o=~ (Equation 2.39)
For an ideal elastic response, the strain ¢ resulting from a given stress o is
proportional to o, with Young’s modulus E as the proportionality constant:
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c=Ee (Equation 2.40)

Here, strain ¢ = (1—1y)/ly is defined as the relative change in linear dimension that a
body experiences as it is stretched or compressed from ly to 1. For elastic defor-
mation, the body fully recovers from a given strain in the way an ideal spring would
(Fig. 2.17a). Upon reaching the yield stress o, the sample fails catastrophically,
i.e. by releasing the stored elastic energy mostly in the form of kinetic energy and
sound. This process is referred to as brittle failure. The same mode of failure is
experienced by a glass that shatters as it is dropped to the floor. Unlike glass,
however, sea ice typically responds to a given stress not only through elastic but also
through viscous (non-recoverable) deformation. For a Newtonian liquid, the latter
is characterized by a linear relation between stress, o, and strain rate, de/dt, with the
viscosity of the medium n as the proportionality constant:
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Fig. 2.17 Stress—strain curves for uniaxial compression tests of granular sea ice carried out at —10°C
at different strain rates. (a) strain rate 1072s™"; (b) strain rate 10°s™"; (c) strain rate 107#s™"; (d) strain
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c=n % (Equation 2.41)

Hence, deformation of natural sea ice is often best described by a model that takes
into account both elastic and viscous strain components (Mellor, 1986). Equation
2.41 implies a connection between the magnitude of the stress and the strain rate. In
fact, as evident from Fig. 2.17a-d, the deformation of natural sea ice samples at
different strain rates conforms with such a visco-elastic model, with the peak stress
Omax Teduced by a factor of three as the strain rate is dropped from 102s™ to
10 s7". Also note that at smaller strain rates (Fig. 2.17b—d), the ice exhibits ductile
failure and is still capable of supporting a load after attaining .y, in contrast with
the brittle failure shown in Fig. 2.17a.

It requires a highly sophisticated approach to translate these results from
laboratory experiments into the real world, in which the load could be applied by a
person stepping on fairly thin, young ice, with the strain rate dictated by the speed at
which the foot is set down on the ice surface. Nevertheless, based on this knowledge
one could devise a strategy of how to best cross a very thin, young sea ice cover if
one absolutely had to. First, one would not want to apply the full load fast enough to
induce catastrophic brittle failure, as this would result in the person breaking
through the ice without much of a warning (i.e. prior deflection of the ice sheet, see
Fig. 2.17a). If strain rates were small enough to induce deformation in a ductile
mode, then one would experience the ice giving way underneath after initially
appearing quite strong (at least for strain rates corresponding to the transitional
brittle-ductile regime characteristic of Fig. 2.17b) and, as long as the load would be
reduced fast enough, the ice sheet would not fail (i.e. break).

Contrived though this example may appear, polar bears venturing out on nilas
(<10 cm thick) have been observed to make intuitive use of the physics underlying
such different sea ice failure modes. Thus, in ambling across the thin ice, the bear
sets down each foot just long enough for the peak stress to be surpassed (at the
associated strain rates in the order of a few seconds at most) and then lifts it again to
place it ahead on yet unstrained ice. This strategy (assuming it is strategy and not
simply overinterpretation of a single observation by the author) allows for crossing
of stretches of ice that would never support the weight of a bear if stationary for
more than a few seconds at most. As the thin, warm ice flexes and is depressed
below sea level, brine and sea water forced upwards through the ice onto the surface
provide a visible indicator of the amount of accumulated strain.

The deformation process itself and the accommodation of strain on a microscopic
level can be quite complex. Thus, the solid ice matrix experiences deformation of
atomic bonds, slip along microcracks, movement of grain boundaries and other
processes (Schulson, 1999). It is the combination of all of these individual, micro-
scopic processes that determines the macroscopic response of the ice cover. Hence,
the microstructure of the ice plays an important role in determining both ice
strength and mode of failure (Schulson, 1999). The contrasting properties of lake
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and sea ice have already been considered in Section 2.1 (see also Plate 2.1), and
similar contrasts hold for ice deformation. Thus, for typical stresses and strain rates,
the response of lake ice to an imposed loading is almost exclusively elastic, with
failure occurring catastrophically in a brittle mode. This gives no advance warning
to anybody who is about to break through the ice as the yield stress coincides with
the complete failure of the material, similar to breaking glass. On the other hand,
the lack of brine inclusions, which do not contribute to the overall strength of the
material, is responsible for a somewhat higher strength of thin lake ice as compared
to sea ice, which in the case of nilas can contain as much as 20% liquid-filled pores.

The actual macroscopic strength (i.e. the yield stress oy, see Fig. 2.17) of a
sample or volume of sea ice is to a large extent controlled by the volume fraction of
gas, V,/V, and brine, V,,/V, both of which do not contribute to the mechanical
strength of the material. As shown in an analysis by Assur (1960) (see summary in
Weeks & Ackley, 1986) it is thus the ice cross-sectional area (1 — W) (with ¥
referred to as the ‘plane porosity’) that determines the magnitude of the in situ stress
and hence the macroscopic yield stress, G,.x, such that

or=(1-¥)oy (Equation 2.42)

where oy would correspond to the strength of ice with all characteristics of sea ice
but zero porosity. Based on Assur’s (1960) pore model (Fig. 2.18), one can now
derive the cross-sectional area of brine inclusions (assuming V,/V = 0) in the vertical
plane along which an ice sheet will typically fail under natural conditions. As shown
in detail by Weeks & Ackley (1986), assuming the brine cell geometry outlined in
Fig. 2.18, an expression can be derived for ¥ in terms of the platelet spacing, ay, the
minor and major radii of an ellipsoidal inclusion, r, and r, spaced b apart in the
direction of the ice lamellae, and a vertical separation of inclusions of length g by go
such that Equation 2.42 can be evaluated as

of = (1 2,250 V) oo (Equation 2.43)

A model of this form is commonly assumed to govern the porosity and pore-shape
dependence of ice strength, although some recent work suggests more complex
relationships. Apart from the stress-bearing, effective cross-sectional area, strength
is also highly dependent on the nucleation and propagation of cracks that ultimately
lead to failure. The latter depend strongly on other microstructural parameters, such
as grain size or preferred alignment of crystals (Schulson, 1999).

On the scale of an individual ice floe, the bending of a sea ice sheet results in a
vertical stress/strain distribution such that maximum tensile stress is found at the top
of a flexing ice sheet, with ¢ decreasing to zero in the interior of the ice sheet and
maximum compressive stress found at a point opposite the crest in the ice. As sea ice
is stronger in compression than tension by a factor of 2 to 4, the ice typically fails by
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Fig. 2.18 Pore microstructural model from Assur (1960).

cracks developing at the outer surface that is in tension with the crack propagating
into the interior of the ice sheet. At the same time, it is the colder, less porous and
hence stronger layers that determine the overall strength of an ice sheet (Fig. 2.1).
Ice strength is a property of sea ice that, probably unlike few others, is highly
dependent on the scale at which it is being considered. Thus, at the scale of the ice
pack, ice strength mostly is only in the order of tens to hundreds of kPa, whereas it is
typically above 1 MPa in laboratory-scale experiments.

2.11 From the microscopic to the macroscopic: how the
smallest can affect the largest of scales in sea ice

Much of this chapter has been concerned with features and processes occurring on
sub-millimetre to at most metre scales. Sections 2.7 through 2.10 argued that an
understanding of the magnitude and variability of sea ice macroscopic properties
requires first of all thorough insight into the processes controlling the ice micro-
structural evolution, since it is the distribution of ice, brine, salts and gases that
ultimately determines how energy and matter are transferred through a slab of ice.
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Nevertheless, one may still wonder whether these small-scale processes and dis-
tinctions between different features at the microscopic level have any effect at all on
the behaviour of sea ice on the largest of scales, such as those of concern in the
context of global climate change (Haas, Chapter 3; Comiso, Chapter 4). One pos-
sible response to this question would be to point out that the interaction of light with
sea ice, i.e. the processes that control ice albedo and ultimately the amount of solar
energy absorbed by the polar oceans, strongly depends on the microscopic char-
acteristics of brine and other inclusions in sea ice, because it is processes on the
(sub)millimetre level that determine radiative transfer and in particular scattering
of light in the medium. This is demonstrated by the differences in optical properties
between lake and sea ice (Plate 2.1) as well as the impact of salt precipitation (Fig.
2.5).

However, the importance of small-scale processes extends far beyond the
obvious, well-studied problems such as radiative transfer. Consider, for example,
the fact that the albedo of bare Arctic multi-year sea ice is remarkably stable at
values above 0.6, which has been established in numerous studies of the summer ice
pack (Perovich et al., 2002). As illustrated in Plate 2.3a, this value is quite high, with
completely bare sea ice taking on the appearance of being covered with snow. The
magnitude of ice albedo and its constancy are controlled by the presence of a well-
drained, decomposed layer developing in the uppermost 0.1-0.2 m of the ice cover
(Perovich et al., 2002), i.e. on a scale comparable to the thin sections shown in Plate
2.1. If it were not for the increase in ice permeability associated with the absorption
of short-wave radiation and surface warming, the brine could not drain from this
surface layer, instead accumulating within pores and at the surface, rendering ice
albedo significantly lower (<0.5). Model results indicate that such low-albedo,
undrained ice could not exist perennially in the Arctic Ocean (Curry et al., 1995).
Hence, the microstructure and its control on the percolation of melt water and brine
in the uppermost tens of centimetres of the ice cover arguably ensure the year-round
presence of multi-year ice in the Arctic Ocean.

The impact of small-scale processes extends further than that, however, since
microstructure and ice permeability also play a key role in locally reducing ice
albedo through the formation of melt ponds with albedos as low as 0.3 (Perovich,
1998), such as those illustrated in Plate 2.3a. These ponds form as the result of
pooling of melt water in depressions where the permeability of the underlying ice is
not sufficiently high to allow complete drainage of the pond as driven by the local
hydraulic head (Eicken et al., 2002). Recent field experiments have shown that the
development of a thin impervious layer in the uppermost 0.1 m of the ice cover due
to refreezing of melt water within the pore network sufficiently reduces the
permeability to result in substantial pooling of melt water at the ice surface (>50%
area on first-year ice), while the absence of such a layer can reduce pond coverage to
<20%. In all of these cases, it is processes occurring on sub-centimetre scales that
ultimately decide the fate of the Arctic ice pack.

Currently, large-scale climate models are not capable of actually predicting the
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albedo of summer sea ice based on first principles, and we need to further our
understanding of the microstructural evolution of sea ice (and develop the appro-
priate conceptual and mathematical models) in order to progress beyond the lim-
itations that currently hamper predictions of the vagaries of climate in the polar
regions and their impact on lower latitudes.

2.12 Outlook

This chapter has highlighted the importance of small-scale and microscopic prop-
erties and processes in understanding, quantifying and predicting the role of sea ice
in the polar regions and as part of the earth system. However, in discussing features
at scales that are six to twelve orders of magnitude smaller than the earth, and in
particular when considering the practical limitations of climate models, remote-
sensing tools and field campaigns, one needs to consider whether a more detailed
analysis of these microscopic scales only leads to mildly interesting work that is
trailing off into the irrelevant. While this question definitely needs to be asked, the
answer may vary considerably on a case-by-case basis. For example, based on recent
work by Light et al. (in press) one could argue that sea ice radiative-transfer
modelling is about to extend down to a microstructural scale beyond which further
efforts may require substantial efforts but yield little in the way of model
improvement. Thus, Light and co-workers have found that the number density of
scatterers down to a scale of tens of micrometres (with number densities, N, of
between 10 and 50 mm™) explains the bulk of the optical signal due to scattering
(see also Fig. 2.15), while the contribution of smaller inclusions to the magnitude of
optical properties is only of mostly negligible importance. In this context, recent
measurements at higher magnifications of number densities of several tens to
hundreds mm~ are hence mostly irrelevant in an optical context. However, the role
of such microscopic or sub-microscopic inclusions may nevertheless be of impor-
tance in controlling the shape and thermal evolution of larger pores (Eicken et al.,
2000).

Another rapidly developing research field of microscopic and sub-microscopic
processes that is potentially of great significance to the study of sea ice is that of
surface pre-melting. As demonstrated and discussed in more detail by Wettlaufer
(1999), dispersive intermolecular forces result in the presence of liquid films on ice
phase boundaries at below-freezing temperatures. In pure water—ice systems, these
films are typically mere fractions of a micrometre in thickness, such that they can
play key roles in the transport of particulate impurities but rarely if at all dominate
bulk heat fluxes through the system. However, in the presence of dissolved impu-
rities, such as salts at seawater concentrations, film thicknesses can increase to
several micrometres at small supercoolings with potentially significant impacts on
the redistribution of particulate inclusions, such as sediment grains or algal cells, as
well as desalination processes. Here, further work appears timely and potentially
fruitful.
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The smallest of scales also greatly impact biological and chemical processes in the
sea ice and we are only beginning to understand the magnitude and importance of
stationary and transient chemical gradients established at micrometre to millimetre
scales. Thus, both the fine structure of algal communities, as well as the interaction
of micro-organisms with ice and other surfaces at microscopic scales, are not well
understood (Arrigo, Chapter 5; Lizotte, Chapter 6) and may hold surprises of more
than just local relevance. Recent discoveries of the importance of surface catalytic
processes in saline snow for trace gas production as well as the release of radiatively
important compounds by sea ice biota are cases in point here (Thomas & Papadi-
mitriou, Chapter 9).

One of the more interesting and pressing challenges at this point, however, is the
development of a sea ice microstructural model that extends beyond the pioneering
work of Assur and others (see Sections 2.4, 2.5 and 2.10). Presently, there is still
something of a lack of comprehensive microstructural data sets, not least due to
methodical problems, but recent efforts (Light et al., in press) as well as methodical
developments (Callaghan et al., 1999) should result in more such data sets of high
quality. Developing a microstructural model may nevertheless require further stu-
dies of the relevant processes underlying the establishment and transformation of
primary and secondary grain and pore microstructure. Ultimately, such a model
should be integrated into a fully coupled ice-growth/salt-flux/radiative transfer
model (as far as the author is aware, the latter does not yet exist either). In
developing such a model, one would furthermore want to revisit the concept of the
‘standard’, highly idealized sea ice chemical composition. Section 2.4 and Fig. 2.5
demonstrate that there are more things happening between —2 and —30°C than are
dreamt of in the ‘standard’ sea ice philosophy. In spite of being computationally
somewhat more intensive, state-of-the-art geochemical models such as those of
Spencer et al. (1990) or Marion & Grant (1997) appear to be perfectly suitable for
the study and prediction of phase equilibria in sea ice of variable composition at the
macroscopic and microscopic level.

Here, one might again ask whether such a detailed approach is required only for
specialized process studies or whether benefits extend into other fields of geophy-
sical, biological or chemical research as well. Considering the case presented in
Section 2.11, one could argue that only such a detailed model will ever allow for a
full, independent prediction of the albedo of different sea ice types in various
developmental stages. Admittedly, even simple albedo parameterization schemes
are performing quite well in GCMs but, as hinted at above, the reason that these
schemes work so well might well be considered worrisome rather than reassuring. If
one accepts that the physics of the southern hemisphere is the same as that of the
northern hemisphere (disregarding the difference in sign of the Coriolis vector),
then the fact that global climate models employ different albedo parameterization
schemes in the Antarctic as compared to the Arctic is a strong argument for closer
scrutiny of the underlying microscopic and macroscopic processes.

Finally, in looking beyond the polar regions, sea ice may also serve as an
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appropriate and useful physical model of other types of ice bodies in our solar
system and of other geophysical and industrial materials at high homologous tem-
peratures (i.e. relative to the freezing point of the melt). Sea ice is an ideal model
substance, as it is a porous medium that is both simple — from a compositional point-
of-view, with a three- to five-component aqueous system allowing fairly sophisti-
cated simulations of the proper medium (Spencer et al., 1990; Marion & Grant,
1997) — and complex — from a microstructural point-of-view, with liquid phase
fractions varying over more than four orders of magnitude under natural conditions,
and with a complex microstructural evolution, as outlined in Sections 2.4 and 2.5.
Consider, for example, the range of intrinsic permeabilities, as one of the most
important measures of transport properties and processes, measured in different
types of sea ice under natural conditions over a temperature range of approximately
15K shown in Fig. 2.19. The more than six orders of magnitude in permeability
depicted here represent more than half of the entire range of permeabilities found in
other common geological media. Porosities vary almost over the same range of
magnitudes, as do pore sizes (Section 2.4). Thus, the study of grain and pore
microstructure of sea ice, and its effect on permeability, rivals that of an entire range

Freitag (1999), Eicken (unpubl.)
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(i.e. connected) porosity (Freitag, 1999; Eicken, unpublished).
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of different geological and planetary materials over a wide range of homologous
temperatures. This presents sea ice researchers with both a formidable challenge
with respect to the representation of sea ice in large-scale climate models (see
Section 2.11), as well as a tremendous opportunity with respect to the potential role
of sea ice as an analogue of a wide variety of planetary materials. Recent advances
in laboratory and field measurement technology, as well as remote sensing in
combination with research on, for example, the ice crust of the Jovian moon Europa
(Greeley et al., 1998), and studies of terrestrial geological systems, indicate a
substantial potential for cross-disciplinary fertilization along with exciting
opportunities and needs for future research.
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Chapter 3
Dynamics versus

Thermodynamics: The Sea Ice
Thickness Distribution

Christian Haas

3.1 Introduction

Eicken (Chapter 2) has described how sea ice initially forms from open water and
subsequently grows into an ice cover, or in other terms, how sea ice grows thermo-
dynamically. One of the basic concepts is that the ice grows thicker the colder the air
is due to the establishment of greater temperature gradients in the ice, and higher
freezing rates. Vice versa, it would follow that as a consequence of climate warming,
polar sea ice cover would become thinner. However, another process contributes to
the sea ice thickness distribution: Due to its relative thinness — one to a few metres —
sea ice floating over deep water is subject to winds and currents which steadily move
the ice around, i.e. the ice cover drifts. As a result, it breaks up into floes inter-
spersed by open water leads. With changing drift directions and speeds, the ice floes
will be pushed together and collide with each other. If the resulting forces in the ice
become too large, it will finally break. The resulting ice fragments and blocks will be
pushed onto, and below, the edges of the floes forming so-called pressure ridges
(Fig. 3.1).

Obviously, such dynamically formed ridges are much thicker than the adjacent,
thermodynamically grown undeformed level ice. In terms of a statistical approach,
this discussion shows that it is important to take into account different ice thickness
classes (from thin to thick ice), and that a certain mean ice thickness can be attained
by many different arrangements of thin and thick ice. As a consequence, it is quite
difficult to interpret ice thickness data for indications of climate warming or cooling.
This will be illustrated in later sections of this chapter.

The ultimate variable to assess the shrinking or growing of the global sea ice cover
is ice volume, i.e the mathematical product of areal ice coverage and ice thickness.
In contrast to ice thickness, sea ice coverage can be monitored reasonably well from
space using satellites (Comiso, Chapter 4). However, from the discussion above it
follows that as long as the ice thickness is unknown, the observed recent changes of
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Fig. 3.1 lllustration of the processes that dynamically (i.e. by divergent or convergent ice motion)
modify the ice thickness distribution.

Currents

ice coverage reported in that chapter are difficult to interpret in terms of overall ice
volume and climate signals. These changes are mainly due to a retreat or advance of
the ice edge in certain regions. It should be noted, however, that the location of the
ice edge is a result of an equilibrium between ice drift, air temperature and ocean
heat flux. Particularly, the latter is a function of the velocity and heat content of
ocean currents, whose origin usually is in non-polar latitudes. Due to these com-
plexities of the air—ice—ocean system, even the retreat of an ice edge is not neces-
sarily linked to an overall decrease of ice volume.

This chapter presents the physical and statistical approaches used to understand
and simulate the ice thickness distribution on a local and regional scale, as well as
what is known about the global distribution of ice thicknesses. Different methods to
determine ice thickness are presented, as well as some recent results of observations
of the variability and trends of sea ice thickness in certain regions.

3.2 The sea ice thickness distribution

Statistical description

Figure 3.2 shows three thickness profiles of first- and second-year floes obtained by
means of electromagnetic (EM) sounding (see Section 3.3). Figure 3.2a,b was
obtained by ground-based profiling of single floes, whereas Fig. 3.2c is an airborne
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Fig. 3.2 Thickness profiles of first-year (a) and second-year (b, c) ice floes in the Transpolar Drift
obtained from electromagnetic (EM) sounding. The water level is at Z= 0 m. (a) and (b) were obtained by
ground measurements, while (c) is a typical helicopter EM profile. Circles in (a) and (b) show results from
drill-hole measurements for comparison. In (a) the surface profile has been obtained from levelling and
the draft was derived by subtracting ice thickness from surface elevation. Negative surface elevation
occurred in locations where melt ponds had formed. In (b) and (c) surface elevation and draft were
calculated from ice thickness assuming isostatic balance and an ice density obtained from drill-hole
measurements.
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profile extending over many floes and leads or cracks in between. The floes consist
of alternating level areas and pressure ridges with thick ice. The thickness dis-
tribution is defined as a probability density function g(k) of the areal fraction of ice
with a certain ice thickness (Thorndike et al., 1992). The probability density function
(PDF) of ice thickness g(h) is given by

g(h)dh = dA(h,h + dh)/R

where dA(h, h + dh) is the areal fraction of a region R covered with ice of thickness
between & and (4 + dh). In practice, g(h) is derived by dividing a frequency histo-
gram of ice thickness data by the bin-width (dk). Thus, its dimension is m™.

Figure 3.3 shows the ice thickness distributions derived from the profiles in Fig.
3.2, typical of ice thickness distributions in general. The distributions are dominated
by a mode representing level ice thickness and by a long tail indicating the amount
and thickness of pressure ridges. As a consequence, there is quite some difference
between the mean and the typical ice thickness mode (Table 3.1), the latter being
representative for level ice.

As the profiles in Fig. 3.2a,b have been measured on single ice floes, there is no
thin ice or open water fraction present in the data. The presence of open water adds
a peak or delta function at # = Om (Fig. 3.3b). In the airborne profile there is also
another local maximum of 1.1 m, representative of first-year ice floes within the
matrix of second-year floes. More thickness distributions, containing thin ice and
open water as well will be shown in later figures.

Depending on the degree of deformation, pressure ridges can contribute as much
as 30-80% to the total ice volume of a floe or ice field. Therefore, there have been
extensive efforts to statistically describe the occurrence and thickness of ridges.
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Fig. 3.3 Ice thickness distributions (given as probability density functions — PDFs) of the profiles in Fig.
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Table 3.1 Mean and modal ice thickness of profiles in Fig. 3.2.

Mean + SD Mode
Fig. 3.2a 1.3 +0.5m 1.1m
Fig. 3.2b 43+19m 27m
Fig. 3.2¢c 214+09m 1.9m

After identifying ridges by means of certain criteria from a thickness profile, not
only the thickness distributions, but also spacing distributions, can be calculated.
Interestingly, the tails of both thickness and spacing distributions behave system-
atically, and can be well described by means of exponential or log-normal functions
such as:

n(h) = A exp(—Bh)

where n(h) is the thickness or spacing distribution and A and B are coefficients
derived from the mean thicknesses and spacings (e.g. Wadhams, 1994). However, it
should be noted that there is some dispute as to which statistical function really fits
best (Wadhams, 1994). Fortunately, this seems to be of little practical importance.

Modelling changes of the ice thickness distribution

As mentioned earlier, understanding and predicting the ice thickness distribution
requires consideration of both thermodynamic as well as dynamic processes (Fig.
3.1). The temporal development of the ice thickness distribution 0g/0¢ can be written
as

0g/0t = —0(fg)/0h + div(vg) + @ (Equation 3.1)

Three terms contribute to this equation (Fig. 3.4): f(h,x,t) = dh/dt is the ther-
modynamic growth or melt rate of ice of thickness £ at a location x and time ¢. v is
the ice velocity vector, and ® is the so-called redistribution function.

Thermodynamics

The thermodynamic growth term of Equation 3.1 has been described in detail in
Chapter 2 by Eicken. It should be noted again, however, that it is dependent on ice
thickness itself, i.e. that thin ice grows faster due to steeper temperature gradients.
On the other hand, thermodynamic growth implies that thick ice exceeding a certain
equilibrium thickness (e.g. pressure ridges) will melt, even in winter, if the oceanic
heat flux exceeds the (generally low) heat flow through thick, insulating ice. The
presence of snow, which by its low density has only about one third of the heat
conductivity of ice, reduces ice growth and the equilibrium thickness.
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Fig. 3.4 lllustration of the contribution of the different terms and processes in Equation 3.1 to the ice
thickness distribution.

Divergence and advection

The second term in Equation 3.1 represents ice divergence and advection due to
ice motion. As mentioned earlier, the ice is subject to external forces, mainly
due to wind and current action (see below for a quantitative description of the
ice momentum balance). These forces cause the ice to drift. Away from the
coast or other obstacles, the ice will drift freely, and drift direction and speed
are closely related to the geostrophic wind. By comparing the motion of drifting
buoys deployed on ice floes with geostrophic wind fields, it has been shown that
ice in the Arctic drifts at 1% of the mean wind speed, and with an angle of 18°
to the right (Colony & Thorndike, 1984; Serreze et al., 1989). For the Weddell
Sea, these numbers are 1.6% and 10-15° to the left, respectively (Kottmeier et
al., 1992).

Divergence within the ice generates cracks, leads, or polynyas with open water
where new ice will form. Thus, for a certain location divergence removes ice of finite
thickness and causes a delta signal at zero thickness (Fig. 3.4).
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Deformation/convergence

The last term in Equation 3.1 is the redistribution function describing how thin ice is
deformed and transformed into thicker ice classes in the case of ice convergence and
deformation. It is the most critical term to realistically model the development of
the thickness distribution. It is also the most unknown term, since it depends very
much on fracture mechanics, and is very dependent on factors like small-scale ice
properties, friction between ice blocks among each other as well as at the snow and
ice interfaces, and deformation energy and lengths. A very promising approach to
ridge formation modelling has been presented by Hopkins (1994) using a dynamic
ridge growth model, where the fate of single ice blocks was computed as a function
of external forces. However, generally thin ice will deform more easily than thick
ice.

On a regional scale, the large-scale spatial thickness distribution is obtained by
solving a momentum balance equation considering the main forces acting on a unit
area of the sea ice cover:

Ma=1,+ 1w+ Fc + F; + F, (Equation 3.2)

where the force of mass M times the acceleration a balances sum of the air and water
drags t, and t,,, the Coriolis force F, internal ice forces F;, and of the force due to
sea surface tilt Fy. Usually, the first two terms are most dominant by more than an
order of magnitude. For every model grid cell, mean ice thickness is derived by
solving Equation 3.2 for ice motion, and distributing the ice volume drifted into a
cell equally over the cell area assuming mass conservation. Clearly, as with the
redistribution term in Equation 3.1, ice strength and rheology are of great impor-
tance here. The first models involving plastic or viscous-plastic rheologies were
developed by Hibler (1979) and Coon (1980). The rheology describes a viscous flow
of an ice field, with plastic deformation once ice concentration and internal ice
forces exceed a certain threshold. While these first models prescribed the atmo-
spheric and oceanic forces acting on the ice, today complex coupled atmosphere—
ice—ocean models exist (Gerdes & Koeberle, 1999; cf. Plate 3.1; Zhang et al., 2000;
Timmermann et al., 2002).

