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- ixFOREWORD
With the prospect of the World Climate Research Programme's Arctic Climate System
Study (WCRP ACSYS) beginning to enter its mid-life phase by 1997, the fourth session of
the ACSYS Scientific Steering Group (SSG), meeting in Toronto, Canada in October 1995,
considered it timely to being planning a major Conference to assess progress in Arctic
Climate System research and to help set the future direction for ACSYS activities. With
the emergence of the WCRP Climate Variability (CLIVAR) project, increasing involvement
of ACSYS with the WCRP Global Energy and Water Experiment (GEWEX) and discussion
of widening WCRP involvement in polar research, the fifth session of the ACSYS SSG
agreed that the overall theme of the Conference should be one which links Polar Processes
and Global Climate. Hence the title of this Conference.
This was the second ACSYS Scientific Conference (the first, on the Dynamics of the
Arctic Climate System, held in Goteborg in November 1994, marked the launch of ACSYS).
Its intention was to examine climatic processes in both the north and south polar regions
and the connection between these processes and the global climate system. The
conference was structured around four sub themes: Three on The Polar Climate System
(New observational insights; Sources sinks and budgets; Processes and their modelling) and
a fourth on Polar and Global Climate: Variability and feedbacks. The overall objective of
the Conference was therefore to link climate issues in both polar regions with global climate
investigations.
In setting up the Conference Organising Committee, the SSG were conscious that a
wide range of interests in research on the polar atmosphere, ocean, sea ice and land
surface hydrology and glaciology needed to be represented, as well as the wider connection
between polar and global climate. I am grateful to the Conference Organising Committee,
Knut Aagaard (Chair), Dennis Hartmann, Vladimir Kattsov, Doug Martinson, Ron Stewart,
Andrew Weaver and Dennis Lettenmaier for taking on the task of bringing such a wideranging conference programme together. Some 150 participants took part. There were
8 invited overview talks and 20 supporting topic speakers. Over 120 posters were also
presented. A preliminary draft summary report containing the majority of the three-page
extended abstracts of each of the presentations at the conference was prepared by T ordis
Villinger of the International ACSYS Project Office (IAPO) and made available to
participants at the start of the event. Thanks are due to Tordis for her efforts in bringing
that volume and this final version of the Conference Proceedings to completion in a most
timely fashion and for her secretarial assistance in organising the event. Particular thanks
are also due to Dennis Lettenmaier, Elaine Donovan, and staff of the Applied Physics
Laboratory for the excellent local arrangements and support for the meeting.
Two rapporteurs, who also acted as session chairmen, were appointed each day to
draw out the scientific highlights and the principal issues and themes arising during their
appointed sessions. Their reports will be found in the succeeding pages together with the
overall conference statement and the extended abstracts of presented papers. Again,
thanks are due to the rapporteurs and to all who participated and helped to make the
Conference a successful and, I believe, stimulating event.

Howard Cattle
Chair, ACSYS SSG

-xiCONFERENCE STATEMENT
WMO/ICSU/IOC World Climate Research Programme Arctic Climate System
(WCRP ACSYS)
Conference on Polar Processes and Global Climate
The WCRP ACSYS Conference on Polar Processes and Global Climate was held at
Rosario Resort, Orcas Island from 3-6 November 1997. This was the second ACSYS
Scientific Conference. The Conference was intended to examine climatic processes in both
the north and south polar regions, the connection between these processes and the global
climate system, and to address the need for global climate investigations to account
realistically for polar processes. The objective of the conference was therefore to link
climate issues in both polar regions with global climate investigations.
The conference demonstrated the extensive progress made by the polar and wider
climate community in understanding and determining the dynamic nature of the Arctic
climate system and its links to the wider global climate system since the first ACSYS
Conference held in 1994. WCRP, and in particular the Arctic Climate System Study
(ACSYS), has played an important part in fostering multidisciplinary activities including
international co-ordination of observations and data sets and stimulating model intercomparisons. The Conference participants encourage the continuing involvement of WCRP
in the international co-ordination of Arctic climate research.
During the conference, a number of issues concerning the role of the Antarctic for
the global climate system were addressed. These included the influence of southern
hemisphere polar region on global ocean circulation, bottom water formation, the
interactions of southern hemisphere sea ice with both atmosphere and ocean, and the role
of Antarctica for sea level rise and the freshwater budget of the southern ocean. The
implications are that there is a strong need for WCRP to engage more widely than it has
done to date in developing a programme of co-ordinated international research in the
Antarctic, in collaboration with SCAR GLOCHANT and SCOR, in particular iAnZone.
The need for global climate investigations to account realistically for cryospheric and
high latitude processes is well established and confirmed by the wide range of scientific
inputs to the conference. The requirements are for continued effort in developing the
fundamental understanding of these processes and to enable and encourage their more
realistic representation in global climate models. There is a further need for enhanced effort
in the gathering and development of observational data sets to challenge and consolidate
this understanding and to verify the ability of climate models to represent polar climate and
its interactions with the wider global climate system. WCRP is encouraged to both
continue and broaden its efforts to provide the co-ordinating mechanisms and framework
for polar climate research which help to contribute to these goals.

- xiii RAPPORTEURS' REPORTS
DAY 1: THE POLAR CLIMATE SYSTEM: NEW OBSERVATIONAL INSIGHTS
The Oceans
by Knut Aagaard
At the end of this first day I'm struck by the explosion of new observations in the
high-latitude oceans, especially in the Arctic Ocean where each of the day's oceanic
presentations were focused. Looking back on the paucity of available observations in the
Polar Basin even a decade ago, the contrast with today is quite remarkable. Oceanography
has historically been observationally driven, and so I take this recent development as a sign
of health and promise.
I am also struck by the acute need for sustained positive feedback between the
rapidly expanding observational effort and that in simulation and modeling. Koltyshev et
al. suggest that dynamic topography may be one of the few common touchstones for
observationalists and modelers.
If so, then we certainly need to strengthen our
communication dramatically. Carmack argues that there is a host of intriguing processes
begging to be parameterized or otherwise incorporated into the models that eventually will
have to provide us with a genuine prognostic capability. For example, if lateral intrusions
over long distances, propelled by double-diffusive fluxes, indeed are a driver into the basin
interior of properties introduced at the periphery, then a formidable task awaits numerical
modeling.
A wonderful array of new synthesizing ideas and conceptual frameworks was laid
out for us today as well. For example, Carmack's view that the Arctic (and his argument
can be applied to the Antarctic as well) is part of a larger high-latitude halocline domain
provides a helpful perspective. If it is combined with that of Jones et al., who argue that
the primary conversion of upper waters into the intermediate waters that feed the North
Atlantic arm of the global overturning cell occurs in the Polar Basin rather than in the
Greenland and Iceland seas, then we see an intricate ocean climate system {all in the
halocline domain) for which it is easy to visualize geographical adjustments and large
frontal shifts that at least regionally can give us dramatically different conditions than we
have today. The grand circulation scheme laid out by Rudels et al. inherently carries similar
possibilities for change.
Indeed, a changing Arctic Ocean was one of the prominent themes today, being
discussed by Alekseev et al., Steele and Boyd, Pisarev, Rudels et al., and others.
Particularly remarkable are the recent large and widespread warming of the Atlantic layer,
and the salting of the upper layer of the Eurasian Basin. Steele and Boyd also point out that
the cold halocline has substantially retreated from the Eurasian Basin during this decade.
These changes suggest that locally driven convection in the upper layer of the deep basin
has increased in importance. We should therefore look for evidence of increased vertical
heat fluxes in the Eurasian Basin. Certainly the old canonical value of 2 W m- 2 {which in
a one-dimensional representation of the present ice cover was thought to represent the
upper limit to what can be tolerated) is likely at risk in a Eurasian Basin robbed of its cold
halocline and seasonally ventilated from the surface nearly to the Atlantic layer. Indeed,
Muench et al. show that the vertical flux over the Eurasian slope is locally already in the
neighborhood of 100 W m-2 , although different mechanisms are involved there.

- xivNot least in importance among the grand array of new observations are those of a
varied set of tracers, both anthropogenic and natural. The presentations by Schlosser et
al., Smethie et al., Wilhelm, Pivovarov et al., and Frank et al., all illustrate the wonderful
new insights into time scales, trajectories, mixing, sources, and the freshwater balance that
accrue from these tracers. In several of these presentations the changes in tracer
distributions illustrate the rather rapid transmission of signals that's possible within the
Arctic Ocean. Schlosser et al. also point out the special potential for advancing our
understanding of dominant processes within the Arctic Ocean that is inherent in an
interplay of tracer observations and simulations.
We have known for about a decade that the most energetic organized motion within
the Arctic Ocean is over the slopes and major ridges, and it is now becoming clear that this
boundary current plays a major role in the propagation of transients within the Arctic
Ocean, including the recent warming in the Atlantic layer. lvanov and Korablev and
Shimada et al. show us how complicated these motions can be in detail. We have known
for an even longer time that the interior of the Arctic Ocean is fed from the shelves, not
solely but as an important contribution, and Schauer and Fahrbach remind us of the
intermittence and variability of this process. The plumes that they discuss constitute one
of the likely means for waters to exit the shelves {although there are others being actively
explored now), and Kampf et al. enlarge that discussion by considering a new factor, viz.,
the effect of suspended sediments on the bulk density of plumes, both on entering and
leaving the plume.
So where are we with respect to the theme of our conference: polar processes and global
climate? Compared with, say, a decade ago, our view of the Arctic Ocean and its climatic
connections has changed greatly. Today we see an ocean that changes dramatically on
time scales of a few years; an ocean where internal communication is rapid, both vertically
and horizontally; an ocean in which complex structures point to complex interactions; an
ocean that is no longer inaccessible to modern investigative techniques; an ocean that is
likely linked in significant ways to the global overturning cell; an ocean in which variability
appears linked to large-scale atmospheric changes {of which we will hear more later this
week); an ocean for which we can now formulate worthwhile hypotheses related to climate
and then test them in meaningful ways; and finally, an ocean at the surface of which large
changes in seasonal ice cover are no longer unthinkable!
DAY 1 :THE POLAR CLIMATE SYSTEM: NEW OBSERVATIONAL INSIGHTS
The Atmosphere and Sea Ice
by Mark C. Serreze
The results of this first day highlighted significant strides in observational
assessments of the polar climate system, using both in-situ and remotely-sensed data.
Several presentations summarized the information that can be obtained from new data
sets, while others served to illustrate that much can still be learned from analysis of
existing data. Also encouraging is the increasing synergy between the observational and
modeling communities. I sense a growing recognition that although empirical studies are
fundamental to understanding Arctic processes and basic relationships between variables,
they are by themselves incomplete as it is only through models that we can hope to sort
out the seeming myriad of feedback between the atmosphere, sea ice and ocean. On a
more somber note, while compared to a decade ago, we have a wealth of data for the
Arctic Ocean, the disturbing decline in the data network for monitoring Arctic climate is
likely to become worse in the future.
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An example of new applications to new data and the synergy between observations
and modeling was provided by Von Walden and others in their overview of climate studies
over Antarctica. They pointed out that the South Pole is an excellent location for empirical
studies as it is representative of a large geographical area of the East Antarctic plateau,
represents the cold-dry endpoint of terrestrial atmospheric conditions and provides
conditions for assessing the radiative impacts of atmospheric "diamond dust." While wellcalibrated infrared radiance spectra were shown to be useful for understanding changes in
the surface radiation budget, they also illustrated how these data are very well suited for
testing radiative transfer codes.
The posters by Makshtas et al. and Heinemann et al. are also representative of
studies with direct relevance to modeling. The first study examined the angular and
spectral characteristics of incoming and penetrated under-ice short-wave radiation in the
Arctic - important variables in the processes of summer sea ice decay which need to be
better understood if we are to properly model sea ice processes. Under-ice transmission
also has direct bearing on biological productivity. The Heinemann et al. poster examined
the katabatic wind regime around Greenland and measurements of boundary layer fronts
over the Davis Strait, which may strongly influence polynya formation and ice production.
A major thrusts of this study is to provide validation data for mesoscale models.
The presentation by Winebrenner and Arthern illustrates the continued interest in
assessing accumulation rates over Antarctica. As each year, water taken out of the oceans
and deposited as snow on Antarctica would lower sea level by 5-7 mm, it is clear that the
mass balance of the ice sheet is a critical global-change variable that needs to be
monitored. However, even the sign of the mass balance of Antarctica is poorly known at
present and available observations grossly under sample geographical variations. Also
poorly known are the processes controlling accumulation in the present climate and under
potential future regimes. The authors present a new method to measure accumulation rates
that relates microwave emission to firn layering properties, using 4.5 cm wavelength
brightness temperature data collected during 1979-1985 by the Scanning multichannel
Microwave Radiometer (SMMR). A clear advantage of this technique is that it provides
complete Antarctic coverage.
Kwok and Kakuta et al. show exciting applications of RADARSAT SAR data to
examine Arctic sea ice processes. SAR data can be used to provide high-resolution
assessments of Lagrangian ice motion, concentration and ice deformation. Based on
assessments of open water production and a simple model to estimate ice growth,
RADARSA T data can in turn provide ice age and thickness histograms which are difficult
and costly to obtain from in-situ measurements. These retrievals can be obtained with
much higher resolution than possible with visible-band, infrared and passive microwave
imagery. However, these RADARSAT applications are in their infancy and are in need of
validation. Results from the SHEBA field program, now underway in the Beaufort Sea,
should help greatly in these efforts.
Turning to new insights from existing data, Wadhams examines results from a 1987
under-ice submarine sonar track from the North Pole through Fram Strait along the
Transpolar Drift Stream. Assessment of the mean ice draft shows a rapid decrease to the
south too large to be explained from divergence or the accepted mean ocean heat flux.
The data show evidence of ice melt as far north as 86 degrees N. Wadhams argues that
this might be related to the recent warming in the Atlantic layer remarked upon in
numerous presentations during the conference.
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sensible and latent heat fluxes from well saturated surfaces using data available in many
Eurasian countries. A remarkable conclusion from this study is that from 20-60% of snow
on open locations of northern Eurasia may be due to evaporation and sublimation during the
cold season. Furthermore, it appears that significant reductions in evaporation from snow
have occurred during the 1960-1990 period examined.
Aagaard remarks upon the "explosion" of new data in the high latitude oceans,
especially in the Arctic Ocean. New oceanographic data, data being collected from the
SHEBA field program and the "rescue" of the Russian "North Pole" archives are providing
us with new insights which are already challenging some of our existing notions of Arctic
processes. However, our exuberance over these new data and their applications must be
tempered by the disturbing decline of the Arctic observational network which we rely on
for climate monitoring. Paul Louie provided a decidedly sobering view of the effects of
budget cuts in Canada. We learned that the already sparse station network over northern
Canada will degrade with the loss of long-term observing stations (one example being the
recent loss of the Mould Bay), and that data continuity may be compromised by a change
to automation. The termination of the North Pole program in 1990 illustrates the similar
problems that have been faced in the former Soviet Union. Some, but not all of these
losses will be offset by advances in remote sensing. Hence, while we can relish the new
challenges provided by the many new types of data for the Arctic Ocean now available or
being collected, we must also accept the new and less tasteful challenge of losses of
critical data for climate monitoring at a time when concerns of global change have
promoted the Arctic to the forefront of scientific debate.
DAY 2: THE POLAR CLIMATE SYSTEM: SOURCES, SINKS, AND BUDGETS
The Oceans and Sea Ice
by tan Atlison
The papers presented either as posters or orally in this session, were divided almost
equally between those addressing the polar atmosphere or land hydrological processes, and
those dealing with the oceans and/or sea ice. Ron Stewart reports on the former, while I offer
a few comments here on the latter group. For me, a 'mono-polar' and non-Arctic scientist,
the advances over the last 10 years or so in understanding of the Arctic climate system, and
of its variability at both annual and decadal time sca1es, has been impressive. This has been
possible because of availability of a wealth of new oceanographic data for the region, and by
the multidisciplinary activities and international co-operation fostered by the WCRP Arctic
Climate System Study (ACSYS).
A number of papers in the session address the freshwater budget of the Arctic.
Alekseev et al. review the available information on the seasonal cycle of freshwater, noting
that the major signature of the seasonal salinity change in the upper layer of the ocean is due
to the 'internal cycle' of melting and freezing of sea ice. Both the large interannual variability
and regional differences in the cycle are caused by variations in summer sea ice melt, modified
by changes in river run-off and transport across lateral boundaries. Freshwater input from the
Canadian Arctic islands is largely an unknown factor in the cycle. And at the regional scale,
Harms uses a high resolution ocean model to simulate the seasonal cycle of ice formation,
circulation, and upper ocean structure in the Kara Sea. Even in this region, where freshwater
runoff from the Ob, Yenisei and Pyasina rivers is large and winter ice formation is intense, the
summer surface salinity is dominated by ice melt
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of the freshwater cycle with a box thermodynamic model of the ocean and sea ice. They
show that it is the mixed layer thickness that is most sensitive to changes in transport across
the Atlantic Ocean and Bering Sea boundaries, and particularly sensitive to changes in river
run-off.
Both Kwok and Rothrock and Vinje et al. derive estimates of the ice discharge via Fram
Strait, using ice motion obtained respectively from passive microwave (winter only) and
synthetic aperture radar satellite data. Both studies show high variability in the daily, monthly,
and interannual ice area flux. Vinje et al., using additional data on ice thickness from upward
looking sonar arrays, estimate that the interannual variability in ice volume flux is greater than
a factor of two (2050 km 3 to 4700 km 3 ). This variability shows correlation with the North
Atlantic Oscillation (NAO). However, as demonstrated by Melling and by Prinsenberg, a
significant transport of Arctic surface water to the North Atlantic also occurs through the
channels of the Canadian Archipelago, undergoing modification en route. A volume flux of
as much as 2 Sv occurs annually, with a strong summer peak. This is equivalent to a
freshwater flux of about 0.2 Sv, more than twice as much as the ice-only freshwater flux
through Fram Strait. Exchange through the Archipelago represents about 20% of the total
Arctic volume outflow, but little is known of its interannual variability.
Large spatial and temporal variability is also seen in the North Atlantic circulation and
in its interaction with the Arctic Ocean. Using more than 40 years of record, Lappo shows
a strong oscillation in Atlantic intermediate water properties, with a change in the meridional
transport by a factor of two, and an intensification of the meridional overturning circulation
subsequent to the early 1980s.
A further pattern of variability is shown by Timokhov et al. who investigate the
statistical relationship between ice extent (in August), ocean circulation (from dynamic
heights), and ice drift (from data buoys), using principal component analysis. Their results
reveal a significant self-oscillation, with a six year period, between the ice cover in the Laptev
and Eastern Siberian seas and the surface circulation in the basin.
Since the annual cycle of ice growth and melt has such a strong impact on the
freshwater budget of the upper Arctic Ocean (Aiekseev et al.), sea ice processes within the
basin are important, and are discussed in a number of papers. Using a sophisticated single
column model of the ice and ocean mixed layer, Holland demonstrates the importance of the
ice thickness distribution to total ice mass balance (and hence to the mixed layer heat and
salinity budgets), and to ocean-ice-atmosphere exchanges. She shows that adequate
representation of the thickness distribution is essential for simulating both climate change and
natural variability within the Arctic. The strength of both the albedo feedback and the ocean
feedback response to a long-wave warming perturbation is dampened if the ice thickness
distribution is inadequately resolved. Many other factors also affect the rate of ice production.
For example the rate of new ice growth in leads, and hence the salt flux to the upper ocean,
can be higher if freezing occurs by frazil accumulation rather than by congelation growth
(Ala m and Curry).
The vertical circulation resulting from ice growth and melt is illustrated by Rudels et
al., who describe a mixed layer model in which oceanic heat entrained from below the
halocline is partitioned between ice melt and loss to the atmosphere. The partitioning is
defined such that the buoyancy increase in the surface water from ice melt is minimized. This
model is used to describe evolution of the mixed layer during winter, and the haline and
thermal convection regimes typical for the Greenland Sea.
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studies, can only be obtained from satellites, and recent developments using new sensors to
provide increasingly quantitative data from the polar regions are particularly welcome. Martin
et al. have compiled, and made widely available to other investigators, a high resolution ( 10km) sea ice climatology for the Arctic since 1972, derived from a variety of remotely sensed
and in situ data sources. Remote sensing applications presented at the Conference include
the characterization of the large-scale lead pattern in the Arctic from 85.5 GHz SSM/1 imagery,
and its relationship to ice motion, (Agnew and Le); monitoring new ice growth in leads with
airborne microwave, visible, and near-infrared sensors (Tschudi et al.); and discriminating ice
extent and ice type with C-band and Ku-band scatterometers (Ezraty et al.).
The ACSYS Conference aimed to examine climatic processes in both the Arctic and
Antarctic, and their link to the global climate system. In this session, however, Antarctic sea
ice and ocean studies were poorly represented, probably largely as a consequence of a similar
Antarctic-only meeting held in Hobart in July 1998 (Annals of Glaciology, Vol 27). An
overview of Antarctic oceanography was provided by Gordon, focusing particularly on
circulation, sea ice, and Bottom Water formation in the Weddell Sea. Not surprisingly, here,
as in the Arctic, our picture of the climate system becomes more complex as we gain more
knowledge. Two different types of Bottom Water are now identified in the Weddell; a low
salinity type requiring input of glacial melt from beneath the ice shelves, and a high salinity
type formed from High Salinity Shelf Water produced by sea ice growth. Gordon speculates
that the recent decrease in the salinity of AABW in the Weddell Sea could be a result of
increased ice shelf basal melt.
My overall impression from the session was of the large natural variability in the polar
climate system. That, and the myriad of possible feedback and interactions between the
different components; perhaps so many that the system is intrinsically stable or cyclical to all
but a major externally forced change. Our present knowledge of Antarctic processes and
variability is probably about equivalent to what we knew of the Arctic twenty years ago, and
there is an urgent requirement to increase this to understand the total role of the cryosphere
in the global climate system. At the same time there remains a need to continue and enhance
observational studies in both hemispheres, to define natural variability and isolate any
anthropogenic influence, and to improve and validate representation of polar climate processes
in climate models.
DAY 2:THE POLAR CLIMATE SYSTEM: SOURCES, SINKS AND BUDGETS
The Atmosphere and Hydrology
by Ron Stewart
The polar regions are presently experiencing significant changes in their climate. We
as polar researchers have an obligation to understand the factors contributing to these
changes and the implications for other elements of the climate system. We also have an
opportunity to test our approaches, understanding and models under varying conditions.
Our progress in addressing these challenges should lead to substantial improvements in our
capability to predict future conditions.
To adequately understand the polar climate system, there must be major progress
made in addressing the atmospheric and hydrological sources, sinks and budgets of water
and energy. One needs to be concerned from the fresh water perspective with, for
example, water vapor, clouds, precipitation, snow cover, evaporation, sublimation and
discharge. From the energy perspective, one needs to consider short and long wave
radiation, sensible and latent heat, as well as albedo. All these parameters and processes
were considered in the set of papers presented at the conference.
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comprehensive program addressing the sources, sinks and budgets in the polar regions. For
example, one needs to be very concerned with the actual means through which these
parameters are calculated from the available information, and one has to at the same time be
very aware of deficiencies in the data sets. Given this background information, it is critical
to calculate the sources, sinks and budgets by using various approaches and to examine how
these derived parameters vary temporally and spatially so as to gain as much insight as
possible into how the polar climate system operates. Such an overall approach will
undoubtedly also lead to the determination of key uncertainties that will lead to further
research thrusts, including additional observations, process studies and modeling efforts.
Interestingly, when one considers all the papers presented at the conference, it is evident that
all elements of the overall necessary approach are being examined.
One common aspect of the talks was the use of special data sets. For example, Pavlov
used the Russia-US Atlas of the Arctic Ocean for sea level and runoff analyses. Makshtas,
Martin and Rigor used the Russian North Pole Drift Station Data to carry out a number of
studies of the clouds, precipitation, radiation, temperature and winds over an area of the Arctic
Ocean where almost no other information is available. Walsh, Bromwich and Hurst used the
recently-available re-analysis information to deduce important characteristics of the sources,
sinks and budgets but it was also pointed out that there are still problems with this information
including the radiation, clouds, precipitation and evaporation fields. Vuglinsky and Hinzmann
used river discharge information, some of it from the Global Runoff Data Centre, to model subbasin flows over complex terrain or to point out many of the sources and uncertainties in fresh
water flow into the Arctic. Nissen used Doppler radar to study the dynamics of high latitude
cloud systems producing snow, and Rudolf discussed improvements being made in the Global
Precipitation Climatology Project for future studies. Dang was concerned with detailed
snowcover measurements for validating satellite remote sensing algorithms, and Radionov
urged caution in using temperature information from the Drifting Buoy network. Francis used
a variety of satellite measurements for studying Arctic clouds and their radiational impacts,
and Zak discussed the measurements being made over the ice pack under SHEBA/FIRE. The
fact that so many data sets were being used is one measure of the substantial progress being
made in the field of polar atmospheric and hydrological studies.
There were four main scientific themes within the set of presentations. "Climate Trend"
papers pointed out that a warming trend is presently underway but the tendencies are certainly
non-linear with parts of the Arctic actually cooling. Such overall trends are furthermore linked
with large scale circulation changes. lt is very important to understand these trends and the
responses of all components of the polar climate to them. "Re-Analysis" studies illustrated
that horizontal moisture advection is becoming better handled but there are significant
differences from sounding-alone assessments, as found in other areas. There is sometimes
good agreement between the re-analysis derived products such as precipitation but, even in
this case, there is some question as to whether the physics is sufficiently good. lt was
encouraging to see that the Antarctic precipitation minus evaporation budget from the reanalysis effort agreed quite well with values derived from other approaches. "Cloudiness"
received considerable attention. Polar regions are rather cloudy areas, and there are wellknown problems in properly handling these high latitude features. This situation must be
improved because of the critical role of clouds on the radiational balance (and precipitation)
of the regions. In general, better information is needed on clouds as a function of large scale
and surface conditions (as pointed out by Beesley), and including their internal structure.
"Hydrology" was the fourth theme. Asia certainly contributes the largest amount of fresh
water for the Arctic but there are substantial decade! variations in the contributions from all
the fresh water sources. lt will be important to determine from the ocean and sea ice
perspective, what might be acceptable accuracy for this fresh water input.
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My overall impression of the presentations is that a healthy, international research
effort is underway. Research highlights include four general topics. First, the assembly of
data sets into readily-available form is paying off with many scientific studies underway.
Second, the re-analysis effort is a major tool now and for the future but additional fields such
as precipitation may need to be assimilated in order to produce adequate results for many
climate studies. Third, there was a better appreciation of the key atmospheric and hydrological
processes and their feedback. Fourth, quantitative values of the sources, sinks and budgets
are being produced from a variety of sources but work is needed to better synthesize these
efforts.
In terms of guidance for the future, there are several actions that need to be made.
These include better quantification of the sources, sinks and budgets over the data-sparse
region; a substantial focus on improving the physics of products derived under large scale and
surface forcing; more interactions with sea ice, glacier and ocean activities; and more work
on connections with the global climate system.

DA V 3: THE POLAR CLIMATE SYSTEM: PROCESSES AND THEIR MODELING
Ocean Processes
by Douglas G. Martinson
While not completely distinct from previous (and following) sessions, the ocean-related
studies presented on the third day of the meeting can roughly be classified into 3 common
themes. In particular, those addressing: (1) convection/deep water processes and influences;
(2) freshwater distribution and influences; and, (3) variability.
The convection/deep water studies varied considerably in scope. They addressed local
processes, their controls and sensitivities, the paths from source to different depth levels, shelf
versus open ocean convection, and they evaluated regional to global impacts given local
source area sensitivities and forcings (Paluszkiewicz et al.; Kaempf and Backhaus; Kikuchi, et
al.; Weatherly and Washington; Kim and Stoessel). Results from these studies revealed a
plethora of sensWvities, again over a tremendous range in scales, produced some testable
relationships (e.g., Kaempf and Backhaus suggests that the depth of convection may be
extracted from the length scale of small scale ice features), and identified relationships worth
further investigation (e~g., Weatherly and Washington suggests mechanisms through which
the polar freshwater balance is critical to the Antarctic Ci:rcumpolar Current).
The freshwater-related studies focused on the spread and distribution of river runoff
in the Arctic via model tracer/dye studies (Karcher and Oberhuber; Newton et al.; Maslowski
et al.), the discharge itself (Vinogradov; Mackay) and the hydrological cycle controlling this
discharge (Mackay and Stewart). Clear from these studies was the paucity of comprehensive
river runoff observations. Another result, encouraging from the model perspective, was that
the models appear to be doing a respectable job in simulating the river distribution within the
Arctic, and thus well poised to evaluate their influences and potential sensitivities in future
studies.
The studies addressing variability, considered seasonal to decadal scale variability,
mechanisms and patterns of such variability, and the covariation-variations and relationships
between involved variables (Dickson et al.; Proshutinsky et al.; Cooper). Modeling results were
encouraging by showing long simulations with no flux corrections that produced reasonable
decadal variations while sustaining good seasonal cycles. The observational studies showed
consistent relationships between a broad number of variables, and effectively put forth
testable hypotheses relating large scale forcings and responses.
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the Arctic flow paths and their sensitivities (Holloway); and, Arctic eddies and the conditions
thought necessary for eddy generation (Zhao and M orison).
On the overall, these studies, as well as other related ones presented at the workshop,
suggest a number of directions or issues that warrant further consideration. (1) A variety of
the studies presented tantalizing relationships between the polar and extra-polar regions,
including links, feedback and mechanisms. These are at the very heart of the role of the polar
regions in global climate. Consequently, they must be pursued, advanced and understood.
(2) On a similar vein, while not explicitly addressed in most studies presented in Rosario, the
relationship between natural variability and anthropogenic change is an elusive one. There area
number of recent studies that have hinted at the polar regions as being an area where the
differences between these two types of variability may show some distinct characteristics.
These should be further explored. The relationships and variations documented, suggested and
modeled during this workshop represent an ideal foundation from which to initiate such
studies. (3) lt was clearly evident from the workshop presentations that the community would
benefit from more systematic and coordinated modeling-observational interactions and
cooperative studies. (4) A number of polar-specific processes and interactions, over a broad
range of scales were examined via modeling and observational studies. These included icealbedo feedback, ice-cloud feedback, ocean-ice interactions, ice distribution and spatial
averaging considerations and other feedback/processes. Each of these appears to be
important over some space and/or time scale, and thus each needs further attention. Likewise,
we need some plan for systematically evaluating the influence and importance of such
processes, which will more clearly delineate model needs and community efforts.

DAY 3: THE POLAR CLIMATE SYSTEM: PROCESSES AND THEIR MODELING
Ice and Climate
by Gary Maykut
The presentations today have focused largely on modeling elements of the Arctic
climate system, particularly those associated with the sea ice cover. Yesterday, Walsh and
Bromwich discussed some of the problems that the current generation of GCMs and climate
models have in predicting conditions in the polar regions. What is the source of these
problems? Is it the treatment of clouds, radiation or boundary layer fluxes in the atmosphere?
Have we oversimplified the dynamics and thermodynamics of the ice pack, or its interaction
with the upper ocean? Or is it related to grid coarseness and sub-grid scale variability? The
simple answer is that any or all of these factors could contribute to the problems. For practical
reasons, models knowingly omit or simplify potentially important processes and physics.
Because we are dealing with a complex, coupled system, it is often hard to trace how such
simplifications interact within the model to alter its predicted response. As Curry pointed out,
understanding what happens in a GCM can be almost as challenging as trying to understand
what actually happens in nature. Nevertheless, if we are to improve our predictive capabilities,
we must continue efforts to evaluate the relative importance of a host of processes and
variables that may be important but may not be receiving adequate treatment in present largescale models. Such evaluation was an underlying theme in many of the papers presented
today.
A central goal of the ACSYS modeling program is the development of an optimal sea
ice model for use in climate simulations. Several investigators presented research aimed at
improving the treatment of sea ice dynamics in such calculations. Efforts by the Sea Ice Model
lntercomparison Project (SIMIP) to evaluate different ice rheologies were described by Lemke
and Harder et al. who report that a viscous-plastic (VP) constitutive law provides
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the best description of sea ice motions, and that dynamic variations forced by the wind are
a more important source of ice thickness anomalies than are variations in temperature. Guo
and Zhao also examined the VP law and derived an alternate version that is absolutely stable
under all conditions, while Hibler discussed the treatment of lead orientation in such models.
In an interesting pair of papers, Hunke and Zhang compared the performance of the standard
VP model to a modified version that includes elastic waves, the EVP model. EVP predictions
of ice velocity, thickness, concentration and extent were shown to be very close to those of
the VP model. However, the EVP treatment is computation ally more efficient because it can
be easily adapted to computers with parallel architecture, decreasing solution times by as
much as a factor of 3-4. The EVP formulation has been implemented in the model that will
be described by Semtner on Thursday.
A number of studies have suggested that sea ice models which include dynamics are
less sensitive to thermodynamic perturbations than thermodynamics-only models, drawing into
question the high latitude amplification seen in some earlier models which ignored ice
dynamics. Flato examined this question in his paper and found that introducing a detailed
treatment of the ice thickness distribution into the dynamic formulation increased the
sensitivity of the model back to a level near that of the thermodynamics-only models. lt
appears that higher thickness resolution may be needed in dynamic-thermodynamic (DT) ice
models if they are to provide accurate heat and mass flux predictions. The need for improved
thermodynamic parameterizations in DT models was discussed by Arbetter et al. who pointed
out that there is considerable disagreement in the response of 1-D slab models, single column
models, and 2-D basin-scale models to heat flux perturbations. Schramm et al. showed how
improved treatment of the snow cover, particularly its effect on the spectral albedo, could
dramatically improve predictions of ice thickness and melt cycle timing in the Ebert and Curry
model. Kakuta and Muraji also showed that incorporation of the heat diffusion equation into
a DT model made substantial differences in the production of thicker ice. Closely related to
the ice thickness distribution and thermodynamic issues is the enhancement of heat and mass
fluxes in areas of thin ice and open water. Flaw polynyas represent an extreme situation
where sustained, high rates of ice production and salt fluxes can have a major impact on
conditions in the ocean. To investigate this situation, Winsor and Bjork applied a modified
form of the Pease polynya model to the Laptev flaw polynya, obtaining good agreement
between predictions and satellite observations of polynya occurrence and width. Average
annual ice production in the lead totaled nearly 13 m with a corresponding mean salinity
increase of about 8 psu in the water directly beneath the polynya.
Reasons why different models produce significant differences in simulated
meteorological fields in the Arctic were investigated by Abegg et al. and by Rinke et al who
focused on the treatment of the planetary boundary layer. Abegg et al. compared predictions
using Monin-Obukhov similarity theory in the surface layer with those using a Rossby number
similarity parameterization for the whole boundary layer. They found that the different PBL
parameterizations produced substantial differences in the predicted temperature and humidity
structure of the lower atmosphere when integrated over periods of a month or more. Carrying
out high resolution (50 km, 19 levels) simulations in a regional climate model, Rinke et al.
found that improved treatment of clouds, radiation and convective processes in the PBL
produced much better agreement with the ECMWF analyses, the largest disagreement being
in the lowest part of the atmosphere. The value of higher grid resolution in large-scale models
was also demonstrated by Krinner and Genthon who successfully used a stretched-grid GCM
to simulate long-term climate changes in topographically complex regions such as Greenland
and Antarctica.
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insights into how we can improve our treatment of various parts of the system. However, a
serious barrier to further testing and improvement of our models is the lack of suitable data.
lt seems like we are too often just testing one model against predictions by another. The 13month SHEBA program discussed by Perovich offers a unique opportunity to acquire a high
quality, comprehensive data set that can be used to formulate and test a wide variety of
process models, particularly ones relating to ice-albedo feedback and cloud-radiation feedback.
A fundamental problem in utilizing this data set for the improvement of large-scale models is
that many of the processes which we believe to be important are seriously sub-grid scale. For
example, things like large-scale surface albedo and the interaction of shortwave radiation with
the ice and upper ocean depend strongly on the distribution and evolution of leads and melt
ponds. Even if we could model local processes exactly, how do we scale them up so as to
accurately predict their effects on a grid cell? The hope is that we can use observations to
obtain statistical descriptions of small-scale phenomena than can then be combined with as
much physics (i.e. process models and parameterizations) as possible to obtain predictions of
larger-scale averages and totals.
Curry addressed this issue in her talk and pointed out that single column models (SCM)
are likely to play a central role in the scaling-up efforts, and in evaluating the importance of
specific processes. She also described how control theory might be used to develop strategies
for utilizing observational data in the testing of large-scale models. One advantage of SCMs
is that they can be used to test the behavior of a complicated system of processes and
parameterizations, without having to worry about the large errors that are often associated
with horizontal advection in the climate models. This was nicely demonstrated by Pinto et al.
who compared SCM predictions with those from a regional climate model using the same
physics. The SCM was found to produce much better predictions of temperatures and net
radiation fluxes during the transition to summer melt than the climate model. This suggests
that, in some cases, SCMs may provide a better way to evaluate the physics related to vertical
exchanges than more complex 2-D models.
In looking back over the years, I am struck by the large changes that have occurred in
how sea ice is perceived by the large-scale modeling community. Twenty five years ago largescale modelers were saying that the only thing they needed to know about the polar ice pack
was whether the boundary layer above the ice was stable or unstable. However, as the
models have evolved and become more strongly coupled with other components in the system,
it seems increasing clear that things like ice dynamics, the ice thickness distribution and salt
fluxes associated with ice growth play an important part in determining how the fluid earth
reacts to changes in climate. I was especially intrigued by the model results of Meehl which
indicate that changes in the distribution of sea ice can produce decadal-scale teleconnections
in global ocean temperatures that consequently alter general circulation in the atmosphere.
This seems to be in marked contrast to the usual view that what happens in the polar oceans
is only a response to forcing from lower latitudes. lt appears that there may be a stronger
feedback between low and high latitude processes than previously thought. While there are
still many questions that remain unanswered, today's presentations show that we are moving
in the right direction and that answers to at least some important questions may not be long
in coming.
DAY 4: POLAR AND GLOBAL CLIMATE: VARIABILITY AND FEEDBACKS
by Dennis Hartmann and Andrew Weaver
The theme of Day 4 of the WMO/ICSU/IOC WCRP ACSYS conference on Polar
Processes and Global Climate was: "Polar and Global Climate: Variability and Feedbacks".
Talks and posters in this session focused on the influence of both the southern and northern
hemisphere polar regions on climate, with particular evidence given to sea-ice
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variability in polar climates. Several posters described mounting evidence of recent variations
in the climate of the polar regions. Much of this discussion centered around the so-called
North Atlantic Oscillation (NAO) and its connection with changes over the Arctic Ocean.
In the morning session two talks (by Washington and Semtner) discussed some
remarkable developments in both climate and ocean modeling, respectively. Washington
discussed progress at NCAR concerning the development of a parallel T42 version of CCM3
coupled to a 2/3° resolution Global Ocean Model (higher resolution in the Arctic and near the
equator), whereas Semtner displayed compelling evidence to suggest the near convergence
of solutions arising from his high resolution ocean modeling studies. He emphasized the need
for a "real model" to reproduce observed transports and exchanges of climatically important
quantities for the right reason. A general conclusion from both these talks was that in order
to represent the global climate correctly in a coupled model it was crucial to correctly capture
polar processes.
In addition, Battisti and Bitz presented an overview talk on the processes responsible
for Arctic climate variability. They suggested that the primary process for Arctic variability
was via variability in the convergence of atmospheric moist static energy flux. They further
pointed out that variability in wind stress was of secondary importance. Through the analysis
of a 1 000 year model integration, Bitz and Battisti found that the minimum ice extent found
in 1990 occurs naturally in their model about once every 85 years, whereas an ice surge
through Fram Strait with the same amplitude as the Great Salinity Anomaly occurs naturally
about once every 100 years.
The last talk in the morning session was by Stoessel in which he discussed the role of
southern ocean sea ice on the mean state and variability of a global ocean model. In
particular, through a sensitivity study, he demonstrated that the use of daily wind forcing
increased AABW production by about 5 Sv and hence cooled the deep ocean in his coarse
resolution ocean model. He further demonstrated the existence of low frequency internal
variability in the Antarctic Circumpolar regions of his model and drew analogies with recent
observational evidence of the Antarctic Circumpolar Wave.
In the afternoon of Day 4, Alekseev discussed observational evidence for anticorrelation of monthly mean surface air temperatures in the Arctic and middle latitudes of the
Northern Hemisphere, and reviewed studies of the freshwater batance of the Arctic ~sea,
which emphasize the
connections between Arctic climate dynamics and the global
environment. Colony delivered a paper by T. Vinje describing a 400 year record of Barents Sea
ice edge positions derived from log books and other sources. The data show a strong
correlation between mean ice edge latitude and Northern Hemisphere mean surface air
temperature over the last century. The mean ice edge moved from about 76 to about 79.5
since 1800. Finally, Holland presented both a talk and a poster in which he described a
detailed physical model of the ice shelves where ice sheets meet the ocean and which may
be critical to the growth and decay of ice sheets. He further described an ice pump
mechanism that can thin and spread ice shelves.
The poster session on Day 4 was well represented by observational studies of the
Arctic climate system. Cavalieri reported trends in sea ice measured from microwave
instruments on satellites between 1978 and 1996. The Arctic ice decreased at a rate of
approximately 2.8% per decade, while the Antarctic ice expanded at a rate of 1.3% per
decade over this period. Morison described analysis of ship observations from the Arctic
during 1993 and 1994 which indicate that the influence of Atlantic water has become much
more widespread that in the climatological data sets developed prior to 1989. Brasket
confirmed a negative correlation between sea ice area anomalies in the Greenland
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and Labrador Seas, and discussed the seasonal variations of the atmospheric North Atlantic
Oscillation with these sea ice anomalies and their possible interaction with the central Arctic.
Adams described oscillation patterns in the Pacific Sector of the Northern Hemisphere,
whereas Nagurny proposed a method of monitoring sea ice thickness using the theory of sea
ice vibrations. Genthon described new estimates of convergence of atmospheric fluxes of
energy and water into the polar caps based on ECMWF reanalysis products. Some
components of flux are significantly different from previous estimates.
Additional modeling studies presented on Day 4 discussed the low frequency variability
in the NCAR CSM model (Capotondi) and showed (Dethloff) that the long timescale
integration of a low order atmosphere model exhibited internal low frequency variability arising
solely through non linear dynamical interactions. Two posters were presented by Maslanik
and co-authors. In the first, they investigated the relative roles of thermodynamics and ice
transport in explaining year-to-year variations in sea ice extent in models. In the second, they
compared observed ice extents with simulations from the NCAR CSM. They suggested that
recent ice conditions have been abnormal and CSM simulations correspond better to
climatological conditions. Finally, Schmith investigated the possibility that extended North
Atlantic sea cover could have caused the inferred changes during the Little Ice Age. Putting
enhanced sea ice as a boundary condition in an atmospheric GCM caused greater zonality in
the atmospheric flow over the Atlantic and colder temperatures in Europe.
The discussion at the end of the day centered on a number of issues. First, it has
become clear (Semtner, Washington) that the next generation of coupled models will involve
much higher horizontal and vertical resolution. lt was emphasized, however, that there was
still a role to be played by coarser resolution models as they are more efficient to run. For
example, such coarse resolution models can be used to conduct numerous sensitivity studies
to various model parameterizations and feedback (e.g., Holland - Day 2; Meehl- Day 3). On
this same note, discussion ensued as to the suitability of parameterizations which are
developed through local (or 1-D) process-oriented studies (e.g., Curry- Day 3; Perovich - Day
3) for use in coarser resolution climate models. Grassl brought up the issue of scale
dependence of these parameterizations.
A general theme throughout the conference which culminated in the Day 4 session was
the role of the NAO on Arctic climate variability. lt was clear from numerous talks and
posters (e.g., Dickson - Day 3; Brasket - Day 4) that on interannual timescales the NAO is
extremely influential on Arctic interannual variability. On longer timescales evidence was
discussed (e.g., Bitz and Battisti) for decadal variability of Fram Strait sea ice export through
the red response of Arctic sea ice export to atmospheric (white) forcing. A discussion ensued
as to whether or not decadal variability of Arctic freshwater export to the North Atlantic, via
its effects on Labrador Sea convection, could be inherently coupled to observed decadal
variability of the NAO oscillation.
In addition, evidence presented on Day 1 of the meeting (e.g., Carmack) revealed an
anomalous intrusion of warm, saline North Atlantic waters into the Arctic. Discussion at the
end of Day 4 ensued on the question as to where the displaced cold fresh Arctic water went.
The discussion centered about the possibility of it being displaced through the Canadian
Archipelago (see also posters from Melling - Day 2; Prinsenberg - Day 2) and subsequently
resulting in the anomalously cold, fresh Labrador Sea water found in recent years. Some
discussion also ensued as to whether or not this warm water intrusion was a natural
phenomenon or what one might expect in response to anthropogenic warming. In view of the
importance of polar processes in climate change, the questions was raised whether our current
understanding of polar processes is adequate for the purpose of predicting anthropogenic
climate change. No clear conclusions were reached on any of these points.

~
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Finally, Cattle addressed the audience and proposed an expansion of ACSYS to include
polar processes in general, thereby including the Antarctic. lt was clear from the presentations
at the conference that much can be learned by comparing and contrasting the role of both the
Arctic and the Antarctic climate systems on climate. The proposal was warmly received by
the community.
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INFLUENCE OF PLANETARY BOUNDARY LAYER PARAMETERIZATION ON ARCTIC CLIMATE SIMULATIONS

Christoph Abegg 1), Klaus Dethloff 1), Annette Rinkel) and Vladimir Romanov2l
1)

Alfred Wegener Institute for Polar and Marine Research, Potsdam, Germany
2 ) Arctic and Antarctic Research Institute, St. Petersburg, Russia

1. INTRODUCTION
lt is accepted ·that the Arctic is a region of high climatic sensitivity, but the understanding of the Arctic climate system with the relationships between radiation
processes, atmospheric dynamics and the underlying
boundary is rather poor, as discussed by Curry et al.
(1996). To address these deticiencies in Arctic climate
simulations, a regional climate model of the Arctic has
been developed by Dethloff et al. (1996). The modelled climate shows general spatial patterns consistent
with observations but largest biases during winter in the
planetary boundary layer (PBL) and at the surface. lt
was suggested that the deficiencies in the model simulations may be improved by the application of more
advanced parameterizations of vertical heat and moisture exchange, radiation and cloud properties.
In this paper we are using a 1-dimensional version
of the regional climate model HIRHAM to investigate
the influence of two different PBL parameterization
schemes on the Arctic climate with monthly long
integrations. In this time scale the horizontal advection
of heat and moisture presents an important process,
compensating the energy loss caused by diabatic
cooling, typical for winter Arctic conditions. Therefore,
the horizontal advection of heat and moisture is taken
into account, assimilated to rawinsonde data.
2. MODEL DESCRIPTION
The 1d-version of the regional climate model
HIRHAM (Christensen et al., 1992) contains the
full physical parameterizations of the GCM ECHAM3
(Roeckner et al., 1992), which include radiation,
clouds, convection, land-surface processes, gravity
wave drag and PBL processes. The prognostic variables are the temperature, horizontal velocity, humidity
and liquid water content.
The first turbulence scheme uses the ECHAM3
planetary boundary layer parameterization, which includes a Monin-Obukhov (MO) similarity in the surface
Corresponding author address: Christoph Abegg,
Alfred Wegener Institute for Polar and Marine Research, Telegrafenberg A43, 14473 Potsdam, Germany; e-mail: cabegg@awi-potsdam.de

layer and a mixing length concept in the remaining PBL.
The second scheme applies a Rossby number similarity parameterization for the whole PBL with universal functions adapted to Arctic conditions by Romanov
(1977).
The procedure to determine the horizontal advection at a given point is based on the assumption,
that the temperature changes could be caused by
horizontal heat advection and by the total effect of
local diabatic processes at this point. Getting realistic
information on the local diabatic processes from short
time model integrations without horizontal forcing, it is
possible to calculate the horizontal advection of heat
and humidity.
3. RESULTS
The model is integrated in time using rawinsonde
profiles of temperature, humidity and wind as initial
conditions and advective forcing terms in the temperature and humidity equation. In the vertical a resolution
of 251ayers is used, where the lowest 8 layers are in the
PBL. The time step for all integrations is 300 seconds.
The calculations are performed for January 1991 at the
Arctic Siberian land point Norilsk (69.3°N, 88.3°E).
Figure 1 and Figure 2 show model integrations with
the MO mixing length parameterization and advective
transport determined from rawinsonde data. For comparison also temperature and humidity fields from rawinsonde data are shown. In the middle and upper
troposphere the agreement between one-dimensional
model simulations and station data is very good. The
main temporal and spatial patterns are reproduced, although the differences reach 10°C in temperature and
1 g/kg in humidity. The integration with advection allows monthly long integrations of a typical Arctic January, since the deviations between model simulation
and station data are in the range of natural interannual variability from January to January during different
years. The idea of the comparisons is, to illustrate the
impact of the schemes on the atmospheric climate by
integrating over at least one month.
Figure 3 and Figure 4 show the temperature and
the humidity differences between the simulation using
the MO mixing length parameterization and using the
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Rossby number similarity in the lower troposphere. The
differences in the temperature fields reach up to 6°C,
with colder temperatures in the Rossby number concept and the differences in the humidity fields reach up
to 0.5 g/kg, with heigher values of moisture in the simulations with MO mixing length parameterization.
The different climatic states owing to different parameterization schemes are displayed in Figure 5. The
model simulated monthly averaged temperature profiles for both parameterization schemes have been
computed. The differences reach values up to 1.5°C in
a height of 40 m, where the simulation with the Rossby
number similarity scheme shows colder temperatures
and an additional temperature inversion between 50 m
and 80 m. The vertical stability in the lowest 200 meters is quite different. The monthly averaged humidity
profiles in Figure 6 for both p'arameterizations are similar above 200 m. The Rossby number similarity shows
a second maximum at approximately 40 m.
The temperature inversion represents a kind of cap
in the PBL inhibiting the vertical mixing between the
stable stratified layer and the free troposphere above
the inversion.
4. CONCLUSIONS
Our present results show that the parameterization
of vertical mixing in the Arctic PBL has a very strong impact on the climate in the monthly and even larger time
scale, which could affect the melting rate of the permafrost ground or pack ice. The existence of a surface
inversion using the Rossby number similarity scheme
seems to be supported by the investigations Serreze
et al. (1992) who identified radiation inversions as the
most common type occuring in up to 85 % of Arctic
soundings during winter. These are typically surface
based and reflect a deficite of surface net radiation.
More detailed results will be shown in a paper (Abegg,
1997), which is in work.
The choice of the turbulent PBL parameterization
determines the simulated structure of the Arctic
climate.
Long-term integrations are necessary to
gain an improved understanding of the role of these
parameterization in climate changes. The influence
of different boundary layer parameterizations on
simulating the evolution of natural climate variability is
an entirely unsolved question. Climate model runs with
unknown natural variability due to different PBL parameterizations have been used to investigate observed or
expected climate variability. The correctness of projections of global climate models concerning the impact
e. g. of increasing greenhouse gas concentrations are
questionable and not acceptable before the influence
of different parameterization schemes on the natural

variability of climate models has not been understood.
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Figure 1: Height-time cross-section of simulated temperature field with advection term (solid lines) and station data from rawinsonde (dashed lines) in [0 C].

Figure 4: Height-time cross-section of simulated humidity differences 'MO mixing length minus Rossby'
in [g /kg] for the lower troposphere.
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Figure 2: Height-time cross-section of simulated humidity field with advection term (solid lines) and station
data from rawinsonde (dashed lines) in [gfkg].
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Figure 5: Monthly averaged simulated temperature profiles for the lower troposphere.
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Figure 3: Height-time cross-section of simulated temperature differences 'MO mixing length minus Rossby'
in [0 C] for the lower troposphere.
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CHARACTERISTICS OF LEAD FORMATION OVER THE ARCTIC BASIN
FROM 85.5 GHz SSMIIIMAGERY
Tom A. Agnew* and Hao Le
Climate Research Branch, Environment Canada
Ontario. Canada, M3H 5T4
1. INTRODUCTION
The formation of leads, especially when they occur in winter,
represent extreme atmosphere-ice-ocean interaction events.
During these events, the processes of heat and moisture
exchange and new ice production increase by one or two
orders of magnitude compared to the same processes over
first-year or multiyear ice (Maykut, 1982).
As a result,
although leads only cover a small fraction of the Arctic
Basin, they make an important contribution to the energy
budget of the Arctic, to new ice production of the Arctic
Ocean, and to the production of cold saline water which
maintains the Arctic Ocean halocline (Cavalieri and Martin,
1994).
Little is known about leads during the northern hemisphere
winter when the Arctic Basin is in polar night. The 85.5 GHz
channels of the Special Sensor Microwave Imagery (SSM/1 )
however can be an invaluable tool in identifying and studying
large scale lead formation events over the Arctic Basin when
visible sensors cannot be used and when low cloud and
stratus make infrared sensors unreliable. Animation of the
10 year record of SSM/1 imagery is used to describe some
general characteristics of lead formation over the Arctic
Basin and to identify two extreme atmosphere-ice-ocean
interaction events.
2.
CHARACTERIZATION OF LEADS OVER THE
ARCTIC BASIN FROM SSM/1 ANIMATION
Because of the coarse resolution of the SS M/I imagery, only
the largest leads can be seen when the imagery is animated.
In general the most frequent and largest leads over the
Basin form on the North American side when the ice pack is
forced up against the Canadian Archipelago through surface
wind stress. The mean surface pressure pattern verifies that
this occurs much more frequently on the North American
side of the Arctic Basin. During these events large scale
fracturing of the ice pack occurs with the formation of large
leads which in most cases extend for several hundreds km
into the ice pack and in some cases extent as much as 1000
km or more into the main ice pack. The most common
region where this occurs is off Prince Patrick Island. This
island protrudes into the Arctic Basin and is also located
where the mean position of anticyclone flow over the

• Con-esponding author address. Tom Agnew, Environment
Canada, 4905 Dufferin Street, Downsview, Ontario. Canada,
M3H 5T4 (Tom.Agnew@ec.gc.ca)

Beaufort Sea begins to set up strong shearing forces in the
pack. Along the north Alaskan Coast, fracturing of the ice
pack and the formation of leads is also common. However,
leads are also likely to form due to offshore winds which
results in the main ice pack detaching from the coast very
similar to wind driven coastal polynyas which form off, for
example, St. Lawrence Island (Pease, 1987). The mean
pressure pattern in this region is more parallel or slightly
offshore which tends to corroborate this. Detachment of the
main ice pack during offshore events produces large coastal
leads which do not extend into the main ice pack for any
great distance.
Fracturing of the main ice pack as it is forced up against the
coast on the Siberian and Eurasian side of the Basin is less
common. Leads usually form by detachment from coastal
as ice on this side of the Basin is continually pushed
offshore and caught up in the Transpolar Drift Steam.

3. EXTREME EVENTS DURING THE SSM/1 RECORD
Two extreme lead formation events both occurring off Prince
Patrick Island are described. The first occurred when the
pack was forced up against the Canadian Archipelago and
then fractured. The second occurred when the ice pack is
forced offshore and detaches from the landfast ice.
3.1 Extreme Onshore Fracturing Event
This event resulted in what is probably the largest lead
formed in the Arctic Basin over the SSM/1 record. The lead
formed during the beginning of November, 1988 when the
ice pack was forced up against the Canadian Archipelago
where it fractured. The western side of the pack then
separated and rotated in a clockwise fashion under
atmospheric forcing typical of the Beaufort Gyre. Ice motions
shown in Rgure 1 are estimated from daily SSM/1 imagery
for the 4-day period Nov 3 to 7 using image correlation
techniques (Agnew et al., 1997). Motions vectors are in
white with a circle indicating the start of motion. Surface
drifting buoy motions are shown in black. The detachment
and clockwise rotation under atmospheric forcing of the ice
pack in the Beaufort Sea is seen. Average ice motion in the
gyre is about 7 krnlday. In background is the SSM/1 image
for November 7 with the lead showing up as a white archshaped region to the right of the ice motion vectors. Motions
on t'le other side of the lead are small or undetectable
indicating that this part of the ice pack was more or less
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stationary. The mean surface pressure pattern over the 4day period is also shown.
3.2 An Extreme Offshore Wind-driven Coastal Polynya
This event was the results of a Basin-wide shift in the ice
pack from the Canadian Arctic Islands to the Siberia side of
the Arctic Basin during mid-December, 1993. Figure 2
shows the ice motion for the 4-day period from Dec 7 to11.
Buoy motions and the surface pressure pattern are shown in
black. Ice motion vectors indicate that over the 4-day period
the pack moved 10 to 12 km/day. The motion of the pack
produced one of the largest wind driven coastal polynyas
which formed off the Canadian Arctic Islands.
From looking at finer scale NOM imagery (not shown here),
the main lead orientation for these twp events is 90 degrees
to each other. This demonstrates the importance of surface
wind stress direction in determining which leads develop and
grow. This suggests that ice rheology models which allow
random oriented leads to grow in preferred directions based
on ice stress are important (W. D. Hibler, private
communication).
4. CONCLUSIONS
The largest and most frequent leads over the Basin form on
the North America side of the Arctic due to the mean winter
pressure pattern over the Arctic which continually forces the
ice pack up against the Canadian Archipelago and the
northern coast of Alaska. Prince Patrick Island is the most
common region where fracturing of the pack produces the
largest leads which radiate out in some cases over 1000 km
into the main ice pack.

5.REFERENCES
Agnew, T.A., H. Le and T. Hirose, 1997: Estimation of Large
scale sea ice motion from SSM/1 imagery, Annals of Glacio.,
25, in press.
Cavalieri, D. J. and S. Martin, 1994: Contribution of
Alaskan, Siberian and Canadian coastal polynyas to the cold
halocline layer of the Arctic Ocean, J. Geophys. Res., 99
(C9), 18343-18362.
Maykut, G. A., 1982: Large-scale Heat Exchange and Ice
Production in the Central Arctic, J. Geophys. Res., 87 (C10),
7971-7984.
Pease, C., 1987: The Size of Wind-driven Coastal Polynyas,

J. Geophys. Res., 92 (C7), 7049-7059.
ACKNOWLEDGMENTS
This work has been partially funded by the Office of Energy
Research and Development and is a project under CRYSYS
a program to use the Cryospheric system to monitor global
climate change in Canada. CRYSYS is a multi-disciplinary
program and is a component of NASA's Earth Observing
System Program.

a,

,'

'/

.

·-;A--!

.....

"'il.. •· ..•J.:ffi'''·;:;:'•'/'

Figure 1. 4-day ice motion Nov 3..7, 1988.

Figure 2. 4-day ice motion Dec 7-11, 1993
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Convective Circulations over a Freezing Lead
Afshan Alam and Judith A. Curry
Abstract
Leads in the sea ice represent a significant source of heat and moisture to the Arctic atmosphere,
particularly in winter when the air-sea temperature differences can be quite high. We have developed a
non-hydrostatic high-resolution two-dimensional model to study the atmospheric response over a lead.
The surface fluxes are determined by applying the surface renewal theory to the air-sea interface. The
large surface fluxes result in freezing at the lead surface. Ice formation at the lead surface changes the
surface fluxes and hence affects the lead-induced atmospheric circulations. Since the turbulent fluxes
over the lead drive the atmospheric circulation which transports heat and moisture into the atmosphere,
it is important to include freezing of the lead. We have developed a model for freezing at the lead
surface which accounts for congealation growth in relatively calm conditions; and advection growth of
sea ice for high wind speeds (greater than 4.5 m/s) and large lead-widths (greater than 50 m). This will
allow us to study the evolution of the atmospheric circulation and transport over a freezing lead.
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Department of Aerospace Engineering Sciences
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Freshwater cycle in the upper layer of the Arctic Basin
Alekseyev G.V .. Bulatov L.V., Zakharov V.F .. Myakoshin 0.1
Arctic and Antarctic Research Institute, St.Petersburg, Russia
A large volume of freshwater (up to 58000
kmJ - Aagaard and Carmack, 1989) coming with
the river runoff to the Arctic Seas and falling out
with precipitation on the surface, is accumulated
in the upper layer of the Arctic Basin. Here

Exterior
ATMOSPHERE

freshwater is transformed by the freezing and
melting processes which make a kind of internal
freshwater cycle in the Arctic Ocean (Fig.1). and
then is exported beyond its border

Arctic Ocean

Exterior
ATl\IOSPIIERE

1

Land

upper

surface

layer

upper layer
Fig.1.Scheme of fresh water (F) and latent heat (h) cycle in the upper layer of the Arctic Ocean.
In this context the freshwater inflow to the
Arctic Ocean and its outflow to the North Atlantic
comprise the external portion of the freshwater
cycle of the Arctic Ocean (Fig.1). Here the main

components of the external inflow - the river
runoff and precipitation bring 2850 kmJ and 1300
kmJ a year (Table 1).

Table 1
Freshwater inflows to the Arctic Ocean
Components
summer inflow (Juneannual inflow km3
Author
August). km3
River runoff
1850
2850
lvanov. 1976
1300
P-E
1300
Serreze et al. 1996
Sea ice melting
4250
Spaikher. 1976
Total
7400
4150
The outflow component of the external
As IS seen from Table 1. the largest
cycle including the export of sea ice and
portion of freshwater is brought to the upper
freshwater is less of all studied, especially its
layer of the Arctic Ocean in the summer season.
freshwater part. Estimates of ice export through
According to different estimates. the summer
Fram Strait (Vinje et al., 1997) vary within 0.84
inflow varies from 5800 to 10000 km3 {Table 2).
to 1.1 0*1 06 km2 for the area of the annual ice
Its main volume comes due to the process of
export and within 2000 to 3100 km3 for its
summer snow and drifting ice melting
volume.
In the summer (July-August) the
A significant portion of the summer inflow
freshwater outflow through the strait increases.
(up to 1000 kmJ) remains in the upper 1-2 m at
on average by more than 400 kmJ, as compared
the surface of fractures in the Arctic Basin
to the winter {March-April) significantly changing
where a layer of almost freshwater is formed
from year-to-year.
(Aiekseev et al. ,1996) {Fig. 2). The contribution
of different components of the summer water
inflow to the upper layer of the Arctic Basin
based on drifting station observation data is
Corresponding authors address
shown in Table 3

AARI,
St.Petersburg,
Beringa
Russia, E-mail: alexgv@aari. nw. ru
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Table 2
Estimates of the summer inflow of freshwa er to th e I!E_per ayer of th e Are f 1c Oc ean
Author
volume, kmJ
Method
lvanov,1976;paikher,1976; Serreze
Calculations of freshwater budget
7400
atal.,1996
Alekseev, Busuyev, 1973
6600-6700
Calculations of freshwater local
bu<!.g_et in the Arctic Basin
Golovin et al., 1995
3960-4580
Calculations on sea ice melting
only in the Arctic Basin
Treshnikov, 1959; Alekseyev, 1976
Calculations on salinity change in
5800-10000
the upper layer from winter to
summer
Table 3.
Components of local summer inflows of freshwater to the upper layer of the Arctic Basin from
..
NP 16
observa f 1ons at th e drl"ff1n_g_ s t a!Ion
direct estimate
indirect estimate
Component
inflow, cm
inflow, cm
freshening layer
thickness, m
21.0
Ice melting from the top
2.0
0-3
3-5
12.0
Ice melting
20.0
12.0
Ice melting from the bottom
7.0
5-10
4.0
lateral melting
15.0
10-25
4.0
6.0
inQuddles on the ice
L[_guid precipitation
53.0
50.0
Total
Durmg the w1nter, much more 1ce IS formed, on
average, at the area unit of the Arctic Basin, as
o-~
compared with the estimates of winter growth of
remaining ice. Winter production of ice exceeds
2 _I
the freshwater inflow from the summer melting.
Hence the winter heat losses from the surface of
the Arctic Basin are
almost completely
\
compensated by the process of freezing. 1t
4 should also be noted that on the whole during
'i
\
'--'
the year there is a negative radiation balance at
-=
I
the surface of the Arctic Basin typical of the
6 I
surface of ice caps. The conditions for the winter
ice growth also strongly vary under the influence
I
of changes in the air temperature and wind speed
I
above the Arctic Basin. These changes along
8 I 1
with changes in the conditions of summer melt
conditions
control
the
redistribution
of
I
freshwater between its solid and liquid phases
.J.
10
I
I
I
I
I
I
I
including the flows directed outside the limits of
0.0
5.0
10.0
15.0
20.0
25.0
30.0
35.0
the
Arctic Basin. The estimates of freshwater
Salini_!y (PSU)
content in the upper layer based on data of
Fig.2.Summer salinity profiles in leads on the
winter {March-April) observations of the "Sever"
surface of the Arctic Basin. {1) - North Eastern
expeditions and drifting stations for 1937-1993,
part
of
the
Fram
Strait
{Polarstern,
calculated relative to the salinity of 34.80 PSU
1993[Galbraith,lngram, 1994]: {2) - the Beaufort
at three points of the Arctic Basin, indicate
Sea
{ice
drifting station
«North
Poleconsiderable interannual deviations reaching
31»,1989[Golovin, pers. comm.].
100% of mean value. The reference salinity of
The conditions of summer meltmg of snow
34.80 PSU was earlier used in {Aagaard and
and ice in the Arctic Basin vary over a wide
Carmack, 1989) for calculations of freshwater
range. From observations at drifting stations
content in the Arctic Ocean.
there are known cases of both anomalous strong
As follows from the estimate of salinity
melting ice from the top and of almost a
variations in upper layer in April at a depth of 5
complete
absence
of
summer
melting.
m {Timokhov, 1996), the interannual freshwater
Accordingly, the summer inflow of freshwater to
content variations are especially large north of
the upper layer and its subsequent export in the
the New-Siberian Islands above the lomonosov
liquid phase outside the Arctic Basin can
Ridge.
significantly change.
A comparison of freshwater content in
In the winter season the main portion of
April 197 4 and April 1955-1956 {Fig. 3) indicates
freshwater freezes, predominantly due to the
a large-scale modification in its distribution
formation of sea ice which becomes mainly
pattern over the area of the Arctic Basin.
hummocked with intense motions of drifting ice.
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Fig.3.Change of fresh water content in layer
over 34.80 D/oo salinity depth in the Arctic Basin
April
1955&1956 to April
1974 from
from
observations of «Sever» expeditions.
Based on the facts mentioned above, we
may conclude that the upper layer in the Arctic
Basin with high content of freshwater and sea ice
at the surface presents a sea ice sheet of some
kind where freshwater coming from the outside is
accumulated and then throw down the North
Atlantic. An important role in this process
belongs to phase water transformation and
atmospheric conditions over the Arctic Basin.
Further
studies
should
focus
on
acquisition of new observational data, analysis
of available historical data and detailed modeling
of thermodynamic processes and upper layer
dynamics in the Arctic Ocean.
The study is supported by the Russian
Foundation of Basic Research ( grant 97-0565933 ).
References
Aagaard K.A. & Carmack E.C. 1989: The
role of sea ice and other fresh water in the

Arctic circulation. J. Geophys. Res., v .94C.
pp.14485-14498
Alekseev G., Bryazgin N., Buzuev A.,
Myakoshin 0. 1996: Seasonal variations of heat,
salt and fresh water content in the polar system:
•upper ocean layer
sea ice».
Second
international scientific conference on the global
energy and water cycle Washington USA 17-21
June 1996. Preprint Volume, 475-476
Alekseev G. V. 1976: Sea ice/atmospheric
circulation interaction in the Central Arctic.
Proc./AARI, 332, p.109-112.
Alekseev G.V., Busuyev A.Ya. 1973.
Evolution of the •sea ice-upper layer" system in
the vicinity of the drifting station "NP-16".
Problems of the Arctic and the Antarctic, 42,
p.37-43.
P.S.,
lngram
R.G.
1994:
Galbraith
Hydrography beneath the ice. Reports on Polar
Res., vol. 145, 85-105.
Golovin P.N., Kochetov S.V., Timokhov
L.A. 1995: Freshening of under ice layer by sea
ice melting. Oceanology, v .35, N4, 525-530.
lvanov V.V. 1976: Freshwater balance of
the Arctic Ocean. Proc./AARI, 323, p.138-147.
Serreze M.C., Barry R.G., Walsh J.E.
1996: Aerological estimation of precipitation
minus evaporation
over Arctic.
WCRP-93,
WMO/TD No739, 71-74
Shpaikher A.O. 1976: Freshwater content
in sea ice of polar areas. Proc./AARI,
323,
p.168-177.
Treshnikov A.F. 1959: Surface water in
the Arctic Basin. Problems of the Arctic and the
Antarctic, 7, p.5-14.
Timokhov L.A. 1996: Climatic variability of
the Arctic Ocean circulation connected with
interannual variations of atmospheric processes.
Proc. of the ACSYS Cont. On the Dynamics of
Arctic Climate System (Goteborg, Sweden, 7-10
Nov. 1994). WMO/TD-No.760, 73-77.
Vinje T., Norlund N. and Kvambekk A.
1997: Monitoring ice thickness in Fram Strait (in
press)

11
ARCTIC CLIMATE DYNAMICS IN THE GLOBAL ENVIRONMENT
G. V. Alekseev
Arctic and Antarctic research Institute, St.Petersburg, Russia
The Arctic is in many respects a key part
of the global climatic system where the most
strong
natural
fluctuations
of
climate
characteristics develop ..
The global influence of the Arctic is
primarily produced through the Arctic Ocean
which is capable of changing its structure and
circulation regime under the effect of changes in

freshwater, salt and heat exchange with
the
non-polar parts of the global system. The
freshened upper layer and sea ice on its surface
turn out to be the most active components with
fresh water, heat and salt transport being the
major processes combining the arctic system and
connecting it with the global system (fig.1).

cor-~

Ao~

Scheme of interaction of polar and extrapolar process.es·

The atmosphere over the Arctic is
inseparable from the rest of the air envelope of
the Earth and is influenced by large-scale
circulation processes of the global atmosphere.
Variations of general circulation result both in
direct and inverse relations between the climatic
anomalies
in
temperature
and
pressure
distribution in arctic and extra-arctic latitudes.
Mean latitudinal anomalies of mean
monthly surface air temperature in the Arctic
has, as a rule, the opposite sign to the sign of
anomalies in adjacent temperate latitudes in
winter. The change in the sign of anomalies
occurring more frequently near 700 N.

Quite
stable
inverse
relations
are
observed between the mean monthly pressure
anomalies in some regions of the Arctic and the
subtropical belt of high pressure (at 300 N),
especially between the regions over lcelandSouth Greenland and the Azores Islands ("The
North Atlantic
swing" with the correlation
coefficient in January r = -0.76) and between
the regions over Alaska and the Hawaii (r=-0.60
in January).
The inverse relations of air temperature
anomalies in arctic, temperate and low latitudes
are also manifested in comparisons of mean
temperatures by latitudinal zones in different
months of the year (Table 1).
Table 1.
Correlation coefficients of anomalies of mean monthly air temperature in the arctic area and
temperate and low latitudes, 1989- 1993 (95%- confidence interval± 0.20)
Area
Month
1
2
3
5
6
7
8
9
12
4
10
11
55-400 N
-0.24 -0.15 -0.05
0.02
0.39
0.33
0.09
0.12
0.12
0.27
-0.08 -0.22
35-200 N
0.09
-0.09 -0.26 -0.14
0.03
0.20
0.08
-017
-0.08
0.01
0.15
0.07
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At first glance, the above inverse
relations between the air temperature anomalies
in different latitudinal zones of the Northern
Hemisphere are inconsistent with the conclusion
of global climate warming. Spectral analysis of
relations presented in Table 1, has shown that in

the series of anomalies both negatively and
positively correlated components are present
divided by the periods of oscillations. The
relative contribution of both to total variance of
oscillations varies within a year (Table 2).

Table 2
Ratio of variance of components in interannual oscillations of anomalies of mean monthly air
temperature in the arctic area,
positively and negatively correlated with temperature anomalies in
temperate and low latitudes of the Northern Hemisphere
Area
55-400
35-250

1
0.41
0.89

2
0.62
0.31

3
1.24
0.52

4
1.45
1.29

5
0.96
2.15

Negatively correlated components in the
variability of mean temperat!Jres of arctic
latitudes comprise more than 60% in total
variance in February and about 50% during the
winter. The fraction of positively correlated
components in variance is maximum (46%) in
May and October. As a rule, positive correlation
is observed at low frequencies whereas negative
at higher frequencies. Obviously, the inverse
relation of air temperature anomalies in the
Arctic area and lower latitudes is primarily
caused by oscillations of winter air exchange
between them while direct relations at low
frequencies indicate the influence of global
factors.
The spatial distribution of air temperature
anomalies in the Arctic and adjacent latitudes in
the wintertime at strong (exceeding RMS)
deviations of mean air temperature within 85 to
200 N) is characterized by two modes with
opposite anomaly signs. During the anomalously
warm winter months the positive temperature
anomalies occupy the arctic region, being most
large over the adjoining climatic cold cores at
the Asian and North American continents
whereas weak negative anomalies are located
over temperate latitudes of the Atlantic and
Pacific Oceans. At strong negative anomalies of
mean temperature in winter, negative anomalies
are located over the Arctic region and the
adjacent
continental cold core with weak
positive anomalies located over the oceans.
Such temperature anomaly distributions have two
corresponding types in the distributions of
surface pressure and geopotential anomalies. AI
positive temperature anomalies the Icelandic and
Aleutian depressions become more strong and
move towards the adjoining sub-arctic zones of
the continents. The pressure at the southern
periphery of the Siberian High and in the
northern
part
of the
Azores
anticyclone
increases. In this case the pressure over the
Arctic decreases. During the cold winters the
pressure in the Arctic over the adjacent areas
and especially in the Aleutian depression which
moves south-eastward, increases. In accordance
these
distributions of pressure and
with
geopotential anomalies, atmospheric circulation
is stronger during the warm winters, especially

Month
6
7
2.16
3.17
0.32
4.60

a
1.56
0.55

9
5.18
0.86

10
5.25
2.61

11
0.67
0.96

12
0.11
0.92

r:~ear
the north-western coasts of the Atlantic
and the Pacific Oceans and is weaker during the
cold winters. In particular, there is an obvious
increase in the pressure difference between the
canters of the Azores High and Icelandic High
(index of the North Atlantic Oscillation (NAO)) at
winter warming and the decrease at cooling. This
is, respectively, confirmed by the positive
correlation (r=0.45} of winter NAO indexes and
mean winter air temperature in the East-Atlantic
sector (O-aoo E. 70-850 N) of the Arctic.
The climatic signal from the other extraarctic impact on the Arctic
atmosphere,
connected with the ENSO phenomenon, is also
noticeable on lime scale about of 5-6 years.
However it is much weaker than the NAO signal.
Probably, the ENSO influence is transferred to
the Arctic through NAO. where signal
from
ENSO is more noticeable at same scale.
OscUlations of atmospheric circulation
and associated changes in heat transfer to the
Arctic region in the atmosphere and the ocean
influence the state of arctic sea ice. An analysis
of data (Zakharov, 1996) on the sea ice area in
different regions of the Arctic, their supplements
up to 1995 and comparison with atmospheric
circulation characteristics indicate a certain
consistency in the interannual variability. In
particular, atmospheric circulation oscillations
over the North Atlantic and the East-Atlantic
sector of the Arctic
are manifested in
interannual variations of sea ice area in the
Arctic Seas. In the frequency
Nordic and
structure of this relation the components with a
time scale of about
8, 5 and 3 years are
manifested by the peak inverse correlation. They
are pronounced both in the NAO index spectra
and the ice area. The component with a period
about of 5 years is probably the Arctic climatic
signal of the ENSO phenomenon, since this
period is most pronounced in the ENSO index
spectrum.
The influence of atmospheric circulation is
even more noticeable in the variations of the
warm Atlantic water inflow in the North-European
Basin from where it moves then to the Arctic
Ocean. High positive correlation of the winter
NAO index with a year mean of water
temperature at the section along meridian

l3
33030'E in the Barents Sea (r=0.58) and with the
first EOF-component of sea level, average over
the winter months at the points Heimsjo

(63026'N,
9D07'E),
Barentsburg,
Murmansk,
Kabelvag (68013' N, 14D29'E), (r=O. 65) serve as
an indirect evidence of this influence (Fig.2).
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Fig. 2 Winter (DJF) NAO index, mean annual temperature of water in 0-200 m layer on Kola meridian
in the Barents Sea and first EOF component of winter sea level at 4 points in the Nordic Seas. (On a
basis of data from [Drinkwater,1995].[Bochkov & Troynovsky,1996] and [GLOSS,1996)).
The components with the most noticeable
scales in the spectra of about 8 and 5 years are
most strongly mutually correlated.
Recent observations from icebreakers in
the Arctic Basin have revealed unusually high
temperatures in the water layer of Atlantic origin
(Aagaard et al., 1996; Carmack et al., 1995;
Rudels et al., 1997; Schauer et al., 1995). Their
comparison with earlier observations performed
by the Soviet expeditions •sever• (Mekseev et
al., 1997a) and with observations of F. Nansen in
1894 (Aiekseev et al., 1997b,) indicate an
unusual temperature increase of this water layer
over the entire study period in different regions
of the Arctic Basin beginning from 1989. A
comparison of these changes with the water
temperature and sea level changes in the NorthEuropean Basin suggests a general cause which
as indicated above, may be related to the
enhanced East-Atlantic mode in the general
circulation of the atmosphere.
Whereas the global impact on the arctic
climatic system is primarily produced through the
atmosphere, the inverse influence of the Arctic
on global climate is first realized through the
upper freshened layer and sea ice in the Arctic
Ocean. In this part of the Arctic climatic system,
freshwater coming with the river runoff and
precipitation accumulates and transforms then by
the freezing and melting processes at the
surface of the Arctic Ocean. These processes
constitute the inner freshwater cycle of some
kind in the Arctic Ocean which redistributes

freshwater in the upper layer between the solid
and liquid phases. lnterannual variations in the
conditions of summer melt and winter freezing in
the Arctic Ocean can be one of the causes for
significant variations in the freshwater content
and, respectively, salinity of its upper layer. The
available historical oceanographic data indicate
in spring of 1966 and 1967 a two-fold exceed of
mean freshwater content at some points of the
Arctic Basin in the layer above the isohaline
34.80%o and a significant redistribution of
freshwater between the north-western and southeastern parts of the basin from spring of 1955
and 1956 to spring of 197 4.
On average over a year, the ice mass
growth in winter at the surface of the Arctic
Basin exceeds summer melting, the main
component in the winter heat sink from the
surface of the basin being related to it. The ice
excess is exported through Fram Strait during a
year with freshwater in the upper layer whose
amount increases in the summer.
The export of freshwater and sea ice from
the Arctic Basin is subject to significant
interannual variations (Vinje et al., 1997) which
influence the winter convection processes and
sea ice extent in the Greenland Sea and above
the North Atlantic area. However the causes for
these variations are not quite clear. The
influencing factors here include the processes of
melting and freezing in the Arctic Ocean,
atmospheric circulation above it and the adjacent
regions.
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Another source of the inverse impact of
the Arctic Ocean on global climate is located in
the regions of formation and transformation of
deep and bottom water masses constituting the
return branch of the global vertical circulation of
the ocean. The conditions for the development of
these processes are controlled by the competing
inflows of saline water of Atlantic origin and
arctic freshening water and winter heat sink
under the influence of atmospheric circulation.
Studies in recent years have shown that in
the central Greenland Sea the formation of deep
and near-bottom water occurs with participation
of the processes of deep winter convection
which develops due to the inflow and subsequent
freshening and cooling in the convective gyre of
saline Atlantic water and is blocked by the inflow
of freshened arctic water and ice {Aiekseev et
al., 1995). The expedition observations in the
Arctic Ocean in 1993-1995 revealed the traces
of winter formation processes of intermediate
water (Rudels, 1997) which also developed with
participation of water of Atlantic origin.
In the light of the results, considered
above, the answers to two cardinal questions of

Aagaard K., Barrie L.A., Carmack E.C.,
Jones E.P., Lubin D., Macdonald R.W., Swift
J.H., Tucker W.B., Wheeler P.A. and R.H.
Whritner. 1996. U. S., Canadian research~rs
explore
Arctic
Ocean .-EOS,
v. 77,
N 22,
p.209,213.
Alekseev G.V., Bulatov L.V., lvanov V.V.,
Zakharov V.F., 1997a. Advection of unusual
warm Atlantic water to the Arctic Ocean (subm.
to Dokl. of Russian Acad. Sci.).
Alekseev G.V., Bulatov L.V., lvanov V.V.,
Zakharov V.F., 1997b. Toward change of Atlantic
water temperature in the Arctic Basin during last
100 years {sub m. to « Problemi Arctici
Antarctici»).
Alekseev G.V., lvanov V.V., Korablev
A.A.,
1995. lnterannual variability of the
Greenland Sea Deep Convection. Oceanologia,
vol.35, N 1, p.45-52
Bochkov Yu.A. and Troyanovsky F.M.
1996 Present day climatic variations in the
Barents and Labrador Seas and their biological
impact. NAFO Sci. Counc. Res .. Doc. 96/25, p. 124 ..
Carmack E.C., Macdonald R.W., Perkin
R.G., MacLaughlin F.A. and R.J. Pearson.1995.
Evidence for warming of Atlantic water in the

"how global climate changes influence the Arctic"
and "how the Arctic influences global climate"
can be formulated as follows.
Global impacts on arctic climate are
primarily
produced
through
atmospheric
circulation controlling heat and moisture transfer
to high latitudes and their variations within the
interannual variability range. Also, oscillations of
large-scale atmospheric circulation influence the
inflow of warm and saline waters to the Nordic
Seas and further to the Arctic Ocean. They are
also manifested in the changes of arctic sea ice
extent.
The inverse influence of Arctic climate on
global changes is primarily related to variations
in production of sea ice and freshwater in the
Arctic Ocean and their export to the N.orth
Atlantic. They influence changes in the total sea
ice area and the development of deep convective
sink of waters in the sub-arctic and arctic
regions. The impotant compon~nt for realizing
the active role of the Arctic in global changes is
the inflow of Atlantic water to the Arctic Ocean.
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lnterannual Changes of Water Temperature and Salinity in the Context of Recent Icebreaker Observations to the North
of the Kara and the Laptev Seas
G.Aiekseev, L.Bulatov, V.Zakharov, V.lvanov*
Arctic and Antarctic Research Institute, St.Petersburg, Russia
1. INTRODUCTION
Since the prominent "Fram" cruise (Nansen,1909)
the Atlantic origin water in the Arctic Ocean attracts the
attention of scientists as the important climate shaping
factor, which strongly affects the oceanographic and ice
regime in the North Polar area. An unusual high temperature
of the Atlantic origin water, that was discovered in several
regions of the Arctic Ocean during the icebreaker cruises in
1990-1996, have changed the opinion about the permanence
of oceanographic conditions in the intermediate layers of the
Arctic Ocean at the decadal temporal scale. To clarify the
reason of the observed phenomena and to estimate its
temporal and spatial scales the joint analyses of available
historical and modem thermohaline data was carried out.
2. DATA
The used data sets comprise: CTD profiles,
obtained during the German RN "Polarstem" 1993-1996
cruises to the Arctic Ocean (Schauer et al., 1995; Rudels et
al., 1997; Augstein, 1997), temperature and salinity bottle
data collected within the framework of Russian "Sever"
expeditions in 1948-1993 in the Arctic Ocean and Siberian
shelf seas, the results of recurring transacts in the Nordic
Seas (1985-1990) (Aiekseev, 1994; Matishev and Rodin,
1996; Bochkov and Troyanovsky,1996).
3. OBSERVATIONS
From the beginning of 1990-es the evidences about
the warming of the Atlantic Water (AW) in the Arctic Ocean
started to appear (Quadfasel,1991; Carmack et al, 1995;
Aagaard et al.,1996; Schauer et al., 1995; Rudels et al.,
1997; Augstein, 1997). In spring 1993 the positive
temperature anomaly of AW (more than 1°C) was discovered
by Russian expedition "Sever-45" in the Laptev Sea. In the
northern part of the sea U1e measured temperature was
2.22°C and in the Nansen Basin (near the Cape Arl<ticheskii}
- 2.34°C (Fig.1). Summer observations from the board of the
"Polarstem" confirmed the increase of the AW temperature in
the Laptev Sea (Schauer et al.,1995). The same year from
the board of Canadian icebreaker "Henry Larsen• the
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temperature 1,4°C was measured to the north of the Wrangel
isl. (Carmack et al., 1995), while the climatic mean in this
area is 0.6°C. In July-August of 1994 the joint AmericanCanadian expedition crossed the Arctic Ocean from the East
to the West and have founded the warming of AW at the

80N

100E

140E

Fig.1 Scheme of "Sever-? 4": stations 83-111 and
"Polarstem"-96 cruise: stations 36-72
North Pole by about 0.5-1 (Aagaard et al., 1996).
The next 2 years the observations from the board of the
"Polarstem" confirmed the continuation of the AW warming to
the north of the Laptev Sea and the Kara Sea (Rudels, 1997;
Augstein,1997).
4. DISCUSSION
To estimate the scales of the observed phenomena
the time series of thermohaline properties in several regions
of the Arctic Ocean were analyzed. One of the appropriate
recurrent stations, where the continuous measurements were
carried out throughout the recent 40 years is located close to
the point ·c·- 79°46'N, 118°28'E (See Fig.1) in the North
Laptev Sea. Since the maximal horizontal temperature
gradient in this region does not exceed 0.05°C/100 km the
slight difference in position of the measurement points in
different years can be neglected. Few missing points in the
time series were reconstructed by means of linear
interpolation procedure. The graph of temperature variations
in the point ·c· is presented at Fig.2. lt is clearly seen that
within the examined period of time two different stages of the
AW condition can be distinguished. The first one, that lasted
from 1955 till 1989 is characterized by little amplitude of the
AW maximal temperature and thickness oscillations - 0.2°C
and 80 m respectively. During the second stage that have
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"Sever-7 4". In Fig.3 the
temperature
differences
between the corresponding
stations canied out in these
two years are presented.
The values of therrnohaline
properties of the AW in
-400
1974 was close to climatic
ones.
The
essential
temperature rise of the AW
in 1996 in comparison with
1974 is obvious. The major
changes (about 1.5-1.7S0e)
~o.o
t.!o~
had happened near the
-800
upper AW bound at the
depth 150-250 m. lt is
important to note that this
1995
temperature increase is
1955
1960
1965
1970
1975 (years)1980
1985
1990
perfectly
distinguished
Fig.2 Temperature variations re) in the upper 1000-m layer in the vicinity of
throughout
the
whole
point "C" (see Fig.1)
transect
The
later
provides
started approximately in 1990 and is likely to continue up to
the ground to conclude that the increase of the AW
the present time the unique increase of the AW temperature
temperature had covered the entire Eurasian part of the
(by about 1°C) and the AW thickness (by about 200 m) had
Arctic
Ocean. Spatially, the "cores· of the extreme
occurred. lt should be noted that an increase of the AW layer
temperature
rise are likely to be associated with the cores of
thickness took place mostly at its lower bound, probably
the
AW
flows
in the Nansen and the Amundsen Basins
indicating the growth of total AW volume, entering the Artic
(Rudels et al., 1994;
.....
M
o:;
Schauer et al., 1996). The
"'
permanence
of
the
positive
temperature
anomaly throughout the
trajectories of the AW
flows points on rather
prolonged
warming
impact, as the "ages" of
the AW at the pairs of
stations 36-109, 42-110
and 59-83 essentially
differ.
The observed
temperature increase was
accompanied by the
incredible rise of salinity
(up to 2.5-3.0 PSU) in the
upper 100 m layer (Fig.4).
Hence,
the
vertical
salinity gradient in the
400
600
(KM) 800
pycnocline
had
Fig.3. The temperature re) differences ("1996"-"1974") in the upper 1000-m layer at
diminished and nearly
the transect from the cape Arcticjesk:ii to the Makarov Basin (see Rg.1)
unstable
density
Ocean through the Fram Strait.
stratification formed.
Taking into account the shatp
Extremely valid data for the putpose of the present
temperature gradient in the pycnocline it should be stated
study were obtained in summer 1996 from the board of the
that in 1996 an extremely favorable pre-conditions for the
"Polarstem" at the long transect across the Nansen, the
next year winter thermohaline convection development had
Amundsen and the Makarov Basins - the one that was done
been installed within the studied area.
earlier, in 1974 within the framework of the expedition
00
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points
on
close
correlation
between
them. Thus, the start of
the prolonged warming
of the AW can be
referred to 1987-1990.
In general, the
comparative analysis of
the AW parameters in
the North Polar Ocean
before and after 1990
allows to state the sharp
rising of its temperature
200
600
(KM) 800
and volume in the
Rg.4. The salinity (PSU) differences ("1996"-"1974") in the upper 1000-m layer at
Eurasian part of the
the transect from the cape Arcticjeskii to the Makarov Basin (see Rg.1)
Arctic Ocean by the
The comparison of the AW temperature time series
degree never observed before (Aiekseev et al., 1997a). The
in the point
with the ones in the Nordic Seas (Fig.5)
existent data are not sufficient to clarify whether it is the
2
manifestation of the unknown natural cycle, or the result of
0
the anthropogenic influence. However, centennial tracing of
;,\
Cl)
1
Cl)
the AW temperature in the sparse points of the Nansen
'\
74"30'N
>
Basin show the monotonous temperature increase (Aiekseev
~ 0
00"34'ENorwegian
et
al. 1997b).
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ON IMPROVED THERMODYNAMIC PARAMETERIZATIONS
IN A DYNAMIC-THERMODYNAMIC SEA ICE MODEL

Todd E. Arbetter* and Judith A. Curry

University of Colorado, Boulder, Colorado

1. INTRODUCTION
Proper representation of the physics of sea ice in
general circulation models is essential if the
effects of climate change in polar regions are to be
correctly assessed. While improvements have
been made in the ice dynamics parameterizations
with the inclusion of more sophisticated rheologies
such as cavitating fluid (Fiato and Hibler, 1992)
and viscous-plastic (Hibler, 1979), the sea ice
thermodynamics treatment has been, at best, the
Semtner (1976) 3-layer model (e.g. Weatherly et
al., 1997). Moreover, it is difficult to ascertain the
accuracy of the parameterizations. While models
can easily be tuned to reproduce accurate
present-day conditions, sensitivity studies have
shown that there is considerable disagreement in
the models' response to heat flux perturbations.
Others have concerned differences in the dynamic
response of the ice cover due to varying
representations of the physical rheology of the ice.
Sensitivity studies are both useful and necessary
to evaluate the variety of available sea ice models
to determine which ones are best suited for
inclusion in general circulation models.

heat flux perturbation was systematically
increased until an "ice-free" condition was
Model

h; (cm)

~FLw

(W m-2 )
Semtner (1976) 3-layer
15
290
Semtner (1976)-0 layer
18
289
Ebert and Curry (1993)
283
3
Schramm et al. (1997)
280
29
Holland et al. (1997)
300
46
Hibler (1979)
248
48
Flato and Hibler (1992)
242
44
Table 1: Surface longwave and ocean heat flux
perturbations (W m-2 ) necessary to produce "icefree" conditions as defined in Arbetter et al.
(1997a). Baseline mean annual thickness (cm) is
also given.
reached tor 1 day during the annual cycle. [The
definition of ice-free depended on the type of
model. See Arbetter et al. (1997a) for further
details.] As seen in Table 1, there is a wide range
of sensitivities among the 1-D models.
Furthermore, inclusion of 2-D ice dynamics
decreases the sensitivity of the sea ice model
somewhat.

2. PREVIOUS RESULTS
Work has already been done to establish the need
Table 1
for improvements in ice models.
summarizes results from Arbetter et al. (1997a), in
which seven ice models representing 1-D slab
models, 1-D single column ice thickness
distribution
models,
and
2-D
dynamicthermodynamic
basin-scale
models,
were
subjected to surface heat flux perturbations,
approximating a climate warming scenario. The
*Corresponding author address: Todd E.
Arbetter, Univ. of Colorado, Dept. of Aerospace
Engineering Sciences, Campus Box 429, Boulder,
CO 80309-0429 USA;
e-mail: arbetter@cloud.colorado.edu

Another study (Arbetter et al., 1997b) addressed
the sensitivity of the ice cover to the type of
rheology chosen. Figures 1a and 1c show the
mean March ice thickness fields for a viscousplastic and elastic-viscous-plastic (Hunke and
Dukowicz, 1997) dynamic ice model, respectively.
Both models had identical Semtner (1976) 0-layer
thermodynamics, used a 28-category ice
thickness distribution, and were subjected to
perpetual
1992
NCEP
6-hourly
forcing.
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While not identical, they produce similar results
which are reasonable when compared to
observations. When a 25% increase in wind
speed was applied, the models also responded
similarly, as seen in Figures 1b and 1d.

While both of these models approximate the
stress state of sea ice as an elliptical yield curve,
the elastic-viscous-plastic model was significantly
faster
than
the
viscous-plastic
model
(implemented with 15 iterations on the numerical
solver, as prescribed by Zhang

Figure 1: (a) mean March thickness (meters), viscous-plastic rheology, normal winds; (b) mean March
thickness anomaly (meters), 25% increased wind speed minus normal, viscous-plastic rheology; (c) mean
March thickness (meters), elastic-viscous-plastic rheology, normal winds; (d) mean March thickness
anomaly (meters), 25% increased wind speed minus normal, elastic-viscous-plastic rheology.
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and Hibler, 1997). The cavitating fluid model,
which uses a linear yield curve, produced similar
results to the elliptical yield curve models for the
baseline simulations. Its response to increased
wind speed was significantly different, however.
[For more details, see Arbetter et al., 1997b.]
3. FUTURE WORK
A
dynamic-thermodynamic
ice
thickness
distribution model has already been developed
(Hibler, 1980; Flato and Hibler, 1995; Arbetter et
al., 1997b) which includes explicit ridging and
calculates growth rates for individual thickness
categories rather than a bulk growth rate for ice of
some mean thickness. The elastic-viscous-plastic
rheology will be used, as it produces results
comparable to the viscous-plastic rheology while
requiring less computational time. Currently, we
are working to replace the relatively simple
Semtner (1976) 0-layer thermodynamics with a
more sophisticated treatment based on Ebert and
Curry (1993) with improvements made by Holland
et al. (1997) and Schramm et al. (1997). This
model will allow more accurate representation of
important physical feedbacks such as sea icealbedo and lead-solar flux. Due to non-linear
processes that occur within sea ice models, it is
not possible to predict the sensitivity of the new
model. However, it is expected that it will yield
more accurate results for both present-day and
climate change scenarios, and be suitable for
inclusion in a general circulation model.
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ESTIMATING THE CLIMATIC EFFECT OF ARCTIC CLOUDS
Tony Beesley*
University of Washington, Seattle, Washington

1 INTRODUCTION
Clouds affect the arctic climate by absorbing and
reflecting shortwave radiation and by absorbing and
emitting longwave radiation. Modelling studies suggest
that the mean thickness of arctic sea ice is very sensitive
to downward radiative fluxes (e.g. Maykut and Untersteiner 1971 and Ebert and Curry 1993), which implies
that clouds may be an important factor in shaping the
arctic climate.
The impact of clouds on the surface energy budget
(and ice thickness) can be divided into two categories:
the direct effect and the equilibrium effect (Cess and
Potter 1988). The direct effect can be calculated by comparing the radiative budget with and without clouds at a
given moment. The equilibrium effect of clouds takes into
account the influence of clouds on the atmospheric temperature profile, which also has a strong effect on turbulent and radiative fluxes at the surface.
The direct effect of clouds on the arctic surface radiation budget has been examined using surface measurements (e.g., Herman 1980) and using atmospheric
radiative transfer models (e.g. Curry and Ebert 1992).
The present investigation is an extension of studies.
The main goals of this study are (1) to determine the
equilibrium effect of clouds on the arctic climate and (2)
to relate this effect to a diagnostic measure of direct
effect of clouds, namely cloud radiative forcing.
This study employs a coupled ice-atmosphere column model (Fig. 1) that is designed to allow the climate
system respond in a natural way to changes in cloud.
The present arctic climate system is simulated with the
model, and experiments are conducted to examine the
dependence of ice thickness on clouds.

radiative energy transfer processes, and a detailed representation of the radiative properties of liquid and ice
clouds. The vertical distribution and properties of four
types of cloud are prescribed using observational data.
Incoming solar radiation and poleward energy flux convergence are prescribed using available observational
analyses. The pack ice is represented using a simple
one-dimensional, thermodynamic sea ice model and a
specified amount of open water. The accumulation rate
of snow, the heat flux from the deep ocean into the
mixed layer, and the divergence of sea ice velocity are
also prescribed. The atmospheric component has 15 levels, with a grid spacing of 60 mb through most of the
lower troposphere and narrower layers near the surface.
The sea ice model has four layers.
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3. RESULTS AND CONCLUSIONS
Output variables include ice thickness, snow depth,
ice temperature, air temperature, turbulent and radiative
fluxes at the surface, and radiative fluxes at the top of
the atmosphere. The annual cycles of these terms produced by the model are within the uncertainty of observations. Sensitivity experiments indicate that the model
is not very sensitive to uncertainties in the prescribed
parameters, except for poleward atmospheric heat flux
convergence (Fwall in Fig. 1) and surface albedo.
A series of experiments are performed to examine
sensitivity of ice thickness to changes in cloudiness.
Among the results are the following: (1) ice thickness
decreases when no clouds are present, (2) high- and
mid-level clouds decrease ice thickness, (3) low clouds
increase ice thickness, (4) wintertime ice crystal precipitation has virtually no effect on ice thickness, and (5)
summertime clouds increase the equilibrium ice thickness. These results can be predicted, in most cases,
using top of the atmosphere cloud radiative forcing (TOA
CRF) from the simulation of the present climate.
Figure 2 shows the relationship between annual
average cloud radiative forcing (CRF) and equilibrium
ice thickness in the model experiments. lt suggests the
following. (1) The response of ice thickness to a change

in clouds can be roughly estimated by predicting how the
change in clouds affects TOA CRF. (2) Feedback processes, such as the surface albedo feedback, change
the dependence of ice thickness on clouds and reduce
the correlation between TOA CRF and ice thickness
(making the prediction of ice thickness more difficult).
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SENSITIVITY OF THE PRESENT DAY CIRCULATION IN THE NORDIC SEAS TO CHANGES IN THE
EXTERNAL FORCING

1

Goran Bjork , Bo Gustafsson & Anders Stigebrandt
Department of Oceanography, Goteborg University, Goteborg, Sweden

1. Introduction
2. The inflow of warm and salty Atlantic water
The hydrographic situation in the upper 500 m
of the Nordic Seas is strongly typed by the inflows
of fresh and cold Arctic waters and salty and warm
Atlantic water. Below this depth the basins are filled
with waters of rather continuous temperature and
salinity, created mainly by cooling and slight freshening of Atlantic water. In addition recirculation of
cool and relatively fresh Iceland Sea water appears
to be of large importance. lt then seems evident
that the hydrographic state of the Nordic Seas is
sensitive to changes in any of these flows as well
as to changes in the air sea interaction.
We have calculated fields of the vertically integrated quantities: freshwater content F, heat
content H, and potential energy P {for definitions
see below) relative to a reference water
Pref = p(S"1 , Tref) using the NODC station data
up to 1992 for the Nordic Seas (see Figure 1 for a
topographic map). The advantage of these integral
quantities compared to the more usual hydrographic T,S,p fields is that F and Hare conservative
in the sense of vertical mixing and P is directly
related to the baroclinic driven geostrophic flow
over the depth interval.

