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- iii FOREWORD
The Arctic Ocean plays a considerable role in the Earth's climate by
exporting sea-ice and fresh water to lower latitudes, and thus influencing the
strength of the the~haline circulation of the world ocean. Other
significant Arctic processes affecting global climate are the changes of
albedo associated with the annual cycle of snow cover and sea-ice and
variations in the ice-cover which modulates the ocean-atmosphere heat
exchange. The melting and freezing of sea-ice affects the Arctic Ocean
density structure which controls deep water formation, the ventilation of the
ocean and the ocean-atmosphere exchange of carbon dioxide. Consequently, the
response of the Arctic climate system to various internal forcing mechanisms
also affects the global climate.
Many physical processes linking ocean, atmosphere and cryosphere in
the Arctic region have so far only been addressed piecemeal in the World
Climate Research Programme (WCRP). The Joint Scientific Committee (JSC) for
the WCRP agreed that a more comprehensive approach would now be desirable and
decided to undertake a multi-disciplinary study of the physical Arctic climate
system, by investigating the large-scale dynamics and sea-ice development of
the Arctic Ocean and adjacent regions. The ultimate goal of the Arctic
Climate System Study (ACSYS) is to determine the role of the Arctic as an
interactive component of the global climate system, by modelling the
circulation of the Arctic Ocean and predicting the volume of sea-ice, fresh
water fluxes and the water mass modifications in the Arctic region as well as
exchanges between the Arctic and other parts of the world ocean.
This document is the report of a Study Group established by the JSC,
to lay out the scientific concept of ACSYS. It is hoped that the scientific
prospects outlined here will inspire productive new scientific initiatives and
fruitful co-operation among scientists who are interested in better
understanding the complex role of the Arctic in the Earth's climate.

E. Augstein
Chairman
JSC Study Group on ACSYS
and
JSC Working Group on Sea-Ice
and Climate
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EXECUTIVE SUMMARY
l.

The Scientific Background and Rationale for the ACSYS

Processes in the Arctic region exert considerable influence on the
global climate. Deep water formation in the north polar region is a major
driving factor of the thermohaline circulation of the world ocean. Air/sea
interaction, modulated by sea-ice, has a direct impact on the transfer of heat
and water vapor from low to high northern latitudes and the fresh water
balance of the region. Likewise, the extent of sea-ice and snow cover has an
important effect on the planetary albedo.
The undertaking of an internationally co-ordinated Arctic Climate
System Study CACSYS) is a timely initiative in view of recent advances in
technical and logistical capabilities as well as computer facilities. Indeed,
several well-equipped ice-breaking research vessels and long-range aircraft
are now available for Arctic research. A first transarctic section was
carried out jointly by the German and Swedish ice-breakers "Polarstern" and
"Oden" in 1991, from the Barents Sea to the North Pole. Another section is
anticipated jointly by Canada and U.S.A. ice-breakers in 1993, from the
Chukchi Sea across the North Pole to the Greenland Sea. Automatic surface
stations for measurement of surface and sea-ice properties have been developed
and operate reliably. Techniques for handling ocean bottom moorings in
ice-covered areas are now proven for use with a variety of instruments such as
sediment traps, Doppler sonars, upward-looking sonars, etc. Over the next
decade, considerable enhancement is expected in the quantity and quality of
data that will be made available to polar science. Finally, advances in
coupled numerical modelling of interactive ocean-atmosphere-cryosphere
processes provide the means for quantitative understanding and effective
exploitation of basin-wide observations.
Global climate models show that the Arctic is a region of high climate
sensitivity - the COz doubling experiments indicate the largest temperature
rises over the Arctic region in winter. It is important therefore that
climate processes within the Arctic basin, as well as linkages with the Arctic
river discharge and Arctic region hydrology, be studied quantitatively. Deep
oceanic mixing at high latitudes, is an essential climate process which allows
the ocean to act as a substantial buffer against greenhouse warming, by taking
heat and also carbon dioxide from the atmosphere into the deeper parts of the
ocean. Studying the behaviour of the Arctic and Greenland Sea as a sink for
energy and cc>.rbon dioxide will be a major scientific goal of ACSYS.
The Greenland ice sheet is potentially the part of the earth's land
ice most likely to react to global warming. Its accelerated melting would
cause significant sea level rise. Studying and modelling the mass budget of
the Greenland ice sheet under changed climate conditions is part of the
scientific goals of ACSYS.
In summary, the scientific objectives of ACSYS will be:
To provide a valid scientific basis for the representation of the
Arctic region in coupled global atmosphere-ocean models;
To develop an effective climate monitoring scheme in the Arctic;
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To carry out climate sensitivity studies with various model
formulations;
To carry out scenario computations for specified large-scale
atmospheric conditions, in order to evaluate possible impacts of
climate change on the Arctic region.
2.

Structure and circulation of the Arctic Ocean

The Arctic Ocean is characterized by a very stable density
stratification, which effectively shields the upper-ocean layer and sea-ice
from the large deep oceanic heat reservoir. This structure critically
controls the ocean surface conditions and sea-ice development. Since the mean
ocean circulation tends to maintain that separation between the upper and the
deeper water regime, the distribution of thermohaline properties in the Arctic
Ocean and its shelf areas, as well as the advection of fresh water into the
convective regions of the North Atlantic, are largely related to vertical
transport processes, or the lack of them, in the water column.
At present, the knowledge of both the hydrographic structure and the
circulation of the Arctic Ocean is very sparse, particularly in the central
Arctic basin and over the shelf. Our conception of Arctic Ocean dynamics is
based on a quite small number of scattered hydrographic stations and
relatively short intensive sections. Direct current measurements have been
obtained at a few sites only, at the periphery of the central basin. Thus,
the most important first step of ACSYS will be the implementation of a
precision hydrographic survey of the Arctic Ocean, along sections properly
oriented with respect to bottom topography. Such sections are practicable
with modern ice-breakers even in the relatively thick pack-ice of the Arctic.
Beyond this, direct measurements of the strength and variability of the
circulation are required, with emphasis on lateral advection along major
topographic boundaries and exchanges through passages with the world ocean.
Our present concept of the processes governing deep water formation,
i.e. open-ocean convection in relatively thin and deep chimneys and sinking
along continental slopes, is based on physical reasoning, since neither
process has been adequately observed. Although numerical models of both
processes exist, they have not been validated yet against reality, nor are
their effects incorporated in large-scale ocean circulation models. The role
played by convection in the overall thermohaline circulation is unclear: does
the large-scale circulation trigger occasional convective events via some
preconditioning process or does convection provide the "pump" for the
large-scale circulation?
Furthermore, the shelf regions, which comprise about 30% of the
surface of the Arctic Ocean, have also a profound influence on water
stratification, the fresh water budget and sea-ice development. Although the
shelf areas seem to drive the large-scale oceanic circulation, no conclusive
knowledge exists of exchange mechanisms between the shelves and the deep
basins. Understanding the dynamics of the Arctic Ocean requires quantitative
estimates of the major shelf sources and good knowledge of the fluid dynamical
mechanisms that link the shelves and the deep basins.
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Since rivers discharging into the Arctic Ocean contribute
approximately the same amount of fresh water as precipitation over the whole
Arctic basin, seasonal variations in river flow and related estuarine mixing
also need to be accurately determined. In order to address these problems,
ACSYS will involve a major effort to:
Expand the Arctic Ocean data base, with the aim of providing a
first-order description of the circulation, structure and governing
processes of the Arctic Ocean;
Develop ocean circulation models capable of reproducing
realistically the circulation and thermohaline structure of the
Arctic Ocean and interfacing with global climate models.
3.

Sea-ice

Sea-ice effectively modifies the radiation budget of the earth surface
and exchanges of heat and momentum between ocean and atmosphere, thus
affecting both the lower atmosphere and the upper-ocean layer. Furthermore,
brine rejection associated with sea-ice formation decreases, while melting
increases, the static stability of the upper ocean.
Sea-ice advection provides most of the oceanic surface buoyancy flux
in the Arctic and contributes a large fraction of the oceanic transport of the
fresh water from the Arctic to the North Atlantic. Advanced sea-ice models
exist, that take into account both thermodynamic (melting, freezing) and
dynamic (drift, deformation) processes, but they have so far been applied only
to regional studies. Global climate models usually feature only rather simple
(e.g. thermodynamical only) formulations of sea-ice formation and melting and
some prescription for ice advection. However, experiments with
dynamic-thermodynamic sea-ice models indicate that dynamic effects cannot be
neglected, even if a completely adequate formulation of ice rheology has not
emerged yet for climate simulations. Sea-ice thickness is the most
significant information in order to distinguish between different rheologies
and dynamic parameters.
For these reasons, ACSYS will encompass a wide range of sea-ice
observation and modelling projects. The ACSYS sea-ice monitoring programme
will be based on a combination of satellite measurements covering the entire
Arctic basin, automatic surface stations on ice floes or in the water, and
drifting buoys as well as moored instruments at selected ocean locations. All
these methods and techniques already exist and some key elements are already
being implemented in the framework of, or in association with, the WCRP,
e.g. the Arctic Ice Thickness Monitoring Project, the Arctic Ocean Climate
Station Network, the International Arctic Buoy Programme, the Baseline Surface
Radiation Network, the ERS-1 satellite Synthetic-Aperture Radar and other
remote sensing measurements.
4.

Air-Sea Interaction

Considerable improvements are needed in modelling the interactions
between atm~sphere, sea-ice and ocean, as the parameterizations schemes now
belng used ln atmospheric circulation and climate models are excessively
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estimate both ai~/sea-ice and sea-ice/ocean forcing fluxes. Various ACSYS
process studies are planned to obtain simultaneous measurements of turbulent
fluxes of heat, moisture and momentum, as well as the up- and downward solar
and infrared radiation, in the atmospheric boundary layer under various
large-scale atmospheric flow and different sea-ice conditions.
5.

Fresh water cycle in the Arctic region

The Arctic Ocean, containing only 1.5% of the world ocean water,
receives a disproportionately large fraction of the wo~ld rive~ discharge,
collecting about 10% of the total global run-off. This fresh water input
contributes to the strong stratification of the upper Arctic Ocean and
promotes sea-ice formation in winter. An equivalent amount of fresh water is
exported from the Arctic (mainly as sea-ice) into the northern Atlantic via
the Pram Strait.
The fresh water inflow from Arctic region run-off into the Arctic
Ocean is complemented by a comparable amount of p~ecipitation over the Arctic
basin. However, precipitation is one of the most uncertain aspect of polar
climatology: The most promising method for determining the fresh water input
from atmospheric precipitation over the whole Arctic basin consists in
estimating the integrated atmospheric water flux divergence based on upper-air
measurements around the basin. However, existing ~adiosondes are known to be
deficient at low temperatures. ACSYS will promote high-precision atmospheric
humidity measurements at low moisture concentrations for implementation at
stations around the Arctic basin.
No reliable model formulation of land hydrological processes exists
for the Arctic region. One major objective of ACSYS will be to develop, test
and refine macro-scale hydrological models which could be used to represent
the essential continental link in the climate feedback loop between the global
atmospheric circulation, precipitation and evaporation, and the buoyancy
forcing of the Arctic Ocean. It is understood that the main effort in WCRP
for developing such macro-scale hydrological models will be undertaken in the
framework of the GEWEX programme. The main thrust of ACSYS will be to adapt
macro-scale hydrology schemes developed by GEWEX to the specific conditions of
Arctic river basins and the Arctic climate.
6.

ACSYS in the context of climate and global change research

ACSYS will establish the necessary scientific co-operation and
logistic co-ordination with existing WCRP projects and other organizations or
p~ogrammes, as appropriate.
ACSYS will also seek support of national or
multi-national programmes or bodies, which may agree to participate in its
implementation.
In particular, ACSYS will co-operate with the various GEWEX radiation
projects, to implement systematic su~face-based radiation measurements and
aerial surveys of sea-ice and snow optical properties, and GEWEX hydrology
projects, especially the GEWEX Continental-scale International Project~ ACSYS
will complement WOCE in providing basic hydrographic and oth~r geo~hys~cal
information in the Greenland and Norwegian seas and the Arct~c bas1n poleward
of 60°North, as WOCE plans for oceanic observations are limited in the
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Atlantic to this latitude. ACSYS will also constitute an essential complement
to the WCRP Climate Variability and Prediction Research Programme, to
understand the coupling of the oceanic and atmospheric circulations at high
northern latitudes and to support the Atlantic Climate Change Programme (ACCPl.
By providing a much improved kinematic and dynamical descriptions of
the Arctic Ocean circulation, ACSYS will facilitate the task of the IGBP Joint
Global Ocean Flux Study to determine quantitatively the rates of
gee-biochemical cycles in the Arctic. Advances in observation and modelling
of climatic and hydrological properties of high-latitude continents would
obviously serve the interests of the IGBP International Global Atmospheric
Chemistry Programme, that emphasized polar regions as a "new atmospheric
frontier" from the point of view of global change.
ACSYS will seek the co-operation of national and/or multi-national
space agencies to provide remote sensing data and support relevant scientific
investigations. In that respect, it is expected that the multi-agency
Programme for International Polar Oceans Research (PIPOR) would serve as an
effective relay to communicate the objectives and requirements of ACSYS.
ACSYS will also seek the co-operation of the Arctic System Science CARCSSl
initiative of the U.S.A. and provide an effective framework for consolidating
scientists' proposals which may be supported by ARCSS, as well as an
internationally co-ordinated planning mechanism (and office) to reinforce the
case for Arctic climate research.
ACSYS will present its scientific aims and scientific strategy to the
International Arctic Science Committee, the Arctic Ocean Sciences Board, the
European Committee on Ocean and Polar Science and other multi-national bodies
that may wish to support ACSYS research in the Arctic.

1.

SCIENCE OBJECTIVES AND SCOPE OF THE PROGRAMME

The Arctic plays a special role in climate through its influence on the global surface heat
budget and through its control on the large-scale thennohaline circulation of the world ocean.
Global climate is the result of complex thermal, dynamic and chemical interactions
between the atmosphere, the ocean, the cryosphere and the biosphere. Momentum, energy
and matter are continuously exchanged between these subsystems by a variety of processes
with a wide range of time and space scales. Some of these mechanisms are associated with
the polar regions of the globe which are characterized by:
extreme annual variations of solar irradiance, snow and sea-ice extent, air-sea and airland exchanges of energy;
the large fresh water reservoir of the Antarctic and Greenland ice sheets;
the presence of oceanic water masses with weak vertical density stratification
favourable to deep vertical mixing;
phase changes of sea water through the formation and melting of sea-ice.
Besides such general similarities, both hemispheres are further characterized by distinct
differences in the land-sea distribution, which lead to considerable dissimilarities in the
climate impact of the Arctic and Antarctic regions. The south pole lies in the interior of an
ice covered continent which is totally surrounded by oceanic waters. The latter are governed
by a zonally directed flow, the Antarctic Circumpolar Current which inhibits mass, heat,
salinity and momentum exchanges between polar and middle latitudes. In contrast, the north
pole is located at the centre of an oceanic basin, which is almost totally enclosed by the
American and Eurasian land masses (Figure 1.1). The central Arctic Ocean has only a
narrow and shallow link to the Pacific through the Bering Strait, two likewise shallow
passages to the Atlantic through the Canadian Archipelago and the Barents Sea, and only one
deep junction with the Atlantic basin through the Fram Strait. As a result of these
geomorphological conditions, the large-scale oceanic circulation in the northern hemisphere
south of the Arctic basin is dominated by meridional motions which sustain important
northward heat transports.
In this context lateral exchanges of heat and salt between the central Arctic Ocean and the
adjacent seas gain considerable importance for the development of the Earth's climate. A
predominant role must be assigned, in the context of climate changes, to the oceanic fresh
water budget of the high-latitude seas, as shown by recent model (e.g. Maier-Reimer and
Mikolajewicz, 1989) and observational (e.g. Dickson et al., 1988) investigations.
According to these studies and in agreement with an earlier consideration of Stommel
(1958), the global thennohaline circulation is primarily driven by the formation of deep water
in the northern Atlantic. This forcing is largely controlled by the fresh water inflow from
higher latitudes since a decrease of salinity in the upper part of the water column diminishes
the potential for vertical mixing and thus deep water formation.
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Figure 1.1

Scheme of the large-scale oceanic circulation (thin arrows) and of the fresh
water transport (bold arrows and dotted lines) in the upper layers of the
Arctic Ocean.
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The fresh water budget of the central Arctic Ocean and the adjacent seas is indicated
in Table 1.1 based on the work of Aagaard and Carmack (1989). The budget is
composed primarily of river run-off, lateral advection of fresh water and sea-ice and
the difference between precipitation and evaporation at the ocean surface. At present,
the effects of ice sheet and mountain glacier ablation are very small, but this process
may gain importance during periods of atmospheric warming, as suggested by
calculations by Reeh (1985) for the Greenland ice sheet. Any significant changes in
one or more of the sources or sinks could alter the production of North Atlantic Deep
Water and thereby modify the large-scale thermohaline circulation and global climate.
Further climatic coupling between the Arctic and other regions of the globe can be
attributed to changes in the mass and area of continental snow and ice, and in the extent
of sea-ice. The former effects can lead to sea level variations and both to modifications
of the Earth's surface albedo. Paleodata provide evidence that significant variations of
the land ice volume may occur in a time span of a few decades (Oeschger et al., 1983).
At present only general information is available on the effect of changes in snow and
sea-ice cover on the atmospheric general circulation and on the atmospheric heat budget
(Simmonds and Budd, 1990). Likewise, no quantitative evidence exists concerning the
effect of aerosols on the radiation budget at high latitudes. Therefore, both mechanisms
need to be further studied in sufficient detail.
The ocean, atmosphere and cryosphere in the Arctic are interrelated through a variety
of physical processes as portrayed schematically in Figures 1.2 and 1.3. ACSYS refers
to the cycles portrayed above the bold broken line of Figure 1.2. Since the Arctic
Ocean and the adjacent seas are likely to have first order impacts on the global climate
system, their dynamics must be fully incorporated into climate change scenarios and
prognoses. The stratification, circulation, energy and fresh water advection, and seaice processes of the entire region need first to be explored in the field and then
adequately described in climate models. For these purposes suitable field studies,
monitoring programmes and model experiments must be executed in the near future.
These investigations have to account for the fact that ocean, sea-ice and the atmospheric
boundary layer form a highly interactive physical system.
Besides the thermodynamic and dynamic links among the physical components, the
exchange of gases, notably carbon dioxide (CO~, between the atmosphere and the
ocean, has an important impact on climate variations. The C02 concentration in the
upper ocean depends primarily on the air-sea concentration difference, the water
temperature and the fluxes of C0 2 across the pycnocline but the net carbon flux also
depends on the biomass production in the mixed layer and the sedimentation of
carbonaceous particles. Therefore specific geochemical and biological processes in the
water column must be investigated to complement the physical observational
programme.
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Source or Sink
Ice export through Fram Strait
Water export through Fram Strait
Run -off
Precipitation less evaporation
Water import through Bering Strait
Water export through Canadian archipelago
Import with Norwegian Coastal Current
Saline water import through Barents Sea
Saline water import with West Spitsbergen Current
Net

Table 1.1

Transport,
km 3 yr- 1

Yield,
cm yr- 1

-2790
-820

-29

3300

35

900
1670
-920
250
-540
-160
890

9
18

-9

-10
3

-6
-2
9

Fresh water budget of the Arctic Ocean. Fresh water fractions are relative
to a standard salinity of 34.80. Yield calculated for an area of 9.55 x 106
2
km . Values are positive for sources and negative for sinks. From
Aagaard and Carmack, 1989.
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Scheme of physical couplings between the components of the Arctic climate
system (upper part) and their interrelations with the global climate system
(lower part).
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Changes in Ocean Basin
Shape, Salinity, Ecosystems

Figure 1.3

Changes m Land Features.
Hydrology. Permafrost. Albedo

Changes in Terrestnal
Ecosystems

Arctic interactions - the global connections: Major components, inputs,
and interactions of the Arctic ecosystem. From EarthQuest, Vol. 2, No.

