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Preface

This document is a report of the Arctic Ocean Modelling
meeting held in Cambridge on June 21-25, 1982. Nearly thirty
scientists took part in the meeting, with talks given by sixteen,
and a laboratory demonstration of some Arctic flow simulations.
Half the talks related to theory, half to observations. A list

of those attending, and the talks given, is in Appendix A and B.

This report is in two sections. The first gives an over-
view of modelling studies related to the Arctic Ocean and updates
the review of SCOR WG58 (1979). The second is an attempt to connect
the problems raised by observationalists with the unsolved theo-

retical problems, in order to focus attention on what were perceived

as the fundamental areas for study.

This meeting was originally proposed by the Scien-
tific Committee on Oceanic Research Working Group 58 (The
Arctic Ocean Heat Budget) and funded by the Comite Artique
International. This document has been prepared by P.D. Killworth
and E.C. Carmack, with major help from D. Rothrock, and
contributions from K. Aagaard, R. Bourke, K. Hunkins,
E.L. Lewis, P.F. Linden, B. Rudels, A. Semtner and V. Squire,
although these contributors may not recognise the final form
of their contributions. Mrs. N. Coyle provided efficient

secretarial help on all occasions.



I. A Review of Arctic Ocean Modelling

1. The Physical Situation

Fig.l shows a simplified polar projection of the Arctic
Basin and Greenland Sea, and demonstrates how like a Mediterranean
basin the Arctic really is. Its sole deep connection with the
world ocean is through Fram Strait, between Spitsbergen and
Greenland. Fig.2 shows amodeller's schematic of the Arctic,
with indications of many of the processes known or believed to
be taking place. Predominant is the strong in- and outflow at
the Strait; these two currents are known as the West Spitzbergen
and East Greenland currents respectively (cf. Fig.3).

The water masses of the Arctic have been well delineated in
the literature (Nansen, 1902; Coachman and Barnes, 1961, 1962,
1963; Nikiforov, Belysheva and Blinov, 1966; Coachman and Aagaard,
1974; Treshnikov, 1977; Aagaard, Foldvik and Rudels, 1981). Fig.4
shows the classical cross-basin vertical section, revealing
temperatures and salinities surprisingly uniform in the horizontal,
save near-surface, where salinities are strongly affected by
river runoff, and in the deep ocean, where there are changes
between the two basins separated by the Lomonosov ridge. The
many complexities involved in Arctic sea ice have been reviewed
by Vowinckel and Orvig (1970).

Figure 2 indicated many processes which may occur in the
Arctic (e.g. slope currents, fronts, eddying, fine-structure,

etc.). Observations have been made of manv of these processes,

especially by large-scale projects such as the Arctic-0cean
Dynamics Joint Experiment (AIDJEX): Neshyba, Neal and Denner

(1971) ; Paquette and Bourke (1981); Hunkins (1974;
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Newton, Aagaard and Coachman (1974); McPhee (1980a) ; Kinder,
Coachman and Galt (1975); Gade, Lake, Lewis and Walker (1974);
and many contributors to this meeting. An extremely detailed
reference list and review on ice-covered oceans in general has
been produced by Carmack (1982).

It is fair to say that the modelling effort in the Arctic
has not kept up with the observational programs. This is mainly
due to manpower restrictions, and also because large-scale
programs in the 70's were mostly aimed at comprehending some
of the equatorial and midlatitude features. However, now that
climatic programs like the World Climate Research Program
(WCRP), the World Ocean Circulation Experiment (WOCE) , and
industry, are all showing renewed interests in éolar regions,
more theorists may be steered toward the many interesting

and unique problems in the Arctic.

2. Ocean Modelling

Only three large-scale models have been created for the
Arctic. Galt (1973) proposed a barotropic model; the concept
was extended by Creegan (1976) to include a two-layer ocean.