D

P =g

f

Pref- P

0

L

zuz

Pref

For the computations we use

s,.1 =34.9,

The heat content fields integrated to 200 and
500 m (Fig. 2a,b) show the flow of warm Atlantic
water across the Scotland-Iceland ridge that feeds
the Norwegian Atlantic Current. The inflowing Atlantic water is also quite salty compared to the
reference salinity and gives therefore a negative
freshwater contribution to the Nordic Seas (Fig.
2c,d). The Norwegian Atlantic Current cools gradually northwards which is evident from the decreasing heat content over both 200 and 500 meters.
There are strong fronts in both F and H across the
Greenland-Scotland ridge indicating that the major
part of the warm inflow follows the fronts and the
ridge before it enters the Norwegian Sea. This
should imply that the inflowing Atlantic water comes
from the frontal region between, and is a mixture of,
warm and salty water in the east and cool and fresh
water in the west.
The potential energy (Fig. 2e,f) corresponds to
the baroclinic geostrophic transport through the
relation Q=Pif. This gives a flow in the Norwegian
Atlantic Current of about 4 Sv, using the P values in
Figure 2f along the 500 m isobath. Not all of the
potential energy across the front over the Greenland-Scotland ridge is utilized to generate flow in
the Norwegian Atlantic Current since P drops from
about 900 to 600 when passing the ridge. lt seems
therefore like only a small part of the Atlantic inflow
is directly recruited from the warm area in the
south, west of Scotland. The P field indicates also
that most of the Atlantic water follows the front
along the ridge between Iceland and Scotland
before it enters the Nordic Seas.
The transport in the Norwegian Atlantic Current changes only little until reaching the latitudes
of Northern Norway where it splits into two
branches of approximately equal strength, both
flowing into the Arctic Ocean, one via the Barents
Sea and one via the Fram Strait.

The fields are interpolated using

3. The inflow of cold and relatively fresh water
from the Arctic Ocean

the means of all stations in 2x1 degree squares. A
total of 52000 hydrographic stations are used in the
analysis.

The flow of cold water with low heat content,
coming from the Arctic Ocean, along the Greenland
coast is quite evident (Fig. 2c,d). The Greenland

T,.1

1

= -0.9

oc .
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and Iceland Seas are clearly freshened by this
water. Much of the freshwater seems to exit
through
the Denmark Strait, between Iceland and Greenland, but there are apparently also easterly
branches north of Jan Mayen and north of Iceland
carrying fresher water to southern Greenland and
southern Iceland Seas, respectively.

salty water into the Nordic Seas
decreases. Eventually the density
contrast may even change sign and
an estuarine type of circulation, like
in the Arctic Ocean, may be established. We expect that the barotropic
circulation
might control the leakage
3000
2000 from the EGC.
The fields of F, H and P are
1000
500
largely parallel to topographic con200
tours (cf. Fig. 1), indicating that the
100
topographic steering of the upper
50
ocean circulation is strong in the
0
area. The steering is a result of the
strong barotropic circulation with
mean currents around 15 cm s- 1 at
the western slope of Greenland Sea
(Fahrbach et al., 1995). The baretropic circulation adds to the buoyancy driven transport and carry water properties from the coast into the
deep basins at places where the
isobaths leaves the coast (e.g. the
relatively shallow area between Jan
Mayen
and Greenland). However.
40
the strong constrain put on the circulation by topography prevents also
efficient exchange across the ridges.
We conclude this discussion
with some questions that we think
merit further investigations: (1) how much of the
leakage from the EGC is due to the barotropic
circulation? (2) What is the general role of topographic steering for spreading freshwater and heat
in the Nordic Seas? (3) How good is an estimate of
the inflow of Atlantic water using the potential energy? (4) How are salinity and temperature of the
inflowing Atlantic water controlled?

4. Discussion

References

The fields of the integral quantities show
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interesting aspects that previously have not been
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shown). The eastward leakage of the EGC might be
due to a topographic blocking effect in the Denmark
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strait. A similar effect is seen north of Jan Mayen.
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importance for the general circulation in the Nordic
Seas by its influence on the mean salinity. If the
leakage from the EGC increases, the salinity of the
Nordic Seas decreases. The resulting decreased
density contrast between the Nordic Seas and the
North Atlantic implies that the flow of warm and
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Figure 1: Topography of the Nordic Seas
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SEA-ICE VARIABILITY IN THE GREENLAND AND LABRADOR SEAS AND THEIR INTERACTION
WITH THE NORTH ATLANTIC OSCILLATION
Aaron Brasket*, Judith Curry, James Maslanik
University of Colorado, Boulder, Colorado

ABSTRACT
The North Atlantic Oscillation (NAO) is known to be one of the primary modes of atmospheric variability and may
comprise an important component of the. climate system through its interaction with the ocean thermohaline circulation
(OTC). lt is unclear, however, whether the interdecadal variability associated with the NAO is a result of local
ocean/atmosphere dynamics or external forcing such as sea-ice export from the Arctic Ocean. To help understand this
variability, sea-ice concentrations as derived from satellite data are compared with a computed index of the NAO from 1987 to
1995. Sea-ice concentrations in the Greenland and Labrador Seas are found to be negatively correlated as has been
previously noted by Deser and Blackmon (1 993) and others. it is also found that the relationship between the NAO index and
sea-ice anomalies in the region changes over the time period in question. The high NAO index winters of 1988-89 and 198990 are associated with a minimum of Labrador Sea-ice and a maximum of Greenland Sea-ice while the high NAO index
winters of 1993-94 and 1994-1995 correspond to the opposite ice conditions with a minimum in the Greenland Sea and a
maximum in the Labrador Sea. These changes are coincident with the observed interdecadal variability of the NAO and
deepwater formation in the convective regions of the Greenland and Labrador Seas.
1. INTRODUCTION

distinct modes. The first is a slowly varying mode with an
approximate time scale of 50 years which is associated with

The North Atlantic Oscillation index (NAO) is used to

variations in the OTC. The second is a decadal mode of

give a quantitative description of broad scale anomalies in

variability which is tied to local wind forcing. Understanding
the nature of this variability remains an elusive goal and

the atmospheric circulation centered over the northern
Atlantic Ocean. In its simplest form, the NAO is the difference

has been the subject of a host of modelling

in normalized sea level pressure taken from two point
measurements at Lisbon, Portugal and Stykkisholmur,

observational studies (e.g. Wohlleben and Weaver, 1995;
Delworth et al. 1993; Mysak and Power, 1992). Sea-ice

Iceland. Several authors (Deser and Blackmon, 1993;

influences climate thermodynamically by its high albedo

Kushnir, 1994) have investigated the low frequency

relative

variability of the NAO and the corresponding patterns of

ocean/atmosphere heat exchange. it is perhaps more

to

open-ocean

and

its

impact

and

on

variability in the ocean, atmosphere and sea-ice. The low

important in the fresh-water balance of the subpolar North

frequency variability of the NAO can be separated into two

Atlantic as a source of fresh-water exported from the Arctic
and for the seasonal effects of brine rejection.
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Monthly and Seasonal NAO Index 1987-1995
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Figure 1. The monthly and winter average values of the NAO index.
2. SEA-ICE CONDITIONS 1987-1995

Labrador Sea and Greenland Sea respectively. This figure
shows that the sea-ice extent is negatively correlated

Here we compare the sea-ice concentrations in the

between the two regions with a correlation coefficient of .

Greenland and Labrador Seas using winter monthly

0.5. it is also interesting to note that the more extreme ice

means from November through April, 1987 -1995. The sea-

conditions take place in high NAO winters.

ice variations are then interpreted in the context of NAO
variability.

Sea-ice concentrations are derived from

3. DISCUSSION

passive microwave satellite measurements (NSIDC, 1997).
The sea-ice has a consistent annual cycle of southward

To understand how the phase of the NAO might be

propagation in the East Greenland Current and in Baffin

affecting sea-ice in the Greenland and Labrador Seas, the

Bay along the Labrador coast. For the most part, sea-ice in

anomalous atmospheric circulation associated with the

the central ocean gyres is confined to a relatively small

NAO must be examined. High NAO index winters implies

region of the Greenland Sea although monthly and

strong zonal flow which provides one explanation for
enhanced sea-ice concentrations in the Greenland and/or

interannual variability of the sea-ice extent is large. Figure
1 shows a time series of the NAO index. During this time
period, the NAO is largely positive but shows significant
month-to-month variability .. Relatively low values are
recorded for the winters of 1988-89 and 1991-92 and a
general decline in the NAO index begins in the winter of
1994-1995 which has continued in more recent years. Figure
2 shows the average anomaly of ice concentration for the

Labrador Sea. Strong westerlies advect sea-ice out of the
continental currents into the central gyres. it is possible that
in the central gyres, the ice is preferentially melted or
retained based on the ocean temperatures which show
decadal oscillations (Dickson et al. 1995). In negative NAO
winters, large positive sea-ice extent anomalies are not
found as the sea-ice is largely confined to the coast by the
reduced westerlies.
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Figure 2. The sea ice area anomalies in percent for the Greenland and Labrador seas.
Another possible explanation or contributing factor is
the anomalous precipitation pattern associated with the
NAO. Hurrell (1995) showed that high NAO winters result in
a strengthened storm track which brings more heat and
precipitation further north. This results in an enhanced
region of net fresh water flux, precipitation minus
evaporation, extending east from Iceland through the
Greenland Sea into Scandinavia. Interestingly, the sign of
the fresh water flux anomaly is reversed over the other
main deep-water formation region in the Labrador Sea.
This fresh water forcing pattern of precipitation and sea-ice
could be one of the mechanisms for forcing the low
frequency variability of the OTC. To adequately address
these issues, a longer time series has to be examined and
the results compared with not only the NAO index but the
anomalous circulation patterns and changes in the ocean
state. This work is currently being performed.
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THE ATMOSPHERIC MOISTURE BUDGET OF THE ARCTIC AND ANTARCTIC
FROM ATMOSPHERIC NUMERICAL ANALYSES
David H. Bromwich
Polar Meteorology Group, Byrd Polar Research Canter, The Ohio State University

1. INTRODUCTION

2. METHODS

Estimates of accumulation and its variability in polar regions
are important climatic variables with significant relevance to a
variety of research interests. In the Antart:tic, the surface
mass balance is necessary for the assessment of the stability
and motion of the Antarctic ice sheets, which in turn play an
important role in the global sea level budget. Precipitation
over the Arctic basin is a primary input(o the hydrologic
budget. The variability in this supply of freshwater has the
potential for affecting the stability of the Arctic halocfine, with
further implications for oceanic circulation.

Two methods are possible for using these data. In the first,
the researcher computes the atmospheric moisture budget
directly from the gridded variables. This is done using:

P-E=-aW -V-0

at

(1)

where P- £is the net of precipitation minus
evaporation/sublimation that is to be computed, Wis
precipitable water, and 0 is the atmospheric moisture
transport, defined as

O=!._IP« q Vdp

The paucity of precipitation data in both polar regions and the
difficulties associated with obtaining reliable precipitation
measurements have necessitated the investigation of
additional methods that rely on atmospheric techniques. The
enhancement of meteorological data assimilation methods
has led to the use of atmospheric numerical analyses for the
study of polar precipitation and its variability (e.g., Bromwich
et al. 1995; Serreze and Maslanik 1998). Numerical
analyses are routinely produced by operational forecasting
canters. The archiving of these gridded fields produces a
global history of atmospheric variables, which may then be
used in climate research. This history, however, will contain
spurious adjustments and updates of the operational data
assimilation system that cannot be readily discerned from
real climate change. Recently projects have begun which
utilize the raw observations in a fixed, or "frozen· data
assimilation system. These projects are known as the
"reanalyses".
This paper provides a preliminary overview of two reanalysis
data sets: the European Centre for Medium-Range Weather
Forecasts (ECMWF) Re-Analysis (ERA} and the joint project
of the National Canters for Environmental Prediction and the
National Center for Atmospheric Research (NCEP/NCAR}
Reanalysis. Below the mean spatial patterns and interannual
variability depicted by these data sets in polar regions is
assessed in comparison to previously reported results.

• Corresponding author address. David H. Bromwich, Polar
Meteorology Group, Byrd Polar Research Center, The Ohio
State University, Columbus, OH 43210-1002;
e-mail: bromwich@polarmet1.mps.ohio-state.edu

(2)
g P,w
where g is the gravity constant, P'*is surface pressure, q is
specific humidity, and Vis the horizontal wind vector. The
variable P~ is the highest level of the atmosphere, which is
not zero in the analyses. Equation (1} may be computed at
each grid point to produce a field of P- E The vector fie!d 0
is also of interest because it contains information on the
atmospheric circulation, which leads to the resulting P- E
distribution. These values may be directly compared with
rawinsonde values which have been used in previous studies
(e.g., Bromwich and Robasky 1993, Serreze et al. 1995,
Bromwich et al. 1995}.

The second method is to examine the ensemble-forecasted
precipitation and evaporation/sublimation fields. As part of
the reanalysis data sets, a series of short-term forecasts
have been performed using a numerical weather prediction
(NWP) model that has been initialized using the analysis
fields. This is to provide the researcher with output fields,
including Pand E, which are not directly observed or
analyzed, allowing for the examination of Pand £terms
separately. These fields, however, are more dependent on
the physics of the NWP model utilized. When the ensemble
forecasted Pand £fields are commensurate with the right
hand side of equation (1) computed from analyses values,
the data set is said to be in "hydrologic balance·. lt is
important to recognize the temporal differences between the
two methods, however. The ensemble forecasted fields are
accumulated over some period of the forecast, while the
atmospheric moisture budget is computed for a specified
instant in time. The NCEP/NCAR Reanalysis forecasted
fields are accumulated over the first six hours of each
ensemble forecast, which is subject to moisture "spin-up• in
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the model. The ERA fields examined here are obtained from
the 12 to 24 hour period of the forecast; it is possible for the
model to drift significantly from initial conditions over this
time period.

3. ARCTIC BASIN HYDROLOGIC CYCLE
For the reanalyses computed atmospheric moisture budget
for the Arctic basin, vertically-integrated transport within the
Arctic basin shows a large-scale counterclockwise rotation
cantered north of Greenland. The average annual moisture
transport over the North Pole is from the direction of the Kara
Sea. For the NCEP/NCAR Reanalysis, there is general
agreement on the position of large-scale features of the
vertically-integrated moisture transport at 70"N examined in
Serreze et al. [1995], with some significant disagreement in
magnitude. The largest values of up to.100 kg m-1 s-1 occur
over the Norwegian Sea. This is much larger than is found
using rawinsonde methods. The only significant equatorward
transport occurs over Canada. Variability in moisture
transport patterns is very large over both the annual cycle
and interannually. There is a substantial contrast the flux
patterns for late winter and late summer. Transport values
increase significantly and become more zonal on the
Beaufort-Siberian side of the Arctic basin during the late
summer.

oriented along meridians but also appear to be influenced by
topography. A particularly disappointing result of this is a
spurious maximum occurring at Summit in Greenland. In
contrast the ERA forecasted Pand £fields appear to be
more realistic. One readily identifiable area that is superior
to NCEP/NCAR is the interior of Greenland. The ERA
forecasted P-E distribution shows low values at high
elevations and significantly larger values along the
southeastern coast, a pattern that is very much in agreement
with previous studies. In general, larger values of P-E are
present on the Atlantic side and extending into the Fram

lnterannual variability in moisture transport over the Arctic
basin may be viewed in the context of two circulation regimes
as proposed by Proshutinsky and Johnson [1997]. This
modeling study suggests an alternating pattern of circulation
forced by the position and strength of the Icelandic low and
Siberian high. Although the NCEP/NCAR sea level pressure
patterns do not appear to support the time series proposed
by Proshutinsky and Johnson, the variability does imply
alternating patterns between two centers of action. Rgure1
shows average annual moisture transport for 1993 and 1995.
Note the near 180" direction change for moisture transport at
the North Pole between these two years. Figure 1 shows
1993 to be dominated by poleward moisture transport from
the Atlantic, extending into the Arctic basin with the axis of
rotation near 120"E. This contrasts sharply with 1995 which
is dominated by transport from central Russia. Moisture
transport in the Fram Strait is in fact equatorward for this
year, with a canter of rotation near Spitsbergen. Over the
time period 1980-95, it is apparent that annual moisture
transport patterns are either zonal or are otherwise
dominated by one of the two canters of action as in Figure 1.
In conjunction with previous study over the Antarctic and
Greenland, some deficiencies have been noted in the
NCEP/NCAR Reanalysis product over polar regions. A
major problem is a characteristic spectral distortion or
"ringing" that occurs at high latitudes and is especially
pronounced in the forecasted precipitation fields. The
distortion takes the form of bullseyes which are generally

FIG. 1. Vertically-integrated atmospheric moisture transport
from the NCEP/NCAR Reanalysis for the years 1993 (top)
and 1995 (bottom). Maximum vector corresponds to
100 kg m- 1 s- 1•
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Strait in the ERA. A large area of low values of less than 20
cm yr- 1 stretches from the Canadian Archipelago to Siberia.
Areally-averaged ERA values for the Arctic basin annual
cycle are slightly larger than found for the Serreze et al.
(1995) rawinsonde data. For the month of largest average
P-E, September, rawinsonde-derived values are slightly less
than 27 cm yr- 1, while ERA values are slightly greater than
28 cm yr-1• The significant difference is the well defined
ERA minimum for April, resulting from larger values during
winter months.. ERA values are approximately 60% higher
than Serreze et al. in January.

sponsored by the National Aeronautics and Space

4. HYDROLOGIC CYCLE OF THE ANTARCTIC
Rgure 2 shows average forecasted P-E field from ensemble
forecasts of the ERA. Superficially, the ERA ensemble
spatial distribution appears to be in agr~ent with
glaciological syntheses (Giovinetto and Bentley 1985). This
is particularly true of the contour-parallel distribution for most
of the continent, and the strong gradient along the East
Antarctic coastline. A difference plot of this field with the
Giovinetto and Bentley climatology, not shown, shows similar
regional differences to those found using the moisture budget
method. This is particularly true of the Porpoise Bay region,
along the Transantarctic Mountains, and in West Antarctica.
An exception to this is over the interior plateau, where the
values are generally much less than the accumulation field.
ERA values for the highest portion of the plateau are lower
than the Giovinetto and Bentley synthesis by about 25 mm
yr-1• This may be seen in Rgure 2 by the large area covered
by the 20 mm yr- 1 contour, which is absent from the
Giovinetto and Bentley (1985) synthesis.
The areal average of P-E for the grounded ice sheet is 139
mm yr-1 for the ERA ensemble forecasts; and 161 mm yr- 1
for the NCEP/NCAR Reanalysis. Both averages are within
11% of the glaciological synthesis value of 151 mm yr-1 for
the grounded ice sheet.
5. DISCUSSION
Numerical reanalyses are a valuable tool in climate research,
however it is important to understand the differences
between the various data sets and their causes. Reanalyses
represent years of computer processing time, and
discrepancies appear to be inevitable. To this end, validation
efforts using rawinsonde and surface observational data are
required. Preliminary comparisons for the ERA using the
Historical Arctic Rawinsonde Archive (HARA) for the Arctic
and archived Antarctic sounding data indicate good
agreement for the Arctic, while discrepancies in geopotential
height over the Antarctic require further examination.
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Thermohaline Circulation Variability in the NCAR Climate System Model
and its Interaction with the North Atlantic High Latitude Processes
Antonietta Capotondi (NCAR and University of Colorado, PAOS)
William R. Holland (NCAR)
Abstract
The thermohaline circulation variability during a multi-century integration of the NCAR Climate
System Model (CSM) is analyzed. The period considered for the analysis spans 270 years of
coupled integration, and the region of study is the North Atlantic sector of the global model. The
most prominent feature of the meridional overturning evolution is a large variation (approximately
20% ofthe mean value) over a period of 150-170 years. This variation in the meridional
overturning strength is associated with different temperature and salinity conditions at high
northern latitudes. Differences between the mean sea surface temperature (SST) and sea surface
salinity (SSS) in the period oflarger than normal overturning and the mean SST and SSS in the
period of weaker than normal overturning are as large as 6degC and 1.5ppt, respectively. Such
large differences in the surface conditions are associated with very different ice distributions.
Also, different dynamical regimes appear to exist during these different phases. In fact, during the
phase of weaker than normal overturning, when the ice concentration is larger, a large fraction of
the variability in the temperature and salinity fields appears associated with ice processes. The
dominant timescales are close to 10years.
During the period of larger than normal overturning, on the other hand, variability with timescales
in both the decadal (8-12 years) and interdecadal (40-50years) range are found. From the
comparison with an ocean-only simulation, the interdecadal timescale appears to be associated with
an ocean mode of variability. However, no variability at decadal period is found in the ocean-only
experiment. It is speculated that such variability originates from ice-ocean-atmosphere
interactions.

3-1RECENT INSIGHTS INTO THE ANATOMY OF THE ARCTIC MEDITERRANEAN:
PREREQUISITES FOR PARAMETERIZATIONS AND MODELING
Eddy Cannack•
Institute of Ocean Sciences
Sidney, Canada

The Arctic is the pack rat of oceans: it
collects its waters masses from near and distant
sources, sorts and stores them on the basis of
density stratification, modifies them by seasonal
and regional processes, and finally exports them
southwards in ways that seemingly optimize the
Arctic as a player in the global climate system.
Much as a geologist interprets a core, the
layering of water masses of the various basins
within the Arctic Ocean can be "studied to better
understand system dynamics, a key prerequisite
to the building of relevant OGCM models. We
here briefly probe the anatomy of the Arctic
Ocean by locating ourselves in the surface
waters of the Canada Basin and first working
downwards through its three main layers, and
then moving laterally onto the shelves of the
Canadian Arctic Archipelago.
The upper ocean, comprised of a
seasonal mixed-layer and halocline, quite simply
provides the Arctic Ocean with the stratification
it requires to maintain an ice cover. The Arctic
mixed-layer consists of the upper 50 or so
meters wherein changes involving the annual
melt-freeze cycle and river disposition occur.
Below this seasonally variable mixed-layer lies a
complex of cold, salt-stratified layers known
collectively as the Arctic halocline. Like a
Thermos bottle, this layer keeps cold water cold
and warm water warm. Regionally, the various
components of the Arctic halocline can be
ascribed to ( 1) ice melt mixed with Atlanticorigin water, (2) Pacific-origin inflow waters,
and (3) brine-enriched shelf drainage. Water
mass boundaries separating waters of different
source are found both in the vertical and the
horizontal, and such boundaries are now known
to shift from ridge to ridge on inter-decadal
time-scales. Such shifts are likely to alter
downstream conditions in the North Atlantic.
Finally, it is critical to view the Arctic mixed-

layer and halocline as sub-components of a
much larger oceanographic feature, the northern
hemisphere halocline, a high-latitude domain
bounded by sharp subarctic fronts in both the
Pacific and Atlantic oceans, for it is this latter
feature that ultimately defines the presence or
absence of both ice cover and deep convection.
Below the cold halocline lie the various
components of the Atlantic layer, lying below
the Arctic thermocline and above the effective
sill depth of the Lomonosov Ridge (about 1600
m). Water within this layer enters from the
North Atlantic via two prominent branches
(Fram Strait and Barents Sea) and moves anticlockwise as narrow (about 100 km) cores
following shelf-break and ridge topography.
The 1990s' have witnessed a major change
within this layer, the spreading of new
properties (thermohaline transition) occurs via
topographically-steered boundary flows coupled
with lateral 8/S intrusions involving cabbeling
and double-diffusion
The deep waters of the Canada Basin
lie below the effective sill depths of the
Lomonosov and Alpha!Mendeleyev ridges and
are among the most isolated in the world;
various dating techniques place the age of this
water at 300 to 500 years. Within this layer e
decreases to a minimum near 2400 m (deep
emin), increases slightly with depth down to
2800 m, and then remains constant to the
bottom. Salinity increases monotonically
through the deep E>mm and then remains uniform
through the deep isothermal layer. A
thermohaline staircase structure in this depth
range (2-1-00 to 2800 m) suggests that vertical
heat and salt flu.xes through the deep
thermocline are likely driven by geothermal
heating at the sea bed and double diffusion at
the upper interface. An alternate model
explains the properties of the Canada Basin
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Deep Water as being derived from an ensemble
of sinking plumes.
Finally, mention must be made of
Arctic shelves and shelf-basin interaction, since
these are important sites for water mass
modification and primary production. Since the
early 1980s much attention has been paid to
shelf waters spreading into the Arctic interior,
especially viz halocline formation and
ventilation issues, and this attention is reflected
in recent reviews and program documents. But,
what about the reverse (and arguably more
important) issue; that ofbasin waters moving
onto shelf regions prior to their exit into the
North Atlantic. Certainly this is the case for
both the Fram Strait and Canadian Arctic
Archipelago (CAA) outflows.· Past
conceptualizations of the CAA, especially, have
reduced the problem to that of simple channel
flow through a network of narrow channels.
This view misses the mark; and to focus solely

on transport alone likewise misses the mark. In
fact, new data shows the CAA, itself, to be
extremely large and complex arctic shelf,
studded with islands , and characterized by
interconnected sub-basin (tidal and buoyancyboundary currents) circulations. Waters with
isolation ages of 20 or more years are observed
to pool within these sub-basins, offering a new
potential sink for the high-latitude sequestration
ofC~.

The climate modeling community is
thus confronted with observations which
challenge the existing parameterizations and
underlying assumptions used in most numerical
codes. Given that the goal of modeling is to
understand dynamics, attention must turn in
earnest towards the physics of such processes as
topographic steering; double-diffusion,
cabbeling, tidal mixing, selective withdrawal,
throughflow and inter-ocean connectivity.
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THE SIMULATION OF SEA ICE EXTENT ON SEASONAL TO DECADAL TIMESCALES
IN THE HADLEY CENTRE COUPLED CLIMATE MODEL.
Claire Cooper*, Howard Cattle
Hadley Centre for Climate Prediction and Research, Bracknell, Berkshire,UK

1. INTRODUCTION
Sea ice has an important role in the global climate
system, interacting with both the ocean and the
atmosphere whilst acting as a barrier between the
two. The presence of sea ice alters surface albedo
and there exists a possible positive feedback
mechanism between decreasing ice cover and
increasing absorption of solar radiation at the
surface. This ice-albedo feedback is a potential
amplifier of climate changes. Another impact of sea
ice is it's effect on the stability of the water column
and formation of ocean bottom waters and hence
the thermohaline circulation. Thus it is important to
have a realistic simulation of sea ice in a model
useful for climate change studies. Recent
developments at the Hadley Centre have led to a
reduction in model climate drifts and thereby
removed the need for flux adjustment techniques
which stop the model drift by maintaining it's
climatology.
Results are presented from a century timescale
integration of the latest Hadley Centre coupled
model (HadCM3) which has been run without any
form of flux adjustment. Comparisons against a
second Hadley Centre model running at a reduced
horizontal resolution are also shown.
2. THE HadCM3 MODEL
The atmospheric component of the HadCM3 is
the latest version of the 19-level Hadley Centre
atmospheric general circulation model (AGCM), a
2.5'x3.75' regular latitude-longitude grid. lt is
similar to AGCM component of HadCM2, the model
described in Johns et a/.(1997), but with a number of
refinements to the physical parameterisations
incorporated.
The ocean component of HadCM3 is a 20 level
version based on the Cox (1984) model on a 1.25' x
1.25· regular latitude-longitude grid. There are six
ocean grid boxes to each atmosphere model grid
box. Vertical levels are distributed to enhance
Claire Cooper,
Hadley Centre for Climate Prediction and
Research,London Road, Bracknell, Berkshire,
RG12 2SZ, UK. E-mail: ccooper@meto.gov.uk
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resolution near the ocean surface. Horizontal
mixing of tracers uses a version of the Gent and
McWilliams(1990) adiabatic diffusion in which the
thickness diffusion coefficient is determined locally
in a way suggested by Visbeck et a/.(1997). The
near surface vertical mixing of tracers is carried out
via a Kraus-Turner mixed layer sub-model and
mixing of momentum via a K-theory scheme.
The sea ice model is based upon Semtner's
(1976) 'Zero Layer' treatment of ice thermodynamics
with a leads parameterisation based on that of
Hibler (1979). Ice advection is based on a scheme
by Bryan(1969). The sea ice model runs at the same
resolution as the ocean model it is coupled to. For
further details of the ice model see Cattle and
Crossley (1995).
Ocean currents were initially set to zero and the
initial temperature and salinity were taken from
Levitus (1994) climatology. The ocean-atmosphere
coupling period was one day and there is no flux
adjustment.
An experiment parallel to HadCM3 but at the
resolution of HadCM2, i.e. 2.5· x 3.75' regular
latitude-longitude grid for both the atmosphere and
ocean, was integrated for forty years. This model
was also run without flux adjustments so as to give
a comparison of the impact of increasing horizontal
resolution.
3. RESULTS
In the previous version of the Hadley Centre
climate mode (HadCM2)1 behaviour of northern
hemisphere sea ice was well represented, see
Johns et a/.(1997). On long timescales the ice area
and volume were stable and the seasonal cycle and
extents were well captured. However this
integration used flux adjustments for heat and
freshwater at the ocean surface and study of these
additional fluxes implies that the ice edges were
maintained by this additional heat flux, especially in
the Greenland Sea.
Fig. 1 shows a time-series of northern hemisphere
monthly ice area and volume for the latest Hadley
Centre climate model, HadCM3. The ice is
extremely stable, showing variability on annual and
decadal timescales, but no long term trend of growth
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Model

years

Figure 1. HadCM3 ice area (m<t) ?nd ice volume (m;j) for the northern hemisphere.

or decay.
The seasonal cycle of sea ice is well captured as
is the distribution. Ice concentration (%) from
HadCM3 and satellite observations for March/ April/
May is shown in Fig 2. The same fields for
September/ October/ November are shown in Fig 3.
The central pack ice from the model is too compact
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Figure 2. Ice concentration (%) for March/ April/ May
(a) HadCM3 mean of years 31 to 40,(b) SSMI satellite
observations

and ice a little too extensive at the seasonal
maximum, especially in the northern Pacific, but the
model field generally agrees well with the observed.
For comparison Fig 4 shows the same field
produced by the parallel experiment but at HadCM2
resolution. In the experiment with lower resolution
the pack ice is again too compact but in general the
sea ice is much too extensive, especially in the
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Figure 3. Ice concentration (%) for September/
October/ November (a) HadCM3 mean of years 31 to
40,(b) SSMI satellite observations
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HadCM3, relatively warm water from the North
Atlantic Current intrudes into the Norwegian Sea in
a more realistic fashion, maintaining the improved
positioning of the ice edge. The error of too much
ice in the Barents Sea is caused however by the
failure of this same water to reach the shelf.

Figure 4. Ice concentration (%) for September/
October/November, reduced resolution HadCM3 type
experiment; mean of years 31 to 40 •

Barents and Greenland Seas. The ice does not stay
close to the east coast of Greenland but appears
rath.er diffuse. The ice distribution produced by
HadCM3 in this region is much closer to that
observed.
The major improvement seen in the simulation
of sea ice in the latest version of the Hadley Centre
climate model (HadCM3) is the retreat of sea ice
back into the Arctic basin. This improvement is
mainly due to a better representation of the North
Atlantic Current. In HadCM3 the current is
positioned more accurately ~han previously and, due
to the higher resolution of the ocean model, the
strength of the current has increased to be closer to
observed. These factors aid the intrusion of
relatively warm water into the Norwegian Sea and
thus maintain a more realistic positioning of the ice
edge.
4. CONCLUSIONS
Recent model improvements at the Hadley
Centre have led to a reduction in the climate drift of
the coupled climate model and thus removed the
need for flux adjustments. Sea ice plays an
important role in the global climate system and
hence, in a model for climate change studies, it is
vital to have realistic simulation of sea ice.
The latest Hadley Centre coupled climate model
run without flux adjustments, HadCM3, produces
sea ice which is stable on century timescales, it
shows decadal and seasonal variability and the
seasonal distribution of sea ice compares well with
observations. However, the simulation produces ice
which is too extensive, particularly in the northern
Pacific Ocean and the Barents Sea. The positioning
of the ice edge in the Norwegian Sea is a great
improvement on the lower resolution mode. In
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1.

INTRODUCTION

The exchange of radiation, heat, moisture,
air and minor atmospheric constituents between
the atmosphere and the surface of polar ice
sheets is, to a large extent, dependent on the
physical and structural characteristics (temperature, moisture content, density, grain size, layering ...) of surface snow. A good understanding of
the spatial and temporal characteristics of snow
would also be beneficial for the interpretation of
satellite data, an essential mean of observing the
surface of the remote polar ice sheets. The CROCUS model for temperate alpine snow, operationally used in France for avalanche forecasting, is
being adapted for the specificities of permanent
polar snow. The project is to drive the model with
analysed and GCM-simulated Antarctic and
Greenland meteorology, to produce full coverage
maps of snow characteristics. Model testing at
Antarctic (Dang et al., in press) and Greenland
sites is encouraging.

2.

CROCUS

Detailed description of Crocus can be found
in Brun and others ( 1989 and 1992), we just give
here a brief reminder.
Crocus simulates energy and mass evolution of a one-dimensional snow cover, which is
considered as a stack of layers (max=50) which
are parallel to the slope. Each layer is characterised by its thickness, temperature, density, liquid
water content, grain size, grain sphericity and
grain age. The layers thickness varies at each
time step, thus numerical layers fit with snow layers.
The main processes taken into account in
the model are:

* Corresponding author address: Herve Dang,
LGGE I CNRS, 54 Rue Moliere , DU BP96,
38402 St Martin d'Heres, France
33 476428206; email: dang@glaciog.ujf-grenoble.fr

• surface exchanges: turbulent sensible and
latent heat fluxes, longwave radiation, precipitation.
• snow metamorphism
• snow settlement
• heat diffusion using an effective thermal conductivity depending on snow density
• absorption of solar radiation at the surface
and in depth, the albedo and the absorption
coefficients depend on the wavelength and on
snow type.
• internal melting and refreezing
• percolation of liquid water
To run the model, an initial snow profile is
needed. Evolution of snow characteristics depends continuously on meteorological parameters, which force Crocus at an hourly step. These
parameters are: 2 meter air temperature, surface
wind, air humidity, precipitation (amount and
phase), direct and scattered incident solar radiation, incident infrared radiation and cloudiness.
These data have been extracted from the European Centre for Medium-Range Weather Forecasts
(ECMWF) meteorological archives, verified and
corrected with available observations from Automatic Weather Stations (AWS, Keller et al.,
1993).

3.

SIMULATIONS

3.1 Antarctica
South Pole was selected for a first model test
over Antarctica, because of the large amount of
available data for this site. Comparisons between
ECMWF meteorological analyses and observations have shown some expected inaccuracies,
thus the sensitivity of the snow model to meteorological input uncertainties has been evaluated.
Largest sensitivity was to air temperature, accumulation rate and density of depositing snow.
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Figure 1 compares observed (Darlymple,
1966) and simulated mean monthly temperature
profiles for six selected months inside the snow
cover down to 2 meters and shows that CROCUS
does correctly simulate the heat transfer through
the snow cover.
July

Fdxuuy

Snow density and grain size observations
(J.R. Petit, personal communication} are compared to simulation results in Figure 2. The simulated density profile is in good agreement with
observations, but grain size does remains close
to 0.4 mm all the way down to 4m while observations show a grain size growth with depth.
3.2 Greenland
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Thirteen 2m depth snow pits (see Figure 3)
were sampled during May and June 1996, along
3 traverses in Greenland from Gisp2 (72'20'N,
38' 45'W) to the North (250km), East (250km) and
South-west (350km) in order to measure the
physical characteristics of the snow-cover: temperature profile, density profile, stratigraphy,
snow grain type and snow grain size .
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Figure 1. Mean monthly temperature profiles inside the snow cover at South Pole. Observations
are from Darlymple (1966)
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Figure 2. Snow density (a} and grain-size (b) profiles inside the snow cover. Observations are from
J.R. Petit (personal communication)

Numerical simulations of the snow-cover
have been performed for each site with the snow
model Crocus. The meteorological data needed
to force the snow-model have also been compiled
from the ECMWF archives. Results of 20 years
snow cover simulations have been compared to
the snow pits observations.
Figure 4 shows comparisons between simulations results and observations for each snow pit.
Figure 4a and 4b compare simulated and observed mean grain size and mean snow density
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of the snow pack from 0 to 2 m depth. Pits are ordered by increasing mean grain size relative error
(ES) which is plotted on Figure 4c with density relative error (ep). Figures 4d show annual total precipitation for each pit.
Simulation results show that mean snow
densities over 0-2m are well computed (£P<1 0%).
Snow grain size is also well simulated for low precipitation regions where high temperature gradients have strong impact on mean snow grain size
(Marbouty, 1980) over 0-2m, but when precipitation is higher grain growth in medium and low
temperature gradient zones becomes more significant, and then simulated mean grain sizes
over 0-2m remain underestimated as actual grain
growth laws in Crocus for medilJm and low gradient are not well stated.
Simulated temperature profiles for Pit6 and
Pit1 are compared to field observations in Figure .
5. As for South Pole, heat transfer through snow
cover is well simulated.

4.

CONCLUSION

Local model tests over Antarctica and
Greenland sites show the ability for CROCUS to
simulate the main characteristics of permanent
snow in polar regions. Heat transfer and densification are well simulated. Grain growth and metamorphism laws still need some adaptations but
these results are encouraging for the following of
our project which is to produce full-coverage
maps of snow characteristics over polar regions.
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1. INTRODUCTION
One of the essential problems in understanding atmospheric long-term trends and estimating
man-made climate changes is to improve our
knowledge of the natural variabiUty of the atmosphere and its causes. Despite the complexity of
atmospheric flows there is evidence from both
theoretical and observational investigations, that
their long-term behavior might be controlled by
only few degrees of freedom, or by a low dimensionality of the system evolving on the attractor.
This gives the justification for attempts to describe
the long-term behavior of the atmospheric part of
the climate system by nonlinear models with a
limited number of variables, so called low-order
models, as proposed by Lorenz (1963). Although
the spatial resolution of such models is very low,
they otter a possibility to analyze internal nonlinear mechanisms of atmospheric dynamics due to
interactions between selected large scale wave
components and to provide additional insight into
the results obtained by more complex models and
observational studies. In contrast to a GCM, the
simplicity of this models allows to perform extended long-time integrations over 10,000 years. The
study of the model's ultra-low frequency variability
with fluctuations on the time scale of decades and
centuries might give some hints about the longterm behavior of the real atmosphere.
James and James (1992) used a multilevel
primitive equation model with moderate resolution
of dynamical processes. They integrated it over
1,1 00 years and generated internal low-frequency
variability. They found that decadal climate variability was associated with fluctuations of the unstable baroclinic waves in mid-latitudes.

* Corresponding author address: Klaus Dethloff,
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Pielke and Zeng (1994) integrated the idealized nonlinear atmospheric model developed by
Lorenz (1984) over 1,100 years. They showed
that short-term fluctuations in a non linear dynamical system can produce long-term variability.
The results of a 1,100 years integration of a
simple spectral atmospheric model with nonzonal
orographic and zonal thermal forcing are discussed in Kurgansky et al. (1996). The model
generates decadal climate variations, which are
predominantly caused by the interaction between
the orographically excited standing wave and the
mean zonal flow.
Considering this as a starting point we investigate a low-order atmosphere-like dynamical system with an orographically forced planetary wave
and long wave - baroclinic wave interactions controlled by the zonally symmetric forcing. Longterm runs over 10,000 years give the opportunity
to analyze the spatial and temporal structure of internal natural decadal climate variability with a
higher level of confidence.
2. EXPERIMENTS
For our investigations we used the baroclinic
two-layer spectral model in spherical geometry
with sparse horizontal resolution described in Dethloff and Schmitz (1992). lt is based on quasigeostrophic vorticity and energy equations with
orography, diabatic heating source and dissipation. The spectral truncation of the barotropic and
baroclinic stream functions into spherical harmonics Ynm was carried out in such a way that simultaneously with the zonal flow (Y 1 and Y3 the
nonlinear coupling between an externally forced
planetary wave (Y32 and Y52) and a shorter bareclinic wave (Y54 and Y7 4) can be simulated.
For realistic values of the meridional temperature gradient, the orographic height and the amplitude of non-zonal forcing the model shows
chaotic behavior. 7 of the 20 Lyapunov exponents

°

°)
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of this nonlinear dynamical system are positive,
one is zero, and the remaining 12 exponents are
negative. A temperature difference of 60 K between equator and pole, an amplitude of 1 Klday
for the non-zonal thermal forcing and a maximum
of orographic height of 2475m were selected for
integrating the model over 10,000 years. Figure 1
shows the temporal evolution of the amplitude C1
of the zonal component Y1

°.

The 1st EOF describes the zonal regime superposed by the planetary wave Y
lt explains
52.42% of the total variance. The 2nd and 3rd
EOF, not shown here, present well-pronounced
wave structures dominated by the baroclinic Y7 4 mode. The temporal behavior of the spatial EOFstructure can be described by the corresponding
Principal Components (PC). The FFT-computed
power spectrum of the 1st barotropic PC together

l.

0.6,-------------~--------------~--------------~-------------.

0

time [days]
Figure 1. Time series of the amplitude C1 of the zonal component of the barotropic stream function

3. RESULTS
Due to the hugeness of the resulting time series only time-averaged values have been analyzed. Hereafter we discuss means over 10 days.
In order to study the spatia-temporal structure of
the climate variability the Empirical Orthogonal
Function (EOF) method had been used to analyze the model data. The structure of the 1st EOF
of the barotropic stream function is shown in Figure 2.
0

90

180

with the half width of the 95%confidence interval
is plotted in Figure 3. The spectrum reveals evident maxima of long-term climate variability in the
decadal time scale.
By way of contrast, the 1st EOF of the baroclinic stream function is dominated by the shorter
synoptic wave Y74 . The power spectrum of the
associated 1st PC exhibits a clear maximum of
variance between 80 and 100 days. Persistent
circulation anomalies with this characteristic time
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Figure 3. Power spectrum(-) of the 1st barotropic PC and 95% confidence level( ... ), normalized
scale could contri.bute to decadal and centenary
climate variability.
The switch-on of a seasonal cycle of the zonal thermal forcing with an amplitude of 30 K confirms the existence of low-frequency fluctuations
of the model.
Using 10-day-means, the entire 10,000
years' run output has been broken into 10 nonoverlapping segments, each of them by 1000
years' length. A quite noticeable feature is the
comparatively high variability level of the especially baroclinic eigenvalues.
lt should be stressed that intermillennial oscillations generated by this model could not be interpreted in real terms due to the disregarding a
coupling between the atmosphere and the ocean.
Nevertheless, their existence demonstrates the
model's ability to produce pronounced climate
variability even in this time-range and gives a hint
that real climate variations on millennia! scales include a component of purely atmospheric origin
masked by signals due to oceanic and ice sheets
dynamic.
4. CONCLUSIONS
A nonlinear atmosphere-like dynamical system with sparse horizontal resolution, including
orographic and thermal forcing in the long wave
and its nonlinear interaction with both a baroclinic
wave and the zonal flow, is constructed and integrated over 10,000 years. lt reproduces natural
variability of decadal, centenary and millennia!
time scales. This multiscale natural variability of
the atmosphere is caused by deterministic nonlinear interactions between the model components.

The dominant mechanisms generating the
long-term climate variability are internally driven
by short time-scale instabilities and nonlinearities
connected with large-scale atmospheric processes. Mountains play an important role in triggering
baroclinic instability processes.
These results confirm as well investigations
of, James and James (1992), Pielke and Zeng
(1994) and Kurgansky et al. (1996) as recent paleoclimatological analysis (White et al. (1996)).
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ABSTRACT
The NAO is the dominant mode of atmospheric
behaviour in the North Atlantic sector and exhibits a
multi-decadal variability which appears to be amplifying
with time. Thus the 1960s exhibited the most extreme
and protracted negative phase of the Index and the late
1980s/ early 1990s experienced its most prolonged
positive phase. We attempt to identif; and where
possible to quantify the nature of the Arctic response to
these decadal changes in the NAO, motivated by two
main questions:

•

to what extent does the extension ofthe warm
Atlantic Water layer in the Arctic Ocean reffect the
involvement ofthe NAO

•

to what extent does the NAO control the export of
ice and freshwater from the Arctic to the open
Atlantic?

We concentrate on the winter season (DJF), as
the season of strongest forcing, and on the postwar
years, 1947-1996, as the period of best data. Much of
the analysis is based on the comparison of composite
fields representing NAO + and NAO - conditions. After
normalising by the 130-year ±standard deviations,
composites were selected by using winter months and
seasons that exceed 1 SD from the mean.
NAO+ and NAO- composites of mean sea level
pr~ssure for the Arctic and Subarctic were compiled and
compared using UK Met Office (UKMO), NCAR and
International Arctic Buoy Program (IABP) data sets.
From the low-index to the high- index mean, pressure
decreases over the entire Arctic, with the central
pressure-change (-14, -18 and-20mb respectively)
developing over Iceland and the Iceland Sea, and
decreasing in amplitude northward across the Arctic
Ocean to a line of zero-change near the Bering Strait.
To check for possible Pacific influences on Arctic
climate, composites of the North Pacific Index (NP ~
PNA) were compiled over the same period, but the
comparison showed that NP signal-strength only
dominates that of the NAO south of the Bering Strait so
that its influence on Arctic climate was not considered
further.
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The literature on changes in the storm climate at
high latitude is briefly reviewed, suggesting that the wellknown influence of the NAO on Atlantic storms and
storm-track tapers-off rapidly towards the high Arctic.
Although modem analyses link a stormier Atlantic in
recent years with an increased winter cyclone
prevalence in the Greenland, Iceland, Norwegian and
Barents Seas, a similar sharp increase in cyclone
frequency north of 75°N and decreased sea level
pressure over the central Arctic are not obviously or
simply the effects of the NAO.
From the dataset of Serreze, Barry and Walsh
the interannual variability of poleward moisture flux was
examined using NAO+ and NAO- composites of
meridional moisture flux across 70°N in the period 197491. In the NAO+ composite, the mean winter moisture
flux near the prime meridian doubles to 32 kg m·1 s·1,
while during NAO- extrema, it dwindles there to nearzero and instead shows its maximum poleward flux near
the Davis Strait (~ 60°W). This seems in line with what
we know of the change in the Atlantic storm track during
contrasting phases of the NAO, and time-series of the
winter influx of moisture to the Arctic through 70°N and ·
through the sector 10°W-50°E [where much of the flux
takes place] are closely correlated with the NAO Index [r
= 0.71 and 0.68 respectively]. Regarding precipitation
balance, the gridded precipitation dataset of Xie and
Arkin (1996; ie station data blended with satellite
products, with model output where necessary) are used
to compile composites of mid-to high-latitude
precipitation for NAO+ and NAO- conditions. The major
precipitation increase during positive NAO conditions
occurs in the "conduir of the Norwegian-Greenland
Seas and Scandinavia, presumably reflecting the
changes in the Atlantic stonn track. Though there is a
lesser response over the Arctic Ocean, it tends to be of
the same sign (wet).
We investigate the possible contribution of NAO
variability to ·Arctic warming"; i.e., the recent (1993-5)
observation of a more intense and more widespread
influence of Atlantic water in the upper layers of the
Arctic Ocean than previously observed. We conclude
with Grotefendt et al (in press) that this phenomenon is
at least partly due to time-dependence in the Atlantic
inflow and its temperature, arising as a result of multidecadal variability in the NAO, and thus with origins
outside the Arctic Ocean. As the winter NAO Index
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increased from its lowest values of record (generally) in
the 1960s to its highest-ever values during the early
1990's, the increasingly anomalous southerly airflow that
accompanies such a change over Nordic seas is held
responsible for a progressive warming in the two
streams of Atlantic water that enter the Arctic Ocean
across the Barents Sea shelf and along the Arctic Slope
west of Spitsbergen. By the late-80s-early 90s, when
the NAO reached an interannual and interdecadal
maximum, the superposition of a short-term warming
event on the long-term warming trend meant that both
Atlantic-inflow streams were running between 1 and 2
ac warmer than normal. Output from a wind-driven
barotropic circulation model suggests that the transport
through the Barents Sea pathway may have increased
by around a quarter at this time, but we have no data to
show whether the West Spitsbergen Current was
similarly boosted. The time-dependence in the
relationship between the winter NAO Index and Kola
annual mean temperature is explored for the whole of
the present century. Mufti-year runs of the coupled
Hadley Centre model forced by NAO+ and NAOwinclfields are planned but have not yet been completed.
Off West Spitsbergen, the warming of the inflow
through Fram Strait was accompanied by a progressive
freshening (by between 0.033 and 0.050) and a lowering
of density (by 0.1 kg m-J) in the upper 500 m since the
60s, and the indications are that a freshening tendency

also affected the Barents Sea branch of the Atlantic
Current. A broadscafe freshening along both inflow
branches seems consistent with the major increase in
precipitation that was taking place along the length of
the Norwegian Atlantic Current [aP =+15 cm per winter
for (NAO+) minus (NAO-) conditions], and with
increased meltback/decreased production of sea-ice
over this period. From the most extreme seven-year run
of NAO- winters (1963.,69) to that of NAO+ winters
(1989-95), the median position of the sea-ice border in
April describes a reduction of 647,000 km2 in ice-extent
throughout the European Arctic and sub-Arctic seas.
The effect of a change in ice-cover on the input of heat
to the Arctic is one of the factors described by
Grotefendt et af On press), but they regard the effect on
Atlantic-layer temperatures as relatively minor.
The remainder of the study will investigate the
effect of the NAO on outputs from the Arctic Ocean.
The changes in dynamic height of the major gyres of the
Arctic Ocean and Nordic Seas will be correlated with the
NAO and compared to long-term estimates of the ice
flux through Fram Strait (observations and modelling).
This study is incomplete at the time of writing.
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1.

INTRODUCTION

The ability to discriminate sea ice from
open water and different sea ice types using
scatterometers has been demonstrated using the
Active Microwave Instrument in wind mode (AMIWind) of the European Remote Sensing
Satellites (ERS-1 and ERS-2}. lt has also been
shown that first year sea ice can be
distinguished from older sea ice usually called
multiyear sea ice (Cavanie and Gohin, 1992,
Gohin and Cavanie, 1994, Gohin, 1995). Time
series of sea ice maps over both polar caps,
constructed from AMI-Wind backscatter data,
are now regularly produced and distributed
(Ezraty et al., 1996} by the 'Centre ERS
d'Archivage et de Traitement' (CERSAT}, which
is the French node of ESA's supported
processing facilities, in charge of scatterometer
data.
AMI-Wind backscatter values, at the
nominal incidence angle of 40°, are mapped onto
the 25 km resolution polar grid used at NSIDC.
Due to the AMI-Wind geometry, conflicting SAR
operations and orbit cycles, lt proved necessary
to use one week of data to attain a reasonable
map stability. The estimated measurement and
processing noise of the AMI-Wind backscatter
maps decreases from 8% to 2% as backscatter
values increases from 0.0025 to 0.15 . A CDROM of files produced using ERS-1 data has
been pressed in January 1997 and a similar CDROM will be prepared at the end of ERS-2's life.
The flight of the NASA scatterometer
(NSCAT} provides the opportunity to extend the
methods previously developed for C-band to Kuband, taking also advantage of the dual
polarization 0/V and HH) of its central antennae.
*Corresponding author address. Robert Ezraty,
IFREMER, Dept. Oceanographie Spatiale,
BP 70, 29280 Plouzane, France ;
e-mail: rezraty@ifremer.fr

Moreover, the double 600 km swath of NSCAT
and its 25 km ground resolution are real assets
to monitor regions of strong sea ice gradients
and/or rapidly changing sea ice-water borders.
In this paper, the stability of the
backscatter signature over sea ice at both C and
Ku-band (respectively CJ'~ and CJ'~,.} is
emphasized, it is shown that aging sea ice is
better delineated at Ku than at C-band and that
the combination of both frequencies provides a
criteria to distinguish newly formed sea ice from
broken first year ice at the sea ice/open water
boundary.
2.

BUILDING NSCAT SEA ICE MAPS

The
main
information
used
to
discriminate sea ice from open water, using
NSCAT central antennae, is the polarization
index, ~ , defined as : ~ =-u~/u~ , where

CJ'~ and CJ'~ are respectively the horizontaly and
verticaly polarized backscatter coefficients. lt has
been shown that, for incidence angles, 8 ,
greater than 36°, values of ~ ~ 0.8 correspond
to sea ice covered areas while ~ ~ 0.5
correspond to open waters. Others criteria, not
0
0
detailed here, based on CJ' and au ja8 levels
within ranges of 8 , provide additional sorting of
sea ice or open water areas not previously
discriminated.
While au ja8 varies with ice type, it is
nearly constant for a given type and 8 ;:: 21 o.
This is used to estimate u~,. at 40° incidence
angle by fitting a strait line through out the
measured a~,. (8), within a pixel of the NSIDC
0
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grid and over a three day period. The estimated
measurement and processing noise of NSCAT
backscatter maps decreases from 6% to 1.5%
as CT~" increases from 0.0025 to 0.30.

3.
JOINT ANALVS IS OF AMI-WIND AND
NSCAT BACKSCATIER MAPS
Since calor plates can not be
accommodated here, the discussion will be
based on scatter diagrams of CT~" vs.
CT~
sampled in late fall, mid-winter, early spring and
summer (Figures 1 to 4, the dates indicated are
at the center of the three day period used for
NSCAT processing). lt should be noticed that a
time series of such scatter diagrams takes into
account ice drift since the Arctic ocean is
sampled as a whole.
Except for the summer season, the
0
stability of CT at Ku and C-band during the cold

season is revealed, here, by the very similar
pattern of the clouds of points and of the isolines
representing the number of data points (Fig. 1 to
3}. A previous study, performed over selected
Arctic areas and for three consecutive years, had
already shown this stability for C-band (Wismann
et al., 1996) until late spring. Globally, the data
points are scattered along two lines with slope
0
values of 3.6 at high CT and of 1.2 at low cr 0 ;
0
high cr values corresponding to multiyear ice
0
while low CT values correspond to first year ice.
In early summer (May 25, 1997; not
shown}, the general shape of the data
distribution remains although the highest values
0
of CT , fo~ both sensors, tend to decrease and
the dip, separating the cloud of new ice from that
of multiyear ice, fills in. Later on, surface melt
and pending cause the distribution pattern to
collapse, and it becomes impossible to
distinguish ice types (Fig. 4).
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During the cold season, given the
respective range of variation of er~.. (0-0.35) and
er~ (0-0.15}, the different slopes for first year
and multiyear ice, and the similar noise level
0
estimated for the cr maps of each sensor, it is
concluded that NSCAT data will better
discriminate various sorts of aged sea ice than
0
AMI-Wind data. At low 0' values, the outgrowth
of the cloud of data points can be isolated by an
upper limit defined as er~.. = 0.02 + 12 er~ ;
mapping the corresponding data reveals that the
low cr 0 values of this sub-sample is newly
formed first year ice located along the shore of
Siberia and Alaska, while the data points of this
sub sample corresponding • to er~ ~ 0.03
characterize first year ice in the vicinity of the ice
edge, modified by wave action.

4.

CONCLUSIONS

AMI-Wind and NSCAT scatterometers
provide, independently, information on ice extent
and ice types. During the cold season, the
stability of their signature permits an accurate
discrimination of ice types which can be used, for
example, in conjunction with the estimates of first
year and multiyear sea ice concentration
deduced from SSM/1 data. The failure of
ADEOS, on June 30, 1997, stopped the NSCAT
data flow but the data acquired, which spans a
full cold season, permits the analysis of sea ice
signature at Ku-band, a comparison with C-band
and, a first insight on the combination of data at
both frequencies. lt is shown that the dual
polarization, Ku-band data is more suited to sea
ice detection and type discrimination than single
polarization, C-band data. The combination of
both frequencies permits discrimination, within
first year ice, of smooth and crushed sea ice.
SeaWind (NASA) and ASCAT (ESA) planned to
be in orbit simultaneously by the year 2000, will
give a new opportunity to combine backscatter
data at these two frequencies.
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THE SENSITIVITY OF MODELS IN THE SIMIP HIERARCHY TO THERMODYNAMIC PERTURBATION$

Gregory M. Flato*
Canadian Centre for Climate Modelling and Analysis
University of Victoria, Canada

The ACSYS Sea-Ice Model lntercompari-

which ignored ice dynamics, may be exaggerated.

son Project (SIMIP) is aimed at improving the rep-

Indeed, Pollard and Thompson (1994) found that

resentation of sea-ice in global climate models.

including sea-ice dynamics in a global climate

The procedure, outlined by Lemke et-al. (1997), is

model reduced warming around Antarctica by a

to assemble a hierarchy of models with differing

factor of 2, but had a smaller effect in the Arctic.

treatments of dynamical processes, using the

In order to provide quantitative information

same grid and external forcing, optimize the mod-

regarding the sensitivity of a variety of ice dynamic

els in a consistent way, and then compare mod-

schemes, a suite of experiments using the SIMIP

elled quantities like ice motion, thickness and

model hierarchy is being planned. The present

concentration with observations in order to evalu-

study is intended to guide the design of these

ate their performance. In addition to comparing the

experiments using a somewhat restricted hierarchy

performance of various models, a further goal is to

of models, a coarser-resolution model grid, and a

compare the sensitivity of the models to forcing

shorter simulation period. The models used here

perturbations, and so gain some insight into the

span a range of dynamic formulations from thermo-

manner in which a particular sea-ice dynamics

dynamics-only (i.e., no dynamics), through the cav-

scheme might respond when used in a global cli-

itating fluid (Fiato and Hibler, 1992) and viscous-

mate model.

plastic (Hibler, 1979) formulations now being imple-

Sea-ice feedbacks account for much of the

mented in several GCMs, to a model which

high-latitude amplification of greenhouse-gas

includes a more comprehensive treatment of the

warming exhibited by global climate models. Ant-

thickness distribution (Hibler, 1980; Flato and

arctic sea-ice model studies (e.g. Hibler, 1984;

Hibler, 1995). In all cases the models use the same

Lemke et al., 1990) indicate that sea-ice models

160km resolution grid and interannually-varying

which include dynamics are less sensitive to ther-

atmospheric forcing, spanning the period 1979-

modynamic perturbations than are thermody-

1985, and are run to equilibrium. Several experi-

namic-only models. This implies that high-latitude

ments are performed with each model: a control

amplification in earlier global climate models,

case (with no perturbation) and several perturbed
cases in which either the downwelling longwave

. *Corresponding author address: G. M. Flato,
Canadian Centre for Climate Modelling and
Analysis, University of Victoria, Victoria, BC,
V8W 2Y2, Canada; e-mail: gflato@ec.gc.ca.

energy flux is increased or decreased by 5 W m-2 ,
or the air temperature is increased by 0.3°C. The
downwelling longwave perturbation was chosen as
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roughly the radiative effect of C02 doubling, and

Further experiments are underway to

0.3°C is the temperature perturbation which pro-

understand the reasons for the differences in sen-

duces a similar magnitude perturbation in sensible

sitivity, as well as to examine the sensitivity to other

heat flux for typical Arctic conditions. Note that the

perturbations like wind forcing. Once these initial

5 W m-2 perturbation is about 2.5% of the annual

studies are concluded, a similar set of experiments

mean downwelling longwave radiation.

will be conducted with the complete SIMIP model

The difference in a modelled quantity, like

hierarchy.

ice thickness, between the control and perturbed
experiments provides a measure of the sensitivity
of a model to a thermodynamic perturbation. Other
sensitivity measures being explored are changes
in: ice-covered area, average concentration, and
ice-atmosphere heat exchange in different seasons. In all cases the sensitivity is expressed as
the percentage difference between the control run
and the perturbed run. As an example, the sensitivities of mean thickness to a positive perturbation in
either downwelling longwave radiation or temperature (denoted 'heating' and 'warming' respectively)
are plotted in Figure 1 as a function of increasing
model 'complexity'. The percent change is negative
because these perturbations cause thinner ice,
and so a larger negative change reveals a higher
sensitivity to the applied perturbation.
In part, the results support the earlier conclusions of Hibler (1984) in that, in terms of mean
ice thickness, the two-level viscous-plastic model is
less sensitive to thermodynamic perturbations, by
roughly a factor of two, than a thermodynamic-only
model. However, when the thickness distribution
formulation is included, the sensitivity increases to
a level near that of the thermodynamic-only models. The sensitivity of ice-covered area in the eastern Arctic is somewhat more ambiguous, although
again the thickness distribution model does appear
more sensitive than the other models.

REFERENCES
Flato, G_M. and W.D. Hibler Ill, 1992: Modeling
pack ice as a cavitating fluid. J. Phys.
Oceanogr., 22, 626-651.
Flato, G.M. and W.D. Hibler Ill, 1995: Ridging and
strength in modeling the thickness distribution of Arctic sea ice. J. Geophys. Res.,
100, 18,611-18,626.
Hibler, W.D. Ill, 1979: A dynamic thermodynamic
sea ice model. J. Phys.Oceanogr., 9, 817846.
Hibler, W.D. Ill, 1980: Modeling a variable thickness
sea ice cover. Mon. Weather Rev., 108,
1943-1973..
Hibler, W.D. Ill, 1984: The role of sea ice dynamics
in modeling C02 increases. Climate Processes and Climate Sensitivity, Geophysical Monograph 29, American Geophysical
Union, 238-253.
Lemke, P., W.B. Owens, and W.D. Hibler Ill, 1990:
A coupled sea ice - mixed layer - pycnocline model for the Weddell Sea. J. Geophys. Res., 95, 9513-9525.
Lemke, P., W.D. Hibler Ill, G.M. Flato, M. Harder,
and M. Kreyscher, 1997: On the improvement of sea ice models for climate simulations: The Sea Ice Modellntercomparison
Project (SIMIP), Annals of Glacial., 25, in
press.
Pollard, D. and S.L. Thompson, 1994: Sea-ice
dynamics and C02 sensitivity in a global
climate model. Atmosphere-ocean, 32,
449-467.

53

a

c
·c;;-

a:s..C

.oe

~~ -2o-

-

4
<(oo-"- Cl)

c<D

·- c

<D~

-6-

-·-

-8-

0>.2
c:..c
a:s..c
<D
0(.)

cc

<D «S-loe<D

~ E-12-

-§

'"0
~

~
0'

'

0

8

8

Q)

Q)

..s::

(.)

e <D
<( .0

E5

E-

:.tJ-c-

~

tll

;>.

b

·'"0
~

....
.....
.!.
Q)

tll

~
(.)

~

et::I

'a

u

>=

~

0

....

0.0

I

(.)
tll

'3

:E

~
0

s::

tll

·-.:::::
I

~

-

E ~ -4-

.!BQ..

~ ~ -&--

W-

c a:s

<D -12-

~(ij

@ ~ -16-

..c: '-

(..) <D

~

''

''

~

____ .,.

..

---- '

,

amung
W:._ .

' ' ___ _

~

-20...
(.) cb -

+-'

a5 (.)

(D .2

0..

-24-

Figure 1. Sensitivity of various models to an increase in downwelling longwave radiation ('heating'),
and to an increase in air temperature ('warming'). Sensitivity is defined as the percent change in
basin mean thicknss (a) and eastern Arctic ice-covered area (b) relative to the unperturbed run, for
March and September respectively.
Legend: 'Thermo-only' -thermodynamic slab model with no open water leads; 'Thermo-leads'
- thermodynamic slab model with a simple lead parameterization; 'Cav-fluid' - two-level cavitating fluid model; 'Visc-plast'- two-level viscous-plastic model; 'Multi-category' -viscousplastic model with 28 category thickness distribution; 'Multi-snow' -same as 'Multi-category'
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A NUMERICAL STUDY OF SEA-ICE VARIABILITY RELATED TO INTERACTION WITH ATMOSPHERE
Sergei A. Fokin and Vladimir M. Kattsov·
Voeikov Main Geophysical Observatory, St. Petersburg, Russia
1.

INTRODUCTION

A comprehensive research on polar
climate system dynamics within ACSYS/ CLIVAR
programmes is underway at MGO. The accent is
put on general circulation modelling. Recently a
study has been accomplished on sea-ice impact on
atmospheric circulation variability as reproduced by
the MGO AGCM with prescribed sea-ice extent
and concentration (Kattsov et al., 1993; Kattsov et
al., 1997). Here, a further advance in the research
is presented. A new MGO 2D sea-ice model has
been developed and coupled to the MGO global
spectral model of the atmosphere. (Meleshko et al.,
1991; Shneerov et al., 1997; see also Phi/lips,
1994). The main features of the sea-ice model are
retaining most of the essential physics of largescale ice motion and water phase transformations,
conceptual simplicity and computational efficiency.
Particular attention has been given to boundary
conditions specification. To be tailored to the
atmospheric component, the sea-ice model is
formulated on the Gaussian grid, thus helping to
avoid interpolation when exchanging with the
AGCM. The spatial discretization implies the open
pole. An implicit method of time-stepping the seaice model is matched to the AGCM time integration
schemes.
2.

ATMOSPHERIC MODEL

The MGO AGCM includes the major
physical processes governing the atmospheric
circulation: terrestrial and solar radiative transfer,
cloud prediction, vertical transfer of momentum,
heat, and water vapour, penetrative convection,
large-scale condensation, gravity wave drag, heat
accumulation and its transfer in the soil, land
surface hydrology, etc. The model includes real
topography and seasonally varying solar radiation.
The employed version of the model contains 14
vertical er-levels of different thickness and is
truncated triangularly at wavenumber 21 (version
T21 L14). A two-step semi-implicit scheme is used
for dynamics and physics with 45-minute time
increment, the Euler-backward scheme being used
for the vertical transport of momentum, heat and
moisture. Full radiation calculation is performed
every 12 hours.
Of particular importance to the present
study is the possibility provided by the MGO AGCM

of treating different types of surface within a single
grid box: this may include land, open water, and
sea ice simultaneously.
Surface fluxes are
computed as weighted averages over a grid box.
The ocean is represented by a "slab"
upper mixed layer of 56-metre depth employing a
"flux-correction" technique. The time-stepping of 1
day is used for SST computation.
3.

SEA-ICE MODEL

3.1.

Governing equations

The sea-ice model is formulated as
conservation laws in terms of four prognostic
variables, which include horizontal ice velocity
vector u, ice mass surface density m=p~h. area!
ice concentration A, and ice surface temperature T.
The equation of the ice mass density
evolution in conventional notation is

o,(p;Ah) + div2 {up;Ah)

=p; Sm,

(1)

where Sm is the thermodynamic source/sink term,
due to ice freezing and melting, div 2
is the
spherical part of the divergence operator.
In the momentum evolution equation, the
advection of momentum is neglected, however the
local acceleration term is retained. The equation is

Ah·qU + fkxAhu =-Ahg.grad2 q+
+{AipJ·(-r8 - -roJ-(11pJ.grad2 P,

(2)

where the air- and water-drag stresses are
obtained from a simple quadratic formulation,
grad2 . denotes the spherical part of the gradient
operator.
In the present version of the model,
following the cavitating fluid approach (Fiato and
Hibler, 1992), the equilibrium compressive stre-ngth
of sea-ice P is parameterized in the form similar to
that, suggested by Hibler(1979), which reads

P= p• Ah exp(-K(1-A))·Hev( -div u), (3)
where p• and K are empirical constants, and Hev()
is the Heavyside unit step function.
The empirical equation for the ice
concentration evolution is

Corresponding author address: Vladimir M. Kattsov, Voeikov Main Geophysical Observatory, 7, Karbyshev
str., St. Petersburg, 194021, Russia; e-mail: kattsov@main.mgo.rssi.ru
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h(otoA + div2 (uA)) =SA + DA,

(4)

where SA is the thermodynamic source/sink term,
and

DA = Ah·div2 u-Hev(-divu)Hev(A-AmaxJ,

(5)

with an empirical constant Amax·
The important features of the model
equations are the following:
•
There is a consistent equation of the evolution
of the sea-ice kinetic energy.
•
Ice concentration is not allowed to exceed a
prescribed maximum value, so a small fraction
of open water is always present in the ice field.
•
Sea-ice motion does not change the ice
thickness, when A is less then maximum Amax·
•
Ridging is simulated in regioQS, where the ice
concentration is at its maximum value under
convergence.
•
Cavitating
fluid
rheology,
reflects the
observation that the sea-ice is strongly and
rate independently resistant in convergence,
while relatively free to diverge.
Thermodynamic terms in Eq.1 and Eq.4
are cast in the form proposed by Melior and Kantha
(1989), i.e.

and
SA =(p/pJ-(0.5+3.5

Hev(W8 aJ}{1-A)W8 oJ,(7)

where W are various volumetric fluxes depending
on their location at the corresponding interface for
melting (W>O), and freezing (W<O).
The specific form of Eq. 7 implies that the
flux across the atmosphere-ocean interface
decreases the ice thickness h during either
melting, or freezing phases, stabilizing solution to
the model equations. To determine the flux ~o a
bulk formulation is used, while W8 ; and W80 are
calculated by the AGCM using a non-stationary
surface energy balance equation.
The latter
determines the temperature of the upper snow/ice
layer of finite heat capacity and infinite heat
conductivity. The lower ice layer of variable
thickness is assumed to have zero heat capacity,
implying linear temperature vertical distribution.

3.2

Boundary conditions

There are three different types of regions,
where the model equations, containing the
Heavyside function,
have different forms.
Therefore, different types of boundary conditions
need to be specified.

On rigid boundaries, besides the
kinematic boundary condition u=O, the inequality
U·n < 0 is used. In case of u=O the dynamic
boundary condition is zero projection of the ice
momentum balance on outer unit normal vector. In
case of u-n < 0 the conditions grad P 0 and A=O
are employed. The both latter conditions are also
adopted on the moving ice edge. On the moving
boundaries between regions of ice convergence
and divergence the continuity of fluxes of ice mass
density and concentration is imposed, and it is
assumed that u.grad P=O.
The above listed boundary conditions
result in:
•
total ice mass conservation in case of no
thermodynamic forcing;
•
strictly decreasing total ice kinetic energy in
case of no dynamic forcing.

=

3.3

Numerical method

Two specific features of the numerics
implemented for time stepping of the model
equations are employing the splitting-up method
according to physical processes (Marchuk, 1980)
and the method of discrete approximation to the
integral identity (Penenko, 1981). The latter is
based on a generalized formulation of the model
equations, the solution to the equations being
discontinuous at the boundaries between different
domains as stated above.
The number and
configuration of such domains can vary from one
time step to another and are to be computed at
each time step.
Integral identities corresponding to the
model equations and boundary conditions are
obtained by integrating Eqs. 1, 2, and 4 multiplied
by arbitrary continuous functions over the whole
domain. The discrete approximation is achieved by
substituting the integral over each grid cell by an
appropriate quadrature formula. Specifically, for
the transport equations (Eqs. 1 and 4) upwind finite
differences are used. This results in a monotone
numerical scheme consistent with the exact ice
mass conservation for the ice-dynamics model.
For time-stepping the model equations the
Euler backward scheme is used, which enables to
attain numerical stability.
Besides, it provides
damping out high-frequency variability (e.g., inertial
oscillations). To implement splitting-up method the
system of the Eqs. 1-3 is set into evolution form.
This is achieved by linearizing over one time step
the Eq. 3 differentiated with respect to time. One
time step consists of two partial ones. The first
corresponds to the ice-flow field adjustment to drag
stresses, sea-ice strength being taken from the
previous time step. Computationally, at each grid
point two linear equations are solved for the two
velocity components. During the second partial
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step, wave adjustment is enforced of the ice
compressible strength to the ice-velocity field.
Initially, one partial differential equation for the new
field of the ice strength (i.e. pressure) is solved
using a relaxation procedure. Further, the velocity
field is updated. The resulting ice-flow field is used
for time-stepping the equations for ice mass and
concentration transport.
New ice mass and
concentration distributions are computed by
indirect iterative procedure.
Numerical experiments reveal, that the
numerical method is computationally efficient,
stable for one-day time step, and results in exact
conservation of ice mass in the absence of
thermodynamic forcing.
4.

EXPERIMENTS

During the current (preliminary) stage of
the study, two sets of numerical experiments have
been conducted: with and without sea-ice
dynamics.
5.

CONCLUSIONS

This paper has presented a new model of
sea-ice large-scale evolution aimed at climate
studies. A series of numerical experiments has
been conducted with the sea-ice model in the
coupled mode with the MGO AGCM. The results
obtained should be regarded as preliminary until
similar experiments are carried out with the MGO
full coupled climate model including the MGO
OGCM currently being developed.
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POLAR RADIATION AND CLIMATE: ARE CLOUDS THE KEY?
Jennifer Francis*
Institute of Marine and Coastal Sciences, Rutgers University
New Brunswick, New Jersey

1. INTRODUCTION
General circulation models used to study various aspects
of climate behavior show wide disagreement when it
comes to simulating climate response to anthropogenic
changes in the composition of the atmosphere. They do
generally agree, however, that changes in the Earth's climate are likely to be largest at the poles. The discrepancies among them have been attributed to many possible
sources. The most likely culprits are model representations of clouds, sea ice, and precipitation, as these components of the climate system are thought to be poorly
simulated in the models and because they are related to
other climate variables in a complex web of feedback
mechanisms. Untangling this web is the subject of much
present day research.
2. RADIATION IS THE THREAD
The polar regions can be thought of as one end of the
Earth's heat engine. While the tropics have a surplus of
energy owing to the abundance of solar radiation and
insufficient longwave loss to space to balance it, the
polar regions receive much less energy in the form of
insolation than they emit to space as infrared radiation.
The tropical surplus is transported to higher latitudes by
meridional currents in the atmosphere and ocean,
thereby keeping the planet in equilibrium. Any changes
to the radiation distribution within this system will alter
its dynamics and thermodynamics. There are many possible sources for such changes: increased or decreased
cloud amount, changes in cloud phase, redistribution of
atmospheric moisture, increased or decreased sea ice
and/or snow cover, and changes in land surface types, to
name a few. It is a daunting task to separate and examine
the repercussions of changing these various climate
parameters, and even more so to model them correctly.
In this presentation I will focus primarily on climate
processes involving polar clouds.
*Corresponding author address: Jennifer A. Francis,
Institute of Marine and Coastal Sciences, PO Box
231, Cook Campus, Rutgers University, New Brunswick, NJ 08903-0231, USA; e-mail: francis@imcs.
rutgers.edu

As the original investigators in the ERBE project found,
clouds have a tremendous influence on the top-of-theatmosphere (TOA) radiation balance of the Earth everywhere except in the polar regions. This is because
clouds don't have a large effect on the already high surface albedo (they increase it slightly), and there is little
contrast in the outgoing longwave radiation (OLR)
owing to the predominance of low clouds and the frequent existence of a near-surface temperature inversions. Why, then, are high-latitude clouds such a source
of heartburn to the climate community?
While clouds have relatively little effect on the TOA
radiation balance over snow and ice, at the surface it's
another story, and the story is usually quite different
from that over a mid-latitude region. Incoming radiation
over a snow-covered surface is not decreased substantially in cloudy conditions, as it would be elsewhere,
because of multiple reflections between the bright surface and the cloud base. Thus the most influential factor
controlling the insolation absorbed at the surface is not
so much the cloud cover, but rather it is the surface
albedo. Incoming insolation can be approximated fairly
accurately over snow and ice just by knowing the solar
zenith angle, and during the long polar night it contributes nothing to the energy balance.
The surface downwelling longwave ftux (DLF), however, is greatly affected by the amount and height of
clouds. A cloudy-sky DLF can be over 200% larger than
a clear-sky one, and DLF is a significant component of
the surface energy budget all year round. The importance of DLF is borne out by model simulations suggesting that annual-average ice thickness is more
sensitive to perturbations in DLF than in insolation (e.g.,
Fischer and Lemke [1994], Ebert and Curry [1993]).
The variability in DLF not only inftuences sea ice thickness, but also is an important player in a large circle of
interconnected components of the climate system. During dark periods of the polar year, snow and sea-ice surface temperature responds to changes in DLF, which in
turn affects the near-surface air temperature. If the
change is wide-spread and lasts several days, this can
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influence the formation of polar airmasses and can alter
surface pressure. Both of these can affect regional circulation patterns, which eventually impact weather patterns in lower latitudes. One of the problems in the
climate change business, of course, is sorting out the
chicken from the egg. Did a change in cloud cover cause
a shift in the polar jet stream, or did a change in pressure
patterns alter the DLF over a large area?
3. A TANGLED WEB
In addition to influencing polar climate directly by altering the surface radiation budget, clouds also affect cooling rates in the atmosphere, which can modify thermal
winds and circulation patterns. Changes in cloud type
(height and phase) also must be considered in determining cooling rates. If cirrus clouds were to increase in
high latitudes, for example, the cloudy layer would cool
radiatively, which would increase the meridional temperature gradient at upper levels and increase the
strength of the polar jet stream. This would lead to
increased storminess and increased advection of low-latitude heat and moisture into polar regions. These interacting processes represent a positive feedback and
would result in a strengthening of the global heat
engine. If, however, low clouds (stratus and diamond
dust) were to increase, the low levels of the atmosphere
would probably warm owing to additional trapping of
infrared energy emitted by the surface. This would
result in a reduction of the meridional temperature gradient at low levels, which might reduce the occurrence
of polar lows (and other shallow disturbances) and
decrease poleward advection of heat and moisture. This
would constitute a negative feedback and contribute to a
weakening of the global heat engine. This example illustrates the complicated but important role that clouds
play in the radiation balance of polar regions, which in
turn affects the climate system as a whole.
4. CREME RINSE IS NOT ENOUGH
Untangling this complicated web will require new data
sets, new model parameterizations, and sharp minds to
put together the puzzle. Because of the remote and hostile environment of polar regions, conventional surfacebased observations will almost certainly never provide
adequate data for observing climate processes on anything but a local scale. This job must be that of satellites
combined with models. In recent years a great deal of
progress has been made toward acquiring and processing sufficient satellite data, interpreting the fields, and
determining cloud-radiation relationships in numerical
models. Some of the most promising data sets are being
developed under funding provided by the NASA Path-

finder Project (see http://www-nsidc.colorado.edu/
NASA/POLAR_PATHFINDERS/) and by the International Satellite Cloud Climatology Project (ISCCP).
5.SUMMARY
In this presentation some of the roles that clouds play in
the polar and global climate system will be discussed
and illustrated. I will show examples of some new data
sets that can be brought to bear on studying cloud-radiation feedbacks, and discuss the shortcomings that future
data sets and field experiments will help alleviate.
6. REFERENCES
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TRACER OBSERVATIONS IN THE EURASIAN BASIN
Markus Frank· and Reinhold Bayer
lnstitut fOr Umweltphysik, Heidelberg, Germany
Bill Smethie
Lamont-Doherty Earth Observatory, Palisades, New York

1. INTRODUCTION
In 1993 and 1995, during the expeditions ARK IX/4
and ARK Xl/1 of RN "Polarstem", tracer sampling
programs were carried out in the eastern Eurasian Basin.
The aim of these programs was to investigate the
exchange between the shelf seas and the Eurasian Basin,
as well as the large scale circulation in the basin's interior.
The Arctic river runoff is marked by low 180-values.
Combination of 180 and salinity data allow separation of
the river-runoff and sea-ice meltwater contained in the
Arctic Halocline [Ostlund and Hut, 1984; Schlosser et al.,
1994). This provides the basis for tracking the river-runoff
signal from the shelf seas across the central Arctic Ocean.
The formation and spreading of intermediate water in the
interior of the Eurasian Basin are studied with transient
tracers such as tritium, 3He, and chlorofluorocarbons
(CFCs).
2. FRESHWATER BALANCE FOR THE SURFACE
MIXED LAYER AND HALOCLINE
Three source waters dominate in the Eurasian sector
of the Arctic Ocean, i. e. Atlantic water, sea-ice melt water
and river runoff. Relative fractions of river-runoff and seaice melt water are estimated with a three component
mixing calculation. The river-runoff fractions in the
Transpolar Drift in the eastern Eurasian Basin range
between 10 and 12%. This values compare well to the
data reported by Bauch et al. [1995) for the area of the
Transpolar Drift stream in the western part of the Eurasian
Basin.
Whereas north of the Barents and Kara Seas net
melting of sea ice is found, the melt water deficit increases
within the Transpolar Drift Stream. A layer thickness of
river runoff is obtained by integration of the river-runoff
fraction in the surface and halocline layers. The integrated
runoff signal for the Eurasian Basin amounts to 14.3·1 03km
(mean layer thickness 7.5m). Using the mean annual river
discharge a residence time of 4.5-7a is calculated for the
·corresponding author address. Markus Frank, lnstitut fOr
Umweltphysik der Universitat Heidelberg, lm Neuenheimer
Feld 366, D-69120 Heidelberg, Germany; email:
Markus.Frank@urz.uni-heidelberg.de

runoff component in the Eurasian Basin. As the bulk of the
runoff is concentrated in the Transpolar Drift this value can
be interpreted as the transfer time from the siberian
shelves toward Fram Strait.
3. INTERMEDIATE LAYER
About 106m3/s (1Sv) of Atlantic Water enters the Arctic
Ocean with the Fram Strait Branch of Atlantic Water
(FSBW) [e.g. Rudels, 1987). Another part of Atlantic Water
enters the Barents and Kara Seas at a rate of 2Sv [Loeng
et al., 1993). Observations in the western and central part
of the Eurasian Basin resulted in the circulation scheme
for the intermediate layer proposed by Rudels et al. [1994).
The Barents Sea Branch of Atlantic Water (BSBW) enters
the Eurasian Basin via the St. Anna Trough after cooling
and freshening on the Barents and Kara Sea shelves.
In the eastern Eurasian Basin the BSBW was observed
enclosed by the continental margin in the south and the
FSBW in the north [Schauer et al., 1997). The BSBW is
well ventilated and its core is characterised by a minimum
in tritiumPHe age and a maximum in CFC concentration.
Towards the east along the continental slope the CFC
concentration decreases and the tritium/3He age increases.
The BSBW bifurcates in the eastern Eurasian Basin. One
part is spreading along the Lomonosov Ridge towards
Fram Strait whereas the other part enters the Canadian
Basin of the Arctic Ocean.
The development of the tritium/3He age, CFC-11 and
CFC-12 concentrations in the BSBW north of the Laptev
slope complies with an eastward velocity of 2 cm/s. The
width of the Fram Strait and Barents Sea branches
combines to approximately 200km while the layer
thickness is about 1000m. Assuming that both branches
propagate with the same current speed a flux of 4Sv
results which is in fair agreement with the estimated inflow
of Atlantic Water.
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CONVERGENCE OF ENERGY AND MOISTURE TO THE ARCTIC AND ANTARCTIC POLAR CAPS FROM
ECMWF RE-ANALYSES

Christophe Genthon*
Laboratoire de Glaciologie et Geophysique de I'Environnement, CNRS, Saint Martin d'Heres, France

1. INTRODUCTION
The polar regions are the thermal sinks of the
climate system engine. Meridional energy transport to
the high latitudes is thus an important aspect of the
global thermal equilibrium. lt is also a sensitive diagnostic of the dynamic response of the climate system
to the meridional differential radiative forcing. The
atmosphere contributes to this transport, and it is
important that atmospheric models which are used to
analyze current climate and to predict future climate
changes, such as General Circulation Models (GCMs),
successfully reproduce the different characteristics of
meridional heat transport to the polar regions.
A significant part of the energy transport to the
polar caps is in the form of latent heat. Atmospheric
moisture is an essential aspect of the climate and environment of the polar regions, as it contributes to the
fresh water budget of the ocean and of the cryosphere.
In particular, precipitation is the mass source for the
major ice sheets, Greenland and Antarctica. Any
change of the mass budget of the ice sheets results in
a sea-level change.
This paper summarizes the results of a full
decomposition of atmospheric meridional energy
transport across 70°N and 70°S in terms of energy
components (sensible, geopotential, latent) and in
terms of dynamic components of transport (meanmeridional, transient and stationary eddies). Transport
and its components are computed from the ECMWF
15-year 6-hourly re-analyses of meridional wind, temperature, geopotential height and specific humidity
from the surface to 50 hPa.
2. ENERGY TRANSPORT
Tables 1 and 2 show the annual-mean components of energy transport across 70°N and 70°S,
respectively. All transports are positive northward.
Total Transport (TT) is the sum of Transient Eddy
transport (TE), Stationary Eddy transport (SE), and
transport by the Mean Meridional Circulation (MMC).
Moist Static Energy (MSE) is the sum of Sensible Heat
(SH), Latent Heat (LH) and GeoPotential energy (GP).
Detailed descriptions of the different components and
of methods of computation can be found, e.g., in Nakamura and Oort (1988) (N088 henceforth) who also
discuss aspects of the heat budget of the polar regions
and provides estimates of energy transport to the
North and South polar caps. Genthon and Krinner
* Corresponding address: C. Genthon, Lab. de Glaciologie, BP96, F-38402 Saint Martin d'Heres Cedex,
France; E-mail: genthon@glaciog.ujf-grenoble.fr

(1997) provide more numerical details relevant to the
present work but they only discuss the South. In the
tables, the energy converged across the 70° wall is
divided by the horizontal surface of the polar cap from
70° to the Pole. This way, the contribution of heat
transport to heating the polar caps can be compared
with estimates of the surface and Top-Of-Atmosphere
(TOA) energy fluxes.
Table 1: Components of the annual-mean northward
transport of energy by the atmospheric circulation
across 70°N. See text for details. Unit: Watt per square
meter of horizontal polar surface (W.m- 2).
Compo.
nent

TT

TE

SE

MMC

SH

54.4

48.9

15.8

-10.4

LH

16.4

14.7

3.4

-1.6

GP

25.8

-0.3

0.2

25.9

MSE

96.6

63.3

19.5

13.9

Table 2: Same as Table 1, across 70°S.
Compo
nent

TT

TE

SE

MMC

SH

-19.6

-32.1

-15.8

28.3

LH

-14.7

-13.2

-3.8

2.2

GP

-46.5

-0.7

0.4

-46.2

MSE

-80.8

-45.9

-19.2

-15.7

The most uncertain numbers in these tables are
the contributions of MMC to the transport of SH and
GP. The convergence of air mass to the polar caps is,
on average (e.g., annual-mean), zero. This is not verified by meteorological analyses in general, and by the
re-analyses in particular. The small mass imbalance
corresponds to mean meridional wind errors which can
translate in large energy transport errors. The seasonal cycle of the MMC energy transport across 70°N
turns out to be clearly inconsistent with the seasonal
cycle of the TOA radiation budget (not shown). The
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annual-mean MMC in Table 1 may be more realistic
because a tentative correction on the annual-mean air
mass imbalance was applied in the calculations. If correct, the result indicates that the MMC exports energy
from the North Polar Cap (NPC) but imports energy to
the South Polar Cap (SPC). N088, from radiosonde
data, suggest that the atmospheric MMC imports
energy to the NPC. However, they also acknowledge
difficulties in determining this component and,
because of these difficulties, they provide a model
result rather than an observation-based number for the
SPC. Overland et al. (1996) (OV96 henceforth), also
from radiosonde data, do suggest an export of energy
from the NPC by the MMC, in agreement with the
present study. However, the intensity of this export is
almost 60% larger than here. The study by OV96 is
confined to the NPC.
The eddy transports of all el')ergies are virtually
not affected by uncertainties on the mean-meridional
wind. For these, the agreement with OV96 for the NPC
is quite good. Compensation between MMC differences results in a very good agreement for the MSE
(total energy) budget, about 100 W.m· 2 in both studies.
As satellite observations also suggest that the annualmean TOA radiation budget of the NPC is about 100
W.m· 2 (N088), the ocean appears to transport negligible energy across 70°N. By far the largest single component of transport to the NPC is the transport of
sensible energy (SH) by the transient eddies (TE).
Transient eddy transport largely dominates total transport. Latent heat appears to account for almost 20% of
the total energy converged to the NPC.
Figure 1: Monthly-mean TE (thick) and SE (thin) northward transport of MSE from the ECMWF re-analyses
(full) and as reported by NOBS {dashes).

(e.g., as reported by Krinner et al. (1997) from
ECMWF analyses and other observations). The TE
cycle is annual with a strong maximum transport to the
SPC in late winter.
Uncertainties on determining transports across
70°S include the difficulty of resolving the Antarctic
topography and its consequences on atmospheric circulation (The surface of the East Antarctic ice sheet is
mostly well above sea-level at 70°S). The resolution of
the analyses is generally much better than that of the
observations but the quality of the supplementary
information is dependent on the quality of the meteorological model. The regularity of the curves shown on
Figure 1, compared to NOBS, plead in favor of the reanalyses and the present results.
The annual-mean import of MSE to the SPC is
about 81 W.m- 2 . NOBS report that the TOA radiation
budget is about 90 w.m· 2 . As for the NPC, the contribution of the ocean to bringing heat poleward of 70°
appears small, less than 10% of the total ocean plus
atmosphere contribution. Also similar to the NPC,
almost 20% of the atmospheric MSE import to the
SPC is in the form on latent heat.
3. MOISTURE TRANSPORT
Again, the fresh-water budget of the polar
regions is of importance for global climate and environment. Figure 2 shows the total flux of moisture to the
NPC and SPC across the 70° wall as a function of longitude.
Figure 2: Annual-mean zonal distribution of the vertically integrated northward moisture flux across 70°N
(upper) and 70°S (lower curve).
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Eddy convergence of MSE to the SPC is significantly larger in the present study than in NOBS, particularly for the SE component. Figure 1 compares the
seasonality of TE and SE transport of MSE from the
present study and from NOBS. The ECMWF re-analyses reveal much smoother seasonal cycles. The SE
cycle is semi-annual, with strongest transport to the
SPC in the equinoctial seasons. lt is well correlated
with the seasonality of the Antarctic circumpolar trough
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At 70°N, moisture is imported to the polar cap
by the atmospheric circulation everywhere except over
the Canadian archipelago, in the 80°-130°W sector_ In
the South, transport is dominated by a very strong
import over the Ross, Amundsen and Belingshausen
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seas in the 60°-180°W sector. East Antarctica is
mostly continental and at high elevation at 70°S, so
the air is dry and moisture transport is weak. lt is
equally weak over the Weddell sea, 15°-60°W, but the
atmospheric circulation and sea-ice cover (which limits
evaporation and atmospheric moisture) do not favor
transport as elsewhere in West Antarctica.
Figure 3 shows the seasonality of the moisture
fluxes to the NPC and SPC. The flux are divided by the
polar cap surface and converted to surface moisture
budget (in mm per month}. Net precipitation minus
evaporation should equal the net moisture convergence. Maximum import is in summer and early fall in
the North. This is the time of the year when the atmosphere is warmest and the moisture holding capacity
is largest. On the other hand, in the South, moisture
convergence to the pole is largest in winter, when the
atmosphere is driest. The seas'bnality of moisture
advection is thus largely controlled by atmospheric
temperature in the North, and by atmospheric dynamics (which is stronger in winter) in the South.
Figure 3: Monthly-mean zonally and vertically integrated moisture flux across 70°N (upper) and 70°S
(lower curve).
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According to the transport calculations presented here, the net moisture budget of the NPC is
20.7 cm.yr' 1 . This is more than 35% larger than found
by OV96. For the SPC, the moisture budget is 16.2
cm.yr'\ and this is well within the range of previously
reported numbers.
4. DISCUSSION AND CONCLUSION
Some of the components of energy and moisture transport obtained from the ECMWF re-analyses
agree quite well with previously published estimates.
Others like the eddy energy transport to the SPC or
the annual-mean moisture convergence to the NPC
disagree. The re-analyses provide the longest consistent series of meteorological data with high spatial and
temporal resolution. However, in the polar regions, this
resolution is largely obtained with a meteorological
model which has deficiencies and may well introduce

some biases in spite of observational constrains. On
the other hand, previous studies have used either
shorter and/or inconsistent analyses, or observations
which may not have sufficient spatial and temporal
coverage for accurate transport diagnostics.
Beyond the remaining uncertainties, the results
presented here could be useful to verify in climate
models that the high latitude dynamics responsible for
polar energy and moisture budgets is correctly simulated. Atmospheric GCMs perform increasingly well in
the polar regions, but some are known to do well for
wrong reasons and thus may not correctly simulate or
predict future climate changes. Indeed, transports and
its components are likely to evolve in a changing climate, modifying the energy and moisture cycles and
budgets.
The temporal consistency of the re-analyses
should provide a unique opportunity to study interannual variability and trends over the 15-year time span.
This important point, not discussed here, is tentatively
addressed in Genthon and Krinner (1997) for the SPC.
Uncertainties associated with the contribution of MMC
may prevent reliable conclusions for MSE. On the
other hand, transport diagnostics appear accurate
enough for moisture, to the extent that model deficiencies do not blur signals of climate variability brought by
the observations.
ACKNOWLEDGEMENTS
Support from the French Programme National
d'Etude de la Dynamique du Climat (PNEDC), and by
the European Commission (DG XII, contracts ENV4CT95-0184 and ENV4-CT95-0124) is acknowledged.
REFERENCES
Genthon C., and G. Krinner, 1997: Convergence and
disposal of energy and moisture on the Antarctic polar cap from ECMWF analyses and forecasts. J. Clim., in press.
Krinner G., C. Genthon, Z.-X. Li, and P. Le Van, 1997:
Studies of the Antarctic climate with a stretched
grid GCM. J. Geophys. Res., 102, 1373113745.
Nakamura N., and A.H. Oort, 1988: Atmospheric heat
budgets of the polar regions. J. Geophys. Res.,
93, 9510-9524.
Overland J.E., P. Turet, and A. Oort, 1996: Regional
variations of moist static energy flux into the
Arctic. J. Clim., 9, 54-65.

63
1995, 1996: TWO EXCEPTIONAL YEARS ILLUSTRATING MINIMUM AND
MAXIMUM SEA ICE EXTENT OVER THE ARCTIC OCEAN IN LATE SUMMER
Francis GOHIN, Roberl EZRATY and Alain CAVANIE
Departement d'Oceanographie Spatiale, IFREMERJCentre de Brest. Plouzane. France

1 - INTRODUCTION
Different remote sensing tools presently at our disposal can serve
to study and evaluate an eventual long-term modification in the
extent of sea ice or the distribution of different ice types at polar
ocean scales. Low resolution active and passive microwave
sensors appear best suited to this task, for which they are
complementary.
Microwave radiometers. such as the SMMR (Scanning
Multichannel Microwave Radiometer)) launched in 1997, or the
series of SSM/1 (Special Sensor Microwave lmager) which
followed. are best adapted to study ice extent and concentration,
because of the large difference in brightness temperature between
water and ice. However, because backscatler is quite stable during
the cold season and because it shows important contrasts between
ice of different types. scatlerometers offer original data sets which
are useful complements to those of microwave radiometers.
Starting from backscatter images, it is possible to follow sea ice in
its winter drift. The data set of the AMI-Wind, on ERS-1 and ERS-2
satellites, already covers six years at C-band, and is being
extended, the CERSAT processing incoming data to produce
weekly backscatter images over both poles. NSCAT on ADEOS,
and future American scatterometers at Ku-band, also present
interesting possibilities for monitoring sea ice, either alone or in
combination with C-band instruments.
2 - THE VARIABILITY OF ICE EXTENT FROM JUNE TO
OCTOBER
We first established a geographical area. 7.7 million km2 in extent.
on and around the Arctic ocean, area which corresponds roughly to
the zone of extreme summer ice extent if one excludes the ice
longue east of Greenland and south of Spilzbergen. Over this zone
were computed, starting from the ice concentration data furnished
by the NSIDC (National Snow and Ice Data Center), the total
surface covered by water with less than 30% ice concentration, at
the beginning of each month from June to October, for the years
1979 to 1996.
The plot of open water area in this zone shows that it was well
chosen, since the open water area in June is often close to zero.
More important, significant year-to-year fluctuations reaching more
or less 25% of the mean monthly open water area are observed at
the end of summer. While no correlation between different years
has been set in evidence, it is clear that the development in the
course of summer is, for a large part. determined by the situation in
June.

3- ATMOSPHERIC PRESSURE FIELDS AND ICE DRIFT IN THE
1995 AND 1996 SUMMERS
The influence of surface winds on sea ice drift is illustrated during
the 1995 and 1996 summers by the Arctic Ocean International
Buoy Program surface pressure fields averaged over the period
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rrom may to September and by the corresponding drift of the
Program's buoys . In 1995, the mean pressure field was typical,
with a high pressure area over the Beaufort sea and a low north of
Scandinavia. creating a wind funnel pushing the ice rrom the coast
of Eastern Siberia towards the Fram Strait On the other hand, in
1996, a low pressure area north of Greenland and Canada inverted
the surface wind flow, and the sea ice could not follow its classical
drift path.
This manifests itself on the C-band backscatter maps produced
rrom the AMI-Wind data of the ERS satellites at the beginning of
October. In 1996, substantial areas of old ice in the central Arctic
ocean as well as of compressed ice offshore of Siberia are
recognized by their strong backscatter, and are separated by
regions of lower backscalter linked to the formation of new ice. In
1995, on the other hand, regions of strong backscatter are much
more homogeneous in space and much further from the coast of
Eurasia.