2, 1988.
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Satisfactory numerical simulation of the Earth's climate system is likely to be fmally
achieved with global coupled ocean-atmosphere-cryosphere- biosphere models. But regional
and process modelling is also necessary at this stage in order to explore the specific climate
processes which need to be included later into the more comprehensive models. In the past,
sea-ice has been treated with different levels of sophistication in numerical simulations of the
oceanic and atmospheric circulation and in global climate models. Model experiments have
shown that a realistic representation of the extent, thickness and concentration of sea-ice can
only be obtained with coupled ocean-ice models in which the ice dynamics are treated
explicitely. Even then considerable deficiencies still arise for the ocean component, resulting
in currents which are distinctly too weak or flow in the reverse direction compared to the
observed large-scale circulation in the central Arctic Ocean, as may be concluded by
contrasting the model results of Semtner (1987) and the data analysis of Aagaard (1989).
Simulations with simple thermodynamic sea-ice formulations are known to produce
unrealistic sea-ice extent and wrong ice thicknesses. To date, only a few investigations have
been carried out to assess the effect of different sea-ice parameterizations on the modelled
atmospheric circulation. Because of low spatial resolution, large subjectively specified
viscosity, introduction of an artificial polar island at the centre of the Arctic Ocean,
oversimplification or omission of sea-ice dynamics and bulk run-off assumptions, the
representation of the Arctic Ocean in coupled circulation models is rather poor.
Consequently, the heat and fresh water exchanges between the Arctic basin and the remainder
of the world ocean, as well as the southward export of sea-ice, are not properly simulated.
Considerable improvements of existing coupled ocean-atmosphere models are required in the
north polar region, through a more refined treatment of:
precipitation and cloud effects on the atmospheric radiation budget and the surface
radiation balance;
atmospheric boundary layer processes and their influence on sea-ice and ocean
forcing;
land hydrology for the determination of realistic continental run-off values;
sea-ice formation and advection;
ocean mixed layer dynamics and the structures of the thermocline and the halocline in
the Arctic Ocean;
estuarine and shelf processes and their effects on the Arctic Ocean;
exchanges of fresh water and heat between the Arctic Ocean and adjacent seas and,
water mass modification in the Greenland Sea.
It is envisaged that considerable advances could be made in understanding the abov~
processes by means of detailed numerical studies using high resolution coupled ocean-Ice
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models (horizontal grid size< 10 km), e.g. to investigate the interaction of the interior basin
with the shelf areas and adjacent seas, and three-dimensional coupled atmosphere-ice models,
to investigate the interaction between the sea-ice and the atmospheric boundary layer.
For the Arctic Ocean, it is now possible to begin a systematic approach based both on
modelling and observations, whereby models make predictions that can be directly compared
to observations. This is analogous to what is beginning to happen for other ocean basins
(e.g. Schott and Boening, 1991; The FRAM Group, 1991). Models commonly yield
infonnation on the locations of strong jets and deep undercurrents that are associated with the
thennohaline circulation. The models also allow reconstructions of tracer fields as integral
measures of circulation. These model predictions can be used to guide and interpret the
observations. The understanding that derives from the combination of observations and
models far exceed results from observation campaigns or model simulations alone: "Models
without data have no predictive value. Data without models can only bring confusion"
(J .L. Lyons).
The accomplishments of Arctic research programmes carried out during the past decade
constitute a sound basis for the growing interest manifested by the concerned scientific
community of Canada, Western Europe, U.S.A., the Russian Federation and Japan in an
intensified geophysical research programme in the northern polar region, motivated
predominantly by climate science objectives. The new International Arctic Science
Committee (IASC), established through the initiative of Arctic rim countries, the European
Committee on Ocean and Polar Science (ECOPS) jointly organized by the European Science
Foundation (ESF) and the Commission of the European Communities (CEC), the activities of
the Arctic Ocean Sciences Board (AOSB), and the Arctic System Science (ARCSS) project of
the National Science Foundation (NSF) of the U.S.A. are all indications of a broad
international willingness to support a comprehensive study of the Arctic climate system.
The main targets of an endeavour under the auspices of the World Climate Research
Programme (WCRP) would be to:
Provide a satisfactory scientific basis for a realistic representation of the Arctic region
in coupled global climate models;
Propose and implement an effective climate monitoring scheme in the Arctic;
Carry out climate sensitivity studies with various model schemes;
Carry out scenario computations for specified large-scale atmospheric conditions in
order to evaluate possible impacts of climate change on the Arctic region.
'
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2.

ARCTIC OCEAN CIRCULATION

Our present understanding of global climate suggests the possibility of at least two
interactive mechanisms by which the Arctic Ocean serves to maintain present climate or a
climatically perturbed Arctic could drive global climate change, viz., by exercising:
Significant control over the large-scale thermohaline circulation of the global ocean,
and
A major influence on the surface heat budget through variations in the sea-ice cover.
In both cases the circulation of the Arctic Ocean, its density structure, and its dynamic and

thermodynamic interactions with the ice and the atmosphere are strongly linked. The
scientific rationale in each case is as follows:
(a)
The production of large amounts of sea-ice within the Arctic Ocean, and the presence
of a relatively fresh surface layer and anomalously saline deep waters (Figure 2.1), have
major consequences for the convective gyres to the south. In effect, the Arctic Ocean
appears to condition both the surface and deep waters in the convective gyres, and to exercise
substantial control over convective and mixing processes in the gyres (Aagaard et al., 1985;
Swift and Koltermann, 1988; Aagaard and Carmack, 1989; Aagaard et al., 1991). Changes
in ice production and in the formation rates and properties of water masses in the Arctic
Ocean and its shelf seas, or change in the export of these products to the convective regions
of the North Atlantic, would likely alter the large-scale Atlantic thermohaline circulation cell,
which at its northern end appears to be very finely tuned (Aagaard and Carmack, 1989).
Whether the thermohaline cell was weakened or strengthened, such a change would have
profound consequences for northern hemisphere climate and particularly the North Atlantic
region (Manabe and Stouffer, 1988). Weakening of the thermohaline circulation has in fact
been proposed as the cause for such major disturbance in the paleoclimatic record as the
1000 year Younger Dryas interruption of the last de glaciation (Broecker et al., 1985).
At present Arctic Ocean waters are strongly stratified between about 50-150 m,
resulting in very low effective vertical diffusion rates in the upper water column (Wallace et
al., 1987). Perturbations leading to an altered vertical structure in the Arctic Ocean would
almost certainly also change the convective and diffusive fluxes of salt and sensible heat
across the pycnocline and the mixed-layer interface (Aagaard et al., 1981). The Eurasian
basin may be particularly vulnerable to such alterations of the vertical structure (Aagaard and
Carmack, 1989). The resulting vertical flux changes would then likely result in an ice cover
significantly different from the present, as many studies suggest that the present sea-ice
configuration would be quite sensitive to small changes in oceanic heat flux (Maykut, 1986).
Alterations in ice cover would in turn cause major changes in the large-scale surface and
atmospheric radiation balances (Fletcher, 1965; Curry and Herman, 1985), and the transport
of C0 2 through the air-sea interface (Anderson et al, 1990).

(b)
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Figure 2.1

Schematic circulation and water mass structure in the Arctic Mediterranean. Note
that a portion of the relatively warm water carried northward with the West
Spirsbergen Current (arrows marked F in Figure a) continues into the Arctic
Ocean, where it sinks and spreads, filling both the Canadian and Eurasian basins
at intermediate depths; this is the so-called Atlantic layer. In Figure c the
abbreviated potential temperature/salinity curve marked with an asterisk is for the
Greenland gyre. From Aagaard et al., 1985.
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Other possible global effects of a perturbed Arctic Ocean have also been suggested. For
example, recent work in the Pacific sector of the Arctic (Walsh et al., 1989) suggests that
under an altered climatic regime which would maintain the present high advective nutrient
flux from the Pacific but only a reduced seasonal ice cover, carbon fixation over both the
shelves and the deep basin would increase dramatically and could become an important factor
in the global C02 cycle (Walsh, 1989). If this carbon were sequestered in the sediments, the
process would provide a significant negative feedback to global C02 warming. As another
possible example of Arctic influence on the global radiation budget, it has been suggested
that warming of the overlying shelf waters could trigger a massive release of methane from
the enormous gas hydrate deposits believed to lie under the continental margin and coastal
plain of the Arctic (Arctic System Science, 1990). Such a release would greatly increase the
greenhouse effect of the atmosphere and constitute a positive climate warming feedback.
There are two major deficiencies behind our present inability to deal with these issues,
which are in fact closely linked. First, we have only a rudimentary description of the present
state of the Arctic Ocean, and second, we have only a fragmentary understanding of the
principal governing physics which maintain that present state. To realistically appraise the
role of the Arctic Ocean in the global climate system we must both expand the data base and
improve our mechanistic understanding.
Ultimately, prediction of the dynamic and thermodynamic response of the Arctic Ocean
and its ice cover to perturbations will probably depend on the application of appropriate highresolution numerical models. However, the best available models do not yet appear capable
of reproducing the present mean state of the ocean, e.g. its water mass structure, in anything
like a satisfactory way. As a prerequisite development, considerable effort will be required
to develop well-parameterized models which can be compared with realistic new mappings of
ice cover, circulation, and thermohaline structure of the Arctic Ocean.
To be effective, ACSYS must strike a balance between breadth and focus. Part of the
required work will be carried out to varying degree under planned or existing programmes.
Examples are the Greenland Sea Project (GSP), which has already completed a cycle of
intensive field observation campaigns, and the Atlantic Climate Change Programme (ACCP).
Working relations need to be established with these programmes, in order to incorporate their
results into the wider framework of ACSYS climate studies. In other cases, studies must be
initiated. ACSYS will identify major missing research elements and undertake specific highpriority studies, as required.
On this basis, priority matters for the ACSYS ocean programme should be:
Major expansion of the Arctic Ocean data base, with the aim of providing a first-order
description of the circulation, structure, and governing processes of the Arctic Ocean.
Development of models capable of realistically reproducin~ the present circ':lation and
thermohaline structure of the Arctic Ocean and of interfacmg w1th global chmate
models.
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2.1

ACSYS modeling considerations

An unparalleled opportunity now exists to significantly improve the physical understanding
of the circulation of the Arctic Ocean and its marginal seas through the joint use of models
and observations. Model studies of other ocean basins have recently been quite successful in
simulating many known aspects of the thermohaline circulation. When such models are
applied to the Arctic Ocean, with vastly increased resolution compared to previous studies
and improved treatments of high-latitude physical processes, the Arctic thermohaline
circulation can be simulated and verified by data from an enhanced observational programme.
These efforts should significantly improve the understanding of the general circulation of the
Arctic Ocean, as well as the ability to predict its role in climatic change.

An important climatic function of the Arctic Ocean and its adjacent seas is the production
of dense water which drives the global transports of heat and fresh water between the highlatitude North Atlantic Ocean and the Pacific Ocean, as described by Broecker (1987, 1991).
A key to this circulation (schematicaly shown in Figure 2.2) is an overflow of at least 5.6 Sv
of dense water from the Arctic, which forms the core of North Atlantic Deep Water (Dickson
et al., 1990). The production mechanisms for this dense overflow ultimately include both
open-ocean convection in the marginal seas and drainage into the deep Arctic basin from seaice formation on Arctic shelves (Aagaard et al., 1985). As shown in modelling studies by
Hibler and Bryan (1987) and Semtner (1987), the large-scale ocean circulation must extend
far into the Arctic Ocean from the North Atlantic to transport enough heat to sustain surface
heat losses.
The conveyor belt circulation described by Broecker (1991) has been fairly successfully
modelled in eddy-resolving studies which encompass the North Atlantic (Bryan and Holland,
1989; Schott and Boening, 1991), but only provided that large restoring terms are invoked at
the artificial 65°N boundary, arguably taking the place of missing Arctic processes. A recent
almost-global modelling study (Semtner and Chervin, 1991) shows that a conveyor belt
circulation exists between the Arctic/ Atlantic and the Tropical Pacific which is intimately
related to both thermal and hydroLogical forcing. The hydrological forcing (Figure 2.3) is
one in which the Arctic basin must play a crucial role, while the marginal seas are of prime
importance in direct thermal forcing. The importance of hydrology is underscored by
numerical experiments by Maier-Reimer and Mikolajewicz (1989), which show that as little
as a 15% change in long-term Arctic run-off might shut down the conveyor belt circulation.
Thus the role of the Arctic Ocean for the maintenance of northern hemisphere climate is
essential.
2.1.2 Ehysic~_pro.Qe~s~s_tha! rre~d_tQ .b_e_eKpli.Qi!ly moctelkd

T~ere are many physical processes that work together to produce the circulation of the
Arctic Ocean and its marginal seas:

Wit~in the Arctic basin, salt rejection from sea-ice growth forms dense water, which
contmues the surface buoyancy forcing after the freezing point is reached. This

PACIFIC

Figure 2.2

Schematic diagram of the great ocean thermohaline conveyor belt
circulation
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Figure 2.3

Mean annual run-off to the Arctic Ocean in cubic
kilometers per year. Only the nine largest rivers are
shown. From Aagaard and Carmack, 1989.

- 15 occurs preferentially where offshore winds maintain open waters for prolonged
periods of time (Melling and Lewis, 1982). In the Arctic basin, there is therefore a
net tendency to separate out fresh water by freezing and to deposit saline water on the
continental shelves;
Advection of ice produced in marginal seas contributes to fresh water export from the
Arctic basin. This compensates for the freshening effect of precipitation and run-off
from the many Arctic rivers. Ice and relatively fresh water are transported by the
Transpolar Drift Stream and the East Greenland Current out of the Central Arctic,
past the convective gyres of the Greenland and Norwegian Seas, and enter into the
Labrador Sea (Coachman and Aagaard, 1974). The effectiveness of this whole
process is dependent on favourable wind patterns as well as buoyancy forcing;
Drainage of dense shelf water from the Arctic shelves into the deep Eurasian basin
affects the deep water properties in the convective gyres, via exchanges through Fram
Strait, as described by Aagaard et al. (1985). Thus, Greenland Sea Deep Water is
directly influenced by processes in the Central Arctic. In the Greenland Sea, surface
heat losses, often accompanied by local ice growth, sustain open-ocean convective
activity which renews the water of the convective gyres from above (Meincke et al.,
1991);
The large-scale ocean circulation connects the North Atlantic with the Arctic Ocean
and its marginal seas. Not only does the large outflow of dense arctic waters over the
Greenland-Iceland-Scotland ridge system constitute an important forcing for the deep
global ocean circulation (Figure 2.4), but variability in the outflow of upper waters
may also result in large changes in the surface properties of the North Atlantic
(Dickson et al., 1988).
2.1.3 Mogelling

~ffort§ to_dg.t~

Considerable progress has been made during recent years in modelling a number of
processes that must be represented properly in order to understand and predict the
thennohaline circulation of the Arctic Ocean and its effect on the northern hemisphere
climate. Combining these advances in a single comprehensive model holds the promise to
improve our knowledge of Arctic Ocean circulation. These processes are grouped according
to scale:
Small-scale near-surface processes, such as brine drainage from ice, near-surface
mixing under ice, haline rain, and double-diffusive processes. Some of these
processes have been implicitely included in models by Lemke (1987) and Houssais
(1988);
Local-scale chimneys and open-ocean plumes on many length scales. Relevant model
studies of both the Arctic and the Mediterranean are those of Madec and Crepon
(1991), Marshall et al. (1991);
Mesoscale processes, such as Atlantic inflow to the Arctic basin, deep exchanges in
Fram Strait, drainage down the continental slopes in the Eurasian and Canadian
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Figure 2.4

Schematic diagram illustrating the transport of ice and fresh water near the
surface of the Arctic Ocean and the thermohaline circulation associated
with brine transport of the marginal shelves and deep overtuning in the
Greenland Sea. (LS = Labrador Sea; DS = Denmark Strait; IS =
Iceland-Scotland Ridge; NADW = North Atlantic Deep Water). From
Untersteiner and Carmack, WCRP-41.