Melting

Melting commences once the surface energy budget becomes positive. The excess
energy is consumed by the latent heat of fusion needed for melting (Eicken, Chapter
2). Thus, the thermodynamic term in Equation 3.1 (thickness balance) just becomes
negative.

A meteorological consequence is, for example, that even in summer, air tem-
peratures hardly become positive over ice surfaces. At first sight, and on large
scales, melting patterns correspond to the large-scale meteorological conditions and
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to ocean heat flux regimes. However, even more than with freezing (see above), on
small scales melt rates depend critically on the ice thickness distribution itself, and
are different for different thickness classes and ice types. The heat flux through
pressure ridges is lower than through level ice because of their greater thickness.
Consequently they would melt faster. As their keels protrude far down into the
water, they might even reach into warmer water. More importantly, ridge keels
contribute to the roughness of the ice underside, thereby increasing upward tur-
bulent fluxes of heat. The flanks of ridge sails are exposed more normally to the
incident solar radiation than ridge crests, as solar elevation is low in polar regions.
Therefore, melting can be expected to be higher on the flanks. Although the
variations of melt rates might seem to be rather small, they can contribute to
significantly different thickness changes in the course of the ablation season.

Much stronger differences in melt rates exist on small thickness classes, i.e. on
level ice. Snow and ice melt water primarily accumulates at topographic low points
to form melt ponds. Even small amounts of snow wetting, and the formation of melt
ponds, significantly reduces surface albedo. Typical surface albedos are 0.8 for snow,
0.6 for bare ice and 0.15-0.3 for melt ponds. Thus, once formed, melt ponds absorb
more energy than the neighbouring snow or bare ice, thereby increasing local melt
rates. This positive feedback causes significant changes to the ice thickness dis-
tribution of level ice, and contributes to an increase in surface roughness. This is also
demonstrated in the thickness profile shown in Fig. 3.2a, where the surface of melt
ponds has fallen down to sea level, and the vertical pond walls reach deep into the
floe.

The discussion in this section shows that many factors are responsible for shaping
the ice thickness distribution. Thinning, for instance, can result from melting, but
also from advection of thinner ice into a certain region. Therefore, any inter-
pretation or forecast of changes of the ice thickness distribution in terms of climate
change has to take into account both thermodynamic and dynamic processes. This
will be highlighted later with the discussion of observations of interannual and
decadal variations (Section 3.4).

Global sea ice thickness distributions

Plate 3.1 shows maps of mean ice drift and thickness in the Arctic and Southern
Ocean, as derived from two coupled ice—ocean models operated at the Alfred
Wegener Institute (North Atlantic Ocean Sea Ice Model [NAOSIM], Gerdes &
Koeberle, 1999; and the Bremerhaven Regional Ice—Ocean Simulations [BRIOS],
Timmermann et al., 2002). Both models have a three-dimensional multi-layer ocean
model coupled to a dynamic-thermodynamic sea ice model with a viscous-plastic
rheology (Hibler, 1979; see above).

It becomes immediately obvious that Arctic sea ice is generally thicker than its
counterpart in the Southern Ocean. Whereas the bulk of Arctic ice is thicker than
2 m, hardly any ice grows as thick in the Southern Ocean. The hemispheric contrasts
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are due to at least five main differences in the thermodynamic and dynamic con-
ditions of ice growth:

1)

)

®)

(4)

®)

Ocean heat flux: One fundamental difference between the Arctic and
Southern Oceans is the occurrence of a fresh mixed layer in the Arctic over-
lying a strong pycnocline. This layer is fed by the inflow of fresh water from
large rivers, mainly from the Siberian continent. The fresh mixed layer is very
stable and prohibits any significant heat fluxes from the much warmer Atlantic
water underneath. An average value for the heat flux is 4 W m™. The ‘Atlantic
layer’ at a depth of 200-300 m is 1-2°C warm. This heat would be sufficient to
melt all ice during summer (Barry et al., 1993). In the Southern Ocean, no
rivers enter the seas, so that the mixed layer is much saltier and not well
stratified. Mean ocean heat fluxes amount to about 40 W m™.

Snow thickness: With a thermal conductivity between 0.1 and 0.3 Wm™" K™
(Massom et al., 2001) snow is a strong thermal insulator. Therefore, ice with a
thick snow cover grows slower than if the snow were thin. The Arctic Ocean is
surrounded by large continents and mean snow thickness reaches only about
0.3m in spring (Warren et al., 1999). In contrast, Antarctic sea ice is usually
covered by thick snow. On perennial ice in the Pacific sector or in the western
Weddell Sea mean snow thickness can be thicker than 0.5 m (Massom et al.,
2001). This is due to the fact that the sea ice areas are completely surrounded
by oceans, which provide a permanent moisture source. As a consequence of
the thick snow and high ocean heat fluxes, Antarctic ice may melt at its
underside even during winter, because the temperature gradients through the
ice are only small.

Ice age: Most ice in the Arctic Ocean drifts for 3-6 years (Colony &
Thorndike, 1984) until it leaves the Basin through the Fram Strait where it
melts further south. The older an ice field becomes, the more deformation
events it will experience, where it thickens by the accumulation of pressure
ridges. This dynamic thickening is accompanied by passing through several
winters where the ice can also thicken by thermodynamic growth until it
reaches an equilibrium thickness. In contrast, most Antarctic ice melts during
summer. Thus, it seldom becomes older than 1 year.

Divergence versus convergence: As mentioned above, the Arctic Ocean is
surrounded by continents, and thus ice motion is confined by coasts where the
ice converges and thickens by deformation. In contrast, ice drift around
Antarctica is mostly divergent (Kottmeier et al., 1992) with a drift component
towards the open seas. Divergence causes the opening of leads, and the
addition of thin new ice to the thickness distribution.

Latitude: Most of the ice in the Arctic is at latitudes north of 70°N, whereas in
the southern hemisphere most ice extends into much lower latitudes, as far
north as 60°S. Thus, air temperatures, total incoming solar radiation, and the
length of the summer season, are generally lower in the Arctic than in the
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Southern Ocean. However, the Antarctic ice sheet is a giant cold reservoir, and
the sea ice region is well isolated from lower latitudes by the Circumantarctic
Current so that warm and moist air advection are not as important as they are
for the Arctic. There, despite its high latitude, strong surface melting occurs in
summer even at the North Pole.

It should be noted that the order of these points is arbitrary and does not include
any ranking between the most important and less important factors. The final ice
thickness depends on the magnitude of, and interrelation between, these different
aspects. Clearly, both dynamic and thermodynamic factors are responsible for the
hemispheric differences. The importance of ice dynamics is highlighted by looking
at the regional thickness differences of each hemisphere itself.

As 30-80% of the volume of an ice field is contained within pressure ridges, the
mean thickness of a region is more dependent on the number and thickness of ridges
than on the thickness of level ice. In other words, for the overall ice volume within a
certain region, dynamics is more important than thermodynamics. Therefore, on a
regional scale the average ice thickness distribution is determined by the prevailing
atmospheric circulation regimes, which are responsible for mean ice motion and the
dominant drift directions. Where the ice drifts against, or shears along a coast, there
will be strong ice pressure, and the ice will become heavily deformed. As a result,
the mean thickness in regions with mean drift convergence is larger than in regions
with mean divergence, where thin new ice is permanently generated and exported.

The arrows in Plate 3.1 show the dominant drift patterns which develop as the
result of the prevailing atmospheric circulation. Although the ice motion is pre-
sented only for winter in the plate, this is also representative for the average annual
conditions. In the Arctic, mainly two drift systems exist. The Beaufort Gyre is an
anticyclonic gyre in the Canada Basin north of the Canadian Archipelago and
Alaska. It is caused by quasi-permanent high atmospheric pressure over the
Beaufort Sea. The Beaufort Gyre can transport ice floes for a couple of years before
they are exported into the Transpolar Drift. This is the other prominent drift system,
which transports ice from the source regions on the Siberian Shelves within about 3
years across the North Pole into the Fram Strait and the East Greenland Current,
where it finally melts. The Transpolar Drift is mainly driven by low pressure systems
passing from the North Atlantic into the Barents and Kara Seas.

On average, these drift patterns push the ice against the coasts of northern
Greenland and the Canadian Archipelago. Consequently, as a result of strong
convergence and deformation, the thickest ice is found in these regions. Mean
maximum thicknesses range between 6 and 8 m, mainly resulting from the large
spatial density of ridges. Another region with predominantly convergent conditions
can be in the East Siberian and Chukchi Seas. If the Beaufort Gyre is very strongly
developed, ice is pushed against the coast of the New Siberian Islands.

The youngest and thinnest ice is found along the Siberian Shelf, from where it is
permanently exported into the Transpolar Drift. Mean thicknesses in the Laptev
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Sea range between 2 and 3 m in winter. The modelled Arctic Ocean thickness dis-
tribution is in good agreement with submarine sonar measurements collected over
many years (Bourke & McLaren, 1992).

Plate 3.1 shows that the thickest ice in Antarctica occurs close to the continent, in
accordance with the greatest age and latitude, and with the vicinity to the coast
where it is sporadically compressed. The most prominent feature, however, is the
thickest ice in the southern and western Weddell Sea. On the one hand, this is one of
a few regions possessing perennial ice. On the other hand, it is a region where ice
drift is directed towards the coast, and subsequently much deformation occurs. The
so-called Weddell Gyre is caused by low average sea level pressure over the central
Weddell Sea. It should be noted that both the Beaufort Gyre and the Weddell Gyre
rotate clockwise. However, due to the Coriolis force on the northern hemisphere
this results in ice convergence within the gyre centre, whereas in the south clockwise
circulation results in net divergence inside the gyre. The great thickness in the
western Weddell Sea is therefore caused by ice motion away from the divergent gyre
centre, with the Antarctic Peninsula acting as an obstacle for the ice drift.

In contrast to the Arctic, regional ice thickness distributions in the Antarctic are
less well known, because only few systematic measurements have been performed.
The use of military nuclear submarines is prohibited by the Antarctic Treaty.
Therefore, the accuracy of the model results in the map of Plate 3.1 is not really
known. There is some evidence that at least in some years ice thicknesses in the
Bellingshausen and Amundsen Seas, as well as in the Weddell Sea, can be much
higher than shown on the map (Haas, 1998; Strass & Fahrbach, 1998).

It should be noted that the drift systems and thickness distributions shown in Plate
3.1 represent long-term average conditions. There is large seasonal, interannual and
decadal variability superimposed on these mean patterns, which will be highlighted
later in Section 3.4. For example, during June, July and August, the circulation is
often reversed in the central Arctic. This is due to the development of an intensive
low sea-level pressure area in this region during summer.

3.3 Measurement techniques

While extent and concentration of sea ice can be measured with sufficient accuracy
by satellites from space, determining its thickness is much more involved, even from
aircraft or while standing on the ice. This is due to its relative thinness, which is a
challenge for any geophysical measurement technique. Therefore, most methods
are indirect measurements, which derive thickness from a related variable which is
actually measured instead.

The traditional direct method of ice thickness measurement is drilling a hole into
the ice by a gas-driven motor. The thickness is measured with a ruler lowered into
the hole. Although drilling is tedious, and only limited data can be gathered in a
short time, most thickness information about the relatively thin Antarctic sea ice
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still comes from drill-hole measurements (Lange & Eicken, 1991; Worby et al.,
1996). Only recently have moored upward looking sonars (ULS) and electro-
magnetic (EM) methods (see below) been applied in Antarctica.

There are also a number of studies involving video recording of ice floes broken
by an ice-breaker. The broken ice fragments are often moved side-up against the
ship’s hull, revealing their cross profile. From the video footage the thickness can
then be manually retrieved. Some studies have shown reasonable agreement of level
ice thickness estimates compared with data derived from other methods (Lensu &
Haas, 1998). Similarly, ice thickness can be determined just visually while ice
breaking.

Other direct thickness measurements would be pulse radar or ultrasonic sounding
where the travel time of a signal through the ice is measured. For sufficient reso-
lution and accuracy, the small thickness requires short wavelengths of only some
decimetres of the respective signals. However, these high frequency signals suffer
from the heterogenity of sea ice due to salt inclusions, fractures and rafted ice
blocks. These lead to strong signal scatter on the one hand, and to highly variable
signal propagation velocities which must be known to calculate thickness from
travel time.

Submarine and moored upward looking sonars

So far, most thickness data have been acquired by means of upward looking sonars
(ULSs) mounted either on military nuclear submarines or on oceanographic
moorings. These instruments measure the travel time, ¢, of a sonar pulse transmitted
by the ULS and reflected back from the ice bottom (Fig. 3.5). Additionally, the
depth of the sonar beneath the water level, z, and the sound velocity, v, in the water
must be known. Then, ice draft, d, is calculated according to

d=z—vxt]2

The depth of the ULS is derived from pressure sensors, whose signals are also
dependent on air pressure. The sound velocity profile is either assumed constant
with a certain sound speed, or taken from a mixed layer model (Strass & Fahrbach,
1998). This can become quite complicated in the case of strong water stratification
or when the measurements are performed close to ocean frontal zones. A plausi-
bility test for the depth measurement or the sound velocity profile can be performed
when profiling open leads with ice thickness zero. Then, the measured sonar dis-
tance must equal the ULS depth.

Ice thickness, 4, is calculated from draft, d, by assuming isostatic equilibrium, a
certain snow depth, z, and water, ice and snow densities py, p; and pq:

h=(pyd—pszs)/pi (Equation 3.3)
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Fig. 3.5 lllustration of upward looking sonar (ULS) ice thickness measurements from an oceanographic
mooring. Adapted from Strass & Fahrbach (1998).

The values for ice and snow density, as well as snow depth, are reasonably well
known so that only small errors arise for 4.

Due to the problems of assuming the correct sound velocity profiles and ULS
depth, the accuracy of absolute level ice thickness measurements could be rather
poor and might not be better than 0.5m. However, an ULS is very sensitive to
pressure ridge keels, and their depth relative to the level ice bottom can be
reasonably well determined.

Submarines allow for long-range, basin-scale transects for determining the ice
thickness profile. However, so far, submarine surveys have only been performed in
conjunction with military cruises. This means they provide only snapshots of the ice
thickness distribution, because the transects are not performed in a systematic
manner. As a consequence, measurements often have to be corrected for seasonal
variability before they can be compared with each other. Some improvement was
achieved in the 1990s with the SCICEX missions, the Scientific Ice Expeditions of
the US navy. These cruises were dedicated to meeting scientific goals, and a small
number of scientists were allowed onboard the submarines. Meanwhile, Autono-
mous Underwater Vehicles (AUVs) are being developed, and they may provide an
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alternative for the use of submarines in the near future. They can also be used in
Antarctica, where the operation of military, nuclear submarines is prohibited by the
Antarctic Treaty.

ULSs mounted on oceanographic moorings provide long time-series of ice
thickness in a single location. These allow the temporal development of the ice
thickness distribution to be studied, e.g. in the course of the growing season (Melling
& Riedel, 1995). Transects can be achieved with several moorings across a certain
region, e.g. the Fram Strait (Vinje et al., 1997) or the Weddell Sea (Strass &
Fahrbach, 1998; Harms et al., 2001). The thickness distribution between single
moorings can then be interpolated. Combined with ice drift velocity data retrieved
from satellite imagery or buoys, mooring data allow for the calculation of ice volume
fluxes, Q, according to

O=vh

where v is ice velocity and 4 ice thickness.

While moored ULS can provide very valuable continuous data, the operation of
the instruments at water depths of 50-150 m for periods of one, or more, years is still
a technological challenge. Similarly, the recovery of the instruments is often
difficult. As a result, the success rate of moored ULS measurements is only about
70%. Moorings cannot be deployed in shallow waters, where they might be
destroyed by ridge keels or icebergs.

Electromagnetic induction sounding

In contrast to high-frequency electromagnetic (EM) techniques employing radar
frequencies, low-frequency, frequency-domain electromagnetic induction (EMI)
sounding has become a widely applied method. Typical operating frequencies are
between 10 and 100 kHz. The technique is usually employed in geophysical prob-
lems related to the mapping of ore or groundwater deposits on land. With EM
sounding, the mean or apparent electrical underground conductivity is determined.
Sea ice is almost an electrical insulator with low electrical conductivities between 0
and 50mSm™" (milli-siemens per metre). In contrast, cold sea water with a salinity
of 32 has a conductivity of 2500 mS m™'. Consequently, the apparent conductivity of
the underground decreases with increasing ice thickness, i.e. the more ice occupies
the half-space underneath the EM instrument.

The sub-surface apparent conductivity is measured by means of two coils, one
transmitter and one receiver coil (Fig. 3.6). The transmitter generates a primary EM
field which induces eddy currents in the underground. As induction is dependent on
the conductivity of the layer, the eddy currents are mainly induced in the sea water
just below the ice bottom. These eddy currents in turn generate a secondary EM
field, whose strength and phase is measured with the receiver coil. The secondary
field strength and phase are dependent on the underground conductivity, or, in
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Fig. 3.6 Principle of electromagnetic (EM) ice thickness sounding, showing the generation of a primary
field by a transmitter coil and induction of a secondary field, whose strength and phase are measured by
a receiver coil.

other words, on the distance between the eddy currents at the water surface and the
coils. This distance is equivalent to ice thickness, if the instrument is lying on the ice.
Apparent conductivity is calculated from the imaginary part of the secondary field.
Comparison with drill-hole measurements yielded the empirical equation

h=1781-1.09In(c, — 62.5) (Equation 3.4)

for the calculation of ice thickness / from apparent conductivity ¢, using a Geonics
EM-31 (Haas et al., 1997). This instrument is most widely used for sea ice thickness
measurements and has a coil spacing of 3.66 m with an operating frequency of
9.8kHz. For instruments with other frequencies and coil spacings, different equa-
tions would have to be developed. The equations can also be derived by numerical
EM forward modelling, computing the EM response to a layered half-space. More
involved equations can be calculated from two- or three-dimensional EM models,
which can also represent pressure ridges.

Figure 3.2a,b has already shown two examples of ground-based EM profiles
obtained by pulling a sledge with an EM instrument installed on it over the ice.
Comparison with drill-hole measurements reveals a good agreement within + 0.1 m
over level ice. As the induced eddy currents possess a finite lateral extent, ice
thickness is averaged over a certain area, called the ‘footprint’. As a rule of thumb,
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the footprint diameter approximately equals the distance between the EM sensor
and the water surface. Consequently, EM measurements underestimate the max-
imum thickness of deformed ice such as ridge keels, because the signal is also
affected by the occurrence of eddy currents induced in the water next to laterally
confined deformed ice structures. Over pressure ridges, the accuracy of EM
sounding can be rather bad, and thickness estimates might be too low by up to 30%.

EM measurements are hardly affected by seasonally varying ice properties,
because these do not affect ice conductivity very much (Haas et al., 1997). However,
in Antarctica, seawater saturated and saline gap layers can occur close to the sur-
face, leading to underestimates of ice thickness by EM sounding if they are not
detected (Haas, 1998).

An advantage of the EM technique is that it can be applied also from above the
ice without any ground contact. As the EM measurement is essentially equivalent to
determining the distance between the EM sensor and the water surface or ice
underside, ice thickness is obtained by subtracting from it the instrument height
above the ice surface. As an application of combined EM and laser measurements,
EM sounding has been used continuously from onboard ice-breakers while
steaming through the ice (Haas, 1998), yielding regional ice thickness distributions.
Figure 3.7 shows a result of continuous ship-based measurements obtained in the
Kara Sea during May 1998 using a Geonics EM-31 and a laser altimeter (Haas et al.,
1999b). The characteristics of different ice regimes like thin new ice, deformed first-
year ice or level fast ice, can be clearly distinguished with those data. These are:

e Coastal flaw leads along the Taimyr Peninsula with almost no or very thin ice
(A).

e Convergent young ice fields off the Yenisey mouth, with modal thicknesses of
about 0.8 m and a long tail of thicker deformed ice (B).
Fast ice of Ob’ Bay, uniformly distributed around thicknesses of 2m (C).
First-year pack ice fields in the southern Kara Sea with typical thicknesses
ranging from 1 to 1.5m (D).

e Thick, deformed ice in Kara Gate, with modal thicknesses of around 1.5m (E).

Obviously, ship-based measurements are limited by the ice itself since ships
cannot penetrate the thickest ice. More important, most ships follow the route of
least resistance, which is the one with the thinnest or absent ice. Therefore, repre-
sentative information on regional ice thickness distributions can only be obtained on
dedicated, scientific cruises.

The ultimate goal of EM sounding is to perform systematic, large-scale surveys
using aircraft. Airborne sensors have been deployed from helicopters or fixed wing
aircrafts in the past (Kovacs & Holladay, 1990; Prinsenberg & Holladay, 1993;
Multala et al., 1996). However, none of these systems was available for large-scale,
systematic research studies. Recently, a modern, two-frequency, fully digital heli-
copter EM (HEM) bird was deployed from the research ice-breaker RV Polarstern
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From Haas et al. (1999b).
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in the Arctic. The bird was towed under a helicopter with a 20 m cable. It operates at
frequencies of 3.6 and 112kHz, and has a maximum coil spacing of 2.7 m with an
overall length of 3.4 m (Fig. 3.8). Compared with common airborne systems, this is
very small, but was designed to be deployed from small helicopter decks off ice-
breakers. As a final step, such a small system could also be flown as a towed bird by
fixed-wing aircraft.

Fig. 3.8 Photograph of Alfred Wegener Institute’s fully digital helicopter electromagnetic (HEM) bird in
operation in the Arctic.

As can be seen from Equation 3.4, the EM response decreases exponentially with
increasing instrument height. This means that the EM response to small thickness
changes along a profile decreases with height. Therefore, airborne systems must fly
low and have to have very good signal-to-noise ratios to be able to resolve even
small signal changes. This is particularly challenging for a system as small as the
HEM bird.

In Fig. 3.2c an 8 km long section of a typical thickness profile obtained with the
HEM bird was shown. The bird was flown at an altitude of 15m above the ice
surface. For plotting the profile, isostatic equilibrium and an ice thickness of
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880kgm™ was assumed. Several ice floes with thicknesses of about 2m can be
clearly distinguished, with pressure ridges up to 6 m thick. The data have a very good
signal-to-noise ratio, allowing even details of the thickness profile to be observed.
With these measurements, it is possible to obtain representative thickness data
along extended, linear profiles, also including open water, thin ice and rubble fields.

As a by-product of ship-based and airborne measurements, the surface profile of
the ice is obtained from the laser data. This provides information on surface
roughness and the calculation of pressure ridge statistics. The laser measurements
could thus partially compensate for the lack of accuracy of EM data over pressure
ridges, if relationships between the height of ridges and their overall thickness are
known. At the very least, ice regimes can be described by their distinct level ice
thickness and the amount of ridged ice.

If the system height above the water level is known with sufficient accuracy, ice
freeboard, i.e. the height of the ice surface above the water level, could be estimated
from the ice data. Freeboard itself is related to ice thickness by the same assump-
tions of isostatic equilibrium as with the submarine measurements of ice draft
(similar to Equation 3.3). However, as freeboard is just 10-20% of total ice thick-
ness, high accuracy in the freeboard estimate is required. This can be achieved if the
aircraft height is determined by differential GPS or inertial platforms. Independent
estimates of ice freeboard will become quite important with respect to the validation
of future satellite radar altimeter missions (see below).

Satellite remote sensing

As mentioned above, there is so far no real operational space-borne sensor which is
capable of measuring ice thickness. Most satellite sensors are imaging instruments,
which provide areal information about specific surface properties rather than any
information from inside the ice or its underside. Direct freeboard or thickness
information is only obtainable from radar altimeters.

Among the imaging sensors are active and passive microwave sensors such as
radiometers or radar scatterometers (Comiso, Chapter 4). Their signals are sensitive
to the microwave emissivity, absorption and scattering properties of the ice surface.
These properties are mainly dependent on the ice and snow salinity and small-scale
surface roughness. As shown by Eicken in Chapter 2, large changes of surface
salinity occur in first-year ice once it experiences its first melting season. The salt
drains into deeper layers or is flushed by melt water. The pores widen considerably
and brine is replaced by air. Therefore, second- and multi-year ice are characterized
by lower microwave emissivities and higher radar backscatter coefficients than first-
year ice. Consequently, mapping of regions with low brightness temperatures or
high radar backscatter can provide estimates on the relative amount of thick multi-
year and thin first-year ice. However, this technique is not sufficiently developed to
yield quantitative thickness information or thickness distributions.

New possibilities have arisen with the advent of imaging Synthetic Aperture
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Radars (SAR), flown aboard the European satellites ERS-1&2 and ENVISAT, and
on the Canadian RADARSAT. These SAR antennas point to the earth’s surface
with viewing angles of 20-40°. These sensors provide a horizontal resolution of 12—
50m, sufficient to resolve leads and partially identify ridges or ridge zones. These
features have different backscattering properties than the surrounding ice. Leads
are covered by open water or thin new ice, which is rapidly thickening. Leads may
be recognizable by their linear extended shape, and the salty ice is easily dis-
tinguished by its lower backscatter compared with the surrounding older ice. If there
are frost flowers covering it, leads would be much brighter that the surrounding ice.
Kwok et al. (1999) have developed a processing scheme allowing for tracking leads
in successive SAR images and computing their thickness distribution by means of a
thermodynamic model. The processor can also compute the thickening of the new
ice by deformation if leads close under convergent drift conditions. The overall
thickness distribution, including thick floes, is difficult to obtain though.

Ridge sails consist of piled ice blocks with arbitrarily tilted side walls. These
provide a number of interfaces pointing normally to the incident radar signal. Thus,
backscatter is higher than from the surrounding level ice. Ridge backscatter can also
be increased by increased volume scattering, as aged ridge blocks become very
weathered and porous. Therefore, single large ridges can be seen in SAR images.
However, smaller ridges also contribute to the mean backscatter of a certain image
pixel. By looking at the backscatter distribution of certain areas, the amounts of
ridges can therefore be retrieved (Haas et al., 1999a). The number of ridges and the
degree of deformation are relative measures for ice thickness.

Radar altimeters measure the height of the satellite above the earth’s surface. As
satellite orbital heights can be considered constant, the difference between mea-
surements over ice and over water provides information about ice freeboard (Fig.
3.9). According to Equation 3.3, this can be transformed into ice thickness. Radar
altimeters provide only regionally averaged thickness information. The typical
footprint size is between 1 and 6 km, depending on surface roughness. However, this
resolution is sufficient to resolve different ice regimes. As the freeboard is derived
by comparing measurements over ice with measurements over water, particular
problems result from the fact that the open water areas inside the closed pack are
mostly smaller than the footprint size. Therefore, it is difficult to obtain clear water
signals from inside the ice-covered regions.

A completely new approach is therefore the design of a Synthetic Interferometric
Aperture Radar Altimeter (SIRAL) for the CryoSat-Mission. CryoSat is a Eur-
opean satellite dedicated to sea ice thickness and ice sheet topography measure-
ments. Its goal is the observation of ice thickness trends with respect to climatic
changes. With the SAR processing, echoes are coherently processed along-track to
form very narrow across-track strips, which reduces the footprint size to 250 m (Fig.
3.9). This allows for much better differentiation between ice and water measure-
ments. Consequently, freeboard retrievals from inside the pack ice areas will be
significantly improved.



102 Sea Ice: An Introduction to its Physics, Chemistry, Biology and Geology

/
-

Fig. 3.9 The CryoSat ‘SAR’ measurement configuration.

Similarly, NASAs IceSat-Mission is equipped with a laser altimeter, which is
capable of measuring ice freeboard, too, and with much higher spatial resolution
(70 m) than CryoSat. However, the usage of the laser altimeter is impossible if a
cloud cover exists, which is a very limiting condition for polar applications.