4 -PERSPECTIVES FOR THE FUTURE

Monitoring of sea ice by microwave radiometers is guaranteed a!
least until 2005 by the successive SSM/1 of the DMSP (Oefense
Meteorological
Satellite . Program).
Concerning
C-band
scatterometers, the AMI-Wind instruments of ERS- and ERS-2 will
be relayed by the ASCAT on METOP (EUMETSAT satellite),
whose data will be processed by the Ocean and IC SAF. At Kuband, after NSCAT on ADEOS, the United States will launch Qscat
and SeaWinds, rotating antenna scatterometers whose
measurements at fixed incidence angles will be well adapted to sea
ice monitoring, since sea ice is essentially isotropic in azimuth over
areas comparable to scatterometer footprint sizes.
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Late Summer Ice Extent over the Arctic Ocean
1995, 1996, 1979-1996
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Challenges for remote sensing and in-situ observations of the cryosphere in cold
climate studies
B.E. Goodison\ A. Walker and P.Y.T. Louie
Climate Research Branch, Atmospheric Environment Service
Downsview, Ontario, Canada

Introduction

1.

The goal of ACSYS is to ascertain the role of the Arctic
in the global climate. An understanding of the
cyrosphere-climate
interactions
between
land,
atmosphere and ocean is a key component. These
interactions are complex as illustrated in Figure1 where
the temporal scale can range from less than hour to
greater than a decade and spatial dimensions can span
from 0.1 km to 10,000 km. In order to understand these
interactions, we need to quantify the roles of the many
processes
involved and
to develop
suitable
mathematical models under specific cold climate
conditions for inclusion into coupled climate models.
This in turn requires an adequate observational basis
for process studies, model development and validation,
and the assessment of long term trends. A critical issue
for cold climate studies is the adequacy of
observational networks to meet the science objectives.
The traditional surface climate networks in the cold
climate regions and especially in Arctic regions have
been only marginally sufficient at best. The current
global trend towards shrinking networks due to
economic
pressures
on
meteorological
and
hydrological services further exacerbates the problem.
Figure 1 Cryosphere-Ciimate Interactions
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Satellite remote sensing provides an alternate
information
source for
remote areas
where
conventional data are sparse or unavailable. Although
much cyrospheric information can be derived from
satellite data, there are limitations on resolution and
algorithm development that still need to be resolved.

1

Corresponding author address: Bany E. Goodison,
Climate Research Branch, Atmospheric Environment Service,
Downsview, Ontario, Canada; email: Bany.Goodison@ec.gc.ca

This summary presents some of the challenges for insitu and remote sensing observations of cryospheric
variables for cold climate studies drawn from a
Canadian perspective.

2.

In-situ observations

In-situ observations of meteorological variables taken
at conventional network stations are essential to all
climate studies. They provide the basis for determining
trends and variability, and for developing and validating
process models and other observational procedures.
Researchers undertaking cold climate studies in high
latitudes are faced with many problems in obtaining
adequate in-situ observations to meet their science
objectives. For example, knowledge of the amount and
the spatial/temporal distribution of high latitude
precipitation has been a challenge for decades and is
still a major challenge in our current efforts to quantify
the water and energy cycle of northern regions. The
lack of observing stations in the high latitude regions
certainly limits our ability to determine precipitation
from conventional station measurements. Other major
factors which contribute to uncertainties in the
estimation of this precipitation field over land areas
include the uneven distribution of measurement sites,
biased toward coastal and the low-elevation areas, and
the difficulty in measuring solid precipitation with
precipitation gauges in windy and cold environments.

Table 1 shows the current distribution of climate
stations, stations with Nipher snow gauges and snow
courses in Canada by latitude compared to the number
of active stations since 1993. As in other countries, the
observing networks in Canada are under pressure and
being rationalized for better efficiency and integration.
This has significantly decreased the size of current
networks and increased the use of autostations, which
will result in the loss of some measurements and may
have implications on the long term compatibility of
some data sets.
Compounding the problem in the northern hemisphere,
is the fact that Russia, Alaska, Canada and Greenland
each use different instruments or methods to measure
precipitation, and particularly solid precipitation and
snowfall. Many different instruments and observation
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methods are used for precipitation observation in these
countries. The challenge then, for programs such as
ACSYS, is to reconcile these different observation
sources and to assemble a consistent data set for
climatological and hydrological studies. Significant
under measurement of snowfall precipitation has been
documented for high latitude regions (e.g. Woo, et at,
1983). Little can be done about station location and
local siting issues, but can we do anything to adjust our
existing, and future, data for systematic errors in
measurement? One step is to have a methodology for
adjusting solid precipitation data from the operational
meteorological and hydrological networks. The results
from the WMO/CIMO Solid Precipitation Measurement
lntercomparison
can
provide
some
of
this
methodology.
Table 1. Current Canadian Observation Network of active
stations (1993 totals given in brackets)
Latitude
(degree N)

> 70
65-70
60-65
S6J

&>-55
<50

Climate
Stations
Temp&
Precip

Stations
with
Nipher
Snow
Gauge

Snow
Courses

12
36 (48)
63 (111)
199 (310)
799 (1100)
1386 (2495)

9
15 (24)
22 (46)
32 (78)
93 (1711
170 (341)

14
12 (26)
110(136)
161 (297)

their quality and the availability of appropriate
metadata. In Canada, the historical snow course data
have been rescued and digitised for research purposes.
There are other glaciological data sets which could
contribute to the definition of precipitation at high
latitudes.
3.

Remote sensing

Satellite remote sensing provides an alternate
information
source for
remote areas
where
conventional data are sparse or unavailable. These
data sets provide some important and unique features
which can be used to enhance and complement
conventional observations. They have a high repeat
coverage of large regions and can detect diurnal trends
from multiple daytime passes. Their wide area!
coverage can provide detailed spatial delineation of
surface field characteristics, which is not possible with
sparse conventional observational networks. Satellite
derived data sets are often in gridded form which make
them particularly suited for model input and validation.
There is now a 20-30 years data record of satellitederived cryospheric information (sea ice and snow
cover) available to study long term trends. Table 2
provides a list of the cryospheric variables that can
currently be derived from satellite data.
Table 2. Cryospheric Information Available from
Satellites

(1500+)

However, for ACSYS there are additional aspects which
must be considered. Before embarking on the
adjustment, analysis, and application of precipitation
data, we must have a very clear understanding of the
science question we are trying to answer. Only by
having a clear understanding of the question can we
decide on the appropriate temporal and spatial scale
for the analysis, and hence the most appropriate
adjustment procedures.
In the adjustment of measured point precipitation, are
the WMO results sufficient, or do some countries feel
there needs to be additional data collected at higher
latitudes? ACSYS provides an opportunity to test the
application of existing adjustment procedures and to
test the compatibility of adjusted data across national
boundaries. lt also offers the opportunity for individual
countries to further assess specific problems-e.g.
accuracy of new automatic gauges or measurement
under blowing snow and blizzard conditions. The
determination of precipitation over the Arctic Ocean
itself is another challenge.
Analyses for ACSYS will rely on digital data. With the
sparse networks in high latitude regions, the many data
sets that were collected during past field experiments
become valuable data sources. These data must be
"rescued" and entered into digital archives, as
appropriate. All such data must be first assessed for

Sea Ice
• area! extent
• ice type
classification
• concentrations
• motion
• albedo

Freshwater Ice
• area! extent
• freeze-up/
break-up
• thickness

Glaciers
• area! extent
• velocity
• mass balance
• snow line
• albedo

Snow Cover
• area! extent
• depth, water
equivalent
• density
• weUdry state
• albedo

Ice Sheets
• mass
balance
• area! extent
• deformation
• albedo

Pennafrost
• active layer depth
• freeze/thaw cycles
• degradation
features
• area! distribution

CRYSYS (use of the Cryospheric System to Monitor
Global Change in Canada) is a foreign Interdisciplinary
Science Investigation (lDS) in the NASA Earth
Observing System Program with an overall objective to
develop capabilities to monitor and understand
variations in major components of the cryosphere:
snow cover, sea ice, freshwater ice, glaciers and frozen
ground/permafrost.
CRYSYS
involves
Canadian
agencies and universities and is led by the Atmospheric
Environment Service (AES) of Environment Canada.
Within CRYSYS there are excellent examples of the
current application of remote sensing techniques to
observe cryospheric parameters and processes.
Details can be obtained from the web site:
http://www.tor.ec.gc.ca /CRYSYS/.
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4.

Challenges and Recommendations

Achieving a better understanding of the role of the
Arctic in the global climate and of the related
cryosphere-climate interactions will
require an
adequate observational basis to support the necessary
process studies, the model development/validation, and
the assessment of long term trends. In order to meet
this requirement using both in-situ and remote sensing
observations, we are faced with a number of
challenges. These include: the complexity of
cryosphere-climate processes requiring both basic and
specialized
observations;
the
harsh
operating
environment for equipment and people; the sparse
networks, high cost for site access and equipment
maintenance associated with operations in remote high
latitude regions; and the ongoing availability of remote
sensing data suitable for determining cryospheric
information in a timely and affordable manner.
Another set of factors have resulted from economic
pressures on our national meteorological/hydrological
institutions. These pressures have required the
downsizing and reorganizing of institutions; the
increased utilization of more automatic procedures; and
the cost recovery/commercialization of data. These in
turn have significantly impacted our observational
networks and data archives. We are presently in a
transition period with many of these changes taking
place. Looking back on our in-situ observations, we find
that our conventional networks were better in the past;
through long established procedures and standards,
our archived data were more consistent; adjustment
procedures for reducing systematic errors have been
developed; and data sets were more accessible to
researchers. Looking forward, we find our conventional
networks decreasing in size and coverage; as well, the
observational methods are changing with the
introduction of new automatic sensors and data
collection systems. This will cause some loss of
climate parameters being measured and with the
changing standards of measurement, there will be a
need for further assessment of measurement errors
and the development of additional correction
procedures to ensure consistent time series.
Organizations will be more protective of their data sets
and may restrict access to researchers.
Looking back with respect to remote sensing data, we
have a 20-30 year record for algorithm development
and for studying trends. However, there can be a
mismatch of scales between process studies and
remote sensing information.
For example, low
resolution sensors (SSM/1 at 25 km and AVHRR at 1
km) cannot adequately describe some cryospheric
parameters with high spatial variability (e.g. Arctic
islands snow cover). Higher resolution data from
LANDSAT are available but at a high cost and with
restricted temporal coverage. RADARSAT data can
also provide high resolution information, especially for
sea ice, but the data are costly. Looking forward, there

will be improvements as new satellite sensors coma
online with higher spatial resolution (AMSR at 10 km
and MODIS at 500 m). This will alleviate some of the
limitations in studying processes and state variables
with high spatial and temporal variability in the Arctic.
However, with the reductions in the in-situ observational
network, validation and algorithm development with
these new sensors will remain a challenge.
To meet these challenges, we need to optimize our insitu observational networks in high latitudes. This will
require a greater effort in standardizing our autostation
observations and in determining their errors and
developing adjustment procedures. New remote
sensing observations have much potential for
application in high latitudes and continuing efforts are
required to combine these observations with
conventional observations. The need to develop a
strategy for combining observations and modelling to
study high latitude processes is essential. Focused field
research programs such as GEWEX affords an
opportunity to address this need and to fill in data gaps.
The Canadian Mackenzie Basin GEWEX Study is a
good example where observations, process studies and
modelling are brought together. This study is facing
many of challenges of studying cryosphere-climate
interactions in a data sparse high latitude remote
region. The study team is developing an enhanced
observational strategy to meet its research needs. This
provides a good case study on how it can be done.
More details can be obtained from the web site:
http://www.tor.ec.gc.ca/GEWEXIMAGS_ obs_strategy.hbnl.

On data management and data availability, we need to
encourage research field programs to have a data
management system in place so that the valuable data
collected will not be lost nor neglected after the project
is completed. The global data centres such as GPCC
and NSIDC are providing an invaluable service to the
research community by being custodians to global data
sets and alleviating some of the problems with data
access in the current "data protective" climate brought
on by cost recovery/commercialization pressures.
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The AABW Story: 'what, where, & how much'
and its global ocean role
Amold L. Gordon
Lamont-Doherty Earth Observatory
Palisades, NY. 10964-8000
In contrast to the Arctic, the Southern
Ocean is not land-locked, but then it is
not exactly fully open to the lower latitude
ocean. The Antarctic Circumpolar Current
(ACC) acts the isolate the Southern Ocean
dynamically from the thermocline warmth
to the north. Eddy fluxes
across the
ACC is not sufficient to replace the
inhibited poleward advection transport of
warm water. However, the geostrophic
shear supporting the ACC allow
isopycnal communication between the
deep ocean to the north and surface water
to the south of the A CC. Deep water from
3000 m slowly drifts poleward,
upwelling enroute, to supply heat and salt
to the ocean layer immediately below the
cold, relatively fresh Antarctic cold
surface water. Transfer of the warmsaline water into the surface layer limits
the thickness of the winter sea ice cover
to slightly more than 0.5 meter which in
turn allows for more rapid spring season
breakup and absorption of solar radiation,
leading to the strong seasonality of the
southern ocean sea ice. Upwelling of the
warm deep water into the surface layer
amounts to nearly 50% replacement of the
surface layer each year, contributing 41
W/m 2 during the winter months, attaining
values above 100 W/m 2 during storm
periods (McPhee et al, 1996).
Observations and models (Gordon and
Huber, 1990; Martinson, 1990) depict a
robust negative feed-back network: the
freshwater storage (low salinity summer
surface water and the sea ice cover in
winter) maintains the weakly stratified
condition of cold water floating over
warm water divided by a rather weak
pycnocline. This stratified or haline mode
(Gordon, 1991) can be overcome and a
convective or thermal mode established
(Gordon, 1991), with deep warm water
rapidly carried to the sea surface where
upon cooling sinks into the deep ocean.
Such a situation occurred in the mid1970s, producing the Weddell Polynya,

an extensive ice free region occurring
during the winters of 1974-1976 near the
Greenwich Meridian and 65°S, associated
with ocean convection from the sea
surface to nearly 3000-m (Gordon,
1982).
The heat fluxes from the polynya into
the atmosphere, are estimated to be, on
average 135 W/m 2 during the winter
months, with much higher values are
expected during cold polar air outbreaks.
The pocket of cooled deep water drifted
westward with the polynya expression,
towards the western boundary current of
the Weddell Gyre (Gordon, 1982) and
presumably spread out of the Weddell
An AGCM
model
study
gyre.
(Glowienka-Hanse, 1995) indicates that
significant changes in the larger scale
atmosphere winds and temperature
structure is linked to the enhanced heat
and moisture flux accompanying the span
of open water of the Weddell Polynya.
The proximity of the polynya to the
seamount called Maud Rise, and the
frequent short lived (week time scale)
polynyas over or near Maud Rise
suggests a link. This link may be the
topographic forced upwelling of the
laterally advected water. If the lateral flow
is strong more upwelling occurs. If the
deep water is warmer than the norm, its
impact on the surface layer is increased.
Circulation times series is not available,
however, during the last decades the
warm deep water (sub-pycnocline) just
west of Maud Rise has been getting
progressively warmer (Fig. 1). August
1997 observation south of South Orkney
Islands reveals that warm deep water
warming extends into that region (an
increase from 0.45°C to 0.70°C since
1992). Warmer deep water means that
less upwelling can deplete the stored sea
ice freshwater, to break the negative
feedback network. Might we see a reoccurrence of the Weddell Polynya in the
coming next few years?
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The Weddell Polynya demonstrates
that vertical transfer processes in the
central Weddell Gyre may abruptly shift
from one stable mode to another. This
may be an important consideration as we
attempt to understand the coupled oceanatmosphere climate system.
The primary site of cold water sinking
in the Southern Ocean occurs at varied
sites along the continental margin,
notably in the WeddelJ Sea. The 1992
US-Russian Ice Station Weddell (ISW
Group, 1993; Gordon et al, 1993;
Gordon, 'in press') greatly expanded our
view of this process. Within a thin (300m) benthic layer two specific types of
Weddell Sea Bottom Water (WSBW,
defined as water colder than -0.7°C) are
observed: a low salinity variety, which at
some locations is displaced upward by
more saline bottom water. While the high
salinity bottom water is dense enough to
sink to the sea floor without thermobaric
effects, the low salinity variety must
attain a depth of around 500 to 800 db
before the greater compressibility of cold
water allows it to descend to the sea
floor.
The low salinity contribution is
believed to be primarily introduced into
the deep ocean at a point west of General
Belgrano Bank in the southwestern
Weddell Sea, drawing ice shelf water
formed at the Ronne Ice Shelf. It snakes
northward along the western Weddell Sea
floor near 3()(X) m isobath, descending to
deeper ocean (<4000 m) near 65°S and
5/YW to feed the eastward flowing cold
bottom water between &1-0 and 66°S
marking the northern limb of the Weddell
Gyre. The saline bottom water comes
from high salinity shelf water that spreads
along the western shelf descending into
the deep ocean near 70°S and at a number
of sites along the western rim of the
Weddell Sea. Within the thin benthic
layer the thermohaline and oxygen
properties are close to that of the shelf
waters indicating that the slope plumes
reach the sea floor with only minor
mixing with Weddell Deep Water; a
mixing ratio of shelf water to deep water
is 80:20 is suggested.
The average salinity of the western
Weddell Sea benthic layer is too low to
provide for the cold end-member mixing

component within Weddell Gyre deep
water, prompting speculation that bottom
water formation of recent years is less
saline, having a greater glacial ice melt
water component, than that of past
decades.
Fahrbach et al. (1995) find that the
transport of WSBW varied from 0.7 Sv
to 3.9 Sv during the period from late
1989 to late 1992. The high of 3.9 Sv
occurred in July 1992. During the time of
the Ice Station Weddell drift, the WSBW
transport averaged about 2.8 Sv. The
total WSBW formation rate of 4.0 to 4.8
Sv (Muench and Gordon, 1995, this is a
values adjusted to the colder than -0.7°C
definition of WSBW, Gordon, 'in press')
is estimated for the period of the Weddell
Ice Station.
The
August
1997
observations
during
the
Dovetail
expedition finds from CTD and LADCP
measurements an "instantaneous" WSBW
transport of 6 S v.
The global influence of WSBW may
be estimated with a thermal balance of the
abyssal ocean volume.
The average
temperature of the abyssal ocean (the
ocean colder than 4 oq is about 1.7°C
(Gordon, 1991). The average temperature
of the WSBW is -1.1 °C, nearly 2.8°C
below that of the abyssal ocean average.
As the WSBW is produced from
converted abyssal water upwelling within
the Weddell Gyre, the process of WSBW
formation acts to remove heat from the
abyssal ocean. A major provider of heat
into the abyssal ocean is North Atlantic
Deep
Water
(NADW;
including
Mediterranean Sea source) which forms
at a rate of about 15 Sv with average
temperature is about 2.7°C about 1.0°C
above than the average abyssal ocean
temperature. A WSBW flux of 3.5 Sv at1.1 oc water removes 4.1 x 1013 Watts
from the ocean. NADW adds about 6.3 x
1013 Watts to the abyssal ocean. Thus
WSBW formation offsets about 65% of
the NADW heating of the abyssal ocean.
Using the Muench and Gordon values for
water colder than -0.7°C, WSBW
removes 5.1 x 1013 Watts from the
abyssal ocean, offsetting 82% of NADW
heat.
Cold bottom waters form in the Ross
Sea, the Adelie Coast, in Prydz Bay, and
probably other regions around Antarctica.
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Sinking of cold surface water that does
not reach the sea floor is also likely to
occur over the slope and open ocean.
Assuming all non-Weddell formation of
waters colder than -0.7°C (WSBW
equivalent) equals the Weddell production
(which I consider as a fairly safe bet),
then the total heat removal from the deep
ocean by the Southern Ocean processes
would be 8.2 x 1013 Watts. The Southern
Ocean cooling may not only to
compensate NADW heating of the
abyssal water, but also can balance
downward diffusion of heat through the
thermocline into the abyssal ocean, which
is likely to be the large source of heat for
the abyssal ocean.
Recommendations for future research:
1. We need to develop a time series to
determine the variability of WSBW
temperature, salinity and transport. Is
it getting fresher? why?
2. The role of ocean overturning in the
Southern Ocean in the regional and
global climate must be better
understood and represented within
models;
3. We need to define the processes that
determine (or limit) Antarctic Bottom
Water formation;
4. We must do a better job of determining
the amount of Antarctic Bottom Water
and
other
ventilation
around
Antarctica.
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NEW LOOK ON ANTARCTIC PENINSULA REGION CLIMATOLOGY:
SCIENTIFIC RESULTS OF THE 1ST UKRAINIAN ANTARCTIC EXPEDITION AT VERNADSKY BASE - FORMER
UK FARADAY

L. Govorukha (Prof.)*, V. Timofejev (Res.-Asst),
Odessa Hydrometeorologicallnst., Odessa, UKRAINE
General weather conditions of peninsula depend
on interaction between both cold continental air and
more warm oceanic air masses. The latter more
pronounced in austral summer and is responsible for
cyclones transport, stable warm periods, liquid
precipitation. How it seems global atmospheric
processes were underestimated in researches of
Antarctic peninsula area climate system formation,
including frequency of warm and cold winters and
ozone hole phenomenon development. Start of one of
the deepest ozone hole periods in November 1997
was connected with change tropospheric and
stratospheric situation and characterized by more
stable and cold weather advancement. One of the
warmest phases of EI-Nino Southern Oscillation
(ENSO) over the century in 1982 followed by series of
warm winters at Faraday and the coldest winter within
the latest decade, 1987, coincided with spring of cold
phase of ENSO. How it is well-known, the maximum
deepening of ozone hole have registered at the same
period. lt is expected that if general trend of ozone
changes will be in agreement with atmospheric
circulations patterns change the latter can perceived
as the necessary background for other processes as
stratospheric temperature falling, occurring chemical
reactions etc.

*Corresponding author's address: L. Govorukha,
Odessa Hydrometeorologicallnst.,
Lvovskaya 15, Odessa 270016 UKRAINE
E-mail: odessa@synop.ogmi.ua

Another property of peninsula is its role
as glacioclimatological barrier that is in
location of Larsen ice-shelf from eastside
and absence of any shelf west off peninsula.
lt is due to westward inflow of cold
continental air in winter when east slopes
are on windward side and west slopes of
peninsula are on lee-side with warming
effect of fohn winds. Fohn winds weather
patterns have been registered from a couple
hours up to 2-3 days and can cause the
growth of surface temperature on 4-5 C, that
can change the mean values.
Therefore the climatic conditions of this
region are under influence of local, synoptic
and global scale processes and contribution
of every component are not exactly
estimated. Antarctic peninsula area can be
considered as representative region for
boundary Antarctic and nearby south-Pacific
types of climates researches.
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EVAPORATION FROM SNOW COVER: AN EMPIRICAL STUDY
Pavel Ya. Groisman*
UCAR Visiting Scientist at National Climatic Data Center, Asheville, USA
Valentin S. Golubev
State Hydrological Institute, St. Petersburg, Russia
Eugene L. Genikhovich
Main Geophysical Observatory, St. Petersburg, Russia
and
SunBomin
University of Massachusetts, Amherst, USA
ABSTRACT

Recently we developed a new· method of
estimating surface sensible heat fluxes and latent
heat fluxes from well saturated surfaces from
standard meteorological observations available in
many countries throughout Eurasia, e.g., former
USSR, Romania, and China (Groisman and
Genikhovich 1997). Initially, we applied it to
studying the snow cover effects on sensible heat
fluxes, and compared the empirical estimates of
these fluxes with the output of several global
climate models (Groisman et al. 1997). Now we
are discussing our estimates of latent heat fluxes
from well saturated surfaces. These estimates
were verified against direct observations from
snow evaporation gauges that are operational at
a subset of the Russian meteorological network
since the 1950s, observations at the heat balance
station in subarctic Eurasia, and by the
observations at Cabauw, The Netherlands. The
comparison with previous non-direct estimates of
evaporation from snow over the former Soviet
Union (Kuznetsov 1964; Zubenok 1976) shows
that our estimates, while preserving the pattern
of evaporation from snow, are twice as large
than those based on water and heat balance
considerations. The open location of the primary
meteorological network in Russia (in airports) is
the main reason for this discrepancy.
The availability of the long time series of
synoptic observations for the former Soviet
Union allows us (a) to construct climatologies of
evaporation from snow covered surface in open
locations (Figure 1) and of blowing snow events
(Figure 2); (b) to assess trends in the annual
Corresponding author address: Pavel Ya.
Groisman, UCAR Visiting Scientist at the NCDC, 151
Patton Ave., Asheville, NC 28801;
e-mail: pgroisma@ncdc.noaa.gov

A

B

Figure 1. Accumulated annual evaporation from
stable snow cover (mm). (A) Period of snowmelt
is included in calculation of evaporation totals.
(B) Period of snowmelt, 5 to 25 days, when
ground surface temperature is equal to 0°C, is
excluded from calculation of evaporation totals.
Data (Razuvaev et al. 1995, updated} .pertain
mostly to open locations in the airports. tn both
variants, the accumulation of evaporation was
discontinued during the periods when stations
reported less than 50% of the surrounding area
covered by snow and/or ground surface
temperature above the melting point.

evaporation totals from snow during the past
several decades (Figure 3); and (c) to estimate
the amount of snow that sublimates during snow
flurries (Figure 4) using the results of Pomeroy
and Jones (1996). Total loss of snow due to
evaporation/sublimation from open locations of

73
2

Northern Eurasia during the cold season
comprises 20 to 60%. Evaporation from the
surface in spring contributes the major part of
these losses (cf., Figures 1a and 1b). But, in
coastal areas of Arctic and Pacific the snow
sublimation during the flurries is also significant
(up to 60 mm at open sites on Kamchatka
Peninsula).
Assessment of the trends in
evaporation from snow for the period of the
mass data availability (1960-1990) shows that
during this period evaporation from snow mostly
decreased and that over approximately 50% of
the land area of Russia this decrease was
statistically significant at 0.05 level. The sign of
these changes coincides with the sign of
evaporation changes in the warm part of the
year reported by Peterson et a1.(1995) for
Northern Eurasia and the United States.

Figure 2. Average annual number of "days" with
snow flurries.
To estimate this number, we
divided by 8 the average annual amount of those
3-hourly intervals when various blowing snow
events were reported.
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Figure 3. Linear trend in annual evaporation from
stable snow cover (mm per 25 years). Period
1959/60 to 1989/90.
Areas with statistically
significant trend at the 0.05 level are dotted.
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Figure 4. Annual average sublimation during
snow flurries (mm). Calculations are based on
the updated archive by Razuvaev et al. (1995) and
formulas presented in Pomeroy and Jones (1996).
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MODELING THE VARIABILITY OF SEA ICE, 1973-1997

Markus Harder, Michael Hilmer, Peter Lemke, Nadja Steiner, and Mieke WindmDIIer
lnstitut fi.ir Meereskunde an der Universitat Kiel, Germany

Atmospheric data (wind field and air temperature) for
the period 1973-97 from the NCEP/NCAR Reanalyses
Project are used to investigate the variability of the sea ice
cover in both hemispheres and its correlation with
atmospheric forcing anomalies. These studies employ a
dynamic-thermodynamic sea ice model with a viscousplastic rheology applied to the Arctic and to the Weddell
Sea. The model, the forcing data, and the observations
used for the model verification are compiled in the
framework of the international , Sea Ice Model
lntercomparison Project (SIMIP; see Lemke et al., in
press). More details are available on the SIMIP homepage •
http://www.ifm.uni-kiel.de/me/research/Projekte/SIMIP/simip.html
The new forcing data from the NCEP/NCAR
reanalyses are a major improvement compared to earlier
analyses from weather prediction models, such as the
ECMWF analyses that served as boundary conditions for
climate models for several years. Although being the best
analyses at their time, the early analyses of forecasting
models included severe errors (Harder et al., in press) due
to sudden changes in model physics and assumptions, lack
of extensive observation data sets in polar regions, and
crude treatment of sea ice. As errors of only O.?"C in air
temperature have been shown to cause variations of more
than 10% in ice extent and volume (Fischer and Lemke,
1994), very accurate forcing data are required for sea ice
models. Comparison of the NCEP/NCAR analyses data
with observations shows that considerable errors are
present even in the current reanalyses due to insufficient
resolution of orographic effects (e. g. at the Antarctic
Peninsula, affecting the wind field), poor representation of
sea ice cover (leading to an underestimation of heat fluxes
and unrealistically cool air temperatures over partly icecovered regions), and unrealistic humidities that are related
to problems with the representation of moisture in the
atmosphere. Future reanalyses should eliminate or reduce
these problems.
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A high variability of the simulated ice thickness pattern
in response to the forcing fields is found. These variations
are investigated by calculating empirical orthogonal
functions (EOFs) of the deviations of monthly mean ice
thicknesses from the long-term mean seasonal cycle. The
first EOF of the ice thickness variations in the Arctic Ocean
explains about 49% of the observed variance. Its spatial
pattern is a dipole with maxima in the Beaufort Sea and the
East Siberian Sea. lt shows quite small values for the
central Arctic where the variability of the ice cover is small
and only weakly correlated on large spatial scales. A
statistically significant correlation between the first EOFs of
the ice thickness anomalies and the anomalies of vorticity
and divergence of the wind field is found. This identifies
wind field anomalies as the major cause of typical ice
thickness anomaly patterns.
The second EOF of the ice thickness anomalies in the
Arctic explains about 15% of the observed variations. lt is
correlated with the first EOF of air temperature anomalies.
Thus, ice dynamics caused by wind forcing is a more
important cause of ice thickness anomalies than
thermodynamics which is related to temperature changes.
This result has been found for the northern hemisphere.
The application of the same model and forcing data to the
Weddell Sea will be completed soon. First results show that
sea ice dynamics is a major contribution to climate
variations at the atmosphere-ocean interface in the
southern hemisphere, too.
Sea ice drift is associated with horizontal fluxes of
freshwater and (negative) latent heat. The ice export
through Fram Strait, compared to river run-offs, is the
second largest freshwater flux on Earth, only slightly
exceeded by the Amazon river. Variations in sea ice fluxes
are an important cause for the variability of the freshwater
balance in high-latitude oceans and related regions,
especially the North Atlantic and the Weddell Sea which are
believed to be of special importance for the Global
Conveyor Belt. The simulation of sea ice fluxes through
Fram Strait and also in the Weddell Gyre and in other polar
regions reveals their high variability on daily, monthly,
seasonal, and interannual time scales. Phenomena like the
Great Salinity Anomaly observed in the North Atlantic seem
to be a natural part of the climate system, at least partly
caused by variations in sea ice fluxes that should be
observed frequently on decadal time scales (Harder, 1996;
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Harder et al., in press). The simulated fluxes agree well
with the observations, e. g. by Vinje et al. (in press).
The model results are verified with an extensive data
set of observations in the framework of SIMIP. Ice drift
buoys, many of them deployed as part oft the International
Arctic Buoy Program, and satellite sensors such as SSM/1
provide observations of ice drift, upward looking sonars on
submarines and oceanographic moorings measure the ice
thickness, and satellite microwave sensors observe ice
extent and area! concentration. All these observations are
compiled into a comprehensive forcing data set used to
verify and optimize a hierarchy of sea ice models with
increasing complexity (Kreyscher et al., in press).
In addition to the classic sea ice variables (thickness,
area! coverage, drift), roughness and age of sea ice are
described as prognostic variables, in the simulations
(Harder, 1994; Harder, in press). They are compared with
observations from satellites, aircrafts, upward looking
sonars on moorings and submarines, ice drilling, and
electromagnetic measurements. The momentum balance of
the large-scale model yields a prediction of the total
deformation work by internal forces during sea ice
deformation. As is known from small-scale simulations
(e. g. Hopkins et al., 1991 ), only an estimated fraction of
5%-15% of the total deformation work increases the
potential energy stored in the keels and sails of deformed
sea ice (e. g. Rothrock, 1975). Using typical distributions of
observed sizes and shapes of sea ice ridges (e. g. Davis
and Wadhams, 1995), the deformation energy predicted by
large-scale models can be correlated with the geometric
roughness that is observed as size and frequency of sea
ice ridges. As part of the German BMBF Joint Research
Project "Sea Ice Properties and Processes", it is attempted
to match the simulated deformation energy with
observations of sea ice roughness measured by a variety of
different sensors. Combining the theory of plastic
deformation of sea ice, much of it developed in the 70s
during AIDJEX, with recent observations of sea ice
properties obtained with new technologies opens new
opportunities to verify our physical understanding of Arctic
regions as represented in models with the most reliable
measurements available.

REFERENCES
Oavis, N. R. and P. Wadhams, A statistical anaysis of Arctic
pressure ridge morphology, J. Geophys. Res.,
100(C6), 10.915-10.925, 1995.
Fischer, H. and P. Lemke, On the required accuracy of
atmospheric forcing fields for driving dynamicthermodynamic sea ice models. In: The Polar Oceans

and Their Role in Shaping the Global Environment,
Geophysical Monograph vol. 85, AGU, Washington,
USA, 1994.
Harder, M., Dynamik, Rauhigkeit und Alter des Meereises
in der Arktis - Numerische Untersuchungen mit
einem
groBskaligen
Modell,
Berichte
zur
Polarforschung 203, Alfred-Wegener-lnstitut {AWl) fur
Polar- und Meeresforschung, D-27515 Bremerhaven,
Germany, ISSN 0176-5027, 1996.
Harder, M. and P. Lemke: Modelling the extent of sea ice
ridging in the Weddell Sea. In: The Polar Oceans and
Their Role in Shaping the Global Environment,
Geophysical Monograph vol. 85, AGU, Washington,
USA, 1994.
Harder, M., Roughness, age and drift trajectories of sea ice
in large-scale simulations and their use in model
verifications, Annals of Glaciology 25, in press (1997).
Harder, M., P. Lemke, and M. Hilmer, Simulation of sea ice
transport through Fram Strait: Natural variability and
sensitivity to forcing, , J. Geophys. Res. (Oceans), in
press.
Hopkins, M. A., W. D. Hibler, and G. M. Rato, On the
numerical simulation of the sea ice ridging process, J.
Geophys. Res., 96(C3), 4809-4820, 1991.
Kreyscher, M., M. Harder, and P. Lemke, First results of the
Sea Ice Model lntercomparison Project (SIMIP),
Annals of Glaciology 25, in press (1997).
Lemke, P., W. D. Hibler, Ill, G. M. Flato, M. Harder, and M.
Kreyscher, On the improvement of sea ice models for
climate simulations: the Sea Ice Model
lntercomparison Project (SIMIP), Annals of Glaciology
25, in press (1997).
Rothrock, D. A., The energetics of plastic deformation of
pack ice by ridging, J. Geophys. Res., 80(33), 45144519, 1975.
Vinje, T., N. Nordlund, and A. Kvambekk, Monitoring ice
thickness in Fram Strait, J. Geophys. Res. (Oceans),
in press.

76

FRESHWATER RUNOFF AND ICE FORMATION IN ARCTIC SHELF SEAS
-RESULTS FROM A HIGH RESOLUTION KARA SEA MODEL I.H.Harms·

Institut fur Meereskunde, Universitat Hamburg

1. THEMODEL
The HAMburg Shelf Ocean Model (HAMSOM) is
applied with high spatial resolution (i.e. 9.4 km) to the
Kara Sea (fig. I), in order to investigate circulation,
hydrography, ice formation and contaminant transport.
HAMSOM is a 3-D, baroclinic circulation model,
developed at the Institute of Marine Research (University
Hamburg) for investigations of shelf sea processes
(Backhaus, 1985). The model is based on non-linear
primitive equations of motion, invoking the hydrostatic
approximation and the equation of continuity which serves
to predict the elevation of the free surface from the
divergence of the depth mean transport. The numerical
scheme of the circulation model is semi-implicit. The
equations are discretized as finite differences on an
Arakawa C-grid.

Fig. 1: The Kara Sea Model domain
The circulation model is coupled to a thermodynamic and
dynamic sea ice model which calculates space and time
dependent variations of ice thickness and ice compactness.
The basic configuration follows Hibler's (1979) sea ice
model. Surface heat fltLxes at the ice-ocean interface are
calculated with standard bulk formulae (Maykut, 1986).
Salt fluxes due to brine and freshwater release are
proportional to thermodynamic ice growth (Lemke, Owens
and Hib/er, 1990). A free drift algorithm accounts for
advection of ice thickness and compactness due to wind
and water stress. A detailed description of the circulation
model and applications to Arctic Shelf Seas can be found
in Stronach, Backhaus and Murty (1993), Harms
(1997a) and Harms (1997b).
The Kara Sea Model is forced with monthly mean
climatological ECMWF-winds and atmospheric heat
fluxes. River nmoff rates and temperatures from Ob,
Yenisei and Pyasina as well as the Barents Sea inflow

through the Kara Strait are prescribed as 10-day means.
The model accounts for the dominant M2-tidal constituent.

2. RESULTS
Following a spin-up time of three years, the Kara Sea
Model reproduces a cyclic stationary climatological year.
The obtained results describe the seasonal variability of
circulation, hydrography and ice formation, with emphasis
on vertical stratification and mixing. Furthermore, the
model is used to simulate the extent and shape of the Ob
and Y enisei river plume in order to quantify the fractional
amount of river water in Kara Sea water masses.

2.1. Tides
M2-tidal elevations are dominated by an amphidromic
point in the western Kara Sea which is forced by a 180°
phase Jag of the incoming tidal wave between the Kara
Strait and the open boundary to the Arctic Ocean.
Simulated amplitudes usually remain below 20 cm except
two areas: the southern 'Baydaratskaya' Bay area, where
tidal resonance cause amplitudes of more than 70 cm and
the area north of Yamal peninsula around Belyy Island (30
- 35 cm). Tidal currents are strongest in the Baydaratskaya
Bay, and near the river estuary of the Ob (30 cm/s). In the
small strait between Yamal and Belyy Island, tidal
currents may exceed 50 cm/s due to considerable
horizontal gradients in tidal elevation. Residual currents
between 1 and 2 cm/s form a weak anticyclonic circulation
around Belyy Island. The Ob river estuary and the area
around Yamal and Belyy island are strongly influenced by
tidal mixing. Other areas, in particular those east of
Novaya Semlya and in the eastern Kara Sea, along the
Siberian coast, are only weakly influenced by M2-tides.

2.2. Circulation
The Kara Sea is dominated by large freshwater nmoff

in spring and intense ice formation in winter. The most
dominant feature within a 'climatological model year' is a
strong seasonal variance of simulated current patterns and
hydrography. The obtained circulation· fields suggest a
certain disagreement with 'classi~' pictures of the Kara
Sea circulation (Pavlov et al., 1993), (Pavlov and
Pfirman, 1995). This hoids in particular for a frequently
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cited cyclonic current pattern in the southern Kara Sea
which is not present in the model simulations. Based on
model results, two circulation schemes were identified:

In autumn (Sep., Oct., Nov and Dec.), the circulation is
almost reversed and strongly intensified, showing a
general flushing from south-west to north-east. Strong
cyclonic winds from south-west and a large extent of the
river plume cause a very pronounced coastal current along
Siberia. The inflow from the Barents Sea through the Kara
Strait is high and drives the quite pronounced 'Yamal
current'.
In terms of current directions, the winter situation in
Jan., Feb., March and April is similar to autumn, however
current speeds are generally weaker in mid-winter. This is
mostly due to the breakdown of the river runoff and the
retreat of the river plume which results in decreasing
horizontal density gradients. A secondary effect is a
reduced transfer of momentum from the atmosphere to the
ocean because less mobile ice covers most parts of the sea.

2.3. Freshwater runoff

Fig. 2: Sketch ofthe simulated surface circulation.

In spite of the strong seasonality in river runoff, the
total amount of river water in the Kara Sea waters is
surprisingly small and does not vary significantly (fig.4).
A comparison with summer surface salinity patterns
suggests that large amounts of freshwater in the central
Kara Sea are due to ice melting instead of river runoff.

The spring and summer situation in May, June, July and
August (fig. 2) is characterised by weak anticyclonic wind
fields and strong river runoff. The dominating wind
direction is from north to north-east. In early spring, the
river plume has a rather small extension and horizontal
density gradients are still weak. The Barents Sea inflow
through Kara Strait is small with slightly negative values
in July and August (fig. 3). The general circulation pattern
in the Kara Sea is anticyclonic with strong currents very
close to the river estuaries .
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Fig. 3: Volume fluxes through Kara and Vi/kttsky Strait.
Shaded bars denote the river runoff

The spring freshwater signal from Ob and Y enisei
propagates north-westward into the central Kara Sea,
instead of going eastward as often argued. The surface
river plume is therefore mostly variable north of the
estuaries, where the shape is much broader in summer than
in winter. In early spring, short before the river freeze-up,
the river plume is reduced to a narrow band along the
estuaries. However, there is a large tongue of river water
spreading towards Severnaya Semlya, indicating enhanced
export during that tirne.ofthe year.
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2.4. Ice formation

I. Melting (spring and swnmer)
The model simulates a closed ice cover for the whole
Kara Sea in winter. The maximum ice thickness is 1. 7 m
between Sevemaya Sernlya and the Siberian mainland.
The summer ice extent is confined to a rather small ice
shield west of Severnaya Sernlya, with an average
thickness of 0.5 m. Melting in spring occurs first of all in
the river estuaries and along the Siberian coast. In these
ice-free areas, the inflowing river water mixes with melt
water, creating in connection with the incoming shortwave radiation a thin but very pronounced, warm and low
saline surface layer. The highest surface temperatures
occur in August near the Kara Strait and in the
Baydaratskaya Bay (6°- 7° C).
II. Freezing (autumn and winter)
The summer thennohaline stratification is eroded by
vertical mixing (cooling, ice formation) in the following
winter. A typical feature of the stratification in autumn is a
temperature maximum in 15 - 50 m depth (fig.5). The
depth of the temperature maximum (dotted line in fig.5)
depends on the haline stratification which is weaker near
the shores. This can be explained by two mechanisms: the
saline Barents Sea inflow and intense thermodynamic ice
formation along the shore lines.

Fig. 6: Surface salinity, simulatedfor November
Since the density in Arctic regimes is to a large extent a
function of salinity, vertical stability and mixing depends
almost totally on the haline stratification. This is reflected
in vertical mixing coefficients which are significantly
higher along the shores of the western Kara Sea, indicating
vertical mixing down to almost 100 m.
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Fig. 5: Temperature and salinity section along the solid
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In the central and eastern parts of the Kara Sea, the ice
cover establishes quite fast. This is due to the pronounced
haline stratification which inhibits vertical mixing and
upward heat transfer. In these parts of the Kara Sea, where
river and melt water are dominating, the haline
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open water. In these 'flaw leads', intense thermodynamic
ice formation takes place which leads to rapidly increasing
surface salinity along the dotted line in fig. 6. As a result,
the haline stratification is much weaker there than in other
parts of the Kara Sea.
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FIRST RESULTS OF THE ACSYS-KABEG'97 FIELD EXPERIMENT
Gunther Heinemann•, and Helmut Kraus
Meteorologisches lnstitut der UniversitiU Bonn (MIUB), Germany

1. INTRODUCTION

3. FIRST RESULTS

The aircraft-based experiment KABEG'97 (Katabatic wind
and goundary layer front ~xperiment around §reenland) was
performed in Aprii!May 1997 in the area of southern Greenland.
The experimental investigations comprised the katabatic wind
system over Greenland and measurements of boundary layer
fronts (BLFs) over the Davis Strait. Both phenomena are important for the understanding of the climate of the Arctic and the
Antarctic. The main goals of KABEG are as follows:
(A) 'The katabatic wind system near Greenland'
• development of the katabatic flow under high pressure
conditions;
• channeling of the katabatic flow and synoptic forcing;
• modification of the katabatic flow in the transition zones
ice/ocean and ice/tundra.
(B) 'Boundary layer studies near the sea ice edge'
• development and structures of BLFs at the sea ice edge
under conditions of a flow parallel to the sea ice front.

A total of 13 flights (duration of each flight 5 to 6 h) have
been performed, three of them were BLF flights. The BLF flights
took place during cold air outbreaks over the Davies Strait
under conditions of low-level flow parallel to the sea ice edge
wind speeds of about 20 m/s.
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2. EXPERIMENTAL AREA AND INSTRUMENTS
The research aircraft POLAR2 owned by the Alfred-Wegener-lnstitut (AWl) was based at Kangerlussuaq (former Sandre
Stramfjord, West Greenland, see Tab.3 for coordinates) at a
distance of about 20 km from the glaciers of the inland ice
sheet. This area was selected to investigate the development of
the katabatic flow under different synoptic conditions and the
modification of the katabatic flow in the transition zone
ice/tundra. The regions for the investigation of channelling
effects of the katabatic wind were near llulissat {West
Greenland) and southwest of Angmagssalik (East Greenland),
where pronounced valley structures with steep topographic
gradients are present. During the experiment, several surface
stations have been install(!d, including direct turbulent heat flux
and momentum measurements, surface layer profile and
surface energy balance measurements (see Tab.3). In the area
of Kangerlussuaq the University of Utrecht is also operating two
automatic weather stations on the ice sheet.
The GPS navigated aircraft was instrumented with the turbulence measuring device 'METEOPOD', allowing highresolution measurements and the determination of turbulent momentum, sensible and latent heat fluxes. In addition, downward
and upward solar and terrestrial radiation and surface
temperature were measured; a high-resolution laser altimeter
registered surface roughness structures (see Tab.1 and Tab.2).
The GPS dropsonde facility of the aircraft was used for the BLF
program over ocean. Aircraft-measured turbulent and mean
quantities will be used to obtain the 3D structures, the energy
and momentum budgets and frontogenesis terms.
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An example of the boundary layer structure is shown in Fig.1.
Over the open water the profile of the potential temperature
shows values of about .goc in the well-mixed lowest 400 m and
a well pronounced inversion being coincident with a marked decrease in specific humidity. The wind vector reflects the turbulent structure of the boundary layer with mean values of about
20 m/s and northward directions. Above the inversion, the wind
speed decreases and the wind turns to a direction of 20 deg.
The profiles over the sea ice reflect the marked temperature
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contrast associated with the BLF. A large difference in the wind
speed profile can also be noticed.
An example of the structure of the katabatic wind over the
ice sheet is given in Fig.2. Vertical profiles are shown for a
series of aircraft temps over the ice at distances of about 7 km
(temp 5), 35 km (temp 8) and 85 km (temp 16) from the edge of
the inland ice. The profiles are plotted against the METEOPOD
radar height (i.e. above the surface). The lowest points for the
three profiles correspond to barometric heights of 1000, 1300
and 1600 m, respectively. The profiles were flown between
0625 and 0645 UTC, which is about 2.5 h later than the local
solar time (LST). In all katabatic flights and from the
measurements of the surface stations it was found that the
katabatic wind system was well developed at that time. The
m lng/kg
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4. OUTLOOK
In addition to the field experiment during Aprif/May 1997,
numerical simulations using the NORLAM model! (DNMI,
Norway) and the DMILM models (DWD, Germany) are planned
for case studies of BLFs, kalabatic wind developments and
mesocyclogenesis. Use will be made also of satellite remote
sensing, where ERS scatterometer, AVHRR and DMSP data
(OLS, SSM/1) will yield near-surface wind speed, integrated
water vapour, temperature structures, cloud parameters .

Templ
E

-=....

......_

200

.1:

...

Templ
Temp"N

1:11

.1:

•...

~

100

5.REFERENCES

I

0
5

I
15

10

e

20

lnct.g C
dd In deg

100

150

200

300

.•

200

.1:

1:11

...

Gallee H., and Duynkerke, P.G. 1997: Air-snow interactions and
the surface energy and mass balance over the melting
zone of west Greenland during the Greenland Ice Margin
Experiment. J. of Geophys. Res., 102, 13813·13824.
Van den Broeke, M.R., Duynkerke, P.G., Oerlemans, J., 1994:
The observed katabatic flow at the edge of the Greenland
ice sheet during GIMEX-91. Global and Planetary Change
9, 3-15.

WWWpage:
http:f/www.rhrz.uni-bonn.de/-unf41 0/kabeg/kabeg.html

e

..5

close to the ice edge was found in the lower layers, which leads
to a sharper wind maximum closer to the ice edge. The studies
of the variation of the katabatic wind system perpendicular to
the gradient of the topography (i.e. approx. north-south) yielded
significant differences (not shown). This may be surprising,
since previous studies using data from the GIMEX experiment
(Van den Broeke et al., 1994), which was performed in the
same area, have argued that the katabatic wind system can be
regarded as being two-dimensional for the interpretation of
measurements as well as for numerical simulations (e.g. Gallee
and Duynkerke, 1997). However, a closer inspection of the
topography reveals a slight valley-like structure in the area of
the aircraft measurements. This seems to be the reason that
even in a region of almost homogeneous topography in the
north-south direction very weak structures of the surface can
significantly influence the near-surface wind fields under those
very stable conditions.

Measured
quantity

Sampling
in Hz

Instrument

Air temperature
Air temperature
Air humidity
Air humidity

120
120
120
12

Air humidity
Air pressure
30 wind vector
METEOPOD
accereration
Height
Height

12
12
120
60

PT100 open wire (Rosemount)
PT100 open wire (AWl)
Lyman-a (AIR)
Humicap, PT100 in Rosemounl
housing (Aerodata)
Dew point mirror (Gen. Eastern)
Pressure sensor (Rosemount)
5-hole-probe (Rosemoun~
Altitude and Heading Reference
System LTRB1 (Utton)
Laser aHimeter (lbeo)
Radar altimeter (TRT)

.1:

1

100

"
10

15
20
ff In m/s

25

Fig.2. As Fig.1, but for three profiles over the ice sheet between
0625 and 0645 on13 May.
profiles in Fig.2 reflect the strong surface inversion of more than
1OK/1 OOm and the presence of a low-level jet with wind speeds
of more than 20 m/s. The three profiles show a distinct variation
along the flight leg, which was chosen to ly parallel to the
gradient of the topography (i.e. approx. east-west). As a general
result of the katabatic wind flights an acceleration of the wind

500
120

Table 1. METEOPOD instrumentation
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Measured Quantity

Sam-

Instrument

pli~

1n z
Air temperature
Air humidity
Air pressure
Wind vector
Aircraft accereration
Position
He~ht

Su ace temperature
Downward and upward
radiation fluxes
Profiles of temperature,
humidity, wind speed
and direction

12
12
12
12
60
12
12
12
12
12

PT1 00 (Rosemount)
Humicap, PT100 in Rosemount housing (Aerodata)
Pilot-static tube and absolute pressure sensor (Rosemount)
Calculated from navigation system and air pressure measurements
LaserNav Inertial Platform Navigation (Honeywell)
GPS (SEL)
Radar altimeter
KT4 (Heimann), 8-141-Jm, 0.6" openin~ angle
short-wave: pyranometer ~Eppley PSP
long-wave: pyrgeometer Eppley PIA)

2

MARWIN dropsonde system (Vaisala RS80), naturally ventilated
thermistor, Humicap, wind from GPS

Table 2. Equipment of the research aircraft 'Polar2' (basic instruments and dropsonde system).

Site

aslin
m

measured quantity

height in m

Instrument

A1
67'24'50"N
49'59'24"W

600

wind vector

2

Mechanical windrecorder (Thies)

A2
67'27'09"N
49'36'04"W

760

wind vector

2

Mechanical windrecorder (Thies)

A3
67'29'02"N
48'59'58"W

=1200

Air temperature
Air humidity
Wind speed
Wind direction
Pressure
Snow temperature
Net radiation

1.0, 2.2
1.0, 2.2
1.0, 2.1
2.4
0
-0.4, -0.7
1.0

Electrically ventilated thermistor (Grant)
Electrically ventilated Humicap (Vaisala)
Cup anemometer (Vector lnstr.)
Wind vane (Vector lnstr.)
Piezoresistive pressure sensor (Honeywell)
Thermistor (Grant)
Net pyrradiometer (Middleton)

A4
67'29'51"N
47'59'48"W

1600

Air temperature
Wind speed
Wind direction
Pressure
Snow temperature
Net radiation

0.3, 0.8, 1.9
0.3, 0.8, 1.9
2.4
0
-0.2, -0.25, -0.3, -Q.4, -D.7
1.4

Electrically ventilated PT1 00
Cup anemometer (Vector lnstr.)
Wind vane (Vector lnstr.)
Piezoresistive pressure sensor (Honeywell)
PT100
Net pyrradiometer (Thies)

s

=40

Air temperature+
30 wind vector
Air temperature+
humidity
Wind speed
Wind direction
Pressure
Soil temperature
Net radiation

3.3

30 sonic anemometer + thermometer (Metek)

0.5, 0.8, 1.1, 1.7, 2.7

Electrically ventilated psychrometer (PT1 00)

0.5, 0.8, 1.1, 1.7, 2.6
3.2
0
-0.02, -0.05, -0.1, -0.2, -0.5
1.4

Cup anemometer (Vector lnstr.)
Wind vane (Thies)
Piezoresistive pressure sensor (Honeywell)
PT100
Net pyrradiometer (Thies)

67'01'32"N
50'36'11"W

(Kangerlussuaq)

Table 3. Surface stations operated by MIUB during KABEG
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1. lNTRODUCTION
A dominant feature of sea ice deformation in
both the Antarctic and Arctic regions is the
presence of substantial high frequ~ncy va~iabili!Y·
typically with considerable power at me~1al
frequencies (see e.g., Hibler et. al, 1974, Ge1ger
et. al. 1998, Heil et. al., 1998). The oscillatory
character of the motion has been related to ice
concentrations and interaction using field
observations (Hibler and others, 1974) which
generally show a substantial q~ellin~ of _the ine~ial
oscillations under compact h1gh 1ce mteract1on
conditions. These high frequency motions can
contribute substantially to the mass budget of the
ice and in some cases modify the air-sea heat
exchange by up to 50%. This high frequency
content of the motion (Figure 1) is in contrast to
the wind forcing which occurs at much lower
frequencies.
While his type of deformation is close to tidal
motion periods, since tidal forcing is relativ~ly
smooth spatially, it is not clear how such forcm~
can lead to variations in ice deformation; although 1t
would certainly lead to variations in ice velocity. If a
mechanism for generating fluctuating deformation
from smoother forcing exists, then this
deformation could be amplified by the inertial
resonance; a result which is suggested by
observations of pack ice deformation in the
Western Weddell Sea (Geiger and others, 1997).
In this note we outline progress (see Hibler et.
al., 1998 for a more complete description) on
elucidating mechanisms for this phenomenon
involving the coupling of inertial oscillations with an
interacting ice field. The results essentially show
that using a realistic formulation for the ice ocean
boundary layer, coupling between propagating
kinematic waves in pack ice together with inertial
oscillations in the ice ocean boundary layer can
lead to substantial deformation oscillations in
agreement with observations.
*W.D.Hibler, The University of Texas at Austin
Institute for Geophysics, 4412 Spicewood Springs
Road, Bldg. 600, Austin, TX 78759. E-mail:
billh@ utig.ig.utexas.edu.
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Figure 1. Power spectra of atmospheric pressure
variations and mesoscale (-1 0 km) sea ice
deformation rate during March·April, 1972 in the
Beaufort Sea. The Data spanned approximately a
one month long period.
2. ICE OCEAN COUPLING
In almost all sea ice dynamics models used in
climate investigations inertial motion is typically
overdamped due to the method of coupling the
ice with the oceanic boundary layer which assumes
an averaging over time scales long compared to
the inertial period. Under this formulation the water
stress on the ice is taken to be function of the ice
velocity, usually of a quadratic form. In complex
form the water stress on the ice is taken to be
given by

r

-W

= -uuei 8
-

(1)
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where !w = 'rwx + i-rwyis the water stress in
complex rorm and ~ = ~i- ~ = Ux + iu is th.e
complex ice velocity relat1ve ~o the g;xostroph1c
ocean current u0 .
Using this water drag
formulation the equation of motion for the ice is
given by
Du + 1
'f mu= 'rw + 'ra + "v
-=
Dt

-

-

-

•

0'

(2)

where f is the coriolis parameter, !a is the air stress
usually taken to be quadratic in the geostrophic
wind velocity Ya• !a=

(ea Catf)Ya Vaeit/>, and

a is

the ice stress tensor. While this formulation is
reasonable for time scales long compared to the
inertial period it tends to effectively decouple the
ice mass from the mass of the dynamically active
ocean boundary layer which also undergoes
inertial oscillations (see e.g. McPhee, 1978).
A more consistent way to carry out this
coupling is (following McPhee, 1978) to relate the
ice motion directly to the boundary layer motion by
taking the boundary layer water mass transport mw
(relative to the geostrophic flow) to be related to
ice velocity (relative to the geostrophic ocean
current)

3. SIMULATION RESULTS

To examine coupling issues an idealized 1.5
dimensional dynamic-thermodynamic sea ice
model was configured to be relevant to results of a
winter deformation experiment in a tide free region
of the East Antarctic sea ice zone (Worby and
others, 1996). During this time, a number of
drifting buoys were monitored hourly for studies of
sea ice drift and deformation (Heil and others,
1997) with results yielding substantial inertial
signals in the deformation.
The model
configuration (Figure 2) consisted of a 40km
lagrangian grid with wind forcing taken to be
perpendicular to the coast. In this model (Hibler et.
al., 1998), full two dimensional ice dynamics is
assumed but all variations along the coast are
assumed to be zero. For simplicity, we also
neglect pressure gradient variations in the ocean
due to Ekman convergence.

Model Configuration

(3)

With this formulation, the equation of motion of
total mass transport m=!I!w + Pih~ of the boundary
layer system consisting of ice plus water is given by

Dm
+ ifm ='ra +V • a
Dt
- -

(4)

To make this equation have one dependent
variable we need to take a the ice stress tensor to
be expressed in terms of the total mass transport
mof the ice plus water.
This formulation could be presented in terms
of the ice drag of equation 1 together with a
separate ocean motion, but then one must also
account for the net convergence of the ice in the
mass transport equations of the ocean. What is
clear from equation 4 is that the stress transported
into the ocean system is the wind stress less the
ice interaction. The formulation of equations of
motion in terms of equation 4 also has the
advantage that if the ice stress is formulated in an
appropriately energy dissipative form then the
V • a term will always act as a dissipative term
(albeit non linear) on the equations of motion.

Figure 2. Co-ordinates for the 1.5 dimensional
model domain. The wind stress is applied along
the y-axis in all numerical experiments.
Simulations with this grid with different wind
forcing show that without an improved boundary
layer formulation (i.e., using equation 1 rather than
equation 4) both the ice drift and deformation
follow the wind forcing yielding no inertial
deformation. With am improved boundary layer
formulation but no ice thickness evolution
equations ice drift does show an inertial signal, but
there is do inertial deformation signal, except at
one grid cell right at the coast. With thickness
strength coupling, however, there is a substantial
signal in the ice deformation with kinematic waves
(see e.g., Hibler et. al., 1983) propagating outward
interacting with the inertial motions to produce
varying deformation in regions far from the coast.
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These oscillations are notably present even in
the absence of wind as shown in Figure 3. In this
figure we show deformation results after a spatially
constant pulse wind was applied to the system for
about 6 hours and then dropped to zero. As can
be seen there is a substantial change in the ice
concentration with eventually a "banded" structure
developing with oscillating regions of thin ice
alternating spatially with ice undergoing no
deformation. Because of the non-linear sea ice
dynamics there is only a weak damping of these
oscillations although they will eventually die out
leaving "banded" ice concentrations behind.
Comparison of the magnitude of these oscillations
with those observed during quiescent wind
conditions (Heil et. al., 1998) show them to be very
close in magnitude.

4.
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Figure 3. Perspective view of compactness as a
function of time and distance from shore about fifty
hours after an initial pulse pf constant onshore
wind stress of -r = -0.2 N m· lasting for about 4
hours.
The essential resurt here is that although wind
forcing is relatively smooth, the combination of
thickness strength coupling and inertial motion in
the upper ocean conspire to create a substantial
amount of higher frequency deformation. This
result is commensurate with observations and
supplies an explanation as well as an essential
modeling framework for including this physics in
sea ice dynamics models.
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MEASURED AND MODELED ARCTIC HYDROLOGIC PROCESSES AT THE WATERSHED SCALE
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1.

ABSTRACT

During the past four years, a large hydrologic
field program has been ongoing on the Kuparuk River
basin (8140 km 2) in the Alaskan Arctic. Meteorologic data
is collected at seven major stations throughout the basin
with a higher density of five additional micro-stations (wind
speed, air temperature and rainfall) located in the
headwaters. Surveys of the water equivalent of the
snowpack just prior to ablation and runoff measurements
at four scales, ranging from the hillslope water track to the
entire Kuparuk River basin have been made. The
development of a spatially distributed, physically based
hydrologic model has paralleled the field effort. Using
meteorologic data as input along with the snow distribution
surveys, the model predicts subsurface, overland and
channel flow, evapotranspiration, snowmelt, and the
freezing and thawing of the active layer. An algorithm
predicts the direction of flow for each element and
identifies surface drainage channels. Model performance
is compared with both measured streamflow and rates of
ablation at selected points and spatially distributed soil
moisture from synthetic aperture radar (SAR) data. The
model performs quite well for most of the hydrologic
processes. Presently there is no algorithm to incorporate
the effects of snow damming which can retard snowmelt
runoff for several days in the headwater basins. How well
the drainage network is depicted depends entirely on the
scale of the digital elevation data. Because water tracks
exist, hillslope processes are very important in the Arctic.
2.

INTRODUCTION

As a component of the NSF ARCSS LAII Flux
research program (Welter et al., 1995}, one of the goals
was to quantify the flux of trace gases (C0 2 and CH 4) from
the arctic tundra. Rates of microbial decomposition are
strongly controlled by the soil temperature and moisture
content; consequently, it is necessary to know the soil
moisture levels, depth of thaw and temperature
everywhere across the study area and not just in the few
measurement sites. An equally compelling reason for
developing this model was to integrate our understanding
of interacting hydrologic and thermal processes across
large areas. Spatially distributed hydrologic models have
been developed and applied in more temperate regions;

* Corresponding author address. Larry D. Hinzrnan,
Water and Environmental Research Center, University of
Alaska Fairbanks, Fairbanks, Alaska, 99775-5860 USA;
e-mail: ffldh@aurora.alaska.edu

however, accurate simulations in arctic regions require the
incorporation of active layer dynamics. The state variables
of soil moisture and temperature control such processes as
photosynthesis, respiration, evapotranspiration, rates and
depths of soil freezing and thawing, energy flux across the
surface and most other biological and physical processes.
Over a regional scale, these processes combine to affect
climate. A spatially distributed model of hydrologic and
thermal processes provides the tool to link our high
resolution investigations of point or plot measurements to
regional scales thus establishing a mechanism to
investigate the variation in terrestrial/climatic interactions
across space and time.
3.

FIELD STUDIES

Hydrologic and thermal investigations initiated in
the headwaters of the Kuparuk River basin (Figure 1) in
1985 consisted of monitoring discharge in lmnavait Creek
and installation of a meteorologic station there. Since that
time, six additional meteorologic stations (precipitation, soil
temperature, incoming and reflected shortwave radiation,
atmospheric and emitted longwave radiation, net radiation,
wind direction and 10 m towers with profiles of air
temperature, relative humidity, and wind speed) have been
installed across the Kuparuk watershed. These stations
not only enable determination of annual and regional
variability of meteorologic variables, they provide a
network of measurements which is utilized to extrapolate
climatic conditions across the entire watershed. These
stations provide the extensive data required to drive the
physically based, spatially distributed hydrologic model. In
1996, it became apparent that the precipitation distribution
was not well measured with our existing sites in the upper
headwaters. At that time we installed five additional
micro-sites to more accurately estimate rainfall distribution
across the watershed. Discharge is measured at four
scales in nested basins: water track 7 (0.026 km 2),
lmnavait Creek (2.2 km 2}, Upper Kuparuk (142 km 2} and
the entire Kuparuk River watershed (8140 km 2). Active
layer soil moisture profiles are measured every four hours
at two locations using automated time domain
reflectometry (TOR) units. Periodic surveys of surface soil
moisture and active layer thickness consisting of
approximately 400 measurements over a 1 km 2 grid were
collected in five locations across the Kuparuk watershed.
These measurements provide spatially distributed
validation data for the model. Field studies in the Kuparuk
basin have established the strong inter-dependence of
hydrologic and thermal processes. Snowmelt is the
dominant hydrologic event in the Arctic almost every year
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tussock surficial flow and through mosses as the mineral
soil becomes saturated and the water table rises to near
the surface, concentrated runoff in water tracks and
streamflow in incised channels. The runoff processes also
show a slight seasonality in response to increasing active
layer thickness (McNamara et al. 1997). Evapotranspiration varies regionally and seasonally (Kane et al.,
1990; Mendez et al., 1997). lt is affected by local
conditions of moisture and temperature, but is also
affected by vegetation type. Although mosses do not
transpire, they possess a very large surface area and their
normally wet state appears to enhance evaporative rates.
The soil moisture content is the integration of
many of the other hydrologic processes and perhaps the
single most important variable as it directly affects every
other process. In tundra regions, soil moisture is quite
difficult to accurately quantify on scales greater than a
point measurement due to very high local variability (Kane
et al., 1996). Active layer thickness demonstrates a similar
high variance. This is because both variables are affected
by micro-site topographic/vegetative variability. Active
layer thickness is strongly controlled by the status of the
water in the soil, i.e. whether it is ponded, running or
unsaturated, but it is also very dependent upon the
thickness of surface organic layer (Hinzman et al., 1997).
4.

Easting (m)
Figure 1. Meteorological stations in study area.
(Kane et al., 1997a), although rainfall induced runoff
peaks have occasionally exceeded the peak flow produced
by snowmelt runoff. Analyses of snowpack ablation have
revealed a strong consistency in the rate of snowmelt from
year to year (Kane et al., 1997a). There also appears to
be a strong correlation between the timing of the onset of
melt and the magnitude of the maximum snowpack
accumulation in that larger snowpacks will melt later in the
season (Kane et al., 1997b). This trend has been violated
twice in thirteen years when large snowpacks began
melting in early May 1995 and 1997. Analyses have
shown that in the headwaters, the onset of snowmelt is
controlled by convective heat transfer of warm, dry air over
the mountains from the south, while on the Arctic Coastal
Plain, snowmelt is largely a function of net radiation.
While degree-day formulations of snowmelt may perform
well in foothills regions, simulations based upon a
complete energy balance perform better on the coastal
plain (Hinzrnan et al., 1991). Runoff occurs from these
basins through several processes (Hinzman et al., 1993)
including subsurface flow through the active layer, inter-

MODELS AND MODELING RESULTS

The basis of the hydrologic model is a
continuous grid of triangular elements where the elevation
of each node is determined from digital elevation data
(Zhang et al., 1997a). The size of the grid cell was
determined based upon the level of resolution deemed
necessary and the area of the watershed. In simulations
of lmnavait Creek elements with 50 m on a side were
applied, in the Upper Kuparuk 300 m elements, and for the
entire Kuparuk River watershed elements will be 1000 m.
A water balance is conducted for each element
considering the components of rainfall, snowmelt,
evapotranspiration, subsurface storage, subsurface flow,
surficial overland flow, water track flow and flow in incised
channels. Since this is a physically based model, it does
require a large amount of data to drive the model,
including meteorologic data necessary to solve the surface
energy balance, initial snowpack distribution, distributed
rainfall data, and information on soil hydraulic properties.
Prior to solution of water or energy balances, the direction
of flow within each element is determined. If two elements
share a common outflow boundary, that boundary then
becomes a flow channel. All flow channels considered
together form the basin drainage network. As hydrologic
processes do not all dynamically change at the same rate,
varying time scales are used. Channel flow can change
the most over short time periods while subsurface flow is
minimal at this time scale. Evapotranspiration and other
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components of the surface energy balance are calculated
on houriy time steps. The thickness of the active layer is
determined on daily time steps throughout the thaw
season. Model output includes discharge in any identified
channel in the drainage network, soil moisture,
evapotranspiration or remaining snowpack in every grid
cell throughout the basin on each appropriate time step.
The performance of the model is judged upon its ability to
reproduce variables measured in the field. These include
continuous measurements of channel discharge,
snowpack ablation, and periodic measurements of soil
moisture (Zhang et al., 1997b}. Spatial variability of soil
moisture is also compared to soil moisture levels
detennined from analysis of SAR imag91Y (Kane et al.,
1996). The distribution of wetter and drier areas is largely
influenced by up-gradient drainage areas. In areas where
the drainage area is limited, the soils tend to be drier. The
model demonstrates a substantial degree of variation in
rates of evapotranspiration as a function of moisture
content. This has not yet been confirmed through field
measurements, but the results appear plausible. The
model performed quite well in predicting the total volumes
of runoff and reproduced the timing of runoff events which
occurred in response to summer rainfall; however, the
model did not correctly simulate the timing of snowmelt
runoff. During spring snowmelt, significant quantities of
redistributed snow accumulates along the stream in the
valley bottom due to snow damming, this snow tends to
delay initial runoff for several days. The model performs
well at predicting the spatial progression of snowpack
ablation.
5.

CONCLUSIONS

Extensive, long term studies in Arctic Alaska
have revealed a complex, but predictable interdependence among hydrologic processes. Given
adequate meteorologic and digital terrain data, it is
possible to simulate dynamic hydrologic processes on
watershed scales. Permafrost and changes in active layer
thickness throughout the summer strongly affect such
processes as soil moisture storage and runoff. Variations
in topographic and vegetative structure across the
watershed can impart significant effects to hydrologic
processes which can in tum create substantial sub-grid
scale variabilities among the interactions of terrestrial and
atmospheric processes.
6.
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1.

Introduction

Global sea level is affected by a variety of factors
including the storage of land surface and ground
water, the vertical movement of the land, the
thermal expansion of the oceans, and the mass
balance of glaciers and ice sheets. In order to
understand past, present, and future sea levels it
is necessary to quantify the contribution from
each of these effects. A recent report by the
Intergovernmental Panel on Climate Change
(IPCC, 1995) has singled out the ice sheets as
representing the greatest uncertainty in
accounting for past changes in sea level.
A closer look at the ice sheets reveals that their
mass balance is the result of contributions from
surface accumulation and ablation, calving of
icebergs at the front of ice shelves, and the
melting and freezing that occurs at the base of ice
shelves. In this abstract we focus on ice-ocean
thermodynamic interaction processes occurring at
the ice shelf base. The modeling approach taken
over recent years to estimate the amplitudes and
spatial patterns of basal melting has been to use
ocean models representing the sub ice-shelf
cavity coupled to a thermodynamic model of the
ice-ocean interaction. Such coupled models do
not include a dynamic model of the ice shelf
evolution. Models which fit into this category
include: the one-dimensional plume model of
Jenkins (1991 ), the two-dimensional vertical
streamfunction model of Hellmer and Olbers
(1989), and the three-dimensional primitive
equation model of Determan and Gerdes (1994).
The disparity of time scales between the slowly
flowing ice shelf and the relatively fast flowing
waters beneath the . shelf provide some
justification for this approach. We are presently
working towards a new thermodynamic model of
the interactions occurring between the ice-shelf
base and an ocean mixed-layer model in order to
improve the parameterization of thermodynamic
exchange occurring between the two media. In a
sense this study can be regarded regarded as an

approach to improving the 'surface' boundary
conditions for an ocean model which running in a
sub ice-shelf domain. While our ultimate. goal is
to quantify the net melting and freezing that
occurs at the base of the ice shelves surrounding
Antarctica, so as to ascertain their role in global
sea level change, the objective of our present
work is to describe the parameterization of the
thermodynamic ice-ocean interaction as a first
step towards achieving that task. In work to be
reported later we will couple the ice-ocean
thermodynamic model described herein to an
isopycnal ocean general circulation model (Sleek
et al., 1992) of the sub-ice cavity.
Aside from the potential impact of basal melting
on global sea level there is also an important
influence on water mass properties as the waters
that circulate beneath an ice shelf have a
distinctive impact on the adjacent ocean water
masses.
These waters are cooled to
temperatures unattainable elsewhere in the
region because the freezing point of seawater is
pressure dependent (Millero, 1978). Outside the
sub-ice cavity the only heat sink available is the
atmosphere so the ocean cannot be cooled below
the surface freezing point, which is about -1.9°C.
The ice shelf base provides a heat sink at great
depth, where the freezing point may be as low as
-3.4°C. Waters in contact with the base of the ice
shelf may therefore be up to 1.5°C below the
freezing point at atmospheric pressure. Such
potentially supercooled water is referred to as Ice
Shelf Water (ISW). Because the compressibility
of seawater increases with decreasing
temperature, the exceptional cold temperatures
attained by ISW increase its potential for sinking
on leaving the continental shelf. A further
consequence of the generation of potentially
supercooled water is that if it rises towards the
surface it may become supercooled with respect
to the in situ freezing point. The result is ice
production deep in the water column. Where this
happens beneath the ice shelf, the ice
accumulates on the base as marine ice, giving
rise to a complex pattern of melting and freezing,
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and complicating the task of assessing the overall
mass balance of the ice shelf. Waters exiting the
sub-ice cavity and containing ice crystals formed
at depth may rise all the way to the surface in the
open ocean and contribute to the sea-ice mass
budget. This sub ice-shelf circulation is referred
to as an "ice pump" (Lewis and Perkin, 1986). A
schematic of the process is shown in Fig. 1.

the amount of vertical shear between the fixed ice
interface and the moving ocean mixed layer.
We are presently comparing the basal melting
rates produced in a model of the sub ice-shelf
cavity by using the various thermodynamic
approaches mentioned above.

2.
We are looking into a hierarchy of models
describing the heat and freshwater exchange at
the ice-shelf base - ocean interface that are
suitable for coupling to a three-dimensional ocean
general circulation model of the sub-ice cavity.
There are many processes which affect the
exchange of heat and freshwater between the iceshelf base and the ocean mixed layer.
Fundamentally, heat exchange occurs because
the ice-shelf base is at the in situ freezing point
while the turbulent oceanic mixed layer
temperature is in general either above or below
freezing. The simplest strategy is to diagnose the
temperature difference between the ice-shelf
base and the ocean mixed layer and to instantly
reset the ocean mixed layer to the freezing point.
Depending on the amount of heat lost (gained) by
the ocean mixed layer to achieve this
instantaneous equilibrium, an equivalent amount
of ice is melted (frozen) at the ice-shelf base. The
next level of sophistication recognizes that heat
transfer does not occur instantaneously but
depends on the efficiency of the thermal coupling
between ice and ocean. This coupling is usually
expressed in terms of a bulk drag law in which the
heat transfer is a function of an effective drag
coefficient and the temperature gradient across
the boundary (Determan and Gerdes, 1994).
This approach ignores the fact that the freezing
point at the ice-ocean interface depends upon the
salinity occurring precisely at the interface and not
the bulk salinity of the ocean mixed layer. The
difference between the two quantities can be
several practical salinity units and hence can be
highly relevant to subsequently diagnosing an
accurate freezing point. To include this effect
requires the development of a model of the
molecular sublayer in which heat exchange
occurs precisely at the ice-ocean interface
(Hellmer and Olbers, 1989). To be even more
realistic one should account for the dependence
of the exchange coefficients on the background
flow field (Scheduikat and Olbers, 1990; Jenkins,
1991 ). This is because the level of background
turbulence and thus the magnitude of the
exchange coefficients is functionally related to

References

Sleek, R. C. Rooth, D. Hu, and L.T. Smith, 1992:
Salinity-driven thermocline transients in a
wind and thermohaline forced isopycnic
coordinate model of the North Atlantic. J.
Phys. Oceanogr., 22, 1486-1505.
Determann, J.M. and R. Gerdes, 1994: Melting
and freezing beneath ice shelves;
implications from a three-dimensional
ocean-circulation model. Ann. Glacial.,
20, 413-419.
Hellmer, H.H., and D.J. Olbers, 1989: A twodimensional model for the thermohaline
circulation under an ice shelf. Antarctic
Science, 1(4), 325-336.
IPCC, 1995: Climate Change 1995- The Science
of Climate Change: Technical Summary
of the Working Group I Report, J.T.
Houghton et al. (eds.). University Press,
Cambridge, 56 pp.
Jenkins, A., 1991: A one dimensional model of
ice-shelf ocean interaction. J. Geophys.
Res., 96, 20,671-20,677.
Lewis, E. L. and R. Perkin, 1986: Ice pumps and
their rates. J. Geophys. Res., 91, 1175611762.
Millero, F.J., 1978: Annex 6: Freezing point of
seawater, Eighth Report of the Joint
Panel of Oceanographic Tables and
Standards, UNESCO Tech. Paper Mar.
Sci., 28, 29- 31.
Scheduikat, M., and D.J. Olbers, 1990: A onedimensional mixed layer model beneath
the Ross Ice Shelf with tidally induced
vertical mixing. Antarctic Science, 2(1 ),
29-42.

91

Figure 1

Schematic representation of the ice pump mechanism. Dense High Salinity Shelf Water
(HSSW) flows into the sub-ice shelf cavity along the seabed. lt reaches the grounding line
where it causes basal melting. The resulting Ice Shelf Water (ISW) is less dense and rises
along the base of the ice shelf. The increase in the freezing point with shallowing causes
the formation of marine ice at the base of the ice shelf. The result is that ice is effectively
pumped from deep locations to shallow ones with the equilibrium situation being that the
bottom of the ice shelf would be flat on a geopotential surface.
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THE INTERACTION OF ICE SHEETS AND OCEAN CIRCULATION VIA FLOATING
ICE SHELVES
David Michael Holland

ABSTRACT
There is a great uncertainty in possible future changes in sea level associated with greenhouse
wanning. Aside from the changes in sea level due to thermal expansion of the ocean and that due
to isostasy, there is also the component of sea level change due to the melting of the land ice sheets.
An important mechanism for the melting ofland ice sheets is via their bottom ablation in places
where they flow off the continent and out onto the ocean thus forming the floating ice shelves.
The presentation will discuss the early stages of research in the coupling of a 3-D ocean general
circulation model to a floating ice shelf model. The goal is to detennine how the presence of the
floating ice shelf alters the formation of ocean bottom waters and how the ocean circulation affects
the ablation of the ice shelves.
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THE IMPACT OF THE ICE THICKNESS DISTRIBUTION ON SIMULATED ARCTIC BUDGETS AND CLIMATE

Marika M Holland*
University of Victoria, British Columbia, Canada
1. INTRODUCTION
Sea ice cover is highly spatially variable, consisting of
areas of open water (leads and polynas), and ice of
different thickness, age, and surface types. The different ice
types impact the average ice growth rates, the aggregate
surface albedo, and ocean/atmosphere exchange, among
other things. Thus, the accurate representation of the ice
thickness distribution can have a significant effect on the
simulated mass, heat, and fresh water budgets of the Arctic
basin (e.g. Maykut, 1982; Holland et al, 1997a; Schramm et
al, 1997).
The spatial inhomogeneity of the ice pack also affects
feedback mechanisms and climate variability within the
Arctic region (Holland et al, 1997b). The ice/albedo
feedback mechanism within the Arctic has a significant
impact on the simulation of regional and global climate
change. Additionally, the accurate determination of the
natural climate variability of the Arctic is important ff we are
to detect climate change within this region. To date, most
climate models do not include many aspects of the subgridscale ice thickness distribution, such as ridging effects.
This is an important "next step" in the evolution of climate
models and will likely improve our understanding of climate
change and variability within the Arctic.
The effects of the ice thickness distribution on Arctic
budgets and climate are addressed with the use of a single
column coupled ice thickness distribution I ocean mixed
layer model. The model is briefly described in the following
section. In section 3, the impact of the ice thickness
distribution on Arctic budgets is addressed. Section 4
describes the impact of the ice thickness distribution on the
simulation of feedbacks and variability in the single column
model. Finally, a discussion and conclusions are given in
section 5.
2. MODEL DESCRIPTION
The model is a single column representation of the ice
and upper ocean system (Schramm et al, 1997; Holland et
al, 1997a). lt tracks a parcel of ice as it moves within the
Arctic basin. The ice model component
contains
a
specified number of categories which have different
* Corresponding author address: Marika M Holland, School
of Earth and Ocean Sciences, University of Victoria, PO Box
1700, Victoria, B.C., VBW 2Y2, Canada; email:
holland@ ocean.seos.uvic.ca

thickness, area, surface properties, salinities, and ages. A
complex spectral albedo parameterization is used which
allows for six different surface types and four different
spectral intervals. The vertical temperature profile within
the ice is resolved by eight levels. Dynamical strain rate
forcing causes open water and ridged ice formation to
DCCUr.

The ice model is coupled to an integral ocean mixed
layer model. Temperature and salinity are assumed to be
constant within the mixed layer with changes occurring due
to exchanges with the ice, atmosphere, and the deeper
ocean.
3. IMPACT ON ARCTIC BUDGETS
The ice thickness distribution has a large impact on the
ice mass balance and mixed layer heat and salinity
budgets. Figure 1 shows the simulated mass balance for a
parcel of ice at approximately BO"N. In these simulations, 25
level and 15 ridged ice categories are used. The mass
balance has been separated into the contribution due to
first year (FY) ice, multi-year (MY) ice and ridged (RI) ice.
These different ice types have significantly different growth
rates. The large growth rates present for FY ice are
strongly determined by ice thickness, with ice less than 70
cm in thickness accounting for 45% of the FY ice growth
even though it occupies only 11% of the wintertime ice area.
Unlike the ice sources, the thermodynamic sinks of ice mass
are relatively similar regardless of ice type. The large
growth of FY ice is balanced by the loss of thin ice due to
ridging.
Ice/ocean/atmosphere exchange is also significantly
affected by the ice thickness distribution. In particular, the
effects of young thin ice are important. Thin FY ice
produces a disproportionately large amount of the total
basal accretion and hence brine rejection during the winter
months. In the model simulations, ice thinner than 70 cm
contributes a majority of the winter brine rejection although
it occupies only 18% of the FY ice area.
The wintertime sensible and latent heat flux at the ice
surface are also dependent on the ice thickness
distribution, with thin ice categories exhibiting high heat
exchange during the cold winter months. These, and other,
thickness distribution dependent ice I atmosphere I ocean
exchange processes largely affect the ocean mixed layer
heat and salinity budgets.
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Figure 1. The annual mass balance obtained in the model divided
into basal accretion (BAcc), frazil ice production (fraz), ice growth in
leads (lead), ridging (ridg), lateral melting (lat), snow saturation
(stsno), basal melt (Bmlt), surface melt runoff (SRO), ice export (Exp),
ice sublimation (Sub), and ice aging (age). Positive values represent
sources and negative values represent sinks of ice mass.

4. IMPORTANCE OF THE ICE THICKNESS DISTRIBUTION
FOR CLIMATE SIMULATIONS
Because of the ice thickness distribution effects on the
Arctic heat, mass, and salinity budgets, the spatial
inhomogeneity of the ice pack also affects the simulation of
ice/ocean/atmosphere feedback mechanisms and the
natural variability of the ice pack.
4.1 Feedback Mechanisms
The importance of the ice thickness distribution for
simulating ice/ocean and ice/albedo feedback mechanisms
is addressed in model simulations which apply longwave
warming perturbations at the ice surface. A measure of the
strength of the feedback mechanisms is obtained by
comparing a control simulation which includes all the
model physics to a simulation which excludes a particular
feedback mechanism (Holland et al., 1997b). The feedback
mechanism is excluded by forcing the surface albedo (for
the albedo feedback) or the ocean mixed layer properties
(for the ocean feedbacks) to remain at the annual cycle of
the values obtained in the non-perturbed control
simulation.
Figure 2 shows the system gains which are obtained for
the ocean, albedo, and combined albedo/ocean feedback
mechanisms in simulations which include a full ice
thickness distribution and in simulaiions which represent
the ice pack as a single slab of ice with uniform thickness
and an area of open water. The system gain is equal to the

fraction of the change in ice thickness which is caused by a
particular feedback. Essentially it can be thought of as a
measure of the strength of the feedback mechanism.
The strength of the feedbacks are generally reduced
when a limited representation of the ice thickness
distribution is considered. This is particularly true for the
ocean feedback system gain because of the effects that thin
ice cover has on the penetration of solar radiation into the
ocean mixed layer. The initial warming perturbation
causes the ice cover to thin. When an ice thickness
distribution is included, this results in a larger area of the
model domain being covered by relatively thin ice and
open water. This in turn allows more solar radiation to
penetrate into the ocean mixed layer and enhances the
basal ablation of the ice cover. When the ice cover is
represented by only a single ice and open water category,
the thickness of the ice is also reduced by the initial
warming perturbation. However the single ice slab which is
present is still too thick to allow solar radiation to penetrate
into the ocean. Additionally, under the influence of a
surface warming perturbation, the open water area
increases by a larger amount when a full ice thickness
distribution is used because thin ice categories have a
relatively large amount of lateral melting and vertical
melting often causes the complete removal of lee within
these categories.
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Figure 2. The system gain of the (a) ocean, (b) albedo, and (c)
combined ocean/albedo feedbacks for a simulation with a full ice
thickness distribution (solid line) and a simulation which uses only a
single ice and open water category (dashed line).
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5. DISCUSSION AND CONCLUSIONS
4.2 Natural Variability
The number of ice thickness categories which are used
to resolve the ice pack has an effect on the simulation of
natural variability within the Arctic ice and ocean system
(Holland and Curry, 1997). Simulations were performed in
which realistic stochastic forcing was applied to the air
temperature and ice divergence fields which are used to
force the model. The model was run for 1000years in order
to obtain the relevant statistics. The standard simulation
resolves the ice thickness distribution using ten ice
thickness categories.
Table 1 shows the sensitivity of the simulated ice
thickness variance to the number of ice thickness
categories. The average value of ice export from the model
domain is used to tune the mean ice thickness to 3.1 m in all
of these simulations. The variance of the ice thickness is
underrepresented by approximately 35% when 2-5 ice
thickness categories are used. With six or more categories
the simulation improves substantially and the variability of
the ice/ocean system is similar to that obtained in the
standard simulation.
Table 1. The variance of monthly ice thickness anomalies
obtained for different representations of the ice thickness
distribution.
Variance (m 2)
Number of ice categories
0.79
2
0.76
3
0.77
4
0.79
5
1.13
6
7
8
9
10 (standard)

1.18

The accurate simulation of Arctic budgets of ice mass,
mixed layer heat and salinity, disposition of solar radiation,
and ice/atmosphere exchange are highly dependent on
the details of the ice thickness distribution. In particular,
open water and thin ice regions need to be resolved in
order to obtain reasonable estimates of these budgets.
Additionally, the determination of climate change and
natural variability in the Arctic is dependent on the
resolution of the ice thickness distribution. The strength of
feedback mechanisms is reduced when inadequate
resolution of the thickness distribution is used. This is
particularly true for ocean feedbacks which act to enhance
initial perturbations of the system.
In general, the simulated variability of the ice cover is
increased when better resolution of the ice cover is used.
Although not discussed here, subgridscale ridging
processes appear to decrease the variability of the ice
cover. tt appears that to better understand the role of the
Arctic region and sea ice in particular on climate change
and variability, the ice thickness distribution effects on Arctic
budgets should be considered.
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This improvement in the simulations are due to changes
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PATHWAYS OF ARCTIC OCEAN CIRCULATION
Greg Holloway·
Institute of Ocean Sciences, Sidney B.C., Canada

A fresh attempt is made at overall synthesis of Arctic
Ocean circulation. We commence from an infonnation
theoretical view providing the simplest plausible circulation
map prior to any knowledge about large scale forcing (wind,
buoyancy, tides, or throughflow in boundary passages).
Already the least infonnation view provides a richly detailed
picture including narrow boundary currents flowing
cyclonicallyaround peripheries of the Eurasian, Makarov and
Canada Basins. To this simplest plausible picture, we
include large scale influences from wind, buoyancy, and
open boundary transports. External forcing yields the
surface-intensified anti-cyclonic Beaufort Gyre and
Transpolar Drift, with transition below a main halocline to
deeper cylonic rim currents. Various features emerge. We
anticipate swiftly southward subsurface circulation all along
the Northwind Ridge. We anticipate a circulation pathway
eastward along the southern periphery of the Amundsen
Basin, counter to the upper ocean Transpolar Drift.
While upper ocean (suprahalocline} circulation is
subject to seasonal and interannual variability, we expect
subhalocline circulation to be rather robust under altered
forcing. A schematic for deeper circulation is dominated by
four geographically-fixed major ditfluences: (A} off northern
Norway along the Barents/ Norwegian Sea slope, (B) in Fram
Strait, (C) at the intersection of the Lomonosov Ridge and
the Laptev Slope, and (D) in the Lincoln ·sea. Lesser, but
significan~ ditfluences are seen north of Sevemaya Zernlya,
at the Mendelev Ridge, the Chukchi Margin, and the Alpha
Ridge, and near the Morris Jessup Plateau. To the extent
that climatic change may be impressed upon the
subhalocline, the schematic suggests that patterns of flow
are little affected while what is altered is (1) source water
properties and (2) relative distribution of transports at the
major ditfluences.

*Greg Holloway, Institute of Ocean Sciences,
9860 W. Saanich Rd., Sidney, BC, V8L482,
Canada; Ph: + 1 604 363 6564; fax: +I 604 363 6746
e-mail-zounds@ios. bc.ca

To quantify transport in each pathway, we recall
numerical results from Nazarenko et al. (1997) which take
account both of external forcing and of internal (statistical
mechanical) tendency toward the minimal infonnation
circulation. Among results, we infer that Atlantic-source
water enters the Arctic dominantly via the West Spitzbergen
Current (WSC), canying 6 to 7 Sv, most of which continues
eastward along the Eurasian slope. Because of strong depth
penetration in the WSC, with correspondingly strong and
deep East Greenland Current, we expect effective residence
time for the deeper Eurasian Basin waters to be less than
10 years. We anticipate very much less net Atlantic inflow (1
to 2 SV) across the Barents Sea, including two-way
exchanges especially at the Bear Island Trough and St. Anna
Trough.
A the crucial diffluence within the Arctic is at the
Lomonosov/Laptev where Atlantic-source water in part
returns within the Eurasian Basin and in part spills over into
the Makarov and Canada Basins. Although most of the
deeper transport is expected to return on the Eurasian side,
shallower flow (including Atlantic core properties) is more
subject to interaction with suprahalocline forcing, leading to
variable "spill over".
Within the Canada Basin, a confused confluence
occurs near the Chukchi Margin, Plateau and Northwind
Ridge as recirculating Canada Basin water, with recent
Atlantic contribution along the Siberian slope encounters
Pacific water. We then anticpate rather a strong (> 4 Sv)
Beaufort Undercurrent over depths > 200m.
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COMPARISON OF ELASTIC-VISCOUS-PLASTIC
AND VISCOUS-PLASTIC DYNAMICS MODELS
USING A HIGH RESOLUTION ARCTIC SEA ICE
MODEL
Elizabeth C. Hunke*
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Yux:ia Zhang
Naval Postgraduate School, Monterey, California
ACSYS Conference on Polar Processes and Global Climate, November 1997

1

INTRODUCTION

A nonlinear viscous-plastic (VP) rheology proposed
by Hibler (1979) has been demonstrated to be the
most suitable of the rheologies commonly used for
modeling sea ice dynamics (Kreyscher et al., 1997).
However, the presence of a huge range of effective
viscosities hinders numerical implementations of this
model, particularly on high resolution grids or when
the ice model is coupled to an ocean or atmosphere
model. Hunke and Dukowicz (1997) have modified
the VP model by including elastic waves as a numerical regularization in the case of zero strain rate.
This modification (EVP) allows an efficient, fully
explicit discretization that adapts well to parallel
architectures.
We present a comparison of EVP and VP dynamics model results from two 5-year simulations of Arctic sea ice, obtained with a high resolution sea ice
model. The purpose of the comparison is to determine how differently the two dynamics models
behave, and to decide whether the elastic-viscousplastic model is preferable for high resolution climate simulations, considering its high efficiency in
parallel computation. Results from the first year
of this experiment (1990) are discussed in detail in
Hunke and Zhang (1997).
The model equations were solved on a 300 x 360
mesh with a resolution of about 18 km and a 4 hr
timestep, and driven by 1990-1994 ECMWF atmospheric data above and 1992 ocean model output
• Corresponding author address. Elizabeth C. Hunke, MSB216, Los Alamos National Laboratory, Los Alamos, NM
87545; e-mail eclare!Uanl.gov. LA-UR-97-3867

below. The two runs are identical except for the ice
rheology; the EVP and VP dynamics models used
here are documented in Hunke and Dukowicz (1997)
and Zhang et al. (1997), respectively. For further details about the model specifications and experiment
design, see Hunke and Zhang (1997).

2

RESULTS

The essential difference between the EVP and VP
dynamics models is the addition of an elastic contribution to the EVP rates of strain. Hunke and
Dukowicz (1997) demonstrate that the resulting
elastic waves allow ice motion in the EVP simulations to adjust quickly to changing wind forcing,
while not significantly altering the VP solution on
longer time scales.
Elastic waves in the EVP model affect the velocity distribution of the ice pack, which in turn affects
the ice concentration and thickness distributions.
The area-averaged ice velocity differences, shown in
Fig. 1, indicate that mean velocities produced by
the two models are generally within 1 cm s- 1 of each
other, with EVP ice moving slightly faster. Note
that the velocity difference between the two models
is least in the summer months when ice compactness
is low, compared to other times of the year. The
summer ice pack is thinner, has less strength, and
rheology plays less a role in determining ice motion.
Conversely, the feedback from ice motion to ice
distribution is strongest during the summer months.
Fig. 2 shows that ice thicknesses in the two models
(dashed) are most similar in the winter months, with
the largest differences occuring in summer. EVP
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Figure 1: EVP-VP differences of mean ice velocity. Averages were taken over the ice covered area.
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Year
1990
1991
1992
1993
1994

Sync. Wind
EVP VP
0.67 0.63
0.68 0.64
0.68 0.65
0.67 0.64
0.68 0.63

Lagged
EVP
0.16
0.16
0.13
0.18
0.16

Wind
VP
0.22
0.22
0.19
0.23
0.22

Table 1: Linear correlation coefficients between ice
and geostophic wind speed, averaged over the icecovered area, for synchronous and 3-day lagged
winds.
ice concentration and thickness are both typically
slightly less than in the VP model, but concentration differences are only a fraction of a percent and
thickness differences are on the order of a few centimeters at most. The model results are much closer
to each other than to physical data such as ice concentrations computed from SSM/I brightness temperatures (NSIDC, 1997), as shown in Fig. 3.
During the periods in Fig. 1 when the EVP and
VP velocities differ most, evidence suggests that the
VP model lags behind the forcing while the EVP
model appears to respond quickly. For example, in
mid-April 1990 a strong low pressure system passed
through the Arctic. The EVP model ice motion
quickly develops a cyclonic gyre, but VP ice motion
does not respond until several days after the storm
passed through (Hunke and Zhang, 1997). Furthermore, correlation coefficients between ice motion and the geostrophic wind (Table 1) indicate that
the EVP model response is more correlated with the
synchronous winds, while the VP model response is
more correlated with the winds 3 days earlier.

Finally, the EVP ice dynamics model is a computationally efficient alternative to the VP model.
The VP numerical implementation used here employs Jacobi iteration to solve the momentum equations, which have been decoupled as in Zhang and
Hibler (1997). This method effects a twofold improvement in performance over the SOR iteration
scheme of Zhang and Hibler (1997). Autotasked
on a Cray J90 series computer with 20 CPUs, the
VP model required 16 total CPU hours per model
year, on average. The EVP model required only 11.5
hours per year, a 30% improvement in terms of CPU
time over the VP model with Jacobi iteration. Moreover, the EVP model exhibits even more significant
improvements in terms of wall-clock performance on
multiprocessor machines. Because of its explicit discretization, the EVP model obtains speed-up factors
3 to 4 times greater than the VP model (Hunke and
Zhang, 1997).

3

CONCLUSIONS

Ice distribution and extent are the primary pack ice
characteristics that the sea ice component of a coupled climate model must simulate correctly. These
determine the amount of heat and radiation fluxes
that pass back and forth between the atmosphere
and ocean components. We have shown in a multiyear run that differences in ice motion computed
by the EVP and VP ice dynamics models yield
very similar ice concentration artd thickness distributions. The differences are far smaller than differences between either model's output and observations. Therefore, the two dynamics models can be
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THE UTILITY OF NCEP/NCAR REANALYSIS FOR ARCTIC PRECIPITATION STUDIES

Ciaran M. Hurst* and Mark C. Serreze
CIRES University of Colorado, Boulder, Colorado

1. INTRODUCTION
Increasing appreciation of the importance of
the Arctic hydrologic budget in the global climate
system argues the need for improved datasets of Arctic
precipitation. The existence of the sea ice cover
requires maintenance of a fresh low-density surface
layer strongly determined by terrestrial surface runoff,
freshwater import through Bering Strait and
precipitation less evaporation (P-E) over the Arctic
Ocean. Changes in Arctic precipitation may impact on
sea ice thickness and extent, ocean-to-atmosphere
heat and moisture fluxes and potentially, cloud cover,
cyclone activity, and the thermohaline circulation.
Measurements of Arctic precipitation are
characterized by large uncertainties due to gauge
"undercatch" of precipitation (Groisman et al., 1991 ).
Although it is possible to adjust station data for
exposure, winds and gauge type, the network is still
sparse. Data presently available for the Arctic Ocean
are primarily long-term mean
values although
individual
measurements are available from the
Russian "North Pole" (NP) series on manned camps.
Recognized limitations in Arctic precipitation
data sets has fostered interest in constructing
"blended" data sets using observations along with
output from Numerical Weather Prediction (NWP)
models. Although data assimilation/forecast systems
vary, the procedure is to start with a previous forecast
as a "first guess" of present atmospheric conditions.
Observational data are then assimilated with emphasis
placed on the model where observations are scarce.
The resulting analyses are then used to provide the
next forecast Assimilation data consist primarily of
free atmosphere variables such as upper-air reports.
Output fields represent analyses based on the first
guess and assimilation (e.g., 700 hPa heights) as well
as modeled surface variables, including precipitation.
Limited case studies of operational NWP output
provide encouraging results in their depiction of Arctic
precipitation (Arpe, 1996).

which will provide fields spanning 40 years. it
employs a model with a horizontal and vertical
resolution of T62 and 28 levels respectively (Kalnay et
al., 1996). The model is comprised of three basic
components: 1) preprocessing and data control which
incorporates Complex Quality Control (CQC),
Comprehensive Hydrostatic Quality Control (CHQC)
and a Decision Making Algorithm (DMA); 2) an analysis
module; 3) an output module. Further details are
available in Kalnay et al. (1996) and Basist and
Chelliah (1997).
3. VALIDATION CLIMATOLOGIES
In a pilot effort [Serreze and Maslanik, in
press], we performed an initial examination i)f the
performance of the NCEP/NCAR model in depicting
patterns of Arctic precipitation through qualitative
validation against
Russian climatologies [notably
Bryazgin, 1976] that include corrections for gauge
biases. We concluded that while the model captures
reasonably well the general spatial patterns of annual
precipitation, it predicts the seasonal maximum over
the central Arctic Ocean at least a month early (in July)
and also underestimates precipitation in this area.
Here, we present initial results aimed at more
detailed validation of the NCEP/NCAR reanalysis. To
start, we are using the Legates and Willmott [1990]
climatology (LW), which is based on several different
archives and includes corrections for gauge biases.
However, over the central Arctic Ocean, results largely
represent interpolation from coastal stations. Efforts
are underway to improve the LW climatology through
incorporating precipitation data from the Russian NP
camps. The Polar Science Center (PSC), Univ. WA.,
Seattle and the National Snow and Ice Data Center
(NSIDC), Boulder, CO, have released these data [see
also Colony et al., in press]. A data set for the Former
Soviet Union has also been produced by Groisman et
al. [1991] and will be used in future efforts.