- 17basins, and overflow into the North Atlantic. Relevant model studies include those of
Melling and Lewis (1982), Killworth and Smith (1984), and Price (1990);
Large-scale systems of the Arctic basin and adjacent seas. Some recent model studies
have been done by Oberhuber (1990) and Legutke (1991).
The large-scale models allow a synthesis of the many processes within the framework of
the oceanic general circulation. Perhaps the single greatest deficiency of large-scale models
to date has been the use of relatively coarse resolutions and associated large viscosities. A
recent study by Stammer and Boening (1991) has shown a clear relationship between the
length scales of energetic motions observed by GeoSat altimeter and the local radius of
deformation throughout the North Atlantic. If this result can be extended into the Arctic
Ocean, then model grid sizes ideally should be as small as the local radius of deformation
there, about 5 km, in order to resolve energetic scales of motions. This should make for a
tremendous improvement in the physical realism of the model results, judging from recent
eddy-resolving studies of other oceans on both basin and global scales.
2.1.4 Compytg,tional ~onsid~rations_fQr_the_129Qs
Major strides in modelling the Arctic Ocean are possible through enhanced computer
power that will allow mesoscale and even process-scale resolution on a basin-wide domain:
In 1991, spatial resolution for Arctic Ocean simulations (with marginal seas included),
could be a 20-km horizontal grid spacing and 50 vertical levels. Each simulated
decade would require about 100 hours of computer time at a billion operations per
second (Semtner and Chervin, 1991). Modestly parallel computers such as the CRA Y
Y-MP now meet this one-gigaflop performance standard. A number of ten-gigaflop
machines of comparable architecture will become available in 1992, making centurylong integrations possible;
Massively parallel computers of 100-gigaflop performance are expected by 1994, and
teraflop machines should be available by about 1997 (CHAMMP Plan, 1990). In the
latter case (or in the former with sustained computer usage), grids can be used with 5
km horizontal spacing aud 200 levels (a decade simulation would take 25 computer
hours) or with 2 km grids and 200 levels (a year simulation would take 40 hours).
These estimates are for modelling the entirety of the Arctic seas poleward of 65oN.
With this computer architecture it is possible to include many processes properly
within the larger scale models (explicitely and/or parametrically). Many additional
process studies as well as parameter variations of the basin-wide simulations could all
be accommodated within an adequate computing environment.
2.2

Arctic Ocean observing programme

2.2.1 Th~ ge~p_basin~
The principal thrust of the deep ocean observing programme will be to achieve ~ ~rst
order hydrographic mapping of the Arctic Ocean, including its temperature and salimty
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structure and its distributions of nutrients, oxygen, inorganic carbon, and transient tracers.
These mappings must meet modem standards of accuracy, e.g. those of the WOCE
Hydrographic Programme. About six basin-scale sections will be required, together with
shorter sections which likely will principally be directed across major bottom topographic
features. This work can probably be spread over the better part of a decade without losing
its usefulness, particularly if intercalibration sites and section tie points are built into the
sampling programme. The Arctic Ocean is the most under-observed portion of the global
ocean, and continuing remedial action to bring the oceanographic data base to at least
minimal standards of coverage and resolution will be essential to ACSYS.
A second major thrust will be to provide quantitative estimates of the large-scale circulation
within the Arctic Ocean, both in the interior and adjacent to the basin margins and major
ridges. While the dynamic sections constructed from hydrographic mappings will provide
some information, particularly regarding circulation patterns, the flow appears to be strongly
barotropic and moored instrumented arrays should be the mainstay of the observational
programme. Such measurements to date have shown the existence of narrow boundary
currents over steep large-scale topography and along the basin edges (Figure 2.5), while
energetic flow away from topographic features has so far only been observed in the upper
ocean and as transient features in the pycnocline, where they may constitute an important
mechanism for lateral mixing (Aagaard, 1989). Additional opportunities for flow
measurements are also likely to arise as other techniques for ice-covered waters are
developed, e.g. lagrangian floats or acoustic tomography. The observations of the
circulation need to describe also the principal time-dependent variations, and they must in
general have sufficient spatial and temporal coverage to characterize the role of the
circulation in maintaining the interior structure of the Arctic Ocean and the salt balance.
A third thrust will be to determine the exchanges across major lateral boundaries, e.g.
through Fram Strait, and their low-frequency variability. While piecemeal starts have been
made on this task in the past (cf. Arctic System Science (1990) for a summary), there is
presently no systematic attempt to monitor these exchanges, apart from a recently initiated
international effort to determine the buoyancy outflow through Frarn Strait. Determination
of the various exchanges will serve to establish both the time-variable boundary conditions
and forcing for the Arctic Ocean and global ocean circulations, and to place realistic budget
constraints on the system.
2.2.2
The shelf seas of the Arctic basin cover over one-third of the total area. Much of the shelf
area is ~ce-~ree during summer, so that the shelves are both the primary sites of melt water
prod_uctwn m the summer an~ of freezing and brine rejection during winter. The large
~ontme~tal run-off also puts Its mark on the shelf waters (Figure 2.6), as do sediment-water
mt~rac~ons and biological activity. Figure 2. 7 shows how the Arctic halocline may be
mamtamed by shelf/estuary ~roce_sses .. The contrast between the strong thermohaline forcing
over ~e shelves and the ve~Ical 1solatwn of the interior basin from the surface mixed layer
(by virtue of a strong haloclme) suggests that, apart from direct wind forcing, the Arctic
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Figure 2.5 Schematic sub-surface circulation in the Arctic Ocean. Exchanges with the seas to
the south generally extend to the sea surface. Known formation areas for saline
shelf water and an eddy-generating area are also shown. From Aagaard, 1989.
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WINTER
•

Figure 2.6

. . . ..
6

•••

Schematic drawing of the winter and summer circulation of an arctic
shelf/estuary, based on data from the Mackenzie estuary. The following
letters refer to hydrographical domains: A is the inner plume and salt
wedge; B is the middle mixed region; C is the outer plume and salt
wedge; D is the shelf mixed-layer; E is the fast ice zone; F is the flaw
lead; G is the pack ice zone. The shelf works as a normal estuary
(surface outflow) in summer and as a reverse estuary (botton outflow) in
winter to supply shelf water above and within the halocline. From
Carmack, 1988.
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Figure 2.7

Schematic diagram of the (possible) sequence of mechanisms leading to the
formation of the arctic halocline. The upper part shows a wrap-around of
the surface of the Arctic Ocean viewed from the North Pole; also shown
are vertical bars proportional to the annual inflow from major rivers. The
lower pannel depicts the supposed circulation and mixing events leading to
the formation of the halocline. From Carrnack, 1988
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Ocean is primarily driven by lateral boundary fiuxes (Aagaard, 1989). The signatures of
shelf forcing processes appear to be found throughout the interior (e.g. Aagaard et al., 1981;
Moore and Smith, 1986; Anderson et al., 1990), in consonance with the concept of general
ventilation of the deep basins from the shelves.
It is clear at this point that realistic representation of the circulation and structure of the
Arctic Ocean will require both quantitative estimates of the several major shelf sources and a
dynamical understanding of the physical mechanisms which link the shelves and the deep
basins. As a practical matter, much of the shelf area is difficult of access and many of the
controlling processes occur on small spatial and temporal scales, suggesting a two-pronged
strategy. First, there should be an emphasis on intensive studies of limited regions which
could be sampled adequately in the near future. The Barents, the Chukchi, and the Beaufort
seas are prime candidates for such observation campaigns, and in the longer term, the Kara
Sea should be added to this list. Enough preliminary work has in fact been done in these
areas to define a further research effort with some specificity. Second, quantitative estimates
of shelf processes should be obtained by inverse modelling of the observed structure of the
deep basins in order to deduce the strength and distribution of the shelf sources. In fact,
current ideas about the importance of shelf processes are largely based on such reasoning.
2.3

Arctic Ocean process studies

The goal of ACSYS process studies will be to define the principal mechanistic and
dynamical controls on the arctic climate system (cf. Arctic System Science, (1990) for a
review of major issues).
The better understanding of sub-grid scale processes requires both model simulations and
observations. In view of the difficult access to polar sea and shelf areas, process studies
should rely as much as possible on mesoscale process modelling and on the use of satellite
data and routine meteorological observations. Process-oriented work should focus on three
main topics: open-ocean convection, shelf-deep basin exchanges, and mixing of fresh water
on the shelves.
·

2.3.1

Qp~n:o£ef!n_cQnye£tion

While many of the effects of open-ocean convection in polar seas are clean, the process
itself has not yet been clearly observed. However, based largely on theoretical
considerations, quantitative estimates have been made of the effects of open-ocean convection
by penetrative plumes (Rudels, 1989; 1990). In the future, numerical simulations can be
expected to make use of high resolution non-hydrostatic numerical models. A number of
such non-hydrostatic numerical models are under development (J. Marshal, E. Maier-Reimer,
~· .Olb~rs, J. Backhaus, personal communications). Numerical experiments should give
ms1ght mto:
The likelihood and the general circumstances of the occurrence of convection events·
'
The space and time-scales of convective events in relation to surface forcinu·
e>>
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The integrated effect of convective events on the large-scale thermohaline structure
and dynamics;
The design of observational strategies.

In regard to observational strategies, the in-situ detection of very localized convection
events constitutes a particularly difficult task. Acoustic remote sensing adopting satisfactory
the methods of Schlieren-optics are being considered as a tool for detection in the near field
range (""'20 km), but in general a combination of in-situ and remote techniques are required
to characterize and quantify open-ocean convection.

Both dense and buoyant waters are exchanged across the shelf edge. For example,
convective plumes of dense shelf water, created by brine rejection under freezing conditions
play an important role in the formation of intermediate and deep water masses in high'
latitude oceans. Shelf-water descends across the shelf breaks and may then penetrate into the
interior ocean at a rather wide range of depths. Only a few direct observations of descending
water masses in plume-like structures are available (Foldvik et al., 1985; Quadfasel et al.,
1988). Future studies devoted to the role of shelf-slope convection should address the
following:
Quantification and parameterization of the rates of entrainment of descending plumes.
'

The role of shelf sedirnents in plume dynamics (and hence in determining the
entrainment rate);
The abundance and statistics of convective plumes on the continental slope in relation
to external forcing, ambient water properties and topography;
The integral effect of convective plumes on the formation of oceanic intermediate and
deep water masses (for global modelling parameterizations).
Upwelling has long been proposed as a means of shelf-basin exchange (e.g., Coachman
and Bames, 1962), but recent work by Aagaard and Roach (1990) suggests it may be of
limited effectiveness except in regions of strong topographic forcing.
An extremely important process which has received relatively little attention is the
production of buoyant waters on the shelves, particularly by run-off. The general issue
clearly involves the prior mixing and preconditioning on the shelves (MacDonald et al.,
1989), but buoyant exchange also depends on wind forcing and dynamic instabilities near the
shelf edge. The complexity of this issue is illustrated by the large-scale horizontal salinity
gradient in the uppermost Arctic Ocean, where the highest salinities occur in th~ so~the~
Eurasian basin, immediately adjacent to the shelves onto which the enormous S1benan nvers
discharge their load of fresh water (Figures 2.1 , 2. 3 and 2. 7).
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The most adequate solutions of these problems may be obtained by joint model and
observational studies. As an alternative to the "stream-tube" model (Smith, 1975), which has
usually been applied to topographically controlled plume dynamics, new insights may be
achived with the aid of a non-linear plume model, which takes into account geostrophic and
ageostrophic dynamics, and variable entrainment rates dependent upon local plume kinematics
(Backhaus, personal communication). Such models can be applied in combination with
observations to a particular region (e.g., the St. Anna Trough on the Kara shelf), in order to
estimate the area! shelf-basin exchange.
2.3.3 Mixing_of fr~sh water

Qn_the_shelv~s

The mechanisms that govern the mixing of fresh water from Arctic rivers with the oceanic
water masses are still poorly understood. Considerable mechanical energy is needed to break
down the strong haline stratification on the shelves maintained by fresh water run-off and
melting of low salinity sea-ice. Grounded ice barriers in conjunction with strong tidal
currents which are flushing through and around these barriers may be one mechanism for
mixing on the shelves, but these ice barriers have also been shown to effectively impound
run-off (MacDonald and Carmack, 1991). Along with winds and tides, instabilities of coastal
boundary currents may also cause significant mixing on the shelves. These boundary
currents are themselves maintained by the fresh water run-off. Process oriented (model and
observational) studies of the role of fresh water mixing on the Arctic shelves should therefore
focus on the following:
Hydrographic, tracer, and current measurements on selected shelves;
Characteristics and abundance of grounded ice barriers on the Arctic shelves
(detection by SAR image analysis);
Estimates of surface wind-stress and waves (SAR and/or modelling);
:Direct observations of coastal boundary currents;
Application of high-resolution hydrostatic shelf models;
Diagnostic determination of individual mixing rates for specific shelf ·regions, so that
the processes can be parameterized.
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SEA-ICE

Sea-ice has an impact on the control of the global thennohaline circulation, the surface
heat balance and the sea surface temperature. Sea-ice advected from the Arctic Ocean
through Fram Strait makes the largest contribution (approximately 3000 km3 yr- 1 , Table 1.1)
to the fresh water input to the Greenland Sea. It most likely links the stratification and fresh
water balance of the Arctic Ocean, Greenland and Iceland seas to the global thermohaline
circulation and thus to climate. In climate models the snow/ice-albedo feedback ranges from
weakly negative to strongly positive (Cess, et al., 1991), and has a large impact on both the
global temperature change and the equator-to-pole temperature difference (e.g. Manabe and
Stouffer, 1980; Ingram, et al., 1987; Manabe, et al., 1991). The feedback is responsible for
the removal of sea-ice from large areas of the Arctic Ocean during summer.
The sea-ice physics employed in global climate models is oversimplified, omitting crucial
processes that are already better represented in regional sea-ice models. Consequently, the
widest disagreements among different global models of present climate and of greenhouse
warming occur over the Arctic Ocean in winter (IPCC, 1990). The model improvement is
also hampered by the lack of important observations, such as sea-ice thickness.
A new effort to address a more realistic incorporation of sea-ice in climate models is
timely and feasible. Recent technological developments, surface data buoys and remote
sensing now provide opportunities to monitor key sea-ice quantities. Faster and cheaper
computers can now handle more expanded sea-ice models. Finally, opportunities for access
to the Arctic Ocean have improved remarkably, with the advent of high perfonnance icebreaking research vessels and a greater committment to international cooperation in the
Arctic.
The challenge for ACSYS is to document, understand and predict the sea-ice mass and
surface energy budgets, including all of their major components, in the Arctic Ocean and the
1 adjacent seas, and to incorporate the improved predictive capability into models of global
climate. A .major milestone for such a programme is a 10-year climatology of large-scale
:i sea-ice mass and energy balance that documents the annual and seasonal means, the
:l interannual variability, and the regional variations, together with numerical simulation
} experiments. The first .Priority is to simulate the response of the ice to atmospheric and
;} oceanic forcing fields, based on the improved observations. The sea-ice climatology serves
~1 as a target for optimal model calibration. The ultimate measure of model success must be
quantitative agreement between the observed and simulated mass and energy balances of the
" ice cover. The Arctic monitoring required to achieve these objectives will also contribute
vital documentation of trends in quantities such as sea-ice mass and air temperature that have
;l been ~dentified in previous modelling efforts as potential early indicators of global warming.
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3.1

Sea-ice properties

'~

-l

During ACSYS, the ice properties must be observed to:
depict the contributions of sea-ice to the ocean surface buoyancy flux and to the
energy fluxes at the lower boundary of the atmosphere;
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provide all surface boundary conditions required by the atmosphere, ocean and
coupled climate models.
Sea-ice plays an important role in the ocean surface energy balance which is determined as
the sum of absorbed insolation, net long-wave radiation, atmospheric sensible heat flux and
latent heat flux and the heat conduction in the sea-ice (or the ocean heat flux at open water
surfaces). The absorbed insolation depends linearly on the surface albedo. The other fluxes
depend on the temperature, humidity, aerodynamic roughness and long-wave emissivity of
the surface (e.g. Deardorff, 1968; Businger, 1973). According to Maykut (1986) the
variability of long-wave emissivity is negligibly small in sea-ice. In summer, the variability
of surface temperature is small, but considerable albedo variations occur, depending on
whether the surface is snow, bare sea-ice, melt water on ice or open water. Patterns of snow
melt on Arctic sea-ice determined from satellite images (Scharfen, et al., 1987) have been
used to construct monthly mean maps of parameterized surface albedo for ten summer
seasons (Robinson, et al., 1992). In winter, albedo is less important, but the surface
temperature may experience sizable changes.
For the determination of the sea ice-atmosphere interaction, wind velocity, temperature
and specific humidity values of the atmospheric surface layer are required in addition to the
above mentioned sea-ice properties.
The momentum flux from the ice to the ocean is usually formulated in terms of the
difference between the velocity of the ice and the velocity of the upper ocean. In general,
the transfer coefficients for turbulent fluxes of heat, salt and momentum into the ocean
depend on the buoyancy (salt) flux and on the roughness of the under-ice surface. To the
extent that the buoyancy flux and roughness are determined by space-time fields of ice
thickness distribution, the ice thickness distribution, ice velocity, upper ocean currents, ice
roughness, water temperature 11nd water and ice salinity must be measured adequately.
The boundary conditions and thus the ice properties must be supplied at a resolution
compatible with the atmosphere and ocean models. In global climate models of the
atmosphere, ocean and coupled atmosphere-ocean system this scale is on the order of 300500 km (Manabe, et al., 1991; Washington and Meehl, 1989; Hansen, et al., 1988; Cubasch,
1989; Wilson and Mitchell, 1987). Mesoscale atmospheric models have grid-spacings of 110 km, but at this scale it is doubtful whether statistical entities such as ice thickness
distribution are stable and well-defined. Eddy-resolving oceanic models require a much finer
mesh, particularly in the convective regions where the stratification is weak and the internal
Rossby deformation radius is small. Regional models of the Arctic Ocean and sea-ice have a
typical grid spacing on the order of 100 km (Hibier and Bryan, 1987; Semtner, 1987) and are
~1ot_ e?dy-resolving. The latt~r may serve as a guide line for the ACSYS planning, although
m~rv1d~al weathe_r and oceamc phenomena on smaller scales are known to exist (see section
2 ...J). h.tmosphenc phenomena over the ocean may not need to be resolved on scales finer
t~an 100 km, but fine resolution ( <100 km) will be needed over land if models are to
~mulate p~ecipitation ~orrectly in orographically complex areas (e.g., Scandinavia, northern
~;~~~: Ataska). MaJor mountain ranges are inadequately resolved by grids coarser than
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The distribution of precipitation over land, in turn, has important implications for the Arctic
fresh water balance through the run-off term (see paragraph 5.3).
3.2