3.4 Ice thickness variability

Decadal thickness variability in the Arctic

As outlined above, the thickness distributions shown in Plate 3.1 represent 9-year
average fields. Although average conditions over even longer time periods look
similar (Bourke & McLaren, 1992), on time scales of years and decades the thick-
ness distribution shows large interannual and decadal variability, and longer-term
trends. Most spectacular observations of changes of the Arctic ice cover have been
published by Rothrock et al. (1999). They compared submarine sonar data obtained
in 28 regions of the Arctic Ocean during the period 1958-76 with those gathered in
the same regions between 1993 and 1997. In all regions a decrease in the mean draft
was observed (Fig. 3.10). On average, there was a 1.3 m decrease from a mean draft
of 3.1 m in the earlier period to a mean draft of 1.8 m in the 1990s, equivalent to a
reduction of 42% of ice thickness. The thinning was most pronounced in the
Siberian Arctic and Nansen Basin, where the average decrease of draft was 1.8 m.
Although their results indicated a continued thinning in some regions during the
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Fig. 3.10 Map of the Arctic showing the regions of coincident submarine tracks in 1958—76 and 1993—
97. Numbers indicate the ice thickness difference between the two periods. From Rothrock et al. (1999).

1990s, the study essentially only compared two distinct periods (1958-76 and
1993-97) with each other. Therefore it is unclear if the results are an indication of a
trend or just represent two arbitrary samples of a varying parameter.

Figure 3.11 shows the mean annual ice volume in the Arctic from 1951 to 1999 as
retrieved from a dynamic-thermodynamic sea ice model (Hilmer & Lemke, 2000).
The figure clearly shows that there are large decadal ice volume fluctuations of as
much as 4 x 10°km® around a mean volume of 30.2 x 10°km?>. The data in fact
show a marked thinning of about 20% between the 1960s and the 1990s, i.e. the
period covered by Rothrock et al. (1999). However, for the complete model period,
only a small decrease of ice volume of —4% per decade was computed. The model
results indicate that this decrease is unevenly distributed over different regions of
the Arctic. The largest decrease was obtained from the East Siberian Sea and
central Arctic, whereas the regions north off the Canadian Archipelago showed
slightly increasing ice thicknesses.

Tucker et al. (2001) compared complementary submarine draft measurements
performed between off Alaska and the North Pole between 1985 and 1988 with data
from the same transects obtained in 1992-94. During this short period mean ice
drafts decreased by 1.5m. Again, it remains unclear if this represents just some
variability or an actual trend. The data are in agreement with the ice volume time-
series presented in Fig. 3.11. However, Tucker et al. (2001) took a step further in
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Fig. 3.11 Temporal change of Arctic ice volume 1951-99. The straight solid line indicates the mean
volume 0f30.2 x 10 km®, whereas the dashed line shows a least square regression, corresponding to a
decrease of —4% per decade. Updated from Hilmer & Lemke (2000).

relating their results to changes in the ice drift regime. While the Beaufort Gyre was
well developed in the 1980s, it weakened considerably in the 1990s. This leads to
stronger ice divergence and to less production of thick, deformed ice. The different
circulation regimes also result in shorter residence times of the ice in the Canadian
Basin, and therefore less time to accumulate deformed ice.

The relationship between ice thickness changes and different circulation regimes
is thoroughly demonstrated by a coupled dynamic-thermodynamic ice—ocean
model of Zhang et al. (2000) for the period 1979-96. This period was characterized
by two distinct circulation regimes during 1979-88 and 1989-96, respectively. These
different circulation regimes are characterized by high and low North Atlantic
Oscillation (NAO) and Arctic Oscillation (AO) indices, parameters derived from
the difference and variability of sea level pressure in the Arctic and at lower
latitudes (Hurrel, 1995; Thompson & Wallace, 1998). The period 1979-88 was
characterized by low NAO and AO indices, and therefore high sea level pressure
over the central Arctic while the period 1989-96 was characterized by high NAO
and AO indices and low sea level pressure. Figure 3.12a,b shows the mean sea level
pressure contours and modelled ice velocity fields for both periods. Figure 3.12c,d
shows the anomalies of ice velocity fields based on the differences between the
1979-88 and 1989-96 fields and the mean field of 1979-96, respectively. The latter
period (1989-96) was characterized by smaller pressure gradients and a weaker
Beaufort Gyre, which had also retreated more towards the Canadian Coast.
Essentially, the anomaly fields show reversed conditions, with an anticyclonic
circulation anomaly in 1979-88 and a cyclonic anomaly in 1989-96. Figure 3.13
shows the corresponding thickness anomalies, derived from the difference of the
thickness fields in 1979-88 and in 1989-96. There was strong thinning in the East
Siberian Sea (up to —2.5m) and the central Arctic, whereas ice thickness increased
in the Beaufort Sea and off the Canadian and Alaskan coasts. Ice volume decreased



Sea Ice Thickness Distribution 105

— (a) 1979-88 mean — (b) 1989-96 mean

- D

P e S

\
\'»-:ﬂ—“"'""'—'-'-'—~-~ -~

Wi A i
%@%a%ﬁ&»\ |

Fig. 3.12 Simulated mean ice velocity fields and annual mean sea level pressure contours for (a)
1979-88 and (b) 1989-96. Anomaly fields of ice velocity based on the differences (c) between the 1979—
88 mean and the 1979-96 mean and (d) between the 1989-96 mean and the 1979-96 mean. From
Zhang et al. (2000).

by 28% in the eastern Arctic and simultaneously increased by 16% in the western
Arctic. Overall, in the whole Arctic it decreased by only 6% between 1979-88 and
1989-96. Note that the thickness measurements reported by Rothrock et al. (1999)
and Tucker et al. (2001) were mostly in the regions of modelled thickness decrease
and were consistent with the model results.

Although mean air temperatures were higher by about 1°C during 1989-96
compared with 1979-88, thermodynamic ice growth was hardly affected. Zhang
et al. (2000) show that the ice volume difference to model runs using a
constant thermal forcing is negligible. Thus, the ice thickness changes can
almost exclusively be attributed to changes in the circulation regimes. This is
mainly attributed to different amounts of ice exported from the western into
the eastern Arctic. The study therefore shows that dynamics are far more
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Fig. 3.13 Difference between the simulated ice thickness fields for 1979-88 and 1989-96. From Zhang
et al. (2000).

important than thermodynamics in shaping the overall thickness distribution in
the Arctic.

However, Zhang et al. (2000) also clearly demonstrate that thermodynamics play
an important role in modifying the dynamically caused differences, both through
negative and positive feedback mechanisms. The different circulation regimes also
caused differences in the ice concentration fields. Between 1979-88 and 1989-96
there was a decrease of mean ice concentration in the eastern Arctic and an increase
in the western Arctic, which were most pronounced during summer. The positive
feedback was the higher absorption of incident solar radiation in the mixed layer
due to an overall decrease of surface albedo caused by larger areas of open water.
This led to enhanced lateral and bottom melting and to a later onset of freezing,
consequently enhancing the thinning. However, due to the thinner ice and more
open water, freezing rates during winter were also higher, and therefore ice growth
increased. The net ice production remained almost constant under the different
circulation regimes.

Cyclonic and anticyclonic circulation regimes were shown to follow each other
with periods of 7-15 years (Proshutinsky & Johnson, 1997). Therefore it is quite
likely that these also cause simultaneous long-term ice volume changes such as those
shown in Fig. 3.11. This high level of dynamically caused variability makes the
detection of temperature-induced climate changes very complicated.

Interannual thickness variability

Superimposed on the decadal thickness variations are large seasonal and inter-
annual thickness variations. Only a few studies have had the opportunity to make
repeated surveys in the same region over a couple of years. Among those are
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moored ULS measurements, e.g. in the Weddell Sea (Strass & Fahrbach, 1998),
the Beaufort Sea (Melling & Riedel, 1995) and the Fram Strait (Vinje et al., 1997).
The last study showed that the ice volume flux through the Fram Strait is well
explained by changes of the NAO, and thus possesses a pronounced interannual
variability.

With ground-based EM thickness measurements in August and September of
1993, 1995 and 1996, Haas & Eicken (2001) demonstrated that there is large
interannual variability in the Siberian and central Arctic, too. These are well
explained by different atmospheric circulation regimes.

Plate 3.2 shows the location of the profiled floes for each of the three years, and
the mean ice concentration during the study periods. In 1993, the western Laptev
Sea was covered by much ice, whereas the ice edge of the eastern Laptev Sea had
retreated far to the north. In 1995, the ice edge was the furthest north to be recorded
since ice coverage has been monitored by satellites. In contrast, in 1996 almost the
complete Laptev Sea remained ice covered. From the distribution of sea level
pressure it can be seen that the coverage over the three years can be explained by
the strength and location of the typical summer low pressure region and resulting
geostrophic winds. In 1993, the low was north of the East Siberian Islands. The
western Laptev Sea was dominated by northerly winds advecting ice southward,
whereas over the East Siberian Sea southerly winds moved the ice edge north. In
1995, the low over the central Arctic was missing. Consequently, the annual mean
drift conditions remained with a well-developed Transpolar Drift. This led to the
record ice reduction in the Laptev Sea. In contrast, in 1996 a strong low pressure cell
developed over the North Pole with resulting strong cyclonic circulation. This led to
divergent ice drift from the central Arctic into the marginal seas including the
Laptev Sea.

The thickness distributions obtained in the three summers are shown in Fig. 3.14.
Buoy and satellite scatterometer data indicate that all floes were first-year ice. The
thinnest ice, with a modal thickness of 1.25m (mean 1.8 m), was observed in 1995.
The ice was extensively covered with melt ponds. Figure 3.2a shows a typical profile
surveyed in that year. In contrast, one year later (1996) the modal ice thickness was
1.85m (mean 2.0 m). No melt ponds were observed on the ice, and instead an intact
snow cover with a mean thickness of 0.14m survived the summer. In 1993 ice
thickness was intermediate, with a modal thickness of 1.75m (mean 1.85m).

The different thicknesses can be explained by the different circulation regimes.
The pressure-induced ice drift caused more thick ice, grown further to the north, to
be advected southward in 1993 and 1996. In contrast, the thinner ice from the south
was advected northward in 1995, resulting in thinner ice at the same geographical
regions like in 1993 and 1996. However, as demonstrated by the differences in melt
pond and snow coverage, the different sea level pressure distributions also modified
the advection of warm air and moisture into the Laptev Sea. This lead to differences
in the energy balance and to a much stronger ice melt in 1995. It should be noted
that the strong southward ice advection in 1996 lead to thicker ice in the Laptev Sea.
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Fig. 3.14 Thickness distributions (given as probability density functions — PDF) of first-year ice in the
Laptev Sea, in August/September 1993, 1995 and 1996 obtained by electromagnetic (EM) sounding
(see Plate 3.2 for locations of profiled floes). The legend shows mean thicknesses and their standard
deviation. From Haas & Eicken (2001).

However, although the ice floes were probably thicker than in other years in the
central Arctic due to the absence of surface melting, the overall ice volume was
probably quite reduced. This can be assumed from the occurrence of large polynyas
north of 85°N, which are also visible in the ice concentration plots of Plate 3.2.

As large areas of the Laptev Sea were ice free in 1995, autumn freeze-up com-
menced about 3 weeks later than the average. Nevertheless the ice was thickest in
the subsequent year. The open question is whether or not this was due to stronger
than normal ice growth, or just to the absence of summer melt. This discussion
shows another problem of interpreting end-of-summer level ice thicknesses, since it
remains unclear if reduced (increased) thicknesses are due to reduced (increased)
winter growth or increased (decreased) summer melt.

3.5 Conclusion and outlook

This chapter has shown that the sea ice thickness distribution is a result of complex
thermodynamic and dynamic processes. There are many feedbacks involved in
changes of ice thickness, and therefore the reasons for observed changes are not
always clear at first sight. This is particularly true with respect to interpretations of
recent observations of Arctic ice thinning in the context of climate change. Ice
thickness research requires multi-disciplinary approaches including model, field and
remote-sensing studies.
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Field studies are always limited by their restricted spatial and temporal coverage.
Completely new insights will therefore be possible with the launch of CryoSat,
which is aimed to provide monthly fields of Arctic-wide mean sea ice thickness.
Therefore, thickening or thinning due to advection of thick or thin ice into other
regions will be well observable. For the first time, also, Arctic-wide time-series of
seasonal thickness changes will become available. CryoSat will also provide the first
data on regional thickness distributions and their seasonal and interannual
variability in the Antarctic.

However, as with every satellite, CryoSat is not perfect, and extensive ground
validation of its thickness retrievals will be required. This is a particular challenge
for the observationalists, as CryoSat’s anticipated accuracy is much better than that
of any field technique. However, CryoSat’s accuracy will only be achieved over
large spatial (10*km?) and temporal (1 month) scales, and these scales should also
be covered by validation measurements. As the use of submarines is restricted by
military constraints and will not be flexible enough to be synchronized with CryoSat,
airborne EM methods will become particularly important. However, they also
depend on ships or land stations as bases, and larger regions will not easily be
surveyable within short time periods. Therefore, the technique has finally to be
applied from fixed wing aircraft, which is not unrealistic with the use of an EM bird.
Improvements will also be achieved by means of ULS mounted onto AUVs. Within
the British Autosub project the first successful operations have been carried out
under sea ice in the Antarctic. A thorough comparison of these different ULS and
EM techniques is lacking and has to be performed to better judge the advantages
and disadvantages of these methods.

Once better thickness data become available, e.g. from CryoSat, it will become
obvious that better ice rheologies have to be developed and included in sea ice
models. Thickness-class models will become more important in this respect. A key
question here is the description of the transformation of thin into thick thickness
classes during deformation events. Also this work will require better thickness data
than are currently available. Again, EM or AUV measurements could provide this
kind of data, as they yield high-resolution profiles and could be repeated over the
same ice fields many times to document temporal changes.
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Chapter 4

Large-scale Characteristics and
Variability of the Global Sea Ice
Cover

Josefino C. Comiso

4.1 Introduction

At high latitudes, the global oceans are covered by vast blankets of sea ice which
range in extent at any one time between 17.5 x 10° to 28.5 x 10°km?. This corre-
sponds to a significant fraction (3-6%) of the total surface area of the earth. In the
Arctic region, the ice cover doubles its size from summer to winter, while in the
Antarctic the corresponding value is five-fold (Zwally et al., 1983a; Parkinson et al.,
1987; Gloersen et al., 1992). The sea ice cover is thus one of the most expansive and
most seasonal geophysical parameters on the earth’s surface, second only to the
more variable and less predictable snow cover. The presence or absence of sea ice
affects the atmosphere and the ocean, and therefore the climate, in many ways. For
example, as an insulating material, it limits the flow of heat between the ocean and
atmosphere. On account of its high albedo, a high fraction of solar radiation is kept
from being directly absorbed by the surface and is instead reflected back to the
atmosphere. It is because of such feedback effects between surface and atmosphere
that climate change signals are expected to be amplified in polar regions (Budyko,
1966).

The impact of the sea ice cover on the ocean is equally significant. For example,
the process of growth and decay of sea ice causes vertical and/or horizontal redis-
tribution of salt in the ocean. During ice formation, brine rejection causes enhanced
salinity of the underlying ocean and this process can initiate vertical convection and/
or the formation of bottom water. Conversely, during ice retreat, low salinity melt
water is introduced and causes the upper layer of the ocean to be stratified and
vertically stable. The latter is conducive for phytoplankton growth and thereby
increases the productivity of the region (Smith et al., 1988; Comiso et al., 1992;
Arrigo, Chapter 5). Large polynyas within the pack and ice features, such as the
Odden ice tongue, have been discovered and associated with deep ocean convection
(Gordon & Comiso, 1988; Comiso et al., 2001). Latent heat polynyas, which are
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usually near coastal regions and caused primarily by strong katabatic winds, have
also been observed (Zwally et al., 1985; Comiso & Gordon, 1998; Markus et al.,
1998; Massom et al., 1999), and have been postulated as the key source of the high
salinity bottom water that is involved in global thermohaline circulation.

In-depth studies of the variability of sea ice cover is thus important, especially in
light of recent reports of the declining extent (Johannessen et al., 1995; Cavalieri et
al., 1997; Jacobs & Comiso, 1997) and thickness (Rothrock et al., 1999; Wadhams &
Davis, 2000) of the Arctic ice cover. Large-scale variability in the sea ice cover has
been quantified previously using satellite passive microwave data (Zwally et al.,
1983a; Parkinson et al., 1987; Gloersen et al., 1992; Bjgrgo et al., 1997; Stammerjohn
& Smith, 1997; Parkinson et al., 1999; Zwally et al., 2002). Large changes in the ice
cover were also reported in the 1990s, especially in the Arctic (Haas, Chapter 3), but
more detailed studies are needed to better understand the climate system in the
region.

In this chapter, the current state and variability of the sea ice cover is evaluated
using the most up-to-date satellite data available. Analysis of an updated data set is
useful because of large interannual variability and the rapidly changing state of the
ice cover. There have also been some inconsistencies in previous reports. For
example, a report by Kukla & Gavin (1981) of a rapidly declining Antarctic ice
cover was associated with greenhouse warming, although a subsequent and more
comprehensive study by Zwally et al. (1983a) showed inconclusive trends. More
recent reports that made use of data with twice the record length used previously
have shown trends going in the opposite direction (Cavalieri et al., 1997; Zwally et
al., 2002). The discrepancies are mainly due to statistical errors due to different
record lengths. In addition, different results are usually obtained when different
techniques are used to derive geophysical products from the same set of satellite
data (Comiso et al., 1997; Stammerjohn & Smith, 1997; Comiso & Steffen, 2001).

In this study, the variability in the sea ice cover in both hemispheres is evaluated
for the 1978-2000 period using sea ice concentration data derived using the Boot-
strap Algorithm. The merits of this data set and how it differs from others were
discussed in detail by Comiso & Steffen (2001). The objectives of this chapter are:

(1) To provide a general overview of the large-scale characteristics of sea ice
cover.

(2) To improve our understanding about the variability of sea ice cover.

(3) To provide a quantitative assessment of the current state of global sea ice using
the still relatively short but spatially comprehensive record, and compare
results with previous observations.

(4) To gain insights into the mechanisms of change and possible future of the ice
cover.

A key parameter that is relevant and directly associated with the variability of the
sea ice cover is surface temperature. Co-registered and concurrent satellite, as well
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as longer-term station surface temperature data, are used to understand the last of
these four objectives.

4.2 Satellite observations

Detailed studies of the global sea ice cover have been made possible by the advent
of satellite data that provide comprehensive areal coverage at a relatively high
temporal resolution. The use of satellite data for sea ice studies has been discussed
in numerous publications (Shuchman & Onstott, 1990; Massom, 1991; Carsey,
1992). Satellite data can be divided into visible, infrared and microwave data, which
are sometimes used in concert to obtain as complete an understanding of the
properties of the ice cover as possible. Sometimes the data are used independently
for certain applications.

When the weather and conditions are right, high-resolution visible data, such as
Landsat, provide good, and spatially detailed, characterization of the ice cover. An
excellent example of the utility of such data are the pair of Landsat TM (Thematic
Mapper) images shown in Plate 4.1 that depict the small-scale and large-scale
physical changes in the ice cover from one season to another at a resolution of 30 m.
Plate 4.1a shows typical conditions during early stages of ice growth in the Antarctic,
which in this case is located near the Cosmonaut Sea and Cape Ann (around 50°E).
During this time period (27 March 1989) small platelets and needles, called frazil
ice, are formed in supercooled water and, through wave action and wind, the ice
particles accumulate to form grease ice, shuga and small pancakes (Eicken, Chapter
2). The spatial pattern of the ice cover shows a highly dynamic region with the
apparent thermodynamic ice growth modified by wind, waves, tides and icebergs,
resulting in the complex distribution of all forms of new ice. The image in Plate 4.1b
was taken in spring, approximately 8 months later, in the same general area. During
this latter period (24 November 1989), a much thicker ice cover is apparent, large ice
floes are well defined and are shown to be composed of a complex conglomerate of
various ice types. A spring polynya along the coast is also apparent and may be
initiated mainly by ice break-up due to upwelling of warm water and/or advection
due to wind. In evaluating interannual changes, it is thus important to know how and
where the ice is changing, and such seasonality in physical characteristics of the ice
cover should be taken into consideration.

The general large-scale distribution of the sea ice cover during both growth and
decay periods is illustrated in Plate 4.2a,b, respectively, using observations from a
visible channel of AVHRR (Advanced Very High Resolution Radiometer) during
the last complete week of March and November 1989. Each of the images represents
a weekly average derived from AVHRR Global Area Coverage (GAC) data and
mapped onto a 6.25 x 6.25km grid, as described by Comiso (2000). Polynyas,
especially near the coastal regions, are shown in the AVHRR images as relatively
darker than the thicker ice cover even when they are already covered by new ice. At
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the marginal ice zones, the ice cover is also shown to be greyish and sometimes
difficult to discriminate from open water. Overall, cloud-free visible-channel images
provide good information about regions of high consolidation and areas of diver-
gence or active ice formation. AVHRR data also have infrared channels that are
useful for surface temperature studies as will be discussed in a later section. Visible
data provide detailed information during daytime while infrared data are useful for
both day and night conditions but both data sets are limited to cloud-free conditions
only.

Passive and active microwave systems have been the more popular techniques for
monitoring sea ice because of day/night almost all-weather capabilities and global
coverage at a relatively high temporal resolution. For large-scale variability and
trend studies, passive microwave data have been the primary tool because of a
relatively long, comprehensive and consistent historical record. An apparent
weakness of passive microwave data is the coarse spatial resolution (about
25 x 25km) which makes such data difficult to use for detecting small spatial fea-
tures in the ice cover, such as leads, ridges and ice bands. To partly overcome this
weakness, the percentage of ice (called ice concentration) within each satellite grid
element is calculated using a mixing algorithm, as discussed earlier, that takes
advantage of the high contrast of the emissivity of ice and open water.

The colour-coded images in Plate 4.2¢,d correspond to sea ice concentrations
derived using the Bootstrap Algorithm (Comiso et al., 1997) for the periods
corresponding to those of Plate 4.2a,b, respectively. Overall, there is a good
coherence in the images, with the grey areas in the AVHRR satellite image cor-
responding to the relatively low concentration ice areas depicted in the passive
microwave data. The spatial changes in signature look similar in both visible and
passive microwave data for the two periods and reflect primarily changes in the
physical properties of the ice cover. During the growth period in autumn, large areas
covered by new ice look grey in the AVHRR image because of the relatively low
reflectivity of the latter (Allison, 1981; Massom, 1991). The same surfaces also have
low brightness temperatures and hence relatively low concentration (Plate 4.2c)
because of low microwave emissivity for new ice compared to that of thick ice
(Comiso et al., 1992; Grenfell et al., 1994). Conversely, during the break-up period,
the grey (low reflectivity) areas (Plate 4.2b) correspond proportionately to rela-
tively more open water and therefore lower ice concentration as depicted by the
corresponding passive microwave data (Plate 4.2d). Thus, intermediate ice con-
centration values in the microwave data usually reflect the presence of newly
formed ice (as in leads and polynyas) in autumn and winter, and the presence of
mixtures of ice and open water in spring and summer. Since open water in leads and
polynyas is covered by ice of some form within hours of formation in autumn and
winter, this is also a more useful way of quantifying the ice cover compared to a
strict ice and no ice discrimination that would show near 100% ice cover in prac-
tically all regions during growth stages.

For studies that require high spatial resolution irrespective of weather and time,
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Synthetic Aperture Radar (SAR) data which has a resolution of about 35 m can be
very useful. Ice floes and ridges are recognizable within the ice pack at this reso-
lution but in some areas, especially near the ice edge, the interpretation of the data
is sometimes ambiguous. However, with the use of time-series of images, some of
these ambiguities can be resolved and the drift of sea ice and the thickness of sea-
sonal ice can be inferred (Kwok et al. 1998). A problem in terms of global studies is
the paucity of data and the lack of sufficient spatial and temporal coverage.

The other active microwave systems available that provide less resolution but
more comprehensive coverage are the scatterometer (e.g. QuickSCAT) as descri-
bed by Drinkwater & Lytle (1997), and the radar altimeter, as described by Fetterer
et al. (1992). The data coverage and resolution are similar to those from passive
microwave but more research is needed to accurately interpret the data, and
algorithms have to be developed to retrieve geophysical parameters.

4.3 Spatial and temporal variations of the sea ice cover

The physical characteristics and spatial distribution of the global sea ice cover have
been discussed extensively in the literature (Weeks & Ackley, 1986; Eicken et al.,
1991; Tucker et al., 1992; Eicken, Chapter 2). The large-scale distribution of sea ice
is vividly illustrated in the images shown in Plate 4.3. The images correspond to the
ice cover in both hemispheres during maximum and minimum extent and were
derived from Special Sensor Microwave/Imager (SSM/I) data in 2000. It is apparent
that geographical considerations play an important role in the distribution of sea ice.
In the northern hemisphere, a large fraction of the sea ice cover is surrounded by
land with the latter providing an outer limit in the extent of the ice cover. During
maximum extent in winter, the ice cover is shown to be fragmented with the largest
fraction in the Arctic region, including the North Pole, and the rest in the Canadian
Archipelago and as far south as 40°N in the peripheral seas and bays (Plate 4.3a). In
the summer, the ice cover is basically contiguous and confined mainly to the Arctic
Basin (Plate 4.3b). On the other hand, sea ice cover surrounds the Antarctic con-
tinent in the southern hemisphere with the highest latitude being about 80°N but no
apparent limit at lower latitudes. The sea ice cover is shown as a contiguous ring
surrounding Antarctica in winter (Plate 4.3c) and covering a significant part of the
Indian, Pacific and Atlantic Oceans. During minimum extent at the end of the
summer (Plate 4.3d), the ice cover is fragmented and located mainly in the western
Weddell Sea, the Bellingshausen Sea, the Amundsen Sea and parts of the Ross Sea
and the Indian Ocean.

A location map for both hemispheres is provided in Plate 4.4. This plate also
shows difference maps of monthly climatologies in February and September to
illustrate the large seasonality of the ice cover. In the northern hemisphere, the
seasonal ice cover is shown in dark blue while in the southern hemisphere, it is
shown in dark red. The perennial ice regions, depicted mainly by white, are shown to
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be much more extensive in the northern than in the southern hemisphere. It is
apparent that the ice cover is very seasonal and has very different spatial distribu-
tions in the two hemispheres.

The growth and decay of sea ice is primarily a response of the surface ocean to
environmental changes from one season to another. For the two hemispheres, the
growth periods are expected to be out of phase by exactly 6 months to correspond
to the well-defined period between summer and winter. Climatological monthly
averages of ice extent and area derived from 22 years of passive microwave data
are shown in Fig. 4.1 and it is clear that the seasonal distributions for the two
regions are different. In the northern hemisphere, the ice cover distribution is
symmetrical in that the growth period takes approximately as long as the decay
period. In the southern hemisphere, however, the growth season takes about 7
months while the decay season takes only 5 months. The difference can be partly
explained in terms of the difference in geographical and environmental conditions
as discussed earlier. For example, the retreat of sea ice in the Antarctic is acceler-
ated by direct intrusions of warm water from lower latitudes and ice break-ups
cause by large ocean waves. In the Arctic, the presence of surrounding land
boundaries minimizes such effects. On the other hand, the presence of land that
cools fast during autumn and winter leads to a cold environment during this time
period and may in part cause the ice extent in the Arctic to reach its maximum
value at a relatively faster rate. Meanwhile the relatively warm ocean that sur-
rounds the ice cover in the Antarctic acts to moderate the growth of sea ice while
the presence of the cold Antarctic continent may partly influence the lengthening
of the growth season in the region.