In both cases the effects of bottom topography seemed unrealis-
tically large. As a result, Semtner (1976a) adapted the Princeton
three-dimensional ocean model for polar use, and drove the

Arctic with specified surface fluxes (i.e. finessing any ice
effects) and inflows/outflows at Fram Strait. The results over
most of the depth range were good (even to such details as the
cross-Lomonosov ridge temperature and salinity differences), but
the pycnocline and near-surface details were poorly represented

in the model. The only other large-scale models were primarily



aimed at the Antarctic (Killworth, 1973, 1974) although
possessing some relevance to the Arctic.
The main thrust of Arctic Ocean modelling has been, and

continues to be, process-oriented. On the mesoscale, the

effect of sinking near oceanic boundaries and plumes‘has been

of interest to several workers (Smith, 1975; Killworth, 1977;
Melling and Lewis, 1982). Eddying motions on scales of the
internal radius of deformation, which are of course observed
throughout the world ocean, have been studied in polar contexts -
by Gascard (1973); Hunkins (1974); Killworth(1976); Hart and
Killworth (1976); Killworth (1978); Martinson, Killworth and
Gordon (1981); Wadhams and Squire (1980); and Wright (1981).

These studies adopt two differing positions:

one generated primarily from instability considerations, and
one from the idea of driving by surface convection. With the
discovery of isolated lenses like "meddies" (McDowell and
Rossby, 1978), theorists are beginning to consider the motion
of such lenses, and their formation (Gill, Smith, Cleaver, Hide
and Jonas, 1979; Gill, 1981; Nof, 1981; KillWorth, 1983). Fronts,
and the transfer of properties across them have been primarily
studies in midlatitude contexts, but see Gill (1973), Coachman
and Walsh (1981), and Niebauer (1982). Interleaving of water
masses, involved in the above, has been partially studied by
Carmack and Killworth (1978), and Melling and Lewis (1982).

However, work on mixing processes on the mesoscale is only just

beginning; experiments like the Deep Ocean Tracer Release
Experiment (DOTREX) will aid our understanding of these
problems.

On the small scale, boundary-layer processes have received
study (McPhee, 1979, for example). Models of the Arctic mixed

layer have been produced by Solomon (1973) and Stigebrandt (1981).



(1981). Thermohaline and double-diffusive processes have been
discussed for the Arctic by Foster (1968, 1969, 1971, 1972),
Schauss and Galt (1973), and Katsaros (1973); a larger-scale

"thought" model is given by Welander (1977).

3. Ice Modelling

Ice models incorporate a momentum equation, some treatment’
of the mass balance and a specified or modelled surface heat
balance. The momentum balance is dominated by air stress and
water stress, which are fairly well known relative to geo-
strophic surface wind and current (Banke, Smith and Anderson,
1976; Brown, 1981; McPhee, 1980b; Thorndike and Colony, 1982).
Internal ice stress is also signifiéant, especially within one
or two hundred kilometers of shore (Pritchard, 1976; Thorndike
and Colony, in press). The consensus is that a plastic stress
model is most desirable, although strong observational con-
firmation is lacking (Rothrock, 1975; Pritchard, Coon and
McPhee, 1977; Hibler, 1980; Rothrock, Colony and Thorndike,
1980).

The surface heat balance has been modq}lingin<0ne dimensional
(vertical) heat flux models for a sheet of sea ice (Maykut anév
Untersteiner, 1971; Semtner, 1976b). Because heat flux and ice
growth are strong functions of ice thickness (Maykut, 1978)
and because ice cover deformation continually produces open
water and ridges thin ice into thick ice, the mass balance
is sensitive to the ice thickness distribution (Thorndike

et al., 1975).



Models of the entire Arctic ice cover, including an
internally determined ice edge, have been constructed by
Washington, Semtner, Parkinson and Morrison (1976), Parkinson
and Washington (1979), and Hibler (1979, 1980). Mesoscale
ice and oceanic phenomena in the marginal ice zone have
received considerable attention (Clarke, 1978; Rged and O'Brien
1981; Neshyba and Badan-Dangon, 1974; Wadhams, 1981; Wadhams
and Squire, 1982). Statistical descriptions of ice extent
variability have been presented by Lemke, Trinkl and Hasselmann
(1980) and Walsh and Johnson (1979). McPhee (1978, 1980)

has modelled inertial oscillations of the summer ice cover.