Observed ice variability and data gaps

The most important sources of large-scale data on ice velocity are drifting buoys and
remote sensing images. Systematic monitoring of surface air pressure and sea-ice motion by
the Arctic Data Buoy Project (Untersteiner and Thomdike, 1982) has resulted in the
establishment of a 12-year data set that documents climatological features (Figure 3 .1) and
variability on daily to interannual time scales (Figures 3.2 and 3.3) (Colony et al., 1991;
Thomdike and Colony, 1982; Colony and Thorndik:e, 1984; 1985; Thorndike, 1986).
Significant findings include a strong relationship between local ice velocity and geostrophic
wind on daily to monthly time scales, and a surprisingly large interannual variability. The
space. and time coverage provided by the buoy network is sufficient to provide a strong
constraint on the large-scale patterns of velocity simulated by sea-ice models, and the air
pressure fields document most of the variability in the wind stress that forces the ice.
Average motion fields from the buoy programme define a crucial part of the climatological
contribution of advection to regional ice mass balance (e.g. Moritz, 1988), though the data
base on ice thickness is far too sparse to close the budget. For ACSYS it is essential that
buoy data continue to be acquired, distributed and analyzed under the recently organized
International Arctic Buoy Programme (see paragraph 7 .3). Arctic buoy data also provide a
basis for estimating large-scale sea-ice strain rates, but it remains unclear how such estimates
are related to the rates of opening, closing and ridging that affect the ice thickness
distribution (Thorndike, 1986). High-precision kinematic data on smaller scale, and time
series of ice thickness distribution are needed to better define these relationships.
Ice motions on scales smaller than those resolved by the data buoy network may be
estimated from sequential Synthetic Aperture Radar (SAR) images such as those acquired by
SeaS at (Hall and Rothrock, 1981). These images resolve most of the opening, closing and
ridging processes that change the ice thick.t1ess distribution (Fily and Rothrock, 1990).
Analyses of the very limited data available from SeaSat suggest that spatial averages of smallscale deformation are related systematically to large-scale strain measured by buoy arrays.
New data from the ERS-1, analyzed together with large-scale information from the
International Arctic Buoy Programme, should permit rapid progress on this mode ling issue in
1992-1995.
To be useful for ACSYS, measurements of the sea-ice thickness distribution must resolve
regional variations at monthly intervals during a, say, ten-year period, with thickness
measurement errors smaller than about 25 cm over the range 0 - 20 meters. No existing data
sets come close to satisfying these requirements. Satellite passive microwave measurements
of brightness temperature provide nearly 20 years of regional data on ice extent and ice
concentration (Parkin son et al., 1987; Gloersen and Campbell, 1988). This data set ea~ be
compared with the output of simulation models (e.g. Walsh et al., 1985) and serves as mput
for statistical models that describe the budgets for ice in different age categories (Thomas and
Rothrock, 1989), but accurate estimates of heat flux, growth rate, and salt flux require that
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Figure 3.2

Monthly mean sea level isobars (in millibars) and sea-ice velocity at data
buoys for August 1979 and 1980 (Colony et al., 1991). Serreze et al.
(1989, 1990) demonstrated that reversal of ice motion in the Beaufort Gyre
in 1ate summer for periods of 4-6 weeks (as illustrated for August; 1980), is
observed in about two out of three years. It occurs in association with
persistent cyclonic activity, as well as changes in solar radiation, advection
•
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the thickr1ess distribution be resolved into more than just t'.vo or three ice types (lVfayk'llt,
1978; 1982). Ice thickness distribution can be estimated with sufficient accuracy from time
and space series of ice draft (the submerged fraction of ice thickness) measured with modem
upward-looking sonars (1JLS). ULSs mounted on submarines acquire spatial transect data
over distances of 1000-5000 krn in a single cruise lasting a few days (Wadhams and Home,
1980), and moored ULSs acquire time series of approximately 1 years' duration from a
single deployment (Hudson, 1990; Vinje, 1989; Moritz, 1991). If the ice above the ULS
moves at speeds typical of the Arctic pack, a stationary ULS samples an ice streakline 1000SOCD km long during 1 year.
The submarine cruise data provide "snapshot" views of the ice draft distributions in
different regions. For example, spatial mean ice draft of 1.8 m, 3.5 m, 5 m, 4 m and 1 m
have been reported for the Chukchi Sea, Beaufort Sea, North Pole, central Fram Strait and
southern Greenland Sea respectively (Bourke and Garrett, 1987; 1--IcLaren, 1989; Wadharns
and Home, 1980; Wadhams, 1983; Wadhams, 1991). Repeated sampling of the same
transect in different years reveals both small and large (15%) changes in spatial mean ice
draft (Wadhams, 1991). Submarine-mounted ULSs have also documented systematic
variations of mean ice draft along and across the axis of the East Greenland Current in AprilMay, 1979 and May, 1987 (Wadhams, 1983; Wadhams, 1991). Climatological maps of
seasonal mean ice thickness are presented by Bourke and Garrett (1987), based on a data set
that combines many submarine cruise records. But this combined data set remains a very
sparse sample of space and time variability, and contains significant inhomogeneities due to
nonuniform bias and precision among the measurement devices. Therefore it is difficult to
estimate how much error variance should be associated with the estimated ice distributions at
any point. Although, in raw form, the submarine sonar data sets include information on the
fractions of open water and thin ice, the statistics produced by Bourke and Garrett (1987)
refer only to the thickness of ice-covered sea, with no information about open water area.
This limitation precludes the use of the map data for quantitative calculations of the ice mass
and energy balance.
The moored upward looking sonars provide time series data of the draft of ice advected
over the site. Figure 3.4 illustrates this concept for a moored ULS sampling at 5-minute
intervals on the continental shelf of the Chukchi Sea during 1988-1989 (Moritz, 1991). The
frequency of ice draft observations in 10-cm bins provides a basis for high-resolution
histogramme estimates of the distribution and its parameters (lower panel). The modal ice
draft, so prominent as the dense band of points in the time series, decreases systematically
from 1.35 m on day 180 to a minimum of 0. 95 m on day 193. Although it is tempting to
associate this trend with local melting during July, the increase of the mode from day 195 to .
day 210 is a reminder that advection is also acting. Analysis of concurrent geostrophic winds
and buoy drifts shows that polar pack ice, with a modal ice draft near 2.75 m, was advected
to the ULS site by northwesterly winds during late Juiy and August, 1988.
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Figure 3.4

(top) Time senes of sea-ice draft measured by a moored ULS in the
Chukchi Sea. (bottom) Histogramme and sample statistics estimates from
the ice draft time series (fron1 Moritz, 1991).

- 33 The few available data sets from prototype stationary ULS's demonstrate that these sensors
can provide accurate estimates of the ice draft distribution at roughly 3-4 day intervals over
periods of 1 year. It follows that repeated deployments in a single region could document the
climatology of ice draft distribution, including its mean seasonal cycle, interannual variability
and useful information on "synoptic" changes of one week or so. Multiple deployments, in
different regions of the Arctic Ocean, could document the spatial differences in this
climatology among several ice "provinces". Closely-spaced lines and arrays of ULS,
together with ice velocity data, could document ice transports and advective time changes in
the distribution. The local monitoring of time variability provided by a stationary ULS is
complementary to the large-scale surveys provided by submarine cruises. A combination of
these measurements can fill one of the major data gaps facing ACSYS: the lack of data on
ice thickness distribution for documenting climatology, evaluating processes and testing seaice models.
There are no systematic observations (by low-flying aircraft) of the summertime surface
albedo and its regional and temporal distribution. However, Barry (1983) summarized
Russian programmes of albedo determination over the Arctic that included extensive aircraft
results. Surfaced-based and satellite observations (e.g., Nasintzev, 1964; Chemigovsky,
1968; Hummel and Reek, 1979; Kukla and Robinson, 1980; Robok, 1980; Carsey, 1985;
Robinson et al., 1987; Scharfen et al., 1987; Robinson et al., 1992), show that the pack ice
albedo has large geographical and temporal variability. Over the central Arctic pack ice
from October through May, albedo tends to average around 0.80, falling to about 0.45 to
0.50 during summer, due primarily to snow melt and formation of melt ponds. However, the
10-year spring and summer study by Robinson et al. (1992) reveals that albedo decreases
sharply toward coastal regions, due to a combination of earlier spring snow melt and low ice
concentrations (Figure 3.5). Sensitivity studies with a thermodynamic sea-ice model indicate
that the equilibrium thickness is extremely sensitive to the summer albedo (Maykut and
Untersteiner, 1969). The value of 0.64 used to obtain an equilibrium thickness of about 3
meters is probably correct for elevated ice surfaces without melt water ponds, but the
regional albedo is almost certainly lower, perhaps between 0.4 and 0.5. An albedo of 0.54,
combined with Fletcher's (1965) surface heat budget, makes the ice 1 m thick, and an albedo
of 0.44 makes it disappear in the thermodynamic model (fable 3.1, from Maykut and
Untersteiner, 1969).
One reason for this apparent inconsistency may be sought in the actual disposition of
short-wave radiation. Some of this absorbed energy heats the ice, enlarges the brine pockets
in the ice and heats the ocean below and surrounding the ice (Perovich and Maykut, 1990;
Maykut and Perovich, 1987). This energy is not used for melting the ice, but is stored
temporarily. In particular, albedo feed backs that accelerate summer melting depend on the
utilization of absorbed sunlight to melt ice in a way that decreases the regional albedo.
The summer albedo is also related to the distribution of snow on the ice surface. Most of
the arctic snow falls in the period September-November. Wind drift causes an irregular
distribution of the snow, clearing flat surfaces and accumulating most of it on rubble fields
and in the lee of pressure ridges. At the onset of melting in June, the melt water ~nds_ to
drain away from the high, thick ice and toward the low-lying, thin ice, where meltmg IS
consequently enhanced.
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In summary, there are two remedial actions to address major gaps in knowledge of surface
albedo that must be undertaken as soon as possible:
Calibrated seasonal and regional mapping of large-scale albedo to support estimates of
regional totals of absorbed insolation;
Small, mesoscale and regional studies of the spatial variability of albedo and the
disposition of absorbed insolation in the ocean-ice system.
From the standpoint of sea-ice, incoming solar radiation is properly considered to be a forcing
function. Nevertheless, measurement of surface albedo requires measurement of insolation,
and the usefulness of surface albedo maps for energy balance studies is inherently limited by
the accuracy of the corresponding fields of insolation. Therefore, accurate, climatological
values of surface insolation are a third major data need for ACSYS to address.
During the summer season, melting tends to homogenize the field of ice surface
temperature. Although there are relevant issues of small-scale heat storage that depend on
small differences between the temperatures of ice, water in leads and water beneath the ice,
for large-scale purposes the summer surface temperature is approximately uniform, fixed at the
freezing point. Because of the nonuniform distributions of ice thickness and snow depth,
winter surface temperature exhibits variability of tens of degrees on scales of hundreds of
meters. It is important to document the statistical structure of this small-scale variability to
support estimates and parameterizations of regional average air-sea heat fluxes. For largescale climate, average surface temperature is a dominant control on air temperature, as
illustrated by the close relationship between sea-ice thinning and high latitude temperature
change in the greenhouse warming simulations performed with GCMs. Over much of the
global ocean, sea surface temperature variations may be estimated from a combination of
clear-sky, infrared satellite data and in-situ measurements (e.g. Minnett et al., 1984). Because
of the large heat capacity of the oceanic mixed layer, short-term changes in temperature due to
cloudiness are relatively small. In the Arctic Ocean, several factors combine to thwart this
strategy. During the arctic winter, it is particularly difficult to distinguish cloudy from clear
areas in satellite remote sensing data (Ebert, 1987; Key and Barry, 1989). Even when it can
be verified that visible clouds are not present, invisible ice crystals called "diamond dust"
strongly affect the infrared radiation field (Curry et al., 1990; Robinson and MacLeod, 1954;
Overland and Guest, 1991) thereby contaminating "clear-sky" retrievals of surface
temperature. Finally, the temperature of ice and snow surfaces responds rapidly to changes in
long-wave radi~tion associated with clouds, so a surface temperature climatology based on
clear-sky satellite measurements in the infrared window would have a large but unk.t1 own bias.
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3.3

Modelling

3.3 .1

Ic~

models_in GCMs

Sea-ice is represented simply in most global climate models. Representations in
atmosphere andcoupled atmosphere-ocean models are documented in Table 3.2.
Atmospheric GCMs specify sea-ice extent from seasonal climatological data sets, assuming
constant ice concentration and ice thickrless. Most coupled ocean-atmosphere models (see,
e.g., Appendix 4 ofWCRP-45; Gates et al., 1985; Manabe et al., 1979; Washington et al.,
1980) incorporate simple thermodynamic calculations following Semtner (1976). Some
models (Manabe et al., 1979) include variable ice concentration in a grid cell, and a simple
treatment of ice transport effects on thickness. Hibler and Bryan (1987) and Semtner (1987)
calculate the ice mass balance explicitly in ocean-sea ice model, including ice transport and
deformation.
Coupled ocean-ice models overestimate the ice area in the northern hemisphere and
underestimate it in the southern hemisphere due to several error sources. In recent
atmosphere-ocean-ice models, adjustments are made to the ocean surface heat and salt fl.uxes
at each grid point in order to improve the match between observed climate and a control
simulation (Manabe and Stouffer, 1988). For instance, the thermohaline overturning cell in
the North Atlantic Ocean does not occur in some models unless a large salt flux is imposed at
the high latitude ocean surface. In high latitudes these flux adjustments are generally as large
as the fluxes which are calculated by the model. The need for these large flux adjustments
illustrates both the important control exerted by fluxes in the sea-ice zone, and the
inadequacy of present models to simulate the processes that govern these fluxes. In any
event, it is known that the formulation of sea-ice processes in global atmosphere and
atmosphere-ocean models exerts strong control on the simulated large-scale thermohaline
circulation and the distribution of surface temperature. The model formulations are
simplified to such a degree that it is difficult to compare observations of real sea-ice to
results of control climate simulations.
3.3.2 RegiQng,l_i~e_mQd~l~
Sea-ice models that represent ice transport, deformation, internal ice stress and multiple
thickness categories have been applied mainly to regional studies of the Arctic Ocean, the
Southern Ocean and individual seas and basins within these larger units. In particular, these
more comprehensive ice models have not been applied systematically in simulations with
coupled global atmosphere-ocean models. Typically, the boundary conditions needed by
these ice models are specified as time and space dependent forcing fields in the atmospheric
and oceanic boundary layers. Experiments with such models suggest that the effects of ice
transport, deformation and stress are sufficiently large that omitting them leads to first-order
errors in some properties of the simulated ice cover (e.g. Hibler, 1979; 1980; Hibler .and
Ackley, 1983; Walsh et al., 1985; Owens and Lemke, 1990). These and other expenments
also show that simulated mean ice thickness is sensitive to the parameterization of ice
rheology. Finally, the experiments indicate that the spatial distribution of net salt fl~x into
the ocean is sensitive to the rheology and transport simulated by the models. Expenments
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Atmosphere Sea ice

Ocean

Area

Author/Institute

global

~C. ~0. E~,

thermodynamic fixed mixed
layer

global

GFDL, CCC, UKMO, GISS

AGCM

thermodynamic OGCM
simple advect

global

GFDL,NCAR,OSU,

prescribed

thermodynamic fixed mixed
layer

both
poles

Washington et al.
(1976)

prescribed

thermodynamic fued mixed
simple advect layer

both
poles

Parkinson & Washington
(1979)

prescribed

dyn-thermodyn fixed mixed
2-layer
layer

Arctic,
Hibler ( 1979)
Weddell Sea Hibler & Ackley (1983)

prescribed

dyn-thermodyn fiXed mixed
cavitat fluid
layer

Arctic

Flato & Hibler (1989)

prescribed

dyn-thermodyn fiXed mixed
3-layer
layer

Arctic

Walsh & Zwally (199.0)

prescribed

dyn-thermodyn fixed mixed
multi-layer
layer

Arctic

Hibler ( 1980)

prescribed

thermodynamic prognostic
mixed layer

Antartic
zonal aver.