In the northern hemisphere, the mean monthly extent, represented by a solid line
in Fig. 4.1a is shown to vary from a minimum of 7.5 x 10°km? in the late summer
(September) to about 15.5km? in the winter (March). The corresponding values in
the southern hemisphere (Fig. 4.1b, solid line) are 3.8 x 10°km? (in February) and
19 x 10°km? (in September), respectively. Note that although the minimum values
for sea ice in the northern hemisphere are greater than that in the southern hemi-
sphere, the effective polar albedo in the latter is much greater than that of the
former because of the presence of the snow-covered Antarctic continent which has a
total area of about 14 x 10°km?. Except for glaciers and Greenland, much of the
snow-covered areas over land in the northern hemisphere are gone by summer.
Thus, interannual changes in the sea ice cover in the northern hemisphere during
summer, when the solar insolation is high, are likely to be more critical in terms of
albedo feedback effects than in the southern hemisphere.

In the northern hemisphere, the monthly values during the year when the winter
ice extent is most extensive (i.e. in 1979) during the 22-year period are represented
by data points connected by dashed lines in Fig. 4.1a. It is apparent that the rate of
decay during the year when ice is most extensive is less than average and the
summer values are also above average. Conversely, the monthly values for the year
when the ice is least extensive in winter (i.e. 1996) are shown by the dotted line and
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Fig.4.1 Climatological seasonal variations derived from the monthly means from 1979 through 2000in (a)
the northern hemisphere, (b) the southern hemisphere. The solid line represents the climatological mean
while dashed lines correspond to monthly values during the winter when ice extentis most extensive (1979
in the northern hemisphere and 1980 in the southern hemisphere) and dotted lines are for monthly values
during the winter when ice extent is least extensive (1996 in the northern hemisphere and 1986 in the
Southern hemisphere). (c) Sum of the monthly averages in the northern and southern hemispheres.

it is evident that the rate of decay is higher than average and with ice extent in
summer is considerably less than average. Thus, extensive ice cover (icy) in winter is
usually followed by extensive ice cover in summer and vice versa.

In the southern hemisphere, the monthly ice extents during the year when the
winter was most expansive (1980) or least expansive (1986) are also shown in dashed
and dotted lines in Fig. 4.1b, respectively. It is apparent from the plots that in this
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hemisphere, the growth and decay patterns are similar to those of the average and
are not significantly influenced by the extent of ice during the winter period.
Regionally, however, effects opposite to that in the Arctic have been observed. For
example, in the Weddell Sea, anomalously extensive ice cover in winter is usually
followed by anomalously low ice cover area in the summer (Comiso & Gordon,
1998; Zwally et al., 1983b).

For completeness, the climatological global sea ice cover, which is basically the
sum of data in Figs. 4.1a and 4.1b, is presented in Fig. 4.1c. The plot shows that at any
one time, the average total ice cover ranges from 19.0 to 27.5 x 10°km? but the
extents can be as low as 17.5 x 10°km? and as high as 28.5 x 10°km?. The low
values occur in February, which is the peak of summer and winter in the Antarctic
and the Arctic, respectively, while high values apparently occur in November which
is spring and autumn for the Antarctic and Arctic, respectively. The latter date
reflects the effect of the seasonal asymmetry in the Antarctic ice cover. It is also
interesting to note that despite large hemispherical differences in the ice cover, the
total area is almost constant from June through November.

The large seasonal variability in the extent (Fig. 4.1) makes it difficult to assess
interannual changes or trends from the time-series of monthly data. Such inter-
annual changes may be evaluated using seasonal averages such as those presented in
Fig. 4.2 for the 1979-2000 period. In the northern hemisphere, significant inter-
annual variability is apparent during summer (diamonds) and autumn (triangles),
but during winter and spring only small changes are apparent, especially during the
1990-2000 period (Fig. 4.2a). The summer averages have higher values than the
autumn averages because the latter includes September which is the month of
minimum extent. In the southern hemisphere, the interannual changes appear
minimal for all seasons except for 1980, 1982 and 1997 during summer and autumn.
The plots for ice area in both hemispheres (not shown) are similar in characteristics
to those for ice extents but the values are significantly lower. In this case, the
summer values are lower than the values during autumn because of relatively lower
concentrations during the period.

The dashed lines in the plots in Fig. 4.2 represent the trends in the ice cover for the
different seasons as derived from linear regression of all the data points. The trends
are all negative in the northern hemisphere and all slightly positive in the southern
hemisphere, as has been reported previously (Parkinson et al., 1999; Zwally et al.,
2002), but with slightly different values. This phenomenon suggests that the climates
of the two hemispheres are not closely coupled. The results, however, are consistent
with predictions from some Global Circulation Models (GCMs) (Manabe et al.,
1992).

The Arctic region

The basic data used for studying the seasonal and the interannual variability in the
ice cover are daily averages of ice concentrations mapped onto a polar stereographic
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Fig. 4.2 Ice extent averages during the winter, spring, summer and autumn in (a) the northern hemi-
sphere and (b) the southern hemisphere. Dashed lines show trends in each season.

grid with a 25 x 25 km resolution. The data provide good temporal resolution and
are used for calculating the averages of ice extent, ice area and ice concentration for
each month from 1979 to 2000, as presented in Figs 4.3a,b,c, respectively. The dis-
tributions for both ice extent and actual ice area are coherent and show similar
patterns. The peak values are also shown to have much less interannual variability
than the minimum values, especially in the 1990s. Relatively low values in the
minimum ice extent (Fig. 4.3a) are apparent in 1990, 1991, 1993, 1995, 1998, 1999
and 2000. In the ice area plot (Fig. 4.3b), the minimum values during these years
appear even relatively lower. This is partly because of relatively lower average
concentrations (Fig. 4.3c) which in turn may be partly due to more divergence
during these later years. The latter is consistent with more storms that may be
associated with a declining surface level pressure as reported by Walsh et al. (1996).
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Fig. 4.3 Monthly (a) ice extent, (b) actual ice area and (c) average ice concentration in the northern
hemisphere from January 1979 through December 2000.

The colour-coded yearly anomaly maps, presented in Plate 4.5, provide the means
to assess large-scale and regional changes in the ice cover on a year-to-year basis.
For uniformity in both hemispheres, yearly averages are calculated such that they
represent averages for entire sea ice seasons. More specifically, in the northern
hemisphere, the yearly averages are from August of one year to July the following
year, while in the southern hemisphere, the averages are from January to December
of the same year. This ensures that the averaging corresponds to the development of
the same ice cover as it evolves from its growth stages through its maximum values
in winter, and through to the melting stages in spring and summer. Each map in
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Plate 4.5 thus represents the yearly anomalies for each ice season instead of for each
calendar year. Positive anomalies in the ice cover are shown in the colour-coded
maps as greys, greens or blues while negative anomalies are in oranges, purples and
reds. The yearly climatology used for deriving the yearly anomalies is presented in
the last image of Plate 4.5 and can be used as an aid in the interpretation of the
latter.

It is apparent that the yearly anomalies are usually significant in the peripheral
seas and bays. Among the most active areas are the Okhotsk Sea and the Bering Sea
in the Pacific Ocean region. Some teleconnections between these two seas have
been observed previously (Cavalieri & Parkinson, 1987) with negative anomalies in
one sea occurring concurrently with positive anomalies in the other (e.g. 1984-85
and 1990-91). Such a pattern is apparently not consistent for the 1979-2000 period
since the anomalies can be both negative in these regions, as in 1979-80, or both
positives, as in 1995-96. In other years, the patterns are not so clear with a mixture of
positives and negatives even in the same seas. In the Atlantic Ocean side, similar
effects are also evident between the Kara and Barents Seas, and the Baffin and
Hudson Bays. It is interesting to note that there was no year in which the anomalies
were either all positive or all negative in the peripheral seas.

To quantitatively evaluate interannual changes, anomaly plots for the entire
hemisphere and various sectors in the Arctic region (following previous analysis by
Gloersen et al., 1992; Parkinson et al., 1999) are presented in Fig. 4.4 for the 1979-
2000 period. Each data point in the anomaly plots is the difference of the value for
each month and that of the monthly climatology. The monthly anomaly plots pro-
vide a means to assess interannual variability since the large seasonality is sub-
tracted. Statistically, they also provide better accuracy for trend analysis than yearly
averages. The anomalies in ice extent and ice area again show coherence and reflect
very similar characteristics. It is also apparent that the abnormally low and high
values stand out better in these plots than in the raw monthly plots shown in Fig. 4.3.
It is interesting to note that an abnormally low value in 1995 is followed by an
abnormally high value in 1996 (Plate 4.5). This is an indication that dramatic
changes can occur from one year to another.

In the Arctic sector (Fig. 4.4b), the anomalies are significantly different from zero
only during spring, summer and autumn, since during winter the entire Arctic basin
is covered by ice. Note that the anomalies are generally positive in the 1980s and
mainly negative in the 1990s, the exceptions being 1992, 1994 and 1996. This sug-
gests that the ice cover in the region has been retreating. The anomalies in the
Greenland Sea sector (Fig. 4.4c) show more variability through the 22-year period.
A cyclical pattern is apparent in the distribution for this sector mainly as a result of a
similar variability in the extent of the Odden, as described by Comiso et al. (2001).
In the Kara and Barents Seas the ice variability (Fig. 4.4d) is similar to that of the
Greenland Sea, although a cyclical pattern is not as apparent. In this sector, sig-
nificant decreases are apparent in 1983, 1985, 1992, 1995 and 2000 whereas increases
occurred in most other years. The sea ice anomalies in the Bering and Okhotsk Seas
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Fig. 4.4 Anomalies in the monthly ice extent from January 1979 through December 2000 in various
regions.

(Figs 4.4e and 4.4f) have similar variability but with opposite trends, the former
having negative anomalies in the 1980s and mainly positive anomalies in the 1990s.
In the Okhotsk Sea, the anomalies were on the average positive in the 1980s, except
in 1984, and negative in the 1990s, except for the last few years. The recovery in the
last few years ended what was previously reported as a rapidly declining sea ice
cover in the region (Parkinson et al., 1999).
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In the Canadian Archipelago, the anomalies in extent were generally small except
for the one big drop in extent in 1998. This was the same year that the Beaufort Sea
had the largest open water area during the satellite era. In the Baffin Bay/Labrador
Sea region, periodic fluctuations in the anomalies (Fig. 4.4h) are apparent in the
1980s, but in the 1990s, except for the recoveries in 1993 and 1996, the extent was
generally declining. In the Hudson Bay (Fig. 4.4c), there was not much variability
except for positive anomalies in 1983, 1986 and 1992 and negative anomalies in 1993,
1994, 1998 and 1999. In the Gulf of St Lawrence (Fig. 4.4j), there is a suggestion of
periodicity with the anomalies being all negative up to 1983 followed by practically
all positive anomalies up to 1993 and then almost all negative anomalies up to the
present time.

The plots in Fig. 4.4 provide a quantitative means for assessing the changes in the
anomaly patterns as depicted in Plate 4.5. It is apparent that there is a lack of
coherence in the variability of the anomaly distributions at the different sectors. The
peaks and the dips generally do not occur at the same time in the different regions,
and periodicities, where they occur, are usually out of phase from each other. The
lack of coherence is partly the result of a complex atmospheric system in the Arctic
that produces different ice distributions in the different regions during different
periods. The effect of surface-temperature anomalies will be discussed in a later
section. Overall, negative trends of varying degree of significance are observed in all
sectors, except for the Bering Sea sector in which the ice cover has been increasing
at the rate of 11.9% per decade.

The Antarctic region

Monthly ice extents, ice area and ice concentration in the southern hemisphere for
the period from 1979 through 2000 are presented in Fig. 4.5, and it is apparent that
there are differences in the distributions compared to those in the northern hemi-
sphere (Fig. 4.3). In the southern hemisphere the amplitude of each ice season is
obviously larger while the yearly distributions are more regular than those in the
northern hemisphere. The average ice concentration is almost constant at about
83% in winter, compared to about 92% in the Arctic, while the average ice con-
centration in the summer ranges from 59 to 69%, compared to 72 to 81% in the
Arctic. Note that as expected the distributions for ice extents are again coherent
with those of ice area, with the latter being lower in value.

Colour-coded anomaly maps for each year from 1979 through 2000, as shown in
Plate 4.6, illustrate the large year-to-year variability in the ice cover in the region.
The images show patterns of alternate negative and positive anomalies at the per-
iphery of the sea ice cover around the continent. From one year to another these
patterns tend to move around, propagating like a wave that has been referred to as
the Antarctic Circumpolar Wave (ACW) (White & Peterson, 1996). The period of
propagation has been estimated to be about 8 years with a revisit time of 4 years at
every point, the wave number being mode 2. It is interesting to note that the pattern
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Fig. 4.5 Monthly (a) ice extent, (b) actual ice area and (c) average ice concentration in the southern
hemisphere from January 1979 through December 2000.

of anomalies in 1980 is almost duplicated in 1992. Also, the anomaly pattern in 1999
is almost identical to that of 1980 but with opposite sign. The repetition of the
patterns in some places suggests that there are local geographical or oceanographic
factors that cause similar features to be reproduced in different years. White &
Peterson (1996) described the ACW as an ice edge phenomenon. The anomaly
patterns in Plate 4.6 indicate that the effect is not just an ice edge phenomenom
since the patterns go all the way into the pack. The wave number is also not just
mode 2 but sometimes mode 3 as illustrated in winter anomaly data by Comiso
(2000) and in a less distinct way in 1980 and 1992 in Plate 4.6.
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The time-series monthly ice extent anomalies for the entire hemisphere, as well as
in various sectors (cf. Gloersen et al., 1992; Zwally et al., 2002), are indicative of a
very variable and dynamic region (Fig. 4.6). The anomalies for the entire hemi-
sphere (Fig. 4.6a) apparently had higher amplitudes in the 1980s than in the 1990s
but this may be largely due to phase difference between sectors since the same
phenomenon is not evident in the various sectors. The peaks and dips in the
anomaly plots are again shown to occur in different years in the various sectors. This
is partly because of the propagating wave (ACW), as described earlier, that causes
the anomalies to circle around the continent. It is interesting to note that in the
Weddell Sea sector (Fig. 4.6b), there is a significant negative anomaly in 1999 that
appears to be associated with similar anomalies in the other sectors such as the 1998
negative anomaly in the Bellingshausen/Amundsen Seas, the 1997 anomaly in the
Ross Sea and the 1996 anomaly in the Indian Ocean.

The lag from one region to another is consistent with the effect of the ACW. In
the Indian Ocean sector (Fig. 4.6¢), there are also negative anomalies in 1986, 1987
and 1988 which were followed by positive anomalies in 1989 and 1990. In the
Western Pacific Ocean sector (Fig. 4.6d), the key events were the positive anomalies
in 1982 and 1983, and the negative anomaly in 1989. In the Ross Sea (Fig. 4.6¢), a
large negative anomaly in the early 1980s was followed by positive anomalies,
except for slight drops in 1986, 1991 and 1997. In the Bellingshausen/Amundsen
Seas sector (Fig. 4.6f), the El Nifo Southern Oscillation (ENSO) years of 1983,
1988, 1992 and 1998 are shown to coincide with negative anomalies, confirming
observed relationships of ENSO with the ice cover and ACW as described by
Peterson & White (1998) and Kwok & Comiso (2002). Note that the dips at the Ross
Sea sector (i.e. 1980, 1986, 1992, 1995 and 1997), which is also regarded as a region
affected by ENSO (Ledley & Huang, 1997), are not coincident with those of the
Bellingshausen/Amundsen Seas sector. The patterns are relatively irregular at times
because the atmospheric circulation in the region is complex and driven by many
factors, some of which are regional in origin. For example, in the Weddell Sea a
large positive anomaly in 1981 was followed by a negative anomaly in the sub-
sequent summer, while a negative anomaly in 1991 was followed by two years of
positive anomalies. Other anomalous patterns have also been cited in the literature
(Hanna, 2001 and others).

4.4 Global and regional trends

Global climate change is expected to be amplified in polar regions because of
feedback effects associated with the high albedo of ice and snow as indicated earlier.
A global warming of 0.5 K was observed during the last century (Jones et al., 1999),
and it would be of interest to know how such a trend is reflected in the Arctic and
the Antarctic regions. Linear regression analyses have been applied on the monthly
sea ice anomalies for the period from 1979 through 2000, and the results are shown
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Fig. 4.6 Anomalies in the monthly ice extent from January 1979 through December 2000 in various
regions.

as solid lines in Figs 4.4 and 4.6. The trend values are also tabulated in Tables 4.1 and
4.2 for the northern and southern hemispheres, respectively.

The trend in ice extent in the northern hemisphere, as inferred from monthly
anomaly data from January 1979 through December 2000, is —2.0 + 0.3% per
decade. This is less than the rate of about —3% per decade inferred previously from
slightly different data sets and for the November 1978 to December 1996 period
(Bjgrgo et al., 1997; Parkinson et al., 1999). It is thus important to note that the
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Table 4.1 Trends in extent and area (given in units of km?/decade and in parentheses %/decade) in the
northern hemisphere.

Sector/season Trend in extent  Error in extent Trend in area Error in area
km?/yr (%/dec) km?2/yr (%/dec) km2/yr (%/dec) km?Z/yr (%/dec)
Northern hemisphere —24100 (—2.0) 3100 (0.3) —35080 (—3.1) 2800 (0.3)
Arctic Ocean —7910 (—1.2) 1650 (0.2) —11570 (—1.8) 1780 (0.3)
Greenland Sea —1950 (—2.7) 973 (1.3) —2380 (—4.4) 770 (1.4)
Kara/Barents Sea —7510 (—5.5) 1600 (1.2) —8340 (—7.2) 1470 (1.3)
Bering Sea 3760 (11.9) 815 (2.6) 2560 (10.9) 697 (3.0)
Okhotsk/Japan Seas —4410 (—11.0) 1080 (2.7) —5200 (—17.1) 1020 (3.3)
Canadian Archipelago —1360 (—1.9) 284 (0.4) —2540 (—4.0) 352 (0.5)
Baffin Bay/Labrador Sea —1070 (—1.3) 1220 (1.4) —1670 (—2.4) 1060 (1.5)
Hudson Bay —3570 (—4.3) 820 (1.0) —3850 (—5.3) 695 (1.0)
Gulf of St Lawrence —32.4(—-0.5) 338 (5.0) —91.6 (—2.0) 256 (5.6)
Winter —10800 (—0.8) 7940 (0.5) —20700 (—1.6) 6820 (0.5)
Spring —18270 (—1.2) 6990 (0.5) —27840 (—2.1) 6530 (0.5)
Summer —42200 (—4.1) 9200 (0.9) —51350 (—6.0) 9290 (1.1)
Autumn —24630(—2.7) 11700 (1.3) —32220(—3.9) 10220 (1.2)
Maximum —21010 (—1.3) 9220 (0.6) —26870 (—1.9) 8370 (0.6)
Minimum —45890 (—6.4) 15290 (2.1) —50820 (—8.5) 11850 (2.0)

addition of a few years may cause a significant change in the trend, especially if the
latest values are very different from the previous ones. The issue of accuracy
associated with record lengths of data is addressed in the next section.

In the central Arctic Ocean region, the trend is —1.2 + 0.2% per decade, which is
a less negative rate than that for the entire northern hemisphere. The slower rate is
not unexpected since many of the anomalies are in the peripheral seas as discussed

Table4.2 Trends in extentand area (given in units of km?/decade and in parentheses %/decade) in the
southern hemisphere.

Sector/season Trend in extent Errorin extent Trend in area Error in area
km?/yr (%/dec)  km?/yr (%/dec) km?/yr (%/dec) kmZ/yr (%/dec)
Southern hemisphere 4420 (0.4) 3690 (0.3) 15750 (1.7) 3240 (0.3)
Weddell Sea —5100 (—1.2) 3320 (0.8) —2760 (—0.8) 2800 (0.8)
Indian Ocean 280 (0.1) 1660 (0.9) 1020 (0.7) 1450 (1.0)
Western Pacific Ocean 1540 (1.2) 14900 (1.2) 4450 (5.0) 1170 (1.3)
Ross Sea 20000 (7.0) 2750 (1.0) 20550 (8.7) 2320 (1.0)
Bellingshausen/Amundsen —12400 (—8.1) 2080 (1.4) —7510 (—6.3) 1760 (1.5)
Seas
Winter 8300 (0.52) 8890 (0.56) 19740 (1.47) 8330 (0.62)
Spring —1380 (—0.08) 9510 (0.54) 11390 (0.78) 9680 (0.66)
Summer —11800 (—1.78) 11750 (1.77) 924 (0.21) 8740 (1.95)
Autumn 23340 (3.20) 12360 (1.70) 30720 (5.46) 12220 (1.99)
Maximum 5260 (0.28) 10320 (0.54) 19150 (1.20) 9380 (0.59)
Minimum —11400 (—3.58) 8994 (2.82) —7532(—3.76) 6350 (3.17)
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in the previous sections. The plot in Fig. 4.4b indicates spikes associated with
changes in the spring and summer periods which are shown to be mainly positive in
the 1980s and negative (except for 1992, 1994 and 1996) in the 1990s. The negative
trend appears to be primarily influenced by unusually low ice extent events of 1990,
1993 and 1995.

The trends in other sectors are varied with the only positive trend occurring in the
Bering Sea at 11.9 + 2.6% per decade. This positive trend reflects increases in the
winter ice cover in the region despite decreases in the ice cover in the adjacent
(Arctic) region. Also, towards the south-west of this region at the Okhotsk Sea, the
ice cover is changing at about the same magnitude but opposite sign with the trend
being —11.0 + 2.7% per decade. In the latter, the trend would have been sig-
nificantly more negative were it not for the relatively strong recovery during the last
two years of the data. Other regions with significant negative trends are the Kara/
Barents Seas and Hudson Bay with trends of —5.5 4+ 1.2% per decade and
—4.3 + 1.0% per decade, respectively. The trend at the Canadian Archipelago is
also significant at —1.9 + 0.4% per decade but this is mainly due to a big drop in the
ice cover in the region in 1998. Trends are also negative in the Greenland Sea and
Baffin Bay/Labrador Sea sectors at —2.7 + 1.3 and —1.3 + 1.4% per decade,
respectively. However, changes in these regions may be partly influenced by peri-
odic patterns as mentioned previously. A negative but insignificant trend in the ice
cover is inferred at the Gulf of St. Lawrence sector (—0.5 + 5.0% per decade)
where a periodic pattern is also observed.

While the trend of ice cover in the entire northern hemisphere is basically
controlled by trends in the peripheral seas, the most important trend of inter-
est is actually that associated with the central Arctic. The northern hemisphere
has smaller seasonal amplitude than the southern hemisphere because of the
presence of extensive and thick multi-year ice cover in the central Arctic. Ice
that survives the summer is often referred to as the perennial ice cover, which
consists mainly of multi-year ice. The extent and area of the perennial ice
cover can be inferred by finding the minimum value for each year from the
time-series of daily data. The yearly record of the minimum extents of the ice
cover for each year from 1979 to 2000 is shown together with that of max-
imum extent in Fig. 4.7. The trends in maximum ice values for both extent and
ice area are —1.3 + 0.6 and —1.9 + 0.6% per decade, respectively, and are basic-
ally consistent with those of the entire hemisphere (Fig. 4.7a). The trends in mini-
mum ice cover, however, are —6.4 +2.1% per decade and —8.5 +2.0% per
decade for ice extent and ice area, respectively (Fig. 4.7b). Such large negative
trends (about four times higher than maximum trends) indicate that the per-
ennial ice cover is shrinking at a relatively high rate as reported in Comiso
(2002). A trend for the multi-year ice cover of a similar magnitude (7%) has
also been reported by Johannessen et al. (1999) using multi-year ice fraction
data derived during the winter period from passive microwave data. However,
such data are known to have large uncertainties (Kwok et al., 1996) partly
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because the emissivity of multi-year ice is highly variable and not constant as
assumed in the algorithm that calculates the multi-year ice fraction.

It is of special interest to note that the ice minimums in the 1990s are highly
variable compared to those in the 1980s (Fig. 4.7b). As reported in Comiso (2002)
such variability suggests an increasing fraction of second-year ice cover in the 1990s,
compared to the 1980s, which in effect means a thinning of the Arctic sea ice cover
(that includes the second-year ice cover). This is consistent with reports by
Rothrock et al. (1999) and Wadhams & Davis (2000) that the average ice thickness
in the 1990s is significantly less than averages collected in the previous decades. A
thinning through this mechanism would not necessarily mean a thinning in the older
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and thicker ice floes. The issues associated with ice thickness and its variability are
addressed by Haas in Chapter 3.

The variations of the ice cover on a season-by-season basis, have been discussed
previously, and illustrated in Fig. 4.2 in which fitted lines are also shown to indicate
interannual trends. The numerical values of the seasonal trends are given in Tables
4.1 and 4.2. In the northern hemisphere it is apparent that the trends are all negative
with those for winter and spring being only slightly negative at —0.8 + 0.5% per
decade and —1.2 + 0.5% per decade, respectively. In the autumn, the trend is more
negative at —2.7 + 1.3% per decade but the highest rate of decrease occurs in the
summer at —4.1 + 0.9% per decade. The latter is consistent with the large rate of
decrease for the perennial ice cover. An even higher rate of decrease is observed
when ice area data are used with the rate of decrease during the summer being as
low as —6.0 + 1.1% per decade. This is consistent with the large decline observed
for the perennial ice cover.

The trend results in the southern hemisphere (Fig. 4.6) are not as indicative of a
changing ice cover as those of the northern hemisphere. The result of analysis of
data from the 22-year period shows an insignificant trend of 0.4 + 0.3% per decade
for the entire southern hemisphere (Table 4.2). This is slightly less than the
1.0 + 0.4% per decade reported by Zwally et al. (2002) for the 1979-1998 period.
The trends are similarly insignificant at —1.2 + 0.8, 0.1 + 0.9 and 1.2 + 1.2% per
decade at the Weddell Sea, Indian Ocean, and Western Pacific Ocean sectors,
respectively. In two other sectors, however, the trends are quite substantial with
opposite signs of 7.0 + 1.0% per decade and —8.1 + 1.4% per decade at the Ross
Sea and Bellingshausen/Amundsen Seas sectors, respectively. Since the two sectors
are adjacent to each other, it appears that the opposite trends in the two sectors are
partly caused by advection of ice from one sector to the other. However, the Ant-
arctic Peninsula that is adjacent to the Bellingshausen/Amundsen Seas sector has
been an area of climate anomaly described by King (1994) and Jacobs & Comiso
(1997). Also, the Ross Sea region has been associated with influences of ENSO
(Ledley & Huang, 1997) and the continental area adjacent to it has been experi-
encing some cooling during the last two decades (Comiso, 2000). The positive trend
in the Ross Sea, which is the site of a major coastal polynya, suggests increased ice
production and a more important role of the region in bottom water formation.

The trends of maximum ice values for each year in the southern hemisphere are
again similar to that inferred from the monthly time-series, being 0.3 + 0.5% per
decade and 1.20 + 0.6% per decade for ice extent and ice area, respectively. It is,
however, surprising that the trends of minimum values for each year are negative at
—3.6 +£ 2.8 and —3.8 &+ 3.2% per decade for ice extent and ice area, respectively. It
appears that the summer ice cover has been declining as in the Arctic but errors are
larger because of a much lower extent of ice in the summer. The negative trend is
due in part to the retreating perennial ice cover in the Bellingshausen Sea as
reported by Jacobs & Comiso (1997).