2. REANALYSIS
4. COMPARISON OF FIELDS
"Reanalysis" projects involving assimilation of
historical data using a "frozen" state-of-the-art
prediction model are underway at several agencies.
The concept behind reanalysis is to provide internally
consistent fields (e.g., Basist and Chelliah, 1997;
Kainay et al 1996). The most comprehensive is the
National Center for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) effort,

We use reanalysis data for the years 19791988, which is the same period being examined in the
Atmospheric Model lntercomparison Project (AMIP).
Direct comparisons with the LW climatology
requires interpolation to a common grid. To this end,
a Cressman interpolation with a 500 km sphere of
influence was used to translate both fields to a
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100x1 00 km grid on the north polar Lambert equal-area
projection known as the NSIDC EASE-Grid [Armstrong
and Brodzik, 1995]. This smoothing also eliminates
local "bullseyes" in the NCEP precipitation fields that
appear to result from spectral truncation errors.
Figure 1 shows the distribution of modeled
mean annual precipitation while Figure 2 provides the
annual LW field.
The model depicts the highest
totals off the southeast coast of Greenland with
amounts decreasing to the northeast.
This is
consistent with frequent cyclone activity associated with
the Icelandic Low and the poleward decay of the North
Atlantic cyclone track. High totals are also depicted
over southern Alaska, reflecting the influence of the
Aleutian Low and orographic effects. The lowest
values (200-300 mm) are found over the Arctic Ocean,
Canadian Arctic Archipelago, and northern Greenland
where cyclone activity is frequent only during summer.
Comparisons with the LW climatology confirm
earlier conclusions (Serreze and Maslanik, in press)
that the mode! captures the general spatial patterns of
precipitation. Nevertheless, there are notable problems
when the grid point differences between the two fields
(LW-NCEP) are examined (Figure 3). Overall, the
model: 1) underpredicts precipitation over the Atlantic
side of the Arctic and south of Alaska; 2) overpredicts
precipitation over land areas and the central Arctic
Ocean.
For the central Arctic, this result is in
opposition to the findings by Serreze and Maslanik
[1997] based on qualitative comparisons with the map
of Bryazgin [1976J. Clearly, this argues for the need
described above to improve the observational data
base, especially over the Arctic Ocean.
As a further comparison, spatial correlations
were computed between monthly mean NCEP/NCAR
fields and the LW climatologies for the entire Arctic and
for several subregions (Figure 4). For the entire Arctic,
correlations range from 0.80 to 0.90 during winter
months, indicating good coherence between spatial
patterns (but as seen in Figure 3, not magnitude).
However, correlations fall sharply during summer.
Correlations are fairly high for the North Atlantic sector
and lowest for the central Arctic Ocean.
While as
discussed, one should not place too much reliance on
the LW climatology in this area, Figure 4 shows that
the drop in correlations during summer is
characteristic of the model in all regions.
The lower summer correlations can be in part
explained by over-representation of the model's
"convective" precipitation component. By subtracting
up to 40% of the convective component out of the total
precipitation, correlations generally improve.
5. CONCLUSIONS
Comparisons with the LW climatology indicate
that the NCEP/NCAR model captures tolerably well the
major spatial features in annual mean precipitation, but
overestimates (underestimates) totals for the Atlantic

Arctic (Arctic Ocean and land areas). Based on spatial
correlation analyses, the model performs best during
winter and poorly during summer. Efforts are ongoing
to: 1) provide better validation climatologies, using the
LW climatology along with NP measurements and
improved land archives; 2) further evaluate the causes
of the poor model performance during summer; 3)
assess interannual variability in the model; 5) evaluate
other reanalysis efforts, including the ECMWF and
NASA-GODDARD products.
Acknowledgement: This study was supported
by NSF grant OPP-9321547.
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Figure 3: Difference field in precipitation (mm), LW
minus NCEP/NCAR (positive differences shown by
solid lines, negative differences shown by dashed
lines).
Figure 1: Annual mean precipitation (mm) from the
NCEP/NCAR reanalysis, 1979-1988.
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Figure 2: Annual mean precipitation (mm) from the
Legates and Willmott [1990] (LW) climatology.
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Figure 4: Monthly spatial correlations between LW and
NCEP/NCAR precipitation totals: Arctic wide (solid),
North Atlantic Ocean (dash-dot), Siberia (dotted),
central Arctic Ocean {dashed).
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Water Masses Structure and Dynamics in the North Kara Sea in Summer 1996
V.lvanov and A.Korablev*
Arctic and Antarctic Research Institute, St.Petersburg, Russia

1. INTRODUCTION
According to the theoretical and model estimates,
relatively deep passage connecting the Kara Sea with the
Arctic Ocean (St.Anna Trough} is the major gate through
which the Barents Sea branch of the Atlantic derived water
(BSBW) enters the Nansen Basin (Rudels et al.,1994;
Gerdes and Schauer,1997}. Another branch of the Atlantic
origin water (FSBW) propagates from the Fram Strait
eastwards along the continental slope and intrudes into the
area of the Kara Sea from the north. The conditions under
which these two initially similar water masses are spreading
in the Arctic Ocean essentially differ, The core of the FSBW
after passing the Fram Strait becomes shielded from direct
atmospheric influence by cool and freshened mixed layer and
hence mainly preserves the values of thermohaline
parameters it possessed in the Greenland Sea. On the
contrary, the BSBW in the Barents Sea remains the suriace
water mass and thus is subjected to strong atmospheric
cooling and freshening while mixing with the shelf origin
water and the water of the Norwegian Coastal Current
(Rudels et al., 1994}. Within the St.Anna canyon these
branches met and interact with each other as well as with the
water masses of local origin, forming rather complicated
thermohaline and dynamical structure. In the present study
the attempt is done to reveal the pattern of water masses
distribution within the detailed transect in the North Kara
Sea, to determine the bounds of water masses, the values of
their average thermohaline and hydrochemical parameters
and to estimate the directions of their relative motion.
2. DATA AND METHODS
The data on temperature, salinity, dissolved
oxygen and nutrients were used for the aims of research.
This data were obtained during the multidisciplinary research
cruise carried out in summer 1996 by the international
scientific group from the board of the German Research
Icebreaker "Polarstem" (Augstein,1997}. The high resolution
transect (26 suriace to bottom oceanographic stations} was
completed between the Franz Josef Land and Sevemaya
Zemlya isles (Fig.1 }.
The distance between the stations was about 20
km within the flat areas and to 5-7 km at the slope.
Temperature and salinity were measured by means of CTD
(with 1 meter vertical resolution}. Hydrochemical parameters
Corresponding authors address.
*VIadimir V.lvanov, AARI, Dept. of Ocean/Air Interaction, St.Petersburg, Beringa 38, Russia, e-mail: vivanv@aari.nw.ru
*Alexander A.Korablev, AARI, Dept. of, Ocean/Air Interaction, St.Petersburg, Beringa 38, Russia, IHT!ail: aaricoop@aari.nw.ru

were sampled at the standard depths and at the depths
where the extremums of thermohaline profiles were revealed.
To identify the distinct water masses at the
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Fig.1. Scheme of oceanographic stations in the St.Anna - Voronin
Troughs

envisaged transect the algorithm of multidimensional water
masses classification was applied (Korablev, 1995}. The idea
of this method is based on traditional definition of the water
mass as the volume of water with uniform hydrological,
chemical and biological characteristics. Hence, to make the
most reliable identification of the definite water mass, the
widest available spectrum of properties should be
incorporated in the calculation. Within the framework of the
algorithm each observational point is regarded as a vector in
multidimensional space, where the number of dimensions is
equal to the number of measured properties. After assigning
the Decart norm the distances between the arbitrary chosen
first vector and all the others are calculated. After the
shortest distance is determined the next nearest vector is
defined. This procedure goes step by step and terminates
when the graph comprising all the vectors is formed. At the
final stage of the algorithm the graph is divided into clusters
(water masses}, basing on the relation of the average
distance between the clusters to the average distance
between vectors in each cluster.
The rough estimates of baroclinic component of the
current through the transect were done by means of
traditional dynamical method (Fomin, 1964}, taking into
account the results of water masses identification for
choosing the "zero-speed" reference level.
3. RESULTS AND DISCUSSION
The results of the water masses determination is
presented in Fig.2 and Table 1.
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Fig.2. Water masses distribution across St.Anna - Voronin Troughs against the temperature after the
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The total number of classes
that can be reliably identified
within the examined section
is 10 (the minimal number of
vectors,
sufficient
for
identification, was set to 5) .
Basically these classes can
be regulated in five main
groups (water masses types)
in concordance with their
average parameters and
spatial location. They are: the
upper layer water masses classes 5, 6 and 56; the
FSBW - class 51, the BSBW
- class 18, the bottom water class 75 and the transient
water masses - the products
of the source water mixing classes 20, 21, 30, 48. The
upper mixed layer is thicker
above the deeps and is

Table 1 Mean characteristics of water masses
water type
index
5
6
18
20
21
30
48
51
56
75

number of
knots
59
37
75
8
40
8
7
10
10
16

temperature
[C•]
-1.78/0.03
-1.69/0.10
-0.85/0.43
0.04/0.11
1.01/0.46
0.05/0.04
1.92/0.18
2.78/0.25
-1.40/0.27
-0.30/0.01

salinity
[PSU]
33.88/0.13
34.20/0.08
34.69/0.12
34.7510.01
34.83/0.05
34.80/0.02
34.81/0.03
34.92/0.04
34.38/0.08
34.90/0.00

mean value/simple standard deviation
dissolved
oxygen[%]
phosphate
oxygen [mVI]
saturation
Jm!¥11
94.3711.27
8.03/0.12
93.21/12.98
7.66/0.08
90.50/0.81
109.34/9.65
7.38/0.09
89.41/0.39 143.08/16.24
7.10/0.04
88.22/0.31
147.38/2.82
7.08/0.08
90.27/0.51 164.24/15.65
7.08/0.02
88.02/0.28
157.24/5.27
7.00/0.04
91.21/0.34
155.5516.70
6.93/0.04
92.47/0.52
173.62/8.03
7.36/0.03
87.70/0.35
106.44/5.92
6.94/0.02
85.57/0.30
245.75/5.59

consistent with the water of class 5. lt is characterized by
near to freezing temperature and the lowest salinity. The
later points on the deposit of ice melting in the formation of
this water. This water mass overlies the saltier and slightly
warmer water (class 6) which tilts to the surface above the
hill. The properties of this water mass show on its winter
origin when the upper water column is salinated due to effect
of brine release while freezing. Thus, the fact that above the
hill this water spreads up to the surface can be explained by
weakened melting in this area. Rather high dissolved oxygen
concentration in this water fits well with its surface origin.
The subsurface water at the eastern margin of section (St.
27, 28, 29) is the saltiest and the warmers water in this
group. Its northernmost location (see Fig.1) and the average
properties give the ground to treat this water as a sort of the
so-called "winter" halocline water which is formed between
the he mixed layer and the thermocline in the Nansen Basin
(Rudels et al., 1996).

silicate

Jm!¥11
14.20/2.03
18.94/1.10
22.53/1.72
25.36/0.33
26.41/1.69
23.31/0.57
25.53/0.36
28.13/1.47
18.21/0.90
29.98/1.10

nitrate
[mg/1]
70.06/11.48
99.06/9.74
135.50/9.07
142.33/4.48
164.70/11.52
155.23/1.61
170.46/2.57
181.86/4.00
109.43/5.92
175.15/7.96

The FSBW (class 51) core in the St.Anna Trough
occupies the compact area in the western part of the section
within the depth range 100 - 350 m. On the contrary, the
BSBW (class 18) is spread at the intermediate depths
throughout the entire section, either being "pressed" to the
slopes of the hill, or embedded in between the subsurface
layer and the underlying water. The central part of the
St.Anna Trough is filled with the mixture product of the
FSBW and BSBW- water of 21th class. This can be clearly
seen if compare the thermohaline properties of such mixture
(0.97°C , 34.81 PSU) with the corresponding parameters of
class 21 water (Table 1). Further mixing of 21th class water,
while its spreading northwards and eastwards, with the
subsurface water (above the hill) and with BSBW at the
north-eastern slope of the Voronin Trough leads to the
formation of ·secondary" (more cooled and freshened) mixing
products - water of 20th class (above the hill) and water of
30th class - at the eastern margin of the section. Just at the
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periphery of the FSBW core the 48th class water is
distinguished. According to the values of its properties it is
the product of the premier FSBW modification after entering
the St. Anna Trough . Besides, the solitary core of this water
was found in the central part of the deep, pointing on
possible reverse motion of the FSBW in the canyon.

the canyon. The core of this flow (about 10 cm/s) is located
near the bottom. The reverse (northward) flow of slightly
modified FSBW (st.9, class 48 at Fig.2) confirms the
hypothesis of its splitting into two branches to the south of
the investigated area (Hanzlick and Aagaard, 1980). The
inflow of the BSBW and the 21th class water into the Voronin
Trough appears to occur
3 4 5
6
7 8
9 lO 12 15 17
18
19
20 21 23 24
25
26
21 28 2
from the north in the
~"'=.,--.~w-;;:--'"""'==
circulation field of the
anticyclonic eddy above
the hill. At the eastern
margin of the Voronin
Trough
these
water
masses turn northwards,
also stirred by the bottom
topography.
Thus, it should
be concluded that the
resultant outflow from the
Kara Sea to the Nansen
Basin comprises three
main water masses: the
BSBW (class 18), the
FSBW and BSBW mixture
(class 21) and the Kara
Sea bottom water (class
1
75). In consistence with
Fig.3. Geostrophic current normal to the transect against the potential temperature. (Reference lev.- 75 m) their density they feed the

High salinity and relatively high temperature of the
bottom water mass {class 75) show that the winter haline
convection on the shelves is the main mechanism governing
its formation. This water occupies the deepest part of the St.
Anna Trough. it is likely to be formed further to the south
above the shallow shelf of the Kara Sea, where the oxidation
of organic matter demands large amount of oxygen. Hence it
is characterized by the dissolved oxygen minimum and
maximums of phosphates and silicates ..
To figure out the water dynamics pattern within the
plane of the section the dynamical method of calculation
was applied. The common problem of this method is the
correct assignment of the reference "zero-speed" level.
Taking into account that in the St. Anna Trough the direction
of the FSBW motion is southwards, while the upper layer
moves generally northwards (Nikiforov and Shpayher, 1980),
and in consistence with the determined water masses
margins, the reference "zero-speed" surface was set at the
approximate bound of the upper layer (75 m). As the
maximal northward current is expected near the bottom
(Schauer et al., 1996), the error of such choice should be at
least lesser than if referring to the bottom.
The results of dynamical calculations are presented
in Fig.3. The zero speed lines divide the both deeps into two
parts of the opposite motion. In the St. Anna Trough the
water in the western part of the section (FSBW) slowly
moves southwards. The strong northward flow of the BSBW
and the bottom water is shifted towards the eastern slope of

Nansen Basin water column in the broad depths range.
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THE ARCTIC OCEAN AND GLOBAL CLIMATE: DRIVING THE CONVEYOR BELT
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1. INTRODUCTION
The global conveyor belt symbolizes global
ocean circulation and the ocean's role in climate
and climate change by portraying pathways for
oceanic heat transport. Deep water formation in
the Greenland and Iceland Seas has been
described as a main driving force of the global
conveyor belt, feeding dense water over the
Greenland-Scotland Ridge into the deep North
Atlantic and subsequently throughout most of the
ocean. This dense water formation depends on
the surface water salinity being sufficiently high so
that surface cooling and freezing create water
dense enough to sink into deeper layers. The
production of deep water in the Greenland Sea is
sensitive to sea ice formation [Wadhams, 1994]
and to the amount of fresh water flowing out of the
Arctic Ocean [Aagaard and Carmack, 1989].
Aagaard and Carmack [1989] argue that small
variations in the fresh water supplied to the
convective gyres in the Greenland and Iceland
Seas from the Arctic Ocean can alter or stop the
convection in what may be an analog to the
halocline catastrophes proposed by Broecker et al.
[1985] for the distant past.
Greenland Sea deep water formation is
variable [Aagaard, 1968; Alekseev et al., 1994]
and has been much reduced for the last decade
[Schlosser et al., 1991, Rhein, 1991]. Also, deep
convection in the Greenland and Iceland Seas is
seasonal. One might thus expect to observe both
seasonal and decadal variability in the outflow into
the North Atlantic. Over recent years, however,
the dense water flowing over the GreenlandScotland Ridge into the North Atlantic has
remained remarkably constant [Dickson and
Brown, 1994].
Various authors have pointed out that there is
a flow of the Arctic Ocean waters into the
Greenland Sea [Aagaard et al., 1985; Rudels,
1986; Smethie et al., 1988]. Only recently has the
contribution of Arctic Ocean outflow to the North
Atlantic been estimated [Mauritzen, 1996a and
• Corresponding author address. E. P. Jones, Bedford
Institute of Oceanography, P 0. Box 1006, Dartmouth NS
Canada B2Y 4A2; email:pjones@bionet.bio.dfo.ca

1996b], although its likely presence in the
outflowing water has been noted earlier [Aagaard
et al., 1991; Rudels, 1995; Such et al., 1996].
Such et al. [1996] note specifically that "... Arctic
Ocean deep water masses, more or less diluted
with surrounding water masses, flow as far south
as the Denmark Strait. lt is, however, not clear,
except perhaps for the least dense of the three
different water masses, whether they take part in
the overflow across the Denmark Strait sill .... "
The question we seek to address is not what
waters may be present in the outflow over the
Greenland-Scotland Ridge, but where the deep
water formation that drives the outflow is
occurring. We present a plume entrainment box
model that shows that the volume of intermediate
and deep water formed in the Arctic Ocean below
500 m is close to five times greater than the
volume formed in the Greenland Sea below the
same depth. We conclude that the Arctic Ocean
is the main driver of the Greenland-Scotland
outflow contributing to the global conveyor belt.
2. MODEL CONCEPT
Eurasian and Canadian Basins Model
We follow the concepts developed in earlier
work [Rudels, 1986; Rudels et al., 1994; Jones et
al., 1995]. The Arctic Ocean is taken to be
ventilated primarily by dense water produced on
its large continental shelves as a result of cooling
and brine rejection during ice formation in winter
[Aagaard et al., 1985; Jones et al., 1995]. The
original shelf waters that trigger the plumes have
high salinities and low temperatures, close to the
freezing point. They leave the shelves forming
boundary plumes, which sink and entrain
intervening water until the plumes achieve a
density matching that in the surrounding water.
Plumes formed in this way can reach all depths,
with generally decreasing numbers of plumes
reaching increasing depths.
We choose a type of "mixing box" model to
determine the rate of deep water formation in the
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Eurasian and Canadian Basins to determine is the
amount of new water added below 500 m. The
Arctic Ocean basins are divided into depth layers
(boxes). lnflowing Atlantic water is confined to
one layer between 200 m and 500 m. Each box is
assumed to be well mixed and renewed each year
with a constant fraction of newly ventilated shelf
water. Water is entrained at a constant rate
during the descent of the plume [Rude Is et al.,
1994]. The renewal rates are calculated using
hydrographic and transient tracer (CFC-12 and
CCI4) data.
The Eurasian and Canadian Basin model
calculations differ in the assumed age of the
Atlantic water (200-500 m layer). In the Eurasian
Basin we take the Atlantic water to be in
equilibrium with the atmosphere at the year of
calculation, whereas in the Canadian Basin in
order to account for transit times we take it to
have been in equilibrium be twenty years earlier.
Also, as suggested by Rudels et al. [1994), the
renewal of the waters of the Canadian Basin
includes a 75% advective contribution to each
layer from the Eurasian Basin.
Greenland Sea Model
Deep water formation in the Greenland
Sea occurs by open ocean convection rather than
boundary convection as described above. We
compute a mean value assumed to be valid for
the period from 1900 to the present. The
Greenland Sea model differs from the one for the
Eurasian Basin in two significant ways:
1)There is no entrainment term, since the
water column is homogenized during deep
convection.
2)There is an advective term representing the
inflow from the Arctic Ocean into the Greenland
Sea.
In order to compare our calculation of the
Arctic Ocean ventilation with that of the Greenland
Sea we use a model appropriate for this region
[Anderson et al., 1996) modified by increasing the
depth resolution of the earlier model calculations.

3. RESULTS
Our model is based on shelf-slope processes
that occur within the boundaries of the Arctic
Ocean and is constrained by CFC-11 and CCI 4
distributions within the deep basin.
In the
Greenland Sea the model was constrained by
CCI4 distributions. These tracers, whose source is
the atmosphere, can enter the deeper water below
500 m only through deep convection processes,
i.e., plumes within the Arctic Ocean. Thus, there
is a source of "new" deep water within the Arctic

Ocean that forces a flow into the Nordic Seas.
According to our models, the total amount of
water ventilating the Arctic Ocean below 500 m
(densities greater than those in the ScotlandGreenland overflow) is about 1.8 Sv.
The
corresponding ventilation in the Greenland Sea is
about 0.35 Sv, five times less than in the Arctic
Ocean.
Our model results can be compared to other
model estimates. Bonisch and Schlosser [1995)
used a box model (two boxes each in the
Greenland and Norwegian Seas and in the
Eurasian Basin, and with connections to the one
box for each of Barents Sea and the North
Atlantic) constrained by several tracers to
estimate exchange rates of deep waters between
the Greenland-Norwegian Seas and the Eurasian
Basin.
Their model was directed towards
assessing fluxes into and out of the Greenland
Sea and deep convection within it.
They
calculated renewal within the Arctic Ocean to be
0.26 Sv to the deep waters and 0.04 Sv to the
bottom waters in the Eurasian Basin compared to
0.23 Sv and 0.04 Sv from our model.
Mauritzen . [1996b] used an inverse model
based on a circulation scheme with North Atlantic
water losing substantial amounts of heat as it
flows northward in the Norwegian and Barents
Seas into the central basins of the Arctic Ocean.
The model calculation is constrained by mass and
salt balances, by heat fluxes between the
atmosphere and ocean and initialized by current
meter measurements. The model gives a total
outflow from the Arctic Ocean of 2.8 ±1.2 Sv.
As there is no other exit for deep water
formed in the Arctic Ocean, this deep water must
drive a flux from the Arctic Ocean through Fram
Strait into the Greenland Sea. The outflowing
water will mix with Greenland Sea Deep Water,
flow into the Norwegian Sea, and flow along the
continental margin to the Iceland Sea. Whatever
the precise fate of the deep water formed in the
Arctic Ocean might be as it enters and is partially
transformed in the Nordic Seas, a corresponding
volume of water must exit over the GreenlandScotland Ridge. The deep water formation within
the Arctic Ocean thus must be the major driver of
the contribution to the global conveyor belt from
the Arctic Mediterranean Seas.
Recent discussions regarding the sensitivity of
the global conveyor belt to climate change have
been based on the sensitivity of the Nordic Seas,
particularly the Greenland Sea, to climate change.
Because contributions from the Greenland Sea to
the deep water formation are small compared to
those from the Arctic Ocean, changes in the deep
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water formation rate in the Greenland Sea alone
will not significantly affect the overflow into the
North Atlantic.
According to our present
understanding of processes in the Arctic Ocean,
deep water formation and outflows are not likely
as variable as in the Greenland and Iceland Seas
because the Arctic Ocean is much larger, the
regions of deep water formation are more varied,
and the deep water formation process is almost
certainly less sensitive.
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CONVECTIVE DENSE WATER FORMATION IN REGIONS OF NEW ICE PRODUCTION
- NONHYDROSTATIC NUMERICAL PROCESS STUDIESJochen Kampf and Jan 0. Backhaus'
University of Hamburg, Hamburg, Germany

1. INTRODUCTION
A couple of process studies are performed with a nonhydrostatic convection model that allows for small-scale
ice-ocean interaction in regions of new ice formation (for
details, see Kiimpf and Backhaus, submitted to JGR,
1997}. The high-resolution model, working on spatial
scales of deka meters, has been developed to investigate dense water formation in polar regions, which can be
influenced by the formation or exist€!nce of sea ice.
2. MODEL SETUP
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wind stress and influences the surface heat balance due
to heat conduction through the ice.
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Figure 1. Ice cover for low winds after 24 hours of simulation.

An imposed wind of 10 m s·1 results in elongated
streaks of frazil ice (Figure 2}. ·
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2. STRUCTURES IN THE ICE COVER
At low winds cellular convection patterns develop in the
ocean. The average heat loss is 180 W m-2. Due to
induced surface convergence ahd divergence these patterns are transfered into the ice cover (Figure 1), as also
suggested by Carsey and Garwood (1993}. The length
scales of the cells are closely related to the penetration
depth of convection. The buoyancy forcing due to new ice
formation remains strong because large parts of the sea
surface remain free of ice due to the induced surface
dynamics.
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Figure 2. Ice cover for a constant 10 m s·l wind, blowing towards
the north, after 24 hours of simulation. Only frazil ice is forming.
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When pancake ice forms during an intermittent period of
low winds, these clear structures vanish and are replaces
by irregular patterns of pancake ice (Figure 3), which
results is a significant reduction of the oceanic heat loss.
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Figure 3. Ice cover for a constant10 m s·1 wind, blowing towards
the north, after 24 hours of simulation. After 6 hours of simulation a short intermittent period of low winds was prescribed in
which the new formed frazil ice was being transformed into
pancake ice.

3. STRATIFICATION EFFECTS
Three stratification studies are performed by prescribing different initial conditions. Initially, the ocean
consists of two layers, each 100 m thick. The upper layer
is at freezing point (T =-1.86 °C). The lower layer, i.e. the
Atlantic layer, is relatively warm (T =-0.5 °C). The salinity
difference between both layers is varied in order to
investigate the effect of entrainment of warmer water into
the surface mixed-layer. These studies indicate that the
initial stratification has an important influence on the
evolution of mean ice thickness and mean ice concentration (Figures 4a and 4b).
High stability at the pycnocline (ilS = 2.0 psu) inhibits
an effective upward heat transport from below and the
surface slowly freezes over. Convection is confined to the
upper layer. The ice concentration, however, stagnates at
37 % due to convectively induced surface dynamics.
For an initial very weak stability at the pycnocline (ilS
= 0.06 psu), the initially new-formed ice is completely
melted and convection fills the whole water column. Note
that the surface buoyancy flux due to new ice formation is
one order of magnitude larger than the corresponding
buoyancy flux for cooling without new ice formation
(Rudels, 1990). Thus, convection forcing is significantly
reduced as the mixed-layer temperature rises above
freezing temperature.

Figure 4. Evolution of (a) average ice thickness, and (b) average ice concentration, where grid cells with less than 1 cm of ice
are defined as ice free.
Medium stability at the pycnocline (ilS = 0.1 psu)
results in a state between freezing over and complete
melting. Structures in sea ice are persistent all the time.
Surface forcing is due to brine release but also to a
smaller degree due to cooling of entrained warmer
waters. Therefore, the magnitude of thermodynamic forcing, which gives the dense water formation rate, is in a
range between the two other cases.
4. LANGMUIR CIRCULATION
The effect of Langmuir circulation (henceforth LC) is
investigated by adding a vortex force term to the
nonhydrostatic Boussinesq equations according to the
Craik-Leibovich theory (e.g., Leibovich, 1983). The simulation is two-dimensional. Coriolis forces are neglected.
The effect of surface gravity waves is considered by
prescribing a constant Stokes drift profile which
corresponds to a wave length of surface waves of 100 m
(Figure 5). The depth of the wave layer is approximately
30m.
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Figure 5. Prescribed Stokes drift profile
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Three studies are performed: (1) convection without
2
LC for a prescribed heat loss of Q =1000 W m· ; (2) LC
without convection, i.e., Q = 0, and (3) convection plus
LC. Each study was conducted for different total water
depths, i.e., h =50, 100 and 150 m. The mesh size of the
numerical grid is 3 m. The runtime of the experiments is
15 hours. Initially, the ocean is well-mixed.
Convection penetrates down to the bottom. The maximum variance of vertical velocity establishes in the middle of the water column (Figure 6).

The second (larger) length scale is related with convection cells developing beneath the wave layer (Figure
8).
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Figure 8. Variance of vertical velocity in 10-4 m2 s-2 every third
hour. Experiment 3.

.r:::

1

150

4

Thus, the spacing of ice streaks may be rather small in
the presence of surface waves and is not related to the
pene-tration depth of convection.
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Figure 6. Variance of vertical velocity in 10-4 m2 s-2 every third
hour. Experiment 1.

Langmuir circulation is confined to the wave layer, i.e.,
the maximum of the variance of vertical velocity is at a
depth of 15 m. Downward penetration of the Langmuir
layer is very slow (Figure 7).
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The studies indicate that - under certain conditions the penetration depth of convection can be estimated by
looking at the length scales of small-scale ice features,
which may be observed by means of remote sensing
··techniques. This, however, seems only possible in the
absence of both surface waves and pancake ice.
Moreover, stratification studies indicate that the
success of dense water formation depends to a high
degree on the ambient conditions which - in turn - may
have been formed in the course of previous convection
events and by the influence of the larger-scale flow.
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Figure 7. Variance of vertical velocity in 10-4 m2 s-2 every third
hour. Experiment 2.

In the combined case (Experiment 3) two different
length scales of cells are evident A small length scale is
related with Langmuir cells, which are confined to the
wave layer. Langmuir circulation develops fast in a time
scale of minutes. Convection sets up below the wave
layer as the critical Rayleigh number in this surface layer
is exceeded. This happens after 9 hours, i.e., much later
than the onset of Langmuir circulation.
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ON THE POTENTIAL ROLE OF SEDIMENTS IN ARCTIC SLOPE-CONVECTION
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1. INTRODUCTION
The role of slope convection, or cascading, of dense
shelf bottom water in formation of water masses in the
Arctic Ocean is well accepted and explains properties of
deep and intermediate waters (Backhaus et al., 1997).
The potential role of sediments in water mass formation, however, has as yet not been considered in much
detail although substantial amounts of recent sediments
of either glacial or fluvial origin, or from ice melting are
available in the Arctic Ocean. Slope convection, enhanced by suspended sediments, therefore, appears to be an
issue worth further investigation.
Process studies with a sediment-plume model (Fohrmann, 1996) in which typical water masses were prescribed show that sediments which are initially suspended
in a gravity plume, or later due to erosion on its descent,
may account for a larger negative buoyancy in comparison to classical water mass plumes. Their dynamics may
become largely ageostrophic allowing for a very rapid
descent, a deeper penetration and a different entrainment
rate of water masses. Localized areas of high accumulation of recent sediments at the base of the continental
slope and intermediate and bottom nepheloid (high attenuation) layers in the Norwegian Sea are considered as
evidence of sediment plumes (Fohrmann et al., Sediments in bottom arrested gravity plumes - numerical case
studies, submitted to JPO, 1997). Nepheloid layers were
also observed in the vicinity of continental slopes of the
Arctic Ocean. Once the sediment-plume has reached its
equilibrium density horizon reduced turbulence allows for
a settling of sediments. The plume water masses, void of
the sediment load, may then become lighter than ambient
waters and initiates upward directed convection in the
water column originating from its intrusion level. This was
already observed in the tropics (Quadfasel et al., 1990}
and later confirmed by laboratory experiments (Kerr,
1991).
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Jan 0. Backhaus, lnstitut fOr Meereskunde der Universiti'H
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An idealized model experiment on a lateral, sedimentladen intrusion from a slope was conducted with a nonhydrostatic convection model (Kampf, 1996) in which
results from a sediment-plume model were prescribed.
The experiment confirmed upward directed convection
and provides information on its role in water mass
formation.
2. IDEALIZED MODEL EXPERIMENT
For the simulation of sediment-laden gravity plumes a
hydrostatic reduced gravity primitive equation model
(Jungclaus & Backhaus, 1994) was coupled with an Eulerian sediment model regarding transport, erosion and
deposition of sediments (Fohrmann, 1996). The sediment
plume model predicts the dynamics of a bottom arrested
gravity plume on a realistic bottom topography. The topography used for the idealized model experiment is shown
in figure 1.

.,<;;:,~

Figure 1. Idealized bottom topography.

Initially, the ambient ocean consists of a well-mixed
surface layer, 200 m thick. Beneath the pycnocline the
density increase is constant with depth (Figure 2). For
simplicity, temperature is assumed to be constant
throughout the water column.
Density without the contribution of sediments is calculated with a linear equation of state according to

Pw = Po {1 + ~(S - 80 )}

(1)
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where p0 =1028 kg m.a and S0 =34.7 psu are reference
density and salinity, respectively, and f3 8 x 10""' psu·1 is
the coefficient of haline contraction. With the contribution
of sediments seawater density is calculated with

=

P = Psed Csed + Pw (1- Csad)

( 2)

0.135

=

0.195

0.225

Figure 3. Initial density stratification with (solid line) and without
sediments (dashed line).
3.RESULTS
The evolution of the sediment-plume is shown in figure 4.

=

where Psed 2651 kg m.a is the sediment density, and
Csed is the sediment concentration. The sediment load is
given by Cload
Psed x Csed. For simplicity, only one
sediment class (silt, ~rain diameter 20 J.l.m, settling velocity 1.82 x 1o.a m s· ) is used. At the bottom 3 mm of
those particles are available. At the inflow the initial
sediment load is set to 2 g/1, the salinity is 34.8 psu, the
height is 50 m and the velocity is 0.2 m s·1•
Upward directed convection is investigated by means
of a nonhydrostatic fine-resolution convection model. For
details see Kampf (1996) or Kii.mpf & Backhaus (Shallow,
brine driven free convection in polar oceans, accepted
paper, JGR, 1997). The meshsize of the numerical grid is
10 m. The simulation time is one day. The model domain
covers the depth range from 500 to 1000 m of the ocean.
The horizontal size is 5 km. Lateral boundaries are cyclic.
There are no external buoyancy sources. Initial fields of
sediment load, plume height, and plume salinity are
provided by the sediment-plume model at a stage where
the plume stagnates. The values are as follows: plume
height 40 m; sediment load 0.12 g/1; and plume salinity
34.8665 psu. Without sediments the density stratification
in a 40 m thick bottom boundary layer is unstable (Figure
3). An additional conservation equation for sediment concentration is added, where the above given settling
velocity of sediment particles is being prescribed. The
distribution of sediments (which drives upward directed
convection) can be effected by advection by plumes and
by horizontal and vertical diffusion.
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Figure 4: Height of the plume (m) above the seafloor after 0.5
days (top}, 1 day (middle} and 3.5 days (bottom). The
dotted horizontal line indicates the foot of the slope in
1000 mwater depth. The interval of the contour lines
is 1,2.5, 5,1 0,20,30,40 m.
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Upward directed convection is forced by the settling of
sediments as the sediment-plume stagnates (Figure 5).
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Figure 5. Evolution of density stratification plotted every third
hour of simulation.

The plume becomes continually shallower and finally disappears. Lighter waters resulting at the top of the gravity
plume are being mixed upward due to small-scale convection cells, which finally yields a well-mixed bottom
boundary layer (Figure 6). Convection slows down after
12 hours since all sediments are already settled down.

Finally, the plume disappeared, and mixing by convection
resulted in a well-mixed bottom boundary layer being
much thicker (220 m) than the initial plume (40 m).
This possible mechanism of deep water ventilation
may explain features in the Greenland Sea Gyre observed
during the last years. 320 kg of tracers (SF6) were released into the Greenland Sea Gyre in August 1996 at a
depth of approximately 300 m (for information, see web
page http://www.smr.uib.no). During the winter 1996/97
there was no evidence that convection penetrated deeper
than 700 m, i.e. the tracer remained close to the release
depth. Surprisingly, some tracers were observed close to
the sea floor at large water depths (Watson, personal
communication, 1997). Our process studies indicate that
this feature may be explained by sediment-plumes originating on the East-Greenland shelf. Large amounts of
sediments enter into the Greenland Sea through Fram
Strait as part of sea ice carried with the East-Greenland
Current. Since large amounts of sea ice melt continually
in the vicinity of the slope, sediments are available
throughout the year, being the potential source for
sediment-plumes and sedimentation-driven convection.
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1. INTRODUCTION
Ice displacements can be calculated from a
pair of images of Synthetic Aperture Radar
(SAR) with pattern-matching (eg. Fily and
Rothrock, 1987; Kwok et al., 1990). In a
joint work of National Space Development
Agency (NASDA) and Japan Marin Science
and Technology Center (JAMSTEC), the
image-pyramid method had been adopted.
The image-pyramid method may, however,
mismatch ice-image patterns near the edge
of the eternal ice zone, because of local
similarity in SAR-image patters of sea ice.
Abandoning the image-pyramid method,
we improved algorithm of ice-displacement
calculation to avoid mismatching sea-ice
patterns.
On 4 and 6 November 1996, we obtained
75 km • 75 km Japanese Earth Resources
Satellite (JERS1) SAR images near the New
Siberian Islands around 72.5-73N 135137E (the Laptev Sea), where ice
concentration (compactness) was more
than 70%. Every week from December
1996, we obtained a 500 km • 500 km
RADARSA T SCANSAR image in the
Western half of the East Siberian Sea
including the New Siberian Islands. We
succeeded in measuring ice deformation
while the absolute velocity of ice floes is still
uncertain.
2. SAR DATA
We utilized data of JERS1/SAR obtained
on 4 and 6 November, 1996 (Rgure 1) and
of RADARSAT/SCANSAR obtained on 15
and 22 December 1996 (Figure 2}.

(b)

3. METHOD OF PATTERN
MATCHING
First, we average every 10 by 10 original
pixels. The size of the averaged pixels was
125 m by 125 m for JERS1/SAR and 500 m
by 500 m for RADASAT SCANSAR. Thus,
the errors in relative velocity derived in this
study are estimated as more than the size of
this pixel averaging. Second, we match a
pair of images without the image-pyramid
method. The size of a window for area
correlation is 15 by 15 averaged pixels.
Search area for area correlation is restricted
only to 31 by 31 averaged pixels.

(c)

Figure 1. A pair of images of JERS1/SAR.
(a) Location. The right and left squares were
observed on 4 and 6 November, 1996,
respectively. (b) 4 November, 1996. (c) 6
November, 1996.
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Figure 4. Deformation of sea ice field
derived from RADARSAT/SCANSAR
images of Figure 2.

To eliminate uncertainty in positioning
pixels by orbital infonnation of the satellites,
ice-displacement vectors were calculated
on image coordinates with the aid of an
image tie point. In addition, to avoid the
artifact for deformation by map projection,
ice deformation parameters (divergence
and shear) were calculated directory from
the ice-displacement vectors.

4. RESULTS
(b)
Figure 2. A pair of images of
RADA RSA T/SCANSAR. The pattern of
leads changed significantly. (a) 15
December 1996. (b) 22 December 1996.

Since there is no data of drifting buoys on

sea ice in the area of the SAR images we
used in this study. we have not verified the
absolute velocity we derived from the SAR
images.

4.1 JERS1
lee moved about 0.2 km/day southeastward (landward) without outstanding
deformation (Figure 3) although located
only 100 km offshore (Figure 1). Slight
shear can be, however, seen.

4.2 RADA RSA T
We calculated the ice motion on the upperright (northeast) quarter of Figure 2. Ice
moved roughly about 13 km/day westward
with noticeable deformation (Figure 4). As
can be seen in Figure 2, the pattern of
leads changed significantly.

5. CONCLUSIONS

_.,_.
Figure 3. Shear of sea ice derived from
JERS1/SAR images of Figure 1.

The image-pyramid method may mismatch
ice-image patterns near the edge of the
eternal ice zone, because of local similarity
in SAR-image patters of sea ice. We
succeeded in measuring ice deformation
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while the absolute velocity of ice floes is still
uncertain.

6. Futre plan
We plan to derive deformation of the seaice field observed by
RADARSAT/SCANSAR weekly from
December 1996 through April1997.
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A Test of Coupling of McPIC Ice-Dynamics with Maykut-Untersteiner IceThermodynamic Model
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1. INTRODUCTION
Having inherited rheology and
thermodynamics from Hibler (1980), McPIC
(Mufti-category Particle-in-cell) sea-ice
model by Flato {1994, henceforth, the
original McPIC) traces pack ice in the
Lagrangean way. The thermodynamic part
of the original McPIC is cruder than MaykutUntersteiner ice-thermodynamic model
{1969, 1971, henceforth, M!J}. For
example, MU solves a heat-diffusion
equation, while the original McPIC does
not. Moreover, snow cover and a sea-ice
salinity profile are taken into consideration
not in the original McPIC but in MU. To
improve the thermodynamic part of McPIC,
we substituted Maykut-Untersteiner icethermodynamic model into the
thermodynamic part pf McPIC model
(Henceforth, MU-McPIC). In this paper, we
discuss the comparison of the original
McPIC and MU-McPIC.
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Figure I. A schemuic figure or temperature-profile
calculation by MU in the space or thickness
categories and vcnical coordinates 31 a numerical
cell. MU calculates ice growth or mell. Thus,
interpolation or tempcralure on a fixed thicknesscalegory is necessary al every time step.
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2. SUBSTITUTION OF MU INTO THE
THERMODYNAMIC PART OF MCPIC

~

The ice-thickness distribution function in
McPIC expresses the probability-density
distribution of ice thickness in each
numerical cell. Since ice-thickness
categories of McPIC are fixed in contrast
with MU calculation of ice growth or melt we
interpolated the vertical profiles of ice '
temperature to the fixed thickness category
at every time step, assuming that the
isothermal lines in a space of the thicknesscategory and the vertical coordinates
defined at each numerical cell are smooth
enough (Figure 1}.
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Here, Tis temperature; 't', time; Li't',
numerical time increment, C. stretched
~oordinates, TJ, ice-thickness category; f.
rce growth. C=1 at the upper surface of ice
while C=O at the lower surface of ice. This '
interpolation is similar to the advective term
in fluid dynamics.
Since the latent and sensible heat of MU is
prescribed, we modified them following
those of the original McPIC:
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In this test study, the time increment is 4.8
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km.
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due to the incorporation of a heat diffusion
o. McPIC-Fice x MU-Fice
MCPIC-Tice MU-Tice
equation into the modified McPIC (Figure
(b)
3). In the original McPIC, the temperature
Figure 4. Ice-growth rate, Fice.and
profiles in ice are assumed to be linear,
while not in MU-McPIC.
temperature of the ice surface, Tice. on the
line shown in Figure 2. The differences are
4. CONCLUSION
larger in thicker ice category. {a) the
thinnest category less than 15 cm. (b) the
The results for thick ice category were
thickest category. 500-1000 cm.
considerably different between the original
and MU-McPIC, owing to the incorporation
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MODELING THE VENTILATION OF THE UPPER AND INTERMEDIATE WATER OF
THE ARCTIC OCEAN WITH AN ISOPYCNIC MODEL
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Fig. 1: Sea surface elevation in january in the Arctic part of the model domain

l. THEMODEL

2. EXPERIMENTS

For the Arctic and subarctic domain, the
coupled ice-ocean general circulation model OPYC
(Oberhuber, 1993) is set up to be integrated for
several decades. It is used to study the circulation of
watermasses, the ice cover and the transport of
contaminants. The model consists of 14 layers of
constant potential density, a mixed-layer model on
the top and is coupled to a dynamic-thermodynamic
ice-model. The horizontal resolution is circa 50 km.
The model domain extends from the Arctic down to
approximately 50° N and has open boundaries in
the Bering Strait and the northern North Atlantic.
It is driven by a climatological seasonal cycle of
monthly mean atmospheric data from the ECMWF
dataset. In the Arctic, the sea surface salinities are
restored to seasonal salinities from the atlas of
Gorshkov (1980) and to monthly mean salinities
from Levitus ( 1982) in the rest of the domain.

The climatic state of the Arctic Ocean is
determined by processes affecting the inflowing
branches of Atlantic origin, riverwater and
Beringstrait inflow water at the ocean-iceatmosphere interfaces and below the surface. The
fate of these branches and their interaction in the
model are studied. For this purpose the model is
spun-up for 32 years. The circulation of year 33 is
interpreted and compared to observations. As a
valuable tool to analyse and visualize the circulation
and the ventilation, tracers are injected to follow the
riverwater, the Beringstrait inflow water and the
Atlantic Water branches. They are transported by
the seasonal cycle of the year 33, which is repeated
for several decades, thus standing for a
climatological mean year.
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3. RESULTS
3.J.Surface Circulation
In winter the circulation pattern at the surface of
the central Arctic is characterized by a rather small
Beaufort Gyre in the Canadian Basin and a strong,
meandering Transpolar Driftstream (TPD) (Fig 1).
The TPD consists of a polar branch moving from
Bering Strait towards the pole to Fram Strait and a
Siberian branch which is fed by the surface waters
leaving the shelves of the Barents-, Kara- and
Laptev Seas. The shelf watermasses have their
origin in the Atlantic Watermasses commencing
their Arctic movement between Spitsbergen and
Norway. The water entering through Bering Strait
seperates, partly feeding directly into the TPDs
polar branch partly flowing we~ward along the
Chukchian Shelf until it seperates at the New
Siberian Islands to follow the Siberian branch of the
TPD.
In late winter to early summer an eastward
coastal current develops along the Siberian shelves.
The Beafort Gyre is absent in most summer months,
whereas the meandering TPD persists.
3.2 Subsurface Circulation
In 100 m depth in the model halocline a strong
inflow of Atlantic Water with the West Spitsber_gen
Current feeds a cyclonic circulation in the central
Arctic Ocean, which is augmented with water
running of the shelves.
In accordance with observations, the circulation
in the depth intervall between 200 and 1000 m
(Atlantic Water layers) is dominated by several
cyclonic cells in the Eurasian and Canadian Basins
(Rudels at al., 1994). Water of Atlantic origin enters
through Fram Strait (Fram Strait Branch - FSB) and
joins with watermasses leaving the shelf via the
St.Anna Trough of the Kara Sea (Barents Sea
Branch -BSB). The FSB dominates the inner part,
the BSB dominates the outer part of the cyclonic
recirculation in the Eurasian Basin.
3.3 Riverwater Tracer
The model does not have an explicit inflow of
riverwater. The inflow of freshwater on the shelves
is realized via the sea surface salinity restoring to
observed seasonal salinity data. For the tracer
experiment, an amout of passive tracer is injected in
proportion to the observed monthly mean river
runoff from the atlas of (Gorshkov, 1980) at the
locations of the major Arctic rivers.
The major amount of riverwater comes from the
rivers Ob and Yenisei, entering the Kara Sea and

the river Lena feeding the Laptev Sea. The Ob and
Yenisei waters either exit the Kara Sea near
Svernaya Semlya or through Vilkitsky Strait, where
they join the Lena river water. Finally the riverwater
joins the TPD and leaves through Fram Strait and
to a small amount through Nares Strait. In the
western Eurasian Basin the maximum fraction of
riverwater at the surface amounts 10-12 % (Fig. 2)
which fits well to the fractions derived from 8 18 0
measurements (Bauch et al., 1995).

Alaska

Barents Sea

Fig. 2: Model riverwater fraction on a section from
Alaska to the Barents Sea just east of Spitsbergen.
(Cross hatched> 10%)
The water of the Mackkenzie river exits the
central Arctic east- and southward through the
Canadian Archipelago.
3.4 Atlantic Water Tracer
For the purpose of tracing Atlantic Water in the
Arctic Ocean, the radionuclide 129 I, which is
emitted by the european reprocessing plants in
Sellafield and La Hague in increasing amount, has
been suggested before (Smith, 1996). Recent
measurements from the central Arctic offer the
opportunity for comparison. In the model the tracer
has been introduced at 60° N near the Norwegian
coast in the form of a proxy timeseries of 129 I
concentrations, Nhich has been constructed by
Smith (pers. comm.) based on the actual release
functions. Starting in 1965, the tracer is injected and
transported for 30 years. A comparison with the
129
concentrations of
I on the Arctic Ocean Section
1994 from the Chucki Plateau to the Makarov and
the Eurasian Basin and the cruise track of USS
Pogy in 1996 across the Beaufort Sea
approximately along 140° E shows excellent
agreement of the model. A maximum of
concentrations below a sharp surface front to the
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water of pacific ongm reaches far southeastward
above Mendeleev Ridge in 100-200 m depth. A
weaker maximum below 200 m at the Chukchi Shelf
marks a cyclonic slope current In the Makarov
Basin the front of the Atlantic water extends almost
to the Mendeleyev Ridge in the form of a
subsurface tongue. Along the shelf break a
maximum at greater depth can be identified as water
circulating cyclonically as an extension of the
Atlantic water path in the Canadian Basin (Fig. 3).
129
A distinct minimum of
1 concentrations in the
entire watercolumn above the southern slope of the
Alpha Ridge could be interpreted with the help of
the model as a result of westward flow below the
halocline in this area.

processes on the shelves due to cooling and ice
formation.
Thus in the model the BSB has the same
importance for the ventilation of the intermediate
depths, the socalled Atlantic Water Layer(s), as the
FSB with 0.4 - 1.3 Sv of inflow in this density
range.
3.5 Bering Strait Water Tracer
The inflow of water through Bering Strait pulsates
in a seasonal cycle with maxima in winter. The
maximum concentrations are found in the southern
Beaufort Sea. The water leaves the Arctic Ocean
through the Canadian Archipelago. Only a small
fraction gets as far east as Fram Strait.
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A NUMERICAL INVESTIGATION OF OFFSHORE TRANSPORT PROCESS
OF DENSE SHELF WATER IN A CONTINENTAL SHELF/SLOPE REGION
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and Motoyoshi lkeda
Graduate School of Environmental Earth Science, Hokkaido Univ., Sapporo, 060, JAPAN

1. INTRODUCTION
Dense shelf water produced in a coastal
polynya is one of the major sources o.f intermediate
and deep water masses.
Recently, several
researchers have investigated the dynamical process
of offshore transport of dense shelf water; e.g.,
Gawarkiewicz and Chapman (1995). These works
show that the process of eddy development
contributes to the offshore transport of dense shelf
water and that a bottom dense plume transports dense
shelf water over a continental shelf, mixing with the
ambient water. The purpose of the present study .is to
clarify the transport process of dense shelf water from
a continental shelf to a slope. For the purpose, we use
a three-dimensional primitive equation model. We
focus on the response and behavior of dense shelf
water over a shelf break and clarify the effects on the
change of bottom topography (the depth and bottom
gradient).

The horizontal grid size is taken to be 2.5 x 103 m. A
vertical resolutio11 is taken to be 36 sigma levels. The
resolution becomes higher as the sigma level reaches
the surface and the bottom. The surface salt flux is
applied from the time t = 0, and held fixed until the end
of the numerical experiments. The salt flux of a
constant value of -0.5 x10-4 psu m s· 1 is used from the
coast toy= 30 km. The value of the salt flux, -0.5 x
10-4 psu m s" 1, corresponds to about 700 W m·2 which
is calculated in the term of heat flux for the typical
coastal polynya in the Arctic. Amount of the salt flux
decreases as it goes offshore from y = 30 km and
1
become 0 psu m s· aty =50 km. In the offshore side
of y =50 km, no salt flux is given to the model ocean.
1t should be als.o noted that the salt flux has no
alongshore variation as well as the bottom topography
of a numerical domain. Other forcings are not applied
to the model ocean.

3. RESULTS OF NUMERICAL EXPERIMENTS
2. MODEL DESCRIPTION

3. 1 Results of Basic Case

The numerical model used in this study is the
Princeton Ocean Model. Vertical coordinate of the
model has a sigma coordinate system. A secondorder turbulent closure scheme is embedded in the
model to provide vertical mixing parameters.
The numerical model domain is idealized for
both a continental shelf and slope. The domain spans
300 km in the alongshore direction and 250 km in the
across-shore direction. The bottom topography can be
given by a hyperbolic tangent function and it has no
alongshore variation. The depths of the coast and the
order to investigate the effects of bottom offshore are
set 30 m and 600 m, respectively. In topography on
the transport process of dense shelf water, we use
three types of bottom topography, Basic Case (BC),
Steep Slope case (SS) and Gentle Slope case (GS).

Figure 1 illustrates salinity and velocity fields for
BC at day 28. Dense shelf water which is produced
over a continental shelf is transported offshore as
follows: first through an offshore eddy development
over a continental shelf and secondly through dense
plumes accompanied with developing a shelf break
front over a continental slope. The eddy development
process is similar to the results of numerical
experiments by Gawarkiewicz and Chapman (1995).
As the bottom slope becomes sharp and the
depth becomes deep, the dense water transport
through the eddy development process, i.e., eddy flux,
weakens. Figure 1(a} shows that the zonal direction of
offshore transport of dense shelf water change from
westward over the continental shelf to eastward over
the slope at the bottom boundary. For BC, the
boundary where the zonal direction of offshore
transport changes is at y-70 km. Investigating
balances of the salinity conservation equation, we find
that the dense water transport through the eddy flux is
limited within this boundary. Figure 1(b) shows that

* Corresponding author address. Takashi Kikuchi,
Japan Marine Science and Technology Center, 2-15
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3.2 Sensitivity of bottom topography
level 34
TIME=28.0
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To clarify the effects of bottom topography, we
carry out two more numerical experiments which have
different bottom topographies and compare the results
of them. We focus the s~·elf break front which means
where the transport process of dense shelf water
changes.
The transport process is common among all of
three experiments. Eddy flux is restricted within the
shelf break front as well as BC. However, it is found
that, if the velocity fields produced by eddy flux is
unstable, the eddy flux transports dense shelf water
farther offshore. The shelf break front is developed at
y-55.0 km for SS and at y-85.0 km for GS, whereas
at y-70.0 km for BC. Note that the location of the
shelf break front is nearer to the coast and its depth
becomes shallower, as the bottom slope of numerical
experiment becomes steep. Therefore, we investigate
a relation between eddy flux and bottom topography
using simple analytical model.
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4. COMPARISON WITH
A SIMPLE ANALYTICAL MODEL
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Figure 1. (a) Salinity and horizontal velocity fields at
level 34 for Basic Case at day 28.
(b) Vertical section of zonally mean salinity and
alongshore velocity fields for Basic Case at day
28. A contour interval of the velocity is 0.05 m
s- 1 . Dashed lines show negative (westward)
velocities.

a salinity front between the dense shelf water and the
offshore surface water is developed and that the
location of the salinity front corresponds to a shelf
break.
Dense plumes are prominent to the transport
process beyond the shelf break front. The dense
plume is developed with the westward surface current
on the shelf break front. In the bottom boundary, the
balances of salinity conservation equation become
more complicated. The vertical diffusion term of the
equation becomes more important over a continental
slope than over a continental shelf.

We can use a two-layer quasi-geostrophic
model over a uniform slope. The model contains only
a purely baroclinic flow so only baroclinic instability
exists. Note that the stability depends on the following
parameter, (1) a bottom gradient parameter, (2)
Froude number, (3) Rossby number, and (4) the upper
and lower layer thickness ratio. Since the effects of
bottom topography are highly reflected in the first two
parameters, we focus our attention on the effects of a
bottom gradient and Froude number.
Figure 2 shows the instability range as a
function of Froude number and a bottom gradient
parameter when Rossby number is 0.0973. lt is found
that both the deepening, i.e., decreasing the Froude
number, and steepening stabilize the surface mean
current which was flowing over the slope with the
same sense as the interface slope.
We apply this model to investigate the stability
of the shelf break fronts shown in the previous section.
Three lines imposed in Figure 2 show the bottom
topographies used in the numerical experiments. An
open circle in Figure 2 corresponds to the coast, which
has a depth of 30 m on flat. bottom. lt is found that the
velocity field is in the instability range over a
continental shelf. As the bottom gradient becomes
steep and/or the depth becomes deep, the velocity
fields approach a stable region. A solid circle on each
line is a neutral point of velocity fields. The location of
each neutral point corresponds to those of a shelf
break front shown in the numerical experiment.
Therefore, we note that the shelf break front is
developed at the location where the velocity field
becomes stable.
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From the stability analysis, we can conclude in
the following way. If the front produced by eddy flux is
unstable, the eddy flux transports dense shelf water
farther offshore. On the other hand, if the front is
stable, the eddy flux is restricted within the front. The
stability analysis shows that such neutral points
corresponds to the locations of shelf break front in the
numerical experiments. Thus, where it goes farther
offshore than the shelf break front, barocfinic instability
can not develop so that the transport of dense shelf
water through the eddy flux is limited within .a
continental shelf region. Instead of the eddy flux,
dense plumes become important to the transport of a
dense shelf water far from the front.

5. SUMMARY
We clarif.t€d the transport process of dense
shelf water from a continental shelf to a slope, using a
three-dimensional primitive equation model. The
numerical experiments showed that dense shelf water
was transported by eddy flux in the continental shelf
and by dense plume beyond a shelf break. lt was also
found that a salinity front was developed over the shelf
break The shelf break front was produced by the eddy
flux.
The location of the shelf break front was
controlled by the bottom topography. From the
stability analysis, both the steepening and deepening
stabilized the mean current which was flowing over the
bottom slope with the same sense as the interface
slope. ft was found that the shelf break front was
stable so that the eddy transport of dense shelf water
was limited within a shelf break front. The shelf break
topography was very important as a neutral point of
the stability of the mean current associated with the
shelf break front and prevented dense shelf water from
being transported farther offshore by eddy flux.
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ON THE REPRESENTATION OF THE SOUTHERN OCEAN WATER MASSES
IN AN OCEAN CLIMATE MODEL
Seong-Joong Kim* and Achim Stossel
Texas A&M University, College Station, Texas

1.

INTRODUCTION

The Southern Ocean surface conditions are
considerably modified by sea ice, which influences
the water properties by releasing brine and fresh
water during freezing and melting. The brine released
from sea ice makes the water on the shelf dense
enough to sink to the bottom and contributes to the
formation of Antarctic deep and bottom water.
Eventually, the world deep ocean thermohaline
properties are influenced by these marginal high
latitude processes around Antarctica. To better
reproduce the deep ocean thermohaline properties in
a numerical model, a more accurate representation of
sea ice processes and associated deep convection
processes will thus be required.
There have been attempts to examine the
properties of the Southern Ocean and deep-water
masses in the framework of analytical and numerical
models. However, in global Ocean General
Circulation Models (OGCMs), the simulated deep
water
properties
have
shown
substantial
discrepancies to observations, partly due to the
neglect of an interactive sea ice component (Bryan
and Lewis, 1979; England, 1992, 1993; Toggweiler
and Samuels, 1995). Even if a comprehensive
dynamic and thermodynamic sea-ice model is
included in an OGCM, the deep ocean appears to be
overall colder and fresher, and the pycnocline at the
intermediate depth of the Antarctic continental margin
is diffuse and thicker . than observed. At some
locations, the open-ocean water column is almost
completely mixed down to the bottom (Drijfhout et al.,
1996; Goose et al., 1996; Duffy and Caldeira, 1997;
Stossel et al., 1997).
A great d eal of the problems mentioned
above arise from an insufficient representation of
surface processes in OGCMs over the southern high
latitude and consequently of the water masses
contributing to the formation of Antarctic deep and
bottom waters. The objective of this study is to
improve the simulation of the Southern Ocean water
properties in the framework of an ocean climate
model, i.e. a global coarse resolution OGCM. We do
this by investigating the effect of a more realistic
large-scale as well as local sea ice forcing, and the
effect of more detailed shelf topography. With the
latter we aim at reproducing the first-order effects of
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Texas A&M University, Dept. Of Oceanography,
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near-boundary convection, which we do not claim to
resolve small-scale convection. The main goal of this
study is to investigate the sensitivity of the water
mass properties to the factors mentioned above, and
to see whether these factors will lead to satisfactory
improvements.
2.

SOUTHERN OCEAN WATER MASSES

The Southern Ocean being influenced by
sea ice, the top about 200 m consists of Antarctic
Surface Water (AASW). By the seasonal heating, and
brine and fresh water release from ice, AASW has a
wide range of potential temperature from close to the
freezing point (-1.9°C} to greater than ooc and salinity
less than about 34.4. In summer, the upper part of
AASW becomes warm and fresh by surface heating
and ice melting, resulting in a temperature minimum
layer at its lower part.
Below AASW, in the oceanic regime, Lower
Circumpolar Deep Water (LCDW) is characterized by
salinity maximum greater than 34.66 and potential
temperature maximum greater than 0.2°C. The
potential temperature maximum core of LCDW is
observed at about 500 m and its salinity maximum
core is found at about 700 m (Kim, 1995). As LCDW
approaches the Antarctic continental margin, it meets
colder and fresher waters originating from the
Antarctic continental shelf. A mixture of both leads to
the formation of Antarctic Bottom Water (AABW).
AABW is characterized by potential temperature less
than ooc and salinity between 34.64 and 34.73.
3.

MODEL CONFIGURATION

In this study we employ the coarse resolution
Hamburg Ocean Primitive Equation (HOPE) OGCM,
based on the primitive equations with a prognostic
free surface, assuming an incompressible fluid, and
using conservation equations for tracers. This model
has horizontal resolution of 3.5° x 3.5° and 11 vertical
layers and runs with the time step of 20 hours.
Detailed descriptions of the HOPE OGCM version are
provided in Drijfhout et al. (1996) and Wolff et al.
(1997).
The model includes a comprehensive
dynamic-thermodynamic sea-ice model. The sea ice
dynamics adopt the viscous-plastic constitutive law
from Hibler (1979) to describe the internal ice stress,
while the sea ice thermodynamics are adopted from
Owens and Lemke (1990) (Stossel et al., 1997). The
heat budget is calculated separately over the ice-free
and ice-covered part of a model grid cell to account
for the spatially highly differential heat fluxes. The
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model stores the released brine and adjusts vertical
convection with stability check every time step to
represent. the effect of brine release on convective
overturning (convective adjustment).
The model is forced by climatological
monthly mean winds from Hellerman and Rosenstein
(1983) except for the Southern Ocean areas covered
by sea ice. The sea-ice - ocean admixture is forced
by daily winds from the ECMWF analyses. The
treatment of surface temperature and salinity is
dependent on the presence of sea ice. In ice-free grid
cells, surface temperature and salinity are 'relaxed' to
prescribed air temperature from GOADS (Woodruff et
al., 1987) and salinity from Levitus (1982) with time
scales of 80 days and 40 days, respectively. If grid
cells do contain sea ice, thermal forcing at the surface
is based on the comprehensive heat budget
calculations, while the surface salinity is adjusted to
the rate of brine (fresh water) release associated with
the thermodynamic change in ice thickness.
4.

EFFECT OF WIND FORCING

In previous experiments, Stossel et al.
(1997) forced ocean and sea ice with monthly mean
climatological wind field from Hellerman and
Rosenstein (1983) and obtained poor temperature
and salinity profiles in the central Weddell Sea in the
sense of vertical mixing. A stronger and more realistic
turbulent heat flux over Southern Ocean sea ice is
represented by daily wind variability (Stossel et al.,
1997). Fig. 1 shows the vertical profiles of
temperature and salinity in the central Weddell Sea
(40°W and 70°S). Observed hydrographic profiles
(solid line) show the rapid increase in temperature
and salinity at intermediate depth, resulting in a
pronounced pycnocline associated with (warm and)
saline LCDW. Below LCDW, AABW shows slightly
decreased temperature and salinity.
When monthly wind was imposed over the
Southern Ocean sea ice (dashed line), the
temperature maximum core associated with LCDW is
almost missing, and the temperature and salinity of
deep and bottom water is too low compared to the
observed. Drijfhout et al. (1996) attributed such colder
and fresher AABW to too low Levitus salinity used for
relaxation of surface salinity, while St6ssel et al.
(1997) ascribed it to too strong convection. Such poor
reproduction of the Southern Ocean thermohaline
properties is improved by imposing daily winds over
the Southern Ocean sea ice (long-dashed line).
Compared to the previous experiments, the
temperature maximum core is more evident at
shallower depths and the salinities at the temperature
maximum cores appear to be increased, revealing a
more realistic stratification. However, bottom
temperature and salinity is still lower than observed.
Since we do not apply salinity restoring under sea ice
in this experiment, the summer-biased boundary
conditions pointed out by Drijfhout et al. (1996} may
not be the decisive reason for the poor result.

Evidently, the more realistic wind forcing
over sea ice, both in terms of its variability and
enhancement of the turbulent heat fluxes, leads to a
substantial improvement of the hydrographic
properties in the Weddell Sea. This improvement
seems to be due to increased ice formation,
consequently providing.more salt to the water column.
Furthermore, daily winds seem to activate penetration
of LCDW more toward the south, maintaining the
temperature and salinity maxima at intermediate
depths.
5.

EFFECT OF SHELF TOPOGRAPHY

The motivation for this experiment is to
mimic a first-order near boundary convection process
by modifying the shelf topography. As Killworth (1983)
suggested, a reservoir to store dense water is the
most significant precondition for the production of
deep or bottom water through deep convection near
ocean boundaries. To investigate the effects of such a
mechanism on the regional high-latitude water mass
properties within a global ocean climate model, we
widened the shelf areas in the Weddell Sea and the
Ross Sea.
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The temperature and salinity profiles (dotted
lines in Fig. 1) obtained after modifying the shelf
topography appear to be improved over previous
experiments. The maximum potential temperature at
intermediate layers is closer to that observed. We
encountered a more remarkable improvement in the
shelf region (not shown) where the shelf water salinity
increases with depth. Garden (1974) suggested that
the shelf salinity is proportionally increased with the
shelf width. As expected, when applying a wider shelf
topography, we obtain more realistic shelf water
salinities at 34.65 in the Weddell Sea and 34.85 in the
Ross Sea.

6.

Conclusion

There are two major factors influencing the
water mass properties around Antarctica; 1) the
'surface conditions' including sea ice processes
largely controlled by the prevailing winds and their
synoptic-scale variability, together with their impact on
the turbulent heat fluxes over the ice-covered and
especially ice-free part of a model grid cell, and 2) the
'shelf topography' providing a reservoir for brine
associated with near boundary convection.
From this study, we learn that a tuning of the
surface boundary conditions such as 'salinity
enhancement' by England (1993) or even an
implementation of a sea ice model in OGCMs would
not fundamentally solve the problem on the deep
thermohaline properties. To obtain more realistic deep
ocean properties in OGCMs, the following should in
future study be more realistically represented in the
Southern Ocean: 1) the 'sea ice processes' as a
interactive source of brine and as a control factor for
the ocean-atmosphere heat fluxes, 2) the 'penetration
of LCDW' as a partial source of salty water and as a
water mass to mix with dense Shelf Water, and 3) the
'open-ocean convection' scheme to allow for a more
realistic distribution of brine released from ice
formation to yield a more realistic stratification.
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1. INTRODUCTION

md<P
Dyncmic height is a classical oceanographic vaiable often
used to relate the spatial distnbution of sea water density to la-ge
scale horizontal currents and to broadly chaacterize water
masses; e.g., HeHe-Hansen and Nansen (1909). Late winter
hydrographic measurements from the Arctic Basin a-e used to
construct annual fields of dyncmic height (surface to 200 d>) for
the yea-s 1950, 1956, and 1973 through 1978. The individual
annual fields a-e summed to estimate the multi-yea- mean field.
Basic statistics of the inter-annual vaicbility a-e also estimated.
Geostrophically balanced currents· associated with the mean
dyncmic height .field a-e compa-ed to an independent estimate of
surface currents in the central basin; substantial agreement is
found. The spatiaVtemporal distribution of dyncmic height is
partitioned into contributions by the spatiaVtemporal distribution of
heat and salt; salt is seen as the prim..-y controlling vaiable.

= dW = mgiz = -(m I

(1)

The last equality in Equation (1) is obtained by assuming
hydrostatic equilibrium. Dyncmic height, surface to 200 db, is
defined by normalizing the geopotential with respect to
gravitational acceleration

I

I
t/J=--dp.
g. 200db p
surface

I

(2)

9l=9.8m/s2

and has units of length. The more interesting features of ,P come
from its horizontal structure and it is usual to subtract off the
constant height associated with a reference density,

2. HYOROGRAPHIC MEASUREMENTS

I

Hydrogaphic measurements from the central a-ctic date back
to the Norwegian North Pola- Expedition of 1893-1896 when the
Frcm first drifted over the deep Arctic Basin. In 1950, the Soviet
Union initiated a long-term progcm of synoptic oceanographic
surveys throughout the Arctic Basin by combining observations
from manned ltifting ice stations (North Pole Progcm) with aircraft
supported observations (SEVER Progrcm). The airborne
hydrographic surveys were based on the "Flying Lcboratory
Methcxf by which light aircraft would land on the late winter sea
ice and make quick measurements at standCI"d ocean depths (0, 5,
10, 25, 50, 75, 100, 150, and 200 m). During 1950, 1956, and
1973-1978 a total of 1125 stations (US, Canadian, but mostly
Soviet) were occupied throughout the Arctic Basin. These station
data have been used to construct annual fields of late winter
dynamic height (surface to 200 m). Hydrographic measurements
have been taken during other yea-s, but their number and
geog-aphic distribution do not allow for an independent estimate of
the annual fields of dynamic height.
The Arctic and Anta-ctic Research Institute recently
estcblished an electronic data base holding many of the
hyci"ographic measurements throughout the Arctic Basin. As part
of a bilateral progrcm, scientists from Russia and the US used this
data base to estimate decadal mean hydrographic fields and
annual mean fields (1949-1993) of late winter dyncn~ic height;
Environmental Working Group (1997). However, for this study we
use only the station data from 1950, 1956, and 1973-1978.

p)dp

surface

t/J-f1*=-.P

At

a
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I
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dp.
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)dp

represents the (reduced) dynamic height associated with the
(positive) density pertubation p - p~ One interpretation of
dyncmic height is that the water column could be stretched
(contracted) some vertical distance, ?' , bringing the sea water to
reference density, p ~
Dyncmic height can be defined for any pair of depths or
pressure surfaces in the ocean. We have chosen the depths, 5 to
200m, roughly corresponding to the pressure surfaces 5 and
200db. Our pCI"ticula- choice is partially motivated by previous
investigations using 200db surface as reference depth; e.g.,
Gudkovich (1961), Treshnikov et al. (1976). This depth interval
also contains the surface water and upper intermediate water.
Thus, it is effected by air-sea-ice interface processes but generally
unaffected by the deeper Atlantic water. The surface is taken at
5m depth, slightly below the horizon of typical multiyear sea ice ..
For individual years, station density is calculated at standard
depths using the measured temperature and salinity (see section
6). Dyncn~ic height is then estimated by quadrature at each
station and inte1p0lated to~ uniform grid covering the Arctic Basin.

t/J' =

t/J(

3. DYNAMIC HEIGHT

The 8-ye<~" mean field,
X) or (equivalently)
(X) , is
obtained by averaging the individual gridded annual fields (Figure

Meteorologists and oceanog-aphers sha-e the concept of
geopotential, <P. which measures the work per unit mass required
to raise a fluid pa-cel through a vertical distance dz,

1). The maximum elevation (
1040 mm) is located in the
Canadian Basin, ne..- 77N. 150W. At the approach to the Fram
Strait a typical elevation is 700 mm.

·corresponding author address. Roger Colony, International ACSYS Project
Office, PO Box 5072 Majorstua, N-0301 Oslo, Norway.
Ph/Fx: +47 22 95 96 05/+47 22 95 96 01. E-mail: acsys@npolar.no
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pf[- v, u] = -f'Yo[ap, of)]
~

Figure 1. Contours of multi-year mean dynamic height in the Arctic
Basin, f)' in mm of elevation.
4. SPACE AND TIME STATISTICS
The eight annual fields of dynanic height are used to estimate
typical space and time scales for the inter-annual departures from
the multi-year mean. Annual anomaly fields are defined as

0( X, f) = rp(x,t) -~(X)
The spatial pattern

of inter-annual variance,

(4)
u 2 ( x) =

E{ t52 {X, f)} shows slight maxima north of the Laptev Sea and
north of the Fram Sbail Although a geophysical explanation for
these maxima is easily conjured, we may equally regatl the Arctic
Basin as homogeneous and adopt a single variance by integating

dl(x) to obtain u 2 ( x) = 500mm2. A typical interannual
departure from the mean field is 22 mm.
The space and time auto-correlation functions of the anomaly
fields are defined {respectively) as

P(s) = E{t5(X+S,f)t5{x,f)}l ~

(5a)

Q(r) = E{o(x,t + r)t5(x,f)} I~

{5b)

Equation Sa gives the linear correlation between the
anomalous height at station X and (sane year) anomalous height
at station Y, where stations X and Y are separated by s km. The
expected value operator is taken over all station pairs and all
years. An analysis of the station data shows that, for an arbitray
year, stations separated by 300 km have a correlation coefficient
of 0.40. The integral length scale for annual anomaly fields is
estimated at 650 km.
Similarly, Equation 5b shows the linear correlation for the time
lagged measurements of anomalous height at station X. As the
expected value operator is taken over space and time, Equation
5b desaibes the correlation of successive measurements of
dynamic height for arbitrary locations and arbitrary years. The
integral time scale for station anomaly is less than one year.
5. DYNAMIC HEIGHT AND GEOSTROPHIC CURRENTS
Small differences in sea water density produce forces large
enough to create significant motion within the ocean. To a first
approximation, the horizontal force on a fluid per-eel is balanced
between the Coriolis force and the pressure gradient force.

iY

{6)

p=comt

In isobaric coordinates, this balance of forces, defines the
horizontal geostrophic current, c~ = (u(p),vfPA at depth p.
Relating the geostrophic current to the horizontal gradient of
dynanic height requires a constant of integration; equivalently,
"level of no motion". The usual caveat is that dynamic height is
related to the shear of the geoslrophic current; e.g., c(surface) c{200 cl>). There are a host of processes conspiring against a
simple relation between the field of dynamic height and the upper
ocean current. However, in many pcrts of the ocean, the deeper
current is much smaller than the more shallow current and the
geostrophic equation is a good measure of upper ocean currents.
One of the difficulties in assessing the relation between fields
of dynanic height and observed upper ocean currents is the
relative absence of direct surface current measurements. For this
study we choose the field of upper ocean current anatyzed by
Moritz, Colony, and Runciman (1997), here denoted by MCR. This
analysis follows Maury (1855) except that observations of ice
motion replaced the navigation reports of sailing vessels. The
MCR analysis shows a broad anti-cyclonic gyre located at
80N,140W, comparable to the dynanic height maximum at 77N,
150W. The MCR analysis suggests a broad current centered near
80N,180E; having a slight easterly component but primarily
directed at the Fram Sbait. Figure 1 suggests a current originating
more to the east (say at 80. N,150E) and directed at the Fram
Sbait. The current speed from MCR range from 0.01 to 0.02 m/s
across the cenbal arctic. Using Equation 6 we obtain a current
speed of 0.015 m/s in this region. There is substantially less
agreement near the coast and shallow shelves.
Verifying the interannual variability of the baroclinically driven
surface currents is much more challanging than verifying the mean
current. For this study we simply note that currents estimated from
the annual anomaly fields suggest speeds of 0.004 m/s; less than
half of the typical mean.
6. HEAT, SALT, AND DYNAMIC HEIGHT

The equation of state for sea water relates density, pressure,
temperature, and salinity, F(p, p, T, S) = 0. In the upper 200 m.
the dependency on pressure is negliable and we can use the linear
approximation

*
P1 - Pz = P [a(T1 - Tz)- P( S1

-

SzJ)

(7)

to describe the density change between the sea water density
characterized by the temperature T1 and salinity 5 1 , and that,
chcracterized by the T2 and S 2 • For the surface layer we use

..

p = 1025.8 kg/m-J, corresponding to p=D, T = -1.70C, and
S =32.0 %, conditions similar to those found in the upper waters
of the Arctic Basin. Coefficients of proportionality a.=2*10·5 C·1 and
f3=8*1Q-4 psu-1 can be considered as constants (see Voropayev et
al. 1995).
A simple scale analysis of change in dynamic height can be
made by combining the equation of state (eq. 7), the geopotential
with respect to a reference density (eq. 3), and typical values of
temperature and salinity suggested by the hydrographic data. We
begin by looking at the dependency of station dynanic height on
typical changes in temperature and saliniiy. One can imagine
increasing the station profile by 10C and examining the resulting
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change in dynamic height. For typical stations in the Arctic basin,
dynamic height will increase by 5 - 15 mm due to the temperature
related decrease in density. Although a uniform change of temperature in the water column is unphysical for ice covered seas,
the lineaized equations for geopotential and sea water state accurately reflect the change in dyncmic height. A uniform increase of
salt in the water column, say 1 psu, would decrease dynamic
height by 150 mm. Allowing for typical changes ofT and S in the
central basin we see that salt is the primary control for dynamic
height.
This simple scale analysis can be extended to excmine the
horizontal change in dynamic height. Typical horizontal variability
in T and S are 10C per 1000 km and 1 psu salt per 1000 km. Thus
we may conclude that most of the large scale horizontal structure
of dyncmic height is associated with salinity changes. A simple
comparison of Figure 1 to the pattern of salinity at 100 m (e.g.,
Environmental Working Group, 1997) further suggests that the
horizontal pattern of dynamic height is primarily controlled by
horizontal distnbution of salinity.
We can calculate the temperature ~ and salinity
.;, contribution into the density jump

r; ~:r ..; r; p::r

~T =

=

(

8)

For typical Basin conditions we got estimations for vertical density
jump ~ = 0 + 0.3 and ~ =0.7 + 1.0. For typical horizontal

= 0 + 0.2 and .;, =0.8 + 1.0.

density jump we got ~

This scale analysis again shows that most of the vertical and
horizontal structure in the density field is directly associated with
the vertical and horizontal distribution of salinity.
The relation between dynamic height, temperature and salinity
can be further quantified by partitioning the horizontal gradient of
the mean field into gradients associated with the spatial structure
of temperature and salinity

grad(~)

=

[dtjJ, dtjJ]
dx dy

=

o?_ dS + o?_ dT, o?_ dS + o?_ dTJ
[ oS dx or dx oS dy or dy

(9)

where S and T are vertically averaged (surface to 200m) station temperature and salinity.
For typical horizontal ranges of temperature and salinity we
get such estimations where I is horizontal scale.

L1.!_

IL1T

L1?_

IL1S

L1TI
L1l

s =cons

.1sl

= 0 + 0.05 mm/km,

(10a)

= 0.02 + o.4 mm/km

(10b)

L1l T =cons

Using the mean fields of temperature and salinity, the vector
components of grad(
were calculated at selected locations. In

tjJ)

most cases, the salinity was found to be the larger contributor to
the multi-year mean field of dynamic height.
A similar partition can be made for temporal changes in
dynamic height. Although the use of a time derivative is not
formally correct (because the fields are only defined for late winter)

we can symbolically express changes in dynamic height at a fixed
station as:

dt/J

ot/J dT

ot/J dS

-=--+--

dt

or

cJt

os

cJt

(11)

Using the analyzed annual fields for temperature and salinity,
the annual change in temperature and salinity were used to
estimate dT!dt and dS!dt at a selected number of geographical
locations. In most cases, the temporal change in salinity was seen
as the primary cause of the temporal change in dynamic height.
Significant exceptions were found near the Fram Strait, Svalbard,
Franz Joseph Land and in the northern part of Chukchi sea where
the warm Atlantic and Pacific (respectively) waters are often found
in the upper 200m layer. In these regions, salt and temperature
variations can have comparable effect on dynamic height.
7. SUMMARY
An observationally based understanding of heat, salt, and
momentum in the upper ocean is presented in terms of dynamic
height. This integral measure of the distribution of mass in the
upper ocean has interpretations within both ocean dynamics and
ocean hydrology. The multi-year mean dynamic height field is
seen to have many similarities with independently estimated upper
ocean currents. Combining the equation of state with
measurements of temperature and salinity, we see that dynamic
height is primarily associated with salinity. Throughout most of the
Arctic Basin- station dynamic height is primarily determined by the
vertical distnbution of salinity; the mean field of dynamic height is
detemined by the horizontal distribution of salinity; and the
interannual variability of dynamic height is determined by the
interannual variability of salinity- although, temperature is significant factor in regions of Atlantic and Pacific waters inflow. Thus
dynamic height may be regarded as a surragate for salinity in
much of the basin. Because dynamic height is an integral through
depth and emphasizes horizontal structure of the upper ocean, it
may be one of the few oceanographic variables to unify the
modelers and observationalists.
8.
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POLAR CLIMATE MODELING WITH A STRETCHED-GRID GCM
•
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LGGE, CNRS/Universite Joseph Fourier, France
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1.

INTRODUCTION

Modelling of regional climate depends on
being able to capture smaller-scale features of
topography and atmospheric circulation : spatial
resolution has to be sufficiently fine. The problem
of high computational cost can be reduced
through limited-area modelling or, alternatively,
stretched-grid global modelling. In this latter
approach, a global general circulation model
(GCM) is used with a high resolution over the
region of interest only. This approach has been
adapted in this work, with of focus on Greenland
and Antarctica, respectively. Figure 1 displays
the effective resolution of the model in the case
of simulations of the Greenland climate. The
resolution is better than 1Q (100 km) over a large
part of the ice sheet. The model has been
adapted specifically for the climate of the polar
regions by Krinner et al. (1997a), who modified in
particular the formulations of boundary-layer and
surface processes. The climate of Antarctica,
and in particular the hydrological cycle (Krinner
and Genthon, 1997), is well simulated by the
model.

2.

SiMULATIONS OF THE LAST GLACIAL
MAXIMUM CLIMATE

The climate of the Last Glacial Maximum
has been simulated for Greenland and
Antarctica. The objective of the simulations is :
· to obtain information about the regional pattern
of the climatic change over the ice sheets in
order to determine whether the pinpoint ice core
record is representative for continental scale
climatic change ;
· to analyse local influences of changes of
climatic parameters which are important for the
interpretation of the ice core record ;
· to test the capacity of the model to simulate
different climatic states in order to evaluate the
credibility o future 2xC02 simulations.

()"

Figure 1. Effective resolution of the GCM in
degrees (1 degree corresponds approximately to
100 km).

The temperature and accumulation change
over Greenland and Antarctica has been
compared to the available ice core records. In
Antarctica, the simulated cooling is close to the
temperature change inferred from ice core
studies. In general, the precipitation reduction is
close to 50% as suggested by ice cores.
Somewhat surprisingly, the katabatic circulation
on the edge of the continent does not seem to be
very sensitive to climatic change. The Greenland
temperature change is lower than suggested by
borehole thermometry (e.g. Johnsen et al.,
1995). However,
the
prescribed
paleDtopography is a significant source of uncertainty.
Due to a strong glacial anticyclone over the
Laurentide ice sheet, the preferential water
advection path towards Greenland is northerly
during the LGM. As a consequence, very dry
conditions prevail. One of the most pronounced
characteristics of the surface climate over ice
sheets is a near-permanent surface inversion, at
least in winter. The strength of this inversion is

• Corresponding author address: G. Krinner, LGGE/CNRS, DU BP 96,54 rue Moliere, 38402 St Martin d'Heres,
France
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positively correlated to the surface temperature
itself (Phillpot and Zillman, 1970). Due to lower
LGM Greenhouse gas concentrations, the model
suggests a weakening of the
surface
temperature inversion (at constant surface
temperature). The simulations are described in
detail in Kririner (1997).

3.

APPLICATION: LOCAL INFLUENCES ON
ICE CORE WATER ISOTOPE SIGNALS

At Summit (Central Greenland), the LGM
surface temperature has been determined
independently by directly measuring the borehole
temperature (e.g., Johnsen et al., 1995) ari'd
through the classical analysis of water isotopes.
The first method suggests a 202 C LGM-presentday temperature difference, while the second
method suggest a cooling which is only half as
strong.
The water isotope method is based on the
observation that in the present-day surface snow
over ice sheets, the concentration of heavy water
18
molecules (e.g., H2 o) is dependent on the
annual mean
surface temperature.
The
corresponding linear regressions show quite high
correlation coefficients (~ > .8). However, it is
actually the temperature of the atmospheric level
in which the precipitation forms and at the
moment when the precipitation forms that
determines the isotopic signal o. Today,
precipitation over central Greenland exhibits no
clear seasonality (Shuman et al., 1995). If, during
the LGM, the precipitation preferentially falls in
summer, the isotopic signal is likely to carry a
warm bias. In that case, the isotopic method
would
overestimate
the
LGM
surface
temperatures (Steig et al., 1995). This has been
tested in our GCM. We have introduced an
additional diagnostic, the precipitation-weighted
temperature of the atmospheric layer at which
the precipitation forms. lt is a proxy for the local
part of the ice core o signal (the remote part is
constituted by the conditions prevailing at the
place where the water evaporates). In an
approach similar to what is done experimentally
with the isotope signal, we calculate a regression
between the present-day annual mean surface
temperature and the precipitation-weighted
temperature. This is analogous to establishing a
regression between the isotopic signal and the
surface temperature. We then apply this
regression to the simulated LGM precipitation
temperature in order to obtain an estimate of the
LGM surface temperature. This is analogous to
using the present-day a-temperature regression

for the LGM isotope signal. We can then
compare this estimation of the simulated surface
temperature to the actually simulated surface
temperature. Figure 2 display the difference
between these two for the LGM in Greenland.
One can see that the difference between the
estimation of the simulated surface temperature
and the actually simulated surface temperature is
about 1OQC in the Summit area in central
Greenland. This means that the model seems to
reproduce the bias observed in the LGM water
isotope signal.
A further study (Krinner et al., 1997b) shows
that this is mostly due to a change in the
precipitation seasonality over Greenland, as
explained above.

Figure 2. LGM simulation for Greenland.
Difference between the estimation of the
simulated surface temperature, based on the
precipitation temperature, and the actually
simulated surface temperature.
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The RADARSAT synthetic aperture radar provides
large scale coverage of the Arctic sea ice cover on
a 3-day basis with its wide-swath ScanSAR mode.
We are processing these
datasets into
geophysical fields in the RADA RSAT Geophysical
Processor
System
(RGPS).
The
direct
observations we extract from the sequential SAR
imagery are Lagrangian ice motion of points on the
ice cover and records of the backscatter
histograms within areas enclosed by polygons
defined by these points (cells). The vertices of
these cells are tracked from fall freeze-up to the
onset of melt in the spring. In the winter, we
interpret a local increase in cell area as the addition
of open water or thin ice; ridging or rafting
decreases the cell area. The age of the new areas
in each cell are kept as entries in an ice age
histogram. Ice thickness is computed using ice age
and the cumulative freezing-degree
days
experienced by the thin ice in each cell (Kwok et
al., 1995). We use the backscatter record to
estimate the dates of melt onset in the spring and
freeze up in the fall. Open water fraction is
estimated in the summer.
RADARSAT was launched in Nov of 1995 into a
24-day exact repeat orbit. The collection of the
Arctic snapshot, a 3-day repeat coverage of the
Arctic Ocean, using the 460 km swath ScanSAR
mode, began in late October 1996. The data from
the region of the Arctic outside the Alaska SAR
Facility (ASF) reception
mask are being
downlinked to the reception station in Tromso.
Currently, these data from Tromso are not available
to US investigators due to on-going negotiations
regarding data costs.
Cycle 15 (a cycle is one 24-day period
corresponding to the exact repeat interval),
between Nov 4, 1996 through Nov 28, 1996, was
the first RADARSAT cycle to provide routine
mapping of the Arctic. Since then, the Arctic
snapshots have been collected successfully
through the end of August 1997. This data

collection is interrupted by the Antarctic Mapping
Mission (AMM). This is a two month period (Sept
and Oct, 1997) when the radar will be in the southlooking mode and dedicated to the mapping of
Antarctica. The collection of the Arctic snapshot
will resume in early November.
Small volumes of uncalibrated ScanSAR image
frames were made available to the RGPS by ASF
for validation and verification since April 1997. In
July, the image frames from Cycle 15 were
delivered to the RGPS. Cycle 16 data were
delivered in September. However, these datasets
were
geometrically
and
radiometrically
uncalibrated. The final processor for producing
calibrated ScanSAR data will not be operational at
ASF until mid-November.
In the int~rim, we have produced several
preliminary data products, using data from cycles
15 and 16, for validation and experimentation. The
products include: 1. Lagrangian ice motion; 2. lee
cover deformation; 3. Ice age histograms; and, 4.
Ice thickness histograms. These data products and
a description of their format are available at the
RGPS
website
at
JPL
(http://wwwradar.jpl.nasa.gov/rgps).
The currrent plan is to start operational processing
of the RADARSAT data immediately after
calibrated data are available and to have an RGPS
working group (RGPSWG) meeting in early 1998.
The RGPSWG will address issues of science
validation, data usage and processing.
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Fram Strait Ice Export from Satellite Passive
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We have derived 18-years of ice motion in the
Fram Strait from satellite passive microwave
imagery. From this dataset, we estimate the areal
export of sea ice through a flux gate between
Antarctic Bay in northeast Greenland and the
northwestern tip of Svalbard, a 480 km line roughly
along 81 °N. We also estimate the ice volume flux
where moored upward looking-sonar data are
available.

The average winter area flux over the 18-year
record is 700,000
krrf. This represents
approximately 7% of the area of the Arctic Ocean.
The daily and monthly variabilities of the ice area
flux are quite high. The interannual variability is
also high; the winter flux ranges from a minimum of
503,000 km2 in 1984 to a maximum of 932,000 sq
km in 1995. There does not appear to be a
significant trend in the winter areal export.

Winter sea ice motion in the Arctic (Oct-May) is
obtained by tracking the displacement of common
features in sequential 85 GHz and 37 GHz
brightness temperature fields. Summer ice motion
tends to be unreliable because of surface melt and
the increase in the effect of atmospheric water
vapor content on the observed brightness
temperature fields. This introduces gaps in the ice
motion record from passive microwave data. An
assessment of the quality of the winter
displacement vectors can be found in Kwok et al.
(in press). Typically, the standard error of the
vectors in the1-day motion fields is approximately
5 Km at 85 GHz and 6 Km at 37 GHz.

Ice volume export is estimated for the winters of
1992 and 1993 when ice draft data from upward
looking sonar (ULS) are available. As an initial
estimate, we compute the volume flux by
multiplying the cross-strait ice motion profile with a
thickness profile which we assume to be constant
across the strait. The thickness is 8/7 of the ice
draft. The winter volume ice flux are as follows:
2300 km3 and 2700 km3 , for the winters of 1992
and 1993, respectively.

We measure the consistency of the estimated ice
area export by comparing the results from the
higher resolution 85 GHz and the lower resolution
37 GHz motion during the years (91-present) when
both channels were available. We found that we
could match the winter areal ice export to better
than 10% by using a realistic cross-strait flow profile
for filling gaps in the observations. This is
especially important in the lower resolution
channel because of the lack of motion
observations near the coast. The agreement
between the ice export between the two channels
during the years with overlapping coverage gives
us confidence in extending the ice flux procedure
to the SMMR years 1978 to1988.

We plan to extend the record to the full SSMR and
SSM/1 period of 1978 to present by combining
these data with modeled summer motions and
year-round thickness in Fram Strait.
We would like to thank ACSYS, and in particular T.
Loyning and R. Colony, for providing the ULS
dataset of ice dr~ft from the Fram Strait.
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Modelling the Hydrological Cycle in the Mackenzie River Basin
with the Canadian Regional Climate Model
Murray D. MacKay and Ronald E. Stewart•
Climate Processes and Earth Observation Division
Atmospheric Environment Service, Canada

1. INTRODUCTION
The Mackenzie River Basin of northwestern
Canada is the tenth largest drainage basin in the
World, and the largest North American basin that
empties into the Arctic Ocean. Discharge from
the Mackenzie River may be considered as the
integrated result of many meteorological and
land-surface processes that occur within the basin.
In order to gain a better understanding of the role
that these processes play in the global climate
system, the Mackenzie GEWEX Study (MAGS)
was established as a Continental Scale
Experiment within the International GEWEX
project. An understanding of the seasonal and
interannual variability of the Mackenzie River
discharge, through a better understanding of cold
region, high-latitude meteorological and
hydrological processes is an important focus of
MAGS.
As the Mackenzie Basin provides a significant
amount of freshwater to the Arctic Ocean, it is of
particular interest to ACSYS as well. Recent
estimates of the annual precipitation - evaporation
(P-E), illustrated in Fig. 1, demonstrate
considerable uncertainty, at least partially the
result of observational errors in this remote, high
latitude, and sparsely sampled region.
Uncertainty also exists in the interannual
variability of the water balance- variations in
precipitation as well as atmospheric moisture flux
convergence explain less than half of the
variability in Mackenzie River discharge (Walsh
et. al., 1994; Bjornsson et. al., 1995).

Given the paucity of data, and the inherent
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Figure 1 Estimates of annual P-E for the
Mackenzie Basin. Sources are (from left to
right): 18 year climatology ofWalsb et. aL
1994; 45 year climatology from Hogg et. aL
1996; recorded average from Kite et. aL 1994;
and 10 year model averages (SLURP, CCC
GCMII) from Kite et. aL 1994.
difficulty in obtaining sufficiently accurate
measurements of hydrological variables in this
region, a comprehensive understanding of the
hydrological cycle will require extensive use of
numerical models. Towards this end, the
Canadian Regional Climate Model (CRCM - Caya
and Laprise, 1997) is being adapted for
hydrological applications in the Mackenzie Basin.
Regional climate models are high resolution,
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limited-area models that are generally 1-way
nested either within General Circulation Models
or analyzed fields. The coupling of CRCM (an
atmospheric model) to sophisticated land surface
and river routing models is currently underway.
Each component of this climate modeling system
must be carefully validated (both coupled and
uncoupled) against observations before credible
simulations of current climate can be realized.
In this paper, a validation strategy to be
implemented in the development of the regional
climate modeling sjstem for MAGS is outlined.
Attention will be focused on precipitation and
evapotranspiration, P-E both driving the
hydrological cycle as a whole, as well as coupling
the atmospheric and surface branches.

2. THE CANADIAN REGIONAL CLIMATE
MODEL
The CRCM has been described in detail elsewhere
(Caya and Laprise, 1997). Briefly, it is a fully
nonhydrostatic model, which makes use of a vezy
efficient semi-implicit and semi-Lagrangian
integration scheme. The model's representation
of the atmospheric branch of the hydrological
cycle over the Mackenzie Basin has been
examined in a !-month simulation nested within a
GCM AMIP simulation (Mackay et. al., 1997).
Although realistic fine scale flow and
precipitation patterns were produced, this study
(like previous ones) demonstrated the strong
control that the large scale forcing of the nesting
model exerts on the results of the regional model.
Since the GCM results were not particularly
realistic (e.g. precipitation was generally
overestimated by a factor of 2 over high latitude
regions in AMIP) it is difficult to validate the
CRCM against observations in such an
experiment, or even to assess whether or not
physical mechanisms within the hydrological
cycle are being adequately represented.
In the current experiment, the CRCM has been
nested within high resolution (-50 km) analyzed
fields produced by the data assimilation scheme of
the Canadian operational regional forecast model
(RFE). The domain of the experiment, along with
an outline of the Mackenzie Basin, is shown in
Fig. 2. A 121 X 121 point polarstereographic grid
is employed, yielding a nominal horizontal

Figure 2 CRCM domain. Also indicated are 10
point lateral sponge layer, Mackenzie Basin
outline, net radiation sites (squares), and
precipitation gauges (dots);
resolution of- 45 km, with 19 unequally spaced
levels in the vertical. Results of a !-month
simulation - September 1994 - will be presented.
This period corresponds with an intensive field
campaign - the Beaufort and Arctic Storms
Experiment (BASE) in the northern part of the
Basin. Enhanced data from BASE, as well as
operational and GEWEX data products, will be
used to validate the model, and provide a baseline
for future model developments, including coupled
experiments.

3. VALIDATION STRATEGY
Attention will be focused initially on the
precipitation and evapotranspiration components
of the hydrological cycle, though auxiliary
variables such as cloud cover, net radiation,
surface and skin temperatures, and wind profiles
will also be examined. These latter parameters are
byproducts of the analysis and may help to explain
inconsistencies in the model. Biases, RMS errors,
and pattern correlations in the basic dynamical
fields of the model (with respect to analyses) will
be investigated to ensure that the model is
behaving reasonably.
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3 .1 Precipitation
At the basin scale, the monthly total precipitation
(as well as estimates of evapotranspiration and
surplus) distribution will be compared with the
Atmospheric Environment Service's gridded
climatolology (Hogg et. al., 1996). In this
climatology, precipitation measurements have
been corrected for all known measurement errors,
and for changes in observing programme. To
help address the issue of the sparseness and
unequal distribution of data points, a statistical
optimal interpolation scheme was used to produce
the monthly grids. As relatively few stations are .
available in this 45 year climatology (162),
objectively analyzed precipitation from all gauges
operating within or near the basin during
September 1994 (-950) will also be examined (see
Fig. 2).
At the local scale, radar data from the 2 Doppler
radars deployed during BASE (at Inuvik and
Tuktoyaktuk) will be used to estimate
precipitation accumulation over 1500 - 2000 km2
regions - corresponding well to the size of a model
grid cell. The teclrnique will make use of
conventional Z-R relationships (which will be
tested for sensitivity and potentially modified for
high latitude application), and ground truthed
against nearby gauge data.

3 .2 Evapotranspiration
Evapotranspiration distribution over the basin is
estimated from A VHRR data with an algorithm
developed by Granger (1995). Net radiation data
(see Fig. 2) and surface air temperature
climatology are used to estimate daily
evapotranspiration from the snapshot radiance
data provided by the satellite overpass. The
teclrnique is currently being developed for the
Mackenzie Basin under the MAGS programme.

which is of particular importance to the fresh
water budget of the Arctic Ocean. Once a
validation dataset and strategy are established,
simulations with current models may be used as a
baseline for further model component
development, and ultimately fully coupled
modeling experiments.
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4. CONCLUSIONS
A systematic approach to validating a regional
climate modeling system over the Mackenzie
Basin is being developed within the Mackenzie
GEWEX Study (MAGS). Initially, attention will
be focused on the hydrological cycle, which can be
considered the integrated result of numerous
atmospheric and land-surface processes, and
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Edgar L.Andreas
U.S. Army Cold Regions Research and Engineering Laboratory,
Hanover, New Hampshire, USA.