Lemke ( 1987)

prescribed

dyn-thermodyn prognostic
2-layer
mixed layer

Weddell Sea Lemke et al. ( 1990)
Owens & Lemke (1990)

prescribed

dyn-therrnodyn prognostic
2-layer
mixed layer

Southern
Ocean

prescribed

thermodynamic OGCM
simple ad vect

Weddell Sea van Ypersele ( 1986)

prescribed

dyn-therrnodyn OGCM
2-layer

Arctic

AGCM

prescribed

AGCM

Table 3.2

prescribed

~0

Stossel et a1 (1990)

Hibler & Bryan (1987)
Semtner (1987)

Use of ocean-ice models in climate studies. From WCRP-45.
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the important influence of ocean currents and oceanic heat flux on the simulated sea-ice
cover, especially in the Greenland and Iceland seas. These results suggest that it is important
to have accurate observational estimates of ocean currents and oceanic heat flux with which
to force a sea-ice model in a stand-alone mode.
Our present understanding of global climate models and regional sea-ice models suggests
that incorporating the latter into the former will probably have a large impact on simulations
of the present global climate and the response to increased greenhouse gas. However, there
is significant uncertainty about the optimal formulations and parameters to use in these
regional models. Reducing uncertainties in the ice models will depend mainly on
comparisons between regional ice simulations, initialized with realistic ice thickness data and
forced by accurate fields of winds, temperatures, radiation, ocean currents and ocean heat
flux, and observations of ice thickness distribution (including ice extent and ice
concentration), ice velocity, ice mass transport, albedo, and surface temperature.
Experimentation with the present generation of regional ice models provides useful
guidance for improvements of parameterization schemes for:
The number of ice thickness categories resolved by the model.
The shape of the yield curve, or equivalently, the dependence of mechanical
redistribution on strain rate invariants.
The ice strength parameterization, or equivalently, the ridging mode parameterization
in the mechanical redistributor.
The albedo parameterization, including dependence on melt ponds, ice thickness, snow
cover, and snow temperature.
The disposition of absorbed insolation, including melting of the top, bottom or side
surface of the ice, heating of the ice, enlargement of brine pockets, storage in leads
and storage in the mixed layer beneath the ice.
3.4

_,

Sea-ice measurement programme

The ice data sets required to achieve the ACSYS science goals may be broadly
distinguished according to their purpose. Long-term monitoring data are needed to establish
~ climatology of sea-ice that resolves mean seasonal variations at regional spatial scale, and
I~terannual variability of monthly means, for key parameters including ice thickness
distribution, ice velocity, albedo, and surface temperature. Efficient acquisition of
climatological data requires that maximal use be made of autonomous in-situ instrumentation
and satellite remote sensing data. Short-term studies and repeated short-term surveys are
ne~ded to elucidate processes that affect key model parameterizations, .to aid i? the . .
calibration of long-term monitoring data, and to directly augment the time se~es momtonng
data. These studies and surveys may be carried out on cruises by research sh1ps and
~ubmarines, on survey flights using aircraft, and at aircraft-deployed manned camps on the
lee surface.
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The surveys must be co-ordinated with satellite data retrievals in order to calibrate the latter.
The analysis of the survey data should yield important insights into the accuracy and
appropriateness of parameterizations for the heat and radiations fluxes over heterogeneous ice
surfaces.
Annual sampling of the ice draft by submarine-mounted ULSs should be carried out along a
few fixed transects in the Greenland Sea and the Arctic Ocean. These data would document
essentially instantaneous spatial gradients in the thickness distribution, and would augment the
moored ULS data for monitoring interannual time changes in ice thickness.
In-situ process studies are needed to document the disposition of summer insolation in the
ice pack and the dependence of average roughness and drag parameters on measurable ice
properties, and to acquire necessary surface truth data for calibrating satellite retrievals of
temperature, albedo and ice parameters. ACSYS should coordinate the ice process studies
with the oceanographic cruises and camps to assure that important measurements are not
overlooked.
Sea-ice and the oceanic mixed layer are closely coupled through heat and momentum
exchanges, as well as brine rejection during freezing and fresh water release during melting
periods. Observational investigations of heat and momentum fluxes in the ocean are still
rather sparse, and no reliable direct information exists on the salt fluxes under sea-ice.
Consequently, the present ice-water interaction schemes in coupled ocean-ice models are based
mainly on physical reasoning which still needs experimental validation. Uncertainties in the
mathematical description of relevant physical processes in the oceanic mixed layer, as used in
numerical models, affect the computed sea-ice development and also the estimation of deep
vertical mixing and thus water mass modification in the ocean. Field studies are required to
measure the vertical turbulent fluxes of heat, salt and momentum under the sea-ice for various
ice conditions and a wide range of atmospheric forcings. Simultaneously the characteristics of
the mixed layer and the pycnocline would be determined to characterize the effects of surface
forcing on the oceanic water column. In this context, the following investigations are
suggested:
Measurements of vertical turbulent heat, salt and momentum fluxes in the water column
under sea-ice in different ice regimes and for various atmospheric forcing conditions.
Simultaneously the vertical temperature, salinity and current profiles of the upper 300 m
of the ocean should be regularly monitored;
Model exp~riments with a three-dimensional coupled ocean-ice model to accompany the
above ment~oned field programmes. The atmospheric forcing should be prescribed for
these expenments.
3 .4. 3 Anf!lysis
To be useful for A.CSY~, the measurements from the monitoring and process studies must
be analyze? and ~rovtded m _a forrr: that can be applied to climate diagnostics and modelling.
ACSYS Will reqmre appropnate chmatological averages, spatial fields, and time series, based
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example, the fields of daily surface air pressure and geostrophic wind analyzed by the Arctic
Data Buoy Programme (fhomdike and Colony, 1983) provide estimates that are optimal in the
sense of minimizing mean square error, and the procedure yields an estimate of error variance
at each point. Forcing functions for modelling studies must be interpolated to the model grid.
Thus it is essential to co-ordinate the data analysis and modelling functions within ACSYS.
One co-ordination strategy would be to designate one or more modelling and analysis centers
as focal points to receive and process standardized ACSYS data sets. The institutions best
suited for these functions are numerical forecasting and global climate modelling centres.
ACSYS should seek to develop links with one or more such institutions.

In addition to the new measurements described above, it is important for ACSYS to make
optimal use of existing data. There are large inventories of submarine-mounted ULS data on
sea-ice draft that have not been analyzed for scientific research purposes, partly because of
security classifications that may be relaxed in coming years. ACSYS should encourage efforts
to evaluate the feasiblity of accessing these data, and their potential contribution to estimates of
sea-ice thickness climatology and trends.
3.5

ACSYS ice modelling programme

The sea-ice modelling strategy is relatively straightforward. A high priority is placed on
sensitivity studies running different sea-ice models on uniform spatial grids with uniform
forcing, initial and validation data. These studies should investigate how sea-ice thickness,
mass balance, extent, concentration and energy balance respond to changes in the
parameterizations of ice thickness distribution, ice rheology, mechanical redistribution, surface
albedo and insolation, and surface roughness. Experiments should be conducted with
climatological forcing (including atmospheric variability), using climatological seasonal mean
ice properties as the validation target, and with interannually varying forcing using anomalies
as the validation target. These investigations would make intensive use of ACSYS atmospheric
forcing data sets on winds, air temperatures, radiation, cloudiness, humidity and precipitation.
They would also require fields of surface geostrophic ocean currents and oceanic heat flux as
forcing functions. The primary validation data would be regional time series of sea-ice
thickness distribution, ice velocity fields, and the regional ice mass balance estimated from
observations. In view of the probable coverage of ice thickness distribution in the early phases
of the programme, important regions for judging model performance will be the Chukchi,
Beaufort and Greenland seas.
Partially coupled simulation experiments should also be performed, including ice-ocean
fonnulations with a prognostic mixed layer that interacts with the ice. These simulations are
needed to describe the entrainment of deeper waters into the surface layer, and their effects on
the ice cover.
Specialized deterministic physical ice models that predict variations in the first-year and
multi-year ice concentrations should be integrated with observed forcing data, for comparison
with statistical-physical model results during the same period (e.g. ":'al~h and Zwally~ ~9?0;.
Rothrock and Thomas, 1990). These integrations can be used to opt1m1ze the detenmmstlc 1ce
model parameters directly, on the basis of the passive microwave observations, by-passing the
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ice thickness distribution data. Comparisons between model optimizations that include and
exclude the ice thickness distribution data will yield valuable information on the sensitivity of
ice models to the constraints imposed by ice thickness data.
Parallel efforts should begin immediately to implement the present state-of-the-art sea-ice
models into global ocean-atmosphere GCMs. Even if the optimal sea-ice parameterizations are
uncertain, early coupling experiments should yield important insights into issues of numerical
contraints and flux incompatibilities that will require attention even when optimal ice models
have been identified and tested.
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AIR-SEA ICE FORCING
Determination of the air-sea forcing is required for a variety of applications:
to drive sea-ice and ocean models;
to verify the forcing over sea-ice (and the neighbouring oceans) in coupled atmosphereice and atmosphere-ocean-sea ice models, in which the fluxes are determined internally;
as a component of the data required for regional and global observational studies, for
example in the determination of the polar energy balance.

The atmospheric forcing over regions of sea-ice cover depends upon:
the surface wind stress, which determines the dynamic forcing, and
the fluxes of solar and long-wave radiation, sensible and latent heat, and precipitation,
each of which contributes to the thermal or buoyancy forcing.
The atmosphere influences the sea-ice cover both by direct interaction and through its effects
on the circulation and structure of the ocean. As well as being forced by the atmosphere, seaice is also forced from below by ocean currents and the heat flux from the ocean and the ice.
All of these processes interact with and are modified by the presence of the ice itself.
Boundary layer processes are of crucial importance to these interactions, both in the
atmosphere and ocean. For modelling the interactions between sea-ice and ocean, the ocean
model must determine the time-dependent vertical heat and salt fluxes under the sea-ice. For
this purpose the temporal variations of the mixed-layer depth, the currents, the saiinity and
temperature of the upper ocean, as well as the characteristics of the underlying thermocline
and halocline, must be satisfactorily reproduced by the model. Observational and modelling
studies of the interactions between ocean and sea-ice have been addressed in Chapter 3. In
this chapter the problems of specifying the interactions between the atmosphere and sea-ice are
addressed.
Understanding the atmospheric boundary layer, clouds and radiative processes is essential
for determination of these interactions and the associated fluxes, and for the development of
model parameterizations. It is appropriate, therefore, that ACSYS addresses both the data sets
necessary to provide estimates of the air-sea ice forcing fluxes and the process and modelling
studies needed to improve our understanding of the physical processes essential to the
computation of these quantities.
One approach to determining the surface forcing is to specify appropriate atmospheric
parameters for the free atmosphere (e.g. 850 hPa) and to link these to the sea s~:face b"!' a
suitable atmosnheric boundarv layer scheme. Such attempts have been made With the md
of a so-called ~esistance law ;,hich accounts for the vertical density distribution by the
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Monin-Obukhov similarity function. Recent numerical experiments by Stossel (pers. comm.)
have shown that resistance law approaches are not adequate for the pack ice regime where in
reality the nearly neutrally stratified surface regime is separated by a stable inversion layer
from the free atmosphere. Presumably these conditions can be treated with more success by
models with high vertical resolution of the lower atmosphere below about 300m height. In the
past, surface conditions for integrations of sea-ice models have also been obtained:
by direct specification of the fluxes based on available climatological data sets or in-situ
measurements;
by specification of appropriate atmospheric parameters from which the fluxes may be
derived as the integration proceeds, using the predicted surface temperature and state of
the surface and a suitable flux pararneterization scheme.
The first approach has mainly been used for tests of one-dimensional thermodynamic ice
models over areas of perennial sea-ice. The data set most frequently used in this context (see
e.g., Maykut and Untersteiner, 1969; Semtner, 1976) is Fletcher's (1965) summary of monthly
mean fluxes over the Central Arctic which is still the only data set of its type available.
Integrations of dynamic-thermodynamic sea-ice and coupled ocean-ice models require the
second approach to be taken. The need here is for data on:
momentum flux (surface pressure/winds/surface stress)
air temperature and humidity
surface precipitation
short and long-wave radiation fluxes (or, for use via a suitable parameterization
scheme, cloudiness data).
The dynamical forcing of sea-ice has, for some time now, been successfully specified from
the output of operational numerical weather prediction (NWP) models. Fields of surface
temperature and humidity from these models have also been usefully utilised. These models
also provide direct estimates of the turbulent heat fluxes, radiation, cloud cover and
precipitation. Precipitation data from the models are discussed in Chapter 5. The quality of
the forcing fields derived from NWP models will be affected by a number of factors associated
with the models themselves, for example the relative simplicity of the sea-ice models used and
the current uncertainties in modelling of clouds and radiation in atmospheric models. At
present, we can have greatest confidence in the ability of operational models to provide the
dynamical forcing on sea-ice. Confidence in the ability of the models to directly provide the
thermodynamic forcing of sea-ice is expected to be considerably higher for the surface
temperatur~ field~ th~n it is for clouds and radiation, though even so, the surface temperature
fi~lds require calibratiOn ~y ca~efu_l adjust~e.nt to observations not used in the model analyses.
Smce the greatest uncertamty hes m the ability of the models to determine the incoming
surface short and long-wave radiation fluxes necessary for forcing of sea-ice models, an
app~oach based on model data coupled with use of surface radiation budget data based on
retnevals from satellite data over the Arctic must be used.
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European Centre for Medium-Range Weather Forecasts (ECMWF) and the National
Meteorological Centre (Washington) will provide a valuable input to ACSYS studies.
Investigation of the validity of the reanalysis products over high latitudes will form an essential
part of the strategy for derivation of the appropriate surface data sets for use in ACSYS.

4.1

Momentum flux

Wind stress, modified by the effects of the stress due to the ocean currents and the tilt of
the ocean surface, provides the primary driving mechanism for the sea-ice motion field and,
over the surrounding open ocean, for the ocean currents. It also provides an important
dynamical input for mixing of the upper oceanic layers. Knowledge of the wind stress field
over the Arctic basin is therefore a pre-requisite for successful modelling of the ice and ocean
circulation of the region. Earlier studies (fhomdike and Colony, 1982) have shown good
correlation between geostrophic atmospheric flow and ice motion. For this reason, many ice
modelling studies in the past have derived the atmospheric surface stress fields from maps of
the mean sea level pressure (mslp) field via the geostropic relationship with the assumption of
a constant angle of cross isobar flow at the surface. Use of climatological mslp fields requires
enhancement of the magnitude of the derived stresses (as was done, for example by Parkinson
and Washington, 1979) to allow for use of monthly mean geostropic winds rather than daily
values. Daily mslp fields from various sources have been used successfully in the past,
including fields from operational numerical weather prediction models. Alternatively the
stresses or lowest layer (or deduced lOm) winds directly computed by the models can be used.
The principal approach for provision of the large-scale fields of atmospheric momentum
flux for ACSYS will be to derive these from the operational analyses of state-of-the-art
numerical weather prediction models. We can have considerable confidence in the dynamical
forcing provided by these models which directly benefit from the network of surface pressure
data, including those provided by the Arctic Data Buoy Programme. Continued provision of
an adequate data network under the International Arctic Buoy Programme will be essential if
these models are to continue to determine the day-to-day surface wind field with appropriate
fidelity in the future. Satellite scatterometer data, though able to provide surface wind data for.
assimilation into operational models over the oceans, will not yet allow determination of the
wind field over the ice-covered regions of the Arctic Ocean. Extension of remotely sensed
wind observations to determination of the wind over the pack ice may be met by inferring
stress from satellite measurements of pack ice drift, but this places emphasis on establishing
appropriate drag coefficients for the ice-covered ocean (Brown, 1990). For the present, a key
aspect of ACSYS strategy for determination of the dynamical forcing on sea-ice will be the
continued placement of Argos-tracked surface pressure buoys over the Arctic basin and the ·
real-time provision of these data to the GTS, coupled with monitoring of NWP analyses of the.
surface pressure and wind fields against in-situ observations.
4.2

Surface air temperature and humidity fields

The use of NWP model output to determine surface fields of temperature and humidity has
been more limited in the past, but has proved successful by using buoy/drifting statio? d~ta to ,
calibrate the analyses. Thus, for example, Hibler and Walsh (1982) found a warm b1as m
NMC grid point data of 3 to 4°C during summer, but were able to reanalyse the fields,
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found daily temperature fields over that area to be excessively warm in late summer and fall,
when compared with buoy data (not used in the analyses themselves). They were able,
however, to derive improved surface analyses by constraining temperatures and humidities to
maximum values of 271.2K and 0.25 gm kg- 1 respectively. Ad hoc corrections such as these
can severely limit the use of ice-ocean models in applications pertaining to climate change.
The necessity to apply such adjustments to the surface temperature and humidity fields
output from NWP models arises because the models themselves do not generally assimilate
surface temperature and humidity data, so that these fields are the product of the internal
physics of the models. The surface temperature will also be dependent on the highly
.
simplified nature of the ice models (which usually comprise a slab of constant thickness with
no allowance for fractional ice cover) and on the dependence of the surface temperature in
these models on the parameterised cloud and radiation fields which may, as it has been noted,
be inadequately represented in high latitudes. Developments to the models and their
assimialtion schemes can be expected to help rectify these deficiencies in the future. The
output of operational NWP models provides the only practical means of obtaining daily
analyses of surface air temperature and humidity on a dialy basis. For the present, an
appropriate strategy for their use will include:
investigation of the biases between the various models available and of their
climatologies with independently-derived climatological data sets;
systematic comparison with observed data;
intercomparison of their impacts in direct forcing of sea-ice models.
4.3

Surface short-wave and long-wave irradiances and clouds

4.3 .1 .Surfg,c~ ragig,tion ]2uQ.g~t_and_cloud_di!lf! ~e!s
As noted above, derivation of fields of incoming short-wave and long-wave irradiances for
use in ACSYS will depend heavily on an ability to retrieve these quantities from satellite data,
coupled with appropriate modelling studies. The fields of downward short-wave (solar) and
long-wave (atmospheric) radiation are dominantly modified by particulate atmospheric
constituents: clouds and haze. During the sunlit period, they diminish the incident downward
fluxes by often more than 50% of what would be measured under clear sky conditions. They
also have a distinct impact on the long-wave radiation field. A significant contribution to the
opti~a~ d~pth of .the pol~r atm~s~here may b.~ associated with ~erosol particles and clear-sky
?rectpitatwn of tce particles ( dtamond dust ). Further expenmental and theoretical
Investigations are needed to investigate the impact of both of these on the radiation balance of
the Arctic. In the polar regions, such cloud and haze layers can only be observed and
described with their optical thickness, by remotely-sensed instruments from space if they can
b d" .
. d f
. e Istmgmshe rom the underlying ice and snow fields using multi-spectral imaging
Inst
·
· da~ of NOAA~AVHRR have already been proven to contribute
v rume~ts. Tl1e. 1mag1~g
maluable mformatwn. Smce little absorptiOn occurs in such clouds, a net solar radiation
ethod can be used to estimate the net solar flux at the surface from net fluxes at the top of
the atmosphere once the surface albedo is known.
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than elsewhere due to the low water vapour contents of the atmosphere. During winter (polar
night) these particle layers are mostly thinner than during summer, but still effective in
diminishing the cooling to space of the ice and snow surface. Again, multispectral imagery (at
present NOAA-AVHRR, later other instruments) can be used to estimate cloud top heights and
possibly the optical thickness of such clouds, once the surface temperature is known.
In all cases, there is a need to develop new cloud retrieval methods where satellite data are
assimilated into numerical model runs. Optimal use must be made of multispectral - or even
polarimetric - imaging information in combination with cloud and haze data derived from
numerical models. Future satellite and space platforms may carry updated versions (more
channels) of Advanced Very High Resolution Radiometer (AVHRR) for cloud identification.
New vertical sounders, like the High Resolution Infrared Sounder (HIRS), enable estimates of
particle sizes and also of the cloud heights. These might be supported by the multiangular
views of the ATSR (Along-Track Scanning Radiometer), enabling some three-dimensional
representation of cloud fields. First polarimetric measurements might be possible with the
POLDER (Polarisation and Directionality of Reflectances).
Future broad-band measurements of the ERB (with Clouds and the Earth's Radiant Energy
System - CERES) in the solar spectral range could be used to retrieve first guesses of the solar
radiation balance at the ground. Some substantial work could be done before satellite launches
once the above-mentioned instruments are used airborne above the Arctic basin.
At present, the most complete description of cloud radiative properties over the globe is
contained in the data sets of the International Satellite Cloud Climatology Project (ISCCP),
though new climatological data sets on cloudiness are available from analysis of surface
weather reports and of radiances from NIMBUS-7 THIR/TOVS. Limitations of the ISCCP
retrievals over the polar regions are the poor contrast between cloudy and clear scenes (due to
the low temperature and high reflectance of polar surfaces); the fact that cloud optical
thickness can only be retrieved during daytime, and the frequent occurrence of multivalued
solutions for retrievals over the polar regions. With the advent of global cloud retrievals
under ISCCP, WCRP is undertaking the production (under GEWEX) of a climatology of the
surface radiation budget which will eventually provide a continuous record of downwelling
short-wave and long-wave radiation from July 1983 onward. Poor knowledge of sea-ice
parameters provides substantial limitations for determination of the surface radiation budget
over the polar regions, both because of the difficulties of determining cloud properties over ice
and snow and because of a lack of appropriate information on leads fraction (microwave data
could help here, however). It is essential for ACSYS that the potential performance of the
GEWEX Surface Radiation Budget project be assessed and necessary improvements for polar
conditions developed.
4.3.2 In-situ