In the southern hemisphere the trends for extent in each season (Fig. 4.2b) are
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basically insignificant except for in autumn. Quantitatively, the trends in winter,
spring and summer are 0.5+ 0.6, —0.1 +£0.5 and —1.8 +1.8% per decade,
respectively, while in autumn, a positive and significant trend of 3.2 + 1.7% per
decade is inferred. Again, the trends for ice area are higher than those for ice extent,
with that for autumn being 5.5 + 2.0% per decade with those for winter, spring and
summer being 1.5 + 0.6, 0.8 + 0.7 and 0.2 + 2.0% per decade, respectively. These
results show that the net positive trend overall for the entire hemisphere is due
mainly to the positive trend in autumn. This in turn suggests that the onset of ice
growth is now occurring earlier than normal. The negative trends in spring and
summer indicate earlier ice break-up in later years but the values are not significant.

4.5 Surface temperature effects, temperature trends and
cyclical patterns

To gain insights into the observed variability and trend in the ice cover, anomalies in
the surface temperatures in conjunction with anomalies in ice concentration have
been examined. Surface temperatures are used because they are known to be
negatively correlated with ice extent and area (Jacobs & Comiso, 1997). Changes in
surface level pressure, wind and other parameters are also important to consider
(Walsh et al., 1996; White & Peterson, 1996), but the associated effects are too
complex and are not within the scope of this chapter. Following similar analysis in
Comiso (2000), the anomalies in yearly surface temperatures, as derived from
AVHRR data for the northern and southern hemispheres, are shown in Plates 4.7
and 4.8, respectively. The last image in each figure is the climatological yearly
average data that is used in generating the anomaly maps.

It is remarkable that the temperature anomaly maps in the northern hemisphere
show generally negative anomalies (greens and blues) in the 1980s and positive
anomalies (yellows and oranges) in the 1990s. This alone is indicative of warming in
the region during the last two decades. The phenomenon is also consistent with a
declining sea ice cover in the Arctic as shown previously. It should be noted,
however, that there are areas of positive anomalies in the first decade of data as in
the Greenland/Baffin Seas in 1981-82 and the Kara/Barents Seas in 1983-84.
Conversely, there are also negative anomalies in the second decade such as in the
Canadian Archipelago and Beaufort Sea in 1990-91, the Kara/Barents Seas in 1997-
99 and the Bering Sea in 1997-2000. Thus, while warming is observed in most parts
of the northern hemisphere, there is evidence of cooling in some areas.

The areas of positive anomalies in surface temperature are shown to be precisely
where negative anomalies in the sea ice cover (Plate 4.5) are usually observed, and
vice versa. The good coherence of ice cover with temperature is an indication that
these two variables are strongly linked with each other. The temperature anomaly
maps also show that the scope of warming and cooling goes beyond the boundaries
of the sea ice cover indicating considerable atmospheric influence. Feedback effects
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may accelerate the decline rate. For example, as the perennial sea ice cover declines
and open water area increases in the Arctic Basin in spring and summer, more solar
energy and heat are absorbed by the Arctic Ocean. This in turn warms up the latter
and causes a further decline in the ice cover. Some evidence that the temperature of
the Arctic Ocean has been increasing has in fact been reported (Gunn & Muench,
2001).

The yearly temperature anomaly maps in the southern hemisphere (Plate 4.8) do
not exhibit the same warming trend observed in the northern hemisphere. What is of
great interest, however, is the presence of alternating negative and positive tem-
perature anomalies around the continent, especially at the ice edges. Such
anomalies are again coherent with the sea ice cover anomalies shown in Plate 4.6.
Note that the temperature anomalies beyond the sea ice covered regions (i.e. those
of the open ocean and the continent) are also coherent with those observed over sea
ice (Plate 4.6). As in the ice anomaly maps, the temperature anomaly maps also
show that the influence of the ACW is not just an ice edge phenomenon as pre-
viously thought (White & Peterson, 1996). The anomaly patterns also indicate that
atmospheric effects play an important role in the variability of the sea ice cover.

Trends in surface temperature are depicted in Plate 4.9a,b for the northern and
southern hemispheres, respectively, using results from regression analysis (on a
pixel-by-pixel basis) of the monthly anomaly data from 1981 to 2000. The monthly
anomaly maps were derived by subtracting monthly climatology from the monthly
temperatures in each data element. The trends were also calculated using yearly
averages and the results (not shown) are consistent with those from monthly
anomalies.

It is interesting to note that if the entire Arctic region (>60°N) is divided into two
parts by a line along the 180°E meridian, the trends below this line are shown to be
distinctly different from those above the line. The trends below the line are gen-
erally highly positive (except in Greenland) while those above this line are either
slightly positive or negative. The high positive values are located primarily in
northern Canada and the Beaufort Sea while negative values are located in either
the Bering Sea or Russia. This spatial distribution of the trends is coherent with
observed changes in the sea ice cover in the northern hemisphere. Regionally,
negative trends in the Bering Sea are consistent with positive trends in the ice cover
in the same region while positive trends in areas that include the Chukchi Sea, the
Beaufort Sea, the Canadian Archipelago and northern Canada are correlated with
an observed decline of the sea ice cover in the same general location. It is also
apparent that the warming trend extends further to the south of the periphery of the
western Arctic Ocean region indicating a general warming over a much more
extensive region than the sea ice covered area.

In the Antarctic, the spatial distribution of trends (Plate 4.9b) is quite different
from that of the Arctic in that although there is a predominance of positive values
over sea ice covered regions, relatively large negative values are apparent in a large
part of the continent, especially at the higher elevations in east Antarctica. Similar
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trends were reported in Comiso (2000) and Doran et al. (2002). It is apparent that
the highest positive trends are located in the Bellingshausen/Amundsen Seas where
the sea ice cover has been retreating at a relatively high rate. As indicated earlier,
the region, together with the western part of the Antarctic Peninsula, has been
referred to as a region of climate anomaly (King, 1994; Jacobs & Comiso, 1997). The
same region has been shown to be highly correlated with ENSO indices, suggesting
strong connection of the trend with the large ENSO event in 1998. It is interesting to
note that negative anomalies are mainly in high elevation areas of both hemi-
spheres. This phenomenon may be associated with the observed cooling in the
troposphere as reported by Spencer & Christy (1990).

Because of the high correlation of the sea ice cover with surface temperature, we
can make use of long historical data from meteorological stations (Jones et al., 1999)
to better understand the trends observed from satellite record which is currently
limited to 22 years. While limited in spatial coverage, these data are useful in
evaluating temporal variability of the variable over much longer time scales.
Monthly anomalies in surface temperatures from meteorological stations in the
northern and southern hemispheres are presented in Figs 4.8a and 4.9a. It is
apparent that the anomalies are highly variable and that the length of a data record
can make a big difference when trend analysis is being conducted. Three record
lengths of the same surface-temperature data set from stations located > 60°N were
analysed and the results of trend analysis for the data yielded 0.048 + 0.004,
0.032 + 0.09 and 0.545 + 0.019K per decade, for the 95- (dotted line), 50- (dashed
line), and 20-year (long dashed line) time records, respectively (Fig. 4.8a). The much
higher rate for the shorter time period suggests that warming may be accelerating.
To gain insight into the issue of record length, a more complete sensitivity analysis
was conducted following Comiso (2000). The plot in Fig. 4.8b shows the variation of
trend with record length and indicates that the trend tends to fluctuate greatly at the
beginning and up to about 15 years. The trend then becomes relatively stable and
declines exponentially from around 1985 through the 1930s. In the 1930s the trend
becomes negative but slowly increases to positive values again. The plot shows that
at least 15-20 years of data are needed for a meaningful trend analysis. The use of 20
or more years of satellite data for trend analysis is thus justified. However, the
negative trends for record lengths between 65 and 70 years which are associated
with the high surface-temperature anomalies in the 1930s can be viewed as a serious
complication. The trend from a longer-term satellite data of about 65 to 70 years
may actually be opposite in sign to that from a record length of 100 years or more,
which is usually what is used in the analysis of station data. This raises the issue of
possible effects of cyclical patterns and the ability to do trend analysis effectively
even for a relatively long satellite record.

The result of a spectral analysis on the long-term surface-temperature data is
presented in Fig. 4.8c. Cyclical patterns similar in period to the second peak (12
years) in the plot have been detected in the region using sea level pressure data, e.g.
the North Atlantic Oscillation (Mysak, 1999) and the Arctic Oscillation (Thompson
& Wallace, 1998; Polyakov et al., 1999). The vertical line corresponds to the 95%
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Fig. 4.8 (a) Monthly surface air temperature anomalies in the northern hemisphere for stations located
at latitudes > 60°N with trend lines for 1900—-98 (dotted line), 1948-98 (dashed line) and 1978-98 (long
dashed line) periods; (b) trends versus record length starting with the year 1998; (c) power spectra using
five-year running average data.

confidence limit. Periodic changes in pressure fields causes the atmospheric
circulation in the Arctic to change from cyclonic to anticyclonic mode, and vice
versa (Proshutinsky & Johnson, 1997). It is interesting to note that a peak at 33 years
comes out predominantly in the spectral analysis. It is possible that the observed
negative trends for record lengths of about 65-70 years, as shown in Fig. 4.8b, are
associated with this cycle. In interpreting trend results, the existence of these
periodic cycles has to be taken into consideration.

In the southern hemisphere, the temperature anomaly distribution is quite dif-
ferent from that of the Arctic. The trend results are also different for the three
periods, being —0.017 + 0.003, —0.025 + 0.004 and —0.031 £+ 0.009K per decade
for the 95-, 50- and 20-year record lengths, respectively (Fig. 4.9a). The negative
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Fig. 4.9 (a) Monthly surface air temperatures anomalies in the southern hemisphere for stations
located at latitudes > 60°N with trend lines for 1900-98 (dotted line), 1948-98 (dashed line) and 1978-98
(long dashed line); (b) trends versus record length starting with the year 1998; (c) power spectra using
five-year running average data.

values for these three intervals is consistent with an expanding ice cover. A running
trend plot similar to that for the Arctic is shown in Fig. 4.9b and indicates that after
15-20 years, the trend values stabilize, although fluctuate slowly from negative to
positive and back to negative again. The estimated negative trend for a 20-year
record is consistent with the results from satellite temperature and ice data. From
1950 to around 1970 (corresponding to record lengths of about 25-45 years), the
trend is estimated to be positive. Such a positive trend is consistent with the observed
decline in the ice cover from the 1950s and 1960s to the present as inferred from ship
and whaling data sets by De la Mare (1998). While analysis of whaling data has its
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problems, including the possible inconsistency in the identification of the ice edge,
the correlation of the reported trend in ice edge location with surface-temperature
trend is intriguing. The result of spectral analysis on the Antarctic temperature data,
shown in Fig. 4.9¢c, indicates a more complex scenario in the Antarctic region than in
the Arctic but a peak at 8 years, consistent with the periodicity of the ACW, is
revealed. Further research is needed to better understand the cyclic patterns.

4.6 Summary

More than two decades of satellite data are now available for detailed study of the
large-scale characteristics and changing state of the sea ice cover in both northern
and southern hemispheres. Satellite passive microwave data provide, day and night,
almost continuous observation of the global sea ice cover thereby enabling quan-
titative variability studies at various time and spatial scales. Despite relatively
coarse sensor resolution, spatial detail is provided through the use of sea ice con-
centrations which are derived using an algorithm that determines the fraction of ice
and open water within each satellite footprint. Satellite infrared data provide day/
night coverage as well but are limited to only cloud-free conditions. However, the
sampling statistics for this data are high and the results provide the only spatially
detailed distributions of surface temperatures in the polar regions that have good
enough accuracies to detect interannual changes in all regions. High-resolution
satellite data are also shown to be useful in studies of small-scale characteristics and
seasonal changes in the physical properties of the ice cover.

Large seasonal fluctuations in the ice extent and area are apparent, with those of
the southern hemisphere having larger amplitudes but a less symmetrical seasonal
distribution than those of the northern hemisphere. The large-scale interannual
variability of the ice cover has been evaluated globally as well as regionally, and in
the northern hemisphere, the yearly anomaly maps show large interannual varia-
bility and a predominance of positive values in the 1980s and negative values in the
1990s. Yearly anomaly maps of surface temperatures show similar anomalies but
with opposite sign indicating a strong link between the ice cover and surface tem-
peratures. In the Antarctic, large year-to-year anomalies in the ice cover are also
observed but they follow a pattern of alternating positive and negative anomalies
around the continent. Similar patterns are observed in the yearly surface ice tem-
perature anomaly maps that, together with the ice data, show consistency with a
propagating ACW that circles the oceans around Antarctica.

Globally, the sea ice cover is shown to be on a decline in the northern hemisphere
while only minimal changes are observed in the southern hemisphere. Regression
analysis shows that the ice extent and ice area in the northern hemisphere are
declining at the rate of —2.0 + 0.3% and —3.1 + 0.3% per decade, respectively, but
there are regions like the Bering Sea with positive trends. The rate of decline in
extent is strongest in the summer at —4.1 + 0.9% per decade and weakest in the
winter at —0.8 + 0.5% per decade.
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The most remarkable result, however, is the rapidly declining state of the Arctic
perennial sea ice cover, the rate of decline being —6.4 + 2.1 and —8.5 + 2.0% per
decade for ice extent and ice area, respectively. Such results are important in that the
perennial ice cover consists mainly of the thick multi-year ice cover that basically
controls the thickness distribution and limits the retreat of the ice during the summer.
A sustained decline at this rate could mean the disappearance of the perennial ice in
this century and profound changes in the Arctic Ocean and its environment. It should
be noted as well that in consolidated ice regions, the average temperature during the
summer has been increasing at about 1.2 + 0.6 K per decade indicating a longer melt
season and therefore decreasing ice volume (Hakkinen & Mellor, 1990).

In the southern hemisphere, the sea ice cover is highly variable but the predict-
ability depends on how well the processes in the region are understood. Alternating
negative and positive anomalies occur around the periphery of the ice-covered
region, and year-to-year changes confirm the presence of an ACW that propagates
in a clockwise direction around the continent. Both ice and temperature anomalies
are highly correlated indicating that these two parameters are indeed closely linked
with each other. The year-to-year changes in the anomaly patterns are, however, not
always in line with that expected from the ACW, indicating that the ice cover is not
so predictable on a year-by-year basis.

With the observed negative trends in ice cover in the Arctic, the trends in the
Antarctic regions are surprisingly positive at 0.5 + 0.4% per decade. While counter
intuitive, a negative trend for the Antarctic during a scenario of global warming has
actually been predicted (Manabe et al., 1992). The yearly surface temperature
anomaly maps in the region, however, show interesting patterns while the trend map
shows cooling in the continent. Trend results in the Bellingshausen/Amundsen Seas
sector, however, show a strong negative decline at —8.1 + 1.4% per decade con-
firming previous suggestions that the climate of the region, including that of the
Antarctic Peninsula, is different from that of the rest of the Antarctic region. The
big rate of decline is compensated for by a big rate of increase (7.0 + 1.0% per
decade) in the adjacent Ross Sea sector. The good correlation of ENSO indices with
climate anomalies in these regions, as observed by Kwok & Comiso (2002), suggests
that the sea ice anomalies may be in part influenced by recent ENSO episodes. The
positive trend in the Ross Sea ice cover also suggests a more important role of the
Ross Sea region as a source of global bottom water.

The relatively long data records of surface temperatures from meteorological
stations are used as a proxy to gain insights into the variability and observed trends
in the ice cover. Trend results are shown to vary with record lengths and although
they become stable after about 15-20 years they can change sign even for relatively
long records such as those observed for 65-70 years of record in the Arctic. Inter-
pretation of trends should thus be done in the context of observed cyclic patterns,
which could affect our ability to accurately predict future behaviour of the sea ice
cover. Future challenges include a better understanding of these cyclical patterns
and how they can be accounted for in trend studies.
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Chapter 5
Primary Production in Sea Ice

Kevin R. Arrigo

5.1 Introduction

The extensive pack and fast ice that forms in both Antarctic and Arctic regions
provides a unique habitat for polar microbial assemblages (Lizotte, 2001; Lizotte,
Chapter 6). Algal communities, in particular, are known to flourish within the
distinct microhabitats that are created when sea ice forms and ages. The primary
advantage afforded by sea ice is that it provides a platform from which sea ice algae
can remain suspended in the upper ocean where light is sufficient for net growth.
These autotrophic organisms have a critical role to play in polar marine ecology in
both the Arctic and the Antarctic. For example, although rates of primary pro-
duction (photosynthetic carbon assimilation) by sea ice algae are generally low
compared to their phytoplankton counterparts, they are often virtually the sole
source of fixed carbon for higher trophic levels in ice-covered waters. Furthermore,
sea ice algae have been shown to sustain a wide variety of organisms (Schnack-
Schiel, Chapter 7), including krill, through the winter months when other sources of
food are lacking. Finally, because of the unique isotopic and biochemical char-
acteristics of sea ice algae (Rau et al., 1991), understanding primary production in
sea ice has proven to be important to paleontological studies of global climate over
the last glacial cycle (Leventer, Chapter 10; Armand & Leventer, Chapter 11).

Primary production via photosynthesis (as distinct from chemosynthesis) is a
complex suite of processes that includes light harvesting, electron transport and
carbon fixation. Each part of the process has different sensitivities to environmental
conditions and cellular controls. The environmental conditions that have been
studied thus far include light intensity and spectral quality, temperature, salinity and
nutrient depletion.

Photosynthesis—irradiance (PE) response curves have been the most popular
method of studying photoacclimation in sea ice algae. The approach is to measure
carbon fixation at a range of light intensities in order to describe the change in rates
from light-limited to light-saturated and even light-inhibited conditions. Derived
parameters include the light-limited slope (a*, where photosynthesis is limited
primarily by light-harvesting mechanisms), the maximal rate (P},, where enzymatic
processes of carbon fixation limit photosynthesis), the photoadaptation parameter

143



144 Sea Ice: An Introduction to its Physics, Chemistry, Biology and Geology

(Ex, the quotient Pj /o*, which tends to respond directly to major irradiance
changes), and the slope of light inhibition (B, the negative slope for decreased rates
at high irradiance).

These parameters have been compared amongst algae from different systems.
Sea ice algae near the surface or within thin ice cover usually have photosynthetic
characteristics similar to nearby surface phytoplankton populations. For thicker
ice, particularly for high-latitude land-fast ice regions, sea ice algae have been
reported to have some of the most extreme low-light adaptations ever recorded,
including low Ey, low P;, and high B. These algae flourish beneath several metres
of ice and snow, receiving less than 1% of the surface solar irradiance. They show
severe photoinhibition at modest light levels and high photosynthetic efficiency at
extremely low irradiance. Ej values of <10pumol photons m2s”' have been
reported for bottom ice algae (compared to a typical phytoplankton Ey value of
ca.150 pmol photons m2s™). In acclimated algae, the Ei value closely matches
average irradiance levels, which is the case for even the low-light sea ice commu-
nities.

The extreme low light adaptation is accomplished by an increase in light-
harvesting efficiency (a*) along with an even larger reduction in the maximal
photosynthetic rate (P;,). Under nutrient-sufficient conditions, these diatom com-
munities can approach theoretical maximum light absorption efficiencies and
quantum efficiencies for photosynthesis (0.1 mol C fixed per mol photons absorbed).
Thus, light harvesting and electron transport are peaked (maximizing o*), and Py, is
reduced to a level that will utilize the energy supplied by light harvesting at typical
irradiances.

Under extreme low-light conditions, the photosynthetic apparatus of sea ice algae
shows strong signs of acclimation. Accessory photosynthetic pigments (e.g. fuco-
xanthin and chlorophyll ¢ for diatoms) are increased relative to the main photo-
synthetic pigment, chlorophyll a (Chl a). This adaptation allows the cell to enhance
light harvesting at the wavelengths of light penetrating the ice and snow (green light
that Chl « is less efficient at absorbing). Accessory pigments that serve a photo-
protective role (e.g. B-carotene) are less important in this environment, and con-
centrations are low relative to Chl a. With decreasing light intensity, sea ice diatoms
have been observed to increase carbon allocation to glycolipids, which are a com-
ponent of thylakoid membranes in chloroplasts. Sea ice diatoms also acclimate to
low irradiance by increasing the number of photosynthetic units per cell and the
concentration of components of the photosynthetic electron transport chain (e.g.
plastiquinone).

Carboxylating enzyme activity also varies with light intensity. The primary
enzyme for carbon fixation, ribulose bisphosphate carboxylase/oxygenase
(RUBISCO), is correlated with P}, and increases per unit biomass as light intensity
increases in spring. Alternative carbon fixing pathways are pB-carboxylation reac-
tions mediated by phosphoenolpyruvate carboxykinase (PEPCKase) and phos-
phoenolpyruvate carboxylase (PEPCase). Under light-limited conditions, carbon
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fixation by PEPCase and/or PEPCKase can become a significant portion of total
carbon fixation by sea ice algae. High B-carboxylation in sea ice algae can be sig-
nificant for several reasons. The products of B-carboxylation are different from the
products of RUBISCO, and they are particularly proficient at providing precursors
to lipid synthesis. This capacity may be critical for acclimating membranes to
temperature changes or determining carbon storage (lipid or carbohydrate) in
nutrient-stressed diatoms. At the peak of blooms, neutral lipids (triglycerides) have
been seen to accumulate, presumably as storage compounds accumulating as cell
division rates decline. The substrate for B-carboxylation is bicarbonate rather than
carbon dioxide; since the former has a higher '*C:'*C composition, algae conducting
significant B-carboxylation would be expected to have heavier carbon isotopic
composition. Sea ice algae have been shown to have a heavier carbon isotopic
composition than polar phytoplankton (see Thomas & Papadimitriou, Chapter 9).
This isotopic tracer for sea ice algae has been useful in estimating contributions to
food webs and export to the benthos.

The spectral quality of light can be greatly altered in an ice column (Eicken,
Chapter 2). In the visible wavelength range (400-700nm, referred to as photo-
synthetically available radiation, or PAR), spectral narrowing occurs with depth due
to higher attenuation of blue and red regions of the solar spectrum by ice and snow.
Layers of pigmented algae further narrow the spectrum, primarily due to blue and
red peaks in chlorophyll absorbance. Detritus and sediments in the ice tend to shift
the spectrum further by attenuating shorter wavelengths. The response of sea ice
diatoms to this spectral narrowing (which is usually accompanied by low PAR) is to
increase absorption of green light by increasing photosynthetic accessory pigments
(fucoxanthin and chlorophyll ¢) and decreasing photoprotective pigments (f-
carotene and diatoxanthin).

Ultraviolet (UV) light (280-400nm) reaching the sea ice surface is attenuated
strongly by ice and detritus, and by algal cells containing mycosporine-like amino
acid (MAA) sunscreens. The responses of sea ice diatoms to enhanced UV light
include increased concentrations of photoprotective pigments, as well as MAAs,
though regulation of the latter is not well understood. Fluorescence-based studies
also show that UV light, particularly UV-B (280-320 nm), inhibits photosynthesis in
sea ice diatoms by diminishing Photosystem II performance, presumably via direct
impacts on its binding protein or the primary electron acceptor. During high UV
events such as the spring development of the Antarctic ozone hole, increased DNA
damage has also been detected, which could also impact recovery of the photo-
synthetic apparatus.

In this chapter, the relationship between rates of primary production by sea ice
micro-algae and the physical structure of the sea ice habitat will be explored.
Examples from both the Arctic and the Antarctic regions will be included, noting,
where appropriate, key differences and similarities between the two regions. Sea ice
is an extremely difficult habitat to sample non-invasively and to obtain reliable in
situ estimates of primary production. Therefore, particular attention will be paid to



146 Sea Ice: An Introduction to its Physics, Chemistry, Biology and Geology

the various ways that researchers have devised to sample and characterize primary
production in this unique marine habitat.

5.2 Seaice as a habitat

In the early stages of pack ice formation in both the Arctic and the Antarctic, dense
concentrations of frazil ice can develop rapidly under turbulent conditions as large
quantities of heat are extracted from the near-surface ocean during strong wind
events (for more detail see Eicken, Chapter 2; Haas, Chapter 3). As winds diminish
and the sea surface calms, ice crystals float to the sea surface where they coalesce
into semi-consolidated grease ice, and eventually, into thicker nilas and pancake ice
(Ackley & Sullivan, 1994; Eicken, Chapter 2). Additional freezing and horizontal
movement fuses ice pancakes together to form a continuous ice pack. Frazil ice is
more common in the Antarctic than in the Arctic, due primarily to the fact that
more first-year ice forms in the southern hemisphere. In summer, the Arctic is
covered by approximately 9 x 10°km? of persistent multi-year ice, compared to
only 3.5 x 10°km? of multi-year ice in the Antarctic (Comiso, Chapter 4). During
the winter, the Arctic adds 7 x 10°km? of annual ice, bringing the total sea ice
extent to 16 x 10°km?. The Antarctic, in contrast, produces more than twice as
much first-year ice as the Arctic, averaging 15.5 x 10°km? of new ice per year, and
has a greater total sea ice extent of 19 x 10°km? (Gloersen et al., 1992).

The initial stage of sea ice formation generally begins in the autumn when there
are still substantial microbial populations left over in surface waters from the pre-
ceding spring blooms. As a result, during frazil ice formation, particles such as
micro-algae, heterotrophic protists and bacteria are often scavenged from the water
column as the newly formed frazil ice crystals rise to the surface (Garrison et al.,
1989). In some cases, particle concentrations in very young frazil ice have been
found to be over fifty times greater than in the underlying sea water, with the
incorporation of large diatoms being observed most commonly.

Subsequent ice growth beyond the consolidated pancake stage proceeds vertically
as heat is extracted from the sea ice surface by the cold atmosphere. This is also true
for land-fast ice which does not have an initial frazil ice stage. Columnar ice crystals
extend from the lower ice margin into the water column (Fig. 5.1). The lower margin
of the growing columnar ice, referred to as the skeletal layer, is highly porous and
has a temperature that is just below the freezing point of sea water. Rafting of ice
floes as sea ice is moved by the wind and tides causes breakage and occasionally
forces parts of the floe below freeboard, flooding the ice surface with sea water.
Similarly, heavy snow cover can also force the ice floe below freeboard, resulting in
surface flooding.

It is in those regions of the ice floe that are most tightly coupled to the underlying
sea water that sea ice micro-algae flourish. This is because one of the primary factors
controlling the growth of algae in sea ice is access to nutrients (Thomas &
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Fig. 5.1 Highly idealized schematic illustration of (a) pack ice and (b) land-fast ice ecosystems in the
Arctic and the Antarctic showing the location of the major ice algal communities. Obviously, whether a
given community is found in a particular location is highly variable and dependent on the sea ice structure
and the formation history.

Papadimitriou, Chapter 9). Except for those areas where snow cover is extremely
thick, light is usually sufficient for net photosynthesis during the polar spring and
summer (Grossi et al., 1987). Sea ice habitats are often characterized by steep
gradients in temperature, salinity, light and nutrient concentration. The greatest
fraction of sea ice micro-algae often reside in the bottom 0.2 m of the ice sheet where
environmental conditions are generally stable and more favourable for growth.
Bottom ice communities form in the skeletal layer and extend upwards as far as
0.2 m, their upward distribution generally being limited by nutrient availability and
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the high brine salinity characteristic of the sea ice interior when temperatures are
low (Arrigo & Sullivan, 1992).