4. Climate Modelling

The climatic effect of the polar regions is understudied.
Large-scale atmospheric modelling (e.g. Gates, 1976) tends to
treat the underlying ice and sea in a passive, pre-specified
manner or to reduce the complexity of the coupled problem by
parameterising most effects (Sergin, 1979). Apart from
historical surveys (e.g. Malmberg, 1969), studies have been
speculative, concentrating on such questions as the effect of
Russian river diversions on Arctic ice cover (e.g. Aagaard and
Coachman, 1975; Nikiforov, Belysheva and Blinov, 1966; Micklin,
1981). More recently, work reported at the NATO Air-Sea-Ice
meeting is beginning to extend climatic studies (cf. Herman,

1982) .



II. Problems for study by Arctic modellers

As the preceding section suggested, the substantive questions
requiring urgent attention in the Arctic, as identified by the
meeting, involve coordinated efforts between many different
branches of modelling. An attempt to discuss each question in
terms of what modelling efforts would be needed would become
repetitive. To avoid such overlap, the questions will merely be
stated here, and then a more discursive discussion on modelling

efforts given. The questions identified are:

(a) How are the dynamics of the upper ocean affected by
interaction with sea-ice?
(b) How are ice-cover and atmospheric conditions affected by
the unique character of the upper layer of the Arctic Ocean?
(c) What controls the exchange of mass, heat, salt and ice through
Fram Strait?
(d) What mechanisms are important regarding exchange of
properties between the wide Arctic shelves and the

open sea?

The various modelling studies possible will now be discussed
in the light of these questions. A schematic of these is given

in Fig.5.




1. Ocean processes and scales of motion

The first obvious area in which modelling will be useful is
oceanic processes and scales of motion. It will be important
to use models to give dynamical parameters as a guide for exper-
imental design; and, conversely, to feed hydrographic data back
into the models. Many processes which occur in the Arctic and
adjacent regions are, however, very difficult to study using
analytic or numerical techniques. Almost all mixing processes
(turbulent entrainment, double diffusion, intrusions) are poorly
understood, and much of the available information on these

processes has come from laboratory experiments. In some cases —

for example turbulent entrainment into a convective plume — this
information has been successfully used in analytic and numerical
models. In the majority of situations, though, present knowledge
is fragmentary and cannot be used with great confidence,
particularly in the extreme oceanic conditions found in the
Arctic. Laboratory experiments can provide useful guides as

to which processes will operate in given conditions, and how
they relate to the large-scale fields. For example, a laboratory
model of the exchange through Fram Strait would help to identify

which of the many possible processes are dynamically significant
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in controlling the exchange. On an even larger scale, the
formation of eddies in the main ocean basin and the circulation
of the deep water are related to earlier laboratory experiments,
and much more could be done in this area.

Laboratory experiments also help oceanographers know what
to look for. For example, frontal eddies observed at the ice
edge on the East Greenland Current by satellite (Vinje),
and recently surveyed in detail by Wadhams and Squire (1982)
have been . found to have many features in common (and some
differences!) with those observed by Griffiths and Linden
in the laboratory.

This last example shows how the interaction of experimentalists
and observationalists can lead to some relatively clear-cut
results. There is a need to increase this kind of collaboration
to help plan sensible laboratory work related to the Arctic Ocean;
it is significant that there were no talks at the meeting discussing
laboratory work. It is hoped that this report will encourage more
work of this kind.

At the opposite end of the theoretical spectrum lie oceanic

general circulation models (OGCM), i.e. numerical models for the

prediction of the three-dimensional structure of velocity, density,
and other variables in an ocean basin. OCGM's use the observed
atmospheric and sea-ice state at the surface, as well as pre-
scribed oceanic exchanges at open lateral boundaries. The effects
of instabilities of strong ocean currents can be explicitly
calculated if grid spacing is approximately equal to the Rossby
radius; otherwise such effects can be crudely included through

the diffusive terms in the governing equations, although a grid

size smaller than 80km may still be needed to keep these terms
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realistically small. Other important processes that affect near-
surface conditions or deep water mass formation can be included
as components of the OGCM when parameterisations become available
from process studies.