me;!syr~m~nts

In-situ measurements of the surface radiation budget over sea-ice areas is a matter of high
priority in order to develop and validate algorithms. Indeed, the success of routine radiative
flux calculations over sea-ice depends on such validation. Comprehensive field data sets are
required which are representative of all seasons. There is thus a need for c~ntinuous. (~ver a
long but limited time period) verification measurements at the ground. Vertically pomtmg or
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layers of particulates at all times. Complementary measurements of the downward fluxes of
solar and atmospheric radiation (total and spectral irradiances) and also spectral radiance data
of satellites would considerably improve the interpretation of such analyses. The groundbased
measurements must meet the Baseline Surface Radiation Network standards. The JSC
Working Group on Sea-ice and Climate recommended (WCRP-18) that a minimum network of
at least three-five such stations in each polar region, maintained for one complete annual cycle,
would be needed to calibrate/validate global radiation estimates derived from satellite
observations.
It has already been noted that data on surface temperature are necessary to allow estimates
of cloud top heights and the optical thickness of clouds to be determined. Retrieval of ice
surface temperature from satellite data is again hampered by lack of ground truth data for
validation. Measurements of skin temperature in conjunction with radiosonde measurements of
temperature and humidity under clear sky conditions in all seasons are essential to solve this
problem. Ice surface albedo retrievals also lack validation data. Here the need includes
incoming and outgoing short-wave irradiance data under clear and cloudy conditions,
atmospheric temperature and humidity, as well as aerosol and cloud properties. Measurements
throughout the period of solar illumination are needed. For both surface temperature and
albedo verification data, an area similar in size to the field of view of a satellite sensor,
optimally 1 km 2 , must be sampled. Aircraft are therefore an important resource to enable
these tasks to be achieved.
Finally, there is indeed a need for a wider range of aircraft measurements appropriate to the
problems of radiative transfer retrievals and modelling in the polar regions, co-ordinated with
satellite over-passes if possible. In particular:
observations of cloud microphysical measurements and spectral radiation measurements
from aircraft and the ground to test our current theoretical understanding of the
radiation environment over the polar regions;
investigation of the frequency of occurrence and optical properties of "clear sky" ice
crystals ("diamond dust" and Arctic haze);
as well as the surface-based measurements referred to above, systematic aircraft
measurements of cloud optical thicknesses in the Arctic, both of which would help
resolve problems of cloud optical thickness retrieval over the high albedo surfaces
found there.
4.4

Boundary layer processes

Sea~ice genera~on, growth and melting is determined by the heat balances at the upper and
lower ~ce bou~danes as well as by mechanical deformation processes. In the past the majority
of s~a-Ice studies have addressed the the~odynamics and dynamics of sea-ice for externally
specified lower and upper boundary conditions. Such approaches are not sufficient for the
tr~atment_ of the coupled ocean-atmosphere-cryosphere system. More promising are concepts
With sea-Ice coupled to ocean models. Although the sea-ice has been treated in some
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and dynamic coupling between ice and the underlying ocean is rather poor in general
circulation models.
As indicated in Table 3.2 virtually no adequate formulation exists to describe the interaction
of sea-ice and atmosphere in large-scale models. Deficiencies of the ocean-atmosphere-ice
coupling may therefore contribute as much as errors in cloud properties and cover to the
uncertainties of numerical climate simulations.
Only a few attempts have been made to study the coupling and feedback mechanisms
between sea-ice and atmosphere or sea-ice and ocean. A major reason is that a wide range of
space and time scales needs to be covered to measure such interactions. This task may be
fulfilled through international co-operation.

Although numerous observational studies have been carried out during the last 20 years to
investigate ice-atmosphere interactions, the formulations of the momentum, heat and water
mass transports between the atmosphere and the ice-covered ocean still suffer from
considerable uncertainties because of the heterogeneous observational methods which have
been applied and the complexity of the subject. Improvements can only be achieved by wellplanned programmes of systematic and comprehensive measurements. The present knowledge
of surface exchanges has been reviewed by Overland (1985). From a compilation of his and
others' momentum flux data one may conclude that:
the surface drag depends upon the ice characteristics which affect roughness conditions;
the static stability and the height of the atmospheric boundary layer affect the air-ice
momentum exchange significantly.
More recent measurements by Belitz et al. (1987) and Kellner et al. (1987) in the Arctic
and of Wamser (pers. corn.) and Hoeber and Gube-Lenhardt (1987) in the Antarctic support
Overland's results. Furthermore, Kellner et al. (1987) deduced, from aircraft gust probe data
across the ice edge (Figure 4.1), a strong influence of the lower boundary conditions on airocean exchanges and on the resultant development of the atmospheric boundary layer.
Numerical model computations, which closely reproduce the observed temperature and
moisture fields for on-ice flow conditions, indicate the formation of a secondary boundary
layer over the pack ice with a wind maximum at the top of the boundary layer near 150 m
altitude (Figure 4.2).
The latter examples support the view that the lower boundary conditions have a significant
effect on the vertical and horizontal structure of the atmospheric boundary layer over the polar
ocean. They also demonstrate the need for a rather high vertical resolution of the lowest 300
m of the polar atmosphere in circulation models.
·
The vertical stratification of the atmospheric surface layer over sea-ice is in most cases near
the neutral state, according to data obtained in summer in the Arctic and in wi~ter in the
Antarctic (Figure 4.3). Consequently upward turbulent heat fluxes are predommant. They
become remarkably high over leads and polynyas, especially in winter (Schnell et al., 1989;
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Figure 4.1

Aircraft gust probe measurements of turbulent atmospheric fluxes in the
boundary layer across the Greenland Sea ice edge. After Kellner et al.
(1987).
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Vertical cross-section perpendicular to the ice edge in the Greenland Sea
according to model simulations by Launspach (pers. comm.).
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balance of the topmost ice layer is primarily controlled by radiation fluxes. Frcm time series
of radiative and turbulent fluxes over Antarctic sea-ice, one may conclude t.~at short and longwave radiation fluxes are negatively coupled as long as no surface melting occurs. But in the
Arctic sea-ice regime, top melting and melt pond formation have a significant impact on the
surface heat balance so that these processes need to be taken into account in the thermal iceatmosphere interactions.
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Besides the thermodynamic and dynamic conditions at the water or ice surfaces and the free
atmospheric flow, the atmospheric boundary layer in the Arctic is frequently affected by low
level stratus clouds or the so-called haze layer, particularly during summer. These clouds
modify not only the radiation budget of the lower atmosphere but also generate turbulence
through radiative cooling at the cloud tops. Finger and Wendling (1990) have shown from
observations in the Greenland Sea and also from one-dimensional model simulations, that
cloud top cooling rimy contribute as much as 60% to the generation of turbulent kinetic energy
and may furthermore lead to significant changes in the vertical turbulent fluxes of sensible and
latent heat within the atmospheric boundary layer.
4.4.2 Ob§ervg,tions
The air-sea interactions and sea-ice development in polar regions are governed by
thermodynamic and dynamic oceanic and atmospheric processes with feedback mechanisms
across the oceanic and atmospheric boundary layers. Since most of these processes belong to
the subgrid regime of climate models, suitable parameterization schemes are required to
determine at least averaged impacts on the entire physical system. Process studies during
ACSYS should concentrate on a suitable description of the ocean-ice-atmosphere coupling for
climate models. Particularly important are measurements of vertical turbulent fluxes of heat,
moisture and momentum as well as the up- and downward solar and infrared radiation in the
atmospheric boundary layer under various large-scale atmospheric flow and different sea-ice
conditions. Particular attention must be paid to conditions with a stably stratified boundary
layer which frequently exists even if the surface layer has a nearly neutral vertical density
stratification. The results must be representative of horizontal areas comparable to the grid of
climate models.
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5.

FRESH WATER CYCLE IN THE ARCTIC REGION

The fresh water cycle in the Arctic region embraces about 10,000 km3 of water every year
(I vanov, 197 6). A unique feature is that the prop onion of river waters to the tmal fresh
water input to the Arctic basin is much larger than in other ocean basins. The Arctic Ocean
covers about 5 per cent of the world ocean area and comprises 1.5 per cent of the world
ocean waters, but it receives 10 per cent of the total river run-off of the world (Figure 5.1).
According to recent estimates avanov, 1990), river run-off cont.--ibutes to the Arctic Ocean
approximately the same amount of water as precipitation. The loss of fresh water from the
Arctic Ocean is the result of evaporation from the water surface and sea-ice, as well as fresh
water and ice discharge through the Fram Strait and the Canadian Archipelago. A current
estimate of the fresh water balance of the Arctic Ocean (Aagaard & Carmack, 1989) is given
in Table 1.1.
An important aspect of the fresh water cycle in the high-latitude ocean is that freezing and
melting of sea-ice supplant evaporation and precipitation as the dominant mass flux terms.

It should be noted that existing estimates of the components of the fresh water balance for
the Arc.tic Ocean, as derived by different authors, may differ considerably. For example,
values of the difference between precipitation and evaporation range from 400 km 3 /year
(Baumgartner and Reichel, 1975) to 2,100 km 3 /year (Ivanov, 1976). Some water balance
components, e.g. ice inflow through the Bering Strait, ice discharge through the Canadian
Archipelago, and fresh water outflow south of Spitsbergen, are discounted in these annual
balance estimations because they are thought to be negligible.
Further studies of the fresh water balance of the Arctic Ocean will aim to reduce the
sampling time interval down to a season or a month, and spatial resolution to the scale of
individual ree:ions in the Arctic basin. This will reauire even more detailed studies of the
seasonal variations of fresh water fluxes as well as accounting for additional components
which are neglected in annual-mean estimates. Noting that existing uncertainties in the fresh
water budget of the Arctic Ocean result in part from inadequate knowledge of the
atmospheric and land hydrology parts of the water cycle, further measurements of basic
hydrological quantities will be required.
~

.

The water budget of Arctic continental areas has been studied in greater details than the
ocean. Data on annual water balance of the Arctic as a whole as weU as Eurasia and North
America are given in Table 5 .l (Ivanov, 1976). Annual water budget estimates have also
?een made_ f~r large political subdivisions of Arctic lands, as well as river basins and large
rslands. Similarly, seasonal or monthly water budget components have been estimated on
selected years for large basins of the Russian Federation rivers which discharge to the Arctic
Ocean.
_ :Jn_certainties in ~ndividual water balance components in the Arctic are rather large,
~~pec•ally when estimates are made for periods shorter man a year. For example, estimates
.~: ~vaporat~on and soil moisture content for particular seasons and months sho:.V error limits
a..:s
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Figure 5.1

/
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.

·.

The flow of fresh water from the continents into the world ocean. The areas of
the segments are proportional to the annual volume flow from each river
assuming a depth of one meter. The iceberg flow from Antarctica is shown
schematically as two disks, scaled similariy. Note that most of the river flow
goes into the Arctic-Atlantic "estuary''. The fresh water suppiy to the Arctic
Ocean helps maintain a near-surface pycnocline that is .important for the
maintenance of ~,rear-round sea-ice. From Woods, 1984.

Continents (including
continental land and
islands)

I

Europe
continental land
islands
Asia
continental land
islands
North America
continental land
islands (including
Greenland)
Whole Arctic
continental land
islands (including
Greenland)

Arctic land
area,
.103 km2

Run-off

Precipitation

Evaporation

mm

km3

mm

km3

mm

km3

291.7
160.7
131
1671.3
1542.3
129
5175.5
1595.5
3580

593
600
591
410
417
326
355
420
326

173
96
77.4
685
643
42
1840
670
1170

435
357
533
247
247
248
262
230
276

127
57.4
70
413
381
32
1360
367
988

158
240
58
163
170
78
93
190
50

46.2
38.6
7.6
272
262
10
483
303
180

7138.5
3298.5
3840

378
427
335

2700
1410
1290

266
244
284

1900
805
1090

112
183
51

801
604
197

--'--·

Table 5.1

Fresh water budget of the Arctic land. From Ivanov, 1976

-59measuring stations on the the Arctic land (Figure 5 .2) and by specific difficulties associated
with measurements in very cold climates. An important task for the future will be to extend
the network of hydrological stations in the region and make extensive use of the most modem
techniques for measuring and processing of water balance quantities. Specific tasks which
are considered essential are:
to intensify theoretical and numerical studies of hydrological processes in the zone;
to conduct field experiments in the tundra region to study the main components of the
water and energy budget under typical landscape conditions (in co-operation with
GEWEX);
to establish a specialized regional archive for Arctic hydrological data (in co-operation
with the WMO programme on hydrological data banks).
5 .1

Precipitation over the Arctic Ocean basin

Fresh water enters the Arctic basin primarily by atmospheric transport across the drainage
divide and by advection of low-salinity Pacific water through the Bering Straits. According
to Aagaard and Cannack (1989), the fresh water run-off from rivers to the Arctic Ocean may
be 3300 km 3 per year (mostly coming from precipitation over mid-latitude continents) while
the excess precipitation minus evaporation over the ocean itself is of the order of 900 km3 •
These figures to be compared to an estimated annual loss of some 3000 km3 by the export of
sea-ice through the Fram Straits. Errors in the estimation of area-averaged snowfall over the
Arctic Ocean therefore translate into considerable uncertainty in the total fresh water balance
of the basin.
5 .1.1 In-situ

megsyr~m~nts_of _I!r~cipimtion

Precipitation collecting devices such as used in raingauges are notoriously ineffective for
measuring snowfall because of aerodynamical effects on collection efficiency. Snowfall
measurements using precipitation gauges were shown to have systematic losses of up to 100%
due to wind, wetting and evaporation effects, depending upon the type of precipitation gauge
and the observation site (see unpublished reports for 1985-1991 of WMO/CIMO International
Organizing Committee for WMO on-going solid precipitation measurement intercomparison
project. Copies can be obtained upon request from the World Weather Watch Department in
the WMO Secretariat). Because liquid and especially solid precipitation values measured at a
point are unreliable, Sevruk (1989) concluded that precipitation data published in year-books
are hardly suitable for computing "climatic nonns", studying precipitation trends, or drawing
conclusions concerning global precipitation.
To establish a base for climate change studies, Legates (1989) compiled a high-resolution
(0.5° of latitude by 0.5° of longitude) global climatology of mean monthly precipitation using
existing station data and the most accurate estimates of oceanic precipitation available.
Gauge errors caused by wind, wetting and evaporation were evalu~ted and us~d to_ produc~
corrected estimates of precipitation. According to this study, relative uncertamty_ m annual.
and monthly mean precipitation increased toward high latitudes, exceeding 80% m the Arcnc
and the Antarctic.

~60

80

70

0\

0

Figure 5.2

Locations of run-off observation stations in the Arctic Zone of Russia.
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The most reliable information on snowdepth is still obtained by the time-honoured
measuring-stick method, which may be satisfactory over a flat area around an ice-camp,
provided care is taken to account for snowdrifts, but is certainly hopeless for the purpose of
providing snowfall estimates over the whole Arctic basin. The same is true of modern
"snow-pads", which have been successfully used to gauge the accumulated snow mass over
limited catchments (the sensor is in essence an inflatable air-mattress measuring the snow
mass per unit surface area in the form of the air overpressure inside). A summary of
available snow depth and snow cover data over the North American (Alaska, Canada and
Greenland) and Eurasian continental areas (the Russian Federation) is given in the Appendix.

An attractive method, in principle, consists in weighing the snow accumulated on a solid
ice-floe by monitoring changes in buoyancy. This can readily be accomplished by measuring
differential pressure bet'Neen two ends of a spar buoy, sticking out in the air and in the water
below the ice, and solidly anchored in the ice bed. A device to accomplish this has been
built by the Polar Science Center, University of Washington (Untersteiner and Thomdike,
1984; Untersteiner et al., 1992). The spar buoy hull also contains thermistor circuits, an air
temperature sensor, switching logic, an interface with the Argos transmitter and a power
supply. The schematic structure of the buoy is shown in Figure 5.3. The following
variables are measured:

Air temperature (1 level)
Ice temperature ( 10 levels)
Water temperature ( 10 levels)
Air pressure
Air-water pressure difference

0.2°C
0.2°C
0.2°C
0.3 mb
0.3 mb

One buoy has operated for one year during field tests and worked perfectly for
about 3 months (it produced inconsistent data for the remaining period). Such experimental
buoys need to be emplaced by hand and can only be deployed at a small number of stations.
Thus, it is not likely that the technique could, in the near future, yield meaningful estimates
of basin-wide snow precipitation. Nevertheless, the development of such devices
(named "Alpha Buoy") needs to be pursued actively in order to produce essential "ground
truth" validation data for other methods.

Observation of cloud optical properties or scattering-absorption properties in the
microwave spectrum is the favoured means for obtaining large-scale diagnostics of.c~oud
distribution and types, and thus an indication of precipitation from such clo~ds. V1~1ble and
infrared imagery from operational meteorological satellites has b~en u~ed .with considerable
success to discriminate cold cloud tops associated, at least in a cltmatological se~se (monthly
· an d convecuve
· ramtal
· ~ '1 . H oweve.,
... the method 1s..not so
averages),· with deep convecuon
successful with stratifonn clouds, and the characterization of polar clouds from VISible and
infrared image data has proven elusive (WCRP-62).