Under certain conditions, micro-algae may also be found in internal layers, where
they are often subjected to large environmental fluctuations (Lizotte & Sullivan,
1991). For example, brines with salinities as high as 173 and temperatures as low as
—16°C have been collected from the upper 1.0-1.5m of the sea ice in McMurdo
Sound, high enough to prevent detectable metabolic activity in most sea ice algae
(Arrigo & Sullivan, 1992). In addition, increasing temperatures in the late spring
may result in flushing of relatively fresh melt water through the ice sheet, exposing
micro-algae to a low salinity environment. Internal communities are generally
associated with a frazil ice layer or can be found at the freeboard level where sea
water can infiltrate the ice floe. These communities are seeded by the particles
scavenged during frazil ice formation and are especially dependent upon nutrient
availability and salinity. They are more common in the Antarctic than the Arctic.

Sea ice micro-algae growing with the microhabitats of pack and land-fast ice are
subject to growth limitation by the available light and nutrients. In land-fast ice, the
growth of sea ice micro-algae in the skeletal layer is determined primarily by salinity
(Arrigo & Sullivan, 1992) and by the thickness of the overlaying snow cover through
its effect on vertical light attenuation (Arrigo et al., 1991). In contrast, pack ice algae
frequently grow at or near the sea ice surface where light levels are generally high.
Under these conditions, pack ice micro-algae were found to have high photo-
synthetic capacities, comparable to phytoplankton from the same region (Lizotte &
Sullivan, 1992). These pack ice photosynthetic capacities are approximately an
order of magnitude greater than values reported for land-fast algae (Palmisano et
al., 1987; Arrigo et al., 1993b).

Although the surface and near-surface communities often have adequate light
levels for growth, the availability of nutrients for these communities is often
restricted. Measurements of salinity in the cavity of the freeboard layer indicate that
this layer is infiltrated by sea water which provides the nutrients required by the
algal community. However, this supply of nutrients depends on the porosity of the
surrounding ice. For the algal communities growing at the snow-ice interface,
surface flooding, caused by snow loading and submersion of the ice pack, is an
important source of nutrients. Such surface flooding occurs over 15-30% of the ice
pack in Antarctica (Wadhams et al., 1987). Although snow cover has the negative
effect of reducing the amount of light available for algal growth, it is also responsible
for providing nutrients to the surface community. This surface community is
responsible for the majority of sea ice productivity in Antarctic sea ice (Legendre et
al., 1992).

Less common sea ice assemblages include those that grow (1) at the sea ice
surface, (2) in a ‘strand’ layer just beneath the sea ice, and (3) within a sub-ice
platelet layer. Surface communities form in regions of the pack that become flooded
with sea water, either as a result of rafting or snow loading (Fig. 5.1). These are more
common in the Arctic where rafted multi-year ice is more common. Mat and strand
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communities, where algae are loosely attached to the underside of the sea ice but
extend well into the water column, are found mainly in Arctic regions (Melnikov &
Bonderchuk, 1987; Johnsen & Hegseth, 1991). Conversely, platelet ice layers, a
semi-consolidated layer of ice ranging from a few centimetres to several metres in
thickness, are commonly observed beneath sea ice in regions adjacent to floating ice
shelves in the Antarctic where 45% of the continental margin is associated with an
ice shelf (Bindschadler, 1990; Kipfstuhl, 1991). Platelet ice is the most porous of all
sea ice types, being composed of approximately 20% ice and 80% sea water by
volume, and harbours some of the largest concentrations of algae found anywhere
on earth.

5.3 Methods for estimating primary production in sea ice

Standard techniques: Algal biomass accumulation

Early estimates of primary production in sea ice were based on the accumulation of
algal biomass, generally either Chl a or particulate organic carbon, during the
growing season. To derive an estimate of production in this way, a station would be
sampled repeatedly over time. Because obviously a single core cannot be sampled
more than once, multiple cores would be taken from a small area of interest at each
point in time. In this way, the spatial variation in a particular location could be
quantified, allowing better characterization of changes in algal biomass over time.
This technique is well suited to the sea ice habitat because sea ice micro-algae are
anchored to the sea ice substrate and, therefore, there is no question that the same
population is being sampled repeatedly. In other marine systems, such as the open
ocean, advection continually moves algal populations around, making repeated
sampling of the same population difficult.

However, this technique is not without its drawbacks. Primary production derived
from changes in standing crop are by definition net primary production values,
which are necessarily smaller than gross primary production. This is because losses
of material due to respiration and exudation are not accounted for by this method.
Neither is grazing, which also can result in the loss of newly fixed carbon. Where
these losses are important, biomass accumulation may severely underestimate gross
primary production. Estimating production via changes in algal biomass accumu-
lation is still of value, however, because it is a simple, straightforward measurement
that does not require invasive techniques and because it yields a reliable minimum
estimate for primary production, a quantity that itself is of value. Furthermore, it is a
direct in situ measurement that does not suffer from the problems inherent in many
of the more complex, laboratory-based techniques that require removal of the algae
from their habitat before productivity can be measured.
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Standard techniques: Photosynthesis versus irradiance (PE)
determinations

One of the most widely used methods for estimating primary production in sea ice is
to collect ice algae from the field, bring them into the laboratory and measure, via
4C-uptake, the maximum photosynthetic rate (or assimilation rate, P% ) and the
photosynthetic efficiency (o*) as a function of light intensity. When these photo-
synthetic parameters are combined with light measurements from the field,
estimates of primary production at depth z can be obtained using the equation:

P, = Chl, P, [1 — exp <_0;*EZ)] (Equation 5.1)
m

Generally, sea ice micro-algae and the associated microbial community are col-
lected from the ice by removing a core using an ice auger. Because algae in sea ice
are often acclimated to low light levels, it is critical that all work done subsequent to
bringing the core to the ice surface is carried out in as near darkness as possible.
Commonly, core sections are immediately placed into darkened polyethylene
sample bottles to which an appropriate quantity of 0.2 pm filtered sea water is added
to reduce osmotic shock. Samples must be kept cold until PE determinations take
place.

Ice cores are then either allowed to melt, or, to reduce the time between sample
collection and PE determination, the algal layer can be removed from the core,
often by scraping, so that it can be separated from the ice matrix more quickly. Once
this step is complete, algal samples are thoroughly but gently mixed, and a sub-
sample is removed and spiked with '*C bicarbonate. After mixing the sub-sample to
distribute the radio-labelled bicarbonate evenly, a number of aliquots of algal sus-
pension are removed and placed into separate incubation vessels, often glass or
polycarbonate scintillation vials. These are to be the treatment sub-samples which
are all incubated at different irradiance levels. Additional aliquots of algal sus-
pension are used for time zero controls and for dark corrections. All samples
(consisting of treatment sub-samples, dark uptake samples and time zero controls)
are placed in the appropriate chamber of a darkened, pre-cooled (—2°C) photo-
synthetron and allowed to pre-incubate for 10 minutes. Time zero controls are then
removed and any biological activity stopped by the addition of acid. The treatment
sub-samples are illuminated and allowed to incubate for an appropriate period of
time, usually a few hours.

After liquid scintillation counting and conversion of counts to primary pro-
ductivity units (often mg Cmg™' Chla h™), the data are plotted against PAR and
fitted to an appropriate PE curve (e.g. Monod, hyperbolic tangent, etc.) to yield the
photosynthetic parameters Pj,, o* and Ey. Once these parameters are known, they
can be used in Equation 5.1 to estimate primary productivity at any depth, z, within
the sea ice, assuming that the light levels and Chl a concentration within the ice at
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that depth are known. Integration of Equation 5.1 over depth will then yield an
estimate of the total sea ice primary production (mg Cm™>).

A significant problem with estimating primary productivity in sea ice using this
approach is that the spectral quality of the light source used to estimate P;, and o* is
often very different from that within the sea ice. Incubation light sources are usually
weighted towards the red end of the visible spectrum, while in situ radiation is
dominated by blue or green wavelengths. Even though the amount of PAR mea-
sured under both circumstances may be equal, photosynthetic pigments produced
by the algae are much more efficient at absorbing blue light than red light. As a
result, the value derived for o* (P is insensitive to spectral quality) is often
underestimated during PE determinations.

One way to compensate for this effect is to apply a spectral filter to the light
source used during the incubations so that it mimics the in situ light field the algae
would be exposed to. Although this correction is simple to implement, it cannot
completely account for the fact that the spectral light distribution changes with
depth within the ice. Above the algal layer, it is dominated by the blue wavelengths
that are readily absorbed by algal pigments. Further down, however, selective
absorption of the blue wavelengths by algae results in a spectral light distribution
that is dominated by green light. In this case, the value of o* derived during PE
determinations will be greater than that actually expressed by algae in situ and
productivity will be overestimated accordingly. This correction works best under
conditions where algal biomass is low and hence the spectral distribution of the
incident light is not changing rapidly with depth within the algal layer. In this case,
the o* will be more appropriate to all depths within the algal layer, and not just
those near the surface.

A better, albeit more difficult, approach to correct this problem is to apply a
spectral correction to the PE-derived estimate of o* so that it better represents in
situ values (Arrigo & Sullivan, 1992). To do so, the fact that a* is a function of the
quantum yield of photosynthesis (¢,) and the algal absorption coefficient (a*) can
be exploited. This correction requires, however, that both the spectral output of the
incubator light source and the in situ spectral irradiance distribution, as well as the
absorption spectrum of the algae, are reasonably well known. Assuming that ¢,
remains constant, then the in situ value for a* is calculated as

o insitu = & incubator L insi_ (Equation 52)

* .
incubator

All that is needed then is to calculate a*ipcybator and a*insiy according to the
relationship
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where a*() is the algal absorption spectrum and E(A) is either the spectral output of
the incubator (when a* will be a*;,cupator) OF the spectral light distribution within the
sea ice (When a* will be a*y, giw)-

Although this may seem to be overly complicated, it is the only way to accurately
estimate in situ o* and derive a reasonable estimate of sea ice primary production.
Plus, the measurements required to make this correction are becoming increasingly
common. Determination of algal absorption spectra is almost routine and mea-
surements of spectral irradiance associated with sea ice are more readily available.
Even if measurements of spectral irradiance within the ice are not obtained directly,
simple radiative transfer models exist which allow these quantities to be estimated
with sufficient accuracy for the purposes of determining primary production (Per-
ovich, 1990; Arrigo et al., 1991).

Unfortunately, despite the widespread knowledge that photosynthetic para-
meters measured in the laboratory do not always accurately reflect in sifu values,
parameter values in the literature are seldom spectrally corrected. This makes
comparison across studies problematic and renders the data difficult to use for
estimating rates of primary production. At a minimum, studies reporting photo-
synthetic parameters should give the type of incubation light source used. It would
be even better if the spectral output of the light source were provided, along with a
measurement of spectral absorption by the algae being studied.

Minimally invasive techniques: Oxygen microelectrodes

The ideal approach, but one that does not currently exist, would be to directly
measure primary productivity in situ, without disrupting the algae or their sea
ice habitat. New developments are coming closer to this ideal, although it has
not yet been attained. Recently, oxygen (O,) microelectrodes have been used
to measure the photosynthetic rates of Antarctic fast ice algae in virtually
intact cores, without having to seriously disrupt the algal community (McMinn
& Ashworth, 1998; Rysgaard et al., 2001). With this approach, the bottom
0.2m of the core is placed in a temperature-controlled water bath into which
0.2 um filtered sea water is added. Ice cores are placed bottom-up in the water
bath and illuminated from below so that O, concentrations can be easily
measured across the diffusive boundary layer. After turning off the seawater
circulation system of the tank, an O, microprobe, a temperature mini-sensor
and a light electrode mounted on a slide track are slowly lowered vertically
through the diffusive boundary layer until they reach the ice sample. Data are
recorded on a computer and the resulting O, profile is used to estimate the O,
flux from the sea ice using Fick’s first law of diffusion:

oC .
J =Dy X (Equation 5.4)
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where D, is the molecular diffusion coefficient (1.14 x 10> cm s~ at —1°C), 3C is
the change in O, concentration across the diffusive boundary layer and 0.X is the
effective thickness of the diffusive boundary layer, as deduced from the vertical O,
profile. By repeating the experiments at a variety of light intensities, and by using
dark controls to correct for respiration, PE relationships can be evaluated just as
they are using the '*C approach.

There are a number of shortcomings to this method, however. First, algae in the
sea ice are distributed heterogeneously and it is assumed that the O, profile gen-
erated by this method averages over this variability, although this has not yet been
demonstrated. Second, the act of inserting the sampling apparatus through the
diffusive boundary layer reduces by 25-45% the thickness of that layer, altering the
actual O, flux. Fortunately, this effect is minimized where O, gradients are small
and when there is no fluid flow around the tip of the O, probe. Trenerry et al. (2002)
have shown that variations in the method for estimating the thickness of the dif-
fusive boundary layer did not significantly affect the measurements of O, flux using
this technique. Given these caveats, this method is likely to be accurate to within
+ 20%. Finally, this method is only effective at measuring productivity in bottom
ice communities. Internal, surface and platelet ice communities have diffusion paths
that are too long to evaluate O, diffusion reliably in this manner. However, con-
sidering the majority of algal biomass in both the Arctic and the Antarctic is found
in the bottom layers of the congelation ice, this method is likely to prove valuable in
the future. Early results using this technique were at the lower end of productivity
estimates for fast ice and suggest that conventional '“C techniques may over-
estimate sea ice algal productivity.

Minimally invasive techniques: In situ '*C incorporation

A new, truly in situ, incubation technique has been developed to measure primary
production in a wider variety of sea ice habitats than had been possible previously
(Mock & Gradinger, 1999). The concept behind this method is that an ice core can
be extracted from either fast or pack ice, sectioned into appropriate segments and
placed into individual petri dishes for inoculation with '*C bicarbonate. These petri
dishes are then stacked in the order they were collected, placed in an acrylic-glass
barrel, and returned to their original position in the ice floe where they are incu-
bated. This method provides fine-scale (1cm) resolution of primary productivity
throughout the ice column without severe disruption of sea ice morphology and
ambient light field. Rapid deployment is required, however, to minimize brine
drainage and associated nutrient loss.

The primary advantage of this approach is that the algae are incubated under as
natural a light field as possible, eliminating the need to correct for spectral quality as
is required by the more widely used PE method. In addition, because the algae are
incubated in situ, they are exposed to the same vertical gradients in temperature and
brine salinity as undisturbed populations, resulting in more realistic productivity
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estimates. Under conditions where nutrient concentrations are not limiting, this
method is likely to yield estimates of primary production that are superior to most
other methods.

The major drawback to this technique is the disruption of the ambient nutrient
field. Brine tubes and channels can act as conduits in intact sea ice, providing
nutrients to the upper layers of the sea ice that are not in intimate contact with
underlying sea water. Severing these conduits by sectioning the core could alter the
nutrient field and result in unrealistic rates of primary production. Furthermore,
sectioning the core to add the radio-labelled bicarbonate could allow any residual
nutrients to drain from the core, further depleting nutrient concentrations.

Numerical modelling: One-dimensional models

One of the more complex methods for determining, and understanding, primary
production in sea ice is through numerical modelling of the sea ice system. This
technique requires a thorough knowledge of both the physics and biology of the sea
ice system and, to date, has been applied to very few sea ice habitats, being limited
thus far to the fast ice of McMurdo Sound (Antarctica) and the pack ice of the
Weddell Sea (Antarctica). Using such numerical models, the complete annual cycle
of primary production can be simulated as a function of temperature, salinity,
nutrient and light availability to gain a better understanding of the processes
controlling algal distributions in sea ice as well rates of primary production.

The most sophisticated model of this type was developed for the combined
congelation ice/platelet ice system of McMurdo Sound, Antarctica, using field data
collected over a period of more than ten years for calibration and validation (Arrigo
et al., 1993a; Arrigo & Sullivan 1994; and references therein). This fully prognostic
model simulates the dynamics of algae as a function of predicted changes in the
physicochemical characteristics of the sea ice environment.

Physical dynamics

The sea ice in McMurdo Sound is dominated by congelation ice 1-2 m in thickness,
often with a layer of platelet ice below. The model simulates the seasonal growth
dynamics of congelation ice by solving the appropriate heat balance equations once
the congelation ice thickness on September 1 is specified. Because platelet layer
growth is not well understood, it is not calculated by the model. Instead, seasonal
variation in platelet layer thickness is specified for each run. If a platelet layer is not
desired, the thickness of this layer is set to zero.

Congelation ice growth

In the model, the rate of congelation ice growth controls sea ice thickness (H), initial
brine entrapment and convection within the skeletal layer. The growth rate is
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determined by the conductive removal of latent heat (F.) from the ice sheet and the
vertical transfer of sensible heat from the relatively warm sea water to the bottom of
the ice sheet (Fy)

dH 1 .
T oL (Fe + Fy) (Equation 5.5)
where L is the latent heat of melting and p; is the depth-averaged sea ice density. Sea
ice thickness increases when the extraction of latent heat from the ice sheet exceeds
the input of sensible heat from the water column; when, F. + Fy, > 0, ice thickness
decreases.

Geophysical properties

Many of the chemical, thermal and optical characteristics of sea ice are influenced
by its temperature (7;), salinity (S;), density (p;), brine density (py), brine salinity
(Sp), and brine volume (V3,), all of which are computed in the model. Some of these
properties are also important in determining the physiological responses of micro-
algae which inhabit the ice.

Nutrient flux

As brines flow out of the sea ice via gravity drainage, they are replaced by sea water
flowing into the ice to replace them, providing a source of new nutrients for the algal
populations. Unfortunately, there are still insufficient data to develop a functional
relationship between the physical properties of sea ice (e.g. growth rate) and the
brine flux from brine channels. Therefore, a constant mean flux volume rate from
brine tubes due to gravity drainage, Fyp,, of 10°cms™ has been used in the model.
Fy, is used to calculate the depth-dependent transport Ty, (mmolm™ s™') of nutrient
N (mmol m™) for those layers within the congelation ice that are influenced by brine
tube convection:

2

Ty = 0.0001 fy, Fyp 20 %T]Z, (Equation 5.6)

where 0.0001 converts units from centimetres squared to metres squared, f;, is the
fraction of the ice under-surface covered by brine tubes (0.05), z;, is the vertical
distance over which sea ice is influenced by brine tube convection (depths where
Vi, >70%o0), and x is the vertical dimension of layer z.

Convection also occurs in the skeletal layer of an actively growing ice sheet as
cold dense brine flows out from between the skeletal layer plates and is replaced by
sea water. Assuming that the outflow of brine is replaced by an equivalent amount
of sea water, the rate of convective exchange has been used to infer the degree of
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nutrient replenishment within the skeletal layer. The flux volume of brine from the
skeletal layer, Fys (cms™'), is dependent upon the temperature gradient according to
the relationship:

dH dH\*
Fys=9.677 x 107 +4.49 x 1076 5~ 139 1077 (dt) (Equation 5.7)

F,s is used to calculate nutrient transport in the skeletal layer using the equation

O’N

Ty = 0.0001f, Fus 25 55

(Equation 5.8)

where f; is the fraction of the skeletal layer surface which is open to convection (0.5)
and z; is the vertical depth of the skeletal layer (20 mm).
Within the porous platelet layer, the rate of nutrient transport at depth z, T,,, is
calculated as
N

Ty =Tn v (Equation 5.9)

where the bulk transport coefficient, Ty,, is 0.37 m?sL.

Radiative transfer

Spectral downwelling irradiance just beneath the ice (or snow if present) surface,
Ey_, is determined as the sum of the direct, Eq,, and diffuse, Eg,, components after
accounting for specular reflection (R, and Rgy):

Eo- = (1 = Raun)Esun + (1 — Roy) Esky (Equation 5.10)

where R, = 0.05 and Ry, is a function of the sun’s angle. E is attenuated by snow or
ice according to the Beer—Lambert law:

E =Ey_exp(—Kz Equation 5.11
p q

where K is the spectral downwelling attenuation coefficient. For snow, K is deter-
mined by the attenuation coefficient of snow alone, K; for sea ice, K is determined
from the optical properties of the ice (Kj) and any particles (K,) present, such that

K=K+ K, (Equation 5.12)

K; is determined by the brine volume of the ice sheet, and K, is calculated as

K, = fm :ad (Equation 5.13)
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where a,, and a4 are the absorption coefficients for micro-algae and detritus,
respectively (backscattering has been ignored), and p is the mean cosine of the
angular irradiance distribution (0.656). Micro-algal absorption is determined by the
Chl a-specific absorption coefficient, a* (m*mg™" Chl a) and the concentration of
Chl a (mgm™) such that

am = a* Chla (Equation 5.14)

Micro-algal dynamics

The rate of change of micro-algae M (mg Cm™) at all depths was calculated as

aM

o (g—-G)M (Equation 5.15)

where g is the net specific micro-algal growth rate (d™') and G is the grazing rate
(d™). Because of our poor understanding of grazing within sea ice ecosystems, the
magnitude of G is assumed to be a constant fraction of any positive net production.
Primary productivity (P, mg Cm™ d ™) of sea ice micro-algae is simply calculated as

P=gM (Equation 5.16)

When considered together, the effects of temperature, salinity and resource
limitation on micro-algal growth rate act multiplicatively. Therefore, algal growth is
defined as

g = &Zmax im Sg (Equation 5.17)

where gmax (d7) is the maximum temperature specific micro-algal net growth rate,
im 1s @ dimensionless term which quantifies resource limitation (light or nutrients),
and S, (dimensionless) describes the dependence of algal growth on salinity. The
non-limited temperature-dependent growth rate, gnax, is computed from

gmax = goexp(rgT) (Equation 5.18)

where g, (d7!) is the specific growth rate at 0°C (0.059) and rg (°C™") is a rate
constant which determines the sensitivity of gnax to changes in temperature (0.06).

The rate of algal growth is determined in part by the availability of a single most
limiting resource. Therefore, the maximum specific growth rate is reduced by the
resource limitation term, ry;,,, which is determined by the amount of either light or
nutrients at a given depth, whichever is most limiting

7tim = MIN(Niim, p) (Equation 5.19)

where ryy, is equivalent to the smaller of the nutrient limitation term, Ny, and the
light limitation term, p.
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The Monod formulation commonly is modified to quantify the limitation imposed
by the available concentration of each nutrient (in this case either nitrate or silicate)
such that

g N

z KN (Equation 5.20)
max N

where (g/gmax) describes the fraction of the maximum temperature-dependent
growth rate allowed by nutrient N and K is the half-saturation constant for nutrient
N (K is 20 for silicate and 0.5 for nitrate) defined as the concentration where g =
0.5gmax- Determination of Ny, is made by evaluating Equation 5.20 for each
nutrient such that

Niim = MIN< § > (Equation 5.21)

gmax

Light limitation is calculated as

PUR
v ) (Equation 5.22)

:1— — 7
ot on( 1

where PUR is the amount of photosynthetically usable radiation and E i( is the
spectral photoadaptation parameter.

Finally, the effects of sub- and supra-optimal salinity on sea ice algal growth are
also included. At thermal equilibrium, the salinity of sea ice brine (S,) is determined
directly by temperature; thus colder temperatures at the upper sea ice surface result
in higher S, values. Salinity can have a substantial impact on rates of algal photo-
synthesis and growth, and appears to act independently of both temperature and
resource limitation (Arrigo & Sullivan, 1992). The salinity-dependent growth
coefficient, S, at a given depth was determined by the least-squares polynomial fit
to the data

Sg = g + 01 Sy + 02SE + 035} (Equation 5.23)

where Sy, is the brine salinity, og= —1.2073, a; =0.07097, o, = —1.33 X 107, and
03 =6.342 x 10°°.

Most physical and biological rate processes in the model are simulated in 1-day
time steps, although some are done more frequently. This temporal resolution is
chosen based upon observed doubling times for sea ice micro-algae at temperatures
of —1.5°C which are typically in the order of 3-7 days. A vertical resolution of
10mm is used so that the steepness of physicochemical and biological gradients
within the ice sheet can be resolved. Vertical profiles of salinity, Chl a and micro-
heterotroph abundance are used to initialize each simulation.

Fritsen et al. (1998) modified the above model to simulate algal growth in the
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pack ice of the Weddell Sea. The biological component and much of the physics
were essentially the same as those developed for McMurdo Sound fast ice. The
major modification concerned simulation of the flood—freeze cycles characteristic of
some pack ice environments and the effects of this cycle on the physicochemical
properties of the ice, including nutrient exchange.

Occasionally, heavy snow cover will force the surface of the ice pack below
freeboard, potentially resulting in flooding of the surface snow and ice with sea
water. The draft of the sea ice (Hy) is calculated as

— Hpi + hsps
Pw

Hy (Equation 5.24)

where p;, ps and p,, are the density of sea ice, snow (0.4-0.6 gcm™, depending on
temperature) and sea water (1.028 gcm™), respectively, and A is the snow thickness.
When H, becomes negative, flooding occurs and nutrients are introduced into the
ice floe as given in Equation 5.6. This continues as long as the flooded ice and snow
remain unfrozen. Soon after flooding, however, freezing begins at the air-snow
interface and a freezing front propagates downward at a rate determined by the
extraction of heat from the floe. The rate of change in the depth of the freezing front
(Hy) within the ice is given as:

dHy 1
dt  —mpL

(F. + Fy) (Equation 5.25)

where 7 is the porosity of snow/ice at depth Hy. Once this front propagates past a
given layer of flooded snow or ice, nutrient exchange within that layer and all layers
above ceases. All flooded and frozen snow is now considered to be ice and its
thickness is added to H. When the freezing front reaches the bottom of the ice, the
ice is no longer considered to be flooded and further sea ice growth is modelled
using Equation 5.5. This mechanism has been shown to be an important factor in
facilitating the blooms of surface algae in the pack ice of the Weddell Sea.

Numerical modelling: Quasi three-dimensional models

While our understanding of sea ice micro-algal physiology and the sea ice ecosystem
continues to increase, little is presently known about either the large-scale hor-
izontal distribution of sea ice algae or their contribution to total regional pro-
ductivity due to the difficulty inherent in sampling ice-covered regions. Therefore,
the physics of the one-dimensional (1-D) models described above were simplified to
produce a quasi three-dimensional (3-D) model (no interaction between adjacent
grid cells) to investigate the temporal and large-scale horizontal variation in
standing crop and rates of primary production of ice algae in the Southern Ocean
(Arrigo et al., 1997; 1998b, and references therein).
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The spatial domain of this model is based on the Special Sensor Microwave/
Imager (SSM/I) grid. Using daily maps of sea ice concentration, algal productivity
and biomass were calculated for any SSM/I pixel with an ice concentration
exceeding 50%. Productivity was allowed in either an interfacial (0.02 m thick) layer
at the ice-snow interface or within an internal freeboard (0.10 m thick) layer. A
uniform (0.10 m thick) ice layer separated the interfacial and freeboard layer. The
thickness of each of these layers was held constant for the length of the simulation.
Algal growth within interior (other than freeboard) layers and the bottom ice layer
was neglected because at the time these communities were thought to represent
only a small fraction of pack ice production. It is now known, however, that bottom
ice communities in pack ice are more widespread than was thought previously. The
model was run with 1-hour time steps at a vertical resolution of 5mm in the infil-
tration layer, 10mm in the freeboard layer, and with a horizontal resolution of
25km.

The thickness of ice below the freeboard layer was varied spatially in order to
represent both relatively thin first-year ice and relatively thick multi-year ice in the
model. The initial spatial distribution and thickness of multi-year ice were derived
from the SSM/I sea ice distribution at the day of minimum ice extent of February
1989.