OGCM's are extremely demanding of computer time, but constitute
the only means of assimilating so many diverse physical processes
with strong nonlinearities and complex feedbacks, in order to
make comparison with the observed three-dimensional ocean circulation,
as well as to understand dynamical balances and make predictions of
future states. The Arctic Ocean and its marginal seas are more
tractable regions of the world ocean from the point of view of
numerical modelling than other regions, because they are relatively
small and have narrow open boundaries with known fluxes. Because
a relatively complete set of physical processes are at work, the
Arctic region provides an ideal - area for significantly
improving both oceanic modelling and physical understandihg, i€
subjected to concentrated study.

A number of important questions about the Arctic can be
examined by the use of OCGM's in conjunction with observations.
What are the heat and salt budgets of the Arctic Ocean, and how
might they change with environmental changes? What controls
exchange through the Fram Strait? Is the amount of sea ice
regulated by Siberian river runoff or by dynamical constraints
on heat transport? These equations are of specific importance
to the Arctic region. Other more general questions about the
interaction of diverse processes occurring on continental shelves
in deep stratified oceans, and in regions of déep convection, can
also be treated, but smaller individual process models may well

be more efficient for this purpose.
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Finally,the joint interactions of the ocean with the
atmosphere and with sea ice can be understood by the addition
of models for those physical systems.

The problem of the seasonal variation within the Arctic,
and its response to variability in the West Spitsbergen current
entering through Fram Strait, will probably have to be attacked
by an OGCM, although coastal wave studies (see below) may pfove
useful here. Variability on seasonal or interannual time scales
is a very difficult problem for modellers and observationalists
at midlatitudes, and much work needs to be done. This can be

viewed as part of the larger problem of sensitivity studies, which

are an important tool to determine the correct dynamics dominant

in an area. (The term 'sensitivity' here relates both to
internal sensitivity, i.e. the dependence on model assumptions
parameters, and external sensitivity, i.e. the dependence

on forcing functions and inputs.)

As an exampie, consider the question of the controlling
processes at work in Fram Strait. Using an OGCM or a simplified
model of the Arctic, a series of experiments could be conducted
to isolate each potential driving mechanism in turn. The large-
scale wind fields, for instance, may be important. One calculation
might relax the anticyclonic circulation over the Arctic Ocean;
another could relax the mainly cyclonic circulation over the
Norwegian and Greenland Seas; another might adjust the seasonal
signal between these circulations. Again, thermohaline effects
may be important. By modifying the mixing terms in a model, one
could create a more or less dense upper layer in the Arctic and
produce a quasi-estuarine circulation through Fram Strait; or

modification of the deep and bottom water formation in the
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Greenland Sea (however this is formed) may drive deep water into
the Arctic Basin, and the resulting increased upwelling could
severely modify the circulation. The problem of why the "thermal

wind" balance does not seem to hold in the upper 200m of Fram
Strait {(Killworth, this meeting) could be usefully attacked.

Sensitivity studies should also be made to discover whether
the heat flux from the Arctic is dominated by atmospheric or
oceanic conditions; one such study could remove the sea ice
entirely (as an aside, could an ice-free Arctic still generate
a Mediterranean-style circulation through Fram Strait?); another
could require a modification of the upper layer of water to
modify drag coefficients or the parameterisation of heat, salt
and momentum mixing as affected by stratification; -  another

could remove the river runoff to model Soviet diversion proposals}

and another could examine the sensitivity of flow in the Arctlc

to variations of deep water inflow from the Greenland Sea.

2. Hydrographic state studies

The problem of deep-water formation is probably not of
direct importance to near-surface events on times scales of a
few years; nonetheless, there are many problems associated
with deep water which are not understood. This identifiable
gap in knowledge must be filled so that the circulation of
the Arctic may be understood. For example, in at least two
sites in the Arctic the salinity is higher than in any of
the surrounding regions, and the causes are unknown. The
deep Eurasian basin is anomalously salty (Aagaard, 1981);
modelling studies may suggest where some form of deep

convection is required to maintain this salinity. The Arctic
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pycnocline is also anomalous: it cannot be created by vertical
mixing (cf. Fig.6; Aagaard, Coachman and Carmack, 1981;
Melling and Lewis, 1982). The dynamics suggested by obser-
vations involved the sinking of cold salty water off the
wide continental shelves and subsequent lateral spreadiﬁg
within the pycnocline. Yet quantitative calculations using
this idea (Killworth, this meeting) find that vertical ad-
vection is more efficient at redistributing heat and salt
than the lateral advection; Semtner's (1976a) model also
failed to reproduce the upper pycnocline correctly. Ostlund
(1982) , examining upper-layer Arctic tritium, also finds
difficulty in explaining his data by these dynamical ideas.
There is also no totally satisfactory model of production
of Greenland Sea bottom water.