1 INTRODUCTION
Clouds play a dominant role in short-wave and
long-wave radiation transfer ;n the atmosphere.
Their influence on the radiative fluxes is determined by cloud area, height, thickness, and water
content, e.g. Curry and Ebert [1990]. Unfortunately, due to the difficulty of remotely sensing
polar clouds, scarcity of surface field observations
made in extreme weather conditions, and errors
caused by representing clouds as mean values [Gorshkov, 1983], the characteristics of cloudiness in the
Arctic remain relatively uncertain compared with
most other regions [Curry and Ebert, 1992]. The
opportunity for a more complete analysis of the
temporal and spatial variability of cloudiness in
the central Arctic is now available with creation
of the CD-ROM archiving the standard meteorological observations from all the Russian North Pole
drifting stations [NSIDC, 1996]. The positions of
all stations for February is shown on fig. I.

2 CLOUD AMOUNT IN THE CENTRAL
ARCTIC
For investigation of inter-month and inter-annual
variability of total and low cloudiness in the central
Arctic the time series consisting of either 3-hourly
or 6-hourly observations for each month of each station drift were generated (about 70 series for each
month, spanning 1938 to 1991). The main statistics, received with this data sets are shown in Tables
1 and 2. This statistic indicate a basic difference
between the modes of total and low cloud amount
in winter and summer. In winter (November to
April). there are two practically equal maxima in
the distributions of total cloud amount, one for 0-2
tenths and a second for 9-10 tenths. The U-shaped
form of the frequency distribution is quite obvious.
Lastly, on comparing the winter total and low cloud
amounts it is possible to see a prevalence of middle
and upper level clouds.
Table 1: Total cloud amounts (in percent) observed
on the North Pole drifting stations. "Mean" is the
average percentage of the observations in the listed
standard
deviation.
category, "std" is the T_.Ooool
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Figure 1: February positions of the North Pole
drifting stations manned between 1938 and 1991.
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In summer (June to September), overcast skies
dominate and low clouds constitute most of the
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Table 2: Low cloud amounts (in percent) observed
on the North Pole drifting stations.
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cover. This latter is likely a consequence of the
cold, wet, and practically isothermal surface (melting snow or ice). May and October are short transition seasons between the winter and summer cloud
distributions.
On the basis of Tables 1, 2 it seems appropriate to describe the temporal variability of Arctic
cloudiness in terms of the frequency of clear (02 tenths) and overcast (8-10 tenths) skies. Using
this criteria and assumption about homogeneity of
the data received in the region, showed on Fig.l by
dashed line, partly supported by spatial correlation
analysis, an appreciable reduction in the frequency
of clear skies in winter between 1955 and 1991 was
found (Figure 2). An increase in cloud amount in
winter is probably connected with increase in aerosol pollution in the Arctic atmosphere, provided
more cloud condensation nuclei.
Figure 2: The frequency of clear skies (0-2 tenths)
and overcast skies (8-10 tenths). The smooth
curves are the 5-year running means.

:..

- .. -

In summer, in opposite, Figure 3 shows a reduction in the frequency of overcast skies. It is
confirmed by increase in the global solar radiation
measured on the same drifting stations [Marshunova and Mishin, 1994]. These changes are probably
related to changes in the mode of the atmospheric
circulation in the Arctic from meridional to zonal
[Dmitriev, 1994].

--

Figure 3: The frequency of clear skies (0-2 tenths)
and overcast skies (8-10 tenths) in July. The
smooth lines are 5-year running means.

3
ESTIMATING
TOTAL
AMOUNT IN THE WINTER

CLOUD

As was mentioned above the spatial and temporal
variability of Arctic clouds are some of the poorest
documented. One possible way to increase the reliability of cloud descriptions is a method of statistical modeling that was developed based on a correlation analysis of surface-layer air temperature (T)
and total cloud amount (n) during the winter. The
analysis of archival data [NSIDC, 1996] showed
that correlation coefficients between T and n in
the central Arctic for all winter as well as for each
winter month are, on average, 0.6 with a significance level of 0.1 At first for predicting cloud
amounts the explicit form of the frequency distribution was developed. Based on the data of Table 1
it is U-shaped, so we fit it with a beta distribution
[Aiuazyan et al., 1983}:
/(z) =

{

rco+tr) o-1(1
)IJ-1
g(a)t(JJ)z
- z

for 0 :5 z :5 1
otherwise
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Table 3: Values of o and f3 for the betadistributions. "Mean" is the value averaged from
roughly 70 months of fitted beta distributions;
"std" is the standard deviation.
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where r is the gamma function and o, f3 are empirical parameters, which can be evaluated from the
sample mean x and the sample standard deviation,
s2:

Table 3 shows averaged values of o and f3 for
total cloud amount.
Using the methods of mathematical statistics
[ Ventcel, 1964; Aivazyan et al., 1983] the formula,
connecting n, U-shaped distributed, and T, nearly
normally distributed, was developed:
-

n(T) ~

Q
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a + f3 exp(2w(T)
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where w(T) is a function of normalized air temperature. Figure 4 shows tests of described algorithm.
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representing Arctic cloud with monthly averaged
values is a flawed approach.
The series of observations for cloudiness on drifting stations worked above 77 grad N from 1955
through 1991 suggests reduced frequency of clear
skies in winter and of overcast skies in summer.
The method of reconstruction cloudiness with
data about surface-layer air temperature showed
reasonably well results in comparison with observations and can be used as an algorithm that could
improve the remote sensing of total cloud amount.
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Figure 4: Temporal variability of 240 consecutive
3-hourly observed and modeled total cloud amount
in November 1982.

4 CONCLUSIONS
The analysis of observations made on the North
Pole drifting stations shows that the frequency distribution of total cloud amount in the Arctic basin,
especially in winter, is U-shaped and can be described by beta-distribution. Since the mean of a·
quantity with a U-shaped distribution actually corresponds to the least likely value of the quantity,

Curry, J., and E. Ebert, Annual cycle of radiation ftuxes over the Arctic Ocean: Sensitivity
to cloud optical properties, J. Climate, 5, 12671280, 1992.
Dmitriev, A., The variability of the atmospheric
processes in the Arctic and its application in
long-time forecast (in Russian), Gidrometeoizdat, St.Petersburg, 1994.
Gorshkov, S., ed., World Ocean Atlas: Arctic
Ocean, vol. 3, Pergamon Press, New York, 1983.
Marshunova, M., and A. Mishin, Handbook of
the radiation regime of the Arctic Basin (Results from the drift stations), Tech.,Rep. APLUW TR 9413, Applied Physics Laboratory, University of Washington, Seattle, 1994.
NSIDC, National Snow and Ice Data Center, Arctic Ocean Snow and Meteorological Observations
from Drifting Stations: 1937, 1950-1991, CDROM, Version 1.0, 1996.
Ventcel, E., Probability theory (in
Nauka, Moscow, 1964.

Russian),

146

ANGULAR AND SPECTRAL CHARACTERISTICS OF INCOMING AND
PENETRATED UNDER ICE SHORT-WAVE RADIATION IN THE NORTH PART OF
THE BARENTS SEA
Alexander P.Makshtas, Boris V.Ivanov
Arctic and Antarctic Research Institute, St. Petersburg, Russia
Reinert Korsnes~ Jon Bj?jrre 0rbek
Norsk Polarinstitutt, Tromso, Norway

The summer decay of sea ice and biological production in the Arctic seas depend partly on the
spectral and directional distribution of incoming
solar radiation and its redistribution within sea ice
cover including bare ice, snow cover, leads and melt
ponds and sea upper layer [Maykut and Perovich,
1987; Makshtas and Podgomy, 1996]. Knowledge
on how solar energy redistributes between these
elements in different spectral ranges, allows to understand what type of sea ice ablation (bottom, surface or lateral) dominates and to quantify heating
and light conditions of sea upper layers. Recent
works [Grenfell et al., 1994; Podgomy and Grenfell, 1996, e.g.] show some theoretical and experimental aspects of interactions between short-wave
radiation and snow and sea ice. However, almost
all of these works examine special conditions or are
based on scant experimental data. We carried out
on the Norwegian research vessel "Lance" in the
Barents Sea (Barex 1995, Icebar 1996) experiments
to receive more complete data on radiation above
and within sea ice. We made measurement above
different types of surfaces and upper sea layer in
intensive melting periods.

ibrated white plate placed at Nadir provided reference measurements. We used a 4m protected fiber
optic extension cable with attached water tight cosine receptor, to measure melt pond bottom albedo
and under ice irradiation. For the under ice measurements the remote cosine receptor was fixed to a.
5 meter aluminum rod. The one meter end part of
this rod could be lifted up 90° after being lowered
under the ice so that the cosine receptor actually
was located 1 m to the side of the drill-hole. To
reduce noise in the measurement, we averaged 10
or 40 samples.
For control of the variability of global solar
radiation (FJ.) the pyranometer Kipp and Zonen
CMll with Campbell CR10 data-logger was installed on the helicopter deck. It measured F.j. each
minute during the expedition. We used these data
to estimate the effective atmospheric transparency
(Peff) and the effective optical thickness (7) during our spectral radiation measurements. We used
the Shine modification of the Zillman formula to estimate Peff and the Shine parameterization [Shine,
1984] to estimate 7. Estimation of 7 includes information about surface albedo. We got this from
ice, leads and melt pond concentrations together
with its typical albedo.

2 METHODS AND DATA

3 RESULTS

We used for our measurements the portable spectroradiometer FieldSpec FR from Analytical Spectral Devices Inc. This instrument has spectral resolution about 3 nm in the range 350-1000nm and
10 nm in the range 1000-2500 nm. The measurements were performed by means of the standard
fiber optic cable having a 25° field of view. A cal-

Figure 1 gives spectral distributions of FJ.. for two
different situations with visually overcast cloud
conditions (10/10 tenths) and almost the same sun
zenith angle (B). These measurements show more
than 100 percent differences in FJ,. depending on
7. This can explain the large errors in values of
short-wave all-sky flux for different parameterizations [Key et al., 1996].
We focused our field study on angular distributions of FJ.. as a function of 8, spectral interval (t5 A),

1 INTRODUCTION
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Figure 1: The spectral distributions of incoming
solar radiation for overcast (solar zenith angle 62°).
1: Peff 0.44, r
13; 2: Peff 0.22, r
32.

=

=

=

=

r and Peff· Figure 2 shows the strong angular
dependence of F.j. on optical P?-rameters of atmosphere and its deviation from diffuse distribution
even in case of small transparency (note the max
on F.j. (8 = 0).
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Figure 2: Angular distribution of normalized incoming solar radiation for Peff = 0.6 (a) and
Peff = 0.2 (b), measured in vertical plane for different spectral ranges. Comparable result from
Monte-Carlo model (c) for different values of Peff·
The simple model of the light spreading through
cloudy atmosphere, realized with Monte-Carlo
method, shows that the change of distribution form
takes place in narrow range of Peff·
The influence of different angular distributions
F.j. on formation hemispherical-directional reflection of melt pond with depth 0.15m due to Fresnel
reflection are shown on Figure 3. These results
partly support the model's estimations described

Figure 3: The hemispherical-directional reflection
of melt pond with depth 0.12-0.15m for r = 43,
Peff
0.21 (a) and T
10, Peff 0.51 (b) measured against sun.

=

=

=

by Podgorny and Grenfell [1996] and experimental
data about reflectance of different kinds of sea ice
cover were received by Perovich [1994] for clear
sky.
Our measurements show significant variations in
the spectral albedo (A>.) for different parts of the
sea ice cover in the Barents Sea during the melting season. This is, together with above mention
factors, due to different water content and impurities. We found five types of surfaces with very
different spectral patterns: snow covered ice, melt
1>onds, very wet snow (hidden melt ponds), as well
as dirty ice and melt ponds. Referring to Figure 4,
clean snow and ice in changing conditions from wet
to dry have similar and well known spectral albedo
patterns over the whole spectral range under consideration , varying from 75 - 95 percent at 500 nm
to 10 - 20 percent at 1350 nm. Clean melt ponds
practically absorb all radiation expect for the PAR
(400 - 700 nm) range with albedo of 30-70 percent
around 500 nm in dependence on depth.
The most interesting features were revealed for
other types of sea ice cover. The intermediate
values between clean snow and melt ponds albedo were found for the surfaces that can be characterized as hidden melt ponds, i.e. wet snow
covered surfaces with melt water at the bottom.
The albedo of these surfaces were similar to the
melt ponds in the short-wave part of the spectrum
and approached the snow surface characteristics in
the long-wave part. The albedo of the dirty ice
floes showed very distinct features of heavy absorption in the short-wave part of the spectrum below
850 nm, probably due to absorption by algae. The
melt ponds on this floe had very low albedo down
to 10 percent at the maximum level.
Measurements of the under ice irradiation were
done along several profiles on the ice including
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period. The results confirmed at least qualitatively
the most results of existed radiation models. They
point out the importance of complex experimental
investigations of radiation processes in polar atmosphere under common cloud and fog conditions in
summer MIZ. This, together with state of sea ice
surface, control the angular distribution of incoming solar radiation and its absorption.
Figure 4: Spectral albedo of different kinds of sea
ice cover in intensive melting period.
snow covered ice and melt ponds. Despite reduced
quality of the under ice irradiation data due to low
instrument sensitivity, the first results show a considerable variability in the under Ice radiation field.

I

I
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Figure 5: The relative spectral intensity of solar
radiation, penetrated through sea ice cover. a: wet
snow 5-7 cm, ice 2.5m; b: melt pond, depth 0.3m,
ice 1.2 m; c: wet snow 3 cm, ice 1.6 m.
As it possible to see only radiation below 700 nm,
i.e. the PAR radiation reaches the under ice waters.
Whereas less than 5 percent of the radiation at 500
nm penetrates 2.5 m of sea ice, approximately 40
percent of the incident visible light is left below a
melt pond with 1.2m of ice and 30 cm ofwater.This
data at least qualitative support the model's results
of ]in et al. [1994] about relation between solar
radiation penetrated into ocean through snow-ice
and ponded ice.So the melt ponds act in many ways
like optical windows to the atmosphere.
4 CONCLUSIONS

The field investigations executed during the
Russian-Norwegian expedition "Barex-95" and the
International expedition "Biodaf-96", gave the possibility to receive the new data about parameters of the solar radiation interaction with different types of sea ice cover during intensive melting
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A HIGH-RESOLUTION, DIGITAL ARCTIC SEA ICE CLIMATOLOGY

David L. Martin* , David A. Benner and Kim C. Partington
National Ice Center, Washington D.C.

The highly complex role of the

parameterization of critical mass and

Arctic region in responding to, or

energy air-sea-ice fluxes (Barry et al.,

serving as, the primary control of global

1993).

climatic change at lower frequencies

The National Ice Center (NIC) is

than those of the El Nino Southern

compiling a high resolution, digital

Oscillation (ENSO) 1s the subject of

Geographic Information System (GIS)-

considerable active mqmry

(Alley,

based Arctic sea ice climatology for such

Central to these studies is the
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1995).

need for global

circulation (GCM)
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models
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simulating
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Committee

climatic responses to modulated forcing

(GCC) Environmental Working Group
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(EWG) initiative. The data incorporated

over

temporal

into monthly climatologies of total ice

Milankovitch,

concentration, stage of development and

Dansgaard/Oeschager

overall ice extent were extracted from 23

and others). GCMs, as well as regional

years of regional-scale sea ice analyses

numeric models useful for investigating

produced by NIC (Kniskem, 1991).

local physical phenomena in the Arctic,

These ice analyses were developed from

require high definition climatological

both

information on the nature and extent of

restricted data . Starting in 1972, these

Arctic sea ice for specifying boundary

analyses were produced through the

and initial conditions (including albedo

integration of a variety of remotely

effects on radiative transfer properties),

sensed and in-situ data sources including

as

the following:

widely

periodicities

varymg
(e.g.

Heinrich/Bond,

well
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for

ensuring

realistic
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•

•

satellite visible I infra-red images

transition from analog (paper) products

(NOAA TIROS-N Advanced Very

and databases (e.g., Knight, 1984) to

High

Radiometer

digital ice charts and the acquisition of

(A VHRR) and DMSP Operational

RADARSAT data (Bertoia and Carrieres

Linescan System (OLS);

1994).

Resolution

Climatological summaries of

Ice

Arctic sea ice conditions developed from

concentration products (NIMBUS-5

these products represent a powerful set

Electrically

of
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passive

microwave

Scanning

Microwave
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climatological

1972-82,

information which, after nearly three

Scanning
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investigation of decadal-scale climate

1980-87,

changes. Manually digitized sea ice

Special Sensor Microwave Imager

information has been rigorously quality

(SS M/I) from 1987-present with ice

controlled prior to incorporation into the

concentration

from

climatological summaries to eradicate

team

artifactual

Radiometer

(ESMR)

NIMBUS-7
Multifrequency
Radiometer

CALNAL

(SMMR)

derived
and

NASA

perturbations

m

the

algorithm);

calculation

GEOSAT Radar altimeter Ice edge

previously

observations 1988-89;

Climatological

U.S. Navy/U.S. Coast Guard aerial

monthly charts depicting probability of

reconnaissance ice observations;

occurrence of any ice, mean total Ice

•

opportunistic ship observations;

concentration

•

satellite Synthetic Aperture Radar

extent/coverage

(SAR)

Remote

availability of this new digital Arctic sea

Sensing Satellite (ERS-1 and 2) and

ice climatology will prove useful to

RADARSAT.

investigators involved in wide ranging

•

•

from

European

of ICe

statistics,

which

their

value.

summaries

include

limited

and

weekly

statistics.

ICe
The

key

studies of the northern high latitude

developments have improved the quality,

regions and will be available as a CD-

accessibility and utility of ice center

ROM product from the World Data

products compiled from these data - the

Center-A (WDC-A) and National Snow

Since

1996,

two
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and Ice Data Center (NSIDC) located in

modeling, Rev. Geophys., 31, 397-422,

Boulder, Colorado.

1993.
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THE 2-M AIR TEMPERATURES OVER THE ARCTIC BASIN: TRENDS AND PROBLEMS
Seelye Martin·
University of Washington, School of Oceanography
Seattle, WA 98195-7940 USA

ABSTRACT
A recent published analysis of the Russian
manned drifting North Pole (NP) ice station 2-m air
temperature data set shows that for the period 19611990, and during May-June, there was a significant
0.5-1 C/decade warming over the central Arctic Basin
(Martin, Munoz and Drucker, 1.997). This observed
trend, which causes a lengthening of the summer melt
season, agrees with land station trends.
Unfortunately, the NP-observations ceased in
early 1991, due to the dissolution of the Soviet Union.
Therefore for this analysis to continue, we must rely
on the automated buoys 'from the International Arctic
Buoy Program (IABP). However, our analysis shows
that the temperatures measured by buoy thermistors
are 1-3 C too warm in late spring and summer, where
the warm bias is probably due to radiative heating by
the incident solar radiation.

Given the importance of these measurements, we will also
show that because the temperature field in the central
Arctic is nearly uniform, it will require the addition of only 12 accurate sensors per year to continue this important time
series. This suggests that we add 1-2 aspirated
thermistors/year to the high Arctic, where we will only need
to aspirate the thermistors during late spring and summer.
REFERENCES
Martin, S., Munoz, E. and R. Drucker, Recent observations
of a spring-summer surface warming over the Arctic
Ocean, Geophysical Research Letters, 24(10), 12591261' 1997.
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MODELING OF ARCTIC SEA ICE ANOMALIES- IMPLICATIONS FOR SIMULATING THE SEA ICE RESPONSE TO
GLOBAL WARMING
James Maslanik, Amanda Lynch, and Mark Serreze
University of Colorado, Boulder, Colorado
1. INTRODUCTION
Simulations of the expected reduction in sea ice
cover due to global warming have relied primarily on
general circulation models (GCMs) that do not provide for
explicit ice transport. The new generation of GCMs
typically include dynamical ice treatments, but still suffer
from relatively poor simulations of the pressure regimes
that drive ice motion. Here, we investigate the role of ice
transport in contributing to recent observed anomalies in
Arctic ice cover, and discuss how the lack of ice transport,
or inaccurate transport, in GCMs might affect their ability
to accurately predict a sea ice response to climate
change.
2. THE ROLE OF ICE DYNAMICS IN RECENT SEA ICE
ANOMALIES
As discussed elsewhere in this volume (Maslanik et
al., 1997a) and in Maslanik et al. (1996)
recent
reductions in Arctic ice extent and, to a lesser degree, ice
concentration occur in conjunction with anomalous Arctic
atmospheric circulation. However, observations alone
cannot show the degree to which the reductions in ice
cover are due to ice transport or to thermodynamic
processes such as ice growth and melt. Simulations
using a stand-alone ice model suggest that dynamics
play a significant role under current climatic conditions
(Maslanik et al., 1997b), but that the relative contributions
of ice growth/melt versus ice transport is sensitive to the
prescribed climate forcings.
Our strategy for further considering the role of ice
melt and transport in driving regional anomalies uses a
2-D stand-alone ice model (Maslanik et al., 1997b) to
identify the interannual variability in ice production and
loss due to dynamic vs. thermodynamic processes. We
then focus on a single time period (April - Sept. 1990)
using the Arctic Regional Climate System Model
(ARCSyM) (Lynch et al., 1997) to document iceatmosphere interactions contributing to the ice extent
anomaly observed in 1990 (Serreze et al., 1996). Using
these stand-alone and coupled model results, we then
consider the level of detail required within GCMs to
correctly simulate such interannual variability.
This
includes experiments using the National Center for
Corresponding author address:
James Maslanik, University of Colorado, CCAR, C8431,
Boulder,
CO
80309
USA;
email:
jimm@northwind.colorado.edu

Atmospheric Research (NCAR) GENESIS global climate
model (Pollard and Thompson, 1994), where the effects
of including ice dynamics are assessed.
Here, we present a brief summary of each of these
modeling stages, and point out the significance of
accurate representation of regional ice conditions for
simulating sea ice responses to climate perturbations.
3.1 Stand-alone Ice Model Results
The 2-D ice model was driven using daily-varying
forcings obtained from National Center for Environmental
Prediction (NCEP) reanalyses for 1985-1993 as
described in Maslanik et al., (1997b). For each grid cell,
the changes in ice thickness due to dynamics and
thermodynamics were summed separately, allowing the
contribution of each process to be examined over space
and time. For exa1(1ple, Figure 1 shows ihe net

Figure 1. Accumulated positive (white) and negative
(gray) ice thickness due to dynamics as summed over the
1985-1993 simulation period. Black indicates the model
domain masked as land or as un-used cell.s.
accumulation over the 9-year period due to ice dynamics.
The white (gray) areas represent areas where a net gain
(loss) of ice occurs due to dynamics. In this simulation,
the marginal seas are zones of net ice import, while the
central Arctic and Siberian seas are primarily zones of ice
export.
The Siberian Sea, a region where significant
reductions in ice extent have occurred in recent years,
appears in Figure 1 as a location where both dynamics
and thermodynamics add to the ice cover. A time series of
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dynamic and thermodynamic accumulation for a grid cell
in this area (Figure 2) shows that thermodynamics
C)

2.~~~~~-,~~-.~~-r~~--~

0

:<

8
'--'
</.)
</.)

0

=

~

u
......
-1.

-=
0

-~

......
=
~

ro

..r:::
u

-2.

-3. - -

Dynamics
- - Thermo .

-4.L--L--~--L---~-L-L~--L-~--~

1985

1987

1989

1991

1993

Figure 2. Time series of change in ice thickness due to
thermodynamical (solid line) and dynamical (dashed line)
processes.
dominates, but with some significant variability
associated with dynamics. In particular, the results for
summer of 1990 suggest that ice melt is likely responsible
for a substantial part of the anomaly. Note however, that
the additional ice lost due to melt is preceded by ice loss
due to ice dynamics. This loss in spring is relatively large
and persistent, compared to other years.

3.2 ARCSyM Results
ARCSyM consists of interactive and coupled model
components for ice, ocean, atmosphere, and land. For
this work, a model domain covering the full Arctic Basin at
100 km cell size was constructed (Figure 3). Simulations
of the period from April-September 1990 were run, with
European Center for Medium Range Weather Forecasts
(ECMWF) forcings as lateral boundary conditions. The
ice model was initialized using ice concentration and ice
thickness simulated by the stand-alone model discussed
in the previous section. Details of the model are provided
in Lynch et al. {1997).
As with the stand-alone model experiment,
changes in ice thickness due to thermodynamical and
dynamical processes were summed for each grid cell for
April-September. The model captures the spatial pattern
of the reduction in ice extent reasonably well, with the
reduction in ice cover due more to ice melt than to
advection. However, the difference between the ice loss
due to thermodynamics versus dynamics is less than that
seen in the standalone model. While more ice is lost due
to melt than to transport, the loss due to dynamics (Figure
3) helps define the spatial pattern of ice reductions
observed in 1990, with the reductions extending
northward into the Chukchi Sea from the Siberian Sea.

Figure 3. Accumulated change in ice thickness due to
dynamics summed over April - September 1990 from the
ARCSyM coupled model run. Darker areas indicate
greater ice thickness loss due to dynamical processes.

3.3 GCM Results
These stand-alone
and
ARCSyM model
experiments allow us to assess the degree to which
dynamics and thermodynamics combine to reproduce
observed interannual and regional variability in the Arctic
ice cover. In the case of GCMs, the ice-albedo feedback
that accentuates warming in polar regions due to
increases in greenhouse gases is a thermodynamic
process - the degree to which dynamics modifies this
response remains uncertain. Using the NCAR GENESIS
Version 1 model, Pollard and Thompson (1994) show
reduced sensitivity to doubled C02 when dynamics are
included. This is consistent with stand-alone model
experiments, which generally show decreased sensitivity
of basin-scale ice models to thermodynamic perturbations
when ice dynamics are simulated. For our work, are
using the GENESIS model in thermodynamics-only and
dynamic-thermodynamic modes to investigate the role of
regional ice and climate conditions in determining the
GCM's response to climate change scenarios.
An obvious but often overlooked issue is that while
the inclusion of dynamics is desirable, GCMs that include
ice transport become susceptible to errors in ice cover
due to inaccurate winds and/or ocean currents in
addition to errors arising from thermodynamic forcings,
which in turn affect the response of the model to
perturbations {Maslanik et al., 1997b). As an example,
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Figure 4 shows the distribution of Arctic ice thickness in
May from a GENESIS version 1 equilibrium run with
dynamic ice, while Figure 5 shows the May ice thickness
simulated by GENESIS version 2.0. Note that the spatial
distribution of ice thickness in both models is reasonable
at first glance. However, the Version 1 ice thickness is
r··-··------···-·----·····························------:--:--:-:.-:--:--:··::-·-··-····-·--------------------1

4.0 CONCLUSIONS
A combination of stand-alone and coupled models
allows us to quantify the relative significance of ice
growth and ice transport for accurate simulations
regional ice conditions. The dependence of regional ice
anomalies on the interactions of ice dynamics and
thermodynamics in turn provides guidance for assessing
the level of ice-model detail required in GCM simulations.
In general, most of the net change in ice cover for the
years studied occurs due to ice growth and melt
However, interactions of dynamics and thermodynamics
likely plays a significant role in the strength of the
regional anomalies, as suggested by the spring 1990
results from the stand-alone run. The initial regional
modeling results suggest that ARCSyM is capable of
simulating the main features of the 1990 anomaly.
Further work with ARCSyM is planned to diagnose the
interactions of dynamics and thermodynamics in more
detail. At a minimum, the relatively localized nature of the
regional anomalies, combined with the differences noted
between GENESIS Versions 1 and 2 point out that the
response of GCMs to climate change will depend at least
in part on the ability of the model to reproduce regional
thermodynamic forcings and ice transport. Given the
importance of the ice-albedo feedback in enhancing the
polar response to global warming, interpretations of GCM
results should consider the ability of the atmospheric and
ocean model components to accurately redistribute the
ice cover.
Acknowledgments This work was supported by NSF W
grants 9423546 and OPP 9614297.
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ON THE INTERANNUAL VARIABILITY OF ARCTIC SEA ICE TRANSPORT: RELATIONSHIPS TO
ATMOSPHERIC CIRCULATION MODES AND SIGNIFICANCE FOR GCM ASSESSMENTS
James Maslanik, Charles Fowler, and William Emery
University of Colorado, Boulder, Colorado
John Weatherly
National Center for Atmospheric Research, Boulder, Colorado

1. INTRODUCTION
Since the early 1960's, the North Atlantic
Oscillation (NAO) has been increasingly positive
(Hurrell and Van Loon, 1997). From 1920 to
1995, six of the eight years with the largest
positive NAO index occured after 1988, with the
period from 1989-1995 exhibiting the strongest
and most persistent positive NAO cycle over a
120-year record (Hurrell and Van Loon, 1997;
Fig. 5). In addition to the lower sea level
pressures {SLP) near Iceland (e.g., the positive
NAO mode), SLP in the central Arctic has been
below normal in recent years (Walsh et al., 1996),
with a substantial increase in cyclonic activity
(Serreze et al., 1996).
Since nearly all of the satellite and buoy
data used to study sea ice conditions have been
collected from 1979 onward, these data thus
reflect a period of unusual Arctic circulation that
in turn may drive recent anomalies in sea ice
extent and concentration (Maslanik et al., 1996).
This clearly complicates the search for long-term
trends in ice cover based on the existing
observations. In addition, comparisons between
observed mean conditions and "equilibrium
present-day" global climate simulations should
be done with care, since at least some of the
differences might reflect the abnormal recent
conditions rather than an inability of the GCM to
simulate "normal" climate.
Here, we use newly-available ice velocity
data combined with ice concentrations to
examine how large-scale transport patterns have
varied in recent years in conjunction with the
NAO index, and in particular for the periods
Corresponding author address:
James Maslanik, University of Colorado,CCAR,
CB431, Boulder, CO 80309 USA; email:
jimm@ northwind.colorado.edu

before and after 1989. We then consider the
signifcance of these relationships for diagnosing
the performance of the National Center for
Atmospheric Research (NCAR) Climate System
Model (CSM) for simulations of Arctic climate.
2. DATA
Ice velocities used here were obtained from
daily Special Sensor Microwave/lmager (SSM/1)
(Emery et al., 1997) and every-other-day
Scanning Multichannel Microwave Radiometer
(SMMR) imagery for 1979-1996 at a grid spacing
of 125 km. Root mean squared error of the daily
velocities are approximately 6 crn/s relative to
drifting buoy locations. The RMS error is
unbiased, so averaging these velocities into
monthly means as used here yields reasonable
estimates of general ice motion patterns, and
has the advantage of providing details of ice
transport in regions poorly represented by
buoys. The ice velocities are combined with ice
concentrations calculated from the SMMR and
SSM/1 brightness temperatures obtained from
the National Snow and Ice Data Center.
We compare these observed ice conditions
to ice transport simulated by the CSM global
climate model.
CSM includes a dynamicthermodynaroic ice model as part of its coupled
system components (Weatherly et al., 1997).
The ice transport results noted here are from a
300-year integration of the CSM, with the
atmosphere modeled at T42 resolution, and the
ocean and ice simulated with approximately 2° by
2° resolution.
3. ICE TRANSPORT MODES:
POST-1989

PRE- AND

Mean transport patterns estimated from the
microwave data for January-April, 1989-1996
(Figure 1) and 1979-1988 (not shown) suggest
that while the Beaufort Gyre circulation
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dominates the Arctic Basin ice transport prior to
1989, in recent years the gyre is confined to a
smaller portion of the western Arctic than in the
earlier period. The source region feeding the
southern portion of Transpolar Drift Stream
(TDS) shifts from the Beaufort Gyre to the East
Siberian and Laptev seas, while the northern
portion of the TDS bends toward the northern
Canada Basin and the Canadian Archipelago. In
general, the ice transport patterns associated
with the positive and negative NAO years
resemble weaker versions of the wind-driven
cyclonic and anticyclonic modes of Arctic ice drift
discussed by Proshutinsky and Johnson {1997).
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signal -a situation which appears to be unique
over a period of at least several decades.
Consistent with the cyclonic mode of ice
transport, passive-microwave-derived multiyear
ice fractions indicate little multiyear ice in the
Siberian Arctic. for 1989-1995, with somewhat
less multiyear ice throughout the Arctic Basin.
Such an apparent reduction in multiyear ice
fraction might indicate thinner ice in the Arctic
Basin in recent years, particularly in the Siberian
sector, where much of the recent reductions in
summer ice extent have occured {Maslanik et al.,
1996).
However, the uncertainties in the
passive microwave-derived ice type fraction are
too large to support firm conclusions.
A time series of ice area transport {total ice
concentration multiplied by velocity and unit
distance) illustrates the shift in direction of
transport before and after 1989 {Figure 2).
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Figure 1. Mean ice velocities and multiyear ice
fraction for Jan.-April1989-1996. The thick solid
line shows the line of delineation used for the
transport calculations given in Figure 2.

Figure 2. Ice areal transport across a line
extending from 84° N to 72° N along longitude
180° W {see Figure 1).
Positive {negative)
values indicate westward {eastward) transport.

These transport patterns follow from the
increased cyclonic activity noted in the Arctic
since 1989, which essentially appears in mean
pressure fields as an extension of the North
Atlantic cyclone track into the Laptev and
Siberian seas.
While this increase in low
pressure occurs in conjunction with the positive
NAO since 1989, this was not necessarily the
case in other positive NAO years such as 1983.
lt is thus not accurate to assume that all positive
NAO years reflect the more cyclonic mode of ice
transport. Instead, the recent SLP reductions in
the central Arctic might reflect an amplification or
poleward extension of the lower-latitude NAO

Prior to 1989, most transport in the
Beaufort and' central Arctic along this transect is
westward, from the Canada Basin into the TDS.
After 1989, the transport from this portion of the
Beaufort Gyre decreases, replaced by a more
direct northward transport from the Siberian
sector, with an eastward component, as
reflected by the negative fluxes across the
transect in Figure 2. Input from the gyre is
confined to the southern portion of the TDS,
rather than over nearly the entire transect as in
the earlier period.
Total ice-area transport
through the central portion of Fram Strait for
1989, 1990, and 1995, the three years since
1989 with the strongest positive NAO index and
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below-normal central Arctic SLP, is nearty twice
that of the mean for 1979, 1985, and 1987, the
three years with the most negative NAO index
during the 1979-1996 time period.
4. IMPLICATIONS FOR INTERPRETING CSM
RESULTS
Compared to observations, the CSM
simulations of Arctic SLP show an overly-large
high pressure regime (Weatherly et al., 1997),
essentially resulting in an extension of the
Beaufort Gyre pattern across the entire Arctic
Basin. As noted earlier, available observations
partially reflect the recent anomalously low SLP.
Even with this taken into account though, the
CSM mean SLP is too anticyclonic. However, if
one chose to compare the CSM SLP to
observed mean conditions for negative NAO
years, when high pressure is more prevalent and
when the Beaufort Gyre is accentuated, the
CSM results are considerably less unrealistic,
and are reminiscent of the anticyclonic mode
described by Proshutinsky and Johnson {1997).
The negative trend in the CSM's Fram Strait ice
volume export from Year 50 onward (Figure 3) is

GENESIS GCM to overestimate North Atlantic ice
cover resulted in a deepening and extension of
the North Atlantic storm track.
Thus, one
potential cause for the overestimation of Arctic
high pressure in CSM may lie in its simulation of
surface energy transfer in the European sector
of the Arctic Ocean, or perhaps in the treatment
of cyclogenesis downwind of Greenland. The
negative trend in CSM ice export in Figure 3 may
reflect the inability of CSM to cycle back and forth
between circulation modes such as the positive
and negative NAO, thus causing a positive
feedback that strengthens an SLP pattern
'somewhat similar to the negative NAO
conditions in the Arctic Ocean.
In summary, recent observations reflect an
abnormal period of atmospheric conditions and
resulting ice transport. The CSM simulations are
more typical of the opposing mode of Arctic
SLP. The interannual variability in ice transport
associated with these SLP modes must be taken
into account when investigating trends and
validating model performance.
Acknowledgments: This work was supported by the
NASA Polar Studies Program and the NOANNASA
Pathfinder project.
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Figure 4. Ice volume flux through Fram Strait as
simulated by the CSM.
consistent with, although more exaggerated
than, the pattern seen in the observations for
the positive and negative NAO years, when a
stronger Beaufort Gyre occurs in conjunction
with reduced ice-area export.
CSM overestimates sea ice cover in the
North Atlantic - a situation which might limit
cycfogenesis in the region, and thus yield SLP
patterns more typical of a negative NAO.
Experiments using ocean flux corrections to
compensate for a similar tendency in the NCAR
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MODELING FESH WATER SOURCES, THEIR DISTRIBUTION,
AND SINKS IN THE ARCTIC OCEAN
Wieslaw Maslowski *, Yuxia Zhang, and Albert J. Semtner
Naval Postgraduate School, Monterey, California

1. INTRODUCTION

2. MODELING APPROACH

One of the major ways the Arctic Ocean can
manifest its influence on global climate is via the
export of fresh water into the northern North
Atlantic (Aagaard and Carmack, 1989). Variability
in the sea ice and fresh water flux out from the
Arctic is critical to convective activities of the
Nordic and Labrador Seas and to the nature of
the global thermohaline circulation. Recent
studies (Dickson et al., 1996 and Dickson et al.,
this Conference Volume) suggest a possible link
between the fresh water export and intensity of
winter convection in the subpolar seas and the
North Atlantic Oscillation (NAO).

A high resolution coupled Arctic Ocean and sea
ice model has been used to address some issues
related to fresh water budget in the Arctic. The
model has been integrated for +200 years using
repeatedly
1990-1994 realistic atmospheric
forcing from ECMWF. Analysis of early model
results shows a good agreement with earlier
estimates of the exchanges between the Arctic
and North Atlantic (Maslowski et al., 1997) and
with the large- and small-scale features of the sea
ice circulation (Zhang et al., 1997).

In the Arctic, fresh water provides salinity
stratification to the upper ocean which is crucial to
the vertical circulation and to the existence of sea
ice cover. The stratification of the Arctic water
masses being mainly . determined by the
distribution of salinity is a result of the combined
effects from river runoff, seasonal ice melt, and
the inflow of relatively fresh water of Pacific origin
through Bering Strait. With an exception of
Mackenzie River, fresh waters from all major
rivers including the inflow through Bering Strait,
enter the Arctic at the wide and shallow shelf
region, between the Chukchi and the Barents
Seas. These waters are mixed and distributed
over the shelves by the joint action of winds and
tides, to eventually enter the large scale
circulation of the deep basins, and then to exit the
main Arctic through Fram Strait and the Canadian
Archipelago.
Studies of the fresh water circulation on the shelf,
its communication with the deep basins, and its
effect on the large scale surface circulation and
on convective activities in the subpolar seas are
needed to gain the most new insights relevant to
climate change.

*Corresponding author address: Wieslaw Maslowski,
Department of Oceanography, Naval Postgraduate
School,
Monterey,
CA
93943-5122,
e-mail
maslowsk@ucar.edu

The Parallel Ocean Program (POP) of Los
Alamos National Laboratory (Smith et al., 1992),
which has been adapted to the Arctic Ocean uses
a free-surface approach and allows multiple
tracers. The latter feature of the model is ideal for
numerical studies of the fresh water circulation
and the dispersion of contaminants from the arctic
rivers and shelf regions. Multiple tracers can also
be used to address issues related to distribution
of Atlantic and Pacific waters in the Arctic. The
free surface approach combined with the high
resolution (18 km and 30 levels) allows a realistic
unsmoothed bathymetry, including the Canadian
Archipelago and other small islands, which are of
special importance for a study of the fresh water
circulation and its outflow into the North Atlantic.
3. RESULTS

Two separate. multiple tracer experiments have
been designed and integrated for -so years each,
in collaboration with a group of colleagues from
Lamont-Doherty Earth Observatory led by Peter
Schlosser. The first experiment called the passive
river tracer experiment simulated distribution of a
dye-type multiple tracers, having prescribed from
observations (P. Seeker and A. Roach, private
communication) realistic annual cycle of daily
mean volume concentration at each source (i.e.:
Mackenzie, Dvina, Pechora, Ob, Yenisey, Kotouy,
Lena, lndigirka, and Kolyma Rivers and the
Bering Strait inflow). This approach is useful for
studying the distribution of such tracers as
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pollutants and nutrients, which are being (passively)
advected and mixed by ocean currents and eddies.
In the second experiment, called the active river
tracer experiment, each river source has prescribed
realistic annual cycles of daily mean fluxes of heat
and salt as a function of daily mean volume
concentrations. Each source actively contributes to
the ocean density fields and at the same time can
be traced separately throughout the Arctic Ocean
and into the North Atlantic.
Figure 1 shows the surface distributions of the
passive and active tracers from Lena River after 20
years from the start of each experiment. These two
experiments are representative of the first half of
the1990s only. They both show the Beaufort Gyre
being significantly decreased and the central Arctic
having cyclonic type of circulation similar to that
discussed by Proshutinsky and Johnson (1997).
The Transpolar Drift is absent over the Lomonosov
Ridge and its new position (if we continue to define
this feature along the eastern part of the Beaufort
Gyre) is now located somewhere over the
Mendeleyev-Aipha Ridge. The difference in tracer
distributions between the passive and active
experiments shows the sen~itivity of the large scale
upper ocean circulation to the water mass
stratification. Results from those two experiments
are presented including estimates of residence time
of water originating from different sources and
comparisons with observational data (e.g. Schlosser
et al., 1994; Jones et al., 1997; McLaughlin et al.,
1996). Animations of active tracer fields at different
depths (available from the recent CD-ROM) will be
also shown
The atmospheric forcing plays the major role in
driving the upper ocean and sea ice circulation.
Zhang and Hunke (this Conference Volume)
describe a difference in patterns of sea ice
circulation between the early 1980s and the 1990s
(with the former one representing climatology),
using the new ECMWF re-analyzed atmospheric
fields for 1979-1993 to force the coupled Arctic
model. In the ongoing fresh water experiment this
new ECMWF product is being used to study the
fresh water balance. the upper ocean circulation,
and its variability during the last 18 years. Some
new results from this simulation will be shown.
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HIGH LATITUDE PROCESSES AND GLOBI'L DECADAL TIME-SCALE VARIABILITY IN A GLOBAL COUPLED GCM
Gerald A. Meehl', Julie M. Arblaster, and Gary Strand
National Center for Atmospheric Research, Boulder, Colorado

1.

INTRODUCTION

T 991 Global M

In the context of understanding global climate variability
and possible anthropogenic climate change, it is important to
identify processes that cause low frequency decadal
timescale fluctuations in such quantities as globally averaged
surface air temperature, as well as in geographical patterns of
surface temperature variability. Two 76 year integrations of a
global coupled ocean-atmosphere GCM (Meehl and
Washington, 1995, 1996; Washington and Meehl, 1996) with
different low frequency characteristics, as well as global
observational datasets, are analyzed to study the processes
that could take part in producing such variability.
2. CONSEQUENCES OF CHANGING
PARAMETER

A SEA ICE

A change in a sea ice parameter in the model results in a
reduction in amplitude (of about 60%) and a shortening of the
predominant period of decadal low frequency variability (from
about 33 years to roughly 15 years) in the time series of
globally averaged surface air temperature (Fig. 1). These
changes are also seen in time series of area-averaged SSTs
in the equatorial eastern Pacific Ocean, the principal
components of the first EOFs of global surface air
temperature (Fig. 2) and sea level pressure, and other
quantities. The alterations in these time series are highly
correlated with each other, yet the only change made
between the two model integrations is in the sea ice
formulation. it is postulated that coupled ocean-atmospheresea ice processes acting on the global scale produce the low
frequency decadal timescale oscillations in the model. These
involve manifestations of a number of regional decadal
mechanisms, some suggested in previous studies, acting in
unison to contribute to the low frequency fluctuations of
globally averaged surface air temperature and geographical
patterns of surface temperature in the model. Analyses of
limited global observations seem to support this hypothesis.
Processes that are important for the low frequency decadal
timescale variability in the model include ocean heat content
anomalies in the tropical and subtropical gyres of the north
and south Pacific, Atlantic and Indian Oceans (Fig. 3),
associated low frequency "ENSO-Iike" signals in atmosphere
and ocean in the Pacific (Fig. 2), interactions between sea ice
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Figure 1: Seven year running means of globally averaged
surface air temperature from the M experiment (top) and the
C experiment (bottom). The only difference between the two
experiments was a change in a sea ice parameter that, in
effect, made it more difficult to rnelt sea ice (and reduced the
ice-albedo feedback) in the C experiment at bottom compared
to the M experiment at top.
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processes and meridional overturning in the ocean in the
Greenland Sea region, and consequent global energy
balance fluctuations. The changes in the amplitude and
timescale of the low frequency variability in the model are
traced to changes in the base state of the climate simulations
as affected by alterations associated with the changes in sea
ice. The altered base state then affects the global coupled
mechanisms and their manifestation· as low frequency
decadal timescale variability of virtually the entire the climate
system.
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Figure 2: a) EOF1 and b) time series of PC1 for surface air
temperature from ttie M experiment, and c) EOF1 and d) time
series of PC1 from the C experiment.

Figure 3: Time series of the PC of the first EOF of surface
temperature from the C experiment (Fig. 2b; correlation with
the time series of globally averaged surface temperature is
+0.88) is first lag correlated with vertically averaged
temperature in the ocean (temperature averaged over the
upper 300 m), which is a measure of ocean heat content and
often generally corresponds to comparable patterns of SST.
All quantities were first smoothed with a 7 year running mean
to emphasize the decadal (roughly greater than 10 year)
timescale, though similar patterns are evident in the same
calculation using the unsmoothed data. Lag correlations are
computed at {1) lag -10 years (i.e. ocean heat content 10
years prior to the largest positive values of the surface
temperature EOF1 PC time series), {2) Jag -5 years, (3) lag 0,
(4) Jag +5, (5) lag +10. This figure is a schematic
representation of approximate positions of maxima of positive
Jag correlations with the numbers 1 through 5 representing
lags -10 years through +10 years, respectively, superimposed
on ocean vertically averaged streamfunction showing the gyre
circulations. Values range from 20-40Sv in the subtropical
gyres, to maximum values of around 80 Sv in the Antarctic
Circumpolar Current region). The movement of the heat
content Jag correlation maxima show good correspondence to
the ocean circulation features,
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FLOW FROM THE ARCTIC OCEAN THROUGH THE CHANNELS OF THE CANADIAN ARCTIC ARCHIPELAGO
Humfrey Mailing
Institute of Ocean Sciences, Fisheries and Oceans, Canada

INTRODUCTION
The Canadian Arctic Archipelago occupies 2.2 million square
kilometers of the North American continental shelf. lt
constitutes approximately 20% of the combined area of the
Arctic Ocean and its peripheral seas. Waters of the Arctic and
Atlantic Oceans are linked via the maze of channels which
separate the islands of the Archipelago. However, shoaling
seafloor topography (sills) on the western margin of the
continental shelf, near the centre of the Archipelago and in
Davis Strai~ prevent the passage of all but near-surface
waters between the aqoining stratified ocean basins. The
deepest routes from the Arctic Ocean through to Baffin Bay
are through Nares Strait (250 m) between Ellesmere Island
and Greenland, Hell's Gate (120 m) between Ellesmere and
Devon Islands and Barrow Strait (105 m) in the Northwest
Passage (see Fig.1).

Figure 1: Canadian Arctic Archipelago, showing major sills
In addition to its oceanographic complexity, the Canadian
Arctic Archipelago is remote and subject to heavy, year-round
ice cover. Consequently, access is possible only via aircraft
landings on sea ice in late winter, or via icebreaker in late
summer, although ice conditions are frequently such as to
make latter impractical. A further impediment to the direct
measurement of oceanic flow by recording current meters is
the absence of a stable geomagnetic reference for direction.
An ambitious oceanographic survey of the western Canadian
Arctic Archipelago was conducted during 1982-85. This
survey supplemented more focussed studies in Lancaster
Sound during 1978-79 (Lemon and Fissel, 1982) and in
Barrow Strait during 1981-83 (Prinsenberg and Bennett.
1987). On selected channel cross-sections, hydrographic
structure was measured by CTD, and surface current by
Address. Humfrey Mailing, Institute of Ocean Sciences,
P.O. Box 6000, Sidney, B.C, Canada, V8L 4B2.
£-mail. mellingh@dfo-mpo.gc.ca
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meters suspended beneath the fast ice for 2-3 months in the
late winter. These detailed observations were supplemented
by widely spaced hydrographic profiles over the entire study
area, and by year-long direct measurements of sub-surface
current at key locations. In all, 323 current records are now
available from the study area, including 31 of more than
eight-months duration.
2.

OBSERVATIONS OF FLOWS

Average flow vectors, predominantly from 30-90 day records
during March-June, are plotted in Figure 2. Currents are
generally weak and disorganized in the broad, deep western
passages: M'Ciure Strait, Viscount Melville Sound, M'Ciintock
Channel, waterways of the Queen Elizabeth Islands. Only
near the coastlines is there some evidence of stronger narrow
(< 10 km) boundary currents. Within the shallow straits of the
central Archipelago (Byam Martin Channel, Penny Strait,
Wellington Channel and Barrow Strait), flows are stronger
and more consistent. Here, annual average flows reach 20
cm/s and tidal mixing is intense. The Baffin Current, which
meanders into the eastern end of Lancaster Sound, is the
most energetic feature in the regional circulation.
Seasonal fluctuations in residual flow are appreciable. (see
Fig. 3). Although observations are inadequate to support a
definitive statement, the following hypotheses are posed to
guide future investigations:
1) on the south and west sides of straits (e.g. southern
Barrow and M'Ciure Straits), flows from the Arctic Ocean
increase in the summer months (July-September)
2) on the north and east sides of straits (e.g. northern Barrow
Strait and Austin Channel), flows from the Arctic weaken in
the summer months
These hypotheses are consistent with a strengthening in the
cyclonic circulation within the channels of the Canadian Arctic
Archipelago (but not necessarily with an increase in net
through flow).
Indications of ocean circulation from these sparse direct
measurements of current are consistent both with the
trajectories of drifting buoys tracked by satellite during the
summer of 1977 (Fissel and Marko, 1978), and with a careful
interpretation of the spatially varying temperature-salinity
correlations from this study during the winters of 1982-84 (de
Lange Boom et al., 1987) are supportive. From both these
supplementary sets of observations, it was clear that residual
flows are right-bounded by channel walls in the direction of
movement, and are strongest near the coastal boundaries. In
general, there is strong cyclonic shear in the motion field, with
flows from the Arctic Ocean near the surface on the west or
south sides of channels, and with counter flows at depth and
on the north or east sides of channels near the surface.
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3.

WATER-MASS TRANSFORMATION

Waters from the cold Arctic halocline which move eastward
into the Canadian Archipelago are isolated from the influence
of cold intrusions of water produced in association with
freezing on the shallow shelves of the Beaufort and Chukchi
Seas (Melting and Moore, 1995). Thus they are warmed
progressively during eastward travel by the continued upward
diffusion of heat from underlying Atlantic water (see
temperature on the 33.5 isohaline mapped by Melting et al.
1984). In the central Archipelago, the cold halocline has been
obliterated, and the thermocline and halocline are coincident.
East of the central sills, a cold halocline extending to depths
in excess of 200 m is re-created by strong convection driven
by winter ice formation in the North Water and Lancaster
Sound polynyas (see Fig. 4).
Longitudinal hydrographic sections through the Queen
Elizabeth Islands and Pany Channel have been generated
from surveys in various years by Fissel et al., 1984: figs. 1721). These reveal that waters from botll Baffin Bay and tile
Arctic Ocean converge and mix in the shallow central region
of the Canadian Arctic Archipelago. Here also, diapycnal
diffusion driven by strong tidal currents (up to 150 cm/s)
weakens the vertical gradients of heat and salt, producing a
water column which in winter is almost isohaline and within a

few tenths of a degree of freezing. The densest isohaline
traversing the Archipelago is 33.0.
4.

VOLUME TRANSPORT RATES

The rate of transport of water tllrough the Canadian
Archipelago was calculated by combining the direct
observations of residual flow (typically from the March-June
period) with baroclinic shear derived from tile wintertime
hydrographic sections. Uncertainties were calculated using
available information on the seasonal variation of current (Fig.
3), and estimates of errors induced by spatial extrapolations
of observations vertically and laterally within channel cross
sections. In combination with earlier studies, these
calculations indicate that the net transport of Arctic Surface
Water through the Canadian Arctic Archipelago exceeds 1 Sv
(see Fig. 5). This value is comparable to the southward
transport rate of Arctic Surface water by tile East Greenland
Current. Surprisingly, little of this transport passes tllrough
the broad, deep conduit provided by western Pany Channel
(at least during the 1980's). Unfortunately, uncertainty in
values of volume transport rate is large, because:
1) the accuracy of measurement was poor, due to difficulties
with direction measurement and because flow speeds were
frequently near or below rotor threshold values
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2) the spatial structure of the residual flow was not well
·esolved by observations (coherence scale- 10 km)
3) year-round observations of current were sparse (data
:>rimarily from March-June)
4) year-round hydrographic observations were not available
5) the net rate of transport from the Arctic is the difference
:>etween larger transports in opposite directions.
5.

SUMMARY

Arctic Surface Water is withdrawn from the Arctic Ocean
through the Canadian Arctic Archipelago at a rate which is
significant to the Arctic climate system.
East-flowing waters from the Arctic Ocean meet west-flowing
waters from Baffin Bay in the shallow central region of the
Canadian Arctic Archipelago.
The rates of these counter flows vary by a factor of two during
an annual cycle.
The properties of Arctic and Baffin waters are modified within
the channels of the Canadian Arctic via diapycnal diffusion,
mixing between counter-flowing water masses, and
convection. Energy is provided by strong tidal flows and by
brine rejection associated with seasonal freezing.
Measurement of the rate of transport of water, heat and salt
from the Arctic Ocean through the channels of the Canadian
Arctic Archipelago poses difficult and expensive technical
challenges.
6.
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THE STUDY OF ARCTIC CHANGE
James Morison·, Michael Steele, and Knut Aagaard
Polar Science Center
Applied Physics Laboratory
University of Washington
The Arctic is in the midst of a significant change.
The results of several recent oceanographic
expeditions indicate that the influence of Atlantic
Water is becoming more widespread and intense
than previously observed. Data collected during
the cruise of the USS Pargo in 1993 (Morison et
al, 1997), the cruise of the Henry Larsen also in
1993 (Carmack et al., 1995; McLaughlin et al.,
1996), and the Summer 1994 Arctic Ocean
Section of the Polar Sea and the Louis S. St
Laurent (Carmack et al., 1997) all indicate that the
boundary between the eastern and western
halocline types has shifted from over the
Lomonosov Ridge to roughly parallel to the Alpha
and Mendeleyev Ridges (AMR). In terms of
longitudinal coverage, this means the area
occupied by the eastern water types is nearly 20%
greater than previously observed.
The greater intensity of the Atlantic influence is
also manifest in the warm cores observed over the
Lornonosov and Mendeleyev ridges in the Pargo
and St Laurent data, with temperatures over the
Lomonosov Ridge greater than 1.5°C. Carmack et
al. (1995) and McLaughlin et al. (1996) also
observed an Atlantic Layer temperature increase
over the Mendeleyev Ridge. Results of the
Transarctic Acoustic Propagation (TAP)
experiment conducted in April, 1994 also suggest
warmer waters in the Atlantic layer (Mikhalevsky, et.
al., 1995, and Mikhalevsky, et. al., 1996). The
historical data of Gorshkov (1983) and Treshnikov
(1977) give no indication of such warm cores and
show a temperature over the Lomonosov Ridge
nearly 1°C colder. The recently prepared digital
atlas of Russian hydrographic data (Environmental
Working Group, 1997) confirms that no
temperatures greater than 1o were observed
during numerous investigations between 1950
and 1989.
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The observed differences represent a
fundamental change. The start of the change may
have been in the late 1980's. The cruise of the
Oden in 1991 (Anderson et al., 1994, and Rudels
et al., 1994) shows a slight warming near the Pole,
and Quadfasel (1991) reports warmer than usual
temperatures in the Atlantic Water inflow in 1990.
The differences from climatology are too large and
spatially consistent to be attributed to instrument
error or normal seasonal and interannual variability.
According to Morison et al. (1997) there are some
indications that the observed shift in frontal
positions is associated with a decadal trend in the
atmospheric pressure pattern (Walsh et al., 1996).
The pressure fields and ice drift data of Colony and
Rigor (1993) and Rigor and Colony (1995) show
the patterns of pressure and ice drift for 1993 were
shifted counterclockwise 40°-60° from the 197992 pattern, just as the upper ocean circulation
pattern derived from the hydrographic data of the
1993 cruise of the USS Pargo is shifted relative to
climatology. Examination of the yearly average
pressure maps in the International Arctic Buoy
Program (IABP) data reports indicates the shift in
the atmospheric pressure pattern began in about
1988-89. Before that time the Beaufort High was
usually centered over 180° Longitude. After 1988
the annual average Beaufort High was weaker and
usually confined to West longitudes. This change
is consistent with the findings of Walsh et al.
(1996) that the annual mean atmospheric surface
pressure is decreasing and has been below the
1970-95 mean in every year since 1988.
Therefore, the temporal shift in the atmosphere
roughly corresponds to our estimate of when the
ocean changes began.
We feel it is of utmost importance that these
changes in the Arctic be pursued through a
community effort. The changes seen thus far may
represent a decadal-scale change or a longer term
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shift. In either case, examining the further
evolution of conditions in the Arctic Ocean, as well
as retrospective studies, will likely tell us a good
deal about the interplay of the Arctic with the rest
of the globe. Although we have first seen the
change in the Arctic marine environment, it raises
questions about other areas. For example, can
any changes be detected in the terrestrial
environment or the Greenland ice sheet? What is
the relation to changes in the atmosphere and
oceans at lower latitudes? We believe there are
compelling reasons to initiate a multi-disciplinary
study involving measurements, analysis, and
modeling in order to understand the large changes
currently under way in the Arctic.
To explore this subject, "An Open Letter
Describing a Program for a Study of Arctic Change"
has been circulated. The Study of Arctic Change
has been endorsed by the Arctic System Science
- Ocean-Atmosphere-Ice-Interaction (ARCSS-OAII}
steering committee as consistent with ARCSSOAII goals, and an open Workshop on the Study of
Arctic Change is being held November 10-12,
1997 at the University of Washington. Interested
parties are requested to contact the authors
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DIAPYCNAL UPPER OCEAN HEAT FLUXES IN THE EURASIAN BASIN
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1.

INTRODUCTION

We report here upon recently computed vertical
heat fluxes through the upper layers of the Eurasian Basin of
the Arctic Ocean. These computations have utilized upper
ocean currents, temperature (T) and salinity (S) measured
during the summer 1993 and 1995 cruises of the research
vessel Polarstern. Upward heat fluxes in the upper layers of
the Arctic Ocean, from the warm core of the Atlantic Water
layer through the halocline to the upper mixed layer, have
generally been assumed to be negligible within the context of
maintenance of the sea ice cover. We use our computed
values to investigate this assumption and to briefly consider
possible implications within a climatological context.
2.

THE DATASETS

Vertical profiles of T and S were measured using
either Neil Brown Instrument Systems or SeaBird CTD
(conductivity, temperature and depth) profilers. Time series
of the vertical profiles of horizontal currents were measured
using a hull-mounted, 150 kHz acoustic doppler current
profiler (adcp} from RDI™. These measurements were
obtained while the vessel was stopped in the ice making
CTD measurements. The resulting time series varied in
length from less than three hours to more than 12 hours.
Vertical depth bins of 8 m were used, and measurements
were averaged and recorded over one minute ensemble
periods. Current profiles were reliably obtained down to at
least 300 m depths, or to below the depth of the maximum T
warm core. The region encompassed by this study is shown
in Figure 1.
3.

METHODS

We are considering vertical fluxes due to turbulent
mixing rather than advective processes. The quantity of
interest, in addition to T and S, is therefore vertical current
shear. Shear can be derived from the measured current
profiles without knowing the absolute currents, which were
impossible to reliably derive because of uncertain

*Corresponding author address. Robin D. Muench
Earth & Space Research, 1910 Fairview E., Suite 102
Seattle, WA 98102-3620; email: rmuench@esr.org

navigational data needed to correct the measured currents to
earth coordinates. Mean vertical shear was computed at
each site either for the entire record or, in cases where either
current, T or S conditions were observed to change
significantly during the record, for that portion of the record
which was approximately steady-state.
Vertical heat and salt fluxes were then estimated at
each station site from the vertical shear, T and S profiles
using the vertical diffusivity parameterization suggested by
Pacanowski and Philander (1981) (Figure 1).
This
parameterization is based upon the assumption that
diffusivity can be expressed as an inverse function of the
Richardson number. In otherwords, vertical diffusivity varies
directly as the vertical shear and inversely as the buoyancy
frequency. This assumption is consistent with the general
knowledge that large upward heat fluxes are suppressed in
the Arctic Ocean by presence of a relatively low salinity
upper mixed layer that results in large buoyancy frequencies
across the halocline. In the vicinity of the Laptev Sea
continental slope, where the upper mixed layer contains a
relatively large admixture of freshwater from Siberian rivers,
buoyancy frequency in the halocline can exceed 15 cph.
Computations that depend upon vertical shear can
be dependent to an extent on the vertical bin size selected,
where an adcp is used for the measurements. Our
measurements used 8-m bins, whereas the T and S data
were available as 1-m vertically integrated values. To check
on our results, a smaller subset of diffusivities was computed
using Gregg's (1989) parameterization. Gregg assumed that
the vertical diffusivity (approximately, diapycnal) is
associated primarily with internal wave shear. Vertical
diffusivity is then estimated assuming that production of
turbulent kinetic energy is balanced by viscous dissipation
and by buoyancy forces. About 85% of the balance is due to
viscous dissipation, while the remaining 15% is due to
buoyancy forces and results in an irreversible diapycnal
buoyancy flux. Use of this method requires a sufficiently long
current time series for estimation of the internal wave
spectrum. A number of the stations were sufficiently long to
allow this, and the resulting computed diffusivities agreed
closely with those computed using the mean shear at these
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sites. The spectra revealed, further, that significantly greater
internal wave energy was associated with the slopes
surrounding the Eurasian Basin than was present in the
interior remote from the slopes (Figure 2).
4.

RESULTS AND DISCUSSION

Our results show significantly greater upward heat
fluxes over the continental slopes and mid-ocean ridges
associated with the Eurasian Basin than in the central basin
(Figure 1). Kinetic energy in the internal wave frequency
band was also greater over the slope regions than elsewhere
(Figure 2). These results are consistent with input of energy
into the internal wave band on the Kara and Laptev sea
continental shelf-slope regions and over the mid-ocean
ridges. Fluxes of order 25 wm· 2 were common along the
slope and ridge features, similar to the 20-30 Wm'2 values
computed by D'Asaro and Morison (1992) north of the
Yermak Plateau using Gregg's (1989) assumptions and to
the 20 wm·2 derived in the same general r-egion by Padman
and Dillon (1991).

significantly amplified _through interactions among the
regional tides and the very steep bottom topography that
typifies much of the region. Second, particularly high vertical
T gradients are associated here w~h the upper Atlantic Water
core because of the convergence .between north-flowing
waters from the Barents and Kara seas and the east-flowing
water from Fram Strait (Schauer et al., 1997).

Freqoa:y [cpb)

Fnqcucy [cpb)

Figure 2. Energy spectra for locations over the continental
slope (bottom) and in the deep basin (top) showing the
differences in both energy level and spectral slope at internal
wave frequencies. The line marked "-2" indicates, for
comparison purposes, the slope associated with the GarrettMunk universal internal wave spectrum.
ll'

12!1

Figure 1. Schematic of upward heat fluxes through the 100200 m depth layer computed using current, T and S profiles
measured during the summers of 1993 and 1995. Selected
depth contours are shown in meters. The continental shelf
break coincides roughly with the 100-m isobath (the
shallowest shown). The steepest slopes, overlain by the
strongest alongslope mean currents, are located between the
1000 and 2000 m isobaths (second and third from the
shallowest). The Lomonosov Ridge trends north along about
143°E, and the Nansen-Gakkel Ridge along about 120°E.
Upward heat fluxes along the slope region in the
northwest Laptev Sea, exceeded 100 wm- 2, considerably
higher than elsewhere. We offer two possible explanations
for these enhanced fluxes. First, tidal currents on the Laptev
Sea shelf are the largest, due at least in part to the broad
expanses and shallow depths, found in the Arctic (Kowalik
and Proshutinsky, 1994). Further, Padman et al. (1992)
demonstrated that semidiurnal tidal currents can be

Our results concerning internal wave energy
deserve comment. We observed internal wave energy levels
over the continental slopes that were more than an order of
magnitude higher than in the deep basin (Figure 2). Further,
the energy in the internal wave band over the slope showed
a much stronger tendency to parallel the Garrett-Munk
universal spectral slope than elsewhere. Much of the past
work on internal waves in the Arctic Ocean has characterized
the region as having relatively low energy and as not
following the Garrett-Munk spectrum. Much of this work has
however focused on the central basins far removed from the
boundaries (e.g., Levine et al., 1985). More recent work in
eastern Arctic regions characterized by steep bottom
topography, notably in the vicinity of the Yermak Plateau, has
however shown that internal wave energies can attain
appreciably higher levels than was reported earlier for the
central Arctic (e.g., Padman and Dillon, 1991; Pleuddemann,
1992). Our internal wave energies are consistent with these
more recent results, and extend them eastward along the
eastern Arctic slopes and northward along the Lomonosov
and Nansen-Gakkel ridges.
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5.

CONCLUSIONS

Vertical heat fluxes through the upper ocean are
significantly higher over the continental slopes and midocean ridges of the Eurasian Basin than in the central basin
remote from these topographic features. Fluxes greater than
100 wm· 2 were computed over the northwest Laptev Sea
slope, which has the strongest tidal currents in the region as
well as strong vertical T gradients associated with the warm
Atlantic Water core. These elevated fluxes appear due to a
combination of strong vertical T gradients associated with the
Atlantic Water, internal wave activity associated with
elevated tidal currents over topographic features, and
possibly with the peripheral boundary currents that overlie the
slope regions.
Schauer et al. (1997) used earlier
computations, based on the summer 1993 data alone, to
show that the slope fluxes were sufficient to significantly cool
the Atlantic Water layer.
Considered within a climatological context, our
results suggest that some parts of the Eurasian Basin might
be more sensitive than other parts of the Arctic Ocean to
decreased freshwater input to the upper mixed layer. The
computed diffusivities varied directly as vertical shear and
inversely as buoyancy frequency. Vertical shear appeared to
be in large part a function of strong shelf tidal currents
propagating energy offshore as internal waves. Decreased
freshwater input would lower the buoyancy frequency across
the halocline, but would not influence the tidal current
speeds. The net effect, given a constant vertical T gradient
from the warm Atlantic Water core upward to the bottom of
the mixed layer, would be to increase both vertical diffusivity
and heat flux. Regional erosion of the sea ice cover by
melting from below would therefore increase, and the Atlantic
Water layer would be more strongly cooled during its
passage through the Laptev Sea than at present. Whether or
not this would result in significant changes cannot be
predicted without knowledge of other parameters, such as for
example annual mean surface air temperatures.
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SEASONAL AND MULTIYEARS VARIABILITY OF SEA THICKNESS IN THE
ARCTIC BASIN MEASURED BY ELASTIC- GRAVITY WAVES WITHIN 1972-1992

Andrew P.Nagumy·
Arctic and Antarctic Research Institute
St.Petersburg, Russia

!.Introduction
· Sea ice is a result of complex integral
interaction between the atmosphere and the ocean.
Therefore, variations of the ic~ cover parameters
contain a long-term signal that reflects changes in
the atmosphere-ice-ocean climatic system at high
latitudes. Continuous monitoring of sea ice
parameters allows one to assess the climatic trends.
2.Climate change of sea ice
In the spectrum of ice cover vibrations,
measured by seismometers and tiltrneters (Fig. 1)
the two energy maximums are clearly manifested.
They correspond exactly to the resonant waves F,.
(the equality of ice eigen frequency as a plate and
upper water layer without ice cover) and to the
waves at the minimum of dispersion curve (Fe;) of
the ice-water system (Timokhov and Kheisin 1987,
Nagurny et al. 1994). Such measurements (Crary
and Goldstein 1957, Hunkins 1962, Sytinsky and
Tripolnikov 1964, Smirnov 1971, Fedorov et al.
1980) showed that free resonant long waves
(sometimes also referred to as swell waves) at
frequency F,. have a larger amplitude than
vibrations at ~.
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Typical wavelengths A.r and periods of
resonant wave -r, for different ice thickness h,.
at modulus of elasticity E =o. 7 ·1 010Pa,
Poisson ratio v= 0.34 and ice density
A = 0. 87 gem -J are ~he following:

h,.,m
A.,m
-rns

0.5
125
9.0

1.0
200
11.3

1.5
260
12.9

2.0
320
14.2

2.5
370
15.3

3.0
420
16.3

Free vibrations have low amplitudes,
hence, they can be adequately described by
linear theory of elastic gravity waves
propagation (Kheisin 1967, Tirnokhov and
Kheisin 1987, Nagurny et al. 1994).
According to Kheisin ( 1967), the
phase velocity of elastic-gravity waves at F,
and ~ for deep water depends only on the ice
thickness h and modulus of elasticity E. In this
relation, the inverse problem implies the
determination of h by measured F,. and ~.
The relative variability 8hjh is mostly
due to the variability 8F,.jF,. and in a lesser
degree 8EjE (Nagumy et al. 1994). Taking
into account the scatter of E for long-standing
ice in the Arctic (Davis et al. 1985) we have
the following estimates:

The uncertainty of E gives to an error in h,
which is smaller than 10%. The exactness of
determining h can be increased by eliminating E
from expressions for h at F, and F, and ~ using an
iterative procedure. In this case it is convenient to
represent the dependence of h on F, and ~ in the
form of a nomogramm; the corresponding value of
E with known values F, and h can be found from
the nomogramm given in the work ofNagumy with
co-authors (1994). The value of E is required for
the investigation of reological properties of sea ice
and, eventually, for more precise modeling of ice
deformation processes.
The results of year-to-year observations of
sea ice vibrations for determining h are shown in
Fig.2. The measurements in April-May were
analyzed. In this period the ice cover is the most
stable and monolithic formation. Therefore, it best
corresponds to a model description fonnalism.
According to a linear trend (see Fig.2) during the
period 1970-1992 the thickness of sea ice changed
by 12-14 cm i.e. 3-4% of average thickness(3m), or
approximately 0.5 cm per year. Taking into account
the significant scattering of data, i a sign of trend
seems more define. It indicates warming up of
climate in the atmosphere-Arctic Ocean system.
The figures 3.4.5. demonstrated seasonal
change of effective thickness of sea ice, space time
of the thickness in different direction and location
ice station «North Pole» in Arctic basin at AprilMay. Seasonal change (figure 3) ofthickness (about
50 cm) is very reasonable value.
3.Conclusions

Ice-free water patches are usually smaller
than or, at least, comparable in their horizontal
dimensions with the length of the resonant wave
that propagates in the ice and in: the upper ocean
layer. Therefore, they pose no obstacles for
propagation of the resonant waves. The effective
sea ice thickness h is a result of natural averaging,

which occurs when the elastic-gravity wave
travels through horizontally nonuniform ice,
including hummocks and water patches. In
this sense, it is convenient to define effective
values of h as the climatic thickness of sea ice.
This study was supported by the
Russian Fund for Fundamental Investigation.
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Fig. I.

Spectrum of elastic-gravity ice-cover.
vibrations in the Central Arctic basin: (1),
resonant wave at frequency F,, (2) wave at:
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Fig.2. Average interannual variations in the
effective thickness of sea ice, determined by
measuring elastic-gravity waves in AprilMay at· the points of the Arctic basin,
located near 80° Nand 180° E. The number
of ·measurements used for averaging is
indicated by point.
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Fig.5. Location ice station «North Pole» from
1972 to 1992 April-May .

175

Fresh Water Distribution in the Arctic: Comparing a High Resolution Model with
Observations
Bob Newton, Lamont Doherty Earth Observatory
Wieslaw Maslowski, Naval Postgraduate School
Peter Schlosser, Lamont Doherty Earth Observatory
River runoff and freshwater inflow through the Bering Strait have been added to the high
resolution POP model of the Arctic basin and adjacent seas. The model, presented in detail in a
separate session by Wieslaw Maslowski, is a coupled ice/ocean GCM, which is forced by the
ECMWF-reanalysis winds and combined flux/relaxation conditions at the surface. Two runs of
several decades each have been completed. In the first run, the rivers are tagged with a passive,
"dye" tracer. In the other, river inputs are active in the computation of model density.

In this poster session, the model output is compared with observations from the Polarstem and
Oden cruises. Oxygen 18/16 ratios and salinity have previously been used to diagnose meteoric
water concentration along those cruise tracks. Now, these observations can be used to critique
and/or validate model predictions of river runoff distribution. In addition, time series' of the
model output, extracted along the cruise- tracks, will be used to show possible temporal
variability, something which has been very difficult to establish for Arctic hydrographic datasets.
Focus will also be placed on the model's description of the separation of the river-runoff plumes
from the continental shelf, and variations in this shelf/basin interaction. These model results will
be compared with current explanations of the observed distribution of stable oxygen isotopes.
bnewton@rosie.ldgo.columbia.edu
914-365-8686 (Lamont)
201-251-9549 (Home)
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THREE-DIMENSIONAL WIND FIELD RETRIEVAL OF DOPPLER RADAR DATA IN ARCTIC STORM EVENTS

R. Nissen' and D. Hudak
Atmospheric Environment Service, King City, Ontario, Canada
S. Laroche
Atmospheric Environment Service, Dorval, Quebec, Canada
and
I. Zawadzki and R. Elias
McGill University, Montreal, Quebec, Canada
1. INTRODUCTION
In order to diagnose precipitation formation in
the atmosphere, it is frequently necessary to know the
3-dimensional wind field. Doppler weather radars are
valuable tools in diagnosing wind fields and assessing
precipitation development in major Arctic storms. Winds
are measured with good spatial resolution and at
frequent time intervals over extensive areas which are
otherwise poorly sampled in the data sparse Arctic
regions.

The focus in this study is on two cases in
which the precipitation was all snow. The first case, on
September 25, 1994, was an example of an Arctic
disturbance. The radar data being presented
corresponded to the portion of the storm with the main
low centered to the east of the radar. The second case,
on October 10, 1994, was an example of a disturbance
of Pacific origin. Data were taken as the center of a
weakening storm from the Gulf of Alaska drifted by to
the north.

Figure 1: A map of the experimental area. The arrows
indicate the influence of the Arctic and Pacific air

2. METHODS
Various schemes have been devised to relate
the radial Doppler velocity data to the wind field.
Lhermitte and Atlas (1961) originated the Velocity
Azimuth Display (VAD) analysis. At low elevation angle
and with winds assumed to vary linearly in the
horizontal, a fit along a constant range circle is made
between the variation of the radial wind and the azimuth
to evaluate the horizontal wind vector and horizontal
wind divergence. The Extended VAD (EVAD) scheme
(Srivastava et al., 1986; Matejka and Srivastava, 1991)
employs Doppler radar data taken at both low and high
elevation angles. Profiles of precipitation particle fall
speed and horizontal wind divergence are calculated,
and the vertical air speed is obtained by integrating the
anelastic continuity equation. This analysis provides an
average 3-D wind vector for each horizontal layer,
especially under more stratiform conditions. However,
neither method provides information about local
variations in the wjnd flow.
Variational analysis has been used to attempt
retrievals of the 3-D wind field from Doppler radar data,
and thus assess mesoscale influences on precipitation
development. When retrieved variables must exactly
satisfy the constraining model equations, then a strong
constraint has been applied (see, for example, Sun et
al., 1991 ). For a weak constraint (Sasaki, 1970),
variables do not completely satisfy the constraining
model. The weak constraint is more appropriate when
model errors exist, such as parameterizations of
source-sink terms. The constraining equations are the

streams.

One Arctic experiment with considerable
Doppler radar data is the Beaufort and Arctic Storms
Experiment (BASE, see Hudak et al., 1996). This took
place September 1-0ctober 14, 1994 to coincide with
autumnal storm activity during freeze-up of the Beaufort
Sea. The data examined in this paper were acquired by
the University of Toronto portable X-band Doppler radar
at lnuvik, NWT, Canada (lat. 68°19' N.,133°32' W, elev.
108 m; see Figure 1). The radar was located amid hills
(elevation to 200 m) of varying steepness just east of
the MacKenzie River delta about 100 km from the Arctic
coast. To the west of the delta 100 km away are the
Richardson Mountains with peaks to 11 00 m.

'Corresponding author address: Dr. Robert Nissen, Cloud Physics Research Division, Atmospheric Environment
Service, 14780 Jane Street, King City, Ontario L7B 1A3, Canada; email: robert.nissen@ ec.gc.ca
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anelastic continuity and the conservation of reflectivity.
Laroche and Zawadzki (1994, hereafter LZ) use the
continuity equation as a strong constraint and the
conservation of reflectivity equation as a weak
constraint. Their technique is followed here.
Two main adaptations have been made to the
variational analysis approach of LZ. Firstly, average
profiles of terminal velocity V, were calculated using
EVAD analyses of the radar data. Air densities for the
EVAD calculations were determined from local
sounding data taken every six hours. LZ used an
empirical equation to estimate V, from reflectivity 17 tor
rain events. Due to various snow crystal shapes, the V,17 relation is weak for snow cases Secondly, the
variational analysis software was adapted to include
data from high elevation angles. This was necessary
because the maximum range for radar data was more
limited than in LZ. The shallowness of the storm
systems, their relatively weak reflectivities, and a
minimum elevation scanning angle of 3° were the
limiting factors. As a result of these factors, the local
scale changes in the horizontal wind needed to be
substantial in order to be identified after the data
interpolation and smoothing inherent in this approach.
Three volume scans taken at 10-minute
intervals were used as input for each variational
analysis. This implied that flow anomalies less than
about 30 minutes in duration were not detected.
1 99L Scp:erooer 25
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disturbance, the analyses showed surface westerly
winds at 3 ms·' veering to northwest and then backing
to west-southwest at 5 ms·' for 1-2 km above the radar.
Figure 2 shows for the Arctic case the output
from the variational analysis for the layer 250-500 m
above the radar. The output for the Pacific case is given
in Figure 3. The horizontal wind vectors are consistent
with the VAD output in both cases. The variations of the
horizontal wind field are. subtle, yet led to realistic
vertical velocity fields.
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6:30

L

0

u"'
0

:;::

"'~

..
I

0

-;;;

::s

ro
I

· 2:40
250- 500 m al:itude

Ar ve'tica speed

Figure 3: As in Figure 2 but for radar data beginning at
6:30 on October 10, 1994.
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Figure 2: Variational analysis output for radar data
beginning at 12:40 on September 25, 1994. The arrows
indicate horizontal wind vectors. Light shading is for
upward air motion.
3. RESULTS
For the Arctic system, the VAD analyses
indicated low level winds from the north at 15 ms·'
decreasing and veering to 5 ms·' from the northnortheast at 2 km above the radar. For the Pacific

In order to assess the nature of these
variations, for each horizontal layer, correlations were
assessed between vertical air speed and reflectivity
values. For the Arctic case, there is a significant
positive correlation at the lowest levels, decreasing to
negative correlations higher . up. This indicates
orographic effects with low level moisture inflow from
the open waters of the Beaufort Sea to the north. In fact
EVAD analyses show a maximum of 1 .4 ms·' for snow
terminal velocities, indicative of relatively dense snow
particles that have captured water drops in their
descent. In contrast, the Pacific case features weaker
flows from the west. There is little correlation between
vertical velocity and reflectivity near the ground. The
EVAD analyses which reveal snow terminal velocities of
only 0.9 ms·' imply little or no liquid water aloft. The
negative correlations for both cases at higher levels
indicate embedded precipitation cores exerting drag, as
well as possible sublimatiJnal cooling.
A better indication of smaller scale and
transient wind anomalies can be ascertained by
subtracting from the radial velocity data the component
due to the mean horizontal wind, as estimated by VAD
analysis. For the Arctic case at 13:20, Figure 4 shows
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for a low elevation angle the radial velocity and Figure 5
displays the residual component. There is a distinct
negative speed anomaly (away anomaly in toward
winds, and vice versa) extending north-south just west
of the radar, and a positive one to the east. Examination
of successive scans indicates these anomalies undergo
some lateral movement and, hence, are embedded
within the flow. The positive anomalies in the eastnortheast and northwest areas are constant and
topographically induced, and qualitatively support the
findings from the variational analyses.
199L Seocerrbec 25 13:20:00
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4. CONCLUDING REMARKS
A variational analysis scheme has been
adapted to enable consideration of precipitaion
processes in Arctic snow events. The method shows
promise in producing vertical motions fields that identify
significant mesoscale perturbation in the wind field in
these storms. In combination with complementary
analyses, the scheme indicates that moderate
topography has a significant effect on local precipitation
processes in the Mackenzie Delta area for Arctic
systems. In this case, sufficient low level moisture
advected southwards from the Beaufort Sea is the
source of the anomaly. Under drier conditions in the
lower levels, such as Pacific disturbances, synopticscale processes are more dominant.
An analysis such as presented here, when
applied to the Doppler radar data collected on BASE
(including the data taken at Tuktoyaktuk by Hokka!do
University of Japan), would be revealing. lt would
enable a quantitative assessment to be carried on the
influence of the open waters of the Beaufort Sea and
topography on precipitation development in the Arctic.
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ASSEMBLING A COMPREHENSIVE OCEANOGRAPHIC DATA BASE
FOR THE BARENTS AND KARA SEAS
Christoph Oelke* and Roger Colony
International ACSYS Project Office, Oslo, Norway

1.

INTRODUCTION

The Barents and Kara Seas (Figure 1) are an
important transition region between the warm saline
North Atlantic water and the cold, less saline Arctic
Water. The Kara Sea gains more than 1150 km 3 yr- 1
of freshwater from two of the largest Siberian rivers,
Yenisey and Ob, the Barents Sea from the river Pechora
(130 km 3 yr- 1 ) and others (Treshnikov 1985). Temperature, brine ejection and ocean-atmosphere heat and
humidity exchanges of both shelf seas with depths of
only 50-500 m are influenced by a large annual cycle
of sea-ice coverage. For a summary of Arctic oceanography refer to Coachman & Aagaard (1974) and Carmack (1990). The two seas are an important interface
to the Arctic Basin both with respect to oceanography
and meteorology and play a major role in determining
the climate of the Arctic and its variability. They are
also an important fishery and may be at risk to high
concentrations of pollutants and radionuclides (see the
recent report of the Arctic Monitoring and Assessment
Programme (AMAP 1997)).
2.

DATA SETS

Oceanographic measurements of CTD, currents
and tracers have been made in the Barents and Kara
Seas since the end of the 19th century, and extensive and continuous measurements started in the early
1920s (compare with Figure 2). The civil data were collected in support of many different agendas and tend
to be scattered among various research institutes and
state oceanographic institutes. During the cold war
between the Soviet Union and NATO countries, the
Barents and Kara Seas were of strategic importance
to both sides and the subject of intense oceanographic
investigations by the opposing militaries. Defence establishments in Norway, Russia, and the U.S.A. are now
beginning to make their oceanographic data available
to the international research community.
The Master Oceanographic Observation Data Set
(MOODS) of the US Naval Oceanographic Office
• Corresponding author address: Dr. Christoph Oelke, International ACSYS Project Office, Norwegian Polar Institute, P.O. box
5072 Majorstua, N-0301 Oslo, Norway; e-mail: oelke@npolar.no

(NAVOCEANO) consists of about 40000 temperature
and 24 000 temperature-salinity profiles within the region of interest (see Figure 3 and Table 1). About
173 000 profiles from SALARGOS buoys (Automatic
Remote Geomagnetic Observatory System with salinity sensor) cover the transition region to the Central
Arctic Ocean. Further military data sources (Scientific Research Oceanographic (enter (SROC), National
Defence Research Establishment (NDRE), and UK Hydrographic Office (UKHO)) and civil sources (Institute
for Marine Research (IMR) Norwegian Polar Institute
(NP), Institute of Oceanology (10), National Oceanographic Data (enter (NODC), Alfred Wegener Institute (AWl), International Council for the Exploration
of the Sea (ICES), Arctic and Antarctic Research Institute (AARI), and Murmansk Marine Biological Institute (MMBI)) are listed in Table 1 with periods and
numbers of measurements. While most oceanographic
data measured by western countries already exist in
electronic form, some data sets will first have to be
digitized in order to become potentially useful. Some
characteristics of the NAVOCEANO and the IMR data
sets are shown in Figure 2. The left parts of Figure 2
contain the numbers of measurements for the years after 1900, and the right parts the relative seasonal distributions (in %). Especially for the early and recent

Figure 1: Map of the Barents and Kara Seas region,
from where oceanographic data sets will be assembled.
The borders of the area (marked light grey) are 66°N,
83°N and 5°E, ll0°E.
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Figure 2: Frequency of measurements per year (left panels) and relative seasonal distribution (right panels, in %)
for the temperature-salinity data sets (T, S) of NAVOCEANO (upper part) and IMR (below).

years, and for the seasonal distribution within a year,
differences are obvious and can be of importance e.g.
for seasonal model studies.

T, S
N= 24196

3.

o.

60"E

Figure 3: Geographic location of temperature-salinity
(T, S) profiles for the NAVOCEANO-MOODS data set.
The time frame is 1901 to 1996.

NEW DATA BASE

The Arctic Climate System Study (ACSYS)
Project as part of the World Climate Research Programme (WCRP) is taking the lead in identifying and
assembling oceanographic station data for the Barents
and Kara Seas. The geographic area with borders at
66°N, 83°N and 5°E, ll0°E is indicated in grey in Figure 1. Plans are for the Norwegian Marine Data (enter
(NMD) at the Institute for Marine Research (IMR) in
Bergen, Norway, to quality control and maintain this
regional data base. On a regular basis, the data will be
forwarded to the National Oceanographic Data (enter
(NODC) in Washington D.C., U.S.A., the world data
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Table 1: Period of time and numbers of hydrographic
casts of temperature and temperature/salinity taken
on expeditions to the Barents and Kara Seas by military (upper part) and civil institutions (see text for
abbreviations).
NAVOCEANO (U.S.A.)
MOODS
SALARGOS buoys
NDRE (Norway)
SROC (Russia)
UKHO (U.K.)
IMR (Norway)
NP (all) (Norway)
10-PAS (Poland)
NODC {94) (U.S.A.)
AWl (Germany)
ICES (Denmark)
AARI (Russia)
MMBI (Russia)

1901-1996
1988-1992
1989-1997

1901-1997
1959-1995
1988-1996
1899-1989
1987-1996
1963-1996

64000
173000

istry of Environment by five Norwegian research institutions); and the Arctic Military Environment Cooperative, a trilateral initiative between Russian, USAmerican and Norwegian military on the transport of
radionuclides in the Arctic. Oceanographic data of the
Barents and Kara Seas are also of high interest for numerical mesoscale modelling as forcing input and validation.
The scientific objectives of this shelf programme
within the Arctic Climate System Study are to
• understand and model the salt- and freshwater partition of the Arctic shelves, and how the
shelves couple the resulting buoyancy fluxes to
the ocean interior,

62000
7200
650
60000

center for oceanography. A special task will be the removal of duplicates between the new data base, that
of NODC (Levitus et al. 1994) and others. The overall
objective of this 2-year project is to enable the international oceanographic and climate change scientific
communities easy access to a long term (1920 until
present) and relatively complete set of digital physical oceanographic measurements. We believe that a
community project to bring together the data will simultaneously create the data base, foster the use of
the combined data, strengthen international cooperation, and show the needs for additional measurements.
A first workshop on the new data base was hold at the
Norwegian Polar Institute in Oslo on July 1997, bringing together representatives of institutions holding data
sets and potential users.
This data assembly programme will directly support a broad range of European and international science planned for the period 1997-2001, e.g. the ACSYS Ocean Circulation and Arctic Ocean Shelf Programmes, and VEINS (Variability of Exchanges in
Northern Seas) for studies of the physical oceanography, circulation, and water mass exchange between the
Barents Sea and adjoining waters of the Norwegian and
Greenland Seas, and the Central Arctic Ocean. Further
proposed projects which can benefit from the comprehensive oceanographic data base compiled by this
project are AOSGE (Arctic Ocean System in Global
Environment); Transport and Fate of Contaminants in
the Northern Seas (submitted to the Norwegian Min-

• define the dynamics and thermodynamics of the
shelves sufficiently to permit realistic modelling
of the Arctic Ocean climate system,
• determine the variability of processes and conditions on the Arctic shelves and how this variability affects the structure and variability of the
interior Arctic Ocean.

4.

FUTURE DIRECTION

Work is underway to include this data assembly
project for the Barents and Kara Seas into more scientific context. In cooperation with the Institute for
Marine Research in Bergen, Norway, the Institute for
Marine Research in Hamburg, Germany, and the Murmansk Marine Biological Institute, Russia, a comprehensive proposal for funding is in preparation.

5.
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Impact of the Tropospheric Cold Pool in the Western Arctic on the Strength and
Location of the Aleutian Low
J.E. Overland*, N.A. Bond, and J.M. Adams

We hypothesize that a major
influence ofthe Arctic on mid-latitudes
occurs over the North Pacific Ocean and
Bering Sea. This can occur because the
baroclinic zone associated with the arctic
front can episodically reach to latitudes of
50-55 deg. N near the Kamchatka
Peninsula.
The coldest tropospheric .
temperatures in the Arctic, the cold pool,
are located over the Canadian Archipelago
and the Beaufort Sea. The cold pool is
associated with the upper level circulation
pattern and its center is displaced from the
pole because of orographic forcing by the
northern Rocky Mountains. In October,
more storms occur east of Greenland and in
the Barents Sea, resulting in greater heat
and moisture advection into the eastern
Arctic. Thus the western Arctic cools
more rapidly, and the tropospheric
circulation changes from a purely zonal
pattern to a wave number two pattern. As
the winter progresses, the cold pool is
reinforced by radiative effects, i.e., the
diminution of downward longwave
radiation caused by the colder and drier air
within its core. Thus, there is both a
dynamic and thermodynamic component to
its formation and maintenance. There is
small month to month and interannual
variability in the position and intensity of
the cold pool, but considerable variability
in the circulation patterns upstream over
Alaska and the Beaufort Sea.

The southern boundary of the cold
pool is a zone of baroclinity, termed the
arctic front. The front is a region of storm
development. The storms that form along
this baroclinic zone advect warm, moist air
poleward and cold, arctic air equatorward.
Thus there is a negative feedback system
between the southerly extension of the
arctic front and northward heat transport
by transient eddies. The temporal
variations in the location and intensity of
the arctic front affect the distribution of the
eddies along this front; the horizontal heat
and moisture fluxes vary with longitude on
monthly to interannual time scales. The
transient eddies constitute the primary
interaction between the Arctic and midlatitude components of the hemispheric
circulation.
Circulation anomalies in the North
Pacific Ocean, including the Gulf of
Alaska and the southeastern Bering Sea,
are related to the Pacific North American
(PNA) pattern, but the causes for the
variability in the more central and western
portions of the Aleutian Low are unknown.
A major candidate is the variation of the
Arctic cold pool and its interaction with the
hemispheric circulation west of the
dateline, through another primary mode of
variability, the Western Pacific Oscillation
(WPO). We hypothesize that the
variability of the arctic cold pool over the
Beaufort and Bering Seas affects the
western/southern extension ofthe arctic
front, which in turn is related to the
Western Pacific Oscillation.

*Corresponding author: James Overland, NOM
Pacific Marine Laboratory, 7600 Sand Point Way, NE
Seattle, WA 98115-0070; e-mail: overland@pmel.noaa.gov
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NUMERICAL SIMULATION OF CONVECTION IN THE GREENLAND SEA:
THE ROLE OF SEA ICE, EDDY HEAT FLUX, AND SURFACE FORCING
T. Paluszkiewicz, E.D. Skyllingstad, P. Seeker•
Pacific Northwest National Laboratory, Marine Sciences Laboratory, Sequim, WA 98382
W. Maslowski, A., J. Semtner
Naval Postgraduate School, Dept. of Oceanography, Monterey, CA 93943
Deep convection in the Greenland Sea (GS) has
been considered an important source of deep water
for the world ocean. Relatively warm, salty surface
water is transported northward by the Norwegian
Atlantic current. lt mixes with relatively fresher arctic
water of the East Greenland current, and under
winter conditions, becomes denser, mixing vertically
to depths of up to 1500 m. The majority of this mixing
occurs in the northwest quadrant of the GS gyre and
is strongly controlled by surface forcing and
preconditioning of the temperature and salinity
structure of upper gyre water column. Recent
mesoscale observations of the GS from the
Greenland Sea Project (GSP) have greatly enhanced
our understanding of the processes and scales that
determine the strength and timing of convection and
deep-water formation. The data and papers from the
GSP reveal that there is a complex interplay between
the surface heat flux and mixed-layer salinity
variations, which result from ice formation and
melting, and from horizontal eddy fluxes. Given
favorable wind direction and surface heat flux, the
cooling-freezing-heating-melting process continues
until the surface water reaches a temperature and
salinity range that is unstable to deep vertical
motions, usually in early spring. With the
development of deep convective plumes, warmer,
saltier, arctic intermediate water (AIW) is transported
vertically to the surface, preventing the formation of
new sea ice.
The scenario outlined above has numerous free
variables that affect the strength and depth of
convection during a given annual cycle. Surface heat
flux is likely to have the largest influence on
convective activity; however, other atmospheric and
oceanic parameters may be of central importance in
controlling convection. We use a coupled ice-ocean
circulation model (Maslowski et al. 1997) together
with the deep convection parameterization of
Paluszkiewicz and Romea (1997) and realistic
surface forcing to examine the role of the oceanic
and atmospheric variables in the formation of deep
convection. We present results quantifying the role of
surface forcing, horizontal eddy fluxes, thermobaric
effects, and ice processes in controlling deep
convection in the GS gyre.

• Corresponding author address:
Peter Seeker, Battelle Marine Sciences Laboratory
1529 West Sequim Bay Road, Sequim, WA 98382
pb@tubal-cain.pnl.gov

The arctic model used 1991-1994 European Center
for Medium-Range Weather Forecasting surface
winds and heat fluxes for two separate winter
seasons, with active and inactive convection. Model
initial conditions were taken from a -17 year spin-up
started from rest with temperature and salinity
climatology from Levitus and Boyer (1994); however,
this climatology was too warm and fresh when
compared with recent observations reported in
Pawlowicz et al. (1995) and Morawitz et al. (1995).
To improve the water mass structure, we assimilated
an improved climatology from the Joint U. S. Russian
Atlas of the Arctic Ocean (Environmental Working
Group 1997). Seasonal deep convection occurred in
simulations near 75°N, 50W along the East
Greenland Current/Nordbukta region, and near 77°N
over the Boreas Abyssal Plain. Based on these
experiments, we determine which of the forcing
factors described above controls the formation of
parameterized convective mixing.
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CUMATIC SIGNAL IN THE FLUCTUATIONS OF THE SEA LEVEL AND RIVER RUN-OFF
IN THE ARCTIC OCEAN

V.K. Pavlov •, V.V. Stanovoy*
Arctic and Antarctic Research Institute, St. -Petersburg, Russia

t.

INTRODUCTION

Arctic ocean, being by one of main elements of
thermodynamic system of our planet, accumulates the
information on any large-scale changes of its functioning.
The basic problem of climatic monitoring is a choice the
most representative predictors of larg~-scale variability, not
dependent on local conditions.
As such predictors it is possible to choose the
level of Arctic Ocean and river run-off. Long-scale
fluctuations of the sea level are a integrated parameter of
climatic changes of the thermohaline structure and water
dynamic of the Arctic Ocean. Other very important predictor
of climatic changes is the river run-off, reflecting long-term
fluctuations over large territories of the water catchment
basins.
2

METHOD AND DATA.

Three-dimensional baroclinic numerical model
(Pavlov, 1995) and also statistical analysis of data of
observations on coastal and island stations in the Arctic
seas were used for simulation of long-term variability of the
sea level surface.
For simulation of the sea level surface the
temperature and salinity averaged for 4 decades (Joint
U.S.-Russia Ailas of the Arctic Ocean, 1997) were used.
In a coastal zone of each of the Arctic seas 6 the
most representative points having long time series of
observations were chosen (Fig.1 ).
The analysis of interannual variability and
revealing the climatic tendencies of the Arctic Ocean the
following data of observations were used :
• time series of mean annual river run-off for 15 largest
rivers of the Arctic Ocean;
• temperature and salinity in the Bering strait from 1932 to
1990;

3.
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Dept. of Oceanography, 38, Bering St., St.Petersburg,
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ResuHs of sea level simulation on the basis of the
data of temperature and salinity, contained in the Joint U.S.Russian Atlas of the Arctic Ocean (1997), have shown, that
in SO's, 60's and 70's there was decrease of the sea level of
the Arctic Ocean. In 70's the level of the Arctic Ocean had
the extreme deviations from multiyear sea level (Fig.1 ). In
80's a sea level, as whole in the Arctic Ocean, have

Figure 1. Sea level deviations (cm) for 70's decade from
multiyear sea level (modeling result) .
.A. · location of the sea level observation points;
climatic average location of the main water gyres
in Arctic Ocean.

+.

•

temperature and salinity in the Faroe-Shetland strait
from 1902 to 1990 (Nikolaev and Alekseev, 1989;
Vanes, 1997);
• anomalies of air temperature in the Arctic from 1920 to
1991 (Dmitriev, 1994).
For the best comparability of results, all this data
were averaged for decades, as well as at preparation of the
Joint U.S.-Russian Atlas of the Arctic Ocean (1997).
DISCUSSION
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increased up to values, having a place in 50's-60's (Fig.2).
The similar structure of variability of the
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Such structure of changes of the sea level has
resulted to decrease of large-scale anticyclonic gyre in
Canadian and North - European basins and increase of
cyclonic gyre in the Greenland Sea (Fig.2).
The reconstruction of large-scale water
circulation of the Arctic Ocean in 70's occurred
simultaneously with decrease of the Atlantic water (Nikolaev
and Alekseev, 1989) and increase of the Pacific water in the
Arctic Ocean.
lt is well visible from interannual variability of
thermohaline condition of water in the Faroe-Shetland and
the Bering straits (Fig.4).
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All these processes were accompanied with
cooling of the Arctic, beginning in 50's and reaching
extreme values in 70's (Fig.S) .
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The analysis of interannual variability of river runoff of 15 largest rivers, running into the Arctic Ocean has
also shown the presence of extremum in 70's. However, as
against a sea level, the sign of extremum of rivers run-off is
various for the different rivers. So, in 70's minimum values
of rivers run-off were for the rivers of the Barents and the
Laptev Seas. For the rivers of the Kara, the East-Siberian
and the Beaufort Seas maximum of rivers run-off was
observed. Such different structure of temporary variability is
obviously connected to peculiarities of formation of river
run-off on the water catchment basins of each of the rivers.
The total river run-off into the Arctic Ocean since 50's
grows, reaching maximum (2145 cub.km/year) in 70's. In
80's total river run-off .increase up to values, which were
observed in 60's (Fig.6).
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Figure 6. lnlerannual variability of the mean annual total river runoff averaged for decades.