First-year ice was given a total thickness of 0.75 m, and multi-year ice was defined
as having a total thickness between 0.75 and 1.50 m, depending on age. Daily maps
of snow distribution and thickness required by the model were generated every
other day using passive microwave imagery from the SSM/I. Both multi-year and
first-year ice were initialized on October 1 with a uniform Chl a concentration of
1 mgm™, consistent with ice-core observations. During the integration period, any
pixel containing freshly formed ice, even if that pixel previously contained multi-
year ice, was declared first-year ice with a thickness of 0.75m and an initial Chl a
concentration of 1 mgm™.

In the infiltration layer, nutrients were assumed to be equivalent to seawater
concentrations when the snow density and snow thickness were sufficient to force
the sea ice below sea level (the ice surface became flooded). The amount of snow
needed to submerge the ice sheet (As.) was calculated as:

hSerit = (hs — H) 131;79“, (Equation 5.26)
S
When the daily air temperature was above freezing, the density of wet snow
(0.6 gcm™) was used; for dry snow, a density of 0.4 g cm™ was used. The density of
sea ice was calculated daily from the brine salinity and brine density. In the free-
board layer, when either the surface flooded or the brine volume exceeded 70%o
nutrients were scaled to the seawater concentrations according to

Ni=Ny— (Equation 5.27)
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where N; and N, are the nutrient concentrations in the ice and sea water, respec-
tively, and S, is the sea water salinity. Spatial variation in nutrient concentrations
within sea water, which supplies the sea ice, were obtained from annual climatol-
ogies. Monthly climatological seawater salinity was interpolated daily.

If the individual criteria for the interfacial and freeboard layer were not met, ice
algae within these layers were forced to survive on residual nutrients until the
surface flooded or the ice became permeable again. During this time, changes in
nutrient concentration were calculated solely as a function of algal uptake, such that

dd—]y =gM % (Equation 5.28)
where N is the nutrient concentration (either nitrate, silicic acid or phosphate), g is
the algal growth rate (d'), M (mg Cm~ hr™") is the algal standing crop, and N/C is
the Redfield ratio of cellular nutrient to carbon (g:g).

5.4 Measured algal biomass and production rates

In situ measurements of biomass accumulation

As can be seen from Table 5.1, sea ice algal biomass accumulation is extremely
variable, particularly in the Antarctic where peak Chl a abundance ranges over four
orders of magnitude. Even in a given sea ice habitat, Chl a accumulation can vary
markedly depending upon the environmental conditions that prevailed during the
growth phase. Despite this high degree of variability, Table 5.1 suggests that some
important generalizations can be made concerning the productivity and amount of
algal material that accumulates within different sea ice habitats.

First, Antarctic sea ice apparently supports higher algal biomass than Arctic ice.
The highest algal biomass reported for Arctic sea ice was 300mg Chl 2 m™ in the
congelation ice of Resolute Passage, with a spring-summer average for all studies of
87.5mg Chl @ m™. In contrast, in Antarctic sea ice Chl a accumulation in excess of
400 mgm™~ was observed in a number of habitats including the pack ice of the
Weddell Sea, the bottom ice community of Adélie Land, and the platelet ice of
McMurdo Sound where accumulations in excess of 1000 mg Chl a m~ were reported
in two different studies. The mean algal biomass in the Antarctic for all studies was
133 mg Chla m~, 52% greater than in the Arctic. It should be noted, however, that
the higher level of accumulation in the Antarctic is due entirely to the contribution
of additional biomass by platelet ice. Removing platelet ice from the above analysis
reduces the mean accumulated algal biomass in Antarctic sea ice to 88.1mg
Chl a m™2, within 1% of the estimate for the Arctic.

Second, the most productive sea ice habitat in either the Arctic or the Antarctic is
the platelet ice, a habitat exclusive to Antarctic regions (it is associated with floating
ice shelves which are relatively rare in the Arctic). This porous, isothermal envir-



Table 5.1 Algal standing stock and production rates for various sea ice habitats in the Arctic and Antarctic. Standing stocks given are maximum observed

values.
Units/value Reference Comment
Antarctic
Chlorophyll a (max value) mgm™ mgm~2
26.8 4 Garrison et al., 1983 New, Weddell Sea, summer
5 — Lizotte & Sullivan, 1991 New, Weddell Sea, autumn
670 97 Meguro, 1962 Surface, Lutzow-Holm Bay
407 117 Burkholder & Mandelli, 1965 Surface, Palmer Peninsula
— 244 Whitaker, 1977 Surface, S. Orkneys
43 — Clarke & Ackley, 1984 Surface, Weddell Sea, late winter
54 — Garrison, unpub. obs. Surface, Weddell Sea, spring
— 80 Kottmeier & Sullivan, 1990 Surface, Weddell Sea, spring
4.5 1.4 Ackley et al., 1979 Internal, Weddell Sea, summer
9.8 9.6 Garrison & Buck, 1982 Internal, Weddell Sea, summer
77 51 Garrison, unpub. obs. Internal, Weddell Sea, spring
3.8 0.6 Clarke & Ackley, 1984 Internal, Weddell Sea, late winter
— 10 Stoecker et al., 2000 Internal, McMurdo, summer
33 — Lizotte & Sullivan, 1991 Internal, Weddell Sea, autumn
— 170 Palmisano et al., 1988 Bottom, McMurdo, spring
— 8.5 Grossi et al., 1987 Bottom, McMurdo, spring
— 252 Palmisano et al., 1985 Bottom, McMurdo, spring
— 170 Sullivan et al., 1985 Bottom, McMurdo, spring
>1000 — Arrigo et al., 1995 Bottom, McMurdo, spring
656 309 Palmisano & Sullivan, 1983 Bottom, McMurdo, spring
9-24 0.8 to >500 Riaux Gobin et al., 2000 Bottom, Adélie Land, spring
>829 — Hoshiai, 1977 Bottom, Syowa, autumn
>1000 — Hoshiai, 1977 Bottom, Syowa, spring
944 65 Hosbhiai, 1981 Bottom, Syowa, autumn
5320 35 Hoshiai, 1981 Bottom, Syowa, spring
— 15 McConville et al., 1985 Bottom, Davis
— 294 Sullivan et al., 1982 Bottom, McMurdo, spring
540 — Lizotte & Sullivan, 1991 Bottom, Weddell Sea, autumn
— 2-9 Dieckmann et al., 1990 Bottom, Weddell Sea

291
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Photosynthetic rate

— 110

36 20
— 76
132 164
— 1076
250 125
— 1090
>6000 —
400 60
— 30
23 29
19 53
15 16
— 23
14 18
27 35
15 18
23 a7
202 453
59 99
43 77
37 32
10 1
16 19
16 18
mg C mg~'Chl a h™
0.55-2.46
3.94 +1.48
1.2
0.04-0.38
0.3-25
0.11-0.58
0.17-1.95

McMinn & Ashworth, 1998
Smetacek et al., 1992
Grossi et al., 1987
Bunt & Lee, 1969

Bunt & Lee, 1970

Bunt 1963, 1968
Arrigo et al., 1993a
Arrigo et al., 1995
Thomas et al., 1998
Fritsen et al., 1994
Garrison & Close, 1993
Quetin & Ross, 1988
Schnack-Schiel, 1987
Kottmeier et al., 1987
Augstein et al., 1991
Schnack-Schiel, 1987
Hempel, 1989

Ainley & Sullivan, 1984
Hempel, 1985

Miller & Grobe, 1996
Bathmann et al., 1992
Spindler et al., 1993
Garrison & Buck, 1982
Lemke, 1994

Arrigo et al., 2003

Lizotte & Sullivan, 1991
Palmisano & Sullivan, 1985
Lizotte & Sullivan, 1991
Cota & Sullivan, 1990
Kottmeier & Sullivan, 1988
Palmisano et al., 1987
Grossi et al., 1987

Congelation, Davis, spring
Platelet, Weddell Sea, early spring
Platelet, McMurdo, spring
Platelet, McMurdo

Platelet, McMurdo

Platelet, McMurdo

Platelet, McMurdo, spring
Platelet, McMurdo, spring
Pack, Amundsen, summer
Pack, Weddell Sea, autumn
Pack, Weddell Sea, winter
Pack, Weddell Sea, winter
Pack Weddell Sea, winter
Pack, Weddell Sea, late winter
Pack, Weddell Sea, late winter
Pack, Weddell Sea, spring
Pack, Weddell Sea, spring
Pack, Weddell Sea, spring
Pack, Weddell Sea, summer
Pack, Weddell Sea, summer
Pack, Weddell Sea, summer
Pack, Weddell Sea, autumn
Pack, Weddell Sea, autumn
Pack, Weddell Sea, autumn-winter
Pack, Ross Sea, spring

New, Weddell Sea, autumn
Surface, McMurdo, spring
Internal, Weddell Sea, autumn
Bottom, McMurdo, spring
Bottom, spring

Bottom, McMurdo, spring
Bottom, McMurdo, spring
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Table 5.1 Contd

63-70

Lizotte et al., 2001

Units/value Reference Comment
0.05-0.25 Palmisano et al., 1985 Bottom, McMurdo, spring
0.12 + 0.005 Palmisano & Sullivan, 1985 Bottom, McMurdo, spring
0.06-0.32 Palmisano & Sullivan, 1985 Bottom, McMurdo, spring
0.1 Arrigo & Sullivan, 1992 Bottom, McMurdo, spring
0.57-0.76 Lizotte & Sullivan, 1991 Bottom, Weddell Sea, autumn
0.02-0.05 McMinn et al., 1999 Bottom, Cape Evans, spring
>0.005-0.045 McMinn & Ashworth, 1998 Congelation, Davis, spring
0.05-0.2 Arrigo et al., 1993a Platelet, McMurdo, spring
0.152 Palmisano & Sullivan, 1985 Platelet, McMurdo, spring
0.1-0.76 Grossi et al., 1987 Platelet, McMurdo, spring
0.26-4.7 Lizotte & Sullivan, 1992 Pack, Weddell Sea, autumn
0.11-8.6 Lizotte & Sullivan, 1992 Pack, Bransfield, autumn
0.04-8.6 Lizotte & Sullivan, 1992 Pack, Weddell-Scotia, autumn
0.41-0.81 Arrigo et al., 2003 Pack, Ross Sea, spring
Primary production mg C m2d™"
0.5-12 Stoecker et al., 2000 Internal, McMurdo, summer
43 McMinn et al., 1999 Bottom, Cape Evans, spring (h*24)
0.5-85 Grossi et al., 1987 Bottom, McMurdo, spring
2-1249 Grossi et al., 1987 Platelet ice, McMurdo, spring
200-1200 Arrigo et al., 1995 Platelet ice, McMurdo, spring
35.0+11.7 Kottmeier et al., 1987 Pack ice, Weddell Sea, winter
Primary production gCm32yr!
3.8-38.0 Grossi et al., 1987 Platelet ice, McMurdo
0.34-3.4 Grossi et al., 1987 Congelation, McMurdo
1-6 Burkholder & Mandelli, 1965 Congelation, McMurdo
1-6 Bunt & Lee, 1970 Congelation, McMurdo
Primary production TgCyr™
36 Arrigo et al., 1997 Surface + interior, Antarctic, annual
30 Mathot et al., 1996 Antarctic, annual
70 Legendre et al., 1992 Antarctic, annual

Antarctic, annual
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Arctic
Chlorophyll @ (max value) mg m=

Photosynthetic rate

mg m~2
70
170
300
260
119
30
89
160

16
1"
24
30
31
8-26
19-130
5
12
8
64
20
15
191

mg C mg~" Chl a h™’

1.43-3.11
0.6-1.17
0.16-0.24
0.1-1.2
0.03-0.09

Niebauer et al., 1981
Welch et al., 1991

Welch & Bergmann, 1989
Smith et al., 1988
Robineau et al., 1997
Kudoh, 1997

Suzuki et al., 1997
Michel et al., 1996

Cota et al., 1990
Rysgaard et al., 2001
Gosselin et al., 1985
Apollonio 1961

Apollonio 1965

Meguro et al., 1967
Alexander, 1974

Horner, 1976

Horner & Schrader, 1982
Smith et al., 1987, 1989
Grainger, 1977

Dunbar & Acreman, 1980
Hsiao, 1980

Alexander & Chapman, 1981

Tremblay et al., 1989
Gosselin et al., 1997
Irwin, 1990

Irwin, 1990

Smith et al., 1988
Johnsen & Hegseth, 1991
Gosselin et al., 1985
Johnsen & Hegseth, 1991

Surface, Bering Sea

Hudson Bay, spring
Congelation, Resolute, spring
Congelation, Resolute, spring
Bottom, Japan

Bottom, Japan, winter

Bottom, Resolute, spring
Bottom, Resolute, spring
Bottom, Resolute, spring
Bottom, Greenland, summer
Bottom, Manitounuk Sound, spring
Bottom, Jones Sound

Bottom, Jones Sound

Bottom, Barrow

Bottom, Beaufort Sea

Bottom, Barrow

Bottom

Bottom

Bottom, Frobisher Bay

Bottom, Barrow

Bottom, Frobisher Bay

Bottom, Barrow

Bottom

Pack ice, central Arctic, summer
Pack ice, Labrador Shelf, spring

Pack ice, Labrador Shelf, spring
Congelation, Resolute, spring
Bottom, Barents, spring

Bottom, Manitounuk Sound, spring
Strand, Barents, summer
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Table 5.1 Contd

Units/value Reference Comment
Primary production mg Cm2d™
0.2 Rysgaard et al., 2001 Congelation, Greenland, summer
0.5-310 Gosselin et al., 1997 Pack ice, central Arctic, summer
0.1-0.2 Anderson, 1977 Davis Strait
0.03-2.4 Booth, 1984 Davis Strait
22-48 McRoy & Goering, 1974 Bering Sea
58 Irwin, 1990 Pack ice, Labrador Shelf, spring
0.8-9.7 Mock & Gradinger, 1999
Primary production gCm2yr?
53 Hegseth, 1998 Congelation, Barents Sea, summer
15 Gosselin et al., 1997 Pack ice, central Arctic, summer
5 Bergmann et al., 1991 Canadian Archipelago
Primary production TgCyr™
9-73 Legendre et al., 1992 Arctic, annual
6 Subba Rao & Platt, 1984 Arctic, annual
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onment has a salinity similar to sea water, and provided sufficient light is available,
is an ideal habitat for algal growth. Reported peak Chl a accumulation in these
habitats (> 1000 mg Chl @ m™) is more than two-fold greater than that reported for
any other habitat, either in the Arctic or the Antarctic. The uniqueness of platelet
ice to Antarctic regions is the primary reason why sea ice in the southern hemi-
sphere is on average more productive than its northern counterpart.

Third, land-fast ice accumulates more algal biomass than pack ice. In both Arctic
and Antarctic regions, accumulation of algal biomass in land-fast ice was sub-
stantially greater than in the pack. This is especially clear in the Antarctic, where,
with the exception of a single study, peak biomass accumulation was consistently
less than 100 mg Chl @ m™. In contrast, accumulation of Chl a in fast ice exceeded
200 mg Chl a m~ in five studies, with a maximum accumulation of >500mg Chl a
m~2. Similarly, in the Arctic, three of the four highest Chl a accumulations were
reported in land-fast congelation ice.

Fourth, bottom ice communities in the Antarctic are more productive than sur-
face communities, which are themselves more productive than internal commu-
nities. The same may be true for the Arctic as well, but the data are more sparse for
that region and differences between the communities are not as obvious. In the
Antarctic, bottom ice communities exhibited the highest algal biomass accumula-
tion of any sea ice habitat, with the exception of the platelet ice. The highest
measured total Chl a in bottom ice was more than a factor of two greater than in
surface communities, amounting to 244 and >500 mg Chl a m™2, respectively. This
difference is largely due to the proximity of the bottom ice to the upper water
column and its increased access to nutrients. Surface communities are dependent
upon physical processes, such as high snow loading or rafting of adjacent ice floes,
both of which result in flooding of the sea ice surface, to maintain access to nutri-
ents. Algal biomass within internal communities is the lowest of all, likely reflecting
the reduced access to nutrients, as well as the low temperature and high salinity
often characteristic of this habitat. Because algal Chl a accumulation is an under-
estimate of production due to unaccounted for losses of algal biomass, and because
losses from the bottom ice are probably greater than in the surface or the interior
(due to increased access to grazers and the potential for sinking), the disparity
between these two habitats is probably even larger than that implied by biomass
accumulation.

Direct and indirect estimates of algal production

Owing to the difficulty of the measurement, estimates of primary production in sea
ice, even indirect ones, are relatively rare. More common are estimates of photo-
synthetic rate, which when combined with measured light distributions in the ice,
can be used to calculate sea ice primary production. Unfortunately, photosynthetic
measurements are rarely used in this way because the data on light distributions in
sea ice that are needed for the calculation are even less common than the



168 Sea Ice: An Introduction to its Physics, Chemistry, Biology and Geology

photosynthetic measurements. Measurements of photosynthetic rate, in particular
P;, do exhibit some interesting patterns, however, that, when combined with bio-
mass accumulation patterns, can provide some insight into the factors responsible
for regulating primary production in sea ice.

Unlike the hemispheric pattern exhibited by Chl a accumulation in sea ice,
whereby values in the Antarctic are substantially higher than in the Arctic, data on
P displayed no such bias, although the data set available for evaluation is some-
what small, particularly in the Arctic. While these two observations may seem
initially to be inconsistent, they can be explained in part by the different habitats
that dominate each region. A major reason for the difference in biomass accumu-
lation between the two poles was that platelet ice, which contains so much more
algal biomass than any other habitat, is restricted to the Antarctic. Ignoring the
contribution by platelet ice brings algal biomass accumulation in the two hemi-
spheres more closely in line.

An obvious pattern in P}, that does emerge from the data is the consistently
higher values measured in pack ice relative to land-fast ice in both the Antarctic and
the Arctic. Values of P}, for the fast ice are consistently <2 mg Cmg ' Chlah™ and
often much lower. In contrast, estimates of P}, for the pack ice can be as high as
>8mg C mg™ Chl a h™'. The differences in P, between these two habitats can
probably be attributed to variation in sea ice thickness. Pack ice tends to be much
thinner than land-fast ice in both polar regions and as a result, light levels are
substantially higher. Because the Pj, of algae is highly dependent upon previous
light history, fast ice, with its reduced irradiance, exhibits lower values for P}, than
that of the pack.

The fact that photosynthetic rates are greater in the pack ice is in apparent
conflict, however, with the observation that land-fast ice accumulates more algal
biomass than pack ice. These observations can be reconciled only if losses of algal
biomass from the pack ice are greater than from land-fast ice. This provides strong,
albeit indirect, evidence that grazing by zooplankton on sea ice algae is greater in
pack ice than in the land-fast ice. Although quantitative data with which to compare
relative grazing effort in pack and land-fast ice are lacking, structural characteristics
of the two habitats support a higher grazing rate within pack ice. Pack ice tends to be
composed of a mixture of congelation and frazil ice whereas land-fast ice is pre-
dominantly congelation ice. As a result, pack ice tends to be more porous, and
therefore, more susceptible to grazers. Consistent with this notion, there have been
numerous reports of herbivores such as copepods, amphipods, protists, etc., actively
grazing within pack ice in both the Arctic and the Antarctic (Schnack-Schiel,
Chapter 7). These organisms appear to be less common in the more consolidated
congelation ice type characteristic of land-fast ice until much later in the season
when the ice begins to melt and the brine volume increases dramatically (Stoecker
et al., 2000). Losses due to sinking of algal material must also be considered, but
because pack ice has a higher fraction of surface and internal communities which
should be resistant to sinking, differences in sinking are unlikely to be important. In
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addition, fast ice, at least in the Antarctic, is often associated with an under-ice
platelet layer which would tend to further minimize losses from the ice due to
sinking and grazing.

Therefore, pack ice may represent the more important sea ice habitat in terms of
providing a food source for upper trophic level organisms. Having production rates
as much as four-fold higher than land-fast ice and accumulating only half the algal
biomass (with little expected difference in sinking losses) implies that a much larger
fraction of the primary production in pack ice is being consumed by higher trophic
levels. The importance of these differences in food web structure is further mag-
nified by the fact that pack is so much more prevalent than fast ice in both the Arctic
and the Antarctic.

Interestingly, two of the most recently developed, minimally invasive in situ
techniques came to very different conclusions concerning the accuracy of standard
C incubation techniques used most often for estimating primary production in
sea ice. Estimates of photosynthetic carbon fixation made using microelectrodes to
measure diffusion of oxygen through the boundary layer were very low, with
P? values ranging only from 0.02 to 0.05mg C mg ' Chl a h™! and hourly production
rates of 0-1.78 mg Cm 2 h™'. As can be seen from Table 5.1, these estimates are on
the low side for Antarctic sea ice, particularly in the spring when rates are gen-
erally the highest. Because this technique is the least invasive of all known meth-
ods for estimating sea ice primary production, the low values obtained by this
technique have led the developers to speculate that previous estimates of sea ice
production may be too high. In contrast, the in sifu '*C technique (whereby core
sections are placed into individual petri dishes that are inoculated with '*C bicar-
bonate, placed in an acrylic-glass barrel, and returned to their original position in
the ice floe for incubation) showed that production within the sea ice interior was
much higher than previously reported and that estimates of primary production
based on bottom ice communities were likely to severely underestimate produc-
tion in both the Antarctic and the Arctic. Clearly, additional data need to be col-
lected to evaluate the relative ability of these two approaches to estimate sea ice
primary productivity. Using both approaches in the same study would provide
valuable insights in this regard.

Estimates of annual sea ice primary production from direct '*C uptake rate
measurements are uncommon. The few studies that have been conducted indicate
annual production in the Arctic and the Antarctic is similar in magnitude, ranging
from 5 to 15g Cm™ yr ' and from 0.3 to 34 g Cm™2 yr ', respectively. These values
are consistent with biomass accumulation data from the two regions which represent
a minimum estimate of annual production. For example, assuming a carbon:Chl a
ratio for sea ice diatoms of 40, then annual production estimated from maximum
spring/summer Chl a abundance ranges from 0.2 to 12 g Cm 2 yr ' for the Arctic and
from 0.04 to 44 g Cm 2 yr! for the Antarctic. Ignoring production in the platelet ice
reduces the range for the Antarctic to 0.04-20 g Cm~2 yr~'. Despite the small sample
sizes, it is still probably fair to conclude that even in the most productive sea ice
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habitats, annual production is below 50 g Cm™ yr~!, an amount similar in magnitude
to the oligotrophic central gyres of the open oceans.

Even rarer still are estimates of total primary production integrated over both the
entire Arctic and Antarctic regions. Because of the paucity of data used to make
such estimates, they are necessarily crude and provide little or no information about
either regional patterns of production or its annual cycle. Nevertheless, these esti-
mates can be a useful tool when evaluating the contribution of the sea ice habitat to
total regional (ice + water column) production, and that has generally been the
context in which they have been made.

Measurements made in near-shore sea ice led to early estimates of 1-6gCm™
yr', suggesting that sea ice production was several orders of magnitude lower than
that being reported for phytoplankton. As a result, the contribution of primary
production in sea ice was dismissed as insignificant. More recent estimates of basin-
wide production in both the Arctic and Antarctic regions are both much higher and
very similar, with approximately 70 Tg C estimated to be fixed annually. This is
approximately equivalent to 10% of total phytoplankton production in the same
regions. Although crude, these estimates provide a useful baseline with which to
evaluate more sophisticated studies of large-scale variation in sea ice primary
productivity conducted using numerical modelling techniques.

Large-scale modelling of sea ice primary production

One of the advantages of using numerical models to assess large-scale changes in
primary production is that it allows investigation of temporal as well as regional
variability. Unfortunately, to date, only one such model has been developed and
only for Antarctic sea ice during 1989-90 (Arrigo et al., 1997, 1998b). Regardless,
this model has provided insights that are likely to be applicable to both polar
regions.

Temporal variability

The annual rate of primary production within Antarctic sea ice was calculated by
this model to be approximately 36 Tg C (Table 5.2), consistent with recent estimates
which range from 30 to 70 Tg C. This estimate of total primary production in sea ice
is a function of both the extent of the sea ice and the rate of carbon fixation per unit
area. Although sea ice in the Antarctic is most extensive in October, because of low
productivity, spatially integrated production at that time is only 3 TgC month™
(Table 5.2). Spatially integrated primary production in Antarctic sea ice peaks in
November at 12 Tg C month™ as photosynthetic rates increase by a factor of four
and sea ice coverage remains high. Over 90% of this biogenic carbon is fixed within
first-year sea ice. Spatially integrated production declines between December and
April due to a large decrease in first-year sea ice coverage, despite the fact that the
rate of production per unit area peaks in January in both first-year (2.2gCm™
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Table 5.2 Sea ice extent (10°km?) and primary productivity (Tg C month™) in first-year ice and multi-
year ice in the geographic sectors of the Antarctic ice pack defined in Fig. 5.2.

Sea ice extent Production
Ice Type First-year Multi-year All ice First-year Multi-year All ice
Weddell Sea
October 4.89 0.95 5.85 1.16 0.03 1.19
November 417 0.92 5.09 4.26 0.34 4.60
December 2.06 0.90 2.96 3.49 0.78 4.27
January 0.66 0.84 1.51 1.90 0.94 2.84
February 0.40 0.76 1.16 0.82 0.73 1.55
March 0.63 0.73 1.35 0.49 0.49 0.98
April 1.36 0.72 2.08 0.21 0.16 0.37
Annual production (Tg C) 123 3.47 15.8
Bellingshausen/Amundsen Seas
October 1.37 0.47 1.85 0.15 0.01 0.16
November 1.19 0.46 1.65 0.93 0.12 1.05
December 0.52 0.44 0.96 0.58 0.33 0.91
January 0.25 0.40 0.64 0.27 0.36 0.63
February 0.12 0.30 0.42 0.09 0.26 0.35
March 0.20 0.24 0.44 0.04 0.23 0.27
April 0.44 0.23 0.67 0.03 0.16 0.19
Annual production (Tg C) 2.09 1.47 3.56
Ross Sea
October 3.06 0.87 3.94 0.74 0.10 0.84
November 234 0.86 3.20 2.23 0.27 2.49
December 1.45 0.71 2.16 2.01 0.67 2.68
January 0.37 0.37 0.74 0.52 0.39 0.91
February 0.11 0.27 0.37 0.05 0.26 0.31
March 0.75 0.22 0.97 0.08 0.18 0.26
April 1.95 0.22 217 0.11 0.13 0.24
Annual production (Tg C) 5.74 2.00 7.74
Western South Pacific Ocean
October 0.60 0.41 1.01 0.07 0.04 0.11
November 0.55 0.37 0.91 0.35 0.24 0.59
December 0.23 0.26 0.49 0.15 0.27 0.42
January 0.14 0.20 0.34 0.11 0.22 0.33
February 0.08 0.14 0.22 0.04 0.15 0.19
March 0.22 0.10 0.32 0.05 0.11 0.16
April 0.59 0.09 0.68 0.07 0.06 0.13
Annual production (Tg C) 0.84 1.09 1.93
Southern Indian Ocean
October 3.45 0.25 3.70 0.65 0.05 0.70
November 2.55 0.24 2.79 2.56 0.21 2.77
December 0.94 0.19 1.13 1.31 0.21 1.52
January 0.33 0.15 0.48 0.74 0.18 0.92
February 0.16 0.11 0.26 0.29 0.13 0.42
March 0.16 0.07 0.23 0.10 0.09 0.19
April 0.57 0.05 0.62 0.07 0.06 0.13
Annual production (Tg C) 5.72 0.93 6.65

Contd
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Table 5.2 Contd

Sea ice extent Production
Ice Type First-year Multi-year All ice First-year Multi-year All ice
Southern Ocean
October 13.4 2.96 16.3 2.78 0.23 3.01
November 10.8 2.84 13.6 10.3 1.17 11.5
December 5.19 2.50 7.69 7.55 2.26 9.81
January 1.75 1.96 3.71 3.54 2.10 5.64
February 0.87 1.57 2.43 1.29 1.52 2.81
March 1.97 1.35 3.31 0.76 1.09 1.85
April 4.90 1.32 6.22 0.49 0.57 1.06
Annual production (Tg C) 26.7 8.94 35.7

month™") and multi-year sea ice (1.1 gCm™ month™). In February, spatially aver-
aged rates of production in first-year sea ice exceed those in multi-year ice; however,
due to the continued melting of first-year sea ice, the bulk of the biogenic carbon is
produced in multi-year ice. While first-year sea ice increases in coverage again
during March and April, the low productivity rates in this newly formed sea ice
resulted in a lower amount of production than in the established multi-year ice.