Transformation of water masses is under-studied by

modellers; it is only recently, with the advent of programs
such as WOCE, that modellers are returning to the concept of
water masses used by observationalists in the 1930's. Yet
understanding of how the warm Atlantic water loses its heat
within the Arctic is a key to the dynamics of the whole basin.
Are the mixing processes relatively large scale (e.g. baro-
tropic instability, although barotropic currents are difficult
to measure; baroclinic instability, known to be present in
Fram Strait on parts of the continental shelves, and possibly
north of Alaska) or mesoscale (carried out by small eddies
or lenses of fluid, or by shelf convection) or small scale
(fine structure, internal waves, double diffusion, etc.)?
What are the time scales involved? Are these synoptic,
seasonal or interannual, or a mixture of all three?
Participants felt strongly that modelling, or even

discussion of water masses would be facilitated if uniform
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could be acopted.

3. Regional exchanges

The meeting has identified coastal and shelf processes as

of major importance. A variety of process models will be

required for the complex exchanges which Lewis described

at the meeting. A two-dimensional model of the mixed layer

beneath sea ice would be required at a minimum (i.e. one which
allowed for lateral variation as well as vertical structure).
Lemke's (1982) model is an obvious starting point. This would
enable study of the effects of non-uniform buoyancy flux, and

the interaction of the surface mixed layer with river runoff.

It would also provide a feedback mechanism at the surface of
various shelf wave models, which will be necessary to examine
wave propagation around the Arctic (limited because of the low
beta effect except at coasts). Can events in Fram Strait influence,
say, the North Canadian coastline by anticlockwise propagation of
Kelvin or shelf waves? Do seasonal variations remain in situ or
can they propagate along the coast also? The mixed layer model
would also be needed to study convection over a sloping bottom
(for which some laboratory studies already éxist), and as an
upper boundary to upwelling simulations at the shelf edge.

The problem of water exchange between shelf and deep ocean
also needs study. Traditionally, shelf models have tended to
treat the main ocean as a passive recipient of water from the
shelf; there are only a few models which consider shelf processes
driven by events in the main ocean, for example. Arctic shelf
models will have to be fully interactive with the main ocean,
as well as permitting nonlinear evénts (e.g. frontal formation)
to occur. An important feature to model will be the case of
upwelling at some locations and downwelling at others, to

account for some of the observations. Double-diffusive effects
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could well be important between the cold saline shelf waters
and the warmer, fresher ocean waters; how would these effects
be included in a mesoscale model?

Exchange processes also need modelling between basins. What
drives the flow across the Lomonosov ridge between the deep
waters of the Canadian and Eurasian basins, and, given such a
flow, why do the basins continue to possess different tempera-
ture~salinity characteristics? Why does so much water flow
through Fram Strait, which, although wide in terms of the baro;
clinic deformation radius, must still present a considerable
barrier to barotropic flow? 1Is the mass exchange sensitive to
the width of Fram Strait, and would the problem become one of

sill flow if the strait became sufficiently narrow?

4, Sea-Ice and Marginal Ice-Zone (MIZ) Modelling

For the purpose of understanding the Arctic Ocean heat
budget, sea-ice models need to describe ice extent, ice motion
or the ice-water stress, the rates of ice production and brine
rejection, and the surface heat balance. Present ice modelling
work addresses the annual cycle of some long-term mean state,
testing model performance with any piece of data that can be
found. A useful new direction for ice-modelling work would be
the simulation of specific time periods with the goal of testing
a particular aspect of model performance. The most useful \
results would be those which pinpoint weaknesses in model
performance and the reason for these weaknesses.

For instance, ice extent is a variable of considerable

importance, presently modelled rather poorly. The probable

villain is a very simple treatment of the upper ocean which
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makes no allowance for advection or upwelling of warm water.
Data sets exist which bear on this issue (Paquette and Bourke's
work in the Chukchi and Greenland Seas; also Norwegian Remote
Sensing Experiment (NORSEX) transect through the ice edge).
Much could be learned from case studies of frontal regions
and the ice edge, particularly if the advective and thermo-
dynamic changes in the position of the edge can be estimated
(e.g. the forthcoming Marginal Ice Zone Experiment (MIZEX)).