- 62-

~SATELLITE

@ {

Position
Air temperature
All other data

-

....
. .....
............ ••·.•.·•·.••·
.....
...
. ....... .. .......... ....
........ ..-:-:-:-:-:·:·.·.·.·.·.·.·.·~·-·.·.·.·.·.·.·.·.·.·
..........
., ............... .....·................... .
.
.
.
.
.
. .. . . . . . . . . . . . . . .
.
.
.
.
.
.
..
........... ............... ... . . . . . .......................................
... .............. ,.._..:::;..-11··.,.·-·-·-·
C E :•:•:•:v:•: . . .
.·......•.......
.......
........... ...................................
........................-.....
.. .. ..........·p. .. ...
.
H :·: ..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..................................... ....
. . . . . .--. . ..........
. . . . . . .. .. . .. .. .. .. .. ..
........ ......
... .... .. ...............
... . .. . . .
,

*

,

1
•

"'

•

,.

•

..-

9

•

•

•

•

•

..

•

•

...

•

•

9

•

9

•

•

•

..

•

•

•

9

•

V

9

•

'

.. • • • • • • • • • • .. • •

I

'

~

'

~

~

~

~

•

9

'

~

9

V

V

•

9

~

9

"

"

r

f

..

•

9

•

•

•

•

•

~

·.·.·.·.·.·.·.·.·.·.·.·.·.·~·.~.·.·.·.·.·.·.·.·.

f

W

•

V

•

··.•.•.•,•,·~~.·.•.•.•.•.•.w,•.•.•.~.•.•.•.·.·.•o
Anchor flange to prevent<·:·:·
•. •. •. •. •. • motion relat1ve
to ice
•. •. •• •
~

~

9

"

•

..

~

9

•

~

•

~

9

x

):

9

•

~

•

)(

••

.,

•

y

•

:.:

•

~

•

•

9

• •• •• ·~ Temperature sensor • •. •. •• • ••• •

Freeboard level

•

:r.

1W

~-.-~-

•

9

9

•

9

•

9

9

•

•

~

~

~

~

•

e

9

w

•

•

•

•

•

•

9

•

•

~

•

V

•

•

9

9

•

9

9

•

~

Temperature sensors

V

V

e

~

y

~

9

9

9

•

•

9

9

•

W

•

9

~.·.·.·.·.·.

•••••

9

~

•

~

9

•

V

•.•.•.•.•.o,•.~.•.•.•.•.•.·.~.·.•.~.~.·.•.•.•.•.

•

•

•

•

•

•

9

•

~

•

•

•

9

•

•

•

9

•

9

•

W

•

•

•

9

•

•

•

~

•

V

~

•

~

9

•

9

•

9

•

9

•

9

•

9

0

~

~

Atmospheric pressure sensor
· .· vented to ambient a.ir
··.

•· ... Differential pressure sensor:
{

···•·••···•••· .

Figure 5.3

·~~~ ~~~eo~~~:~~~~~ot~~7ran

Schematic structure of the spar buoy. The measurements of the pressure
difference and temperature profile, when interpreted with the help of the
hydrostatic equation, lead to estimates of melting and freezing at the bottom
surface and snow accumulation or loss on the top surface. An estimate of
the oceanic heat flux may be derived from the surface energy balance.
From Untersteiner and Thomdike, 1984.

- 63Microwave radiometry may provide a measurement of the instantaneous amount of
precipitating water or snow present in the atmospheric column at the time of satellite passage,
whereas the information required for climatological applications is the integrated mass of
snow fallen during a given time period. Any satellite measurement scheme must thus deal
with a severe sampling problem and associated errors.
The physics of passive microwave precipitation measurements fall into two regimes:
absorption and scattering. The best developed method operates in the absorption regime (low
frequency) and is based on measurement of the enhanced emission associated with liquid
water drops over the cold background of the ocean surface. Accordingly, this method is not
applicable to the remote sensing of snowfall over a solid ice background. In the scattering
regime (high frequency), observed microwave radiances are primarily controlled by scattering
of electromagnetic radiation by snow and ice particles in the air column and are, to a large
extent, independent from the properties of the surface. Thus, microwave radiometry in the
65-95 GHz band does hold a good prospect of yielding meaningful remote sensing signals
for characterizing reasonably intense snowfall events over both sea-ice and ocean (and maybe
over land too). Unfortunately, precipitation retrieval algorithms are still at a rather
experimental stage and considerable work remains to be done for calibration and validation
(e.g. firstly, acquiring reliable surface-based calibration data). Furthermore, it is possible
that a substantial fraction of total precipitation (at least, over the central Arctic region far
from the ice margin) comes in the form of quasi-steady deposition of fine ice particles
("diamond-dust"). Such precipitation would be entirely lost to any currently conceivable
satellite remote sensing technique.

5 .1.3

BuQ.g~t_e§.tirnat~s_of

total

x;!r~cipit:ation

The most promising method for determining the total fresh water input from atmospheric
precipitation over the whole Arctic basin could, arguably, be estimating the total atmospheric
water flux divergence from available atmospheric measurements around the basin. In favour
of this concept are the impressive advances made by operational weather forecasts in
predicting the amount and distribution of rainfall over mid-latitudes and, furthermore, the
existence of a relatively dense aerological-sounding network surrounding the Arctic basin
(Figure 5 .4).
On the other hand, the performances of state-of-the art operational meteorological analyses
and prediction of precipitation remain to be tested at high latitudes. There are good reasons
to believe that numerical weather forecasts reconstitute their own model-generated water
vapour distribution (and therefore, transport) in a matter of a few hours, 24-hours at most, so
that the total flux divergence will depend critically upon parameterized model-processes.
Even the most advanced parametric formulations have not been seriously tested against
reliable atmospheric moisture measurements in the low-temperature range, if only for the
lack of routinely available data. Existing moisture sensors used in operational aerological
soundings (hygristors) are known to suffer from serious deficiencies at low temperatures
when the water vapour concentration is small, i.e. in the upper-troposphere and stratosphere
or even in the whole atmospheric column during polar winter.
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Figure 5.4

Temp/Pilot stations situated to the north of 55°N and reporting JulySeptember 1991 at 00 UTC.
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New prospects seem to exist now for relatively inexpensive sensors operating on the
principle of a rapid succession of flash-heating/drying and water vapour absorption cycle.
Such sensors, always starting a measurement cycle from the same standard conditions, might
indeed provide more reliable data at low moisture concentrations. It would be a very
worthwhile undertaking for ACSYS to promote the development of a special moisture
measurement package of this sort, which could replace existing moisture sensors on standard
radiosonde equipments, for application to a suitable subset of operational radiosonde stations
around the Arctic Ocean.
5.2

Surface and underground run-off in the Arctic basin

River discharge measurement stations are mainly located on large navigable rivers and
provide no indication of local run-off from interfluvial areas. In;the European Arctic region,
there may be one run-off station per 20,000-50,000 km2 , while in the Asian and North
American regions, there is only one station per 200,000-500,000 km2 • Therefore, even
estimates of the total annual water discharge from land to the Arctic Ocean derived by
different scientists (Aagaard and Carmack, 1989; lvanov, 1990) show differences of 50% or
more. Together with improving the estimates of the total annual run-off, studies of the
seasonal regime should have the highest priority, with particular attention to spring snowmelt
run-off and low water flow which determine the range of seasonal variations in the outflow to
the Arctic seas. The main part of the total run-off (from 80 to 100 percent) is contributed
during the warm season of the year. In winter, especially the second half, there is no flow in
many Arctic rivers (but not in all). A detailed study of the Arctic streamflow distribution
during the course of the year would make it possible to evaluate seasonal and monthly fresh
water discharge to the Arctic Ocean.
Arctic river run-off is not only an important source of fresh water but it also affects the
thermal regime in a variety of ways. The warming effect of large Arctic rivers is most
evident in the coastal zone of Eurasia, with its wide shelf area. This effect is manifested by
earlier melting of coastal sea-ice during the spring period, compared to off-shore areas. Ice
reconnaisance from aircraft shows that ice break-up in the river mouths mainly occurs under
the effect of thermal forcing (not mechanical forcing). Further study of the effect of Arctic
river run-off on the ice and thermal regime of coastal waters is worthwhile.
Underground water outflow to the Arctic Ocean from the continents and evaluation of
ground water flow and run-off formation appears to be small. According to recent data
(Zektser and Dzhamalov, 1988), the sub-surface water outflow to the Arctic Ocean is of the
order of 50 km3 /year. Further development of hydrodynamic and hydro geological methods
for the estimation of underground run-off to seas would be needed to refine this estimate, and
to pinpoint the specific areas of underground water outflow in the coastal zones of the Arctic
seas.
The study of the complicated exchanges between surface and sub-surface water in the
permafrost zone is a new objective for hydrological research in the Arctic region. A l~ge
proportion of Arctic lands is in the permafrost zone, where river and underground aqmfer are
connected locally by "taliks" where rivers cross fractured terrain. R~ver and underground
waters (intra-and sub-cryolithic) then constitute a single hydrodynamic system. The local
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nature of underground water recharge and discharge leads to more intensive exchanges and
greater inhomogeneity of sub-surface river run-off during the year. A special study of
surface and sub-surface source interaction in the permafrost zone is needed to estimate the
contribution of underground water to the total river run-off formation and its seasonal
distribution.
Existing estimates of water resources are based on the assumption of stationary climatic
conditions. The predicted global warming and the prognosis of even larger increases in air
temperature and precipitation over the Arctic region call for a careful investigation of
relationships between components of the hydrological cycle in the Arctic and global climate
parameters. Current model estimates of possible precipitation and river run-off changes over
the Arctic in the course of climate warming (Mitchell and Qingcun, 1991; Lins et al., 1991)
are acknowledged to be less than satisfactory.
Progress towards the solution of this problem depends in part upon the development of
appropriate hydrological models. The current status is that no reliable model of the
hydrological cycle exists for the Arctic region, except some primitive models based on
integral quantities of the general water balance equation. Existing hydro-meteorological and
hydrological infonnation for the Arctic region is scattered amongst different agencies and
organizations, and it is often inaccessible to scientific users. Some Arctic river run-off data
(mean daily water discharge) have been collected by the German Federal Institute of Water
Resources in Koblenz under the WMO Global River Run-off Data Centre project. These and
additional data for other Arctic rivers could be combined into a single run-off data base for
the Arctic region. A reliable description of water exchanges in the Arctic land would require
the solution of two additional problems, the derivation of detailed formulation of heat and
moisture exchange processes at the micro-scale and the aggregation of basic hydrological
fluxes for large areas of the Arctic land (macro-scale level). The first problem could be
studied by means of field experiments in the Arctic tundra of Canada and/ or the Russian
Federation. The solution to the second problem would require reliable energy balance and
hydro-meteorological quantities averaged over large areas which cannot be observed by
means of existing land networks. The best prospects are to rely on remote sensing from the
new generation of earth observation satellites being planned to support the GEWEX
programme.
Ready access to data on micro- and macro-scale water exchange processes in the soil-land
surface-lower atmosphere system is needed to advance the parameterization of hydrological
fluxes in macro-scale hydrological models. It is expected that this task could be
accomplished in conjunction with the GEWEX Continental-scale International Project
(GCIP), or by a further extension of GCIP into the Arctic region.
5.3

Macro-scale hydrology in the Arctic region

Th~ nature and variability of large-scale water fluxes in the Arctic differ greatly from
those m the ocean and land parts of the water cycle. The main fresh water balance
components in the atmosp?ere-ocean s~stem are generally less variable in time and space
compared to the land portwn. The mam part of the Arctic Ocean area is covered with ice all
year_ r~ur:d and is characterize.d by a one-sided hydrological cycle determined by
precipitatiOn, snow accumulatiOn or loss, depending upon the season.
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More complicated exchanges occur on the open seas. Here the fresh water cycle is mainly
determined by precipitation, evaporation and water inflow from land, which is quite variable.
A significant amount of fresh water is transported from the Arctic Ocean to the North
Atlantic Ocean in the form of desalinated ice. This process and its influence on ocean
convection have been suggested as analogues of the "halocline catastrophies" thought to have
occurred in the past (Aagaard and Carmack, 1989). Modelling has been performed to
estimate the effect of variations in continental run-off on the ice thickness distribution and
low-salinity water dynamics in the Arctic Ocean. The results have shown that these
processes are closely interrelated (Savtchenko and Nagumy, 1991). The existence of an
interdecadal self-sustained climatic cycle involving atmospheric, hydrospheric, cryospheric
and river run-off variations in the Arctic has been suggested by Mysak et al., 1990.
The main objective of the ACSYS hydrology programme is to develop, test and refine
macro-scale hydrological models which could be used to represent the essential continental
link in the climatic feedback loop between the global atmospheric circulation, rainfall and
evaporation, on the one hand, and the fresh water discharge (buoyancy forcing) from the
Arctic rivers to the Arctic Ocean, on the other hand. The principles of the formulation of
such macro-scale hydrological models will be developed on the basis of the detailed field
studies undertaken by GEWEX, especially the GEWEX Continental-Scale International
Project (see section 7 .1.1). The main thrust of ACSYS will be to adapt these macro-scale
hydrological models to the specific conditions of the Arctic river basins and arctic climate,
usmg:
High-resolution analyses and forecasts of the atmospheric circulation;
Rainfall and surface fluxes of radiation, heat and water, based on state-of-the-art
operational meteorological products;
Improved basic hydrological measurements over the Arctic river basins, especially
streamgauge data from the best gauging network possible.
It is envisaged that this development, and validation of such macro-scale models for the
Siberian rivers, should be undertaken as a co-operative project of appropriate NWP centres
and the State Hydrological and Arctic and Antarctic Research institutes of the Russian
Federation.

5. 4

Greenland ice sheet mass balance

The Greenland ice sheet has a significant effect on the atmospheric dynamics. It interacts
with the atmosphere mainly through exchanges of heat and water, as well as through
radiation.
The ice sheet mass balance (snow accumulation minus ablation), which is closely related to
climate change, is largely controlled by the atmospheric circulation, precipi~tion and
temperature of the air masses passing over the ice sheet. Therefore, modelling_ of the
dynamics and mass balance of the Greenland ice sheet can only be successfu~, If the exchange
processes at its upper (ice or snow) boundary are treated thoroughly. For this purpose

- 68adequate field studies are necessary to properly measure the important components of the
heat and water transport under a variety of surface and atmospheric conditions.
Furthermore, specific regional and orographic features should also be considered.
Parameterization schemes, which can be applied to ice sheet models and to coupled climate
models treating the land ice interactively, are to be developed from observational studies.
The in-situ field measurements on the ice sheet should be implemented to obtain high
quality ground truth data for satellite observations. The latter provide information on the
surface characteristics and through altimeter data on ice volume changes (e.g. GeoSat
altimeter measurements). As the present space systems do not ensure the required accuracy,
the results suffer from a large uncertainty. Reliable information is expected from new
satellites to be launched in the near future.
High quality field measurements of radiation, heat, moisture and mass exchange at the iceatmosphere interface were collected at the field research station of the Swiss Federal Institute
of Technology (ETH) during 1990 and 1991. The field station was located at the equilibrium
line altitude (1200 m a.s.l.) near Jak:obshaven (69'34'N, 49'17'W). First results were
summarized in Ohmura et al. (1991).
The main objectives of a land ice component in the ACSYS programme would be:
Assessment of the mass balance of the Greenland ice sheet and interannual variations
of individual balance components;
Derivation of compatible series of high quality field measurements of heat, moisture
and mass exchanges at the ice - atmosphere interface in the zones of intensive ice
melting;
Assembling a high quality data set, based on field measurements of the characteristics
of the ice sheet surface, to calibrate satellite estimates of albedo, roughness, snow
melting, etc.;
Deriving a reliable estimate of the Greenland ice sheet response to climate changes;
Developing improved parameterizations of ice - atmosphere interface processes in
GCMs and climate models.
To achieve these objectives, a long-term field programme of systematic measurements on
the Greenland ice sheet would have to be developed.
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6.

ACSYS DATA MANAGEMENT

ACSYS differs from previous co-operative Arctic research programmes in the
comprehensive multidisciplinary nature of its scientific goals and the systematic character of
the field observations required to achieve them. Several large, diverse data sets will have to
be combined and evaluated at an early stage of the programme in order to allow their use and
interpretation by all participants in ACSYS. ACSYS will last for more than a decade, during
which the experimental strategy will undergo continuous evaluation in the light of previous
results. ACSYS needs a data management system that fits the unified nature of the
programme and its products. In formulating the data plan, the competing needs of the
programme as a whole and the interests of individual scientists who have invested
considerable effort in obtaining the data have to be taken into account.
For the management of the programme and its continuing evaluation as well as early
multidisciplinary assessment of the information by ACSYS participants, suitable data
exchange arrangements need to be agreed upon. The following aims should guide the
ACSYS data management:
The creation of data sets for the assessment of theories and validation of models.
The preparation of data sets to be used as boundary conditions in atmosphere, ice and
ocean models and for the formulations of parameterizations.
The generation of data sets to provide a comprehensive description of the arctic
atmospheric and oceanic circulation.
The assembly of subsets of existing data appropriate for ACSYS purposes.
Provision of a comprehensive catalogue of these data sets.
The dissemination of the data sets to the research community.
The achievement of these goals requires the direct involvement of research groups in the
data management process, aided by national data centres. Arrangements, procedures and
protocols proven already existing related programmes should also be used. Besides this,
operational arrangements must be made with:
World Weather Watch Global Telecommunication System and WWW Data
Management.
International Oceanographic Data Exchange (lODE) of IOC. lODE provides a
mechanism for delayed mode exchange of oceanographic data between World Data
Centres (WDC), National Oceanographic Data Centres (NODC) and Responsible
NODCs (RNODCs) and for the preparation and distribution of data products by
RNODCs (see IOC Manuals and Guides, No. 9, 1982).
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International Arctic Buoy Programme (IABP), which is an Action Group of the
Drifting Buoy Co-operation Panel of WMO/IOC. The panel provides a framework for
the co-ordination of drifting buoy activities by nations, including data exchange by
GTS and data. collection by the RNODC for drifting buoys (Marine Environmental
Data Service (MEDS), Canada). Data are mainly collected through the Argos system.
Operational Weather Satellites. In addition to transmitting image data in the visible
and infra-red bands, they serve as data relay via the Argos system.
Specific data. management systems are usually set up for unique research satellite
missions. Access to these data will be tailored to the specific satellite systems.
World Data. Centres. These were established by ICSU during the IGY and have
served since then as permanent archives for oceanographic, meteorological,
glaciological and geophysical data, including information from the WCRP. WDC-A
for Glaciology in Boulder, Colorado, USA archives and distributes sea-ice and other
related Arctic data sets.
The Study Group reached the conclusion that it was premature at this early stage of
ACSYS development to attempt designing an international ACSYS data management system.
ACSYS data management issues will be considered at a later stage, when relevant observing
systems are identified and the type of data clearly defined. The Study Group believed that a
detailed ACSYS data management plan should be elaborated by the future ACSYS Scientific
Steering Group and included in the ACSYS Implementation Plan.
The use of existing or new centres of activity for the exchange and analysis of ACSYS
data and the dissemination of scientific results should be foreseen as well as co-operative
arrangements between GEWEX and ACSYS since the scientific objectives of GEWEX cover
some essential aspects of ACSYS. In this context, the Study Group emphasized the
importance of water run-off (hydrology), Arctic Ocean (hydrography) and sea-ice data.
Appropriate activity centres should assemble relevant ACSYS research data in the form of
regional (Arctic) data bases to provide ACSYS scientists with quality controlled information.
The Study Group was convinced that there would be also a need for the establishment of an
ACSYS International Project Office for co-ordination of national ACSYS activities.
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7.