4.

CONCLUSIONS

Long-term changes of sea level and river run-off
have good correlation with variability of thermohaline
condition of the Arctic Ocean and thermal condition of
atmosphere in the Arctic.
The most representative points of observation of
the sea level in the Arctic Ocean are necessary 1or including
in complex system of Arctic climatic monijoring.
Analysis of modeling results and observed data
has shown, that long-term variability of sea level of the
Arctic Ocean mainly depends on thermoharme processes,
connected w~h advection of the Atlantic and the :Pacific

waters.
In 70's climatic ariOJllaly ln the Arctic took :place. 1n
the same time, in 70's lhe maximum number of
observations in the Arctic Ocean far the whole period of its
research (Joint U.S.-Russian Atlas .of the Arctic Ocean,
1997) was carried out. Many scientific generalizations and
atlases, such as the Arctic Ocean under edition Gorshkov
(1980) and Atlas of the Arctic (1985) in parts, concerning
thermohaline, hydrochemical structures and water
circulation of the Arctic Ocean, are constructed mainly on
observations, took place in abnormal 70's. Therefore, the
information in these atlases can be far from average

climatic data. In this connection it is necessary to continue
positive experience of preparation of the Joint U.S.-Russian
Atlas of the Arctic Ocean (1997). There is a good idea that
next parts of Atlas will contain all accessible information for
the same 4 decades on other sections of physical
oceanography such as a sea level, water circulation and
hydrochemistry.
The modem tendencies in long-term variability of
sea level give the basis to believe, that in 90's and in the
beginning of the following century there will be the increase
of sea level and advection of the Atlantic water and, as a
consequence, warming in the Arctic Ocean.
5.
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SHEBA: AN INTERDISCIPLINARY STUDY OF THE SURFACE HEAT BALANCE OF THE ARCTIC

Donald K. Perovich
U.S. Army Cold Regions Research and Engineering Laboratory

ABSTRACT
Results from general circulation models
(GCM) indicate that the Arctic sea ice cover may
be a sensitive indicator of climate change.
However, results from these models differ
significantly on the specifics of the impact of
climate change on the present and future Arctic
climate. A research program on the Surface
Heat Budget of the Arctic Ocean (SHEBA) has
been initiated by the Oceans-Atmosphere-Ice
Interactions (OAII) program at the National
Science Foundation in conjunction with the
Office of Naval Research to address the role of
sea ice in climate. The SHEBA program has two
overriding goals:
• Determine
the
ice-ocean-atmosphere
processes that control the ice-albedo
feedback mechanism and the cloud radiation
feedback mechanism
• Develop models that improve simulations of
present day Arctic climate and the simulation
of Arctic climate using GCM's

Improved large-scale models

Cloud- radiation
..,.._ _o_a-ta_a_s-sim-~--,a-tio_n _ _ _... feedback

Corresponding author address. Donald K.
Perovich, U.S. Army Cold Regions Research
and Engineering Laboratory, Hanover, NH
03755; e-mail: perovich@crrel.usace.army.mil

SHEBA is designed as interdisciplinary
program, with an emphasis on a systems
approach. Close coordination and integration of
the various components is critical to the success
of SHEBA.
The general
approach
is
schematically illustrated in the figure. Attention is
focused on processes and interactions between
the atmosphere, ice and ocean. lt is recognized
that the issues are complex and that a
comprehensive, interdisciplinary approach is
needed to increase our understanding of the icealbedo and cloud radiation feedbacks. Data
assimilation will play an important role in using
the observations and process model results to
improve large-scale models.
A year-long field experiment is the
centerpiece of the SHEBA Phase 11 effort. The
icebreaker CCGC Des Groseilliers will be frozen
into the ice in the Beaufort Sea (approximate
location 75°N, 143°W) and will drift with the pack
from October 1997 through October 1998.
During this
period a coordinated and
comprehensive measurement program will
examine the physical processes associated with
interactions among the radiation balance, mass
changes of the sea ice, storage and retrieval of
heat in the mixed layer of the ocean, and the
influence of clouds on the surface energy
balance. Field measurements will be made on
the local scale, that of the floe and its neighbors;
and on the aggregate scale, over tens of
kilometers. The observational focus will be on
obtaining a year-long dataset of simultaneous
and contiguous observations of the atmosphere,
sea ice and upper ocean. This dataset will be
used as a modeling tool to develop and test
parameterizations suitable for climate models,
and to evaluate coupled models.
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SIMULATION OF THE SPRING TRANSITION OVER THE ARCTIC ICE PACK
James 0. Pinto", Judith A. Curry and Amanda H. Lynch
Program in Atmospheric and Oceanic Sciences
University of Colorado, Boulder, CO

a
1.

INTRODUCTION
The climate of the Arctic is characterized by two
seasons: the summer melt season and the polar night.
The onset of each season is critical for determining
trends and interannual variability in polar climate. The
onset of the summer melt season shows interannual
variability of up to a month with the Beaufort Sea region
showing some of the greatest interannual variability
(Robinson et al. 1992). Our inability to adequately simulate Arctic climate, particularly in perturbation studies,
may be characterized by our lack of understanding of
processes occurring in the transition seasons.
Very little work has been done in simulating the
winter-summer transition season over the Arctic ice
pack. This transition occurs over a relatively short period
of about 3-5 weeks over most of the Arctic (Robinson et
al. 1992). The speed of the transition may be related to
the rapidly changing solar zenith angle and the positive
snow-ice/albedo feedback mechanism which operates in
this region. The strength of the snow-ice/albedo feedback mechanism has yet to be accurately assessed
(Cess et al. 1990) due in part to the crude treatment of
processes related to this feedback mechanism (e.g., sea
ice thicknesses, melt pond evolution) in most GCMs.
The mitigating effect of clouds further complicates matters (Curry et al. 1996). Clouds undergo a transition in microphysical properties from predominately
crystalline in winter to liquid in summer. Using Arctic
cloud climatologies and available Arctic cloud microphysics information Curry and Ebert (1992) deduced a rapid
transition in the cloud radiative properties over the Arctic
during the spring.
In this study 1 D and 3D simulations of the spring
transition season over the Arctic ice pack are compared
to assess the applicability of 1D-tested parameterizations to a full 3D dynamical model. Observations
obtained from Russian drifting ice islands are used to
evaluate the simulations.
2.

MODEL DESCRIPTION
The model employed in this study is the Arctic
Region Climate System Model or ARCSyM. The model
is described in some detail by Lynch et al. (1995). The
following physics are included in the model:
•
sea ice dynamics - cavitating fluid rheology (Fiato
and Hibler 1992),
sea ice thermodynamics (Parkinson and Washing* Corresponding author address. Dr. James 0. Pinto,
PAOS, Box 0429, University of Colorado, Boulder, CO
80309-0429, Email: pinto@ monsoon.colorado.edu
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Fig. 1. The ARCSyM domain is given by the large box in (a). The
triangular region in (a) is enlarged in (b). Locations of the 2 Russian ice stations for Julian days 105-180 are denoted by trajec·
tories labeled NP-30 and NP-31. 10 model runs are performed
at the two locations denoted by asterisks in (b).

tion 1979),
•
CCM2 radiation (Briegleb 1992a,1992b),
•
PBL scheme (Holtslag 1990),
convective parameterization (Kuo 1974).
•
Cloud fraction is diagnosed from the relative humidity
and depth of convection and cloud water amount is a
function of temperature (Hack et al. 1993). The dynamics
are based on that used in the standard NCAR I Penn
State Mesoscale Model, Version 4, a hydrostatic model
with a sigma coordinate system (23 levels) and a staggered Arakawa B grid (58 by 64, ru< = 100 km in 3D version). The lateral boundaries in the 3D model are treated
using a sponge boundary condition.
A 1D version of ARCSyM is also employed. The
speed of the 1D version of ARCSyM allows for numerous
sensitivity studies for testing new parameterizations. lt
may also be used for process studies and to evaluate
results obtained with the 3D version of ARCSyM. This
1D model differs from a conventional single column
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model (SCM) in that it is defined by a 5 by 5 horizontal
grid (rue = 20 km). The lateral boundaries are treated as
"time-dependent" in which ECMWF tendencies are specified at the boundaries with an additional uinflow/outflow"
condition for water vapor. The 3D wind field is specified
with ECMWF data .for calculations of horizontal and vertical advection.
3.

EXPERIMENTAL DESIGN
Both 10 and 30 versions of ARCSyM are run for
the period 15 April - 30 June 1990. This period covers the
transition from winter to summer conditions in the Arctic.
The domain of the 3D simulation is depicted in Fig. 1a.
The locations of the 10 run and two Russian ice stations
are shown in Fig. 1b. Station NP-30 drifted toward the
northeast an appreciable distance during the simulation
period while NP-31 was nearly stationary thus we limit
our discussion to results obtained for NP-31. The location
of the 10 run was chosen to coincide with the mean location of the Russian drifting ice station NP-31. This data
was provided by the National Snow and Ice Data Center
(NSIOC) in Boulder, CO.
4.

RESULTS
Timeseries of modeled and observed air temperature near the surface are shown in Fig. 2. The observed
2-m air temperature, T8 , shows a warming trend beginning around 20 April (Jday 110). The period during which
T8 warms to the melting point of sea ice (273 K) defines
the transition season. The warming trend is seen to be
most rapid during a two week period (Jday 11 0-125) with
gradual warming continuing until 2 June (Jday 153).
The observations of Ta are compared with the
temperature obtained at the lowest model sigma level,
T23 . The height of this sigma level varies between 30-60
m during the run. lt is seen that the 10 run more closely
captures the observed warming trend than the 30 run.
This is due to the fact that the air temperatures in the 10
run are constrained by the ECMWF analysis. In the 30
run temperatures are allowed to vary more freely. The
T23 in the 30 run is generally too warm throughout the
entire period and does not capture the observed rapid
warming which is simulated in the 10 run. The T23 in the
10 run becomes too warm during the last 30 days of the
simulation. Warm biases may be partly explained by the
fact that T23 is obtained at a level within a surface-based
inversion layer.
Since the basic state parameters are forced
toward the observationally-constrained analyses in the
10 model we must look at variables derived directly from
parameterizations to compare the two versions of the
model. Radiation and clouds are two such parameterized
processes that may be used for comparison.
Comparison of the surface radiation budget
obtained in the 1D and 3D ARCSyM simulations reveals
an important discrepancy. The radiation budget may be
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Fig. 2. Comparison of observed 2-m air temperature (diamonds)
with air temperature obtained at the first sigma level above the
surface using the 1D (solid line - 6- hourly) and 3D ARCSyM
(dotted line- daily averages) simulations for station NP-31.

simply expressed as NET= SW- LW where SW is the
absorbed solar radiation and LW is the longwave cooling
by the surface (i.e.; LW= Fu- Fd where Fu is the upward
and Fd is the downward longwave flux). Unfortunately
radiation measurements are not available to asses the
accuracy of the modeled surface radiative fluxes.
Timeseries of the net radiative fluxes obtained
with the 10 and 30 versions of the model are shown in
Fig. 3. The net radiative flux generally increases with
time due to the increasing SW in both versions. A sharp
increase in SW occurs at Jday 149 in the 1D run. A similar jump is seen in the 30 run about 20 days later (Jday =
171 ). These jumps correspond with changes in surface
type (or albedo) from snow-covered sea ice to melting
sea ice. This delayed surface-type transition in the 30
run is caused by an increase in snowfall and reduced
melting related to reductions in NET. The time-averaged
NET for Jdays 105-140 was -4.3 W m·2 in the 1D run and
-8.1 W m·2 in the 30 run.
This difference in NET is due to differences in the
predicted cloud amount. The effect of clouds on Fd is
seen in Fig. 4a. The Fd spikes in both runs correspond
with the presence of clouds (Fig. 4b). The Fd is generally
much greater in the 30 run due to the increased presence of clouds. The modeled cloud amount in the 30 run
is closer to the ice island observations than in the 10 run
(Fig. 4b and Table 1). The increased cloud amount cools
the surface despite increasing Fd. Therefore, in ARCSyM
clouds reduce the SW at the surface more than they
increase the Fd during 15 April- 20 May. A positive feedback between the clouds and surface type results in
greater warming later in the 1D run. Future studies are
necessary to determine the effect cloud optical properties in ARCSyM have on the surface energy budget.
The total cloud fraction was determined assuming
minimum cloud overlap. Cloud fraction at a given level is
a function of relative humidity. The relative humidity
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threshold has been adjusted to give more realistic cloud
amounts in the 3D model; however, this threshold clearly
does not work in the 1D model as evidenced by large
underprediction of Cloud amount (Fig. 4 and Table 1).
5.
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SUMMARY
The 1D ARCSyM gives a observation-ally-constrained simulation of climate. This set up provides
parameterizations a realistic basic state for a more fair
evaluation. However, 1D models may not be useful for
testing parameterizations that are not physically based.
This has been demonstrated with the cloud fraction relative humidity threshold parameterization used in ARGSyM.
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Transition

May

June

Mean

Jday

110-130

121-151

152-181

105-181

Obs

0.74

0.83

0.65

0.72

ID

0.17

0.03

0.02

0.10

3D

0.87

0.86

0.81

0.82

Table 1: Monthly mean total cloud tractions.
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Fig. 4. Time series of (a) downward longwave flux (DLWR) and
(b) .total cloud fraction obtained with 1D simulation (solid), 30
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INTERANNUAL VARIABILITY OF THE T,S CHARACTERISTICS OF THE ARCTIC BASIN.

Sergey V. Pisarev •
P.P.Shirshov Institute of Oceanology, Moscow, Russia.

1.

INTRODUCTION.
According to modern oceanographic thinking,
the characteristics of the Atlantic Water in the Arctic Basin
indicate interannual variability. However, apart from
Timofeev (1960) and Bulatov et al. (1983), no one has yet
conducted estimates of this variability over long periods of
time, and in the vast region of the Arctic Basin. Recently,
the amount of data has increased and there is new
thinking on the oceanography of the Arctic Basin. So, we
anticipate success in new investigations· of the interannual
variability.
In the last five years, new, and very interesting,
field experiments have been carried out in the Arctic Basin
{"Oden"- 1991; "Henry Larsen" and "Polar Star", "Pargo"1993; "TAPEX"-94", "Louis S.St. Laurent" and "Polar Sea"
-1994; "SCICEX"-1995; "SCICEX", "Oden" and
"Polarstern"
1996). Some results of these
measurements, often accompanied with modern reviews,
also became available in recent time. However, there has
not yet been any appreciable broadening of the thinking
on the interannual variability of the Arctic Basin.
Moreover, one result of recent observations, that of the
injection and spreading of anomalous warm Atlantic
water, needs to be compared with previous changes in
the T,S structure of the Arctic Basin.
For all of the above-mentioned reasons, we
give, in this manuscript, the results of the research on
Atlantic Water interannual variability, on the basis of all
available CTD observations.
DATA
Three principal data sources of observed
data were used to collect the database for the
investigation of the Arctic Basin interannual variability.
We define "observed data" as data recorded at the
actual depths of observations and at the actual
coordinates. The first source was - the Arctic part of the
World Ocean Atlas -1994 with 1995 version of CTD
measurements. The second source was - the public
domain of Arctic Master Oceanographic Observation Data
Set. The third source was - the stations from different
Russian reports, papers, archives and the stations from
different western sources. The duplicate station check,
range check, and several other checks were applied for all
observed stations. Occasionally, we used experienced

visual control at the last stage of the checking procedure.
As a result, 9673 observed stations were selected to
investigate interannual T,S variability of the Central
(Deep) Arctic Basin.
Besides observed T, S stations, gridded T,S
fields and sections were also used in our investigation.
We obtained gridded summer and winter T,S fields of the
Arctic Basin. These fields were designed in the Arctic and
Antarctic Research Institute (AARI) in 1994 (Polyakov and
Timochov, 1994) and were based on the best Russian
data, including the POLEX - quasi-synoptic aircraft
surveys of the Arctic Basin in 1955-56 and 1973-79.
These T, S fields provided a good description of all of the
large-scale features of the Arctic Basin (Dmitriev and
Polyakov, 1995). We also used the winter T, S fields from
the Russian-American CD- Atlas of the Arctic Ocean. The
largest, and best, data collection was used and
reasonable methods were applied, to create the Atlas.
Therefore, we decided to use T,S data from Atlas as the
average winter fields of the Arctic Basin, and summer
AARI fields as average summer fields.
We also collected 711 profiles of gridded
POLEX data along the five transarctic sections. These
data roughly characterised the interannual variability
during 1955-56 and 1973-79, along the above-mentioned
sections.

2.

Sergey V. Pisarev, P.P. Shirshov Inst. of Oceanology,
Nachimovsky prosp. 36, 117218, Moscow, Russia. E-mail:
sergey@pisarev.msk.ru and sp@gulev.sio.rssi.ru

Fig.1 Some regions, that were selected.
3.
THE CONCEPT OF THE DETERMINATION OF
VARIABILITY.
The collected data, in effect, determined the methods of
investigation and the object of this study.

192

N

----------

E
2oo
:::;
-"'

100
0
1900
years

N

<
.€

100

~

50

0 :- - - - - ' - - - - - - - - - _j 1920

-

-

-

-

-

-

-

-

- J_ -

-

-

-

1940

-

-

-

-

-- -

-

1960

-

-

-

-

-

-

---19 0

years

Fig.2. The interannual anomalies of the heat content (x104) of the Atlantic Water in region 1 -the region of Svalbard Island
(above), in region 2 - the region of Frans-Josef Land (middle), and in region 3 - the eastern part of the Amundsen Basin
(below). WOA-94 and SCICEX-95 observed stations, profiles of gridded POLEX sections, and winter and summer mean
T,S fields, produced in AARI, were used to calculate the anomalies.

E

N

3o

------------------

~

20 - -- - - -- - - - - - - - 10 - - - - - - - - - - -- - - - - 0--- ----------------1900
1920
---1940 -------1960-- --

------

19'80 --

years
N

<

E

~'

5
0-

-5 1900

1920

1940
years

N

<

.€
....,
-"'

20
-0------20

-- -- --- - ---- ---196o-

1900

1980

years

Fig.3 The interannual anomalies of the heat content (x10 4) of the Atlantic Water in region 4 - Chukchi Plateau (above), in
region 5 - the continental slope north of the Chukchi Sea (middle), and in region 6- the eastern part of the Makarov Basin
(or the Basin of Podvodnikov) (below). WOA-94 and SCICEX-95 observed stations, profiles of gridded POLEX sections, and
winter and summer mean T,S fields, produced in AARI, were used to calculate the anomalies.
Comments, after analysis of available data, are
presented below:
(1) We were able to investigate the interannual variability
in the upper 1000 m of the Arctic basin. (2) Integral
properties of the water mass (heat content, average
temperature and salinity, etc.) were the focus of this
study. (3). Because of the absence of chemical data and
the comparatively sparse vertical distribution of T,S data,

the investigation of the halocline waters (Winter and
Summer Pacific, and Winter Intermediate Water) was
questionable. The investigation of variability of the
Surface Mixed Level and Atlantic Water seemed to be
more promising, because their depth range was
comparatively wide.
There are two basic approaches to the study of
interannual ocean variability and variability of longer
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periods. The first method is to compare two or more
oceanographic sections, carried out at close tracks. The
second approach is to compare a statistically
sufficient number of data, averaged within a certain region
and within a certain period of time. However, there are no
sections duplicated in the Arctic Basin and large spatialtemporal irregularity is also inherent in the Arctic Basin
oceanographic data. These obstacles almost rule out the
application of a formal statistical approach. Therefore,
there is only one way to compare individual stations.
The old method of detecting interannual
variability, was to compare adjacent stations over different
years. Any attempt to compare individual stations requires
definition of the maximal spatial span between different
stations which could be omitted. The determination of that
span requires an understanding of spatial variability. What
is known about spatial variability of the Arctic Basin has
undergone a significant evolution, though it is still at the
stage of expert estimations.
. We have created groups of adjacent stations.
Only 431 groups in which the distance between stations
was <10 km, and the deepest observed level was >100m,
were found in the Arctic Basin. We also selected 459
groups, in which the distance was <50 km, and the
deepest observed level was >700 m. Unfortunately, all of
the selected groups of stations contained data in a narrow
time interval. The spatial distribution of the groups was
non-uniform. Therefore, we have decided to compare
collected observed stations with average winter or
summer T, S fields. Bearing in mind the spatial distribution
of the collected sections , we decided to compare them
with the average T,S fields also.
Based on the modern imagination concerning
spatial variability of the Arctic Basin and data, that are
available, the following assumptions were used in our
investigation to describe the interannual variability in
different regions:
(1). The Arctic Basin may be separated into two kinds of
regions - the regions of the boundary currents along the
main high points of the bottom relief, and the regions
above the abyssal plains (the regions of the basins)
(Aagaard et al., 1989, 1994). {2). The distribution of
chemical and T,S characteristics are basically due to
climatic conditions, and to large-scale circulation
(Gorchkov, 1980, Trechnikov, 1985}. (3}. Large-scale
circulation is controlled by the bottom relief (Rudels et al,
1994, Semptner et al., 1996). (4} The scheme of Atlantic
Water circulation in the Central Arctic Basin is correct
(Rudels et al, 1994). (5) The interannual variability within
the selected regions (Fig .1) is assumed to be
homogeneous. (6) The climatic fields of temperature and
salinity used adequately describe the spatial variability of
the Arctic Basin. {7) All stations passed through the tests
are correct.
5.

CONCLUSIONS.

1.From observations of the interannual
variations of the heat content of Atlantic Water, in various
regions, one can see, that long-term changes exceed
short term variations (Fig.2,3). A similar conclusion was
made by Bulatov et al. (1983), after analysis of 700
stations, obtained in the Arctic Basin in 1950, 1955, and
1973-76.
2. The estimation, based on the RussianAmerican CD- Atlas of the Arctic Ocean, shows that the
heat content of the Atlantic Water in the whole of the
Arctic Basin differed within a 5%-10% range, over a 10
year interval. The heat content anomalies of the Arctic
Basin in 1950-59 were 1.057, 1960-69- 1.046, 1970- 790.941, 1980-89- 0.958, if compared with climatic mean.
3.The most recent warming of the water in the
Arctic Ocean has spread over the Eurasian Basin and
further to the East, up to the Chukchi Plateau (Fig.2). lt
seems, that analogous warming of the Atlantic Water was
observed in the European part of the Arctic Basin, in the
1930's and 40's. ( Zubov, 1944). In contrast to this,
extensive regions of the Canadian Basin are, at present,
colder relative to the climatology (Fig.3).
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On the Dissolved Oxygen Minimum in the Atlantic Water in the Eurasian
Subbasins of the Arctic Ocean
S.V. Pivovarov, V.V. lvanov•
Arctic and Antarctic Research Institute, St.Petersburg, Russia
E. P. Jones**
Bedford Institute of Oceanography, Dartmouth, Canada
J. H. Swift***
Scripps Institution of Oceangraphy, San Diego, La Jolla, USA
1.1NTRODUCTION
A set of extrema in the dissolved oxygen vertical
distribution is associated with the warm Atlantic water which
enters the Arctic Ocean through the Fram Strait and spreads
within the intermediate layer (Vize, 1943; Belysheva, 1970;
Rusanov et al., 1979). Up to the present days the origin of
these extrema and the reasons which govern their definite
location in the vertical plane are under discussion. New
observational data sets allow attempts to answer these
challenges. Besides, the attempt is made to apply the
dissolved oxygen for determination of the Atlantic water
bounds and for estimates of the degree of the Atlantic
water heat loss in the Arctic Ocean.

new analytical methods and advanced technique gave an
improved accuracy of measurements up to 0.2 J.t1110I!kg with
absolute error not more than 1-2 llmollkg (Augstein,1997).
The vertical frequency of sampling differed in different
cruises. Within the Atlantic water layer the samples were
usually taken with 25-50 m step. Oxygen saturation was
calculated according to UNESCO formula (Tables, 1976).
Vertical temperature and salinity profiles were obtained with
0
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2. DATA AND METHODS
In the present study the data on temperature,
salinity and dissolved oxygen collected during the RV
"Polarstem" - 1996 (Schauer et al., 1996) and 18 "Oden" 1991 (Anderson et al.,1994) cruises in the Eurasian subbasins of the Arctic Ocean were used as the basic ones.
Several Russian data, gathered within the framework of high
latitudinal endeavours in the Arctic Ocean in 1970's were
also used for the aims of analyses. The investigated area is
limited to the part of the Arctic Ocean that is not affected by
the Pacific Ocean origin water. The latter is important as the
oxygen extrema linked with the Pacific water are caused by
other reasons, and hence the conclusions obtained in the
present paper are valid only for the Eurasian sub-basins of
the Arctic Ocean.
The dissolved oxygen was measured using traditional
Winkler's method with the accuracy 0.01 mill (about
0.51lmol/kg). During the "Polarstem" cruise, application of
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Fig.1. Dissolved oxygen and temperature at station 42
(84°21.6'N, 101°57.3E) 05.081996 RV Polarstem
Neil Brown and SeaBird CTDs.
3. RESULTS
In the warm Atlantic layer three different extrema in
the dissolved oxygen vertical distribution are observed: the
intermediate minimum of the dissolved oxygen absolute
values (DOA), the intermediate minimum of the dissolved
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oxygen saturation values (DOS) and the intermediate
maximum of the dissolved oxygen saturation values.
lt is seen that intermediate DCA minimum does not coincide
with the temperature maximum in the Atlantic water core. As
a rule it is shifted towards the surface by about 20 - 50 m
(Fig.1).
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surrounding it cold water. The point that the DCA minimum is
positioned above the temperature maximum provides the
grounds to assume that this minimum marks the depth of the
West Spitsbergen Current water core that is not ventilated by
sea ice formation and melting processes after it enters the
Arctic Ocean through the Fram Strait The further separation
of DOA minimum and temperature maximum levels via depth
is caused by cooling of the upper part of the Atlantic layer.
The discrepancy between the DOA minimum and the
temperature maximum is most pronounced in the vicinity of
continental slope as the convective origin shelf water
intrusions into pycnocline are able to modify the DCA profile
at the intermediate depths and thus, to hide the Atlantic
water oxygen minimum.
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The intermediate DOS maximum confirms the
noticeable ventilation of the Atlantic water while in the
Greenland Sea. However, for the aims of the present study
the DOS minimum which is usually positioned near 150 m
depth in the mid;:>ycnocline is more important. Near the shelf
the DOS minimum is shifted upwards to 75-1 00 m.
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Figure 2. Oxygen and temperature from 10 to 500 m depth
in Eurasian subbasin. RV "Polarstern".
The intermediate minimum of the dissolved oxygen
percent saturation (DOS) is embedded in the mid;:>ycnocline
far above the position of DCA minimum (Fig.1 and 4). The
DOS minimum lies within the broad range of temperature
and salinity values (Fig.2 and 3). At almost all stations the
DOS minimum is observed at the same depth as the
consetvative parameter NO (Broecker, 1974) minimum. The
stations at the edge of continental slope do not show this,
and· no NO minimum was detected there. In the warm
Atlantic water core the intermediate DOS maximum is
observed.
4. DISCUSSION

Atlantic water DOA minimum
The intermediate minimum of the DCA theoretically
should coincide with the level of maximum temperature and
salinity in the Atlantic water due to reverse link between the
degree of oxygen saturation from one side and temperature
and salinity from the other. Hence, the warm and salty
Atlantic water should be less oxygenated than the
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Figure 3. Oxygen versus salinity from 10 to 500 m depth in
Eurasian subbasin. RV "Polarstem•.
The existence of the DOS minimum in the Eurasian
sub-basins was reported earlier (Vize, 1943) and was
explained by the convective induced descent of the organic
matter particles with their further oxidation. However, such
explanation of the observed DOS minimum is hardly
probable. From one side, the studied areas of the Arctic
Ocean are oligotrophic or dystrophic even in summer time.
From the other side, storage of the organic matter, caused by
winter convection, which can indeed pre-condition the
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Figure 4. Oxygen(%) distribution across Nansen-Arnundsen-Makarov basins 01-15.08.1996, RV "Polarstem" (dashed line-•zero• temi>erature line).
oxygen minimum, should be expected in the upper part of
pycnocline at the lower boundary of the surtace mixed layer,
but not in the mid-pycnocline where it is actually observed.
The presence of a specific water mass in the layer of the
oxygen minimum is not confirmed by the temperature or
nutrients distribution.
Thus, it seems reasonable that it is the cooling of
Atlantic water which governs the development of the DOS
minimum. Temperature decrease leads to an increase of the
oxygen saturation and as the DOA does not change much
the DOS value diminishes. The DOS minimum is achieved at
the level where the downward DOA decrease is
compensated by a temperature increase with the depth.
Hence, the position of the DOS minimum in the vertical plane
defines the depth where the heat loss of the Atlantic water is
the most significant. Thus, the level of DOS minimum can be
regarded as the upper bound of the Atlantic layer, despite the
fact that in most cases this level is characterised by slightly
negative water temperature.
Assuming that the DOA concentration as well as the
salinity of the Atlantic water do not change much after
passing the Fram Strait the reverse task of calculation the
initial temperature of water, entering the Arctic Ocean can be
solved based on the measured values of temperature,
salinity, dissolved oxygen and annual oxygen biochemical
consumption rate in any downstream point within the
Eurasian sub-basins of the Arctic Ocean. As the precise
values of latter parameter are not known the approximate
one- 1 j.lmol/kg (Aiekin and Lyahin, 1984) can be assigned
for the first approximation.
The Atlantic water temperature decrease throughout
its route from the Fram Strait to the Sevemaya Zemlya
archipelago, estimated on the basis of the suggested

method, is about 3°C within the Atlantic water core and about
5°C within the DOS minimum layer.
Acknowleqgements. The authors would like to express their
gratitude to all colleagues, who participated in 1he ARK 12 Polarstem
cruise and in the Oden-91 expedition to the Arctic Ocean.
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COUPLED SEA ICE· OCEAN DYNAMICAL THERMODYNAMICAL MODEL OF THE ARCTIC OCEAN
lgor V. Polyakov', Andrey Yu. Proshutinsky', and Robert S. Pritchard"
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The goal of this study is to develop a coupled sea
ice - ocean model with advanced physics, combining new
ideas related to description of the sea ice and water
dynamics and thermodynamics.

MODEL DESCRIPTION
The dynamics of the ice model is described as a
continuum with elastic-plastic rheology (Prithchard 1981)
and ice mass and compactness described by distribution
functions (six categories of the ice thickness are used for
this purpose). The ice thermodynamic model (Parkinson
1978, Semtner 1976) is applied individually to each ice
thickness category. Advection of the ice partial mass and
compactness is parameterized by a fourth order Flux
Corrected Transport (FCT) algorithm (Boris and Book
1973) which allows us to obtain well shaped ice edges.
The ocean is described by a three-dimensional
time-dependent baroclinic z-coordinate model with a free
surface. Detailed model description is presented in
Polyakov (1996). Kochergin's (1987) parameterization of
the vertical eddy viscosity and diffusivity coefficients
depending on a shear of vertical velocity, buoyancy, and a
scale of turbulent mixing is used to close the problem. The
advection of temperature and salinity is parameterized by a
second order FCT algorithm. The momentum ftux at the
ice-ocean boundary is proportional to a second degree of
the ice-water velocity difference. In the presence of ice, the
water temperature and salinity are calculated individually
under each ice category. The ocean surface temperature
and salinity are formed by weight averaging of the
temperature and salinity values obtained for the water
columns under the ice of all categories including open
water. The heat flux from the ocean to the ice depends on
the temperature gradient between ocean and ice and the
heat diffusivity coefficient.
VALIDATION OF THE MODEL
The ocean model was initialized with a mean
winter temperature and salinity (Polyakov and Timokhov,
1994). The water transports at oceanic open boundaries
are specified to be 7 Sv out at Denmark Strait, 8 Sv in at
the Norwegian Sea southern boundary, and 1 Sv in at the
Bering Strait. River run-off was prescribed at the ten largest
rivers along the Siberian coast and at the Mackenzie river.
In sum the fresh water input is about 0.7 Sv. The straits of
the Canadian Archipelago are open for a free water
exchange which allows for a water mass balance during
long-term simulations. The initial ice thickness distribution
was obtained from Romanov (1992). The monthly air

temperature, cloudiness, ice/snow albedo, precipitation,
and river runoff were obtained from various sources and
correspond to the averaged climatic conditions. The daily
wind stresses and the atmospheric pressure gradients
were calculated using NCAR sea surface atmospheric
pressure.
A series of numerical experiments have been
carried out with different versions of the model in order to
calibrate the model and to study the effects of different
forces and model parameters. Some of these results are
presented here and the others are described in the
presentations by Proshutinsky, Polyakov and Johnson in
this volume (results of analysis of seasonal and decadal
variability of the Arctic Ocean). In this paper we discuss
different aspects showing model validation and some
features of the model performance.
Proshutinsky and Johnson (1997) demonstrated
the existence of two regimes of wind-driven circulation in
the Arctic Ocean. The model tuned for both regimes using
the daily atmospheric pressure for 1987 and 1992 with an
anticyclonic regime and a cyclonic regime, respectively. We
also studied the model behaviour using the daily
atmospheric pressure for 1946. This is the first year of the
proposed 50-year model integration, and it allows us to
obtain a quasi-stable regime of the ice and upper ocean
layer and to test the model.
First of all, we have compared data from
computed ice motion with data from drifting ice buoys
(Thorndike et al. 1982). From the buoy positions we
calculated velocity vectors and averaged them over 1 day,
5 days and monthly for comparison with the computed ice
drift. Figure 1 shows an example of this comparison for
1992 (cyclonic regime) based on monthly averaged data.
There is generally good agreement between the modeled
and observed buoy velocities even near the coasts where
the contribution of ice internal forces is important.
Correlation coefficients between the simulated and
observed buoy drift velocities average more than 0.7.
In one of the experiments, the ice-ocean model
was initialized from rest on January 1946 (year of
anticyclonic regime of circulation), and run for 15 years with
the repeatedly prescribed atmospheric fields corresponding
to this year. This experiment showed that the location of ice
edges in the Arctic Ocean are in a good agreement with the
observations. The computed ice thickness increases in the
Nansen Basin and decreases in the Beaufort Sea which is
mostly caused by peculiarities of wind conditions in 1946.
The ice ridging causes the formation of zones with very
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polynyas. This maximum is more pronounced in summer
and fall.
The seasonal variation of the salinity in the upper
ocean layer in the central Arctic agrees well with
observations (Polyakov and Timokhov 1994). In the
computed salinity distribution one can see the frontal zones
which correspond to location of the ice edges. These
frontal zones have not been reproduced well previously.
Observations confirm frontal zone formation in the vicinity
of the ice edge (Loeng 1991 ).
We investigated the sensitivity of our model to
the water transport through the open boundaries. One of
the experiments shows that decrease of Atlantic water
inflow to the Greenland, Norwegian and Iceland Seas {GIN)
causes increasing of fresh water in the GIN Seas and a
strong decreasing of the surface salinity in the Greenland
Sea. This freshening of the upper ocean layer forms a
positive sea level elevation in this area and an anticyclonic
circulation in the GIN Seas (Figure 2) which is opposite to
climatic. The vertical profiles of the temperature and salinity
become almost identical to the vertical distribution of these
parameters in the central Arctic. lt is interesting that
clockwise (anticyclonic) circulation is very stable and our
attempt to recover the original circulation by increasing of
the Atlantic water inflow was not successful. Thus, the
model reproduced one of the modes of the Aagaard and
Carmack's (1994) scenario with decreasing of Atlantic
water transport northward and establishing strong
stratification in the GIN Seas area without deep convection.

Fig.

1. (Top) Buoy drift and atmospheric
pressure distribution and (bottom) simulated ice
motion for September 1992.

thick ice off Greenland, to the east of Spitsbergen and
Franz Josef Land and at the northern coast of Wrangel
Island. The model reproduces very well formation and
location of the most well known polynyas such as Great
Siberian Polynya, coastal openings along Alaska, Canada,
in the Kara, Barents and Greenland Seas. Satellite (Martin
and Cavalieri 1989) and other observations (Vinje and
Finnekasa 1986) confirm this result.
The model reproduces very well two maximums
in the curve of the observed ice thickness distribution. The
first maximum corresponds to the old ice which covers of
about 90% of the central Arctic Ocean, and the second
maximum is related to the thin ice in the leads and

SEPTEMBER
Fig. 2. Mean September Arctic Ocean circulation at a
depth of 20 m and surface heights in centimeters
when the inflow between Iceland and Norway is weak.
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Our test experiments have shown that the water
transport at the open boundary should be specified as a
strong barotropic jet at the continental slope of Norway to
reproduce the penetration of the Atlantic water. This
supports the conclusion of Melior and Hakkinen {1994}.

MASSIVELY PARALLEL CODE
Parallel programming technique is used to
improve the model performance. The logically shared,
distributed memory access {SHMEM} routines operate in
the new code to pass data between cooperating parallel
processes. The SHMEM routines minimize the overhead
associated with data passing requests, maximize
bandwidth, and minimize data latency. High resolution of
13.89 km is achieved in this version of the model.
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VOLUME, HEAT AND FRESHWATER FLUXES THROUGH THE CANADIAN ARCTIC ARCHIPELAGO:
PRESENT UNDERSTANDING AND FUTURE RESEARCH PLANS.
S. J. Prinsenberg
Bedford Institute of Oceanography, Nova Scotia, Canada
1. INTRODUCTION
This paper will present what is known about
the volume, heat and freshwater fluxes of Arctic surface
water passing through the Canadian Archipelago to the
North Atlantic Ocean. Arctic surface water is modified
within the Archipelago through diffusive mixing and
through the addition of buoyancy fluxes from the ice
cover and from land drainage. Based on 1982 and
historical current meter data, a volume flux of 2Sv is
estimated to pass through the Archipelago, 111oth being
fresh water. A major Canadian contribution to ACSYS
has been initiated to study, through· a field and model
program, the advective heat and freshwater fluxes
through the Canadian Archipelago and their importance
on the water mass and heat budgets of the Arctic Ocean
and on the ice cover and oceanography of the North
Atlantic Ocean.
2. OCEANOGRAPHIC OBSERVATIONS
Surface water from the Arctic Ocean is
modified in the Canadian Arctic Archipelago as it moves
to Baffin Bay (Me!ling et al., 1984; Prinsenberg and
Bennett, 1987). Within the Archipelago, the halocline is
warmer than in the Arctic Ocean due to diffusive flux of
heat from the underlying Atlantic layer. Although this
also occurs in the Arctic, there it is balanced by an active
intrusion of large amounts of near-freezing shelf waters
(Melling, 1994). In winter, the surface water moving from
the Arctic to Baffin Bay also loses heat and gains salt
from the nearly land-fast ice cover. Hydrographic and
current meter data from Barrow Strait (Fig. 1), one of
three narrow passages connecting the Arctic Ocean with
Baffin Bay, have been used to understand the mixing of
water masses within the Archipelago and to estimate
volume, heat and salt (freshwater) fluxes leaving the
Arctic Ocean (Prinsenberg and Bennett, 1987). These
flux estimates are presented here.
Barrow Strait is the shallowest section of the
Northwest Passage with a sill depth of 125m at its
western border. The area is ice-free during August and
September and has a land-fast ice cover from January
to May up to 1.9m thick. During winter, the surface
Address: S. Prinsenberg, Fisheries and Ocean Canada
Bedford Institute of Oceanography,
P.O. Box 1006, Dartmouth, N.S., B2Y 4A2, Canada.
e-mail: prinsenbergs@mar.dfo-mpo.gc.ca
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Figure 1. Map showing Northwest Passage route and
Barrow Strait survey area (rectangle).

mixed layer deepens from 20m at the northern to 60m at
the southern side of the Strait. Similarly, the isopycnals
slope downwards to the south in response to geostrophy
and eastward flowing current. The core of the current
has a mean value of 12.5cm/sec (April 1982) and is
located along the southern shore at the depth of the
pycnocline. Above this level, ice friction causes current
speeds to decrease and veer northwards due to Ekman
dynamics producing upwelling along the southern shore.
In the northern half of the Strait Arctic surface water,
modified by strong mixing in polynyas to the north,
enters from the north-west and moves towards the east
to south-east. lt can be identified below the pycnocline
along the north shore of Barrow Strait.
3. FLUX CALCULATIONS
Year-long current data from the southern side
of Barrow Strait show that currents at 25m are parallel to
the southern shore while those at greater depths have a
shoreward (southward) component; further evidence of
upwelling is seen in the salinity and temperature data.
Maximum current speeds occur during the open-water
season (August-September), while minimum speeds
occur during the early winter when the ice-cover forms.
Fluxes calculated from a month-long current data set
across the Strait from April1982 were used to determine
what weighting factor each of the three current meter
records of the single year-long mooring would be
required to produce the same fluxes calculated from the
month-long data set.
Table 1: Flux estimates through Barrow Strait and
Canadian
Arctic
Archipelago.
Volume
and
freshwater fluxes are in Sv ( 1 Sv = 106 m 3 s" 1 ), salt in
6
10 kgs·1 and heat in 1012W.
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Flux
Volume
Freshwater
Salt
Heat
Volume
Freshwater
Salt
Heat

0.67
-3.68
21.0
3.8
-16.7
110
0.9
-5.0
winte~82
Canadian
30
2
Arc hiannual 81/82
2.0
-9.6
63
1
pelago
annual
2.0
-10.8
63
2.1
-5.4
72
annual 3
Sadler, 1976, (J. F. R. B. C. Vol. 33)
2
1981 and 1982 fluxes are based on Lancaster Sound
being 1/3 of total and 4/3 the value of Barrow Strait.
3
Aagaard and Greisman, 1975 (J.G.R Vol. 80)
SmithS.

Barrow Strait
winter
summer
annual
0.96
0.23
0.50
0.02
0.19
0.05
7.5
27.2
15.7
-4.0
-1.3
-2.4
Canadian ArchipelaQo
3.8
2.0
0.90
0.68
0.05
0.21
110
63
30
-16.7
-9.6
-5.0

May 1972

summ~r"81

These weighting factors were then used on the
year-long data set to obtain the seasonal variations in
volume, heat and salt fluxes (Fig. 2). Estimates for
January, February and March were obtained by curve
spline fits to complete the one year period from May
1981 to April 1982. The curves haye large seasonal
variations with minima in the winter (January) and
maxima in the summer (August). The annual means
1
(Table 1) are 0.5Sv for the volume flux, -2.4x10 W for
the heat flux and .05Sv for the freshwater flux using a
salinity reference of 34.8. The volume flux varies
seasonally and consists of about 10% of freshwater. The
heat flux out of the Arctic was calculated relative to a
reference temperature of -0.1 •c. the temperature of the
net oceanic output of the Arctic Ocean. This means that
a negative heat flux, such as calculated through Barrow
Strait, is a heat gain by the Arctic Ocean.

Table 1 also shows the flux estimates through
the Archipelago by assuming that Lancaster Sound
contributes 1/3 of the total fluxes and that Barrow Strait
contributes 3/4 of the Lancaster fluxes. The annual
variation in volume flux ranged from 0.9Sv in winter to
3.8Sv in summer with an annual mean of 2.0Sv. Similar
but smaller magnitudes are estimated by Melling (1997,
this issue). The annual means compare well with the
estimated values (Table 2) of Sadler (1976) and
Aagaard and Greisman (1975). The estimated annual
1
mean heat and salt fluxes of -9.6x10 W and
6
63x1 0 kg/sec respectively also agree with earlier
estimates by Sadler (1976), however the negative heat
flux of Aagaard and Greisman (1975) is smaller since
they used summer data of northern Baffin Bay where
local heating occurred. Although large uncertainties are
associated with these flux estimates, the fluxes appear
to be of the same magnitudes as those through Fram
Strait ( Aagaard et al., 1989; Steele et al., 1996), and
thus need to be included in global climate models.
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Figure 2. Fluxes through Barrow Strait with observed
values connected by solid lines and interpolated values
by dashed lines. Heavy solid and dashed lines are
estimates from regression analysis with mean sea-level
difference between the Arctic Ocean and Baffin Bay.
Table 2. Flux estimates through the Canadian
Archipelago.
FLUX
out of ARCTIC
Barrow
April1982
Strait
annual 81/82

I

VOL.
(S~

0.50
0.50

HEAT
101W
-3.24
-2.40

SALT
106 KQ/s
16.5
15.7

4. SEA LEVEL VARIATION
Mean sea levels along the Northwest Passage
experience a similar seasonal cycle as the fluxes (Fig.
3). The seasonal variation in volume flux correlates with
the sea level difference when they are adjusted for
atmospheric pressure effects. The largest adjusted sea
level pressure gradient coincide with the occurrence of
the large currents of the summer. The baroclinic
component of the zonal geopotential anomaly gradient
decreases the barotropic component (sea level) as
surface waters in the eastern end of the Northwest
Passage are heavier than those in the western end. The
reverse is true for waters below the Barrow sill depth of
125m.
The data used to obtain the baroclinic gradient
was collected during the March to September period
when ice is melting or ice-free conditions are present.
What value the gradient has during the ice growth period
is unknown but expected to be different. There is a good
linear correlation for April to September indicating that
the volume flux can be estimated from sea level
differences through a regression equation for this period
(Fig. 2). This method could be used as a first estimate to
monitor long-term volume flux variability through the
straits after each strait has been calibrated by mooring
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data and the seasonal variation in the baroclinic
pressure gradient is known.
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Numerical modelling will initially examine the
flow through the Arctic Archipelago with a linear
harmonic finite element model. First the barotropic tide
and long term currents will be compared with existing
historical and 1998/99 mooring data. If successful,
further work will look at baroclinic influences on the flow
from the Arctic to the North Atlantic Ocean with
progressively more complex models.
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of the winter, additional ULS instrumentation could be
added to investigate the freshwater and heat fluxes
associated with the seasonal ice cover. A second yearlong deployment is planned for Lancaster Sound before
deployments will be attempted in Jones and Smith
Sounds, the other two channels connecting the Arctic
Ocean with Baffin Bay.
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Figure 3. a) Monthly unadjusted sea level variations and
b) adjusted sea level difference along the Northwest
Passage. Sea level observations stations are shown on
Fig. 1.

5. CANADIAN ARCHIPELAGO PROJECT
As a major Canadian contribution to the Arctic
Climate System Study (ACSYS), a field and model
program for the Canadian Arctic Archipelago will:
a) -correlate observations in the Arctic Archipelago with
concurrent observations in Bering and Fram Straits
during ACSYS, in order to better understand the
importance of heat and salt fluxes through the
Archipelago to the water volume and heat budgets of
the Arctic Ocean and of Arctic outflows, and to
b) -contribute to a quantitative understanding of the
hydrography of Arctic Surface Water and its role on
the climatology of the perennial ice cover of the
Arctic Ocean and of the oceanography of the North
Atlantic Ocean.
In 1998, ACDP's and sm self contained
monitoring units will be deployed in Lancaster Sound at
91.50W latitude, the right side of the rectangle shown in
Fig. 1. The moorings will monitor for one year currents,
ice drift, salinity and temperature along the north and
south shore. Although the ice-cover is land-fast for most
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SEASONAL VARIABILITY OF THE ARCTIC OCEAN PROCESSES BASED ON OBSERVATIONS AND
NUMERICAL MODELING
Andrey Proshutinsky, lgor Polyakov and Mark John son
Institute of Marine Science, University of Alaska Fairbanks
INTRODUCTION
years for the cyclonic and anticyclonic atmospheric
The goal of this study is to examine the major
regimes, respectively.
mechanisms of Arctic variability at the seasonal scale using
2 rr--.--.--.-..,.-...--...--...--~~~~"!iiiO!"":""
observational data and numerical models. We identify two
different seasonal cycles which correspond to the
cci
anticyclonic and cyclonic regimes of the Arctic Ocean
1
circulation. The major features of these regimes are
described by Proshutinsky and Johnson, (1997) and by
Proshutinsky, Johnson and Polyakov (1997). Here we
present analysis of seasonal variability of different
parameters characterizing the Arctic Ocean, results of
numerical modeling of the ice and water motion, and plans
-1
and conclusions related to numerical modeling and
observations in the Arctic.

l

OATA ANALYSIS
Observational data analyses reveal a strong
seasonal variability of several major components of the
Arctic system. Air and water temperature, sea surface
atmospheric pressure, wind conditions, precipitation,
cloudiness, sea surface heights, ice drift, water salinity, and
river discharge are very different in polar winter and in polar
summer. In Fig. 1 we present two T-S diagrams showing
seasonal variability of the Arctic Ocean water mass
structure. The data for these diagrams are from Polyakov
and Timokhov (1995). lt is interesting that in the years with
an anticyclonic regime the variability of the parameters
characterizing environmental conditions resemble winter
conditions and in the years with a cyclonic regime they
resemble summer conditions. In the anticyclonic regime,
strong anticyclonic atmospheric circulation and ice drift
(obtained from buoy data) dominate the Arctic Ocean for
the 10 months from October to July. The years with the
cyclonic regime are characterized by relatively weak
cyclonic winds and cyclonic ice drift which dominate the
annual cycle. We cannot yet demonstrate this for the Arctic
Ocean water characteristics because most winter
observations were done in the years with the anticyclonic
regime. To compensate for the lack of observational data
we use results of numerical experiments
specially
designed for these purposes.
NUMERICAL EXPERIMENTS
The model description and results of model
validation and calibration are presented in the paper by
Polyakov, Proshutinsky and Pritchard (PPP) (1997). Here
we discuss results of a simulation of ice and water
seasonal variability for 1987 and 1992 which are typical

-1

28

30

32

34

Salinity
Fig. 1. Potential temperature versus salinity for the
winter (top) and summer (bottom) Arctic Ocean.
Two ~ 5-year simulations were carried out for
1987 and 1992. The model was initialized by analogy with
PPP. The experiments have shown that an increase or
decrease of ice thickness due to attainment of a quasisteady state is accompanied by the addition of salt or fresh
water into the upper ocean layer. To prevent either salt
accumulation or freshening, the ocean temperature and
salinity were returned to their initial distributions on the first
of January during first five years of model integration. Here
we present some results for the last year of each 15-year
integration. Note that the only difference between these two
experiments was the use of different daily sea surface
atmospheric pressure and surface daily winds. The river
runoff, heat, salt, and water transport through the open
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boundaries, and atmospheric climatology remained the
same. Thus, differences in the model results for 1987 and
1992 are due to peculiarities of the atmospheric dynamics
only.
PRELIMINARY RESULTS
We
analyze seven
major parameters
characterizing the state of ice and water conditions in the
Arctic Ocean for each circulation regime. They are: ice
thickness, ice concentration, ice drift, sea surface heights,
and water currents, temperature and salinity. Model results
agree with observations and confirm that in the anticyclonic
regime, strong anticyclonic ice drift dominates the Arctic
Ocean for about 10 months from October to July. In the
years with cyclonic regime, the summer circulation,
characterized by relatively weak cyclonic ice drift
dominates the annual cycle. The surface ocean currents
are very similar to the patterns of the ice drift. The
seasonal variability of water and ice parameters for each of
the five regions (Fig. 2) of the Arctic Ocean is presented in
Fig. 3. One can see that while the pattern of seasonal
variability is similar for each type of climate regime, the
absolute values of the ice thickness, ice concentration,
water temperature and salinity are very different. The
causes of interannual variability of these parameters are
discussed by Proshutinsky, Johnson and Polyakov (1997).

seasonal variability of ice and ocean characteristics in the
regions 2-4 (Fig. 3). In 1992 with a cyclonic regime of
circulation the water temperature in the region 1 is lower in
winter and higher in summer than in 1987 with an
anticyclonic regime. Water salinity is higher in the cyclonic
regime of 1992 than in the anticyclonic regime of 1987. We
explain this by the influence of the Mackenzie River runoff.
In the years with an anticyclonic circulation, Mackenzie
River fresh waters become entrained into the Beaufort
Gyre, causing freshening of the surface layer in region 1. In
the years with a cyclonic regime, these waters flow to the
east and leave the Arctic Ocean through the Canadian
Archipelago and Fram Straits. In region 5, the ice
concentration and ice thickness in winter are higher in the
years with a cyclonic circulation regime than in the years
with an anticyclonic regime. In summer the ice
concentration and ice thickness in this region are lower in
the years with a cyclonic circulation than in the years with
an anticyclonic regime. it is correlated very well with the ice
transport from the Arctic Ocean through the Fram Strait.
This outflow is increased in winter and in the years with a
cyclonic circulation, and it is decreased in summer and the
years with an anticyclonic circulation.
CONCLUSIONS
Numerical experiments and data analysis have
shown remarkable difference in seasonal parameters
characterizing the anticyclonic and cyclonic regimes in the
Arctic. During the anticyclonic regime, the winter conditions
with cold and dry atmosphere, increased ice thickness and
ice concentration, and increased water salinity, and
decreased water temperature prevail over the seasonal
cycle. During the cyclonic regime, the summer Arctic
conditions prevail with a warm and wet atmosphere,
decreased ice thickness and ice concentration, and with
decreased water salinity, and increased water temperature.
There is a significant lack of summer data describing
processes in the central Arctic. High resolution modeling
and special field observations designed for model
experiments are needed in the Arctic.
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regions presented in Figure 3.
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DECADAL SCAlE VARIABILITY OF THE ARCTIC SYSTEM
Andrey Proshutinsky, Mark Johnson, lgor Polyakov
Institute of Marine Science, University of Alaska Fairbanks
INTRODUCTION
This research seeks to examine the major
mechanisms of Arctic variability at decadal scale using
observational data and numerical models. The major goal
of this research is to document robust variations of the
Arctic system and the most important factors maintaining
variability and interdependence of the processes occurring
in the Arctic.
TWO REGIMES OF DECADAL VARIABILITY
We identify two regimes of the Arctic system
variability which correspond to the anticyclonic and cyclonic
circulation of the arctic atmosphere and polar ocean
(Proshutinsky and Johnson, 1997) with "cold and dry", and
''warm and wet" atmospheres, and "cold and salty" and
"warm and fresh" Arctic Ocean water respectively. Shifts
from one regime to another are forced by changes in
location and intensity of the Icelandic low and the Siberian
high. Wind-driven ice and water motion in the Arctic
alternates between anticyclonic and cyclonic circulation,
with each regime persisting for 5-7 years (period is 10-15
years, see Fig. 1). We do not know very well what
processes are responsible for these different atmospheric
circulations, but we in this paper try to identify a set of
distinguishing features which can characterize each regime
of the Arctic system variability. Here we further test the idea
of two regimes of circulation using observational data and
coupled ice-ocean model (Polyakov, Proshutinsky and
Pritchard, 1997) (PPP).
ROLE OF WIND FORCING
The existence of inter-annual variations of the
Arctic environmental characteristics is well documented in
the scientific literature. We have compiled a number of
extensive oceanic, terrestrial and meteorological data sets
collected throughout the Arctic over the last 50 years.
Analyses of these data and results of previous
investigations demonstrate the existence of variations in
environmental parameters with periods of 2-3, 5-7 and 1015 years. One source of information is the Joint U.S.
Russian Atlas of the Arctic Ocean (1997) where
temperature and salinity data collected during the past 50
years are averaged decadely: 1950s, 60s, 70s and 80s.
Sea level gradients averaged for the same decades (Fig. 1,
dotted line) show that the 50s are close to the mean
climate condition, the 60s and 80s were the decades with a
cyclonic regime, and that during the 70s an anticyclonic
regime of circulation prevailed in the Arctic. In Fig. 2 the
salinity anomalies obtained from the Atlas for a crosssection from Point Barrow to Franz Josef Land and to the

White Sea are presented. In the 80s, when a cyclonic
regime dominated, the upper ocean layer was fresher and
warmer (temperature not shown) than climatology, and in
70s (anticyclonic regime) the upper ocean layer was colder
and saltier than climatology. lt is important to understand
what factors are responsible for these phenomena.
The atmospheric influence on the Arctic Ocean
water and ice dynamics and thermodynamics is at least
twofold. Wind-driven circulation is a major dynamical factor
generating ice and water motion. The so called
"atmospheric climatology" (air temperature and humidity,
precipitation, cloudiness, solar radiation etc.) is responsible
for thermodyna-mical processes in the upper ocean. They
also determine the rate of ice melting and ice growth. In
this study we investigate the role of atmospheric wind
forcing, and use a coupled sea ice-ocean 3-D model. The
model description and a design of numerical experiments
are presented in PPP and Proshutinsky, Polyakov and
Johnson (1997) (PPJ).
The model reproduces very well seasonal
variability of major parameters and demonstrates good
agreement with the observed anomalies of temperature
and salinity for the years with an anticyclonic and cyclonic
regime respectively.
Variability of the ice mass in the Arctic Ocean for
a year with an anticyclonic (1987) circulation and for a year
with a cyclonic (1992) circulation are presented in Fig. 3.
There is about a 20% decrease in ice volume in the years
with a cyclonic circulation. This decrease is defined mainly
by changes in ice thickness because the corresponding
decrease of the ocean area covered with ice is less than
5%. (Ice ocean coverage is defined mainly by atmospheric
climatology which remained the same in the years with a
cyclonic and anticyclonic circulation in our experiments).
Ice thickness distribution in the cross-section from Point
Barrow to Franz Josef Land and to the White Sea is shown
in Fig. 4. In 1987 (anticyclonic regime) ice is much thicker
than in 1992 (cyclonic circulation). There are several
processes which lead to the ice deficit during a cyclonic
circulation regime. Cyclonic ice drift causes a flushing of ice
from the Kara, Laptev and East-Siberian Seas. A significant
decrease of simulated ice concentration in summer is
observed even in the central Arctic (see Fig. 3 in PPJ).
Both of these results are in agreement with observations.
There is also the increase of ice concentration
and ice thickness (due to ridging mainly) along the
Canadian Archipelago and Greenland but this ice is
transported by wind and surface currents into the
Greenland Sea. Fig. 4 shows ice thickness distribution in
the years with cyclonic and anticyclonic regimes in Fram
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circulation and negative gradients indicate cyclonic circulation. The dashed line is the 5-year running mean of sea level gradient and the dotted line is the 10-year averaged sea level gradient showing a type of circulation in 1950s, 1960s, 1970s and 1980s.
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(anticyclonic regime) and the dashed line is for 1992 (cyclonic regime)
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Strait. The increased ice transport from the Arctic Ocean
into the Greenland Sea is the second factor defining ice
deficit in the years with a cyclonic regime. The third factor
is related to ice melting. In the years with a cyclonic
circulation, the ice concentration decreases due to ice drift
divergence and surface water temperature becomes higher
(more openings) which lead to the increase of ice melting
accompanied by surface freshening (see Fig. 3 in PPJ). In
the years with an anticyclonic circulation the processes are
opposite.
The increased export of ice and fresh water from
the Arctic Ocean in the years with a cyclonic circulation is
crucial in the formation of strong vertical water stratification
in the GIN Sea (see Fig. 3 in PPJ). In the years with a
cyclonic regime the deep convection in the Greenland Sea
can be very weak or even completely blocked by a strong
vertical stratification. The same conclusion was made by
Hakkinen (1995).
The processes in the deep ocean and especially
in the layer occupied by Atlantic waters in the Arctic Ocean
are more complicated. They are under analysis now and
will be discussed in the future.
CONCLUSIONS
Analyses of observed data and results of
numerical experiments reveal a significant difference
between oceanographic parameters of the Arctic Ocean
during two regimes of atmospheric circulation. These
regimes cause not only changes in the ice drift and ocean
surface currents, but they are also responsible for the
drastic changes in thermohaline structure of the upper 100
m.
The recent changes observed in the Arctic Ocean
can be explained by the theory proposed above. Here we
tested only wind-driven effects influencing the Arctic
Ocean. lt is necessary to take into account changes in
atmospheric climatology (air temperature is warmer in the
years with a cyclonic regime and cooler in the years with an
anticyclonic regime; cloudiness, precipitation etc. are
different as well). Additionally we expect that the values of
salt, heat and mass transport through the open boundaries
of the Arctic Ocean are different for the years with a
cyclonic and anticyclonic circulation. We continue to
investigate the role of these factors in ocean and ice
dynamics and thermodynamics.
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TENDENCIES OF CLIMATE CHANGES IN THE NORTHERN POLAR AREA

Vladimir F. Radionov, Evgeny I. Alexandrov
.
The State Research Center the Arctic and Antarctic Research Institute, St. Petersburg, Russia

1. Data and methods.
For revealing the features of warming in the Northern
Polar Area the thermal regime and precipitation
characteristics for each of the decades from 1936 through
1995 are compared. The comparison is based on data of
mean monthly air temperatures at 120 stations loc~ted
north of 60° N and monthly precipitation sums at 80 stations
north of 65° N from the start of their operation up to 1995.
By using a method of optimal averagi~g, mean annual and
seasonal temperatures were calculated: for the whole of the
Northern Polar Area (north of 60° N), latitudinal zones from
60o to 70° N and 70° to 80° N and some of their sectors with
boundaries from 20° W to 50° E (Atlantic), including the
North-European sector from 10° to 50° E; 50° to 100° E
(West Siberian); 100° to 150° E (East Siberian); 150° E to
170° W (Chukchi); 170° to120° W (Aiaskan) and 120° to 70°
W (Canadian).
Except for the Canadian sector, the 70° - 80° N zone
in the other sectors includes the area of the Arctic Seas.
In the Atlantic, North-European and West Siberian
sectors the climatic conditions are formed to a great extent
under the influence of heat and moisture advection from the
North Atlantic area. Climate of the East Siberian and
Chukchi sectors is significantly influenced by circumpolar
conditions over the northern Pacific Ocean, as well as by
the center of action above Siberia. The Alaskan sector is
also influenced by circumpolar processes over the northern
Pacific Ocean. In the Canadian sector the climatic
conditions in the winter are governed both by anticyclonic
circulation above the north-western Canada and the Arctic
Basin and a quite frequent passage of Atlantic Lows.
2. Results and discussion
Fig. 1 presents the 10-year smoothed anomalies of air
temperature from the 1961 through 1990 year mean in the
Northern Hemisphere (NH) (Jones, 1997) and the Northern
Polar Area (NPA). As is seen, the amplitude of changes in
temperature anomalies in the NPA is much larger than in
the NH. The changes in temperature anomalies in the NPA
and the NH coincide in many respects and the correlation
between the two curves is 0.46. However whereas the
annual mean temperatures of the NPA have not yet at
present exceeded the means of Arctic warming in the
1930s-1940s, for the NH the last decade was characterized
by the highest temperatures in this century.
Fig. 2 presents the 10-year running anomalies of air
temperature from the 1961 through 1990 year mean by
Corresponding author address: Vladimir F. Radionov,
AARI, 38 Bering St., St. Petersburg, 199397, Russia
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Fig. 1. lnterannual changes in mean annual air temperatu~
anomalies in the Northern Hemisphere (NH, Jones, 1997) and m
the latitudinal zone 60 to aoo N.
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Fig. 2. lnterannual changes in the 10-year running anomalies of
mean annual air temperatures in the latitudinal zones 60 to 70° N
and 70 to aoo Nover the 1936through 1996 period.
latitudinal zones 70 to 80° and 60 to 70° N. On the whole,
the relation of temperature changes in the NH and the NPA
has decreased up to 0.25 during this period. However for
some latitudinal zones the relation of changes to the
hemispheric temperature significantly differs. . T~us
temperature correlation between the NH and the latitudinal
zone 60 to 70° N reaches 0.43, whereas with the zone 70
to 80° N it is only 0.16. As follows from Fig. 2, multiyear
temperature variations in these latitudinal zones differ.
Temperature anomalies over the latitudinal zone 70 to 80°
N were higher, than for the latitudinal zone 60 to 70° N up
to the mid-1970s. Since the mid-1970s this ratio has
changed and in the southern parts of the Northern Polar
Area the anomalous values have increased. The correlation
coefficient of mean annual temperature anomalies in these
zones is 0.65. During the transient seasons when the
atmospheric circulation pattern modifies, the relation
between temperature changes in both latitudinal zones
increases. In spring the temperature correlation coefficient
is 0.79 and in autumn 0.74 whereas in the summer and in
the winter it equals approximately 0.54 and 0.57,
respectively. One should also note the increase in the
temperature variability from the late 1970s (in the latitudinal
zone 60 to 70°) including the continental part, especially in
the winter season. For this period the variability was greater
over the latitudinal zone 70 to 80°. Also, in the
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winter season, beginning from the mid-1980s there was a
tendency for a temperature decrease in both latitudinal
zones.
Fig. 3 presents an example of the 10-year running
anomalies of air temperatures (from the 1961 through 1990
year mean) in the northern (70 to 80°) and southern(60 to
70°) Canadian and West-Siberian regions of the NPA over
1936 through 1995.
For all regions, except for Canadian, multiyear
variations of temperature anomalies displayed a steady
tendency for their change from positive to negative up to
the 1960s, replaced then by an opposite trend. This
dependency was most pronounced over the Kara Sea. In
the Canadian region the tendency for the temperature
decrease was observed from the mid -1990s (see Fig. 3b).
The temperature changes in the northern and southern
parts almost in all regions are_ similar. Quantitative
estimates of relation of air temperature changes in the
northern and southern parts in the sectors over the 1936 to
1995 period are shown in Table 1. In the Eurasian sector
regions directly adjacent to the northern Atlantic and Pacific
Oceans (North-European and Chukchi), the relation value is
higher.

3

a

--70-80N -60-70N

2
(.)
0

1

0
-1

1946

1936

1956

1966

TABLE 2. Mean annual10-tear air tem~ratures
Northern part (70-800 N)
Sector
1936- 1946- 1956- 19661945
1955
1965
1975
North-European
-1,4
-1,5
-2,0
-2,2
West Siberian
-12,3
-9,9
-10,8
-12,3
East Siberian
-13,2
-14,0
-14,9
-14,4
Chukchi
-11,8
-12,5
-12,6
-12,4
Alaskan
-11,8
-12,8
-13,0
-12,5
Canadian
-12,5
-12,6
-13,0

19761985
-2,1
-11,8
-14,8
-12,6
-12,2
-12,8

For mean annual temperature of the latitudinal zone
70 to 80° N the warmer period, as compared with the last
decade (1986 to 1995), was traced up to the mid-1950s.
Within this zone the last most warm period was observed
for the Atlantic sector.
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Fig. 3. lnterannual changes in the 10-year running
anomalies of mean annual air temperatures in some regions over
the 1936 through 1996 period.
a - West Siberian; b- Canadian.

TABLE 1. Correlation coefficients between the mean seasonal and mean annual temperature
in the northern and southern parts of the sectors.
Sector
spring
summer
autumn
winter
0.85
0.73
North-European
0.86
0.78
0.56
West-Siberian
0.76
0.51
0.50
East-Siberian
0.18
0.57
0.63
0.58
0.85
Chukchi
0.83
0.66
0.84
Alaskan
0.67
0.66
0.61
0.73
0.68
0.73
0.42
Canadian
0.77

The lowest relation is in the East-Siberian region (the
correlation coefficient of mean annual temperatures is
0.47). Here there is a clear tendency for the air temperature
increase above the continental area and its absence over
the sea area. The least relation in the region is observed in
the summer season (0.18). lt is of interest that the relation

1976

year
0.85
0.50
0.47
0.83
0.66
0.76

of changes in the summer temperature is also small in the
Canadian region (0.42).
The above estimates of the relation of temperature
changes refer on the whole to the entire study period. Let us
consider the 10-year temperature means in separate
regions of the latitudinal zones 60 to 70° and 70 to 80° N
(Table 2).

19861995
-1,4
-11,9
-14,3
-11,9
-11,8
-13,2

Southern part (60-700 N)
1936- 1946- 19561945
1955
1965
1,2
1,2
1'1
-4,6
-4,9
-5,5
-11,4
-11,5
-11,6
-8,5
-9,1
-9,1
-2,5
-3,5
-3,5
-8,7
-9,2

19661975
1'1
-5,9
-11,0
-8,9
-3,7
-9,2

19761985
0,9
-4,9
-11 '1
-8,8
-2,2
-9,0

19861995
1,6
-4,3
-10,2
-8,6
-2,2
-9,3

In the North-European sector including the Barents
Sea, the increase in mean annual temperature was one of
the largest (by 0.7 °C) among the other regions. The
temperature in the last decade was same as in the 1930s1940s. The mean annual temperature has also increased in
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the region of the East-Siberian and the Chukchi Seas, the
Laptev Sea and in the northern Alaskan region. lt has not
practically changed in the Kara Sea region and has
decreased by 0.4 °C in the northern Canadian region.
During the last decade in the zone 60 to 70° N,
including the continental part, an increase in mean annual
temperature has occurred almost in all regions. In the
North-European, West-Siberian and East-Siberian regions
the temperature was the highest over the entire period
under consideration whereas in the Chukchi and the
Alaskan regions it has changed little. For the Atlantic sector
mean annual temperature has increased, but it has not
exceeded the recorded temperatures. In the Canadian
region the temperature has decreased and was the lowest
over the entire period. On the whole in both zones mean
annual temperatures of this decade were higher than in the
preceding decade.
Precipitation fallout in the Arctic is closely related to the
circulation and thermal conditions, although this relation is
not always clear and differs by seasons.
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Fig. 4. lnterannual changes in the 10-year running annual
precipitation sums in some regions over the 1936 through 1996
period.
a - Kara Sea; b - Canadian region.

In the regions of the Kara (see Fig. 4a), Barents and
Laptev Seas the annual precipitation decreased from 1936
to 1980 (the decrease was 60-80 mm) and then up to the
present the precipitation increase was observed (now it
equals 30 mm). Precipitation in the East-Siberian and the
Chukchi Seas changed likewise. Here it increased up to
1960 (by 50 mm) and then decreased (by 60 mm) up to
1995. In the eastern Eurasia (the East-Siberian and the
Chukchi Sea) the precipitation vice versa increased and
now the decrease is observed. That is, the precipitation
distribution indicates an opposition between the western
and eastern parts of Eurasia. At Alaska, a sharp decrease
in the annual precipitation sums was observed up to the

early 1970s (100 mm over 35 years) and a similar sharp
increase up to 1995 (80 mm over 23 years). In the
Canadian sector (see Fig. 4b) the precipitation increase was
observed on the whole from the mid-1950s up to 1995.
In total, for the Arctic the annual precipitation
decreased from 1936 to 1980 equaling 50 mm. From 1980
the annual precipitation began to increase and during the
last decade it has increased by 20 mm.
3. CONCLUSION
Thus a comparison of climatic characteristics of the
most warm 1986-1995 period in the current century for the
orthern Hemisphere and the preceding periods has shown
the 1936-1945 period to remain the most warm for the
Northern Polar Area. One may note the obvious increase in
mean annual temperature during the last decade in the
NPA. The major increase in mean annual temperature in
1986-1995 (as well as in recent years) was recorded in the
Asian sectors and the decrease in the Canadian sector.
The last temperature increase in the NPA began with
the temperature increase in the mid-1960s in its southern
part (60 to 70° N zone) and only from the mid-1970s in the
northern part (70 to 80°N zone). In the zone 70 to 80° N the
temperature increase was slower than in the zone 60 to 70°
N. By the last decade mean annual temperature in the zone
60 to 70° N has increased by 0.9 C and in the zone 70 to
80° N by 0.5 C.
The total significant precipitation increase in the entire
Arctic over the 1936-1980 period up to the most minimum
values, as well as the change in the atmospheric circulation
epoch in the early 1990s from meridional (according to
typification of Girs-Vangengeim) to zonal (Radionov et
al.,1997), suggest the tendency for precipitation decrease
to be replaced by its steady increase. The Arctic warming in
the 1930s-1940s was mainly related to the epochal
transformation of the processes of western (zonal)
atmospheric circulation to meridional processes. The
tendencies that have
appeared in the decrease of
meridional and increase of zonal circulation forms also
indicate the decrease in the warming rate.
The paper was prepared on the basis of studies
supported by the Russian Foundation of Basic Studies
(Project 96-07-89159).
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STATISTICS OF SURFACE AIR TEMPERATURE OBSERVATION IN THE ARCTIC
lgnatius G. Rigor· , Roger L. Colony, Seelye Martin, and Esther Mufloz
Polar Science Center, Applied Physics Laboratory, University of Washington
1013 NE 401h, Seattle, WA 98105 U.S.A.

1.

INTRODUCTION

Until recently, the Arctic Ocean has lacked a
systematic, accurate, Surface Air Temperature (SAT)
data set. These fields of surface air temperature are
essential for monitoring climate, assessing the
environment, validating and driving model simulations
and for input into studies of climate change.
Martin and Mufloz (1997) have studied the accuracy
of various gridded temperature data sets by comparing
the values of each data set against measurements
taken at the Russian North Pole (NP) drifting stations.
A SAT analysis analyzed using optimal interpolation {01)
to combine buoy and land station data was also tested
and found to have higher correlations with the
measurements at the NP stations compared to the other
gridded temperature data sets.
Here, we build upon the work of Martin and Mufloz
(1997) and use seasonal and spatial statistics to further
improve the 01 analyzed fields.

manned drifting station data obtained from the Arctic
and Antarctic Research Institute, St. Petersburg,
Russia, and 3.) meteorological land station data
obtained from NCAR, dataset 464.0. Figure 1. shows
the location of each of these observations. These data
sets have been quality controlled to remove dubious
data such as spurious flyers, flat-lined data, etc.

Figure 2. Monthly box plots of the observed air temperatures
from all the North Pole stations from 1979-1991 (top), from the
meteorological station at Barrow (middle) and at Indian
Mountain (bottom) from 1979-1996. Each box plot shows the
median. 251h and 751h percentile; i.e., half the data falls inside
the box. 99% of the data falls within the range shown by the
vertical lines. These distributions are based on 12-hourty
observations.
Figure 1. Location of surface air temperature observations in
the Arctic Ocean. Buoys are shown in gray, while ciifting
stations are shown in black.

2.

DATA

The SAT data used to compute statistics and for the 01
analysis are: 1.) Argos buoy data collected by the
International Arctic Buoy Programme, 2.) North Pole
·Corresponding author's address: lgnatius Rigor. Polar
Science Center. Applied Physics Laboratory, 1012 NE 4Qth St..
Seattle, WA 98105-6698; e-mail: igr@apl.washington.edu:

3.

STATISTICS

Spatial and seasonal statistical analysis of the SAT
observations from the buoys and land stations show
very different characteristics, especially during the
summer months. These statistics are crucial
parameters for the optimal interpolation of SAT fields.
The SAT over the ocean during summer is controlled by
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the melting temperature of sea ice, coastal SAT are
similarly constrained. Figure 2. shows seasonal
statistics of each type of input, i.e. ocean (buoys and
manned drifting stations), coastal or inland observations.
Cross correlations between the different
observations yield different correlation length scales
between the observations which also vary seasonally.
Figure 3 shows the correlation length scale between
buoy and coastal land station observations during winter
from 1979-1996. Table 1 shows the seasonal correlation
length scales between the different sources of data.

4.

OBJECTIVE ANALYSIS

These data are combined using the objective
analysis procedure, optimal interpolation (Belousov,
1971). The estimated temperature at a grid point is:

where: T; = mean temperature at the interpolation point;
<i; =variance at the interpolation point; Ar =weights for
observations, chosen to minimize the interpolation
errors; = observed temperatures; Ti = mean
temperature at the observations; and c?i = variance at
the observations.
The estimated air temperature at a grid point is
based on the deviations of the observations from the
mean, normalized by the variance of the observations.
To get the weights, A, which minimize the
interpolation errors we solve the equation:

z
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Figure 3. This figure shows the correlations of different pairs of
coastal land stations with buoys or manned stations during
winter from 1979-1996. Each small gray dots represent the
correlation between a pair of observations. The large dots are
averages of 100km bins. The curved line is the plot of
exp{d2fl2), where d is the distance between data points. and
L=BOO km. The large dots approximate the correct length scale
of the data. These values drop below 1/exp{1), the dashed
line, at about BOO km.

Seasonal Correlation Len ~th Scales
Buoy Buoys Coast Coast
s vs.
vs.
al vs.
al vs.
Buoy Coast Coast Inland
al
s
al
Winter
800
800
900
800
Spring
700
800
800
900
Sum me
600
500
100
700
r
Fall
600
700
700
800

Table 1.
Obs.
Type/
Season

{km.)
Inland
vs.
Inland

where: M = matrix of covariances between the
observation, and S = vector of covariances between the
observations and the interpolation grid point.
5.

CONCLUSIONS

Twelve-hourly "beta" fields have been analyzed
through 1996 and are available for testing from
http://psc.apl.washington. edul.
6.
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7.

Note that correlations between "like" observations;
i.e., buoys with buoys, or inland land stations with
other inland land stations, are typically about 700
km. with a minimum during summer. Correlations
between "dissimilar" observations; i.e., buoys with
coastal land stations, or coastal land stations with
inland land stations, are typically about 800 km, with
a minimum during summer. The correlations
between the ocean observations and coastal land
stations drop to as short at 100 km during summer.
Most significantly, very little correlation was found
between the inland land station observations and the
ocean observations during the summer months.
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HIGH RESOLUTION CLIMATE SIMULATIONS OVER THE ARCTIC
IN A REGIONAL CLIMATE MODEL
A. Rinke.(1), K. Dethloff {1), J. H. Christensen (2),
M. Botzet (3), B. Machenhauer (3}
(1) Alfred-Wegener-lnstitute, Potsdam, Germany
(2) Danish Meteorological Institute, Copenhagen, Denmark
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1. INTRODUCTION
Different comparison studies and projects
which analyzed the GCM's performance in the
Arctic show that the different models produce
large variations in the simulated meteorological
fields and that the simulations do not agree very
well with data analyses (e. g., Walsh and Crane,
1992, Tao et al., 1996). The deficiencies of the
GCM's according to the description of the Arctic
climate are caused on the one side due to the inadequate parameterizations of physical processes. Typical Arctic phenomena, e. g. summertime
stratus, ice crystal clouds, and "Arctic Haze" have
not been taken into account. On the other side the
GCM's are characterized by a coarse horizontal
resolution and the data quality is not satisfied because of the few number of observations in polar
regions. Therefore the concept of the limited area
climate modelling has been used for an Arctic
integration area which covered the whole Arctic
north of 65 °N. The first results of simulating the
Arctic troposphere and lower stratosphere for
January 1991 and July 1990 are described in
Dethloff et al. {1996). Due to the lateral forcing
with data analyses, i. e. so-called "perfect" boundary conditions, the systematical errors of the
model can be investigated. The aim of the research is to determine the imperfections in the
used parameterizations and to improve the model
by a better adaptation to Arctic conditions.
2. MODEL
The employed regional climate model is
called HIRHAM (Christensen et al., 1992, 1996).
The adiabatic formulation is based on the limited
area model HIRLAM (Machenhauer, 1988). At its
* Corresponding author address: Annette Rinke,
Alfred-Wegener-lnstitute, Telegrafenberg A43,
D-14473 Potsdam; arinke@awi-potsdam.de

lateral boundaries the model has been forced by
ECMWF analyses, updated every six hours. At
the lower boundary the model has been forced by
ECMWF analysed sea surface temperatures and
sea ice fractions, updated daily. The simulations
are performed at a horizontal resolution of 50 km
and 19 vertical levels. HIRHAM includes the
physical parameterization package of the Hamburg GCM ECHAM (Roeckner et al., 1992, 1996).
Physical parameterizations include radiation, cumulus convection, stratiform clouds, land surface
processes, hydrology, sea surface-, sea ice processes and planetary boundary layer (PBL). The
simulations have been performed with two different versions of the parameterization package,
called ECHAM3 and ECHAM4. Cloud and radiation, moisture transport, convection and cloudturbulence interaction in the PBL are the major
processes under revision in ECHAM4 version
compared to the previous ECHAM3.
3. SIMULATIONS
The model has been integrated over the
whole year 1990 and special winter and summer
months. To illustrate the potential of the model for
realistic Arctic climate simulations Figure 1 shows
the monthly averaged mean sea level pressure
for July 1990 a) calculated by the model and b)
analysed by ECMWF. The simulated large-scale
structures are in a good agreement with the data
analyses. The comparison with the anal)'5es further shows that the simulated pressure over the
Arctic Ocean is up to 3 hPa lower. For comparison
we have to keep in mind that the data quality is
rather worse over the Arctic Ocean because of
few observations. Thereby also the quality of the
data analyses is influenced which is mainly a
model result over the Arctic Ocean and depends
on the used physical parameterizations. To look
at the influence of changed physical parameterizations on the climate simulations the HIRHAM
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Fig. 1. Monthly averaged mean sea level pressure [hPa] for July 1990 a) calculated by model
HIRHAM.ECHAM4 and b) ECMWF analyses.

results using ECHAM4 physics have been compared with the previous HIRHAM simulations
using the ECHAM3 physics. Figure 2 shows the
simulated changes in the mean sea level pressure due to the different parameterization packages ECHAM3 and ECHAM4. The figure shows
that differences of up to ±4hPa occur. Together
with the discussion of Figure 1it becomes obvious
that changes in the simulated climate due to
changed parameterizations are of the same order
as the model bias itself. This shows the problems
in the regionalization of climatic changes in the
Arctic. Further improvements in the model performance are needed to arrive at a reliable
regional downscafing of GCM scenarios. Figure 3
shows the temperature profile changes due to the
use of different parameterization packages. The
temperature model bias is small and between ±2
K. The largest bias occurs occur below 500 hPa.
The changes due to the different physics also
mainly appear in the lower troposphere and PBL
and are of the same order as the bias itself. The
ECHAM4 physics causes a warming with respect
to the ECHAM3 model. During January this
warming results in a smaller model bias below
950 hPa, but during July the picture seems to be
more complex. The temperature improvements in
ECHAM4 can be attributed to an improved representation of surface radiative fluxes via improved
absorption of solar radiation in the new radiation
scheme. Beside the improvements due to
ECHAM4 physics, one could conclude that some
biases noted for the previous model version
remain virtually unchanged.
'
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Fig. 2. Monthly averaged mean sea level pressure difference [hPa] "HIRHAM.ECHAM4 minus
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Fig. 3. Monthly- and area averaged temperature
difference [K] "HlRHAM minus ECMWF analyses"
with different physics (ECHAM3, ECHAM4) in
HIRHAM for January and July 1990.
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To assign model deficiencies to particular model
formulation further sensitivity studies have been
carried out in such a way that only individual parameterizations have been exchanged. In one of
these experiments the influence of two different
radiation parameterizations (Cologne radiation
scheme from ECHAM3, Hense et al., 1982 and
Morcrette scheme from ECHAM4, Morcrette,
1991) on the climate simulations has been investigated. The results (Rinke et al., 1997) show that
the Morcrette radiation code in ECHAM4 clearly
improves the simulations via larger absorption of
solar radiation in the atmosphere due to both water vapour and clouds. ltteads to a good agreement of the 5tmulated radiative fluxes with
obseTVations_
The resutts indicate that further· improvements in
other parameterization schemes a g. in the PBl
are needed and an improved aoaption of the

model to Arctic conditions and processes is
necessary.
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INTRODUCTION
Recent work has stressed the importance of the two inflow
paths from the Norwegian Sea to the Arctic Ocean - Fram
Strait and the Barents Sea - (Rudels et al., 1994, Schauer
et al., 1997). Observations in the· eastern Eurasian Basin
have shown extensive transformations to occur east of the
confluence area of the two branches north of the Kara
Sea. Strong lateral mixing is induced and the boundary
current along the Eurasian continental slope broadens.
The inflow over the Barents Sea dominates in the
Amundsen Basin and close to the Lomonosov Ridge while
the Fram Strait branch is more prominent in the deep
Nansen Basin (Schauer et al., 1997).

The hydrographic observations were made with a
SeaBird 911 CTD system and a 24 bottle Seabird
Carousel rosette sampler. 87 CTD stations were occupied
and at many positions multiple CTD casts were taken. For
.station positions see figure 1.
3

THE MIXING OF THE INFLOWS

The two westemmost sections, one onto the eastern Kara
Sea shelf (G), the other toward Sevemaya Zemlya (E)
(figure 1) show a cold, low salinity core over the slope
reaching down to more than one thousand meter. The
salinity is around 34.8 and the temperature about -0.6. lt is
separated from a warm, high salinity core, located at about
300m depth 1OOkm into the interior of the basin, by a
50km wide frontal zone characterised by sharp inversions
in temperature and salinity (figure 2).
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. These inflows from the North Atlantic supply most ~f
the water to the intermediate layers of the Arctic Ocean.
Processes internal to the Arctic Ocean transform inflowing
water and make it dense enough to ventilate the deeper
levels. Brine rejection over shallow shelves has been
identified as a possible mechanism (Nansen, 1906).
2

OBSERVATIONS

The ARK-XI expedition in 1995 with RV Polarstern was
dedicated to multi-disciplinary work in the Laptev Sea
area. the main programmes being marine biology and
marine geology. The expedition also included a small
physical oceanq_graphy programme.

Figure 2: Salinity section at transect E
The broadening of the boundary current continues
as it moves along the Laptev Sea continental slope toward
the Lomonosov Ridge. A comparison between the e-S
curves from three stations located at the 1700m isobath at
the continental slope north of the Laptev Sea (40), north of
the East Siberian Sea (60) and at the Eurasian Basin side
of the Lomonosov Ridge (51) shows that the
characteristics of the stations are similar (figure 3). lt
suggests that the boundary current is splitting into a flow
along the Lomonosov Ridge and continuation along the
continental slope into the Makarov Basin.
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4

THE WATER CROSSING THE LOMONOSOV RIDGE

In 1995 most of the stations at the Lomonosov Ridge and
in the Makarov Basin were obtained within the region
influenced by the boundary current and the levels above
1600m were dominated by Eurasian Basin Waters. Below
that level the warmer, more saline CBOW is

unambiguously to be seen (figure 4a). This is contrary to
the situation found in 1991 by Oden further to the north,
away from the continental slope. There a front was
observed in the Atlantic Layer, especially below 600m,
where the Makarov Basin was warmer and more saline
than the Arirundsen Basin (figure 4b)
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tn 1995 the 6-S characteristics of the boundary
current at 1400m (figure 5) were similar to those of the
cold, low salinity lens that was observed by in the
Canadian Basin during the Transpolar expedition in 1994
(Aagaard et al., 19.96). This implies that the water forming
such lenses originates from the Barents Sea inflow and is
advected into the Canadian Basint. There it may become
detached from the boundary current and enter the interior
of the basin.
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Figure 5 e-s curves for stations at the Lomonosov Ridge
in 1995 (blow up)
A deep salinity maximum was observed at 1650m in
the Amundsen Basin close to the ridge (figure 5}. The
maximum had the same density as the Canadian Basin
Deep Water at that level and indicated that, at least
sporadically, a 'spill over of CBOW into the Amundsen

z:a
Figure 4b POtential: temperatUrE!'
profiles attfre Lomonosov Ridge

Odent99t.

Basin occurs. Intermittent exchanges between the basins
probably occur cto.se to the sill along the entire ridge. The
warmer, more· saline and little compressible- Canadian
Bas.in Deep Water remains at the sill depth and is there
seen as a. salinity maximum. The Amundsen Basin water
at the sill is colder and less saline: and it can, because of
the higher ccmpressibility of cold water, convect down the
ridge and ventilate the d&ep Makarov Basin (Jones et al.,
1995}.
5

lof'!B

lhela·

TEMPORAL CHANGES JN THE CANADIAN BASJN

Changes. in the Arctic Ocean water masses have recently
been reported by Quadfasef et al. (1991) and by Carmack
et al. (1995). In. the Canadian Basin the boundary current
is exposed to shelf-stope convection, leading. to cooling
and entrainment. To examine what effect a warmer inflow
to the Canadian Basin may have. we first evaluate the
entrainment assumption used by Rud:els et al. {1994). No
data. at the continental sl.bpe. were available at the time for
that work and the properties of the bOUm::laJ'Y current was
approximated by, the water column at the Amundse:n Basin
side ofthe Lomonosov Ridge:
tn f995,. observatiCII1S north of the East Siberian Sea
showed that the water in the boundary current was onty
stfghtly cotder ih the Atlantic Layer but similar ro the water
found arong the: Lomonosov Ridge (figure 5). The
assumption that the boundary current could be
approximated by the water column at the ridge thus
appears justified.
Estimates with different entrainment rates showed
that the one adopted by Rudels et al. (1994), requiring an
entrainment of twice the initial volume far every 300m was
the one best reproducing the Canadian Basin water
column. However, the e-s characteristics observed in
1995 at the Lomonosov Ridge and on the East Siberian
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Sea slope were different from those found at the ridge in
1991, and the same entrainment rate now does not
reproduce the Canadian Basin water column.
Our interpretation of this situation is that the
boundary current and the slope convection have become
out of balance with the interior water column, which must
now heat up before it again represents a synthesis of the
shelf-slope input and the advected boundary current.
Using the entrainment rate from Rudels et al. (1994), it
would be possible to extrapolate the changes in the
Canadian Basin water, and by adopting the same strength
of the inflow in the boundary current across the ridge, the
time for the projected change can be estimated.

The predicted 9-S characteristics for the interior of
the Canadian Basin are warmer and less saline and the
time needed for the entire layer between 200 and 1700m
to be transformed is 100-150 years, if the inflow of warm
water persists. Such a long time appears to be in variance
with the massive change reported by Carmack et al.
(1995). The warming is now observed in the upper layers.
However, slope convection acts to change the velocity
profile of the boundary current and makes it more constant
with depth and the effects will gradually be seen in the
deeper layers.
·
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Figure 7b Salinity
stations 45 & o17.

MIXING IN THE EASTERN EURASIAN BASIN

The intermediate layers in the Eurasian Basin east of the
St Anna Trough are less affected by the shelf-slope
processes. The main mixing is here due to lateral
interaction between the water masses. Because of the
initially sharp front and the different characteristics of the
two branches extemal disturbances, or flow instabilities
may lead to inversions, inducing double-diffusive
convection. This will create layering structures, which due
to vertical divergences in the buoyancy fluxes, can drive
waters across the front into the opposing water mass. The
layering structures close to the confluence region have the
largest vertical gradients. are most active, but appear
rather chaotic (figure 7). In the Amundsen basin very
regular layer but smoother structures are seen The
layering is also here associated with a salinity minimum
indicating that mixing between waters from the two
branches is occurring (figure 7a, b).
Not so numerous but similar layers were observed
at the same levels on the Oden-91 cruise (figure 7a, b).
However, the two structures are different. In 1991 the
diffusive interfaces showed the strongest gradients, while
in 1995 the sartfinger interfaces were the sharpest. In
1991 the deep layers were found in a stable-stable part of
the water column while the 1995 inversions were located
primarily within the saltfinger as well as the stable-stable
background stratification. As the layering extended down
to the stable-stable part of the water column a change
toward stronger gradients at the diffusive interfaces were
detectable (figure 7c). The reason for these differences is
not known.
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Figure 7c Salinity profiles
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Some of these changes may be appreciated by comparing
stations in the Eurasian Basin taken in 1991 and in 1996
(Figure 1). The 1991 stations are located closer to Frarn
Strait than the 1996 stations, but away from the continental
boundary downstream changes in the water column are
expected to be small below the surface layer. The positions
of the two sections can then be considered equivalent.

INTRODUCTION

Recent expeditions have revealed lhat the interior of the
Arctic Ocean exhibits more spatial structure and more
temporal variability than was previously believed. Higher
Atlantic Layer temperatures are reported and the spreading
of this pulse of warm Atlantic Watl!f has been followed into
the different basins (Carmack et al. 1995). The upper
layers as well as the intermediate waters (600-1200) also
•
exhibit changes.

2

The most striking feature in the 1996 observations is the
deep, cold mixed layer found in the interior of the Eurasian
Basin. The salinity is above 34 in the entire deep Nansen
Basin. No halocline is present and the halo- and
thermocline coincide (Figure 2). This implies that the winter
homogenisation of the mixed layer reaches down to the
Atlantic Layer. The depth of the mixed layer is large but
varies across the section. lt is about BOrn over the Fram
Strait inflow dose to the continental slope (38) but reaches
down to 140m over the Nansen-Gakkel Ridge (50). The 0S curves of stations 43 and 50 are similar in spite of their
large difference in mixed layer depth (Figure 2). The larger
depth over the Nansen-Gakkel Ridge could therefore be
due to horizontal convergences in the surface layer.
At stations 43 and 50 the shape of the pycnocline
shows that here the main stirring of the mixed layer is due
to haline winter convection. Water from below becomes
incorporated into the mixed layer, when convective
• elements penetrate into the pycnocline. At station 38 the
pycnocline reveals a straight mixing line implying that
mechanically generated turbulence brings water into the
mixed layer. Since the underlying water here is warmer and
the input does not depend upon convection and freezing
rate, it is possible that the lower salinity found above the
warmest and most saline Atlantic Layer is due to a smaller
ice formation in winter because of heat supplied from the
ocean below.

Figure 1 Map of the Eurasian Basin showing the positions
of the discussed stations 0 (Oden) and (P) Polarstern.
A comparison between the expeditions, Arctic-91
and Arctic-96, to the Eurasian Basin indicates that these
changes are recent and, if they reflect natural variability,
this occurs over time scales of years rather than decades.
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This is in contrast to station 54 in the Amundsen
Basin, where the winter convection only reaches down to
50m (temperature minimum). The convection is not strong
enough to penetrate into the pycnocline, which also here
forms a straight mixing line. The lower salinity at the
surface layer is partly due to a larger seasonal ice melt.
(On the other stations the summer ice melt is close to
zero.) The lower salinity is also due to a higher freshwater
content in the upper layer, which, in spite of the ice
formation, prevents the salinity to reach 34.3 - about the
maximum salinity found in the winter mixed layer - (Rudels
et al. 1996). Below the mixed layer vertical turbulent
diffusion dominates.
3

THE MIXED LAYER IN 1991 AND 1996.

The differences across the Eurasian Basin are small when
compared to the situation found over the Nansen-Gakkel
Ridge in 1991 as is seen from the Od~n station 13 and
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e-s diagrams for stations o13 from

The main difference lies in the salinity range between the
two temperature minima If a low salinity surface water
were added on top of the mixed layer seen at station
50/1996 turbulent diffusion would cause its e-s curve to
evolve toward that seen at station 13/1991. Such a
behaviour is seen, but weaker, at station 54 (Figure 2).

4

station 50 (Figure 3). The winter convection in 1991 only
reached 50m and the salinity was less than in the
Amundsen Basin in 1996.
In 1991 an area with deep and saline mixed layer
was found closer to Fram Strait. Here he freshwater was
supplied by the melting of sea ice and the winter
homogenisation extended down to 120m (Rudels et al.,
1996). The occurrence of high salinity, deep mixed layer
could be due to the input and the paths of the low salinity
shelf water. If the supply of shelf water is not enough areas
will always form where the winter convection, at least in the
Eurasian Basin, can reach down to the Atlantic Layer.
The seasonal melting was larger in 1991 and a low
salinity surface layer was present above the temperature
minimum. Figure 3 also shows that upper 30m are
homogenised by the autumn thermal convection and
perhaps by keel stirring. This depth is about the same for
the two stations.

INTERMEDIATE AND ATLANTIC LAYERS.

These changes may be the most prominent but they are
not the only ones. The higher temperatures indicate that
the warm Atlantic Layer reported by Quadfasel (1991) from
the Eurasian continental slope advects into the interior of
the Eurasian Basin. The Atlantic Layer has not become
more saline though. This implies that it is less dense than
previously. The main temperature changes are confined to
the upper part of the Atlantic Layer {Figure 4).
A further change is the lower salinity observed in the
intermediate water below the salinity and temperature
maxima of the Atlantic Layer (Figure 4). This colder, less
saline water is associated with the inflow to the Arctic
Ocean down the St. Anna Trough. lt comprises mainly
Atlantic Water entering over the Barents Sea but water of
the Norwegian Coastal Current and water directly from the
Kara sea could also contribute. This inflow is now less

35

1991 (Oden) and p50 from 1996.
saline and appears to enter higher in the water column
(Figure 4)
5

DISCUSSION.

The cause behind the higher temperature of the Atlantic
Layer is most likely an advective feature due, perhaps, to a
weaker winter cooling in the Norwegian Sea. The lower
density of the Fram Strait branch could also make it
override the generally denser Barents Sea branch as they
meet north of the Kara Sea. The Atlantic Layer would then
be less cooled by lateral mixing.
The two changes together - the higher salinity of the
mixed layer and the lower salinity at the intermediate levels
- could imply that freshwater is· redistributed vertically.
Removing the input from seasonal ice melt, salinity lower
than that at the temperature minimum, the freshwater
content on station 13 in 1991 is, with respect to S=34.3,
1.8m, which should be compared with 0.01m in 1996
(station 50). The lower salinity in the intermediate layers is
most prominent in the Nansen Basin (Figure 3). it is about
0.03 over 400m which corresponds to a relative freshwater
input of 0.35m. The freshwater input to the intermediate
layers is thus about 20% of the decrease in the surface
layer.
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The Nansen Basin receives its freshwater primarily
from the Kara and Laptev Sea, as ice melt or as a direct
input of low salinity shelf water. The freshwater from the
rivers of the Kara Sea to a large extent enters the Laptev
Sea through the Vilkitskij Strait and joins the water of the
Lena. lt then discharges .as less dense shelf water into the
Arctic Ocean basins across the Laptev Sea shelf break.
This means that it is added as surface water which
eventually leads to a smaller depth of the winter convection
in the interior of the Arctic Ocean. The previously
ventilated, deep mixed layer will become an halocline and
be isolated from the ice and the atmosphere.
If the transports of freshwater through the Vilkitskij
Strait vary annually, perhaps due to different meteorological
conditions, less freshwater into the laptev Sea would imply
a more saline mixed layer A corresponding, higher
freshwater content in the Kara Sea makes the contributions
from the Kara Sea to the inflow down the St. Anna Trough

,

less saline and cause a lower salinity at the intermediate
levels as well as a higher salinity in the mixed layer.
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1.