Thg position of the ice edge could also be studied with
rather theoretical models. How closely is the ice edge tied
to the surface position of the polar front? Is ice continually
swept across a front to melt in warm water, or can the ice edge
be maintained with little or no melting? To what extent can
the frontal dynamics be studied separately from the dynamics of
the ice edge?

On-ice winds act to compact the ice-edge region,-ﬁhereas
off-ice winds tend to disperse it, and hence to cause motion
with little resistance. An internal ice stress is usually
introduced to reduce further convergence after the ice has
been sufficiently compacted. Such behaviour may be effectively
characterised by the plastic rheology often assumed in Arctic
Basin models. In the MIZ however, compacthess may not be
adequate to fully represent the phenomenological nature of
the ice cover because of the presence of open water. It may
therefore be necessary to think in terms of floe size distri-

bution or areal coverage in particular zones within the ice-

edge region.
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Ocean waves offer three major contributions to the marginal
ice-zone region. First they compact and consolidate the edge
by exerting a significant radiation stress along its length.
Secondly, they randomly jostle, bump and rotate ice floes within
the region. And thirdly, they act to break up floes and help
to sort the region into a particular floe size distribution.
Only the second of these effects has been included in models to
date (Rged and O'Brien, 1981), and this has been shown to affeét
significantly the processes which occur in the ocean beneath.
Unfortunately, this contribution, which is represented in the
momentum equations as an additional pressure term, is particularly
difficult to characterise in any quantitative sense. Radiation
stress is as effective as the wind stress in controlling ice-
edge dynamics, yet it has not been included in the momentum
equations of existing models. It is a relatively simple matter
to include this contribution since ocean wave data are available
for most MIZ regions, and simulation studies for ice floes are
underway (Squire, 1982). The final contribution, that of
altering the character of the ice cover by wave-induced fracture
and sorting, is significant since it will determine the state
of the ice concentration and distribution at any particular
time. This is clearly of importance since the nature of the
ice cover will determine atmospheric-ocean coupling.

Finally, some parameterisation of surface and under-ice
roughness is essential if reliable ice edge models are to be
devised. The thickness distribution of many MIZ regions is
unknown, and more work is required to describe the statistical
character of these regions more fully. Thickness is important

in determining surface fluxes, and ridge keels can increase
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mixing in the upper layer,

Any modelling of oceanic processes occurring in the MIZ
will benefit considerably from data collected during the forth-
coming MIZEX programme due to take place in the Bering and
Greenland Seas. At present there is a singular lack of data
in this regard. MIZEX will collect a large dataset of both
oceanic and ice-edge processes which must be utilised if
effective and accurate modelling of the marginal ice zone
region is to becontemplated.

Estimates of ice production, salt rejection and surface
heat fluxes are required as oceanic boundary conditions. Over
the central Arctic Ocean, they help determine the structure
of the upper ocean; on the shelf regions and in the Greenland
Sea, their magnitude determines the structure of deep water,
(See tﬁe sections of shelf processes and general circulation.)
The most direct observations from which to provide flux
estimates are of ice-thickness distribution, especially the
concentrations of ice thinner than one metre, but these are
not generally available (although submarine sonar profiles
have been analysed to yield ice thickness distributions;
Wadhams and Horne, 1980; Wadhams, 1981b). The next most
direct estimate can be made from observations of ice motion
and surface air temperature, using a model of thickness dis-
tribution. These observations are available from the Arctic
Buoy Program continuously from 1979 to present (1982), for
the central Arctic, but not for the Siberian shelves and
Greenland Sea. In these latter regions, one requires the

even less direct approach of estimating ice motion from wind.
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The notion that ice deformation involves gradients of a
continuous horizontal velocity field does not square with
observations that the ice moves as a set of rigid pieces =~
some as large as 100 km (Hall and Rothrock, 1981). Models
of ice production driven by ice deformation should be improved

by a more realistic treatment of the piece-like velocity

field.
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