ACSYS IN THE CONTEXT OF GLOBAL CLIMATE AND GLOBAL CHANGE
RESEARCH

7.1

Relationship with international research programmes

7.1.1 GEWEX
GEWEX is meant to observe, understand and model the earth hydrological cycle and energy
fluxes, as well as impacts on oceanic dynamics, regional variations in hydrological processes
and their response to climate change. Thus, the scientific objectives of GEWEX cover an
essential aspect of ACSYS: to understand, in quantitative terms, those aspects of the global
atmospheric circulation, energetics and hydrological processes that affect the Arctic climate
and drive the Arctic Ocean through momentum or buoyancy forcing. Already, an extension of
the scope of the GEWEX Continental-Scale International Project (GCIP) is being envisaged, to
include a study of the Mackenzie river catchment in addition to the Mississippi river basin.
The Mackenzie flows northward through Canada to the Arctic Ocean and would constitute a
test case for Arctic hydrological processes. ACSYS emphasizes the significance of northern
rivers in maintaining or changing the fresh water balance of the Arctic Ocean, and the studies
of the large-scale water budget of northern river basins, either as a component of GCIP or a
special ACSYS initiative.
Likewise, GEWEX is undertaking a multi-region Cloud System Study, based on a
combination of mesoscale modelling, in-situ observations from aircraft and remote sensing
from space. ACSYS will emphasize the study of low level polar clouds and haze, their impact
on radiative transfer and the energy budget of sea-ice. ACSYS could then promote systematic
surface-based radiation budget measurements and aerial surveys of ice and snow optical
properties, in support of GEWEX atmospheric radiation studies.

7.1.2 WOCE
The World Ocean Circulation Experiment (WOCE) and more specifically, the WOCE
Core-3 programme to study the North Atlantic gyre dynamics will yield a first-order
estimation of the rate of formation of North Atlantic Deep Water and the meridional
circulation of the basin. However, the WOCE plans for oceanic observation are limited in the
Atlantic to latitude 60° North. One objective of ACSYS is to complement WOCE in providing
basic hydrographic and geochemical-geophysical tracer information in the Greenland and
Norwegian seas and the Arctic basin poleward of 600 North, and to investigate the dynamical
and thermodynamical linkages between heat and fresh water fluxes through the Fram Straits
and the Norwegian Sea, and the variations of the Arctic climate system in general.
7.1.3 CLIVAR

The longer term scientific objectives of WCRP will be to unders~d, model and ~redict
from observations, global climatic variations or "climate signals" wh1ch can be as~oc1~ted to
identifiable modes of variation of global climate system, such as the Southern Oscillatlon or.
the north-south temperature seesaw and variations in meridional heat transport by the Atlanuc
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Variability and Prediction Research Programme (CLN AR) would undertake systematic world
ocean observations, data assimilation and modelling studies to investigate climatic variations
associated with changes in the thermohaline circulation of the Atlantic Ocean and the world
ocean, in general.
It is thought that a significant con~bution to buoyancy forcing and deep water f?nna~on in
the North Atlantic comes from the discharge of (fresh water) sea-ice from the Arctic basrn. In
this respect, ACSYS would constitute an essential complement of CLIV AR, to understand ~e
coupling of the oceanic and atmospheric _circulations at high northern latitudes. As empha~lZed
previously, the originality of ACSYS obJectives results from the special nantre of the physical
processes occurring in polar regions and speciallogistical requirements of polar research.
7.1.4 lGOF.S
The central goal of the Joint Global Ocean Flux Study (JGOFS) is to unders~nd the
.
processes controlling the time-dependent fluxes of carbon and associated biogeruc elements m
the global ocean, and to evaluate exchanges with the atmosphere, the sea floor and continental
boundaries. The coastal Arctic Ocean and, especially, the continental shelves around the
basin, are areas of considerable biological productivity and biochemical activity, so that the
Arctic Ocean is thought to play a major role. in the global carbon cycle and other
biogeochemical cycles, out of proportion with its area.
ACSYS is aiming to provide a much improved kinematic and dynamical descripion of the
Arctic Ocean circulation, and thereby facilitate the JGOFS efforts to place the assessments of
geo-biochemical cycles in the Arctic on a more reliable and precise quantitative standing. It
will also be to the obvious benefit of both JGOFS and ACSYS to share logistical resources and
conduct join transects across the basin, whenever possible.
7.1.5 IGAC
Likewise, it is generally agreed that Arctic and boreal continental regions, consisting of
snow-covered ground and permafrost, forest, wetland and lakes, play an important role in tlie
global geo-biochemical cycles and climate. Methane released from northern wetlands has a
strong potential for producing positive climate feedback to regional warming. Fluxes of
chemically and radiatively active trace gases from boreal ecosystems may change considerably
in r~sponse ~o changes_ in soil_ tem~eratu_re~ water table height and stored organic material
dunng a penod of regiOnal cltmauc vanatwn. Advances in observation and modelling of
cli~atic and hydrolo.gical properties of hig~-latitude continents, promoted by ACSYS, would
obviOusly serve the mterests of the International Global Atmospheric Chemistry (IGAC)
programme of IGBP and IAMAP.
For good_ reason~, IGAC has emphasized polar regions as a "new atmospheric frontier"
from the pomt of v1ew of global change. ACSYS concentrating on the dynamical and
phy_sical aspects of ~limate variations and change, 'will seek co-operation with IGAC and IGAC
proJects, as appropnate, to exploit the results of field studies and modelling efforts. It should
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combines the scientific interests of the atmospheric physics community and those of the
ecologists and vegetation physiologists. BOREAS and similar field studies are co-ordinated
internationally through the joint IGBP-WCRP Working Group on Land Surface Experiments.
7.2

Relationship with national and multi-national polar climate research activities

ACSYS aims to promote scientific investigations in the Arctic region, by means of
proposing clear and generally recognized scientific goals together with a practical
implementation strategy and schedule, which could be endorsed by relevant national scientific
communities, science funding agencies and research institutions. ACSYS will therefore seek
the support of national or multi-national programmes or bodies, which may agree to participate
in its implementation. Different types of relationships are explored below, corresponding to
various existing national or multi-national activities.
7 .2.1

RelatiQn~hiP.:..with

natiQng,l_and_mylti::ng,tional

re~egr~h_progrg,mme~

7 .2.1.1
The Arctic System Science initiative is a major programme of the National Science
Foundation (NSF) of the USA. The ARCSS programme recognizes the specific objectives of
ACSYS within its considerably wider scientific scope. ACSYS would aim to provide an
effective framework for consolidating scientists' proposals which may be supported by
ARCSS, and an internationally co-ordinated planning mechanism (and office) to reinforce the
case for Arctic climate research. ACSYS would therefore seek resources from ARCSS
through the usual process of proposal submission by individual scientists, peer review and
research grants. At the same time, ACSYS would hopefully provide a basis for strengthened
co-operation between the various national science-funding agencies and administrations in this
field of climate research.
7 .2.1.2

Atlantic_Climate_Change_Progrg,mme_(ACCPl

The Atlantic Climate Change Programme is a scientific undertaking of the National Oceanic
and Atmospheric Administration (NOAA) of the U.S.A. The ACCP is aiming to document
the current (on-going) and past variations in Atlantic Ocean properties (e.g. salinity) and
circulations, and to investigate the mechanisms that underpin such variations. The controlling
influence of North Atlantic water salinity and "preconditioning" upon convective processes and
deep water formation is obviously a central scientific focus of ACCP as well as ACSYS. It is
expected that ACSYS will provide a comprehensive climate system framework for conducting
ACCP investigations and, conversely, that ACCP will support essential Atlantic process
studies for ACSYS.

7.2.1.3
PIPOR is a polar research initiative, sponsored by primarily the USA Nati~nal Space and
Aeronautics Administration (NASA) and the European Space Agency (ESA), m order _to .
develop the use of satellite remote sensing as well as relevant supporting in-situ investigations

and modelling studies, and to promote the participation of the scientific community in the
exploitation of satellite data (especially, active microwave instruments, such as the imaging
synthetic-apenure radar on ERS-1).
Satellite remote sensing and, especially, high-resolution microwave imaging, are seen as
powerful tools for investigation of many Arctic region problems, particuiarly concerning the
formation and dynamics of sea-ice, systema6c monitoring of the distribution of sea-ice and
snow, and eventually altimetric studies of the Arctic and North Atlantic upper-ocean
circulations and the mass balance of the Greenland ice sheet. ACSYS, like all other major
WCRP programmes, will seek the co-operation of national or multi-national space agencies,
like NASA, CNES, DARA and ESA, to provide remote sensing data, to support relevant
scientific investigations and, in general, to develop the applications of satellite observations to
the problems at hand. In that respect, PIPOR would be expected to serve as an effective relay
to communicate the objectives and requirements of ACSYS to participating space agencies.
7 .2.2

Rela.tiQn~hip_ with

multi-na.tiQngl_orgf!nizations_cQn.Qernhd_with

re~ef!r~h in_tb_e_Arc.ti~

7.2.2.1
The scientific objectives highlighted by the European polar research community, represented
in ECOPS, is focused on the study of the dynamics of the Arctic Ocean and coincides, to a·
large extent, with the central goal of ACSYS. The Programme would therefore seek the cooperation of ECOPS in developing European support for participation in the (wider)_ scientific
study of the Arctic climate system and would provide European polar scientists with an
international co-ordination mechanism and planning office, in order to promote regional-scale
and multi-disciplinary science projects, which could be readily supported by European
agencies.

7.2.2.2
The AOSB is a multi-national group of polar research institutes and representatives of
science-funding agencies, aiming to advance scientific knowledge of the Arctic Ocean and
adjacent seas by bringing resources together into co-operative programmes, where such
resources (and logistics) would be used to best effect for achieving the desired scientific
objectives. The most ambitious programme organized by AOSB is the Greenland Sea Project,
a multi-disciplinary undertaking to study deep water fonnation and other interesting processes
in the Greenland Sea and Fram Straits, and the International Arctic Polynya Programme.
Noting that AOSB has developed into an effective co-operation mechanism between
scientific institutes and science funding agencies supporting research in the Arctic, ACSYS
would endeavour to present its scientific objectives and proposed scientific strategy to the
Board, in order to seek_its support for implementing relevant aspects of ACSYS (especially,
the conduct of observation campaigns at sea).
7.2.2.3

, ~he IASC is also a multi-national group, representing all coastal nations around the Arctic
Dasm and other interested nations, devoted to faciiitating and promoting global environmental
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appears that IASC would be ready to consider specific scientific proposals which could
constitute the basis for international scientific co-operation in the Arctic.
ACSYS would endeavour to present its scientific aims and proposed scientific strategy to
the IASC, in order to seek the support of the Committee in implementing the Study.
7.3

Relationship with other relevant international projects

ACSYS will need the co-operation and support of many existing and/or future activities,
aiming to investigate specific polar processes (e.g. the International Arctic Polynya
Programme) or to deliver specific information (e.g. the International Arctic Buoy Programme).
In general, ACSYS will seek the co-operation of such programmes or projects, in order to
expedite its own planning and facilitate its implementation.
Of particular interest is the incipient International Arctic Buoy Programme (IABP) which
will build upon the pre-existing but informal Arctic Data Buoy Project, organized by the Polar
Science Center of the University of Washington, U.S.A., to maintain a network of automatic
. instrumented buoys for systematic surface observation in the Arctic Ocean basin. The
programme is an initiative of the (governmental) Drifting Buoy Co-operation Panel of WMO
an4 IOC, which arranges for the international financing and supervision of the Argos data
collection system, and international participation in the various meteorological-oceanographic
drifting buoy networks. The Arctic Buoy System is meant to become one of these networks,
operated in the long-tenn by various governmental agencies and services. ACSYS will rely on
many such networks, in order to muster the necessary wide range of observations required to
achieve its stated scientific goals.
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APPENDIX

Snow cover data

1.

North American continent

The nature and availability of surface-derived data on snow cover in the North American
Arctic are conveniently summarized by distinguishing three regions: Canada, Alaska and
Greenland. Of these three regions, only Canadian data are available in a volume and form
most suited for climatic applications.
Canada
Climatically relevant data on snow cover in northern Canada exist in several fonns:
Summaries of monthlv snowfall and end-of-month snow depth have been compiled for a
network of several hundred stations, approximately 75-100 of which are north of 55°N.
The data set includes the monthly temperatures for the same stations. The period of
record varies by stations, ranging from only a few years at some locations to over 100
years at others. The high-latitude stations typically have record lengths of 20-50 years.
This data set is available from the Canadian Climate Center in Downsview, Ontario. A
significant limitation of this data set is the fact that snow gauges fail to capture
substantial portions of the snowfall; captured percentages may be 50% or less,
depending on the wind, temperature, terrain, etc . .Nforeover, the type of gauge was
changed at many sites in the 1940's and 1950's, introducing potentially serious
inhomogeneities into the longer time series. The measurements of snow depth also
contain uncertainties pertaining to the representativeness of the precise location(s) at
which the measurements were made.
Since 1980 the depth of snow has been measured daily (rather than rnont."'lly) at
approximately 225 stations of the Canadian Atmospheric Environment Service (AES).
Although the record is short, these data are available on tape from AES. They form
the bais of the weekly national map (analysis) of snow depth. These analyses published
in Climatic Perspectives, cover all of Canada, including the northern islands of the
Archipelago.
AES and Canada's Water Resources Branch have operated a snow course network
primarily for hydrological purposes, since 1964. The network includes approximately
1200 courses, although the number of routinely sur1eyed courses has decreased in
recent years. The number of courses surveyed in the Yukon and Nor-..hwest Territories
has ranged from 10 in 1963-64 to approximately 100 in the early 1980's.
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Alaska
Snow data for Alaska are embedded in the archives of daily synoptic reports.
Approximately 25 Alaskan stations report snowfall and snow depth. The data are stored
chronologically by date. Access of these data are difficult because it requires the mounting
and sequential reading of large numbers of tape, which contain the complete synoptic
transmissions from all reporting stations in the U.S.A. While these tapes are available at
NCAR and NCDC (Asheville), the costs and manpower required for extracting the snow data
have prevented the consolidation of the Alaskan snow data into a compact data set. Even if
the snow data were extracted, the values would be subject to the uncertainties described in the
above summary of Canadian station data.

References: R. Jenne, R. Barry, D. Robinson (pers. communications).

Greenland
Snow data for Greenland can be divided into two categories. First, annual snow
accumulations can be estimated from the upper layers of cores taken in the interior of the ice
sheet. The collection of such data thus far is obviously sparse, but more such data can still be
obtained from areas that have not yet been sampled. Second, approximately 20 stations around
the Greenland periphery generally report snowfall and snow depth as part of routine synoptic
transmissions. It was impossible to identify any extraction or synthesis of the snow reports
from these stations.

Reference : J. Walsh (pers. communication).

2.

Eurasia
The Russian Federation. north of 67° North

Observations of solid atmospheric precipitation at meteorological stations and points in the
Arctic land region are based on measurements with precipitation gauges made four times a
day.
Observations on snow cover are based on the determination of the areal extent of snow
coverage around the stations (conventional indices), the character of the snow cover, snow
depth an~ density~ and the _existen~e and thickness of an ice crust under the snow. Everyday
observations consist of a VIsual estimation of the snow covered area around the station and the
kind of snow deposited. Snow depth is estimated by means of three permanent snow stakes on
a meteorological plot in morning hours.
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Periodic assessments are also made in the form of snow course surveys. A snow course is
normally not less than lOOOm long within a 5 km or so from the station. Forest courses are
500 m long. In gorges and ravines, measurements are performed in accordance with a special
procedure developed by the Hydrometeorological Service. Snow surveys are made from the
moment when more than a half the visible environment around a station is covered with snow,
until after more than half the territory is free from snow. Surveys are carried out ever; ten
days (every fifth day during the thaw period). Obser1ations include depth, density and
condition of the snow cover and ice crust. Observations on snow depth and density are
performed by means of a portable snow stake and a weighting snow sampler (BC-42).
The number of stations in the Arctic land zone of the Russian Federation providing data has
varied over the years. Now information from about 60 stations in the Arctic zone are
exchanged internationally. As a rule, the length of the observation record is between 30-40
years; 60-65 years is the maximum length of any such record.
More than a half of observation points are situated on islands (17%) and coastal zones
(34%). These stations were established in the years 1930 to 1960 to assist navigation.
Observations on snow cover often were not made at all or performed according to a reduced
schedule. Less than half the observation sites are actually located on the Arctic mainland.
Since the 1980's their number tends to decrease. It is understood that the number of snow
gauging stations is insufficient for actually mapping the areal distribution of snow, its depth
and water content. It is also insufficient to infer reliable water budget estimates or any other
hydrological properties.
Individual measurements of snow cover depth made with snow stake are relevant to specific
sites and cannot be considered representative of the large-scale snow cover. Large errors in
determining the mean snow cover depth on a snow survey route can occur when there is an ice
crust or a thick fir cover over the ground - a common feature in the Arctic zone. Estimation
of snow cover density at snow depth exceeding 60 cm, as well as during the spring snowmelt
period, is often erratic as a result of the snow gauge imperfection. Considering the arbitrary
choice of snow courses and discrete nature of measurements with stakes, the accuracy of the
estimated snow cover cannot be expected to be adequate for quantitative studies.
The State Hydrological Institute of the Russian Federation is ready, upon request, to
provide monthly snow cover data over the Arctic land of the Russian Federation up to the year
preceeding the recipt of an order.

Reference

V. S. Vu glinsky (pers. communication).
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