INTRODUCTION.

A cold and comparatively low salinity surface water
lying above a warmer, more saline water mass is
common in the high latitude oceans. The halocline
inhibits vertical exchanges. The autumn convection
is limited to the upper layer and entrainment of
warmer water from below is reduced. The surface
layer is cooled to freezing temperature and ice
starts to form. Ice formation releases brine and the
salinity of the mixed layer increases while the
stability at its base decreases. The entrainment
from below, driven by mechanically (wind) and/or
convectively generated turbulence, increases and
sensible heat from the ocean becomes available for
the atmosphere and/or for ice melt. How the
sensible heat is distributed between ice melt and
the atmosphere is not known, and two approaches
have been adopted: All entrained heat goes to ice
melt and the heat going to the atmosphere is
supplied by freezing (Lemke, 1987; Houssais, 1988;
Houssais & Hibler, 1993), or alternatively the main
balance is between entrained heat and heat loss to
the atmosphere and ice formation just supplies the
difference (Walin, 1993; Visbeck et al., 1995). We
propose a third possibility to hold when an heat loss
from the ocean to the atmosphere occurs and sea
ice is present: The ice melt caused by the loss of
oceanic sensible heat is such that the buoyancy
input at the sea surface is a minimum.

2.

DISTRIBUTION OF OCEANIC SENSIBLE HEAT LOSS.

We make the following approximations. The
salinity of sea ice is assumed zero and the heat
capacities of sea ice and of melt water are
neglected. This means that we only consider the
water changing phase, not the amount trapped in
the ice. To ignore the heat capacity of the ice melt
implies that the melt water directly attains the
mixed
layer
temperature.
With
these
approximations the question translates into: what
heat loss distribution leads to minimum ice melt.
To determine the fraction f of oceanic heat Q
going to ice melt we must have a situation where
no release of latent heat takes place. Assume that
an horizontally homogenous ice field with arbitrary
compactness is placed suddenly on top of a
vertically homogenous "warm" water column. The
atmosphere is cold and windy. Lateral variations
are ignored and a one-dimensional approach is

adopted. Since the ocean temperature is above
freezing, the heat that goes to the atmosphere can
only be supplied by the cooling ocean and, because
sea ice will be melting, an upper low salinity surface
layer will form out of the initially homogenous water
column.
The sensible heat lost by the ocean is

Q = wei\T + Ht di\T

(1)

dt
where t.T=T2-T1 is the temperature difference
between the newly formed low salinity water and
the underlying ocean. The second term comes from
cooling the upper layer while the first term gives the
heat supplied by the ocean below.
The Niiler an & Kraus (1977) model gives for
the entrainment velocity We

(2)

u. is the friction velocity, H1 the mixed layer depth
and mo=1.25 is a constant ·parameterising the
dissipation. This expression does not hold for
detrainment situations and has to be supplemented
with the condition w~O. For a linear equation of
state the buoyancy step at the base of the mixed
layer is given by

where a=0.4-10-4oc·1 and ~=8.0-10-4 are coefficients
of heat expansion and salt contraction respectively.
The values are chosen for salinity 35 and
temperature -1"C which reasonably corresponds to
the mean value of the two layers in high latitudes. B
is the buoyancy flux at the sea surface and &=1 for
B>O and &=0.05 for B<O is a parameter, which
takes into account the high dissipation rate of
energy released by convection.
The oceanic heat loss leads to both cooling
and melting and these two effects add buoyancy at
the sea surface. The input from melting is positive
and that from cooling negative which gives.
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(4)
c is heat capacity of sea water. In the presence of
sea ice we assume that cooling does not lead to
thermal convection and entrainment but instead
reduces the positive buoyancy input from melting. E
is then equal 1. The ice melt reduces the initial
salinity S2 and the salinity S1 of the deepening
mixed layer evolves as

dH 1
c ) +f-H
c
dAT
(
--=we
l+f-L\T
1 -dt
L
L
dt

(6)

When introducing the expression for We the same
approximations as above give the total differential

(5)

while the entrainment deepens the mixed layer
The initial mixed layer depth is zero and integration
leads to

(8)

if the time variation of the term (1+fcL-1L'iT) is
ignored in the integration. Q then becomes

(9)

where only the factor containing f is shown in full.
The heat going to ice melt has a minimum for
f=fo which is found from

d(fQ) = 0
df

(10)

to be

=

f

o

2aL
c(f3S 2 - aL\T)

( 11)

This fraction is the one hypothesised as going to ice
melt. lt is constant for a given stratification and for
high latitude conditions fo"'0.23. For f=Y2fo the
stability at the mixed layer base is zero and no less
dense surface layer can form.
3.

also holds when the mixed layer is at freezing
temperature and new ice is formed. In high latitude
areas low salinity surface waters are in the fall
cooled to freezing temperature. To simplify,
assume the ocean and ice surface heat loss only
depends upon the air temperature. The heat loss to
the atmosphere Oa can then be approximated by
the Newtonian transfer laws

Q. =KU.(T. -To)+Le +KU.(Ta -T.)
{12)
where K is a transfer coefficient, Ua is the wind
velocity. Ta, To and Ts are the air-, water- and ice
surface temperature respectively.
The evolution of the ice cover is separated into
growth of thickness and growth of compactness.
Initial ice floes of thickness do and infinitesimal
width grow laterally by accumulation, at their sides,
of ice formed in open water, and vertically by
conduction of heat through the ice leading to
freezing at the lower ice boundary.
The salinity of the mixed layer can be
expressed as a normalised freshwater content

= s2- sl

f
w

c

(13)

S -L\T
IL

THE EVOLUTION OF THE MIXED LAYER IN WINTER.

fo has been derived for the case when no
freezing occurs. We shall, however, assume that it

which bring it on the same form as f 0 . Using fw
instead of S1 and taking into account the effects of
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freezing and haline convection the entrainment

tL\T) +0.025gH (Qa -(1-fo)Qe)~
aL\T((fo +fw)~cd -(l+fw ~ L\T)) gH

mou!(1+fw
We=

velocity becomes

1

(14)

1

where the factor 0.025 comes from e=0.05
indicating the weak efficiency of convection in
stirring water from below into the mixed layer.
For a constant fraction of the oceanic heat
loss going to ice melt, We remains finite, when the
stability at the base of the mixed layer disappears.
Water sinking from the sea surface can then
penetrate into the underlying water column and the
mixed layer is emptied into the deep ocean. The
removal of the mixed layer by convection brings
warmer water close to the surface. Ice starts to melt
and a new low salinity surface layer develops.
Deep convection and entrainment now occur
simultaneously.
This
convection
and
restratification phase is not resolved by the model. A
new mixed layer is considered formed, when the
thickness of the low salinity surface water has
reached the depth Ho where the heat entrained from
below balances the atmospheric heat loss Oa.

= (1- fo)mou!

H
o

ga(t

(15)

If the mean entrainment velocity during the restratification phase is approximated by the We
holding at the beginning of the convection
normalised by H1/Ho, the time to entrain enough
water to form a mixed layer of thickness Ho
becomes

(16)

With this choice of entrainment velocity in the
transition phase the salinity step remains nearly
constant same but the new temperature step at the
base of the mixed layer becomes about half of the
initial step and the mixed layer is above freezing.
The stabilising density step due to salinity is thus
twice the destabilising density step due to
temperature. As the mixed layer again deepens the
entrained heat can no longer balance the heat loss
to the atmosphere and the mixed layer becomes
colder. If the mixed layer temperature reaches the
freezing point, before all ice has melted, a new
cycle of ice formation, convection and restratification take place. If the ice is removed,

thermal convection starts and continues for the rest
of the cooling period.
A mixed layer model based upon the proposed
partitioning of the oceanic heat loss has been run to
describe the mixed layer deepening, the convection
and the re-stratification for situations normally
encountered in the Greenland Sea. Thermal
convection was in almost all cases eventually
established by the end of the winter and the
computations were terminated, when the ice was
removed. When the underlying water column was
warm, this happened after the first convection
event. When the water below the mixed layer was
colder, several convection events would take place
before the ice was gone. An initially high fresh
water content in the mixed layer and cold
underlying water could cause the two upper layers
to merge with ice still present and haline convection
still active. lt would then be possible for the haline
convection to penetrate still deeper into the water
column.
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THE NORTHERN CIRCUMPOLAR BOUNDARY CURRENT
Bert Rudels*
Finnish Institute of Marine Research, Helsinki, Finland
Detlef Quadfasel and Hans Friedrich
lnstitut fOr Meereskunde der Universitat Hamburg, Hamburg, Germany

1.

INTRODUCTIOW

At a rate of 5-10 Sverdrup, water from the Atlantic
enters the Arctic Mediterranean, the Nordic Seas and
the Arctic Ocean, west of Norway and exits again mainly
through Denmarl< Strait between Iceland and Greenland.
As it moves around the Arctic Mediterranean it retains its
character as a boundary current at continental slopes. At
distinct topographic features loops and branches
separate from the main flow and remerge again further
downstream. Along these paths the Atlantic Water is
significantly transformed. The strongest changes are
caused by the interactions with river run-off and sea ice,
and by cooling and freezing. The tight TS relation of the
Atlantic Water separates into a colder, less saline and
less dense surface water and a colder, more saline and
denser deep and bottom water.
2.

THE NORWEGIAN SEA

The Norwegian Sea is characterised by large heat
fluxes to the atmosphere. The Norwegian Atlantic
Current becomes dense and the winter homogenisation
of the water column extends down to 600-800m. Off
Norway the current splits: one branch recirculates
westward towards Jan Mayen, a larger branch enters the
Bear Island Channel into the Barents Sea, but the main
flow continues northward as the West Spitsbergen
Current. A further fragmentation of the boundary current
then occurs in Fram Strait. Several branches of the West
Spitsbergen Current are detached towards the west and
only a smaller part enters the Arctic Ocean as a
boundary current north of Svalbard.
3.

THE EURASIAN AND CANADIAN BASINS

The Atlantic Water encounters sea ice north of
Svalbard, the ice melts and less dense surface water is
formed. This region is one of the main formation areas
• Corresponding author address. Bert Rudels, Finnish
Inst. of Marine Research, P.O. Box 33, Lyypekinkuja 3A,
Fin-00931 Helsinki, FINLAND;
e-mail: Bert. Rudels@fimr.fi

for light water in the Arctic Ocean. The surface water
continues eastward as a lid above the boundary current
where winter convection homogenises it down to the
Atlantic Layer.
The conditions in the Barents Sea are different.
Here the Atlantic Water remains in contact with the
atmosphere and interacts laterally with the less saline
water of the Norwegian Coastal Current, which flows
over the shallower areas close to the coast. In winter it
cools to freezing point temperatures. In these shallow
water depths brine released during ice formation allows
for an accumulation of brine enriched water at the
bottom, which becomes dense enough to mix with the
Atlantic water, making it colder, less saline, but also
denser. The water entering the Barents Sea from the
west continues into the Kara Sea. The denser fractions
appear to sink down directly into the Arctic Ocean
through the St. Anna Trough, whereas lighter water
interacts with the river run-off from Ob and Yenisey and
then partly passes through the Vilkiltskij Strait into the
Laptev Sea.
The boundary current from Fram Strait meets with
this inflow over the Barents Sea in and east of the St
Anna Trough. The warmer Fram Strait Branch is pushed
off the continental slope, which is now covered with the
less saline and colder Barents Sea branch. The front
between the two streams is sharp and their lateral
merging occurs on small vertical scales, leading to
inversions and eventually to layer structures. The water
mass transformations in the Eurasian Basin largely
involve isopycnal mixing and only in the deep water do
the TS characteristics suggest a strong input through
boundary convection.
The Atlantic Water on the shelves east of the St.
Anna Trough has entered either directly over the Barents
Sea or has been exchanged across the shelf-break from
the boundary current. lt becomes diluted by river run-off
and in the eastern Laptev Sea this low salinity shelf
water enters the upper layers of the Arctic Ocean. The
shelf-water slides on top of the deep winter mixed layer,
transforming it into a halocline and effectively isolating
the Atlantic and deeper levels from the sea surface. This
is the second large contribution to the low density
branch evolving out of the separation of Atlantic Water.

227

As the boundary current reaches the continental
slope of the Laptev Sea it splits again. One part crosses
the Lomonosov Ridge into the Canadian Basin, but the
major fraction recirculates within the Eurasian Basin.
Once the water column has detached from the slope, its
characteristics change only little.
The transformation taking place in the Canadian
Basin is much more complete and involves the vertical
redistribution of Atlantic Water by dense entraining
boundary plumes, sinking down the continental slope.
These fundamental changes of the water mass
characteristics in the Atlantic Layer suggest that only a
small volume of Atlantic Water is involved. lt confirms
that the main recirculation of Atlantic Water takes place
within the Eurasian Basin and that only a smaller
fraction enters the Canadian Basin and makes the
complete loop of the circumpolar boundary current.
The densest part of the Canadian Basin Deep
Water cannot cross the Lomonosov Ridge, but the
lighter parts do pass into the Eurasian Basin and are
there, near the northern continental slope of Greenland,
detected as a mid-depth (around 170Dm} salinity
maximum. The waters following different paths in the
Eurasian Basin remain distinct as they converge with the
boundary current as it approaches the northern Fram
Strait, showing that the lateral as well as vertical mixing
is small.
4.

FRAM STRAIT

As the boundary current passes through Fram
Strait it encounters the recirculating branches of the
West Spitsbergen Current. Again a frontal zone with
predominantly lateral isopycnal mixing is created. The
recirculating Atlantic Water dominates and obliterates
the characteristics of the Atlantic layer water exiting
from the Arctic Ocean. Only the denser part of the
intermediate layers and the deep water of the Arctic
Ocean outflow remain unaffected. The Eurasian Basin
Bottom Water cannot cross the sill in Fram Strait, but
the less dense parts meet and mix with water from the
open ocean convection area in the Greenland Sea, the
second major dense water source in the Arctic
Mediterranean. These mixing processes counteract the
effects of the boundary mixing taking place in the Arctic
Ocean and the TS cuJVe of the water column regains a
more vertical shape.
5.

THE GREENLAND CONTINENTAL SLOPE: THE
GREENLAND AND ICELAND SEAS

In the Nordic Seas the exchanges occur between
the boundary current and the convectively active interior
of the basin. A flow of ice, Polar Surface Water and
recirculating water then spreads out of the Greenland

Sea gyre as intermediate and deep waters. Intermediate
water flows into the Norwegian Sea to form the
intermediate salinity minimum which there acts as the
lower boundary for the convection and homogenisation
of the Atlantic Water. lt flows into the East Greenland
Current where the lighter waters cross the Jan Mayen
Fracture Zone and the denser part together with some of
the boundary current water in the Canadian Basin Deep
Water density range flow eastward into the Norwegian
Sea, renewing the Norwegian Sea Deep Water.
The parts of the boundary current crossing the Jan
Mayen Fracture Zone are the Intermediate waters of the
Arctic Ocean, some of the Canadian Basin Deep Water
and the intermediate water formed in the Greenland
Sea. In the Iceland Sea it is joined by focally formed
intermediate water out of the first loop detached from the
Norwegian Atlantic Current (section 2}. These
intermediate waters are located sufficiently high in the
water column to cross the sill in Denmark Strait and
supply the Denmark Strait Overflow Water. The denser
Canadian Basin Deep Water only occasionally crosses
the sill. Its main part continues eastward along the
Iceland continental slope and enters the Norwegian Sea.
lt has all the time been identified at the continental slope
as a high salinity water mass and it is the likely source
for the intermediate (1300m} deep salinity maximum
present in the Norwegian Sea. Eventually this level will
cross the Greenland Scotland Ridge through the Faeroe
Shetland Channel and thus completes the closed loop of
a northern circumpolar boundary current.
6. DISCUSSION
Most of the Atlantic Water entering the Nordic
Seas does not complete the whole circuit. The Atlantic
Return Current does not enter the Arctic Ocean at all
and most of the Atlantic Water that is transformed into
lighter waters does not form a boundary current until the
transpolar drift joins the East Greenland Current north of
Fram Strait. Much of the intermediate waters along the
Eurasian continental slope leave the boundary current
west of the Lomonosov Ridge and again merge with the
boundary current off the Morris Jesup Plateau. Finally
the deep waters get trapped by the sills of the
Lomonosov Ridge, Fram Strait and the Jan Mayen
Fracture Zone and form a boundary circulation within the
different basins of the Arctic Mediterranean Sea.
The water of the boundary current is partly
transformed by ice melt and river run-off into a low
density, low salinity surface mode. The shallow water
processes, the cooling of the water column leading to ice
formation transforms the waters of the boundary current
also into denser water masses through boundary
convection. The high initial salinity of the dense shelfwater and the entrainment turns the TS cuJVes into a
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more drawn-out horizontal shape, i.e. the salinity range
increases whereas the temperature range becomes
narrower. The open water convection, by contrast,
homogenises the water column. The waters formed in
the interior of the basin interact isopycnally with the
boundary current and act to contract its TS curve.
Because of its shear strength the St. Anna Through
inflow, although superficially a shelf process, acts more
like an open ocean rather than a boundary convection.
The sinking water reaches its density level with little
entrainment. lt displaces the boundary current towards
the interior of the basin and mixes with it laterally. At its
intermediate levels the Eurasian Basin is thus dominated
by isopycnal mixing while slope convection and
boundary current - inner basin interaction dominate in
the Canadian Basin.
In the deepest layer the roles are changed. The
Eurasian Basin exhibits the strongest effect of boundary
convection (constant temperature and increasing salinity
with depth) while the Canadian Basin Deep water has
constant salinity but decreasing temperature, implying
an additional source where the water of initially higher
density is colder. The Greenland Sea bottom water has
decreasing temperature and decreasing salinity,
suggesting advection from the rim at intermediate levels.

The frequent splitting of the boundary current
shows that it communicates strongly with the interior of
the basins. These exchanges are isopycnal and lead to
transformations of the interior water column. Normally
one would expect these slope-basin interactions to be
slow and in equilibrium. The recent intrusion of much
warmer Atlantic Water into the Arctic Ocean has
increased the water mass contrast and reveals how the
boundary current splits into the different basins in the
Arctic Ocean. The weakening of the convection in the
Greenland Sea during the past decade has shown that
the Arctic Intermediate Water now formed is less dense
than the Canadian Basin Deep Water. As a
consequence the intermediate temperature and salinity
maxima originating from Canadian Basin and Eurasian
Basin Deep waters entering the Greenland Sea from the
boundary current have gained in prominence. These
changes, while transforming the water of the boundary
current, will not largely affect the supply of dense water
to the overflow and to the North Atlantic Deep Water.
The large number of different sources is likely to retain
the production of dense water to feed the deep return
flow in the conveyor belt.

The northern circumpolar boundary current: Main branchings, mergings and transformation areas are indicated.
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FIRST STEPS OF IMPLEMENTATION OF AN ARCTIC PRECIPITATION DATA ARCHIVE AT GPCC
Bruno Rudolf*, Jorg Rapp, Tobias Fuchs
Deutscher Wetterdienst, GPCC, Offenbach/Germany

1.

INTRODUCTION

The Initial Implementation Plan of the Arctic
Climate Systeme Study ACSYS (WMO/WCRP,
1994) calls for the establishment of an Arctic
Precipitation Data Archive (APDA). This archive
will be installed at the Global Precipitation Climatology Center (GPCC, Offenbach/Main, Germany). The first year of establishment was mainly
focussed on technical organization issues.
A WCRP workshop (WMOJWCRP, 1997) on
Implementation of ACSYS-APDA at the GPCC
specified the needs of the scientific community
regarding APDA. One important recommendation is due to the special climatic conditions in
the Arctic, which are characterized by low air
temperature, generally low precipitation and high
winds. Radionov et al. (1997) estimate annual
average precipitation of 179 mm and a mean
annual wind speed of 4.4 up to 6.2 m/s for the
Arctic Basin. So, Arctic precipitation data must
be corrected for systematic errors (wind induced
losses, evaporation and wetting losses especially
in summer, underestimates caused by not accounting for trace observations, and over-estimation due to blowing snow).
The main objective of the data archive is to
support an understanding of the freshwater
balance of the Arctic ocean and to provide the
observational basis for climatic changes of the
hydrological regime of the Arctic zone. Another
objective is to provide an obervational basis for
improving understanding of the role of the snowalbedo feedback in the functioning of the landocean-atmosphere system.
APDA will focus on the period from 19502000. lt will contain as far as available both daily
and monthly as well as uncorrected and corrected precipitation data from all observation stations within the Arctic drainage basin. These data
will not only be stored as point data but also as
areal means, which require a sufficient data
coverage (station density) and the conversion of
the geographical grid system used at GPCC into
an azimuthal equal area grid comprising 100 km
x 100 km boxes.
* Corresponding author address: Bruno Rudolf,
Global Precipitation Climatology Centre, DWD,
Frankfurter Str. 135, D-63067 Offenbach,
Germany; e-mail: brudolf@dwd.d400.de

APDA's scientific and technical functions
comprise the analysis of total precipitation and
snow depth as well as water equivalent of the
snow cover, and last but not least the intercomparison of gridded total precipitation, snow depth,
and river discharge.
2.

ERROR ESTIMATION OF ARCTIC MEAN
PRECIPITATION

Preliminary investigations of the spatial
sampling error of areal mean precipitation totals
in Arctic regions were performed by using Monte-Carlo-techniques (Rudolf et al., 1994). To estimate the error of the areal mean precipitation as
a function of the number of stations, the arithmetic average of actual mean areal precipitation
derived from a sufficient number of stations is
required. For a fixed number of stations (from 2
to max 100), which are selected randomly out of
all stations within one grid, the arithmetic mean
precipitation and the absolute and relative error
are calculated. This is repeated 5000 times for
each fixed number of stations.
These error statistics were estimated for several 2.5° x 2S boxes in Finland and Alaska as
well a·s for equal-area 100 x 100 km 2 grids in
Canada. Figure 1 shows an example of the
dependency of the mean relative error (sampling
error) on the number of stations selected from
the dense raingauge networks in south-east of
Canada for several months and years. The
results show that a mean relative error of 10 % is
achieved, if roughly 4 to 10 stations are used to
compute the area! mean preCipitation. The connecting lines in Figure 1 show no constant slope
above about 10 stations per grid, which is
caused by the limited number of all stations in
this grid.
Depending on season, four to six stations
per 2.5° box in Finland are needed to calculate
an areal mean with a relative error less or equal
than ten percent. Rudolf et al. ( 1994) have estimated the required number of stations per 2.5°
boxes for several selected regions. They have
obtained similar results (Germany: 3 - 10 stations, Australia: 2 - 70 stations, USA: 3 - >60
stations). The minimum number of stations per
grid in Finland is smaller in winter than in summer due to higher precipitation variability in the
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warm season. Since the precipitation variability
in Alaska is generally higher than in Northern
Europe considerably more stations are necessary to get an error less than 10 percent.
3.

CONCLUSIONS FROM THE POOR
SPATIAL DATA COVERAGE

The required station density within the Arctic
catchment area given in Figure 2 is unrealistic.
This statement is true whether 2.5° or 100 km
grids are considered.
Figure 2 shows an azimuthal projection of
the Arctic region with a 100 x 100 km2 grid
system and the delineation of the Arctic basin
catchment area after Vorosmarty et al. (1996).
None of these grids contain the minimum number of stations suggested by tl:le sampling error
analysis. Even the addition of national precipitation network data won't improve the data basis
in sparsely populated regions fundamentally.
For this reason, it's important to verify
whether grid values can be interpolated by data
from neighbouring boxes where station data are
absent. lt is desirable that the error, which
results from such estimation, should not be greater than 10 percent of the real area mean precipitation.
Nevertheless, it is desirable to add special
data sets where possible, because it's not realistic to compute a reliable APDA product only with
SYNOP or National data. For example, drifting
stations (Radionov et al., 1997) can be used as
'calibration points' for merging of reanalysis or
satellite gridded data from different centres (e.g.
DWD, ECMWF, GEWEX, NASA, NOAA, etc.)
with the interpolation results derived from
SYNOP data.
4.

OUTLOOK

An essential first step to implement the
ACSYS-APDA is the acquisition of all relevant
data from GTS (SYNOPs, CLIMATs) and national weather services. Several revised data sets
have been collected from CD-ROMs and Internet
(ftp) already. The next step is to correct the
SYNOP precipitation data for systematic errors.
The minimum requirements for quantitative
correction are metadata, national type of gauge
and wind speed, which can be obtained from
synoptic and national data archives.
The general principles and results from the
WMO Solid Precipitation Measurement Intercomparison study (WMOIWCRP, 1996) will
serve as a guide for developing correction procedures for Arctic precipitation data. The different
equations for catch ratios versus wind speed for

all the National gauges tested against the Double
Fence lntercomparison Reference (DFIR) (after
Goodison and Louie, in WMOIWCRP, 1997) will
be a first approximation of these correction
methods.
5.
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Figure 1. Sampling error of areal mean precipitation as a function of the number of stations per
100 km x 100 km grid for several periods in the south-east of Canada.
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Figure 2. GTS-SYNOP stations with precipitation reports usable for ACSYS-APDA products in June
1997. The catchment area after Vorosmarty et al. (1996) and the 100 km x 100 km grid system are
plotted, too.
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SIMULATING THE SEASONAL AND INTERANNUAL VARIABILITY OF
THERMODYNAMIC AND FRESH WATER CYCLES IN THE ARCTIC OCEAN
V .A.Ryabchenko *
St.Petersburg Branch, P.P.Shirshov Institute of Oceanology,
Russian Academy of Sciences, St.Petersburg, Russia
G. V .Alekseev
Arctic and Antarctic Reserch Institute, St.Petersburg, Russia

A thermodynamic model of the Arctic
Ocean represented as three-layer (the mixed
layer (ML), halocline and deep layer) basin
is coupled to a thermodynamic sea ice model
considering snow cover on the ice surface. The
coupled model describes the budget of heat,
salt and fresh water in the deep water part
of the Arctic Ocean permanently covered by
the sea ice. It is driven by atmospheric forcing (incident solar radiation at the snow/ sea
ice surface, albedo of snow /ice cover, cloudiness, wind velocity, air temperature and relative humidity in atmospheric boundary layer,
precipitation), river run-off and water inflows
and outflows at the lateral boundaries with the
Atlantic Ocean and the Bering Sea. The modeled seasonal changes of the upper mixed layer
thickness, temperature and salinity in the layers and the mean annual value of sea ice export
are in a good agreement with available data if
inflow and outflow at the boundary with the
Atlantic Ocean are equal to 2.7-2.9 and 2.5-2.6
Sv in the intermediate layer (200,800 m) and
0.8-1.0 and 1.9-2.0 Sv in the deep layer (800 m,
bottom), respectively. A study of the model
sensitivity to changes in runoff, inflow and outflow through the lateral boundaries and atmospheric forcing shows that the most sensitive
component of the climatic syste~ is the ML
thickness which responds particularly strongly
• Corresponding author address: V.A. Ryabchenko, Inst.
of Oceanology, 30, Pervaya
Liniya, 199053 St.Petersburg, RUSSIA; e-mail:
rya@io.spb.su

to runoff variations. The interannual changes
of components of the heat, salt and fresh water
budget for the Arctic Ocean are also estimated using historical data sets on precipitation
and river run-off for the period from 1947 to
1992.
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INTERANNUAL VARIABILITY OF A DENSE BOTTOM WATER PLUME IN THE WESTERN
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Germany

Cold, brine-enriched waters generated
through ice formation in near-shore areas of
the shelf seas contribute to the ventilation of
the deep Arctic Ocean. From the generation
area, the dense water spreads towards the
shelf

edge

changing

its

thermohaline

properties through mixing with ambient water.
The

r;~.. -'3ration

and downstream change of a

shelf water plume was studied with moored
current

meters, thermistor chains and

cond 1;.:;;! Jity/temperature sensors south of the
Storfjord in the Svalbard Archipelago which
were

deployed

from

August

1993

to

SeptBr 1ber 1994 (Fig. 1 ). Cold bottom water

Fig. 1: Observation area and location of
moorings.

with t2mperatures close to the freezing point
drainea from Storfjord continuously from
March until September with a mean speed of
0.14 m/s. About 43 days after the plume front

had left southern edge of the Storfjord, it
reached the shelf break at a distance of 150
km. The plume spread considerably in the

horizontal to a width of about 35 km, but its
thickness of about 40 m remained almost
constant. The temperatures and salinities in
the plume increased. The volume transport
and the change of temperature/salinity
properties indicate entrainment of an equal
amount of Atlantic water into the plume

*Corresponding author. Ursula Schauer, AlfredWegener-lnstitute for Polar and Marine Research,
Columbusstrasse, D-27515 Bremerhaven; e-mail:
uschauer@ awi-bremerhaven.de

between the production area and the shelf
edge (Fig. 2).
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In 1993/94, the cooling and the onset of

warm westerly winds in late November

the permanent cold winter water outflow

restricted the heat loss of the surface water

occured about one month later than in

and pushed even are larger amount of warm

1991/92 (Fig. 3) (Sch~Jer, 1995). Part of this

Atlantic water on the 8arents shelf. In

delay can be related to different atmospheric

December, the heat flux was still lower in 1993

forcing in the two y:'!ars by the following

than in 1991 what has rLJ:ther delayed the

scenario: In 1991 strong cooling occured in

outflow of the plume in 1993/94.The current

November and December, whereas in 1993

speed of the cold outflow was much stronger
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in the period 1991/92 (27 cm/s) than it was in

plume was reduced most effectively through

1993/94 (14 cm/s). Simultaneously with the

entrainment. At the shelf edge maximum

weaker flow in 1993/94 occured the lower

densities did not exceed 28.0. In the water

salinity of the outflow in that year. The variation

column off the shelf break in the Norwegian

in both parameters would result from weaker

Sea, water with a density of 28.0 is typically

ice formation and brine release due to warmer

found below the salinity and temperature

atmospheric conditions in 1993/1994 than in

maximum at about 500 m depth.

1991/1992. Whereas the bottom water salinity

1993/94 the plume was too light to sink below

varied significantly between the two mooring

500 m.

During

periods, the TS-ranges of the Atlantic water
remained almost constant. Since the density
difference drives the plume flow, the speed of
the plume was lower in 1993/94.The lower
salinity of the plume in 1993/94 is the
consequence of a weaker ice formation in
Storfjord. In winter 1993/94 the ice coverage
in Storfjorden was higher than in winter
1991/92 resulting in the smaller area where
new ice formation could occur. Additionally,
the heat loss per unit area from December
1993 to March 1994 was smaller than for the

Our observations showed the effect of
interannual

variations of

the

regional

atmospheric forcing on the ventilation depth
of the Nordic Seas and subsequently of the
Arctic Ocean. The variations are transferred to·
the deep ocean through a chain of processes
which includes the formation and the
modification of the shelf water plume
emanating from the Storfjord. As a result
shallow ventilation occurred in 1993/1994 in
comparison to 1991/1992.

same period in 1991/1992. Both effects
caused that in 1993/1994 30% less ice was
formed in Storfjord than in 1991/92.

Schauer, U., The release of brine-enriched
shelf water from Storfjord into the
Norwegian Sea, J. Geophys. Res., 100,

An additional cause for salinity decrease of
the plume is the lower salinity of the source
water east of Svalbard.
The relatively wide range of densities
covered by the original plume leaving Stortjord
shrinked on its way to the shelf edge and
tended toward smaller densities. The original
plume had densities up to about 28.1. Due to
turbulent mixing, the densest fraction of the

16,015-16,028, 1995.

236

BARENTS SEA WA1ER INPlJf1D TilE EURASIAN BASIN THROUGH ST. ANNA TROUGH
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Introdu ctj on
The ventilation of the interior Arctic Ocean is
substantially dependent on the input of cold, low salinity
water from the Barents and Kara Seas descending in the St.
Anna Trough (Rudels et al., 1994; Schauer et al., 1997).
Coachman and Barnes (1963) proposed that Atlantic water
forced up the St. Anna Trough would be transformed into
cold halocline water by interaction with shelf water and
cooling. Hanzlick and Aagaard ( 1980) concluded from the
existance of warm saline cores in the St. Anna Trough that
there was inflow and a northward recirculation of Atlantic
water.
Alternatively, Rudels (1987) proposed the input of
modified Atlantic water which had passed through the
Barents Sea. Atlantic Water enters the western Barents Sea
as a part of the large scale circulation of the Norwegian/
Greenland Sea. In addition, the Norwegian Coastal
Current, continuously supplied with continental fresh
water, follows the coastline and provides low salinity
water to the Barents Sea. Both currents continue eastward
into the central Barents Sea, with a combined transport of
1.9 Sv (106 m3/s) (Blindheim, 1989). Since the St. Anna
Trough has a deep connection to the eastern Barents Sea,
it was assumed that this water leaves the shelf through the
St. Anna Trough after·modification through cooling,
freezing/melting and mixing.
Using hydrographic observations (from "Johan Hjort" and
"Dalnye Zt!lintsy" in 1991 in the Barents Sea and from
"Polarstern" in 1996 along the shelf edge of the Kara Sea)
and time series of current, temperature and salinity from
moorings in the eastern Barents Sea (Loeng et al., 1993),
we trace the modification of the water masses and the flow
from the passage between Novaya Zemiya and FranzJosef-Land to the St. Anna Trough.
Flow between the eastern Barents Sea and the St. Anna
~

Two sections from different years, one across the St Anna
Trough ("P1996") and one across the eastern Barents Sea
("11991 "), reveal remakably similar structures.
In both sections, warm water is present on the
western/northern side while the eastern/southern slope is
dominated by temperatures below ooc . At intermediate
depths, a weak temperature maximum exists also on the
eastern side.

Figure I: Data are from cruises with JOHAN HJORT in
1991 ("J"), with POLARSTERN in 1993 and 1996 ("P"),
and with Dalnye Zelintsi in 1991 ("0").
In the St. Anna Trough, the temperature gradient is
correlated with a salinity gradient. A warm core, located at
200 m in the western St. Anna Trough, is as warm and
saline as the Atlantic layer advected from Fram Strait in
the boundary current along the continental slope (P93 in
Fig. I, Schauer et al., 1997). The internal Rossby radius at
this location is 6 km, thus a bottom steered boundary
current would be forced to enter the 100 km wide canyon.
Current measurements show that also the water in the
warm core south of Franz Josef Land flows southwestward
(Loeng et al., 1993). This constitutes an anticyclonic
flow of FramStrait derived Atlantic Water through the St.
Anna Trough into the central Barents Sea. Hanzlick and
Aagaard ( 1980) traced a similar warm core from the
northern St. Anna Trough into the eastern Barents Sea.
The weaker maximum found to the east could represent the
boundary current water returning to the Arctic Ocean after
cooling and dilution in the Barents Sea. However, it could
also be the continuation of the cooled core of Atlantic
water inflow from the western Barents Sea.
The layer of cold, low salinity water attached to the
eastern/southern slope bottom is also found in both areas.
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the bottom and an extreme vertical shear is present in the
easternmost part. Relative to the surface, the water below
50 m flows northward with velocities between 0.1 and
0.25 rnls. The interpretation of the profile as bottomintensified, northward flow is consistent with shipborne
ADCP measurements of the velocity profile, which agree
in range and form with the geostrophic profile. Given a
mean northward speed of 0.2 rnls for the 150 m thick layer
of cold water at the bottom of the eastern 100 km of the
St. Anna Trough, the total inflow of cold, low salinity
water to the Nansen Basin would be 3 Sv, slightly more
than the mean flow in the eastern Barents Sea.
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Both modes are also found in the central Barents Sea (at
stations J2 and Dl9). Water of the cold mode (A) is
typically found northwest of Novaya Zemlya (D 19), as a
result of intense freezing in the lee polynya. However, the
time series further eastwards (J2, Fig. 3) show that the
upper 100 m of the eastward flowing water undergoes a
seasonal cycle, with moderately warm water in summer and
convected water close to the freezing point (mode A) in
winter. The cooling of the upper layer in winter is always
associated with a drop in salinity (not shown here)
indicating the downward mixing of low salinity surface
water. On the other hand, the temperature of the deepest
layers shows no seasonal signal at all and remains at
about -0.5°C (mode B) throughout the year.

Figure 2: Temperature/salinity distribution
in the eastern St. Anna Trough.
Circles mark modes of cold water
It extends in a 150 m thick layer from the upper edge to
the central deep channels. The density distribution is
consistent with a highly sheared flow. Current
measurements north of Novaya Zemlya (12) show eastward
flow over the entire water column, with the speed in the
lower layer almost twice as high as in the upper layer (Fig.
3). Loeng et al. (1993) computed a total eastward transport
of 1.9 Sv.

In the eastern St. Anna Trough, the northward baroclinic
component of the geostrophic velocity increases towards

15.0

The cold, low salinity water on the eastern slope of the St.
Anna Trough is composed of two modes (Fig. 2): one low
salinity fraction almost at the freezing point (T=-1.SOC,
S=34. 7, mode A) at the upper part of the flank, and one
warmer, more saline fraction (mode B, T=-0.5"C, S=34.9)
in the central deep part of the trough.
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The warm inflow from the Norwegian Sea, evident at Dl,
with low salinities of the coastal current and higher
salinities of Atlantic Water, already has lost its signal by
position Dll. In particular, the bottom water has become
much colder. Cooling from the surface can not explain
this modification. During summer, very cold water (mode
A) is found in the central Barents Sea in certain locations,
specified by their topography. These are shallow banks
(Quadfasel et al., 1992) or the slope off Novaya Zemlya
(D19), where part of the cold water, formed in winter,
remains topographically trapped in a Taylor-column
circulation. This water is then available throughout the
year to interact with inflowing Atlantic water. Density
variations of the Atlantic Water could allow part of the
trapped winter water to sink along the bottom. The plume
will entrain warm water and transport it downwards in a
similar way to that described by Rudels et al. (1994) for
the slope convection in the Canadian Basin and thus form
mode B.
The oxygen saturation values in the St. Anna Trough also
reveal a difference in the cold waters. The dense water in
the deepest part has the lowest oxygen saturation values
of the section and this is consistent with this water being
in contact with the bottom of the Barents Sea where
remineralisation has consumed the oxygen for a long
period.

Conclusions
Three modes of water generated in the Barents Sea flow
eastward and enter the Eurasian Basin through the St. Anna
Trough.

1. During winter, low salinity coastal water convects
down to more than 100 m through freezing processes in
coastal polynyas and along the ice edge, predominantly
west of Novaya Zemlya. It is at the freezing point and, if
produced in sufficient quantities, leaves the Barents Sea as
the coldest mode through the St. Anna Trough. It appears
as a seasonal signal.
2. Atlantic Water passing the Barents Sea from west to
east can mix with this convected low salinity cold coastal
water since both water masses are on the same density
level. Even in the St. Anna Trough, the modified Atlantic
water forms a intermediate temperature maximum. This
flow also exhibits a seasonal cycle. It spreads the in
opposite direction to the
Fram Strait-derived branch which moves east and south of
Franz Josef Land. It is also in both sections separated
from from the Fram strait branch by cold, low salinity
water.
3. The largest quantity of outflowing water is the
moderately cold bottom water. It constitutes a continuous
outflow, although its strength varies. This water is also
the result of ice formation and the release of high salinity
brine. Since ice is largely produced in the coastal polynya
off Novaya Zemlya, where the water derives from low
salinity coastal current water, the salinity of the produced
winter water is also low. It is trapped at the slope of banks

or islands and can occasionally sink in dense plumes to
the shelf bottom, thereby entraining warm Atlantic Water.
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DERIVED FROM MULTl-TRACER DATA SETS
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Recent studies suggest that the high-latitude response to a
potential global warming, induced by the increase of
radiatively active gases in the atmosphere, might be
amplified in the polar regions, especially in the Arctic. In
order to substantiate these hypotheses and to provide
better constraints for numerical models which are
frequently used to formulate them, we need a solid
understanding of the dynamics of the coupled ocean/seaice/atmosphere system in the Arctic, as well as the
coupling of this system to the lower latitudes.
Unfortunately, in spite of the apparent importance of the
Arctic, both in terms of a potential early indicator of global
climate change and as of a region that might experience
changes with amplified response, there are a variety of
factors that prevented systematic and thorough studies in
the past. These factors include the remoteness of the
region, as well as the perennial thick sea-ice cover over
large portions of the central Arctic Ocean, severely
restricting access, especially during winter. Data from this
period are typically restricted to a few drifting ice stations
or to aircraft surveys which had to be limited to measuring
a relatively small set of hydrographic parameters.
Systematic surveys of a wide variety of parameters in
addition to classical hydrographic measurements at high
spatial resolution from relatively mobile platforms (e.g.,
multi-icebreaker cruises; nuclear powered submarine
expeditions) have only been started during the past
decade. Now first-order descriptions of the Arctic Ocean
and the links between its subsystems and adjacent seas,
as well as its temporal and spatial variability, can finally be
achieved.
Among the tools used for these studies are measurements
of a variety of transient and 'steady-state' tracers which,
together with hydrographic and nutrient measurements,
are used to (i) identify specific water masses including the
freshwater supplied by rivers and sea-ice meltwater, (ii)

• Corresponding author address: Peter Schlosser, LamontDoherty Earth Observatory of Columbia Univ., Palisades, NY
10964; e-mail: peters@ldeo.columbia.edu

delineate their pathways and transfer times within the
system, and (iii) study the temporal changes occurring in
the system on time scales typically reaching from a few
years to a few decades. Additionally, these tracers are
used to calibrate models of the circulation in the Arctic
Ocean.
In this contribution, we review the progress achieved
mainly during the past decade by establishing and
evaluating multi-tracer data sets from the central Arctic
Ocean (Nansen, Amundsen, Makarov, and Canada basins,
as well as from several shelf seas). Additionally, we
discuss potential links between the Arctic Ocean and the
convective gyres of the Greenland and Labrador seas and
the variability observed in the convection rates of these
gyres. For this purpose, we use mainly tritium/He-3 and
CFC data to document individual water masses and their
residence times in the Arctic Ocean and the GIN and
Labrador seas, as well as significant changes in the
Greenland and Labrador seas. We also use tritium and
stable isotopes to study the freshwater distribution in the
Arctic Ocean. These freshwater sources and their
variability are possible contributors to the variability
observed in convection in the northern North Atlantic. The
studies of the freshwater balance includes both Siberian
and Canadian river sources, as well as the inflow of
relatively fresh water from the Pacific through Bering Strait.
A combination of salinity, 0-18, and nutrients are used to
separate the contributions from the individual freshwater
sources to the overall balance. Rnally, we outline a
strategy for the use of tracer data for calibration of
numerical models of the circulation in the Arctic Ocean and
present first results from these studies.
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ARE EUROPEAN CIRCULATION ANOMALIES OBSERVED DURING THE LITTLE ICE AGE
FORCED BY ANOMALIES IN ATLANTIC SEA-ICE COVER?
Torben Schmith 1, Philippe Lopez and Eigil Kaas
Danish Meteorological Institute, Copenhagen, Denmark

1

INTRODUCTION

During the 'Little Ice Age' (-1300-1850)
the sea-ice conditions in the North Atlantic is
believed to have been generally more severe
than nowadays. Some evidence for that is the
Icelandic sea-ice index (Koch; 1945 + updates)
and Newell(1983) for the Labrador Sea.
The scope of this work is to test the hypothesis, that this more extended ice cover
could be the cause for the observed more
rough climate in Europe during that time. Seaice effectively prevents convective fluxes of
sensible and latent heat from the ocean to the
atmosphere and thereby also influences the
atmospheric circulation.
The method will be running experiments
with an A-GCM, forced at its lower boundary
with anomalous ice-conditions, as in Herman
and Johnson (1978), whose work, however,
needs repetition with a state of the art model.
2

NUMERICAL SETUP
The experiments were performed with the
ARPEGE/IFS atmospheric general circulation
model at T42 horizontal resolution (Deque et
al., 1994 ). This model does not directly operate
with sea ice, but treats the ocean surface as
sea ice, wherever the sea surface temperature
is below -1.92°C. Therefore, the forcing at the
lower boundary was represented by two modified SSTs, representing reduced ('warm') and
extended ('cold') sea-ice conditions. These
were obtained by a special procedure from the
GISST2.2 dataset (Rayner et al., 1995). The
difference pattern between the 'cold' and
'warm' SST patterns is depicted in fig. 1.

Figure 1. SST difference field between 'cold'
and 'warm' experiment. Grey-shaded area is
ice-covered in 'cold' experiment but not in
'warm'
Before the experiments with modified
SST's were performed, a 'control' experiment
was performed with full annual cycle, forced
with monthly mean climatological SST-patterns
calculated from AMIP-SST's. This experiment
served as a 'back-bone', from which 'cold' and
'warm' were started each December 1st. The
runs with modified SST's were run for the three
winter months.
December data was skipped in the
analysis in order to let the model come into
equilibrium with the modified SST-patterns. So
January and February were left for analysis.
In order to get a statistically significant
signal, 20 winters were run with each SST
forcing
3

RESULTS

3. 1

Heat fluxes

lt is natural to start the analysis by examine the heat fluxes. Certainly, the switching
off of the sensible as well as latent heat fluxes
in the 'cold' compared to the 'warm' case is
1
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seen over the Labrador Sea, Denmark Strait
and Barents Sea. Another interesting, secondary effect is the enhancement of the sensible
heat flux east of the ice-covered Labrador Sea
in the 'cold' experiment, due to cooling of the
air over the ice sheet, also relative to the
cooled ocean.
Increased reflectivity and emissivity of the
ice causes reduction of backscattered shortwave and emitted longwave radiation over ice.
3.2

Surface temperatures

The largest signal in surface temperature
is seen in areas with difference in ice cover, i.e.
a temperature drop in the 'cold' experiment
relative to the 'warm' of 20°C over the Labrador
Sea and 10-15
in outer Greenland and Sarents Seas. Also over Europe a temperature
drop of 1-2°C is seen. This is because the
entire Atlantic is cooled in the 'cold' experiment, and therefore cooler air masses are
advected to Europe.

A dipole patterns with low pressure over
Scandinavia (not significant by t-test) and high
pressure over the Labador Sea with a ridge
extending to the Azores Area appears. That is
the result of an eastward shift of the Icelandic
low in the 'cold' combined with an intensification of the Azores high, compared to the 'warm'
experiment. The result is enhanced zonal flow
over Europe, meaning colder climate, as the
(colder) maritime air is advected to the European continent.
A signal in the MSLP field, however not
significant by t-test, is also seen in the Pacific,
south of the Aleutian Low.

oc

3.3

Mean MSLP field
The difference field between the 'cold' and
'warm' experiments is shown in fig. 2.

3.4

High frequency response

The high frequency response of the model
was investigated by applying a 31-point 2-1 0
days band-pass filter to the 500hPa twice-daily
geopotential height field.
In the 'warm' case the maximum variability is over eastern New Foundland, while it in
the 'cold' case is displaced eastward to the sea
south of Greenland and also a little increased.
The net difference is an enhanced variability
over Europe in the 'cold' compared to the
'warm' experiment.
3. 5

Surface wind

The increase in storminess over Europe
in the 'cold' experiment is confirmed when examining histograms of the surface winds. Here
a tendency towards higher wind speeds is
observed.
OBSERVED CIRCULATION OVER
EUROPE 1780-PRESENT
lt is possible to construct a monthly,
European zonal pressure index back to 1780,
based on the Trondheim (Norway) and Barcelona (Spain) pressure records. These two stations lie near the two centres in the difference
MSLP field (cf. fig. 2). In fig. 3 the winter mean
(JF) mean is shown for each winter. This time
series has a standard deviation of 10.6hPa.
Also shown is the low-pass filtered (11 year
running mean) time series, whose standard
deviation is 2.3hPa.

4

Figure 2. MSLP difference ('cold'-'warm') pattern. Distance between contours is 1hPa. Full
contours indicate positive, broken contours
negative values. Shaded areas are signficant
on a 95% level
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Figure. 3 Pressure difference b~tween Barcelona and Trondheim. Mean for winter months
(JF). Thick curve represent low-pass filtering
with 11-year running mean.
Some fluctuations in the zonality are seen
in the low-pass filtered record in the earlier
years, e.g. around 1840 and 1900. The most
remarkable feature of this record is the enhanced zonality since 1970s.
5

DISCUSSION

The MSLP difference, obtained from the
model experiments is of the same order as the
low-frequency variability calculated in section
4. Therefore, one explanation for the low-frequency variations are variations in sea-ice
cover.
Of course, this gives problems with explaining the increased zonality since the 1970s,
since also total Atlantic sea-ice has slightly
decreased during the same period (ref.). However, this decrease is a combination of an increase in the Labrador and a decrease in the
Greenland Sea. This bipolarity in sea-ice may
have a large net-influence on atmospheric
circulation. Therefore new GCM-runs with such
forcing are planned.
6
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AN IMPROVED SNOW PARAMETERIZATION FOR AN ICE THICKNESS DISTRIBUTION MODEL
Julie L. Schramm· and Judith A. Curry
University of Colorado, Boulder, CO

1. INTRODUCTION
The snow cover on Arctic sea ice is an important
component of the climate system in that it modifies the
exchange of heat between the ocean and atmosphere.
The insulating properties of snow depend mainly on its
density, which is a function of compaction and settling
rates, vapor diffusion, and melt/freeze cycles.
Changes in density and the associated changes in grain
size affect albedo, extinction coefficient, thermal
conductivity, and heat capacity.
Recently, climate
models have been using increasingly sophisticated
snow models over land (e.g. Dickinson et al., 1986; Loth
et al., 1993; Marshal! and Ogelsby, 1994; Bonan, 1996)
that include such features as variable snow density,
grain size and their effects on snow optical and thermal
properties, multiple levels, and spectral albedo. With
the exception of the Marshall and Oglesby {1994)
model, these snow models have not been applied over
sea ice.
Towards addressing these issues, we include a 2layer snow model and an improved snow albedo
parameterization in the single-column ice thickness
distribution model described by Schramm et al. (1997)
and Holland et al. (1997). The model simulations are
used to determine the importance of including snow
density variations over sea ice in climate models, and to
examine the evolution of snow temperature profiles over
various ice thicknesses.
2.

MODEL DESCRIPTION

The model used here is a single-column ice
thickness distribution model that is coupled to an ocean
mixed layer model and includes specified atmospheric
forcing. The model forcing corresponds to a latitude of
80°N. Only a brief description of the ice and snow
components of the model are given here. A detailed
description of the ice and ocean models can be found in
Schramm et al. (1997) and Holland et al. (1997),
respectively.
2.1 Ice/ocean Model

category is characterized by the following properties:
thickness, area, age, salinity, snow cover, and melt
pond cover. Ice thicknesses and snow covers evolve
thermodynamically, independently from one another,
with different interfacial heat fluxes computed for each
ice category. Ice export and ridging are included. A
complex surface albedo parameterization is used that
has four spectral intervals and six surface types. An
explicit melt pond parameterization is also included.
The sea ice model is coupled to a bulk ocean mixed
layer model. The mixed layer properties change due to
the exchange of heat and fresh water with the
atmosphere or sea ice above and the deeper ocean
below.
2.2 Snow Model
Snow falling uniformly on a distribution of ice
thicknesses results in a distribution of snow covers.
These snow depths depend on the amount of snowfall,
the time of year at which it falls, and the thickness of the
underlying ice. The snow cover over each ice thickness
category consists of 2 layers, each with an interior
temperature point and snow d-ensity. Ice models that
include a snow cover typically use a constant value for
snow density { P·' =330 kg m·3 ) and constant values for
snow thermal and optical properties. Here, the snow
density in the top layer has been parameterized to
evolve with time as

Ps = 150 + 200{1- exp (-et))

-6

The sea ice component of the model consists of an
ice thickness distribution that allows for a specified
number of level and ridged ice categories.
Each
·Corresponding author address. Julie L. Schramm,
Univ. of Colorado, Dept. of Aerospace Engineering,
Campus Box 429, Boulder, CO 80309-0429; e-mail:
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{1)

where c=-1.3x10"2 s· 1 and t is the time in days since
snow began accumulating. The density is initialized at
150 kg m·3 ; representative of newly fallen snow that has
undergone some settling. The. density increases rapidly
in autumn to about 300 kg m·3 in mid-winter and reaches
a maximum of about 340 kg m<• in spring. The snow
density in the b'ottom layer remains constant at 330 kg
m·3 • These 2 layers represent newer, more insulating,
snow overlying older, compacted snow, which allows for
the storage of heat within the snow cover.
Thermal conductivity for each layer is calculated
following Ebert and Curry (1992) as
k 5 =2.845x10 p 25 +2.7x10

-4

2

(Ts- 233)j
5

{2)

where T. is the snow temperature. Snow with a lower
value of k. is a better insulator. Heat capacity is also
calculated for each layer following Ebert and Curry
{1992)

(pc)s = Ps {92.88 + 7.364 Ts) .

(3)
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Bohren and Barkstrom (1974) used geometric optics to
derive a relationship between the visible extinction
coefficient of snow, snow density and grain size
V=

Cv

j; •

Baseline Case
Improved Case
3.46 m
Ice thickness
3.11 m
0.75
0.66
June Albedo
Snow melt onset
June 26
June 14
Ice melt onset
July 15
July 7
Max. pond depth
0.43 m
0.56 m
Table 1. Comparison of baseline case with 0-layer snow
model and Ebert and Curry (1992) snow albedo and the
case with a 2-layer snow model and Bonan (1996) snow
albedo.

(4)

where Cp3.8x1 o·3 m512 kg., and r is the snow grain radius
in a layer. As the snow grain size gets larger, the snow
becomes more transparent to radiation.
Snow grain size follows the parameterization of
(Anderson, 1976)
(5)

=

where the values of A= 1.5x1 O"" m, and B 3.0x1 o· m13
kg·• differ slightly from those of Anderson (1 976) so that
the combination of (4) and (5) give reasonable extinction
coefficients for the range of bulk snow densities
observed in the Arctic.
A snow surface layer following Marshal! (1 989) is
also included.
This layer is considered to be
infinitesimally thick, with properties that respond to the
large variations in the frequency and magnitude of
The attributes of this layer,
precipitation events.
include snow age, grain size, and soot content, and are
important in determining surface albedo. Snow age is
determined as the number of days since the last
significant snowfall event (> 5 mm). The grain size of dry
snow grows until it reaches 200 Jlm. Introduction of
water into the snow pack allows the grain size of wet or
melting snow to increase rapidly until it reaches 1000
Jlm. Snow grain size also increases with snow age,
decreasing the snow albedo. The surface albedo has
13

additional dependencies on wavelength and zenith
angle. This albedo parameterization is similar to that
used by Bonan (1996).
3.

RESULTS

Two model simulations are presented here for
comparison; both use a thickness distribution
composed of 40 ice thicknesses and are run for 100
years. The first is the baseline case, run with a 0-Jayer
snow model and the Ebert and Curry (1992) snow albedo
parameterization. The second case includes the 2-layer
snow model and the Bonan (1996) snow albedo
parameterization.
Some of the major differences
between these cases are shown in Table 1. The
inclusion of the improved parameterizations decreases
the ice thickness by 35 cm, with 21 cm of this change
caused by the surface albedo parameterization, and the
remaining 14 cm due to the inclusion of the 2-layer snow
model. Although the snow cover exists mainly during
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Figure 1. Time series of snow temperature profiles for various ice thicknesses in the distribution. Upper
temperature points are those at the air/snow interface, lower points are temperatures at the snow/ice interface.
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the polar night, the short period in the spring when the
snow albedo is changing rapidly due to melt
metamorphism is also the time at which the incoming
solar radiation is at its maximum. As a result, small
errors in the determination of the snow albedo could
have a large influence on the ice thickness and the melt
season characteristics. A lower springtime albedo is
calculated by the Bonan (1996) parameterization due to
rapid snow grain growth when the snow surface
becomes wet. This results in an earlier onset of snow
and ice melt, increasing the length of the melt season by
more than a week. This allows more surface melting and
results in deeper melt ponds.
The inclusion of the 2-layer snow model also
decreases the ice thickness, but to a lesser extent than
the snow albedo. This is due to the better insulating
properties of the upper snow layer from early autumn to
mid-winter. Greater decreases in ice thickness occur
when the snow density of the top layer is decreased for
a longer portion of the year, making it a better insulator.
The 2-layer model includes the calculation of 2
interior snow temperature points and an interfacial point.
The resulting evolution of the snow temperature profiles
over various ice thicknesses are shown in Figure 1. The
ice thicknesses are divided into three ranges,
representative of first-year, multiyear and ridged ice.
The points at the top of the profiles are the temperatures
at the snow/air interface and are dominated by the
balance of fluxes at the surface. The temperatures at
the bottom of the profiles are at the snow/ice interface
and are determined by the conductive flux.
lt is
assumed that the temperature profile in snow thinner
than 3 cm is linear. Consequently, as the snow begins
to accumulate, the temperature profiles are similar for all
ice thicknesses and approximately linear. By early
October, the snow cover reaches about 10 cm on the
thicker ice, and the density of the upper layer has
reached 260 kg m·3 • A stronger temperature gradient is
just beginning to form in the upper, less dense, layer
due to surface cooling, and a weaker gradient is
produced in the lower layer due to the upward
·
conduction of heat from the ice.
By mid-Oecember, the temperature profiles begin to
diverge, due to a similar surface temperature on all ice
thicknesses, but a wider range of temperatures at the
snow/ice interface. In early February, the surface
temperature is at its minimum, and the profiles have
separated into two groups, depending on the amount of
snow cover. The ice thicknesses with a snow cover of
about 20 cm or more generally have a warmer snow/ice
interface due to the thicker snow cover. Ice covered by
less than 10 cm of snow at this time of the year is either
very thin ice formed by open water freezing, or thick
ridged ice. lt is assumed that the snow cover from
ridged ice falls into the ocean mixed layer, resulting in a
reduced snow cover on the younger ridged ice.
By late April, the surface temperature has
approached that of the ridged snow/ice interface,

resulting in an isothermal temperature profile. About
one month later, the multiyear ice is just becoming
isothermal, and the temperature gradient in the thickest
ice is now positive. By the end of June, the surface
temperatures are at the melting point, the thinnest ice
has melted away, and the temperature gradients are all
positive.
Better measurements of snow density with depth
are necessary to accurately model the insulating
properties of the snow cover, and to assess its overall
influence on the ice thickness. The effect of other snow
properties on ice thickness should also be examined,
such as redistribution by wind, compaction, and
settling.
5.
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MODELING GLOBAL OCEAN CLIMATE VARIABILITY
WITH EMPHASIS ON POLAR PROCESSES
Albert J. Semtnerl
Naval Postgraduate School, Monterey, California

1. SUMMARY

This paper describes aspects of modeling the global
ocean-ice system in a climatic context, with special
attention to correctly simulating and understanding
real phenomena and their variability in polar regions.
It is important to have adequate 3-d resolution and
an unsmoothed gridding of the geometry for proper
dynamics, along with improved methods to treat the
physics of sea ice, the mixed layer, deep convection,
dense plumes, and interleaved water masses. Adequate representation of connections to the rest of the
global ocean through straits and over sills as well as
the best available surface forcing functions over previous decades are also essential. Some examples illustrate progress toward fulfilling many of these requirements. Baseline integrations are being run to understand ocean circulation and the embedded variability; and subsequent ensemble integrations will examine how much of the ocean-ice variability is externally
forced versus internally generated and unpredictable.
These can set the stage for adding an atmospheric
model in order to include many additional feedback
mechanisms that influence climate variability and predictability.

2. MODELING CONSIDERATIONS
In past modeling efforts, there has been a tendency
to eliminate the Arctic Ocean from the global domain
to avoid a polar singularity, or to include it as a confined basin with quite poor resolution and with heavy
filtering around the North Pole. Even most efforts
to model only the Arctic Ocean have suffered from
surprisingly poor resolution and smoothed, restricted
geometries. Proper treatment of the Arctic should
avoid the coordinate singularity, permit the important flows through Bering Strait and the Canadian
Archipelago, utilize higher horizontal resolution than
in temperature zones in order to account for reduced
Rossby length scales, have high enough vertical resolution to do justice to the large continental shelves, and
employ appropriate reductions in viscosity and diffusion to exploit the smaller grid sizes (rather than having coarse grids and large dissipation). The Southern
1
Correspond.ing author address: Albert J. Semtner, Department of Oceanography, Naval Postgraduate School, Monterey,
CA 93943; e-mail: sbert@ucar.edu.

Ocean, as well, should be treated by reduced grid sizes
and smaller damping. Because of the complex topography in both polar regions and the prominent role of
bottom topography in steering currents and in triggering instabilities, the bottom topography and coastlines
should be represented accura~ely down to the grid size
and not smoothed as is required when using a rigidlid model formulation. All these considerations relate
to depicting known currents with proper cross-stream
scales and along-stream extent and strength, whether
they be boundary currents, as is common in the Arctic, or mid- ocean jets as in the Southern Ocean. Then,
a model's property transports and hydrodynamic instabilities can be evaluated using observations; and,
to the degree the model reproduces heat and freshwater transports as well as eddy energy levels, a mea~
sure of confidence can be placed in its ability to depict
true climate states and spontaneous modes of variability. Furthermore, if the model is forced by long-term
high-quality records of atmospheric forcing, then the
simulated response on many time scales can be evaluated against observations of known phenomena such
as the Great Salinity Anomaly, the multi-year Antarctic Wave, and the North Atlantic Oscillation. With
proper treatment of polar domains in the context of
global ocean studies, high-latitude manifestations of
the El Nino / Southern Oscillation and the Pacific
North America modes can be sought out in the polar
results and a determination made as to whether influences are transmitted directly through the ocean or
by means of atmospheric teleconnections.
A number of physical processes should be properly
treated in polar regions, many of which have been
mentioned in the, summary above and already discussed in presentations at this conference in the session on Processes and Their Modeling. Most of the
processes are found throughout the global ocean, but
some are of enhanced importance in polar regions, particularly convection and the sinking and spreading of
dense water masses. Sea ice is unique to polar ocean
and requires especially good representation because of
the strong feedbacks related to ice albedo and the regulation of surface oceanic heat flux. Sea-ice modeling
for climate requires not only adequate treatment of the
thermodynamics but also of the dynamics, because of
direct impacts on oceanic heat and salt transports and
on the fraction of open water within the pack ice.
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3. SOME COMPLETED EXPERIMENTS
Some recent experiments by investigators at the
Naval Postgraduate School and their colleagues have
made progress toward more realistic modeling of polar regions along the lines described above. The
Arctic has been modeled with an 18-km 30-level
grid, unsmoothed geometry, and an open Canadian
Archipelago (Maslowski et al., 1997) A southern
boundary and buffer zone are located near latitude
50 N. Sea ice has been included using Hibler's overall approach and the numerics of Zhang and Hibler
(1997). Ice-only simulations have examined the responses to imposed winds and heat fluxes from operational 1990-94 analyses of the European Centre
for Medium- Range Weather Forecasts (Zhang et al.,
1997). Coupled experiments have been run for the
5-year period, and one particularly ambitious experiment has cycled the forcing repeatedly for 200 simulated years and also included detailed inflows of all the
major Arctic rivers (Maslowski et al., this Conference
Volume).
The Antarctic region has been treated with enhanced (mercator) grid resolution within a nearly
global model that leaves out the Arctic. The square
grid spacing varies from 20 km near 60 S to 10 km
at 75 S; and the biharmonic viscosity and diffusivity
decrease following the grid size. Sea ice was included
on an 18-km polar stereographic grid and coupled to
the ocean by appropriate interpolation methods. Atmospheric forcing for the global model consisted of
ECMWF 3-day averaged fields for the period 1990-94.
Both the Arctic and the Antarctic simulations are
showing numerous realistic features; and these are
discussed further in Conference Volume papers of
Maslowski et al. and Zhang and Hunke. (The latter paper examines simulations with a new rheology
developed to allow elastic waves in Hibler's viscousplastic rheology; see specifically the paper of Hunke
and Zhang in this volume.) The most prominent features that emerge from improved ocean dynamics and
forcing of the models are (1) narrow unstable currents
following topography; (2) unstable free jets, particularly in the Antarctic; {3) turbulent mixing and transport of properties throughout the polar oceans; (4)
detailed responses of sea ice and leads that mimic

those seen in satellite observations; (5) clear interactions between mesoscale ocean and ice features, which
explain some observed phenomena in the marginal ice
zones; and (6) pronounced variability on time scales
from daily to interannual. Additional analyses are in
progress to understand physical mechanisms and feedbacks as well as the forced versus inherent variability
of the ocean-ice system.

4. STUDIES IN PROGRESS
Our existing globalsimulations have been compared
against in-situ and satellite data from the 1990s; and
they have done well in reproducing actual ocean phenomena on a variety of time and space scales (Stammer et al., 1996; Tokmakian, 1996; and McClean et al.,
1997). It is clear that better and more extensive simulated information can be obtained by using 1979-93
re-analyzed products from ECMWF to force the models. Therefore, simulations are in progress on NCAR
computers with the Arctic coupled model and with
an ocean-only near-global model. These runs with be
brought up to the present year using 1994-97 operational ECMWF data and thus produce nearly two
decades of high-resolution output. Analysis can concentrate on understanding feedbacks and variability.
Both models have now reached the late 1980s; and indications from our early analyses are that the events
early in the record (such asl982-83 El Nino) are being reproduced extremely well as a result of the forcing
from the modern high-resolution ECMWF re-analysis.
Part of the improvement in these ongoing simulations
appears to come from applying high-frequency heat
and moisture fluxes, in addition to the high-frequency
wind stress fields that were already used. Thus, we
have high hopes for the quality of the two-decadal
records from both the near-global and the Arctic models.
A follow-on effort combines the Arctic and nearglobal ocean models, which can interact each other in
overlapping regions of the North Atlantic. The combined model also has sea ice in both hemispheres and
has been successfully tested over an annual cycle. This
fully global ocean-ice model will be run with 197997 forcing during calendar year 1998. Concurrently,
our group is spinning up a fully global ocean model
made available from Los Alamos National Laboratory.
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Their Parallel Ocean Program (POP) has nearly identical features to our present multi-level primitive equation ocean model, but it also has a displaced pole to
avoid problems with the earth's North Pole. It can
be run effectively on the emerging US computers having distributed-shared,.memory (DSM) architectures.
We will use DSM machines for ensemble integrations
with the 1/3-degree (on average) ocean model, in order to determine the relative levels of externally forced
versus spontaneous internal variability in the global
ocean. Individual experiments will differ from each
other through small initial perturbations or through
synoptically distinct wind patterns being applied, as
well as. by different large-scale initializations. We also
plan to interact with coupled climate modeling efforts
at Los Alamos and NCAR, both of which will be using atmospheric models coupled to very similar ocean
models of the same or doubled grid sizes relative to our
1/3-degree model (see Washington's keynote paper in
the Conference Volume). Even at 1/3-degree on average, the POP grid has about 12 km grid spacing in the
Arctic and about 20 km grid spacing in the Antarctic.
Complementary studies at several institutions will aid
in identifying and understanding the predictable versus unpredictable variations in the climate system and in determining those aspects of variability which
are related to oceanic processes and those which are
dependent on atmospheric or coupled processes.
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CURRENT STRUCTURE AROUND THE NORTHWIND RIDGE AND CHUKCHI PLATEAU
Koji Shimada*, Takatoshi Takizawa*, Kiyoshi Hatakeyama*, Toru Nakamura*,
Susumu Honjo"", Richard Krishfield"", Noboru Koyama*""
•Japan Marine Science and Technology Center
""Woods Hole Oceanographic Institution
***International Meteorological & Oceanographic Consultants
ABSTRACT
Current structure around the Northwind Ridge and Chukchi Plateau was measured by RD-150KHzADCP moored on the
line of Ice Ocean Environmental Buoy (IOEB) during 1992-1994. The ADCP data covered from 58m (top of the cold
halocline layer) to 250m depth (Atlantic layer). lt was found that the current at 250m depth flowed along a contour of bottom
topography seeing the shallow region on the right on both the northern slope of the Chukchi Plateau (NCP) and the eastern
slope of the Northwind Ridge (ENW). In the Atlantic layer, the velocity field showed nearly linear relationship with gradient
of seafloor topography. This relation implies that the Atlantic layer current can be driven by the topographic stress due to
interactions between eddies and seafloor topography. On the other hand, the direction of current at 58m depth was different
between NCP and ENW. On NCP, the 'current at 58m depth had the same direction as that at 250m depth, and the vertical
structure of the horizontal velocity was nearly barotropic. In contrast, on ENW, the current at 58m depth had opposite
direction of the current at 250m depth. This implied that a strong baroclinic response had an important role on the
establishment of the strong baroclinic current. In addition, it was also found a strong barotropic current component
superimposed on the strong baroclinic current on ENW. This barotropic current component can be established by the same
mechanism as the western boundary intensification, since the Northwind Ridge can play a role of western boundary for
barotropic mode.
1. INTRODUCTION
One of important hydrographic features of the Arctic
Ocean is the unstable thermal stratification established by
the existence of the cold halocline and Atlantic layer
(Aagaard and Carmack, 1994). The existence of the cold
halocline inhibits the upward heat flux of the underlying
warm and high salinity Atlantic Water, and offers the
suitable condition for the sea ice formation and its
maintenance. Therefore the variability of both cold halocline
and Atlantic Water must play an important role on the Arctic
climate system, which is also believed to be connected with
the global climate system. Qualitative understandings for
the dynamics and variability of both the cold halocline and
Atlantic Water will be an important theme of Arctic physical
oceanography. Here we consider current dynamics in the
presence of seafloor topography paying an attention to the
cold halocline and Atlantic Water circulation.
2. ICE-OCEAN ENVIRONMENTAL BUOY
Ice Ocean Environmental Buoy (IOEB-1) was deployed
at 73" 03 N- 148" 48 Win 1992 to measure the Beaufort
Circulation by cooperation between WHOI and JAMSTEC.
The ADCP data discussed here was transmitted via ALGOS
Satellite System during 1992-1994. Detail configurations of
Corresponding author address. Koji Shimada,
Japan Marine Science and Technology Center, 2-15
Natsushima, Yokosuka 237, JAPAN
e-mail: shmadak@jamstec.go.jp

IOEB and data processing are described on IOEB home
page (http://ioeb.whoi.edu:BOI).
3. DYNAMICS OF TOPOGRAPHICALLY TRAPPED
CURRENTS
The transmitted ADCP data covered from 58m (top of the
cold halocline layer) to 250m depth (Atlantic layer). Rgure 1
shows that 25-hours running mean horizontal velocity in the
Canadian Basin off Alaska. On the flat deep basin,
circulation is governed by mesoscale eddies having their
kinetic energy in the cold halocline layer. In contrast over
the Northwind Ridge and Chukchi Plateau, it seems that
seafloor topography controls the current field.

3. 1 Atlantic /aver
Figure 2 shows the relation between the velocity at 250m
depth and gradient of bottom topography calculated from
ETOP05 grid data set. The relation can be written by the
following equation,
(u,v)= a (H y, -H x)
[a (-- 100): constant]
and the speed of the Atlantic Water Current can be
estimated by the gradient of bottom topography. The
relation implies that where the gradient is large (small) the
current converges (diverge). This relation seems to be
explained by potential vorticity conservation. However, it is
impossible that the direction of the topographically trapped
current is specified by the potential vorticity conservation
law. Therefore it should be considered that the other
mechanism determines the direction of the flow. From the
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view point of the 2-dimensional turbulence theory, Holloway
(1992) pointed out that currents in the direction seeing the
shallow region on the right along bottom topography ( '¥ =
-fL. 2H ), were established through interactions between the
eddies and seafloor topography. Where '¥ is stream
function, f ·is Coriolis parameter, H is bottom topography,
and L. is a parameter characterizing a horizontal scale in
eddy vorticity. Nazarenko et al. (1997) examined the Arctic
Ocean Circulation using a coarse grid numerical model
including the effect of eddies-topography interactions with
the parameter L. = 4km. In their model, the effect was
parameterized by the viscosity term being expressed as 11
HV 2(u-u.) instead of 11 HVlu. Their results showed
qualitatively the same feature as that of the circulation
directly observed by IOEB. For example, on the eastern
slope of the Northwind Ridge, southward current was found
in the Atlantic layer. This feature has not been well
simulated by most of Arctic Ocean models. Surprisingly, the
value of L. is estimated 4.9km from the real IOEB
observation data using the following equation,
U1oea=

-fl.2(k X VH)/H 0
H0: mean bottom topography (=3000m)
u10EB : the velocity measured by IOEB
k: unit vector in vertical direction

From the theoretical consideration, numerical model
results, and IOEB observation, it is anticipated that the
interaction between eddies and bottom topography is an
important driving force on the Atlantic Water circulation.
If the interaction drives the current along topography, the
kinetic energy ot eddies must be converted into the kinetic
energy of the current along bottom topography. In Figure
2(a), the motion of eddies is abruptly weakened when the
IOEB encounters the Northwind Ridge. This implies the
energy transport from eddies to topographically trapped
currents.
3.2 Intensification of baroclinic current on the eastem
slope of sea mounts
Figure 3. shows a time series of the velocity component
along bottom topography. Positive direction is defined in the
direction seeing the shallow region on the right. From
December 1992 to May 1993, the IOEB drifted around the
eastern slope of the Northwind Ridge and Chukchi Sea. In
this region, the sign of the velocity component showed
opposite between 58m and 250m depth and showed a
strong baroclinic feature. After September 1993, the IOEB
drifted around the northern-western slope of the Chukchi
Plateau. In contrast, the velocity component at both 58m
and 250m had positive value and the current was mainly
governed by barotropic mode. lt can be expected that the
difference of the vertical structure of the current may
depend on the geographical locations. One of possible
mechanisms for the strong baroclinic current in the
presence of a sea mount was already studied by Rhines
(1989) and Hogg (1989). On the eastern slope of the sea

mount or ridge, there is a possibility that characteristics of
nonlinear long Rossby wave are distorted and intersected.
Where the characteristics intersect, conflicting information,
such as interfacial displacement from the different portion
occurs and baroclinic current is considerably intensified.

3.3 Westem boundary intensification
On the eastern slope of the Northwind Ridge (figure 3, in
December 1992 and January 1993), the envelope of the
time series of both 58m and 250m velocity shows the same
pattern as the variation of gradient of bottom topography.
This feature implies that the barotropic current component
was also intensified on the eastern slope. Since the
Northwind Ridge can play a role of western boundary for
the barotropic mode, this barotropic feature can be
established through the same mechanism as the western
boundary currents.
4. CONCLUDING REMARK
Here we mainly discussed the features and dynamics of
the current controlled by the bottom topography around the
Northwind ridge and Chukchi plateau. lt has been thought
that the Arctic Ocean is the most difficult area to perform
oceanic observation due to the existence of the sea ice.
However, if changing the view point, we can make use of
the sea ice as an Automated Research Vessel , such as
the IOEB. As the drift speed of the sea ice is much smaller
than that of ship, the high accuracy current data is obtained
in vertical section from the ADCP mounted on the line of
IOEB.
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TRANSIENT TRACER EVIDENCE FOR RAPID EXCHANGE OF INTERMEDIATE WATER
BETWEEN THE BOUNDARY AND THE CENTER OF THE CANADIAN BASIN
W.M. Smethie, Jr.·\ P. Schlosser1, G. Bonisch 1, B. Ekwurzel 1 and T.S. Hopkins2
1. Lamont-Doherty Earth Observatory of Columbia University, Palisades, New York
2. North Carolina State University, Raleigh, North Carolina

The central Canadian Basin is a region of the Arctic Ocean
that has been sparsely sampled because of the difficulty of
getting into the region due to heavy ice conditions.
However the SCICEX program, in which the US Navy
conducts a nuclear powered submarine cruise to the Arctic
Ocean each year for research, has allowed us to obtain
observations in this difficult to reach location.
The SCICEX program began in the mid 1990s. Each year
from 1995 to 1999, the US Navy designates a submarine
to be used to conduct an oceanographic research cruise to
the Arctic Ocean. Five or six civilian scientists, in addition
to civilians from the Arctic Submarine Lab, participate on
these cruises and carry out a number of research
programs for different investigators. Since the submarine is
not restricted by ice conditions, it can reach all areas of the
Arctic Ocean, although these cruises thus far have been
restricted to US and international waters.
Here we report on results from the SCICEX 96 cruise
which occupied a line of hydrographic stations extending
from the Lomonosov Ridge across the Alpha Ridge and
into the central Canadian Basin as well as a station along
the boundary at 75•N just east of the Northwind Ridge.
These stations were taken by surfacing the submarine at
each location and performing hydrographic casts, either
from the deck of the submarine or from an adjacent ice
flow. Temperature and salinity were measured with a
Seabird 19 internally recording CTD and water samples
were collected with 10-liter Niskin bottles attached to the
hydrowire above the CTD. Generally 15 samples were
collected between the surface and 1600 m. Samples for
salinity, oxygen, nutrients, CFCs, tritium, He-3, 0-18 and
other substances were taken from the Niskin bottles. The
oxygen and salinity samples were analyzed on board and
the CFC, tritium, He-3, and 0-18 samples are being
analyzed at Lamont-Doherty Earth Observatory.
Over the Alpha Ridge and in the northern part of the
Canadian Basin, the CFC-11 and CFC-113 concen-trations
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decrease rapidly with depth below 150 m but in the central
Canadian Basin the vertical gradient is less steep and
relatively high CFC concentrations are observed down to
about 1400 m indicating the presence of recently
ventilated water below the halocline. This is corroborated
by the He-3 measurements which reveal higher He-3
concentrations in the central Canadian Basin than in the
northern Canadian Basin between 300 and 1400 m . The
main source of He-3 in this depth range is the decay of
bomb tritium that has entered the Arctic Ocean from the
rivers and thus, the higher He-3 concentration indicates
more recently ventilated water. The salinity in the 3001400 m depth range decreases between the northern
Canadian Basin and the central Canadian Basin. The
vertical CFC and salinity distributions at the Northwind
Ridge station at the boundary are similar to the central
Canadian Basin distributions suggesting rapid transport of
water from the boundary to the interior. This could occur by
direct flow or by a mixing process such as eddy shedding
from an eastward flowing boundary current that turns
sharply southward to flow around the Chukchi
Plateau/Northwind Ridge. The Atlantic water that enters
the Arctic Ocean through the Barents Sea produces an
intermediate water mass that has a relatively high
anthropogenic tracer signal and a relatively low salinity,
and the well ventilated water observed at the Northwind
Ridge and in the central Canadian Basin may have
originated in the Barents Sea. Further evidence for this
can be seen in the 8/S structure. Intermediate water in the
central Canadian Basin has a 8/S structure that is similar
to intermediate water along the Laptev continental slope,
which formed by the inflow of Atlantic water that has
passed through the Barents Sea. The transit time for this
water to flow from its source region to the central
Canadian Basin is estimated to be about 15 years from the
CFC-113:CFC-11 ratio.
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RETREAT OF THE COLD HALOCLINE LAYER OF THE ARCTIC OCEAN

Michael Steele·
Applied Physics Laboratory, University of Washington, Seattle, WA
Timothy Boyd
Oregon State University, Corvallis, OR

1. ABSTRACT
We present a comparison of Arctic Ocean
hydrographic data sets from the 1990's, with a
focus on changes in the upper few hundred
meters of the Eurasian Basin. The most recent
observations discussed here were collected
during the spring 1995 SCientific ICe EXpedition
(SCICEX'95), the second in a series of scientific
cruises to the Arctic Ocean aboard U.S. Navy
nuclear submarines. Although the 1990's have
seen an abundance of synoptic cruises to the
Arctic, this was the only one to take place in
winter/spring conditions. Other data considered
here were collected during the first SCICEX
cruise in summer 1993 (SCICEX'93) and during
an icebreaker cruise to the Eurasian Basin in
summer 1991 (Oden'91 ).
A new RussianAmerican winter climatology is also used as a
reference. These comparisons reveal that the
Eurasian Basin "cold halocline layer" has
retreated during the 1990's to cover significantly
less area than in previous years. Specifically, we
find a retreat from the Amundsen Basin back into
the Makarov Basin; the latter is the only region
with a true cold halocline layer during
SCICEX'95. Changes are also seen in other
halocline types and in the Atlantic Water layer
heat content and depth.
Since the cold
halocline layer insulates the surface layer (and
thus the overlying sea ice) from the heat
contained in the Atlantic Water layer, this should
have profound effects on the surface energy
and mass balance of sea ice in this region. Using
a simple mixing model, we calculate maximum
ice-ocean heat fluxes of 1-3 W m-2 in the
Eurasian Basin, where during SCICEX'95 the
surface layer lay in direct contact with the
underlying Atlantic Water layer. The overall
' Corresponding author address: Michael Steele,
Applied Physics Laboratory, 1013 NE 40th St.
Seattle, WA 98105; mas@apl.washington.edu

cause of water mass changes in the 1990's
might have been a shift in the atmospheric wind
forcing and resulting sea ice motion during the
late 1980's, which we speculate influenced the
location where fresh shelf waters flow into the
deeper basins of the Arctic Ocean. Finally, we
discuss two different mechanisms that have
been proposed for cold halocline water
formation, and propose a compromise that best
fits these data.

2. INTRODUCTION
The 1990's have marked a watershed in the
acquisition of Arctic Ocean hydrographic data.
Recent work has indicated that large-scale
changes have occurred in the extent and
strength of Atlantic Water (AW) and certain
halocline types during the 1990's relative to
previous years [Morison et al., 1997]. Here, we
consider what changes have occurred in the
Cold Halocline Layer (CHL), the cold salty layer
that insulates the surface waters from the
relatively warm water of the deeper AW.

3. METHODS
Three data sets and one climatology are
described here:
SCICEX'95,
SCICEX'93,
Oden'91, and the EWG climatology. The EWG
climatology comprises the years 1950-1989 and
is described in Arctic Ocean Atlas [1997].
Oden'91 was an historic first scientific icebreaker
cruise across the Eurasian Basin in AugustOctober, 1991. SCICEX'93 was also historic: it
was the first scientific cruise aboard a US Navy
nuclear submarine to the Arctic Ocean.
SCICEX'95 was conducted in Aprii-May, 1995. A
variety of physical and chemical observations

254

were taken. Here we focus on temperature and
salinity profiles obtained while the ship was
underway
using
expendable
XCTD's
manufactured by Sippican.
4. SCICEX'95 DATA
Figure 1 shows station locations for SCICEX'95
(dots), SCICEX'93 (diamonds) and Oden'91
(triangles). Together, these cruises covered
much of the interior Arctic Ocean. Selected
bathymetric contours show the major basins and
ridges; the Nansen-Gakkel Ridge is quite deep
in most places and thus is schematically
illustrated by a dashed line.
Figure 2 shows temperature and salinity
profiles from the three basins of the eastern
Arctic. The core temperature of AW is highest in
the Nansen Basin, slightly cooler in the
Amundsen Basin, and markedly cooler in the
Makarov Basin. A cold halocline layer is present
only in the Makarov Basin between about 50100 m depth, where the halocline lies above the
thermocline.
The Nansen and Amundsen
Basins show coincident halo- and thermoclines,
i.e., the surface layer has uniform temperature
and salinity down to the same depth. This
uniform surface layer is quite deep in places: up
to about 150 m over the Nansen-Gakkel Ridge
(black data in Figures 2a and 2b), where it is also
the most saline surface layer in the data set,
averaging about 34.25 psu.

The Makarov Basin data (colored black in panels
e and f) show a cooler AW and a definite CHL.
They do not show the presence of either BSW
(which would appear as a temperature maximum
at salinities of 31-32 psu) or Upper Halocline
Water (UHW) which is marked by a temperature
minimum several tenths of a degree above
freezing at a salinity of 33.1 psu. Thus the
Makarov Basin shows no influence from Pacific
Ocean water masses in the SCICEX'95 data.
5. COMPARISON WITH PREVIOUS DATA

Figure 1a shows the spatial variations of the
mean salinity from SCICEX'95 over the depth
interval40-60 m. We use this salinity (essentially
the winter mixed layer value) as a tracer for the
presence or absence of a CHL. Where it is high
and 34-34.25 psu, the winter mixed layer shows
evidence of active LHW formation, and a CHL is

absent. Where it is much fresher, LHW is
capped by a stable pycnocline and a CHL is
present. In Figure 1a, a sharp front delimits the
fresh waters of the Makarov and Canada Basins
from the saltier waters of the Amundsen and
Nansen Basins. Note that the sharp salinity front
is roughly located over the Lomonosov Ridge,
but at an angle that is aligned more or less along
the mean axis of sea ice outflowing from the
Arctic Ocean through Fram Strait in the
transpolar drift stream [Colony and Thorndike,
1984]. Using this front as a marker for CHL
extent, we conclude that a CHL was absent from
the mid-Nansen and mid-Amundsen Basins
during SCICEX'95.
Figures 1b and 1c show the same type of plot as
Figure 1a, but using data collected during
SCICEX'93 and Oden'91. A marked salinification
in the Amundsen Basin has occurred in 1 995
relative to 1991. An examination of individual
profiles from Oden'91
obtained in the
Amundsen Basin shows the presence of a CHL,
while Figure 2 demonstrates its absence in that
region during SCICEX'95. Figure 1d shows the
equivalent salinities from the EWG winter
climatology, using the maximum observed
salinities over the 40-year climatology at each 3D
grid point. Figure 1 shows that the 1990's
salinities are equal to or higher than the
maximum salinities ever recorded in the EWG
1950-1989 data set (Figure 1d) at nearly all
locations. Large changes can be seen in the
Makarov Basin, the Chukchi Plateau, and the
central Amundsen
and Nansen Basins.
Salinities in these regions recorded during
SCICEX'95 (Figure 1a) are higher by about 1 psu
relative to the EWG maxima (Figure 1d). To the
extent that we can rely on these data sets,
Figure 1 indicates that the salinification of the
Eurasian Basin (and especially the Amundsen
Basin) is unprecedented in the last 40 years.
Comparison of Figures 1c and 1d suggests that
changes were already underway in 1991.
Recent hydrographic
and
meteorological
analyses [Morison et al., 1997] have indicated
that these changes may have started in the late
1980's.
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the National Snow and Ice Data Center (NSIDC)
in Boulder, CO.

6. ACKNOWLEDGMENTS
This study was supported by the High Latitude
Program at the Office of Naval Research, grants
N00014-95-1-0437 (M.S.) and N00014-95-10479 (T.B.). Additional support for M. Steele
was provided by an EOS interdisciplinary
investigation, POLar Exchange at the Sea
surface (POLES), NASA grants NAGW-2407
and NAG5-4375.

Boyd, T. and M. Steele, Upper Arctic Ocean
hydrographic observations during SCICEX-95,
manuscript in preparation, 1997.
Morison, J. H., M. Steele, and R. Andersen,
Hydrography of the upper Arctic Ocean
measured from the nuclear submarine USS
Pargo, Deep Sea Res., in press, 1997.

7. REFERENCES
Arctic Ocean Atlas (AOA97), prepared by the
Environmental Working Group (EWG), issued by

Steele, M., J. H. Morison, and T. Curtin,
Halocline water formation in the Barents Sea, J.
Geophys. Res., 100, 881-894, 1995.
SCICEX'95 Eurasian Water Moss Regimes

Cold Holocline Water
Mean Salinity. 40m - 60m
<.32.25

33.5

34

34.5

1 :tal

·~ ·:~.... ~-..;:..·.~~~.:...:~,;:.;.~~~:::-~~~~...

Salinity
SCICEX'95

SCICEX'93

l
--~:-:...l•c_l~~--:-.~~--:;'

..~(b-'-:)-:-:-,~.•~,,~~::--:::-:-"::-:'

r•..,...-...(e}

s..w,c~J

Amundsen Basin

1 ""

·1t

""C:.:(<;:__)~~~.~.;.c......-~

,•

._r.~ut.

Oden'91

EWG M<Jximum

..~C,:.(d;.:._,),..,_,,...,~,~M.-0___._....k-J
. ;.:~

..

s.w,

(C:)

(P'Sll)

Mokarov Basin

~~.~·~)~----:--~-~OW~(~~~<>~o~».~M.~~~
s.lilllt,(PSU)

Figure 1. Mean salinity in the interval 40 m-60 m for (a)
SCICEX'95, (b) SCICEX'93, and (c) Oden'91. Also shown
are 40-year (1950-1989) maximum salinities from the
EWG winter climatology interpolated onto these station
locations. The 40 m-60 m salinity represents the winter
mixed layer value, and shows the retreat of fresh surface
waters and the Cold Halocline Layer from the Eurasian
Basin (and especially from the Amundsen Basin) during
the 1990's.

Figure 2.
Temperature and salinity profiles
obtained during SCICEX'95 from the (a,b) Nansen
Basin, (c,d) Amundsen Basin, and (e,f) Makarov
Basin. The mixed layer is saltiest and deepest
over the Nansen-Gakkel Ridge (black dots in
panels a and b). Gray dots represent stations
with the warmest Atlantic Water in all panels.
Black dots in panels (e) and (f) denote waters in
the Makarov Basin with cooler Atlantic Water. A
Cold Halocline Layer is absent from the Nansen
and Amundsen Basins, but is present in the
Makarov Basin roughly between 50-100 m depth.
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ATMOSPHERIC AND HYDROLOGICAL ASPECTS OF THE POLAR CLIMATE SYSTEM
SOURCES, SINKS AND BUDGETS.
Ron Stewart
Atmospheric Environment Service, Canada

The polar regions are presently
experiencing significant changes in their climate. We
as polar researchers have an obligation to understand
the factors contributing to these changes and the
implications for other elements of the climate system.
We also have an opportunity to test our approaches,
understanding and models under varying conditions.
Our progress in addressing these challenges should
lead to substantial improvements in our capability to
predict future conditions.
To adequately understand the polar climate
system, there must be major progress made in
addressing the atmospheric and hydrological sources,
sinks and budgets of water and energy. One needs
to be concerned from the fresh water perspective
with, for example, water vapour, clouds, precipitation,
snow cover, evaporation, sublimation and discharge.
From the energy perspective, one needs to consider
short and long wave radiation, sensible and latent
heat, as well as albedo. All these parameters and
processes were considered in the set of papers
presented at the conference.
Collectively, there are a number of issues
that must be addressed if there is to be a
comprehensive program addressing the sources,
sinks and budgets in the polar regions. For example,
one needs to be very concerned with the actual
means through which these parameters are
calculated from the available information and one has
to at the same time be very aware of deficiencies in
the datasets. Given this background information, it is
critical to calculate the sources, sinks and budgets by
using various approaches and to examine how these
derived parameters vary temporally and spatially so
as to gain as much insight as possible into how the
polar climate system operates. Such an overall
approach will undoubtedly also lead to the
determination of key uncertainties that will lead to
further research thrusts, including additional
observations, process studies and modelling efforts.
Interestingly, when one considers all the papers
presented at the conference, it is evident that all
elements of the overall necessary approach are being
examined.
·Corresponding author: Ron Stewart. Climate
Proc. & Earth Observation Oiv . Atmospheric
Environment Service. 4905 Oufferin St. Oawnview.
ONT. Canada M3H 5T4. Tel +1 416 739 4122;
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One common aspect of the talks was the
use of special data sets. For example, Pavlov used
the Russia-US Atlas of the Arctic Ocean for sea level
and runoff analyses. Makshtas, Martin and Rigor
used the Russian North Pole Drift Station Data to
carry out a number of studies of the clouds,
precipitation, radiation, temperature and winds over
an area of the Arctic Ocean where almost no other
information is available. Walsh, Bromwich and Hurst
used the recently-available re-analysis information to
deduce important characteristics of the sources, sinks
and budgets but it was also pointed out that there are
still problems with this information including the
radiation, clouds, precipitation and evaporation fields.
Vuglinsky and Hinzmann used river discharge
information, some of it from the Global Runoff Data
Centre, to model sub-basin flows over complex terrain
or to point out many of the sources and uncertainties
in fresh water flow into the Arctic. Nissen used
Doppler radar to study the dynamics of high latitude
cloud systems producing snow, and Rudolf discussed
improvements being made in the Global Precipitation
Climatology Project for future studies. Dang was
concerned with detailed snow-cover measurements
for validating satellite remote sensing algorithms, and
Radionov urged caution in using temperature
information from the Drifting Buoy network. Francis
used a variety of satellite measurements for studying
Arctic clouds and their radiational impacts, and Zak
discussed the measurements being made over the ice
pack under SHEBNFIRE. The fact that so many data
sets were being used is one measure of the
substantial progress being made in the field of polar
atmospheric and hydrological studies.
There were four main scientific themes
within the set of presentations. "Climate Trend"
papers pointed out that a warming trend is presently
underway but the tendencies are certainly non-linear
with parts of the Arctic actually cooling. Such overall
trends are furthermore linked with large scale
circulation changes. lt is very important to
understand these trends and the responses of all
components of the polar climate to them. "ReAnalysis" studies illustrated that horizontal moisture
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advection is becoming better handled, but there are
significant differences from sounding-alone
assessments, as found in other areas. There is
sometimes good agreement between the re-analysis
derived products such as precipitation, but even in
this case there is some question as to whether the
physics is sufficiently good. lt was encouraging to
see that the Antarctic precipitation minus evaporation
budget from the re-analysis effort agreed quite well
with values derived from other approaches.
"Cloudiness" received considerable attention. Polar
regions are rather cloudy areas, and there are wellknown problems in property handling these high
latitude features. This situation must be improved
because of the critical role of clouds on the radiational
balance (and precipitation) of the regions. In general,
better information is needed on clouds as a function
of large scale and surface conditions (as pointed out
by Beesley), and including their internal structure.
•Hydrology" was the fourth theme. Asia certainly
contributes the largest amount of fresh water for the
Arctic but there are substantial decadel variations in
the contributions from all the fresh water sources. lt
will be important to determine from the ocean and sea
ice perspective, what might be acceptable accuracy
for this fresh water input

My overall impression of the presentations
is that a healthy, international research effort is
underway. Research highlights include four general
topics. Rrst the assembly of data sets into readilyavailable form is paying off with many scientific
studies underway. Second, the re-analysis effort is a
major tool now and for the future but additional fields
such as precipitation may need to be assimilated in
order to produce adequate results for many climate
studies. Third, there was a better appreciation of the
key atmospheric and hydrological processes and their
feedJacks. Fourth, quantitative values of the
sources, sinks and budgets are being produced from
a variety of sources but worl< is needed to better
synthesize these efforts
In terms of guidance for the future, there
are several actions that need to be made. These
include better quantification of the sources, sinks and
budgets over the data-sparse region; a substantial
focus on improving the physics of products derived
under large scale and surface forcing; more
interactions with sea ice, glacier and ocean activities;
and more work on connections with the global climate
system.
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THE IMPACT OF SOUTHERN OCEAN SEA ICE ON THE MEAN STATE AND VARIABILITY
OF A GLOBAL OCEAN MODEL
Achim Stossel*
Texas A&M University, College Station, Texas

1. INTRODUCTION
The objective of this conference is 'to Unk
climate issues in the polar regions with global
climate investigations'. A main component in
driving global climate is the ocean. The most
vigorous vertical motions of the world's ocean
occur in high latitudes, where dense water is
produced at the ocean's surface due to cooling
up to the freezing point, and beyond that, due to
brine released through sea-ice formation. Sea ice
thus modifies the upper boundary conditions of
the ocean, mostly in terms of the buoyancy
forcing. lf, in addition, the background
stratification of the ocean is weak, sea-ice
formation may enhance deep convection and
eventually modify the rates of deep and bottomwater formation, which themselves modify the
global thermohaline circulation.
While the sea-ice impact at convective
sites in the northern hemisphere is mainly due to
sea-ice melt (e.g., Aagaard and Carmack, 1994;
Hakkjnen, 1995), the mostly marginally stably
stratified
regions around
Antarctica are
additionally affected by sea-ice formation. As
pointed out in several recent regional
observational and modelling studies in the
Southern Ocean (SO)( e.g., Gordon. 1991;
Oshima et al., 1996; Worby et al., 1996;
Martinson, 1990), with global sea-ice - ocean
general circulation models (GCMs) (e.g., Goosse
et al., 1997; Legutke et at., 1997), as well as with
global coupled atmosphere - ocean GCMs (AOGCMs) (e.g., Manabe et al., 1992; Washington
and Meehl, 1996), there exists a subtle balance
between the comparatively thin and mobile seaice cover, the rate of local convection, and the
rate of Antarctic Bottom Water (AABW)
formation.

• Corresponding author address: Achim Stossel,
Dept. of Oceanography, Texas A&M University,
College Station, TX 77843-3146; e-mail:
achim@advect.tamu.edu.