A production rate of 36 Tg Cyr~" for Antarctic sea ice is equivalent to approxi-
mately 1% of the annual biogenic carbon production in Southern Ocean waters
south of 50°S (Arrigo et al. 1998a). However, sea ice primary production is a much
larger fraction (10-28%) of total production in ice-covered regions (141-
383Tg Cyr'), including the highly productive marginal ice zones. Furthermore,
because of the simplifying assumptions made when constructing the model, the
value of 36 TgCyr' may underestimate total production in the ice within the
Southern Ocean by as much as a factor of two. For example, the model assumes that
the ice pack consists of a single continuous sheet. However, the pack contains
numerous leads which would increase both the surface area for algal colonization
and the transmission of light through the snow and ice. This would result in higher
growth rates than those predicted by the model. Similarly, the model does not
account for complex features such as pressure ridges and rafted ice which increase
the ice thickness and facilitate snow accumulation, both of which would increase
surface flooding. In addition, because the distributions of land-fast ice and/or
underlying platelet ice are largely unknown, they were ignored. However, rates of
productivity within these habitats can be more than an order of magnitude higher
than in pack ice and including them could increase estimates of productivity by up to
20%. Third, the model neglects the important bottom ice community which at the
time was thought to be rare in pack ice. Finally, processes that drive nutrient
exchange between the interior of the ice and the underlying water column (e.g.
infiltration and freeze—-thaw convection), and which may enhance production within
internal bands, were omitted.
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Spatial variability

Despite the fact that current versions of large-scale sea ice ecosystem models
underestimate primary production, they can still provide valuable information
regarding relative rates of production in different regions as well as their annual
cycle. This in turn should help to elucidate the way in which regional differences in
sea ice physics and external forcing control local rates of sea ice primary production.

Weddell Sea (60°W to 20°E)

The Weddell Sea (Fig. 5.2) had a more extensive ice cover than in any other sector
of the Antarctic ice pack, in terms of both first-year and multi-year sea ice. First-
year sea ice area in the Weddell Sea usually peaks in October at 4.9 x 10°km?
(Table 5.2) and can extend as far north as 60°S. By February, when ice coverage is at
its lowest, less than 10% of the first-year sea ice remains. Coverage by multi-year ice
is much less extensive but also less seasonally variable, ranging from 0.95 x 10° km?
in October to 0.72 x 10°km? in April. Multi-year ice is concentrated in the western
margin of the Weddell Sea near the Antarctic Peninsula. The snow thickness in the
Weddell Sea averages about 0.15m, 20% greater than that of the other Antarctic
sectors. While this difference may appear small, the Weddell Sea has two- to seven-
fold more area with snow thickness > 0.2 m (the approximate thickness above which
surface flooding becomes substantial at the sea ice thicknesses used in the model)
than other Antarctic sectors.

As a result, rates of sea ice primary production in the Weddell Sea are greater
than those of all other sectors, frequently exceeding >100mg Cm™>d™". The most
productive region of the Weddell Sea, and indeed of the entire Antarctic ice pack, is
located within the first-year ice where snow remains relatively deep for the duration
of the simulation. Although the deep snow also reduces light availability, this effect
was insufficient to seriously inhibit the algal growth, except in the thicker multi-year
ice.

Almost 50% of annual Antarctic sea ice primary production was generated in the
Weddell Sea due to its extensive ice coverage and high rate of carbon fixation. The
peak areal rate of production in the Weddell Sea (2.9g Cm™ month™ in first-year
ice in January) was more than twice that of the Ross Sea. Annually, first-year ice
accounts for 75% of the sea ice production in the Weddell Sea; during the month of
November this value grows to greater than 93%.

Bellingshausen/Amundsen Seas (130°W to 60°W)

Although total sea ice coverage in the Bellingshausen/Amundsen Seas in 1989-90
was only 30% of that in the Weddell Sea, a substantially larger fraction of total ice
cover consisted of multi-year ice (25% in October to 71% in February). Mean snow
thickness in the Bellingshausen/Amundsen Seas was 0.14 m, with the deepest snow
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Fig 5.2 Map of the Southern Ocean showing the minimum (dark grey) and maximum (light grey) sea
ice extent during the simulation (1989-90) as well as the boundaries of the five geographical sectors
referred to in the text. Modified from Arrigo et al. (1998b).

(>0.25m) located near the Antarctic Peninsula in October and November. This
peak in snow cover was short lived, however, and snow thickness declined markedly
by December. From October through April, snow cover was thicker on ice near the
coast than offshore, probably because of the prevalence of multi-year ice near-shore
and the opportunity for long-term accumulation.

The thin snow cover over first-year ice in the Bellingshausen/Amundsen Seas
resulted in infrequent flooding. The reduced nutrient supply in first-year ice and
thick snow cover over multi-year ice resulted in generally low rates of primary
production. Only the South Pacific Ocean sector had lower spatially averaged rates
of production. Productivity in first-year ice was greatest in December and January
(1.0g Cm™2 month™), but amounted to less than 50% of the rate in Weddell Sea
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first-year ice. Of the 3.6 Tg Cyr ' produced annually in the sea ice of the Bellings-
hausen/Amundsen Seas, 59 %, was associated with first-year ice.

Ross Sea (160°E to 130°W)

Sea ice extent in the Ross Sea ranges from a maximum of 3.1 x 10°km? in October
to a minimum of 0.37 x 10°km? in February. Unlike other Antarctic sectors, the
decay of the ice pack in the Ross Sea begins over coastal waters with the formation
of the Ross Sea polynya beginning in late November and December. A large con-
centration of multi-year ice (0.22 x 10°km?) persists in the eastern Ross Sea adja-
cent to the Bellingshausen/Amundsen Seas. Snow cover throughout the Ross Sea is
relatively uniform, particularly in the west where snow thicknesses ranged from 0.08
to 0.16 m. Only over the multi-year ice in the east did the snow cover exceed 0.20 m
in thickness over a sizable area. Thick snow cover was also located offshore during
November in the first-year ice near 140°W.

The Ross Sea is the second most productive sector of the Antarctic ice pack
(Table 5.2), contributing 7.7 Tg C annually due to its extensive sea ice cover. Algal
biomass in the Ross Sea is most abundant in the offshore sea ice between October
and December, where light levels are highest. Near-shore algal biomass is about
50% of the levels offshore during this time. Algal production was greatest in
November (2.5TgC) and December (2.7 Tg C), most (74%) taking place in first-
year ice (Table 5.2). In January, onshore-offshore differences in algal biomass dis-
appeared due to the melting of vast amounts of first-year sea ice as sea ice extent
diminished to approximately 10% of the maximum coverage in October. As a result,
production dropped by 67% despite a peak in the areal rate of algal production
(1.2gCm™ month™). Some multi-year ice at 160°E persisted to the end of the
simulation and harboured the greatest algal standing crop in the Ross Sea, with
levels in January occasionally exceeding 60 mg Chlam™.

Western South Pacific Ocean (90°E to 160°E)

This sector is the least productive, contributing only 5% of total Antarctic sea ice
production (Table 5.2) and, as such, it provides an interesting contrast to the highly
productive Weddell Sea. Productivity in the western South Pacific Ocean was low in
part because of the limited sea ice area, providing a much smaller habitat for algal
growth. Even during maximal ice coverage (1.01 x 10°km?), sea ice area in this
sector was only 17% of that in the Weddell Sea.

Productivity also was low because of the reduced areal rates of production
(maximum of 0.95gCm™ month™ in January), which were less than 50% of the
rates in the Weddell Sea. These rates were depressed because of the high proportion
of multi-year sea ice and a relatively thin snow cover over first-year ice. Between
October and February, multi-year ice accounted for 40-64% of total sea ice cover,
more than any other Antarctic sector. Snow depth in this sector was the thinnest of
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the entire Antarctic ice pack, averaging only 0.14 m. Consequently, a large fraction
of the first-year ice in this sector remained above freeboard and had limited access
to nutrients, resulting in widespread nutrient limitation.

Southern Indian Ocean (20°E to 90°E)

Sea ice coverage in this sector was extensive (3.5 x 10°km? in October), similar to
that in the Ross Sea (Table 5.2) but with a somewhat higher proportion of multi-
year ice. One striking difference between this sector and the Ross Sea was the rapid
decline in sea ice in December. Within the span of 1 month, ice cover in the southern
Indian Ocean was reduced to less than 50% of that in the Ross Sea. Snow thickness
was also similar to that in the Ross Sea, averaging 0.10 to 0.16 m. Because of the
greatly diminished sea ice coverage in the southern Indian Ocean (Table 5.2),
annual production was approximately 14% less than in the Ross Sea, amounting to
6.7 Tg C. In contrast, the rate of production per unit area was greater in the southern
Indian Ocean than in the Ross Sea due to the high proportion of first-year ice.
The results from the first large-scale application of a sea ice primary production
model to the Southern Ocean have been fruitful in a number of ways. First, model
results demonstrate that the thickness of the snow cover in combination with the
proportion of first-year ice in a given region are fundamental in controlling primary
production within sea ice over large scales. This finding is likely to be applicable to
Arctic regions as well. Second, the formulation and successful use of this sea ice
productivity model provides a consistent framework for making comparisons with
results from a similarly formulated model for Southern Ocean phytoplankton.
Finally, because surface algal blooms will affect the quantity and quality of light
reaching internal or bottom ice algal communities, as well as the water column
below, the results from this model will be useful as input to models designed to
estimate the productivity of algae deeper in the ice and in the water column.

5.5 Conclusions

Despite the fact that sea ice biota has been studied for over 40 years, basic infor-
mation concerning variability at virtually all temporal and spatial scales is still
mostly lacking, particularly in the Arctic. Although ice algal dynamics in a few areas
and habitats have been rather well characterized, there is still no clear under-
standing of the magnitude and variability of ice algal primary production over most
of the Arctic and the Antarctic. The most urgent need therefore is for more
sampling.

Even though sea ice represents one of the largest ecosystems on earth, due to
logistic constraints, it remains one of the most poorly sampled. This lack of sampling
stems mainly from the perception that sea ice plays, at most, a minor role in pro-
viding nutrition for upper trophic levels and in regulating other biogeochemical
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processes and, therefore, intense scrutiny is unwarranted. However, as ever more
information becomes available, the relevance of the sea ice biota appears only to
increase in importance. The recent discovery that productivity by sea ice algae in the
central Arctic is an order of magnitude greater than previously estimated is a case in
point.

New techniques for measuring primary production iz sifu must also be developed.
In particular, emphasis must be placed upon reducing artifacts which plague most
existing techniques. Recently developed methods which employ high resolution in
situ incubations and measurements of O, diffusion through the sea ice boundary
layer are an excellent start, but more is needed. More sophisticated microprobes
should be developed to facilitate non-invasive sampling of a wider variety of sea ice
properties.

Until the in situ data needed to describe the large-scale variability in sea ice algal
production become available, numerical models must be further developed and
utilized. This is particularly true for Arctic regions for which no models at any level
(1-D or 3-D) currently exist. These models can provide a framework for testing our
understanding of how these ecosystems operate and can also be used as a predictive
tool for estimating the role of ice algae in regions where data are currently lacking.
Existing models are still too oversimplified, however, and effort needs to be made to
add those mechanisms that are known to be important but that are currently absent
from existing models. Computer computational power is now much greater than was
available when even the latest models were first developed and inclusion of much
more mechanistic detail is now possible. This should be a major focus of future work
in sea ice ecosystems in both polar regions.
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Chapter 6
The Microbiology of Sea Ice

Michael P. Lizotte

6.1 Introduction

From the earliest observations of sea ice to the present, one of the most remarkable
features that has been routinely noted by all that have ventured into sea ice covered
regions is the presence of ice discoloration. While sediment and mineral inclusions
can discolour ice, the most common cause is the growth of pigmented algae. These
algae are the most conspicuous members of diverse microbial communities inhab-
iting a wide range of microhabitats provided by sea ice.

Scientific studies of sea ice microorganisms date back to the 1840s in both
hemispheres. In the tradition of natural history, the material collected during these
early scientific and exploration voyages was used to build taxonomic lists. These
observations established that the dominant group of organisms in sea ice is the
diatoms. Other algal groups and non-photosynthetic protists were not reported until
1906, cyanobacteria in the 1930s, non-photosynthetic bacteria in the 1960s, archaea
and viruses in the 1990s, and photosynthetic purple bacteria after 2000 (Horner,
1985; Maranger et al., 1994; Bowman et al., 1997; Petri & Imhoff, 2001). Because the
sea ice environment encompasses interfaces with surface sea water, it is reasonable
to expect that sea ice microbial diversity is comparable to that found in the
underlying waters. In addition, sea ice might harbour endemic species, and provide
habitats amenable to bottom-dwelling microbes (a solid substrate) or terrestrial
microbes (snow and summer melt ponds). Modern microbiological studies of sea ice
have sought to understand adaptation to extreme environments and the ecology of
sea ice.

6.2 Diversity and abundance

The known diversity of sea ice microbes is highly dependent on the history of
scientific interests, the limitations of research tools, and a lack of descriptions
for novel or rare taxa. The higher-level diversity for the major groups of
microorganisms can be described (Table 6.1), but lists at the genus or species
level are better developed for some groups than for others. The desire to pro-
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Table 6.1 Microbiota reported from sea ice*. In deference to varied naming conventions and taxonomic
schemes under revision, major groups are listed by common names within formally recognized king-
doms. Viruses have also been observed in sea ice.

Eukaryota
Diatoms
Dinoflagellates
Chrysophytes
Prasinophytes
Silicoflagellates
Prymnesiophytes (including coccolithophorids)
Cryptophytes
Chlorophytes
Euglenophytes
Kinetoplastids
Choanoflagellates
Ciliates
Heliozoans
Foraminiferans
Amoebae
Chytrids
incertae sedis (unknown affinity)

Bacteria
Proteobacter group (alpha, beta and gamma subgroups)
Flexibacter—Bacteroides—Cytophaga group
Gram-positive Bacteria (High GC and Low GC groups)
Cyanobacteria

Archaea
Crenarchaeota
Euryarchaeota

*Based on detailed lists in Horner, 1985; Garrison, 1991; Maranger et al., 1994; Bowman et al., 1997; Ikavalko &
Gradinger, 1997; Ikavalko & Thomsen, 1997; Staley & Gosink, 1999.

duce a list of taxa is not solely for understanding biodiversity or systematics.
Often, we do not attempt to measure biological processes without evidence
that key actors are present. For example, the conspicuous abundance of photo-
synthetic algae in sea ice has strongly influenced the research conducted in sea
ice biology (Palmisano & Garrison, 1993). Another caveat regarding the sea
ice biota is the difficulty in distinguishing between organisms that are merely
caught in the sea ice and the organisms that survive, thrive, or depend, on sea
ice for habitat. High abundance (relative to nearby waters) and biological activ-
ity (i.e. metabolism and growth) are the most common clues we have for defin-
ing sea ice microbial associations as functional (an ecological community)
rather than circumstantial (an assemblage). Thus, it is useful to review micro-
bial diversity and abundance with respect to both taxonomy and ecological
roles.
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Taxonomy

Overall, the research on sea ice microbial diversity is heavily weighted towards
protists, particularly diatoms. Diatoms are successful competitors in most sunlit
aquatic ecosystems, but their dominance of sea ice blooms is extreme (Plate 6.1; see
also Palmisano & Garrison (1993) and Ikdvalko & Thomsen (1997) for photo
galleries of sea ice microbes). Thus it is not surprising that this group has received
most of the research attention. Diatoms are distinctive amongst algae primarily due
to their large requirement for silica, which they use to construct a cell wall. The
production of ornate silica cell walls, called frustules, makes them particularly
amenable to study. First, a rich taxonomy of diatoms has been based on detailed
descriptions of frustules, which are studied by approachable and affordable
microscopy techniques. Second, frustules are easily preserved (compared to soft
cells and tissues). Diatom samples are easily collected (not a trivial issue given the
logistics of polar research) and stored as reference samples or slides. Diatom frus-
tules are also preserved in marine sediments, providing detailed records of past
microbiological communities (Leventer, Chapter 10; Armand & Leventer, Chapter
11).

Most of the known species diversity in sea ice protistans (single-celled eukary-
otes) has been described for the diatoms (Medlin & Priddle, 1990; Palmisano &
Garrison, 1993; Ikédvalko & Thomsen, 1997; Melnikov, 1997; Tuschling et al., 2000).
In the Arctic, close to 200 species of diatoms are recorded from sea ice. The Ant-
arctic appears to have less diatom diversity (ca. 100 species reported). In contrast,
species lists often include only a few members of the other protistan groups.
However, protists are typically identified through microscopy; groups lacking a
robust cell wall (diatoms), lorica (choanoflagellates), or shell (foraminiferans), were
poorly represented in early surveys because samples of ice were melted rapidly,
decreasing salinity and producing an osmotic stress that could lyse fragile cells. Over
the past 20 years, live observations and improved sampling and preservation tech-
niques have greatly improved our accounting of protistan diversity.

Protistan members of sea ice communities include a broad range of flagellates,
ciliates and amoebae, in addition to the algal groups and their close relatives
(Garrison, 1991; Ikdvalko & Gradinger, 1997). Ciliates appear to be the most
diverse group of non-algal sea ice protists, but species diversity has not been studied
in great detail for most groups. Small heterotrophic flagellates are probably the least
well known. The large shell-building foraminiferans include ice-specific species that
have been useful tracers of ice extent (based on the presence of their shells in marine
sediments).

The known diversity of prokaryotic organisms, archea and eubacteria, in sea ice
expanded rapidly during the last decade due to the introduction of molecular
phylogeny methods (DeLong et al., 1994; Bowman et al., 1997; Staley & Gosink,
1999; Petri & Imhoff, 2001; Junge et al., 2002). Prokaryotic diversity represents
more than 20 genera including many novel groups. For example, the archaea
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reported from sea ice include groups previously only reported from hyperthermal
environments. Observations of cyanobacteria associated with sea ice are mostly for
freshwater species colonizing surface melt ponds.

In sea ice, most studies on prokaryotic diversity have focused on cultivated
organisms (Staley & Gosink, 1999). Most of the isolated organisms are from the y-
Proteobacter and Flexibacter—-Bacteroides—Cytophaga groups. Diversity measured
from cloned rRNA genes of sea ice prokaryotes showed significant overlap between
groups represented in the clone libraries and the sequences from cultivated species
(Brown & Bowman, 2001). Such overlap has not been observed in many environ-
ments studied to date, with planktonic systems having great disparities between low
diversity in culturable strains and high genetic diversity in water samples. The higher
rate of cultivation for sea ice bacteria compared to plankton, along with observa-
tions that sea ice bacteria are not substrate limited (Pomeroy & Wiebe, 2001),
suggest that the dominant bacteria strains might be adapted to high substrate levels
that accumulate in sea ice (Thomas & Papadimitriou, Chapter 9).

Ecological roles

A common division of ecological roles is based on modes of feeding. Autotrophic
organisms are those capable of providing their own ‘food’ through energy-capturing
processes. The most common mode is photoautotrophy, based on capturing light
energy by the process of photosynthesis. Less common at the surface of the earth is
chemoautotrophy, based on capturing chemical energy, which may be a capability of
the archaea and bacteria found in sea ice (e.g. based on observations of ammonia
oxidation). Heterotrophic organisms must acquire energy primarily through con-
sumption of other organisms or organic materials derived from living organisms.
Finally, mixotrophic organisms are those who carry out both autotrophic and
heterotrophic processes.

For sea ice communities (Table 6.1), the dominant autotrophs are photosynthetic
protists, including diatoms, dinoflagellates, prymnesiophytes, prasinophytes,
chrysophytes, cryptophytes, chlorophytes, euglenophytes, and a photosynthetic
ciliate, Mesodinium (= Myrionecta) rubrum. Cyanobacteria and purple sulphur
bacteria can also contribute as photosynthetic autotrophs. The most common
blooms are those dominated by diatoms, particularly pennate species. Comparably
high biomass accumulation is occasionally observed for surface blooms of prym-
nesiophytes (e.g. Phaeocystis) or dinoflagellates, and ice, snow and melt ponds
dominated by terrestrial freshwater species of cyanobacteria and chlorophytes.

Of the protistan groups with autotrophic species, some include members that are
heterotrophic and possibly mixotrophic. Heterotrophic species of dinoflagellates,
chrysophytes, cryptophytes and euglenophytes have been reported in sea ice. Of
particular note are the heterotrophic dinoflagellates, which are often the dominant
grazers of photosynthetic sea ice algae. In addition to engulfing smaller organisms
(bacteria, small protists), some species of sea ice dinoflagellates can use an external
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feeding veil to enclose and digest larger prey (e.g. large diatoms). Other micro-
flagellates and ciliates are the dominant phagotrophs (particle consumers) in other
sea ice systems (Sime-Ngando et al., 1997). Mixotrophy that includes engulfing
particles is also common in these groups, though not well established for sea ice
species. A broader definition of mixotrophy would include heterotrophic uptake of
dissolved organic matter. The uptake of sugars and amino acids has been demon-
strated for the sea ice diatoms, and might extend to most if not all the photosynthetic
autotrophs. From an ecological perspective, the main issue is whether the degree of
heterotrophic uptake is significant for acquiring carbon or a limiting nutrient, such
as nitrogen from amino acids. Heterotrophic uptake of dissolved organic matter by
photosynthetic autotrophs appears to be minor, though it could be important for
overwinter survival in sea ice.

Heterotrophic micro-organisms in sea ice also include other protists, fungi, bac-
teria and archaea. In addition to the heterotrophic protists listed above, sea ice
communities have included ciliates, kinetoplastids, choanoflagellates, amoebae,
heliozoans, foraminiferans and some protists that belong to no known group.
Bacteria are the most abundant sea ice heterotrophs, while fungi (chytrids) have
only been reported as parasites on protists. Virus particles have also been observed
in only very few sea ice investigations (reviewed by Brierley & Thomas, 2002), but
little is known about which hosts are affected. It is notable that no virus has ever
been observed to interact with a diatom, in any aquatic ecosystem. However, viruses
are expected to be most important in regulating populations of other algae, protists
and prokaryotes.

Bacterial heterotrophy includes direct consumption of dissolved substrates, and
extracellular decomposition (via exoenzymes) of dissolved and particulate matter
followed by uptake. The most common species of bacteria in sea ice are from the -
Proteobacter and Flexibacter—Bacteroides—Cytophaga groups, which are psychro-
philic, aerobic chemoheterotrophs able to degrade a broad spectrum of substrates.
Bacteria might also be parasitic on eukaryotes and other bacteria. Some of the
bacteria found in sea ice could also originate as gut flora of animals. Sea ice bacteria
are often attached to algae (epiphytic), particularly to diatoms. In other aquatic
systems, attached and free-living bacteria belong to different phylogenetic groups
(DeLong et al., 1993). In sea ice, bacterial epiphytes occur on some diatom species
but rarely on others. The fraction of attached bacteria in these communities is
ca.30% of the population (Sullivan & Palmisano, 1984; Smith et al., 1989), which is
considerably higher than the 10-15% reported in most marine waters (Fenchel et
al., 1998). It is not known whether the ecological relationship between epiphytic
prokaryotes and algal host is trophic (e.g. infection; symbiosis), physical (a means to
avoid loss by flushing of the sea ice) or cryptic (to avoid small grazers).

Abundance

The abundance of sea ice micro-organisms can be quantified as the concentration of
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cells or biomass (Table 6.2; see also Arrigo, Chapter 5). Microbe concentrations in
sea ice cover up to six orders of magnitude, ranging from low values typical of
oceanic waters to some of the highest values recorded for any aquatic environment.
Low abundance is more typical of newly formed ice or the upper ice column where
environmental conditions are extreme. The highest concentrations are found at ice—
seawater interfaces, ice-enclosed pockets of sea water (e.g. platelet layers, brash ice
and crack pools) and surface ponds.

Quantitative sampling of sea ice is difficult due to the heterogeneous distribution
of organisms among the liquid and solid matrices. The first challenge is to capture a
representative volume. The most common tool used to sample sea ice is a vertical
coring device. Corers function best on thicker ice (capable of supporting the human
operator) when the ice is young and cold (minimal drainage channels). Because the
corer is pulled up through the surface of the ice and is not leak-proof, liquids can
drain from the core. This makes it difficult to capture a representative sea ice sample
from ice that is porous, has liquid-filled voids or drainage features, is loosely con-
solidated, is melting, or has organisms loosely attached at the ice—seawater inter-
face. Difficult-to-core environments have been sampled from below by scuba divers,
reticulated arms, or undersea robotics. Since the microbial communities often
flourish at ice-water interfaces and under spring-summer—autumn (warmer) con-
ditions, quantitative sampling of sea ice communities will usually require a mix of
methods.

The second challenge in quantitative sampling is to produce a liquid sample
containing the sea ice organisms. This is straightforward when the sampling tech-
nique extracts liquids from the sea ice. Larger volumes of liquids enclosed by sea ice,
within internal or platelet layers, can be sampled directly by pumping. Brine can be
removed from a sea ice core sample by gravity drainage or centrifugation. These
samples retain the chemical and temperature conditions experienced by sea ice

Table 6.2 Ranges for abundance and biomass of sea ice microbiota*.

Cell count (10° cells I")

Algae <0.1 to 2800

Bacteria 1 to 20000

Heterotrophic protists <0.01 to 250
Biomass (ug carbon I")

Algae 2 to 1200000

Bacteria <1 to 2400

Heterotrophic protists <1 to 1800

Autotroph biomass (ug chlorophyll-a I")
Algae <0.1 to 60000

*Extreme values can be found in: Horner, 1985; Garrison & Buck, 1989; Smith et al.,
1989; Kottmeier & Sullivan, 1990; Smith et al., 1990; Garrison & Close, 1993;
Palmisano & Garrison, 1993; Gleitz et al., 1996; Gradinger & Zhang, 1997; Sime-
Ngando et al., 1997; Dieckmann et al., 1998.
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organisms, which are critical for physiological studies. However, liquid sampling is
not a comprehensive sampling method because attached or larger sea ice organisms
remain with the ice matrix. To recover a complete microbial sample, the ice must be
melted. Organisms in a melting sea ice sample will experience a shift in salinity from
marine or hypersaline (> 34) to brackish (as low as 3), which will produce an osmotic
shock that can cause cells to expand and lyse. An extreme salinity shift could kill sea
ice microbes and leave little trace of fragile cells. To avoid these osmotic losses, the
ice can be melted into sufficient sea water to keep salinity near marine levels. The
sea water is pre-filtered (usually 0.2 pm) to remove planktonic organisms, thus the
organisms in the melt water can be attributed to the sea ice sample. While this
approach produces a highly disturbed chemical environment and involves tem-
peratures above freezing, it produces samples that can be analysed for microbi