2. TOOL
We employ a model setting which
includes the major processes modifying the
upper boundary conditions of the SO, including a
comprehensive description of sea ice. This
surface component is embedded in a global
coarse-resolution (3.5" x 3.5° x 11 layer)
primitive equation OGCM (Drijfhout et al., 1996;
Stossel et al., 1997). We performed a series of
sensitivity integrations investigating the impact of
brine release from sea-ice formation provided by
the ice model together with the impact of a
commonly used substitute, called 'salinity
enhancement', of changes in sea-ice dynamics
and thermodynamics, and of changes in the wind
forcing of SO sea ice. The basic forcing of the
model is provided by climatological winds, and a
surface restoring to climatological temperature
and salinity, except for grid cells containing sea
ice. There, the ocean's buoyancy forcing is
determined by the interactive sea-ice processes,
including brine release and a comprehensive
surface heat balance calculation for both the icetree and the ice-covered part of a model grid cell.
All experiments represent integrations to nearequilibrium.
3. RESULTS
3. 1 Mean State

Our sensitivity experiments reveal some
substantial impact on the mean-state strength of
convection; deep-ocean temperature and salinity,
intrusion of AABW into the tropics, ice thickness,
as well as the strength of the Antarctic
Circumpolar Current (ACC) (Stossel et al., 1997).
The largest impacts arise from the effect of brine
release and that of the employment of more
variable winds over SO sea ice. While the
interactive brine-release effect leads to a
substantial cooling (and a slight freshening) of
the deep ocean, it does not seem to majorly
enhance the outflow of AABW into the world's
ocean. Non-interactive salinity enhancement, on
the other hand, as well as higher wind variability
and enhanced turbulent heat flux over SO sea
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ice, lead to both a substantial cooling and
enhancement of intrusion of AABW toward lower
latitudes.
3.2 Variability

Although the sea-ice - ocean model is
predominantly buoyancy driven through restoring
boundary conditions, it excites regional and
global interannual up to decadal variability, which
is sensitive to the forcing of SO sea ice. In cases
of low turbulent heat flux, i.e. low AABW
formation rates and reduced ACC, variables such
as lower-latitude subsurface temperature, seaice concentration, high-latitude convection, deepocean temperature, bottom-water outflow, all
regionally confined to the Weddell Sea, reveal a
pronounced 4-year oscillation. The associated
change in the meridional density gradient
changes the strength of the ACC (or rather Drake
Passage throughflow) instantaneously (Fig.1 ),
exciting subsurface temperature anomalies
downstream. The time scale of this oscillation
seems to be determined by the meridional tracer
and sea-ice advection across the Weddell Sea,
and the convection time scale, which is phaselocked to the seasonal cycle.
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Figure 1. 30-year time series of model volume
transport through the Drake Passage.
The 4-year mode could be associated
with the 'Antarctic Circumpolar Wave' (ACW),
which was suggested by White and Peterson

(1996) to be linked to the ENSO phenomenon.
Since our atmospheric forcing has an annual
repeat cycle, however, our model results rather
suggest an internal mode of the sea-ice - ocean
model. While this mode of variability is robust for
a wide range of different treatments of SO sea
ice, it changes to a decadal oscillation if the
turbulent heat flux over SO sea ice, particularly
over the ice-free part of a model grid cell, is
enhanced (up to a factor three). In that mode, the
high-latitude convection and associated deepocean temperature anomalies are much
stronger, and affect the NADW outflow at 30°S
rather than the Drake Passage throughflow. The
model results indicate that this could be due to
the associated anomalies in AABW outflow
penetrating across the Argentine Basin up into
the tropical Atlantic, similar to what has been
proposed by Coles et al. (1996).
4. SUMMARY AND OUTLOOK
According to our results, the model
representation of the southern high-latitude
ocean does seem to play a crucial role in
determining the mean-state deep-ocean watermass properties as well as its variability. The
main impact seems to be associated with the
model description of sea-ice formation in
convectively active regions. Sea ice is a
complicated constituent to deal with, mainly
because of its high sensitivity to the ambient
conditions, and yet its highly heterogeneous
distribution together with its strong impact on
atmosphere - ocean heat exchanges and surface
albedo. These complex surface conditions
combined with the direct communication between
the surface and the deep water gives the polar
oceans a peculiar, yet decisive role in the global
climate system. Consistently, climate-change
studies not only reveal the strongest response to
occur in the high latitudes (e.g. Washington and
Meehl,
1996),
but
also
show strong
discrepancies among the results of different
models to occur due to the different ways the
polar regions are treated (Meehl, 1995). This
clearly demonstrates the need for further
investigations on the role of the polar regions in
global climate. We consider this one of the most
relevant and challenging problems in current
climate research.
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DISSOLVED OXYGEN IN THE ARCTIC OCEAN AND NORDIC SEAS
James H. Swift
UCSD Scripps Institution of Oceanography
1. INTRODUCTION
The Arctic Ocean and Nordic Seas transform
their source waters to higher density and send
the modified waters south to the other oceans.
Swift et al. (1980) found that the primary
components of the dense outflow from Denmark
Strait were waters from intermediate depth that
were annually replenished from the sea surface
and not the Nordic Sea deep waters earlier
supposed for this role. When the water masses
and circulation of the Arctic Ocean began to be
better realized, it became apparent that water
mass transformations there reached densities of
the outflow waters. From a compilation of Arctic
Ocean and Nordic Sea data, Mauritzen ( 1996)
concluded that by the time the Norwegian Atlantic
Current reached Spitsbergen, its transformation
into Denmark Strait Overflow Water (DSOW) was
essentially complete, and that the Greenland and
Iceland gyres played no role in the formation or
ventilation of DSOW. Sections of
dissolved
oxygen throughout the Nordic Seas and Arctic
Ocean show, however, that although ventilation
of the Norwegian Atlantic Current is substantial,
the gyre regimes and shelf seas contribute
effectively to the ventilation of DSOW.
2. DATA AND METHODS

SIO Oceanographic Data Facility dissolved
oxygen measurements on Hudson 82-001 (1982),
Po/arstern Arktis 11/3 (1984), IV/3 (1987), V I 2
(1988), and XII (1996), and Louis S. St-Laurent
AOS94 (1994) and JOIS Leg 4 (1997) (see Figure
1) are consistent overall within =0.07 ml/1, and
internally within 0.02 ml/1.
3. RESULTS
Ventilated waters are transmitted between the
Arctic and Nordic basins by a mid-depth boundary
current which is found adjacent to the continental
boundaries of the Arctic and Nordic basins and the
Lomonosov Ridge. Sections of dissolved oxygen
have been carried out across these boundaries,
and depict the transformations of the boundary
waters. In Figures 2-5 oxygen distributions are
shown with respect to density (for the DroN
range)
for
representative
stations
from
boundary-crossing sections for the Norwegian
Atlantic Current, the boundary current of the
Eurasian and Canadian basins, and for the East
Greenland Current.

180"

Dissolved oxygen data are useful to track the
dispersal of ventilated waters.
[CFC data are
often preferred, but there are no comprehensive
CFC data for the Arctic regions, plus oceanic CFC
concentrations have a strong time dependence.
Also, CFC concentrations are zero or close to the
noise level in much of the deep water in the
Arctic regions.] In Arctic environments the fact
that oxygen is consumed by respiration has in
practice proven to be less critical than the fact
that oxygen concentrations are typically high,
resulting in low signal-to-noise, especially within
any given sub-regime. Analytic practices must
be fastidious.
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Figure 1. Location of stations used in this study.
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The progressive ventilation of these waters
along the Norwegian Atlantic Current (Figure 2)
in winter results in a large increase in oxygen
concentrations in this density range from 75 to
79 aN in the northern Norwegian Sea. Not all the
oxygen concentration increase can be due to
direct ventilation from the sea surface above.
For example, at 79°N for cr 0 > 27.95 welloxygenated water has spread into the northern ·
Norwegian Sea from the Greenland Sea.

In the Eurasian Basin (Figure 3), high oxygen
concentrations in this density range at 32°E arise
both from the Fram Strait inflow and from dense,
well-oxygenated water from the Barents Sea
shelf, which may reach to densities of cr 0 = 28.04
on the Nansen Basin southern boundary.
The
reduction in oxygen concentration of this water
between 32 and 133 oE is remarkable.
The
oxygen section at 30°E shows a shift to lower
oxygen concentrations in the Nansen Basin north
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of 83°N (Anderson et al., 1989), indicating that
admixture of central basin waters may be partly
responsible, but interannual shifts cannot be ruled
out. A section across the Santa Anna Trough (not
shown) showed that the Kara Sea may be
providing an additional source of ventilated water
for cr 0 < 27.98, making the shift to lower oxygen
concentrations along the Nansen Basin boundary
Sea all the more perplexing. The higher oxygen
concentrations in the Amundsen Basin, as
compared to the Nansen Basin, may arise from a
greater impact of the boundary flow on the
central Amundsen Basin than on the central
Nansen Basin, rather than from influence of the
Siberian seas.
Boundary waters entering the Makarov Basin
at 150°E (Figure 4) provide relatively high
oxygen concentrations throughout the Makarov
Basin boundary, and these are transferred with
little change to the Chukchi boundary region of the
These concentrations
Canada Basin at 171 °W.
are not, however, transmitted into the Beaufort
Sea boundary of the Canada Basin. At 142°W
oxygen concentrations in the DSOW density range
are the lowest of any in the Arctic Ocean
boundaries. This suggests that in the Canada
Basin the Chukchi boundary region may be
decoupled from the Beaufort boundary; i.e. when
the Canadian Basin boundary flow reaches the
Chukchi Plateau, its ventilation signals may be
transmitted northward, in the sense of the
anticyclonic Beaufort gyre circulation, with the
boundary current off the Beaufort shelf a semiindependent "dead-end". The boundary current on
the Canadian Basin side of the Lomonosov Ridge
carries better ventilated waters than does the
Beaufort boundary, but these are partly derived
from the Makarov Basin and/or could have
"leaked" over the Lomonosov Ridge. A detailed
section across ea. 86°N near the Siberian end of
the Lomonosov Ridge (not shown)
shows
relatively well ventilated water in parts of the
DSOW density range in the Canadian-Lomonosov
Ridge boundary flow, possibly detached from the
higher-oxygen water from the Eurasian side,
indicating that Canadian side flow may be fed in
part from the Mendeleyev Ridge I Chukchi
boundary region, bypassing the Canada Basin.
High oxygen concentrations at cr0 > 2 7. 9 5
throughout most of the Arctic Ocean, and in
particular the concentration maxima near cr 0 = 2 8
(Figures 3 and 4), bear intriguing resemblance to
the oxygen maximum near this density arising
from Greenland Sea influence upon the inflowing

waters at 79°N (Figure 2). This suggests that
the Greenland Sea may be ventilating the entire
Arctic Ocean at densities corresponding to those
of its winter mixed layer.
The Nansen Basin
section at 32°E noted earlier showed that there
was also potential influence of well-oxygenated
waters from the Barents Sea at these densities.
Oxygen concentrations in the boundary f I o w
out of the Arctic Ocean, past the Greenland and
Iceland gyres to Denmark Strait (Figure 5), are
difficult to examine due to strong cross-boundary
differences in the water mass characteristics and
sources, and due to a lack of reference-quality
dissolved oxygen data from the Iceland Sea and
Denmark Strait.
In general, inshore waters in
northwest Fram Strait show strong Canada Basin
influence, and offshore waters in the boundary
flow show influence from the other Arctic Ocean
basins, possibly including components from the
northmost reaches of the Norwegian Atlantic
Current that have not circulated substantially in
the Arctic Ocean. What is clear is that as this
assemblage flows past the Greenland Sea, its
oxygen concentrations increase. Indeed, oxygen
concentrations in Denmark Strait (e.g. GB:sEcs
Station 14 in Figure 5) are higher than those in
northwestern Fram Strait, demonstrating again
the influence of the gyres on the East Greenland
Current waters which form DSOW.
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Salinity events in the upper Arctic Ocean Observed by Ice-Ocean Environmental Buoy
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1. Introduction

It is of urgent need to improve our mxlerstanding
of the interactions between the subsystems of the earth's
climate. The Arctic is believed to be particularly sensitive
to global warming. Its climate subsystem consists ofthe
a1mosphere, the oceans and the sea ice. The presence of
sea ice on the ocean surface markedly modifies the air-sea
interactions. The Arctic environment is highly seasonal
and its seasonal changes are extremely oomplex. Data
from oontinuous measurement throughout the entire
cycle of seasons is therefore most useful, especially
Wring the Arctic winter when the thermal conttast
between sea water and atmosphere readies a maximum.
To accomplish sudl year-round, highly oomprehensive
observation, a ·solution may be the deployment of many
wintering ice stations staffed by drlcated scientists and
support personnel at many strategic locations. However,
such a plan is nearly unfeasible in terms of costs, safety,
and anthropogenic contamination by large, long-term ice
camps. A workable solution is to reploy an automated
station. An array of reliable sensors mounted on such an
automated station can observe changes in the air, ice am
water and telemeter <bta to laboratories in real time via
satellite.
We have reveloped a multi-sensor, real-time,
telemetering ice-ocean buoy (Ice-Ocean Environmental
Buoy : IOEB) to establish an unmanned platform for
continuous and long-tenn monitoring of Arctic air, ice
and upper oceans in syndlronized time-series (Krishfield
et al., 1993).
2. Ice-Ocean environmental Buoy (IOEB)
The IOEB consists of a surface flotation
• Corresponding author adkess. Takatoshi Takizawa,
Japan Marine Science and Technology Center, 2-15
Natsushima Yokosuka 237 Japan;
e-mail address: takizawat@jamstec.go.jp
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Number

1
2
3

4
5
6
7
B
9
10
11
12
13
14
15
16
17

Main Sensor/
Structure

Air sensors
Top plate and endcap
Electronics tube
Foam shell
Bell-mouth flange
Reverse echo sounder
Strain/optical sensors
Ice thermistors
CTD with dis_ 0 2 fluorometer
ADCP
CT recorder- 2
CT recorder- 3
Time series sediment trap
Water transfer system
Transmissometer
Current meter with logger
Anchor

Figure 1. Schematic of an Ice-Ocean Environmental
Buoy (Transpolar Drift IOEB).

padcage and a llOm long mooring system of
oceanographic sensors (Fig.1). The apex houses
meteorological sensors, a magnetic compass, two <btamanagement computers and transmission electronics for
ARGOS broadcasting.
On April 12, 1994 we reployed an IOEB at
85.8" N, 12" Won amulti-yearice floe 2.8m thick, at the
approximate flow-center of the Transpolar Drift (Fig.2).
The buoy drifted southward in a linear fashion and passed
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the Fram Strait late July. It left the Marginal lee Zone at
the end of August and preced:xl to the south in the open
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sea until November 9 when we recovered it at 73.9' N,
8.

······110rn

r w. It traveled about 1,300km in 212 cilys, and the

avemge speed was about 6 km/day.

20Apr.
(110)

10May
(130)

30M..,
(150)

19Ju1.

8.hJI.

(170)

(1901

Date

Arctic Ocean

~r.===~--------------------------1
····-· &n

-•sm

35

: ····.f" .. ··.·

... - 76m
······110m

.·- .... ·· .··
so'N

20Apr.
(110)

10May
(130)

JOMay
(150)

19Jun.
{170)

9Jul..
(190)

29Jut
(210}

11Aug
(230)

Date

Figure 3. Evolution ofpotential temperatureandsalinity
at the depths of8m, 43m, 75m and llOm.
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Figure 2. Trajectory of 1994 Transpolar Drift IOEB.
3. Temperature and salinity structure of sea water
The salinity evolution indicates several events
of varying length, up to 10 cilys when the swfoce
salinities increased; for example, peri~ A. B and C in
Fig.2 and 3. Simultaneously, the temperaturesd!creased
slightly. Since the temperature remained near freezing,
and did not warm close to the Atlantic Water temperature,
upwelling should not have occurred Apparently, this
increme in salinity and ~e in temperature suggest
that asignificantamountofbrine(coldandsalt-richdense
water) was input to the swfoce layer. However, a rough
estimation of salt input indcates unrealistic sea ice
production of severnl meters thick. Figure 2 shows that
IOEB moved the long <istances duing the salinization
"events" periods. Therefore, it should be explained that
the true events are less saline and warmer periods between
salinization peri~. The colrer and saline water is a
predominant swface water (Polar Water) in this region. A
warm and more saline water found in the subsurface layer
from August 8 is the Upper Arctic lntennediate Water or
Polar Intermediate Water.

Figure 4 shows the track of IOEB and current
of 110m depth. It discloses that the current was strong
and there existed eddies during less saline sections, while
the cunent w~ weak and the IOEB mfted southward at
the high speed in a linear fmhion. Mesoscale edies in
the MIZofFramStraitregion havebeenstudiedbymany
authors ( for example, Johannessen and Johannessen,
1983; Johannessen et al., 1987; Gascard et al., 1988;
Gasamlet al., 1995 ). The edlies 1-4 in this study are
under ice surface eddies located in the interior of pack ice
field with ice concentration of more than 7/10. Theediy
radius is about 10km. A transmissometer at the depth of
107m indcates slight d!crease of transmissometory
Wring period A-C; that is, non-edly peri~ (Fig. 5). It
also d!creased duing the futermed.ate Water period
Assuming that the transmissometory at the repth of
107m can reflect that of surfoce water, water of edJ:y
period is relatively clean. The characteristics of water
masses in the swdiedregion are listed in Table 1. It may
be said that the edJ:y water w~ fonned by amixture of
Polar Water and ice-melt water.
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Table 1. Water mass characteristics
Water

Polar Water

Temperature

-1.8"C

Salinity
Transmissometory

33.0-33.6
high

Eddy water
-1.6---1.8"C
32.3-32.9
low

It should be noted that there existed also iceedge-eddies and open-ocean eddies in the region south of
80' N (Fig. 2). It can be said that Fram Strait is a edJy
street
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Figure 4. Trajectory and current at the depth of 110m
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COUPLED PATTERNS OF DYNAMIC HEIGHT OF THE ARCTIC BASIN AND ICE CONDITIONS IN THE SIBERIAN SEAS
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1. INTRODUCTION
The influence exerted by winds prevailing over the
basin and regions adjacent to it is the immediate and
main cause of the ice and surface ocean circulation in
the Arctic Basin. Gudkovich (1961) has shown an
association between atmospheric circulation over the
Arctic in the winter period (October-March) and surface
ocean circulation in March-May. Dynamic heights in
relation to the 200dB surface were used as
characteristics of this circulation. Two circulation types
were identified. The A type is associated with
strengthening of the Arctic atmospheric anticyclone in the
winter period. Growth of the area of anticyclonic ocean
circulation in the Beaufort Sea characterizes this type:
Mean-stream of the Transpolar current goes along the
northern boundaries of the Siberian shelf seas, and water
and ice outnow into the Greenland Sea is intensified. The
B type is found in the extension of the Siberian
atmospheric anticyclone over the northern outlying
regions of the eastern Arctic seas and weakening of the
Arctic atmospheric anticyclone. The decrease of the
anticyclonic Beaufort gyre region, weakening of the
Transpolar ctift, displacement of its mean-stream
towards America, and appearance of the cyclonic ocean
circulation in the East Siberian and Chukchi Seas
characterize this type. The main features of the A and B
circulation types reveal themselves in corresponding
variations of ice conditions in the Arctic seas (Gudkovich,
1961).
This association between the ocean circulation and
ice coverage of the Arctic seas was recorded in the work
of Treshnikov et al. (1976). Intimate correlation was
determined simultaneously between anomalies of the
dynamic heights and atmospheric pressure in the
Amerasian sub-Basin in the preceding summer periods. lt
has been proposed that summer atmospheric processes
exerted influence primarily on ice melting and river water
inflow into the seas. Anomalies of surface water salinity
formed in summer are transported by advection in the
Arctic Basin and determine reconstruction of water
density field and, therefore, changes of the surface
circulation in the Basin (Treshnikov et al., 1976).
Conclusions regarding the correlation between the
Arctic Basin circulation and the ice coverage in the Arctic
seas made in the sixties and seventies were based on
limited observation. Vast amount of data available at the
present allow us to verify and record proposals made
earlier (Environmental Working Group, 1997). The
influence of summer conditions in the Arctic seas on
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surface circulation in winter months are considered in this
paper.
2. DATABASE AND DATA REPRESENTATION
Dynamic heights for the layer 5-200 m were used as
an index of the large-scale circulation in the Arctic Basin.
The method of calculation is described by Koltyshev,
Colony, and Timokhov (1997). lt should be noted that
velocities of geostrophic currents calculated using these
dynamic heights are rather close to actual velocity values
averaged for the period of three months. lt gives us an
opportunity to use the dynamic height fields as an index
of the ice and ocean circulation in the Arctic Basin,
understanding in this case that the geostrophic velocities
to a large extent characterize also the large-scale
features of the ice circulation in the Arctic Basin.
A method of reconstruction of the dynamic height
fields, based on empirical orthogonal functions (EOF)
decomposition, was used for the years with a small
number of observations, because the water area of the
Arctic Basin had not been always completely covered by
observations (see Koltyshev et al, 1996; Environmental
Working Group, 1997).
A series of dynamic height fields referred to the 200
dB surface were obtained for March-May 1954-1993 on
the basis of calculated values and the reconstructed
dynamic height fields (Environmental Working Group,
1997). These fields were determined in nodes of a grid
that contained 164 points and covered all the Arctic
Basin and the northern parts of the Arctic seas with
depths exceeding 200 m.
The artificial simulation of dynamic heights was
designed to illustrate the dynamic height EOF
decomposition. Taking the mean multiannual field, we
simulated its limiting variations under the influence of
each EOF separately.
The first and the third EOFs simulate opposite
phenomena in the dynamic heights in the region of the
anticyclonic gyre and in the region of the Laptev Sea.
Topographical changes in the dynamic height field can be
related to specific features of the ocean circulation. Thus,
for example, the mean field "plus" the first EOF (D1) and
"minus" the third EOF (DJ) describe a current when it is
clearly separated into two branches. One of the branches
goes along the shelf, and the second one is shifted
towards the Pole. Cyclonic circulation develops to the
North off the Laptev Sea. The opposite case, namely
the mean field "minus" the first EOF and "plus" the third
EOF, describes the Transpolar current as a broad
indivisible stream. Different input of the first and the third
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components can be traced in the dynamic height
topography. Displacement of the anticyclonic gyre is
described by the first EOF and to some extent by the
third EOF. The state of the Transpolar current is related
to location of the anticyclonic eddy.
The second EOF (D2) simulates simultaneous
decrease or increase of the dynamic heights in the
anticyclonic gyre and the Laptev sea region and very
small variations in some regions of the Arctic Basin.
Such variations of dynamic height field structure describe
area changes in the location of the anticyclonic Beaufort
gyre.
The principal components of dynamic heights EOF
decomposition reveal a low-frequency oscillation during
the period of 32 - 34 years in first and second principal
components time series. One can also find anomalous
high and uniform values of third component during the
period 1989 - 1993.
Ice coverage values for August in the different parts
of four Siberian seas (from Kara to Chukchi) for the years
1950-1993 were used as an index of summer processes.
The ice coverage in this period shows the integral effect
of ice melting processes and ice outflow (or inflow) into
this sea during spring and summer. Ice coverage values
determined as part of sea water area covered by ice were
obtained by planimetry of sea ice charts constructed on
the basis of satellite and visual observations.
The EOF decomposition of the ice coverage in the
arctic seas was also studied. The first vector has
positive values with the exception of the eastern sector of
the Kara Sea and simulates variability of the total ice
coverage of the seas. The second EOF characterizes the
well-known ice opposition of the western and eastern
sectors of the Arctic. Other EOFs describe the
asynphase character of ice coverage oscillations in
different sectors of the seas. Ice coverage EOF
decompositions performed by the authors are close to
results previously achieved by Nikolayev and
Sarukhanyan (1973).
The first principal component of ice coverage results
from the large anomalies seen in 1968 and 1990. The
second and third components reveal low-frequency
oscillations.
3.

INFLUENCE OF CIRCULATION ON ICE
COVERAGE

When to contemporaneous variables are correlated,
we often say that X and Y are related; more rarely we
can say that X caused Y. When one of the vaiables is
time lagged with respect to the second, it is more
common to say that X(t) caused Y(t+tau). For this study,
we take as an axiom that X caused (or influenced) Y if
X(t) is correlated with Y(t+tau).
The influence of ocean circulation on the ice
coverage of the arctic seas was considered at the first
stage. We used periods of from four months to two
years and four months.
Correlation analysis was carried out in order to reveal
regional peculiarities of the relationship between the
circulation and ice coverage. In this case, actual ice
coverage values were correlated with principal
components of dynamic heights EOF decomposition.
Values of calculated correlation coefficients are rather
high for some parts of the seas.

Specific features of the circulation for the four months'
period for EOFs D1 and DJ exert significant influence on
the ice coverage of the Chukchi Sea and to a lesser
extent on the ice coverage of the East Siberian Sea.
Weakening or strengthening of the anticyclonic gyre and
variations of the Siberian branch of the current
determined by them and simulated by D2 correlates to
some extent with the ice coverage of the Laptev Sea.
Loose coupling of circulation specific features that are
accounted for by D1 and DJ is observed for the period of
16 months with the ice coverage of the Chukchi and East
Siberian Seas and also for the western part of the Laptev
Sea.
This relatioship weakens significantly for periods
exceeding two years, with the exception of the southern
part of the Kara Sea. The ice coverage in this region
correlates with the first component of the dynamic
heights with a coefficient equal to -0.40. The other
coefficients are very small.
The reciprocal analysis of the principal components
of the EOF decompositions of the dynamic heights and
the sea ice coverage found only one significant
correlation: that the D2 component of dynamic heights
decomposition correlates with the L1 component of ice
coverage decomposition (coefficient 0.42) for the 16
months period. As the first mode of ice coverage
decomposition represents the total ice extent in the seas,
we conclude that general intensification or weakening of
circulation in the Arctic basin leads to a respective
increase or decrease of ice extent in shallow seas.
To further investigate the relationship between
circulation and ice coverage, we used the method of
singular value decomposition (SVD). This method
maximizes correlation between characteristics under
consideration (Bretherton, 1992). The decomposition
was performed using the same time periods.
Correlations of vectors of SVD coefficients with the
same numbers (correlations of vector coefficients of SVD
with different numbers equal zero) allow us to make
conclusions on the presence or absence of a statistical
relationship. The obtained correlations are high (up to
0.54), especially for the period of 16 months. The SVD
results illustrate the influence of the ocean circulation in
the Arctic Basin on the ice coverage in the Arctic seas.
4. INFLUENCE OF ICE COVER ON CIRCULATION
In section 3 we said that some aspect of the ocean
influenced the ice cover. Now we shall investigate the
possibility that the ice cover influences ocean circulation
by correlating the variables at 8 and 20 months.
Correlations of actual ice coverage values for each of
seven regions of the seas with the principal components
of the dynamic heights decomposition were calculated for
periods of 8 and 20 months. These correlations seems
to be rather high for the eastern sector of the Arctic for
the shift of eight months and for both parts of the Laptev
Sea for the shift of 20 months.
A correlation analysis of the principal components of
the ice coverage and the dynamic heights was also
performed. Obtained correlations are on the whole not
high, except for the influence of the L1 component of the
ice coverage on the DJ component of the dynamic
heights (-0.38 for the shift 8 months) and influence of the
L1 component of the ice coverage on the D2 component
of the dynamic heights (-0.32 for the shift 20 months).

269
The influence of total ice coverage changes (simulated by
the first component L1) on circulation changes in the
Arctic Basin (described by components D2 and DJ) may
be presumed for the shift of eight months.
The SVD method was again used to verify obtained
results. Correlations of vectors of SVD coefficients with
the same numbers are as high as 0.45 for shift 8 months.
SVD decomposition made for both shifts conclusively
demonstrates the influence of summer processes in the
Arctic seas (the ice coverage in August is an index of
these processes) on the circulation in the Arctic Basin.
5. SELF OSCILLATION
A sequence of forward and backward lagged
correlations linking dynamic heights anomaly and ice
coverage can be used to construct a self oscillating
system. We have determined direct and feedback
correlations between ice coverage variations in the
marginal seas and surface circulation in the Arctic Basin
chncter of conjugation of ice and hydrological largescale processes and integrating consequences of
succession
of
unidirected
and
alternating
interdependencies.
As mentioned above, there is a high correlation
between the D2 component of circulation and the ice
coverage in the seas of the eastern Arctic sector for
some time intervals exceeding a year. We shall consider
a conjugation scheme of ice coverage and hydrological
processes for the Laptev and East Siberian Seas, using
the western part of the Laptev sea as an example. The
ice coverage increases by positive values of the D2
principal component after 16 months. The extensive ice
coverage after 20 months causes a sign change of input
of the second principal component of dynamic heights.
The ice coverage decreases by negative values of D2
principal component after 16 months and the small ice
coverage after 20 months causes sign change of input of
the second principal component of dynamic heights, thus
the cycle is completed in six years. In conditions of
rather high correlation coefficients of direct relations and
feed>acks and their signs one can say that the fulfilled
analysis allows us to suggest a possibility of autooscillation system "the ice coverage of the Laptev and
East Siberian Seas - the surface circulation in the Arctic
Basin". lt is typical that autocorrelation functions of the
first two principal components of dynamic heights reveal
a six year periodicy. The temporal autocorrelations of
dynamic height fields also reveals six year maxima.
We identify the circulation type characterized by
weakened anticyclonic gyre and Transpolar current (as in
fig.2c) as B type, and the circulation type characterized
by vast and intensive anticyclonic gyre and the reinforced
Transpolar current as A type. Thus, a chain of conditions
type A ~ increased ice coverage ~ type B ~
decreased ice coverage ~ type A forms a system cycle
with the period of 6 years. In order to study this
oscillation, we took the second principal component D2,
which is responsible for 20% of dynamic heights
interannua! variability. Using a D1 component for analysis
and a six year period as typical for the first two principal
components, we can suppose that the auto-oscillation
model can describe about 30-40% of interannua!
variability of coupled patterns in system "circulation - ice
coverage".

The formed circulation type, for example type A,
gradually exerts influence on the ice coverage in the
eastern seas. Link of indices of the circulation and the ice
coverage will reach its peak after approximately 16
months. The increase in ice coverage is determined by a
weakened freshening of sea surface layer. Influence of
this insufficient freshening spreads in part of the Arctic
Basin and leads to circulation type B after approximately
20 months.
This results in conditions favorable to more intensive
ice outflow from the sea$ and a hindering of the entrance
of multiannual ice into the seas. In its turn, this a
decrease in ice coverage and an increase in freshening
after approximately the same period of time. Freshened
waters reaching the Basin cause the transformation of
the water density field and then after the certain period
the surface circulation, which finally favors development
of the type A circulation.
6. SUMMARY
We used lagged correlation analysis to show the
coupled patterns in dynamic heights of Arctic basin and
ice coverage of shallow seas. Determined direct and
feedback correlations were use to construct a self
ocscillating system with a period of six years. The
empirical orthogonal functions decomposition and
artificial simulation were used to reveal the physical and
geographical nature of this oscillation.
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New Ice Fonnation over Leads During the Autumnal Freezing of the
Beaufort Sea
M. Tschudi, J. Curry and J. Maslanik
Leads play an important role in the surface energy balance of the Arctic. Aircraft observations of leads were
performed during the Beaufort and Arctic Storms Experiment (BASE) during the autumn of 1994. Several
downward-looking instruments, including the Airborne lmaging and Microwave Radiometer (AIMR),
Multichannel Cloud Radiometer (MGR), Heimann Pyrometer and a digital video camera win be used to
examine lead fraction and the variability of ice cover over refreezing leads in the Beaufort Sea. Microwave
observations can separate thin ice from open water in the leads, while visible and near-infrared images can
provide estimates of the ice thickness, which is observed to vary within a lead. The variation of ice thickness
over leads is important in determining the heat flux that is produced from each lead, and may be an
indication of the prevailing wind and/or oceanic circulation
Mark Tschudi
email: tschudi@monsoon.colorado.edu
Department of Aerospace Engineering
Campus Box 429
University of Colorado
Boulder, CO 80309-0429
(303)492-4469
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ON THE VARIATION DURING THE PAST 400 YEARS OF THE BARENTS SEA ICE EDGE POSITION AND
NORTHERN HEMISPHERE TEMPERATURES

Torgny Vinje"
Norwegian Polar Institute
1.

ABSTRACT

A series of ice m~s covering four humred yea-s has
been compiled from literature study, in-house log books and
other collected material. We consider here the m~s portraying
the August ice edge in the sector between 20 and 45° E.
covering the western Barents Sea and the adjacent part of the
Arctic Ocean.
The 20-year running mean ice edge position over the
period 1861-92 and the corresponding deviation of the Northern
Hemisphere temperature from its 1961-1990 mean. shows a
correlation where 82 % of the varianct! is statistically explained.
An ex~lation of this relationship backwa"d in time suggests
that the Northern Hemisphere mean temperature (NHMn
experienced a decrease of about 0.6o C from about 1580 to
1650 an increase of the same order from about 1650 to 1760
and ~ subsequent decrease of the same order, but over a period
of only three decades, from 1760 to 1790. The observations
suggest further that the NHMT has increased ~ut 0.7° C. trcx:"
the minimum point around 1790 until today, With a rate wh1ch 1s
three fold higher during the 20th century as compared with the
19th century, and that we in a climatic sense are about to leave
the little Ice Age.
2.

INTRODUCTION

Explorers, whalers, sealers and fishermen have operated
in the Atlantic approach to the Arctic Ocean for a period of more
than 400 years. Willem B;:r-entsz was the first to provide
information on ice conditions in the northern Barents Sea when
he discovered Spitsbergen during his search for the North-East
Passage in 1596 (Gerrit de Veer. 1609). Previous to this, the
Dutch had trading connections with Archangels which provided
ice information from the eastern Barents Sea. Observations
becane more frequent when whaling started early in the 17th
century, and since 1730 ice information is available for most
years (Fig. 2). The Norwegians started annual sealing in 1853
and the increased amount of information since then is mainly
due to the comprehensive collection of Norwegian ship logs and
meteorological observation journals initiated by the late Adolf
Heel.

3.

OBSERVATIONS

The series of historic ice maps have been compiled from
information given by a number of authors listed in the
References below as well as from in-house log books and other
collected materiel. The ice maps have been digitized and the
source for a given ice edge line has been chcracterized on the
scale 0 to 9, indicating weather it stems from ship, aircraft
(since 1953). satellite (since 1966) or land station observations
of various kind.
In addition to ordinary positional estimates, most of the
historic ice information is also tied up with reference to land in
the area in question, and should therefore be fairly reliable. The
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seasonal and spatial variation of sea ice distribution learned from
the last three decades satellite imageries has been used for
extrapolation of the ice edge for yea-s when observations were
avaikt>le in an adjacent area or month. This concerns mainly
information for the period before 1800.

4.

GENERAL FEATURES

August is generally the month in which we observe. ~e
maximum annual retreat of the ice edge. Apart from a pos1tive
radiation balance and southerly winds during the melting season,
the area in question (Fig.1) is also ultimately affected by the
wcrmer eastbound North-Atlantic current which continue as a
northbound current in the Norwegian Sea where it splits up in two
branches engulfing the Barents Sea.
The observation series of the August mean ice edge
(Fig.2), reveals large variations from year to year. There are also
large variations on centennial and decadal scales. The extreme
northern ice edge positions in the sector in all probability coincide
with an increased influx of water from the Norwegian Sea
entering the Arcfic Ocean north of Svalbard and forming Whalers
Bay. so named during the whaling period. An. incr~ed eastward
extension of this bay in turn affects the 1ce m the northern
Barents Sea being eroded by warmer currents from both north
and south during these events. Extreme northern extensions of
Whalers Bay. contemporary with a complete disintegration of the
ice in the Barents Sea proper (south of soo N). were reported
between 1660 and 1760. Similar northern extensions of the
Whalers Bay is seen to be approached again during recent
decades.

The August mean ice boarder shows the most southern
positions around 1650 and 1790 with a pron_ounce~ more
northern one in between. under an optimum penod dunng the
Little Ice Age (Fig.2). After the minimum retreat around 1790, an
increase in the annual retreat has continued throughout the 19th
and 20h centuries. This general temporal variation of the position
of the ice edge corresponds closely with the fifty-year averages
(Fig. 3) over the period 1700-1950 of the July- August
temperatures for the central England (Fig. 30 in Lamb 1995). lt
can be assumed that the very high correlation between the
latitude of the August ice bo<J"der in western Barents Sea and the
summer temperatures in central England, (R2 = 0.97), is
connected with the fact that England also is climatically affected
by the pole-ward atmospheric and ocean~hic fluxes through
the North-Atlantic approach to the Arctic.
A marked change took place around 1910 after which year
the long term average annual melt-back rate becane three times
1~ than during the preceding period, 1790-1910. This marked
change coincides with increased temperatures at Spitsbergen
during the first decades of this century (Steffensen 1982), and
also with an increase in the Northern Hemisphere mean
temperature (NHMT) (Fig. 2).
.
There is a clear parallelism between the August mean 1ce
boarder position, illustrated by its 20-year moving average, and
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the corresponding deviation from the NHMT (Fig. 2). A
regression analysis gives a squared correlation coefficient of R2
=0.82, showing that as much as 82% of the variance can be
statistically explained. Comparing the August mean ice boarder
with the local temperature the preceding winter reported by
Steffensen (1982), we get squared correlation coefficients of ,
respectively, 0.45 and 0.37 for the 5- and 10-year moving
averages over the period 1911-1975. This relatively lower
correlation indicate that it is the vaiation in advected
themlodynamic effects that plays the major role for the vaiation
of the annual ice edge melt-back in the Barents Sea.
The significant correlation between the August position of
the mean ice boarder and the NHMT suggests that we can
make an backward extrapolation, and use the mean ice edge
variation as a first order proxy for a temporal variation of the
NHMT (See Fig. 2, where the scale is: 10 latitude= 0.2o C). The
ice edge series accordingly indicat:s that the NHMT has
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Fig. 1: Composite ice edge position based on
observations and descriptions collected during
the first half part of June 1756. The continues
lines represent observations, while the broken
lines represent the most probable extension of
the ice edge according to the last 30 years
knowledge of the sea ice distribution. The
present ice edge series refer to August
observations between 2rJl E and <ffil~E
between Svalbard and Franz Josef Land.

Fig 2.: August ice boarder given
by its mean latitude (left ordinate)
in the sector 20 to 4&l E, western
Barents Sea. Black bars indicate
open water. Intervals of gray tone
extending down to 74° N indicate
lack of observations. The upper
white line is the 20-year moving
averages. The lower white line
shows the deviation (right
ordinate) from the Northern
Hemisphere mean temperature
1961-90 after Nicholls et al.
(1996).
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Fig. 3: 50-year mean August ice boarder in the
western Barents Sea, 1700-1950, versus the 50year mean deviation from the mean July and
August temperatures observed in central
England, 1700-1950 (Fig. 30 in Lamb 1995). The
average latitude of the ice boarder in the western
Barents Sea for the remaining period 1950-1997
is 7f!JN, suggesting an increase of 0.5°C in the
July and August temperatures in central England
since the minimum period 1800-1850.

50-year mean deviation from central England
mean July and Augusttemperatures, 1700-1950

Acknowledgement: Mr. Geir Kja!lllli of the Norwegian Meteorological Institute compiled the ice map series from which the mean
August ice edge has been determined. Mr. Kja!lllli has extensive
experience in the subject

274

Ice fluxes through Fram Strait
Torgny Vinje' , Anders Rudberg and Svein 0sterhus
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Introduction
The net production of ice mass in the Arctic
Ocean is transported by the Transpolar Current
through Fram Strait; the major connecting
passage with the world oceans. This transport
which represents the world's largest fresh
water flux next to the Amazons, affects the
stability in the Nordic Seas to a variable extent
as the ice melts on its way southward in the
East-Greenland Current. These fluxes and their
variability have been studied under a
measuring programme since 1990. Since 1993,
the programme has been supported by the EU
under ESOP/MAST 2 and 3;
Methods
Time series of monthly mean area and ice
volume fluxes through Fram Strait have been
measured for the period August 1990-August
1996. The ice thickness has been monitored
from upward looking sonars (ULS), the width of
the ice stream has been taken from weekly ice
maps edited by the Norwegian Meteorological
Institute, and the ice velocity series has been
determined from the relation between a twelve
monthly mean SAR-derived ice velocity series
in the strait and the gradient wind in the
northern part of the north-east Atlantic trough
(Vinje et. al1997).
The distribution of the ice area fluxes in the
East-Greenland Current, January 1990December 1994 have been determined using
the 85.5 gHz -derived velocity pattern from
SMM/1 imageries.

Results
Time series of the monthly mean fluxes are
given in Fig. 1 and 2. lt is noted that we here
consider fluxes which are representative for 6
*Corresponding author: Torgny Vinje, Norwegian Polar Institute,
Postboks 50J2, Majprstua; N-{)301 Oslo~ Norway

E:maib ten.JA¥:Vinje@npliMar;no-

years, covering most of the period 1989-1995
which exhibits a maximum positive index of the
North Atlantic Oscillation (NAO). The
relationship between the NAO index and the ice
edge is illustrated in Fig. 3. The S-component
of the ice area fluxes past the different latitudes
are given in Fig. 4 and a sample monthly 85.5
gHz-derived mean drift pattern in Fig. 5

Area flux
Close to 90% of the ice area flux in Fram Strait
passes between 0 and 10° wwhi~h therefore
becomes the most important interval for ice flux
monitoring (Fig. 1). There is a clear annual
cycle in the area flux with a mean minimum
during the summer months which is about half
as high as the mean maximum observed during
the winter months. The annual flux varies
between. 0.82 x 106 km 2 {ea( 1 in 1990-1991
and 1.53 X 106 km 2 yea( in 1994-1995. The
mean for the six-year period is 1.10 x 106 km 2
yea( 1.
The 85.5 gHz-derived annual mean meridional
ice area flux through Fram Strait (Fig. 4) is
0.89 x 106 km 2 yea( 1 or about 80% of the
estimate of 1.10 x 106 km 2 yea( 1 by Vinje et al.
1997. Some of this difference may be due to
the fact that the latter figure comprises a longer
time span including the extreme year 19941995.
Assuming that the meridional reduction in the
mean ice thickness in Fram Strait (2.6 m) is
proportional with the meridional reduction in the
ice area flux (Fig. 4), we get that about 72% of
the ice that passes through Fram Strait each
year is melted in the Greenland Sea while 28%
in the Iceland Sea (during a period with
maximum NAO index (Fig. 3)).
There is a large variation from season to
season in this melt water distribution, with
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percentage distributions in the two seas of
40:60 in March when we observe the maximum
ice extension and 100:0 in August during the
height of the melting season.

Volume flux
The annual mean cross-strait ice thickness is
about 2.6 m with a maximum interannual
variation of 25%. The mean annual ice mass
flux which is equal to the annual net ice
formation in the Arctic Ocean, is about 2850
km 3 yea( 1. This compares with the model
results, 2700 krJll yeart, of Harder et al. (in
press). The observed volume efflux shows
significant variation from year to year with
minimum in 1990-91 of about 2050 km3 yea( 1
and maximum in 1994-95 of 4700 km 3 yea(1.
This significant variation of nearly 130% is
mainly caused by an increased atmospheric
forcing and to a lesser degree by an increase in
the annual mean ice thickness of about 25%
over the same period. Comparison with drillings
(Romanov 1995) and submarine observations
(Bourke and Garrett 1987) within the Arctic
Ocean indicates that no significant change of
the ice thickness has taken place during the
last 2-3 decades as is also shown by e.g.
Mclaren et al. (1994) and Shy and Walsh
(1996) for data at the North Pole.
Our observations (Fig. 2) shows a clear annual
cycle with a maximum flux in March which is
about three times larger than the minimum flux
in August. The annual cycle is mostly
determined by the change in the atmospheric
driving force as illustrated in Fig.1.
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Figure 1
Time series of monthly cumulative ice area flux
past 79"N in Fram Strait August 1990 August
1996.
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Figure 2
Time series of the monthly ice volume flux
through Fram Strait August 1990-July 1996.
The error of the monthly values is assumed to
decrease from 20% for the smallest values to
about 10% for the highest values.

Figure 3
The median ice border at the end of April for
the periods 1963-1969 and 1989-1995. with,
respectively, a minimum and a max1mum
circulation index of the North Atlantic Oscillation
(NAO) according to Hurrell 1995. The m~re
northern position of the ice edge for the penod
1989-1995 corresponds to a redu~tion in the
ice extent of about 647 000 km from the
earlier period, 1963-1969, with a minimum NAO
circulation index.
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RIVER WATER INFLOW TO THE ARCTIC OCEAN- CONDITIONS OF FORMATION, TIME VARIABILITY
AND FORECASTS

Valeri S. Vuglinsky
State Hydrological Institute, St. Petersburg, Russia
Surface water inflow to the Arctic Ocean is
one of the basic components of the freshwater balance
of the Arctic region. The Arctic Ocean gets annually
about a half of the total freshwater volume due to the
discharging from the river basins of the continents
(Report, 1996). Precipitation, falling on the basins,
forms the second half.
Surface water inflow to the Arctic Ocean
forms on the large territories of North America and
Eurasia, which stretch to the soutp till 50° n. 1. Total

area of the basins with river runoff discharging to the
2

ocean is more than 22 000 000 km .
For estimation of surface water inflow to the
Arctic Ocean the hydrometric data have been used.
About 60% of drainage area of the continents are
covered by river runoff observations now. The river
runoff inflow to the Arctic Ocean from the rest part of
continents and islands was culculated.
The total mean annual surface water inflow as
well as water inflow from the different continents to
the Arctic Ocean is demonstrated in table 1.

Table 1 - Surface inflow into the Arctic Ocean
Discharge from the mainlands
Continents
ga1.18ed river basins
%
km 3 /year
Eur~

Asia
North
America
All continents

km 3 /year

Ungauged
discharge
from islands
km 3 /year

total
un_gua&ed river basins
%
km 3 /year

discharg~

285
1793
473

46
76
81

337
561
109

54
24
19

622
2354
582

72
36
603

2551

72

1007

28

3558

711

The table shows that the main portion of total
annual inflow to the Arctic Ocean (>55%) comes from
Asia. Quite considerable portion of total annual inflow
to the Arctic Ocean (> 16%) comes from the islands
(mainly from the numerous islands of North America).
Total runoff from these islands exceeds total inflow
from the continental part of North America.
The main part of water inflow to the Arctic
Ocean forms from the territory of 9 large river basins
of Eurasia and North America. Each of them has
3

annual runoff more than 50 km /year. In table 2 the
main components of water balance of these river
basins are shown.
The variability of total annual inflow to the
Arctic Ocean is insignificant as well as inflow from the
continents (Cv < 0.1). The variability of annual river

runoff to the Arctic Ocean from the territories of large
river basins is also not significant (C v = 0.08- 0.28).
The nature of interannual variability of the
water inflow to the Arctic Ocean from the large river
basins varies greatly. The analysis of typical
hydrographs of large rivers of Eurasia and North
America has shown that for Eurasian rivers it is typical
not long but high spring-summer flood during 2-3
months, when mean monthly discharges exceed the
mean low-flow discharge in 7-10 times. Then the
runoff is decreasing during 2-3 months, after that
follow a period of low flow for 6-7 months. The other
type of interannual variability of river runoff is typical
for Canadian rivers, for example, Mackenzie river.
Spring flood
here is characterised by the fast
increasing of water discharge, which does not lead to
the intensive increasing of water availability as it
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Table 2- Water balance of main river basins of the Arctic Ocean
River
basin
Yenisei
Lena
Ob

Mackenzie
Pechora
Kolyma
Severnava Dvina
Khatanga
Indigirka

River runoff
km 3 /year
mm/year
630
244
532
214
404
135
264
145
130
404
128
197
305
109
242
88
149
54

Water balance components
Precipitation
mm/year
km 3 /year
1340
519
464
1155
545
1629
480
860
702
226
258
398
706
252
153
419
364
131

happens as it is in Eurasian riyers. Mean monthly
discharges during floods exceed mean low-flow
discharge in 4-5 times. The low-flow period is from
December to April.
The influence of man's
activities on the river runoff discharging into the
Arctic Ocean is not significant. The water resources of
small arctic mainland and island rivers do not change
under the man's activity now. The influence reveals
only in the upper parts of large Siberian river basins Ob, Yenisei, Lena. The main anthropogenic factor in
these basins is large reservoirs
(Novosibirskoje,
Angaro-Yeniseisky reservoirs cascade, Vilyuiskoje).
According to the modem estimations the annual runoff
of Ob river decrease under man's activity up to 2%, for
Yenisei- 3o/o, for Lena- 1%, and there is no reason to
expect decreasing of the runoff of Eurasian and North
American large rivers discharging into Arctic Ocean in
the near future.
The question of the change of river runoff
affected the influence of possible climate changes is
still under discussion. The existing climate models are
very contradictions. For instance, according to global
climate warming-up conception the rising up of the air
temperature on l°C by 2005-2010 yr. will cause the
rising up summer temperatures on 1-2°C and winter

Evapotranspiration
mm/year
km 3 /year
275
710
250
623
410
1225
335
596
298
96
201
130
401
143
177
65
215
77

temperatures on 3-4°C in the large river basins
discharging into the Arctic Ocean. Annual sum of
precipitation for the same territory in this case will be
changed insignificantly. The approximate estimations
show that insignificant (up to 10%) increasing of
water discharges of North American and Eurasian
large rivers may be expected in this case.
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Downstream variability of Arctic Ocean sea ice thickness and its relationship to heat flux
Peter Wad hams
Scott Polar Research Institute,
University of Cambridge,
Cambridge CB2 1ER, England.
1. Introduction
Data have been obtained from a UK
submarine cruise (May 1987) in which the
track constitutes a streamline for average ice
movement in the Trans Polar Drift Stream,
moving from the North Pole through Fram
Strait into the East Greenland Current. Fig. 1
shows the locations of data obtained within 1o
latitude bins. Mapping the trend of the ice
thickness along this track yields evidence of
bottom melt occurring deep within the Arctic
Basin.

latitude is occurring at least from 86°N
southward, continuing into the Greenland
Sea. There are three possible mechanisms
for the thinning, all of which may occur
together. They are:- (1) bottom melt, as the
season (May) was too early for surface melt;
(2) mixing of ice types, i.e. a change in the
composition of an icefield as it moves south
from the Pole due to the addition of ice
moving westward from the seas north of
Siberia to the older ice mass moving over the
Pole; 3) divergence of the icefield, opening up
new water area. When we examined the
fraction of ice less than 0.5 m thick in the
thickness distributions (i.e. recently opened
leads) we found that from the Pole
southwards there is no significant increase in
this fraction, which remains at about 0.1, until
well into Fram Strait at 78-79°. Thus
divergence cannot be the main cause of the
thinning within the Arctic Basin.

Regions wllere upward sonar dala ware oollecled.

Figure 1. British submarine data from 1987:
regions where upward sonar data were collected.
Each box encloses all data collected within a 1a
latitude bin.

Fig. 2 shows mean drafts for data
from 1o bins, with standard errors calculated
using the result of Wadhams (1997) that the
standard error in a 50 km track section is
about 13% of the mean. A linear regression
using the entire dataset takes the form
H = 0.210 8- 14.617

(1)

where H is mean draft in metres and 8 is
latitude in degrees. Correlation coefficient is
0.95. If we consider only data south of 86°
(since values near Pole appear to be
relatively stable) a new linear regression
gives gradient and intercept of 0.219 and 15.304, with a slightly lower correlation
coefficient of 0.93.
The results show that a genuine trend
of decline in mean thickness with decreasing
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Figure 2. Mean ice draft as a function of latitude
along route shown in Fig. 1.

2. The evolution of the thickness
distribution
To distinguish between mixing and melt
we first test the hypothesis that the evolution
is due to melt alone, and see whether the
shape of the evolving distribution fits this
idea. Firstly we derived a depth-specific
ablation rate by examining the cumulative
density function g(H). Consider a particular
draft value H1 at latitude 81. Then if melt is
the only process occurring, all ice of thickness
H1 or less will melt to a thickness H2 or less
(H2<H1) after moving downstream to a
latitude 82, such that
g92 (H2) = 991 (H1)

(2)

Therefore, since during melt it is not possible
for one depth category to "overtake" another,
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this method of comparing two cumulative
density functions at the same values of g(H)
permits us to calculate depth-specific melt
rates for all categories of ice thickness.
Fig. 3 shows a family of g(H) cuNes
calculated for 1o latitude bins, plotted at every
third degree from 89-90° down to 74-75°. If
melt is occurring each downstream curve
should lie wholly to the left of the one before
it. This is seen to be the case except for the
first pair (86-8r versus 89-90°). If freezing
were occurring we would expect a shift to the
right at the relevant depth ranges, while
ridging would also shift the curve strongly to
the right, especially at the lower depth
categories. Conversely, divergence would
lead to a steep g(H) cuNe at zero or nearzero depth, gradually moving closer towards
its predecessor. Such behaviour does not
seem to be occurring here and the general
shape of the cuNes is consistent with melt.

··-.;:·-·.

approaches to Fram Strait (80-81 o versus 83840). The analyses in the Greenland Sea stop
at lower drafts because there is not enough
thicker ice remaining.
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Figure 4. Depth-specific melt occurring in 3°
increments of downstream motion, calculated from
cumulative density functions.
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Figure 3. Cumulative density functions of ice draft
for data from 1o bins covering 89-90°N, 86-87"N,
83-84°N, 80-81°N, 77-78oN and 74-75°N.

Fig. 4 shows depth-specific melt rates
calculated from (2) for starting depths H1 at 1
m intervals from 1 m to 15 m (beyond which
the data are too sparse for a valid treatment).
We have plotted (H 2 - H1) for each 3° shift of
latitude. If we interpret the g(H) changes as a
melt, then it is clear that the melt rate
increases with depth. The first pair of curves
(86-8r versus 89-90°) show no melt in the
range 1-6 m, where most of the ice probability
density function lies, as indeed is suggested
by fig. 2 which showed that the decline in
mean draft is not obvious before we get to
86°N. Nevertheless, this more sensitive
method does show that at thicker depth
categories (7 m and more) there is a melt
occurring even at the highest latitude, which
becomes steadily more rapid as thickness
increases. For all the other successive pairs
of curves there is melt at all depth categories,
again with a melt rate that increases with
depth. The melt appears to be fastest in the

3. The heat flux into the ice
If we speculatively assume that melt is
indeed the dominant process affecting the
downstream evolution of ice thickness from
the North Pole to the Greenland Sea during
the period under analysis, we can calculate
the heat fluxes involved and check on
whether they lie within a physically realistic
range. If X is downstream (southward)
distance, then the ice drift velocity V is dX I dt
while the melting heat flux into the ice bottom
a is given by

a = - L Pi dh I dt

(3)

where L is latent heat of fusion of sea ice, Pi is
ice density and h is ice thickness. In this case
we are dealing with ice draft H rather than
thickness, so if isostasy is observed, (3)
becomes

a =- L Pw dH I dt

(4)

L is a function of salinity but an appropriate
value for the lower ice surface is 200 kJ kg- 1
[Ono, 1967], while a review of Arctic nearsurface water density (Pw) data recommended
1024 kg m-3 as the best value to use for late
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winter [Wadhams et al., 1992]. We have
found empirically that
dH I dX = - k

(5)

where k is 0.219 metres per degree, i.e. 1.97
10-6 . Combining (3) to (5) gives

X

Q = L Pw V k

(6)

implying that in this region during the
experimental period the latent heat flux into
the ice is proportional to the ice drift velocity.
Using the values quoted above, (6)
yields Q = 403 V (W m·2). If we use typical
values for ice velocity from Untersteiner
~1988], we obtain estimates for Q of 8.1 W m·
at 86°N (2 cm s- 1), 20 W m'2 at 82°N (5 cm
s- 1), and 61 W m'2 in Fram Strait (15 cm s- 1).
Q is a latent heat flux and is not identical with
ocean heat flux, since the role of conductive
heat flux through the ice is unknown. The
figures are reasonable, but are much greater
than the commonly used value of 2 W m-2 for
the whole oceanic heat flux, which yields the
observed equilibrium thermodynamic ice
thickness of about 3 m [Maykut and
Untersteiner, 1971].
4. Discussion
The large latent heat fluxes are
suggestive of possible increased heat flow
from the ocean. What is the origin of this
heat? In recent years evidence (given in
many papers at this Conference) has
emerged of a significant warming of the
Atlantic layer in the Arctic Ocean. Was this
warming evident as early as 1987? There is
some evidence that it was. The 1991 "Oden"
cruise showed a slight wanning near the Pole
[Anderson et al., 1994; Rudels et al., 1994],
while warmer than usual temperatures were
reported in the Atlantic Water inflow in 1990
by Quadfase/ [1991].
Is this Atlantic Layer warming enough to
account for the high calculated heat fluxes?
Reference to Anderson et al. [1994] allows a
crude estimate of the magnitude of the recent
oceanic heat flux within the Eurasian Basin.
Their fig. 9 shows a strong similarity in
temperature profile between pairs of stations
(12 and 48, 17 and 31) which suggests that
the general trend of Atlantic Layer water
motion in the western part of the Nansen and
Amundsen Basins is at right angles to the line
of the Gakkel Ridge (Arctic Mid-Oceanic
Ridge), i.e. generally NW. The effective
speed of advance can be crudely estimated
as of order 0.5 cm s· 1 from Lewis and Swift
[1996]. Consideration of the cooling along the
two transacts shown in their fig. 8 (stations 926, 43-61) using this speed value then

suggests that 6-8 W m·2 of heat is lost from
the Atlantic Layer as the water advances. If
all of this heat is lost upwards into the upper
layer and thence to the surface, this would
give an oceanic heat flux which is comparable
in magnitude with the lower end of our latent
heat flux values. lt is therefore possible that
the wanner Atlantic Layer which is now found
in the Eurasian Basin is causing a more rapid
rate of ablation of Arctic sea ice, beginning at
a higher latitude. Further data gathering, on
ice thickness and velocity and water structure,
is needed to test this very speculative idea.
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CLIMATE STUDIES OVER THE ANTARCTIC PLATEAU USING DOWNWARD INFRARED RADIANCE SPECTRA
Von P. Walden *
University of Wisconsin, Madison
Ash Mahesh, and S.G. Warren
University of Washington, Seattle

1. INTRODUCTION
The Antarctic Plateau is a region of large-scale
atmospheric cooling that helps drive Earth's general
circulation. Parish and Bromwich (1997) stressed the
importance of near-surface processes on the Plateau to
southern hemispheric weather and climate, and Lubin et al.
(1998) have shown that the simulated Antarctic climate is
sensitive to the specification of cloud optical properties.
There are many research stations around the periphery
of the continent, but only a few in the vast interior. However,
measurements at these interior stations are particularly useful
because they can represent very large areas, due to the
horizontal homogeneity of the ice sheet surface. Long
records of meteorological data from the interior exist for three
stations: South Pole (40 years), Vostok (40 years), and
Plateau (3 years). Automatic weather stations provide some
additional records (Steams et al. 1993).
Many previous Antarctic field programs have reported
measurements of broadband infrared radiation fluxes.
However, such measurements are not useful for identifying
the spectral content of downward infrared radiation, which is
useful for identifying causes of changes in the radiation
budget and for retrieving properties of the atmosphere.
Spectral radiances were measured at South Pole throughout
1992 by a Fourier transform interferometer (FTIR) at viewing
zenith angles at 45, 60, and 75 degrees, every 12 hours
(Walden et al., 1998). The spectral resolution of the data is 1
cm· 1; the spectral bandwidth of the instrument is 550 to 1500
cm-1, or 7 to 18 11m. The measurements were taken near the
launch times of routine radiosondes. Ozone profiles were
obtained from weekly ozonesondes. Mixing ratios of C02,
CH4, N20, CFC-11, and CFC-12 were obtained from
continuous measurements at the surface by NOAA;
stratospheric mixing ratios were obtained from UARS.
These measurements are being used to provide
information not only for modeling of Antarctic climate but also
for testing of radiation models that are used in climate
prediction models worldwide. South Pole Station is an ideal
location for acquiring data for both purposes, since it
* Corresponding author address: Von P. Walden, Univ. of

Wisconsin-Madison, Space Science and Engineering Center,
1225 W. Dayton St., Madison, Wl
53706; e-mail:
von. walden@ssec. wisc.edu

represents the large geographical area of the East Antarctic
Plateau and is also the cold-dry endpoint of terrestrial
atmospheric conditions. A third potential use of such
measurements, which we have not yet pursued, is for testing
of satellite retrievals.
2. COMPARISON OF MEASUREMENTS WITH RADIATIVE
TRANSFER CALCULATIONS
Well-calibrated radiance spectra are useful for testing
infrared radiative transfer codes (Walden et al. 1997; 1998).
Figure 1 shows a comparison of an individual radiance
spectrum with a calculation using the Line-By-Line Radiative
Transfer Model (LBLRTM) of Clough et al. (1992). Model
atmospheres were created using profiles of temperature and
constituents for January (summer), May (winter), and October
(spring).
The calculated spectral radiance generally differs from
that measured by less than twice the total estimated radiance
error (the combined error of the calculations and
measurements), thus validating LBLRTM for Antarctic
conditions throughout most of the spectrum to this level of
accuracy. An exception is between strong water vapor
absorption lines from 1250 to 1500 cm-1, where emission is
dominated by the foreign-broadened water vapor conUnuum.
These differences cannot be explained by errors in the
interferometric calibration or the uncertainty in the
specification of the water vapor profile, so are likely due to an
incorrect water-vapor continuum in the state-of-the-art line-byline model.

3.

CLEAR-SKY SPECTRAL CLIMATOLOGY
INFRARED CLOUD RADIATIVE FORCING

AND

The spectra~ flux contributions for the bands shown in
Figure 1 can be determined for the different seasons under
clear skies by converting the clear-sky subset of spectral
radiances to spectral flux. The flux contribution from water
vapor outside the bandwidth of the interferometer is
determined by taking the difference between the broadband
flux as measured by a pyrgeometer and the spectrallyaveraged flux within the bandwidth of the interferometer. The
total seasonal-average clear-sky flux varies from 80 W m-2 in
winter to 120 in summer. Water vapor is responsible for 67%
of the downward flux, and carbon dioxide 28%, regardless of
season. Ozone, methane, and nitrous oxide contribute most
of the remaining 5%.
The fact that the percentage
contributions from water vapor and carbon dioxide vary little
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Figure 1. Spectral radiance measurement from 1 May 1992 at 75° compared with LBLRTM
calculation. The vemcallines separate the spectrum into six bands; the primary emitters in
each band are indicated. The spurious line at 667 cm- 1 is due to strong absorption by
carbon dioxide where the interferometer mostly views its internal temperature.
with season is surprising, since the water vapor amount
changes greatly between winter and summer, but C02 does
not.
The infrared cloud radiative forcing at the surface is
determined as the difference between the spectral flux from
all sky conditions and that from clear-sky conditions. The
total forcing is about 25 - 27 W m·2, independent of season.
Most of the forcing is in the bands of water vapor (1 0 W m·2),
indicating the importance of the relatively transparent
atmospheric window region from 350 to 550 cm-1 for cold and
dry atmospheres. The cloud forcings in the carbon dioxide
band (7 W m·2) and the 11-11m window (5 W m-2) are also
significant. The ozone, methane/nitrous oxide, and 9-llm
window regions yield an additional 3- 5 W m·2of forcing. The
water vapor and carbon dioxide bands have both direct and
indirect forcing. Direct forcing is caused by emission from
the cloud itself, whereas indirect forcing results when the
presence of a cloud causes a reduction in the strength of the
surface-based temperature inversion.

are most useful for detecting tropospheric clouds over South
Pole Station.
Base heights for clouds over South Pole throughout
1992 are shown in Figure 2. The distribution shows a large
number of low clouds below 500 meters above the surface
and a broad, secondary peak near 2000 meters. Our
technique is only useful for detecting the lowest cloud layer,
so additional cloud layers above the detected cloud base are
possible. South polar clouds are higher on average in
summer (Dec-Jan) when katabatic outflow off the continent is
at its weakest (Parish and Bromwich, 1997), allowing more
upper air disturbances to penetrate into the Antarctic interior.
We have also used a technique described by Grund et
al. (1990) to estimate the optical thicknesses at 10 11m for
these clouds. Downward infrared emission by stratospheric
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4. PROPERTIES OF ANTARCTIC CLOUDS
The C02-slicing technique was introduced by Smith et
al. (1974) to detect cloud-top heights from infrared spectral
data obtained from satellites. We have modified this
procedure for ground-based remote sensing of cloud-base
heights over Antarctica. This technique utilizes the fact that
within the 667 cm· 1 (15-!lm) band of C02, the average
distance an emitted photon travels before absorption
depends on wavenumber. Wavenumbers that are best for
detecting cloud-base heights are those that have an afolding distance of transmission comparable to the distance
to a typical cloud. Wavenumbers in the range 700-750 cm· 1
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Figure 2. Histogram of cloud-base heights derived
from downward infrared spectra taken at South
Pole Station in 1992.

284

ozone is attenuated by tropospheric clouds depending on
their optical depth and the viewing angle. Thus, the ozone
signal above the cloud-emission background, as measured by
the FTIR, decreases with increasing viewing zenith angle
because of the increased path length through the cloud. At
the limit of large zenith angles, photons emitted by ozone
above the cloud are completely absorbed by the cloud. To
obtain accurate estimates of cloud optical thickness, it is
necessary to account for the small amount of ozone within.
and below the cloud.
Figure 3 shows the cloud-base heights plotted as a
function of their infrared optical thickness. Low clouds have a
wide range of optical thicknesses, while high clouds tend to
be thin. Our technique is useful for estimating optical
thicknesses less than about 6; 10% of the clouds detected at
South Pole had optical thicknesses greater than this detection
limit.
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Figure 3. Cloud-base height as a function of infrared
optical thickness. The cloud bases are the same as
in Figure 2.

5. CONCLUSIONS
The downward infrared radiance spectrum is useful for
describing several properties of the atmosphere over the
Antarctic Plateau.
Various components of a general
circulation model can be tested using these data, in particular,
infrared radiation and cloud-generation models. Satellites will
be used to obtain complete spatial and temporal data
coverage of Antarctica, so high quality ground-based
observations such as these, plus in-situ atmospheric
measurements, will be needed to test satellite retrieval
algorithms. Future field programs in Antarctica should be
designed to carry out this task, as well as to provide
verification data for general circulation models.
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OBSERVATIONALLY- AND REANALYSIS-DERIVED ASSOCIATIONS BETWEEN ARCTIC CLOUDS,
SURFACE RADIATIVE FLUXES AND AIR TEMPERATURE
John E. Walsh and William L. Chapman
University of Illinois; Urbana, Illinois

1.

INTRODUCTION

Polar cloudiness and its characteristics can be
expected to change considerably if climate warming leads
to an increase in the area of ice-tree (and warmer) water in
the polar oceans. However, polar clouds and their
radiative interactions are not well simulated by global
climate models (Curry et al., 1996). In the present study,
summaries of cloud-radiative-temperature interactions
obtained from the Russian drifting ice station data are
compared with corresponding evaluations from the
recently released atmospheric reanalyses of the U.S.
National Centers for Environmental Prediction (NCEP) and
the European Center for Medium-Range Weather Forecasting (ECMWF). The reanalyses represent an attractive
intermediate vehicle for assessment because (1) the
models used to assimilate data for the reanalyses are, in
many respects, the same as the models used to simulate
global climate, and (2) the observational constraints on
the reanalyses can be expected to result in more realistic
depictions of the primary atmospheric variables (wind,
temperature, pressure) than is the case in unconstrained
climate model simulations.
This study focuses on the seasonality of the cloudradiative-temperature associations in both the observational data and the atmospheric reanalyses. Because the
results obtained here generally do not include the effects
of spatial heterogeneities in the surface, they may be
viewed as forerunners to the more comprehensive
assessments that are the objectives of SHEBAJARM/FIRE
and related satellite-based investigations.
2.

DATA AND REANALYSIS PRODUCTS

The observational data are the_daily surface reports
from the Russian drifting statiqns NP-2 through NP-31,
each of which operated for a period of several months to
several years during 195D-1991. The Arctic and Antarctic
Research Institute (AARI) in St. Petersburg archived the
observations, which include the standard synoptic
meteorological measurements (e.g., surface air temperature, pressure, wind, cloud fraction) as well as routine
measurements of surface radiative fluxes. Marshunova
and Mishin (1994) describe the radiative measurements
and present a summary of the monthly values. The version
of the dataset used here was provided on CD-ROM by the
National Snow and Ice Data Center in Boulder, CO. A
significant limitation of the dataset is that some of the
measured quantities are representative of only the
relatively thick (stable) ice floes of the central Arctic.
The atmospheric reanalyses consist of eleven years
(1985-1995} of output from NCEP (Kalnay et al., 1996)

and fourteen years (198D-1993) of output from ECMWF
(Gibson et al., 1997}. The resolution of the models used
for the reanalyses was T62 (approximately 210 km) for
NCEP and T106 (approximately 120 km) for ECMWF. Most
of the archived output is 4x-daily at a resolution of 2.5'
latitude x 2.5'1ongitude. For the comparison with the AARI
observational data, we composited the reanalysis output
over a subset of eleven of the 2.5' x 2.5" grid points in the
central Arctic.
3.

RESULTS

The AARI sky conditions were categorized as
"cloudy," "partly cloudy" and "clear" when the reported
cloud fractions (CF) were in the respective ranges
CF ~ 0.8, 0.2 < CF < 0.8 and CF s; 0.2. Figure 1 shows
that, during the Arctic winter (November through April),
cloudy and clear conditions were each reported
approximately 40% of the time; the remaining 20% of the
reports were in the "partly cloudy" category. The rapid
increase of cloudy reports in May mirrors the decrease of
clear reports. Cloudy conditions were reported more than
80% of the time in June-September, and clear conditions
were reported in less than 10% of the cases. Reports of
"partly cloudy" (0.2 < CF < 0.8) are relatively infrequent.
While "partly cloudy" conditions can be difficult to detect
during the polar night (cf. Hahn et al., 1995), "partly
cloudy'' reports were no more frequent during the summer
months than during the winter.
The MRI reports were also grouped into terciles
according to wind speeds. Figure 2 shows the seasonal
cycle of surface air temperature for the four "corner''
elements of the 3 x 3 cloudiness-temperature matrix:
strong winds and clear, light winds and cloudy, etc. The air
temperature varies systematically with both cloudiness
and wind speed, especially in the non-summer months.
The highest t~mperatures occur with cloudy skies and
strong winds, while the lowest temperatures occur with
clear skies and light winds; the mean temperatures for
these two categories differ by approximately 15"C from
October through February. Figure 2 also shows that the
effect of a change from one extreme to the other extreme
of wind has about the same impact (in "C) as a change
from one extreme of cloudiness to the other during the
winter half of the year. By contrast, the temperatures
during summer (June-July) are higher by 1-2"C with
strong winds regardless of cloud cover, indicating that
wind speed is the more effective discriminator when the
melting snow and ice constrain the air temperature.
The monthly means of the net radiation measured at
the ice stations are shown in Figure 3 for the "cloudy" and
"clear-sky" cases. Clouds reduce the positive (downward)
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net flux in May, June and July, implying that clouds have a
net cooling effect in those months. Clouds have a net
warming effect in September through March. The
difference between the two curves in Rgure 3 may be
considered the "Maximum Cloud Radiative Forcing,"
MCRF. The negative MCRF during May-July as indicated
by Figure 3 is consistent with the seasonality of the
conventional cloud-radiative forcing (CRF) in the Arctic
(Schweiger and Key, 1994) but longer than the "two
weeks" of negative CRF found by Curry and Ebert (1992) .

Figure 4 shows that a transition from "clear'' to
"cloudy" skies during winter (November-March) is followed
by a gradual warming of 5-6"C over approximately 48
hours. Similarly, a transition from cloudy to clear skies is
followed by cooling over 12-24 hours. The transition to the
full "cloudy-clear" difference of temperature thus appears
to have a timescale of 1-2 days, which may be regarded
as an equilibration time of the Arctic surface energy
budget over thick ice during winter.
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The distributions of Arctic cloudiness are strikingly
different in the NCEP and ECMWF reanalyses. As shown
in Figure Sa, the NCEP cloud fractions are distributed over
a broad range with the highest frequencies between 0.3
and 0.7; the distributions are nearly identical in summer
and winter. By contrast, the ECMWF distribution (Figure
5b) shows a strong bimodality (either no clouds or
complete overcast) during summer. The seasonality of the
ECMWF monthly mean cloud fractions shows a closer
correspondence
with
the
observationally-derived
fractions. lt should be noted that cloud coverage is not
directly assimilated from observations during the reanalyses; rather, it is determined from the temperature,
humidity and model parameterizations.
Figures 6a and 6b show that both sets of reanalyses
captured the seasonality and actual values of air temperature. However, the association between temperature and
cloudiness is under-captured by the ECMWF reanalyses,
which show "cloudy-clear'' differences of only 2-4'C during
the non-summer months (vs. the MAl values of 8-1
during October-February and 5-6"C during March-May
and September). This "under-capture" of the cloudtemperature correlation arises, at least in part, because
the incident solar radiation at the surface is relatively
insensitive to cloudiness in the ECMWF reanafyses. The

NCEP temperatures (Figure 6a), on the other hand, appear
to be over-sensitive to cloudiness during the SeptemberApril period, although the over-sensitivity is generally less
than about
Finally, Figure 7 summarizes the maximum cloudradiative forcing (solar plus longwave) from the three
sources. The observationally-derived values from the
AARI data are positive in all months from September
through April and negative from May through July. The
values range from 2Q-30 W m·2 in autumn and winter to the
June minimum of -59 W m·2 • Neither set of reanalyses
captures the essential characteristics of this seasonal
cycle: the NCEP values remain positive in all months,
although their autumn and winter values are close to those
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obtained from the AARI data; the ECMWF values are close
to zero in all months and show no seasonality, primarily
because clouds do not impact the surface solar radiation.
4.

not the CRF used by other investigators. The results from
the various sources, including the reanalyses, indicate
that clouds wann the Arctic surface when integrated over
the annual cycle. The reanalyses are less successful,
however, in capturing the annual cycle of· the effects of
Arctic clouds.

CONCLUSION

The AARI values of MCRF (Figure 7) agree well, both
qualitatively and quantitatively, with the seasonal cycles
of Arctic CRF obtained by Schweiger and Key (1994, their
Fig. 4) and Rossow and Zhang (1995). While there are
differences in the length of the summertime period of
negative forcing and differences of 1D-20 W m·2 in the
wintertime values relative to Curry and Ebert (1992; cf.
Curry et al., 1996, their Fig. 10), the agreement is surprisingly good considering that (1) the AA RI measurements
minimize the impact of surface heterogeneities, (2) the
key variable, "cloud fraction," remains a somewhat illdefined quantity in the Arctic cloud-radiation community,
and {3) the AARI values shown here represent the MCRF,
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SIMULATIONS WITH A CLIMATE MODEL WITH HIGH RESOLUTION OCEAN AND SEA ICE
Warren M. Washington and John W. Weatherly*
National Center for Atmospheric Research (NCAR), Boulder, Colorado

1. INTRODUCTION
A new coupled climate model has been developed that
has high resolution in the polar and tropical region. In many
climate models the polar processes are treated crudely both
in terms of numerical treatment and processes. The
components of this climate model have been in
development at different research centers and the coupling
of components has taken place at NCAR. The component
models have been developed by CHAMMP researchers and
make use of new massively parallel processor (MPP)
computers. These computers are now past the development
stage and are being used for climate research at several
climate modeling canters. The distributed research effort
required a restructuring of the model components to take
advantage of the new MPP structure but is flexible enough
to be run on several different MPP systems. Because of its
parallel computer design we term this as a parallel climate
model (PCM).
The atmospheric component is the massively parallel
version of the NCAR Community Climate Model version 3
(CCM3). This model includes the latest versions of radiation,
boundary physics, and precipitation physics. Collaboration
from Los Alamos National laboratory (LANL), the Naval
Postgraduate School (NPS), and NCAR has resulted in an
ocean component that uses the Parallel Ocean Program
(POP) ocean model with a displaced north pole. The grid
has an average resolution of 213° latitude and longitude with
increased latitudinal resolution near the equator of
approximately 1/2°. Because of the displaced pole, the
Arctic Ocean, Canadian Archipelago and Fram Strait have
resolution of 25 to 50 km.
The ice model component is from Zhang et al. (1996) of
NPS and optimized for MPP architecture by A. Craig of
NCAR. 1t uses the Zhang and Hibler (1997) ice dynamics
with line relaxation for solving the viscous-plastic ice
rheology. The thermodynamics are from the Semtner (1976)
and Parkinson-Washington (1979) models. J. Weatherly and
Y. Zhang have improved snow thermodynamics on the sea
ice and modified the thermodynamics to give the correct

*Corresponding author address: Warren M. Washington,
NCAR/CGD, 1850 Table Mesa Drive, Boulder, CO 80303;
email: wmw@ucar.edu.

thickness and formation of new and old sea ice. The ice
model is on a polar stereographic grid with uniform 27 km
spacing. lt contains two separate subdomains for each
hemisphere, each centered on its pole. This grid requires an
additional interpolation of atmosphere and ocean variables.
We will incorporate the elastic-viscous-plastic dynamics of
Hunke and Dukowicz (1996) of LANL in the near future.
The flux coupler concept was developed, principally, by
the NCAR Oceanography Section. This concept allows for
different component models to exchange fluxes. Because
the horizontal grids are different for the components, there is
an interpolation scheme for obtaining information between
the atmospheric, ocean, and sea ice component grids. This
interpolation scheme was developed by P. Jones of LANL
and its implementation to the PCM was carried out by
A. Craig, T. Bettge and J. Weatherly. Conservation was
carefully accounted for in the passing of fluxes from one
component to another.

2. SEA ICE-OCEAN SIMULATIONS
The PCM is initialized by first running the coupled sea
ice and ocean components forced by CCM3 output from a
previous run with prescribed SST. The ocean starts from
rest with Levitus (1982) temperatures and salinities, with the
ice a uniform 2 m thickness. This paper presents results
from this ice-ocean spin-up, focusing on the Arctic Ocean
simulation.
The Arctic basin is usually poorly simulated in ocean
models with a latitude-longitude grid structure, due to the
convergence of the meridians near the pole. The most
common technique for dealing with the problem is to either
smooth or Fourier filter the variables in that region along the
longitudinal direction, which prevents an accurate simulation
of the circulation in the Arctic basin. The POP grid does not
have this problem. To demonstrate the flow characteristics in
the Arctic Ocean region, we show in Figure 1(a and b) the
sea ice velocities and surface ocean circulation for one day
in February from a simulation. Note the strong sea ice and
ocean circulation patterns in and out of the Fram Strait.
There is flow through the Barents Sea into the Arctic and
counterclockwise flow in several gyre, one of which brings
flow across the pole through Fram Strait. Note that there are
eddy structures in many areas in the Arctic Basin in both sea
ice and the ocean. The sea ice has larger scale motion
response to the wind forcing from synoptic weather systems
that exist on that particular day and the surface ocean
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circulation also responds but also seems to have an eddy
structure that is smaller and, in places, quite independent of
the motions of the sea ice. There is surface ocean and ice
flows through parts of the Canadian Archipelago region
some of which flows down on the western side of Greenland.
lt is interesting to see that, because of the buildup of ice in
this region ice does not flow through where ocean water
does flow through. The PCM circulation patterns appear to
also be consistent with higher resolution studies of
Maslowski et al. (1996) for the Arctic regions, however, the
eddies are weaker in this model probably because the
resolution is larger.
To summarize, the atmospheric component will be the
new CCM3 run at T42 resolution, the ocean component is
high resolution such that it simulates realistic boundary and
bottom currents, and the sea ice model simulates ice
motions and thermodynamics. This massively parallel
coupled climate model takes advantage of the new high
performance computer technology. This distributed scientific
effort requires many scientists and programmers
contributing to goals of a new generation climate model.
This effort will be complementary to the NCAR
Climate System Model effort in that the flux coupler concept
will be used, the same spin-up technique will be used, and
some of the components, such as the coupled model, will be
able to run on massively parallel computers. The model will
be used for various climate change experiments with
increasing greenhouse gases and the effects of aerosols.
The following are scientists and programming staff
involved in the PCM effort in alphabetical order:
J. Arblaster (NCAR), T. Bettge (NCAR), R. Chervin (NCAR),
A. Craig (NCAR), J. Dennis (NCAR), J. Dukowicz (LANL),
J. Hack (NCAR), S. Hammond (NCAR), E. Hunke (LANL),
R. James (NCAR), P. Jones (LANL), R. Loft (NCAR),
R. Malone (LANL), M. Mattrud (LANL), W. Maslowski (NPS),
G. Meehl (NCAR), A. Semtner (NPS), R. Smith (LANL),
G. Strand (NCAR), W. Washington (NCAR), J. Weatherly
(NCAR), V. Wayland (NCAR), D. Williamson (NCAR),
Y. Zhang (NPS).
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Sea Ice and Ocean Circulation in a High Resolution Global Climate Model
John W. Weatherly and Warren M. Washington
National Center for Atmospheric Research (NCAR), Boulder, Colorado

1. INTRODUCTION

2. OCEAN-ICE SIMULATJONS

Sea ice motion is known to result in a redistribution of
fresh water at the ocean surface which can influence ocean
circulation. In the southern hemisphere (SH), northward ice
transport in winter allows new ice growth close to Antarctica,
which can drive the formation of Antarctic Bottom Water.
Recent experiments with a global ocean and dynamic sea
ice model have illuminated the impact of ice transport on
southern ocean circulation.
The global ocean-ice model is part of the Parallel
Climate Model (PCM), described by Washington and
Weatherly (see companion abstract). The ocean component
is the POP model (Dukowicz et al., 1993) using their
displaced-pole grid with 2/3-degree average resolution. The
sea ice component is the Zhang et al. (1997) model with the
viscous-plastic ice rheology, on a uniformly spaced
27-km grid over each hemisphere. This resolution of ocean
and ice models permits eddies to form and influence iceocean interactions. In fully-coupled climate simulation, the
ocean-ice model would be coupled to NCAR's CCM3
atmospheric model. For the experiments described here, the
ocean-ice model is forced by winds, temperatures, and
radiative fluxes from a previous CCM3 simulation with
prescribed SSTs. That CCM3 run had prescribed ice
concentration as either zero or 100%, which resulted in a
significant cold bias in surface temperatures over SH sea ice
that affects these experiments.
In one experiment below, the ocean model uses a 90day restoring of surface salinity to the Levitus (1982) data,
with no restoring at deeper levels. The ocean model also
uses in one experiment the accelerated tracer technique of
Bryan (1984) with a acceleration of 1 at the surface,
increasing to 10 at deepest levels. There is no river runoff
into the ocean in the model at this time.

The ocean model is started from rest with Levitus (1982)
temperature and salinity profiles, and uniform 2 m ice
thickness. Case A was run for 25 years with CCM3 forcing,
with no surface restoring and no acceleration. Case 8 was
run for 30 years with CCM3 forcing, with 90-day surface
salinity restoring with the tracer acceleration, and Case C for
12 years with restoring but without acceleration.
The annual mean SH ice velocities from Case A in year
20 are shown in Figure 1 for the southern hemisphere. They
show the east wind drift along the coast, outflow from the
Weddell and Ross Seas. Ice speeds average about 50%
greater than the satellite-based observed mean speeds (see
Weatherly et al., 1997), due in part to the stronger wind
forcing from CCM3. The northward ice transport has a
maximum of .12 Sv at 65 S, about twice the maximum of
0.065 Sv estimated by Weatherly et al. (1997) from satellite
analyses of ice velocity and concentrations and model-based
thicknesses.
The northward ice transport in Case A creates saltier,
denser surface water along the coastline, which increases
convective overturning, creating deep water at a greater rate.
This process, along with the change in meridional salinity
gradient, increases the strength of the Antarctic Circumpolar
Current (ACC) from 165 Sv to 285 Sv, as shown in Figure 2.
For Cases 8 and C, the 90-day restoring on surface salinity
counteracts the effects of ice transport, maintains the salinity
gradient, and keeps the ACC at 165 Sv for case C (the nonaccelerated case) and 140 Sv for case 8 (accelerated).
Observations of the ACC estimate the mean transport in the
range of 120 to 150 Sv.

*Corresponding author address: John W. Weatherly,
NCARICGD, 1850 Table Mesa Drive, Boulder, CO 80303;
email: weather@ucar.edu.

3. DISCUSSION
The resuHs of these experiments suggest that ice
transport in the southern hemisphere redistributes the fresh
water and surface salinity and can accelerate the ACC. The
relatively large ice transport in Case A amplifies this signal.
Recent experiments with the NCAR Climate System Model
show some increase in the ACC (up to 170 Sv) even with ice
transport being close to the cited estimates. One hypothesis
is, in order to keep the ACC at a strength close to observed,
the salinity flux due to ice growth near the continent should
be balanced by both southward flow of fresher surface water
and by runoff from the continent. There is very little
quantitative information on Antarctic runoff (outside of glacial
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calving). The poster presentation will show experiments that
include Antarctic runoff equal to the annual mean net
precipitation over the continent.
We would like to acknowledge the contributions to the
Parallel Climate Model by Tom Bettge, Bob Chervin, Tony
Craig, Gary Strand, Vince Wayland, and Yuxia Zhang.
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THE ICEHOUSE HYPOTHESIS: PHYSICAL BASIS AND EVIDENCE FOR
HUMAN CAUSED CONDITIONAL POLAR SURFACE COOLING
Peter J. Wetzel
Code 912, NASA Goddard Space Flight Center,Greenbelt, MD 20771; wetze/@elena.gsfc.nasa.gov (301) 286-8576

1.

INTRODUCTION

An icehouse preserves its contents by keeping heat
out. A temperature inversion (increase with height) also
preserves its contents--the familiar example is pollution,
but cold air is similarly preserved. Arctic data show that
inversions have been growing stronger (Kahl et. al,
1993; Walsh, 1993; Kahl et al., 1996), and that Arctic
surface warming has lagged model predictions (Kahl et al,
1993, Walsh, 1993). A human cause is proposed which
is self-sustaining under persistent inversions. The polar
winter surface has no source of heat, except by radiation
and turbulent exchange with the air. Adjustment, by
surface warming, to enhanced-gas radiation input, often
over-suppresses the turbulent heat source. In such
cases it is easier for the surface to envelop itself in a
blanket of cold, hazy air, which shields it from the
enhanced-gas radiation, rather than to warm. Because of
its micrometeorological nature, the hypothesized effect
may be missed by climate models, and by classical
analysis of observations by season. When stratified by
stability, Arctic rawinsonde data seem to confirm the
theory. The unique, stability-dependent icehouse
fingerprint promises a new tool for detecting the
influence of human activity on today's climate.

2.

PHYSICAL BASIS

We begin with the basic energy budget equation of
the Earth's surface:

dS = G + E + SWJ +LWJ +HJ- LWi,

(1)

where dS is the change in heat storage of a slab of mass
at the surface, G is the exchange of heat with the
substrate below the slab, E is evaporation or sublimation,
swJ is solar radiation flux, and LWJ, LWi and HJ are
the fluxes of longwave radiation downward and upward
and the flux of sensible heat, respectively. We assume a
surace slab with very little mass, such as a snow surface,
so neglect dS. Similarly, the insulating properties of
snow render G negligible. The cold temperatures and
lack of sunlight in polar winter allow E and SW J to be
neglected as well. We are left with

LWJ+HJ=LWi.

(2)

An expression for HJ (e.g. Businger et al., 1971),
may be written:

HJ = Q(Ta - Ts),

(3)

where for a snow surface (roughness length of
0.01cm) and a wind speed of 5 ms- 1 , Q has a value of

about 10 wm- 2K- 1, with a typical range of values of from
5 for wind speeds of 2-3 ms· 1 to 20 for wind speeds of
10 ms· 1.
The Planck function relating surface temperature Ts
to LW i can be linearized to yield, in the polar winter
range of temperatures:
LW i = LW i 0 + 3.5(Ts - Ts oJ·

(4)

Combining eqs. (2-4) we have:

LW J =LW/ O+ 3.5(Ts - TsoJ -10(Ta - Ts).

(5)

If eq. (5) is applied to two cases with different LWJ, such
as a 1 x C02 and a 2 x C02 case, and the difference of
the two equations is taken, we have:

&WJ= 13.5.1Ts -10.1Ta.

(6)

Since Ts and Ta are not independent of one another
(linked by the turbulence), air cooling will always occur,
and Ts will always be colder than the comparable value for
the purely radiative greenhouse adjustment. When
turbulence is present near the surface and diminishes
with height (the climatological normal condition), eq. (6)
establishes the basis on which two strong positive
feedback mechanisms [namely the impenetrabililty of
inversions to mixing, and the accompanying
accumulation of radiatively active particles (aerosols)
beneath the inversion] can generate an equilibrium
temperature profile in the lower atmosphere which can
produce absolute cooling at the surface as
anthropogenic gas concentrations increase. Fig. 1
presents a schematic which develops this physical
argument in more detail.
By hypothesis, a greenhouse-warmed layer of air
overlies the relatively less warmed turbulent boundary
layer, introducing an intermediate layer with significantly
increased temperature gradient. A statistically significant
increase of near surface temperature gradient has been
confirmed to have developed over the past 40 years in
the western Arctic Ocean (Kahl et al., 1993).
lt is now instructive to consider three "degrees" of
turbulent energy in the lower atmosphere, each of which
is associated with a different range of temperature
gradient. The most stable conditions (largest increase of
temperature with height) lead to an absence of
turbulence at the surface. In this case, eq. (2) predicts
the "classical," purely radiative greenhouse surface
warming. At the other end of the turbulence spectrum,
intense, spontaneous turbulence can exist when the
temperature gradient is less than that for neutral
buoyancy (-9.81</km). Here turbulence is deep and
continuous, and can readily transport heat from aloft
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Fig. 1. Why greenhouse warming fails in polar winter in the
presence of turbulence: Given a pre-industrial (1xC0 2 )
temperature profile in equilibrium with the surface, the same
profile with enhanced greenhouse-gas concentrations must be
out of balance because of greater downward longwave
radiation. Because a surface with low heat storage capacity
reacts to any imposed disequilibrium more rapidly than the air
above, any adjustment will begin there. Transient weather
nearly always keeps the profile in disequilibrium. Starting from
any arbitrary disturbed profile {the 1xC02 profile is chosen for
clarity), a nascent greenhouse warming (hollow arrow labeled
"A") can, in the presence of turbulence, over-suppress the
downward flux of sensible heat ieq. (5)], resulting in a net
reduction of heat reaching the surface. Because of the
presence of turbulence, the initial surface warming will draw
heat from the air (hollow arrow labeled 'S ''). So air layer cooling
will inevitably participate in the adjustment [eq. (6)}. Most
importantly, both the air cooling and attempted surface warming
suppress the downward transfer of heat to the surface [eq. (3)},
so that the surface becomes increasingly decoupled from its
primary source of heat aloft. The normal differential of turbulent
intensity between the surface and aloft then enhances the
decoup/ing. More specifically, this occurs as follows: Aloft (e.g.
above point B), the turbulent link between the surface and any
particular level is only intermittent. When turbulence is absent,
the purely radiational greenhouse adjustment occurs
(observational studies confirm Arctic 850hPa warming trends in
recent decades), so the temperature gradient between the
lower free atmosphere (above the turbulent boundary layer)
and the surface increases. Since the probability that a particular
level is linked turbulently with the surface is inversely
proportional to the magnitude of the temperature difference
between the level and the surface [through the bulk
Richardson number formulationship for turbulent boundary
layer depth (e.g. Wetzel, 1982)], then increasing this
temperature difference proportionally increases
the
decoupling between the surface and its primary heat source
aloft. So for as long as turbulence is sustained at the surface,
the lower atmospheric profile will tend toward the pictured
icehouse adjustment as the inevitable outcome.
The
comparatively more stable icehouse profile can also trap more
aerosols, causing a positive feedback owing to increased
emissivity.

down to the surface-heat which has been imported by
the winds in the middle troposphere from the
(presumably) greenhouse-warmed lower latitudes. So
here, also, greenhouse warming can be readily manifest
at the surface. lt is only in the intermediate range of
stability (a temperature gradient between -9.8K/km and
about +5Kikm), within which the hypothesized icehouse
adjustment can be sustained at climatological time scales .
This is the range of stability where turbulence is naturally
dissipated unless renewed by the random forcing of
weather disturbances, but is not dissipated so rapidly that
long periods of time are turbulence-free. And it is the
range of stability which occurs more frequently than any
other in polar winter, particularly over the Arctic Ocean .
3.

OBSERVATIONAL EVIDENCE

To summarize the previous section, the "icehouse
effect" should be sought by separating the observations
into classes with similar thermodynamic stability (e.g .. by
sorting the observations into bins of similar surface-to850hPa temperature gradient). If this is done, the
hypothesized effect should be evident in the
intermediate range of temperature gradient, and should
be surrounded on either wing by a signature of
greenhouse warming. Precisely such a signature
appears in the observations. Fig. 2 presents an analysis
of more than one million soundings from the Historic
Arctic Rawinsonde Archive (HARA; NSIDC, 1997) and
from the Russian North Pole drifting station data (NP;
Kahl, et al., 1993). Fig. 2 summarizes these results in two
groups. The Russian land stations, for which reliable data
exist only since 1973, and the remainder of the data,
including the NP soundings, for which most stations
have a length of record between 30 and 50 years.
The soundings for these two g·roups were sorted
into 1Klkm thermal stability bins, and linear temperature
trends were calculated independently for each bin.
Space limitations prevent a more detailed description of
the data analysis. lt is available from the author.
4.

IMPLICATIONS OF THE HYPOTHESIS

The single most important implication of the
icehouse hypothesis, if confirmed, is that icehouse
surface cooling and greenhouse warming are both
occurring, simultaneously, in physically different
segments of the natural variability of a station's weather,
at any station ,where a significant frequency of
intermediate strength inversions exist (especially true for
polar stations). Day-to-day weather will normally cause
the temperature gradient in the lower atmosphere to vary
across a wide range in short periods of time, while
constantly adjusting toward the radiative forcing. If all
parts of the normal weather cycles at a station are
indiscriminately averaged together, an ambiguous
conclusion regarding the station's surface climate trend
results. But when weather fluctuations are dissected into
their physically similar constituent elements, the polar
surface climate trend becomes clearcut and attributable
to humanity: there appears a human-caused icehouse
cooling (or perhaps just a distinct minimum of warming) at
the center of the stabililty spectrum and a human-caused
greenhouse warming at both wings of the stability
specturm. This hypothesized icehouse signature should
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Fig. 2. Composite surface temperature trend analysis of
1, 100,000+ soundings from the HARA data set (NSIDC, 1997;
all stations north of 65N) and the Russian drifting ice stations
(Kahl et al., 1993). The latter are treated as a single station.
Two groups of soundings are plotted: A.) a/131 Russian land
stations, for which the usable record extends from 1973, to
July 6, 1996, and for which the length of record is 15 years or
more; B.) the remainder of the data, including the drifting ice
stations treated as a single station, for which 20 of the 24
stations have a length of record of 30 years or more. Data are
not smoothed, therefore each plotted point is independent.
The thin solid lines keyed to the right-hand scale, show the total
number of soundings contributing to each inversion strength

bin.

therefore make it possible to much more unambiguously
attribute climate trends, globally, to the influence of
humanity.
Other implications of the hypothesis are worth
noting. Relatively cooled polar regions imply a greater
.: pole-to-equator temperature contrast. A stronger polar
.a front will generate stronger and/or more frequent storms.
~
Over the frozen Arctic Ocean, where leads and an
~ absence of topography keep the lower boundary layer
a; more consistently in the intermediate range of stability,
a. the icehouse effect is expected to dominate the local
~ climate more completely. Comparative analyses, such as
in Fig. 2, of the NP data alone compared with stations in
§ the interior of continents (not shown) confirm this. The
~ icehouse effect may play a role in extending the COWL
0 (cold ocean-warm land) paradigm to the Arctic Ocean
a; (Wallace et al., 19!}6).
E Over land, enhanced snowfall which is expected to
~ be a result of increased low-latitude evaporation and
poleward moisture transport in a greenhouse world,
could be further enhanced by the icehouse effect and by
the possible increase in storm activity that might
accompany it. More of the cold-sector preciptitation in a
cyclone could fall as snow in spring and fall under the
influence of the icehouse adjustment. Speculatively,
~ high latitude glaciers and ice sheets could grow, form,
E and/or spread.
~
Finally, the oversimplified treatment of microscale
~ turbulent variability in global climate models (GCM's) is
a; possibly the primary reason that these models grossly
~ overpredict the observed Arctic temperature trends.
g> Short time-scale, highly non-linear turbulence-enhancing
:g events may dominate Arctic winter climate in the lowest
5 few meters above the surface, yet be entirely unresolved
Ill by GCM's. These processes include leads in sea ice and
15 other surface variability, heterogeneous clouds (with
~ wide variability of optical depth over short time and space
E scales), and small time/space scale wind fluctuations.
~ There are many, many more specific processes which
one can identify.
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CHLOROFLOUROCARBONS IN THE ARCTIC OCEAN

Dietmar Wilhelm *
Institut fur Meereskunde Kiel
Antropogenic tracers CFCll and CFC12 were·
measured by the Institut fiir Meereskunde Kiel
(IfMK) during a cruise in the Arctic Ocean aboard
R/V Polarstern from June to September 1996 as part
of the ARKXII program.
Three sections are presented_; (1) one across St.
Anna and Voronin trough, (2) one across the Nansen Basin, the Amundsen Basin, over the Lomonosov
Ridge into the Makarov Basin and (3) a shelf section
in the Amundsen Basin.
At the bottom of St. Anna trough high CFC concentrations were observed. The depth level corresponding to 1 pMol kg- 1 in the vicinity of St. Anna
trough is at about 1000 m depth. Further to the east
1 pMol kg- 1 is found at about 1500 m.

CFC concentrations of Deep and Bottom Water
are slightly higher in the Amundsen basin compared
to the Nansen Basin. Direct exchange of Deep and
Bottom Water is blocked by the Lomonosov Ridge.
In the Makarov Basin CFC concentrations of Deep
Water are about 50% lower than in the Amundsen
Basin.
From 1993 to 1996 CFC concentrations increased
by 25 % in the upper 1500 m, below 2000 m concentrations remained constant, Smethie (1993).
Smethie B., 1997: personal communication
• Corresponding author address. Dietmar Wilhelm, Institut fiir Meereskunde an der Universitat Kiel, Germany, Abtl.
Regionale Ozeanographie; email: dwilhelm@ifm.uni-kiel.de
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SATELLITE OBSERVATION OF ANTARCTIC ICE SHEET
ACCUMULATION RATES AND COMPARISON WITH
REGRESSIONS COMMONLY USED IN ICE-SHEET MODELING
Dale P. Winebrenner*
Robert J. Arthern
Polar Science (enter - Applied Physics Laboratory
University of Washington

1.

2.

INTRODUCTION

The water deposited as snow on Antarctica each
year is equivalent to 5-8 mm of world sea level (Fortuin
and Oerlemans, 1990). For comparison, the best observational estimate of sea level rise over the past century
is approximately 1-2 mm/yr. Because the atmospheric
circulation can vary relatively quickly, Antarctic accumulation rates could change significantly on decadal
scales. Such short term changes would not immediately affect ice discharge rates, so their effect on sea
level rise could be immediate. At present, even the sign
of the mass balance of Antarctica is poorly known, and
available observations grossly undersample geographical variations. Neither is the physics controlling accumulation in the present or in prospective, altered climates understood. Observations of the geographical
distribution of accumulation and its temporal variability are therefore of interest.
Here, we present new observations of accumulation
rates over the Antarctic ice sheet derived from 4.5 cm
wavelength brightness temperature observations during
1979-1985 made with the Scanning Multichannel Microwave Radiometer (SMMR). We review the physics
underlying the measurement process and show how retrievals compare with the available ground-based data.
In the oral presentation of this work, we will also compare the observed accumulation rates with ice sheet
topography, with published mean annual and winter
atmospheric pressure patterns off the Antarctic coast,
and with accumulation patterns predicted by regression
relations commonly used to force ice-sheet models.

STRATIFICATION

The first essential component of our approach is
the observation of a relationship between firn layering
and accumulation. We had previously found (West et
al., 1996) that the random stratification of firn density
in the upper 12 m of firn can be characterized, for purposes of emission calculations at 4-6 cm wavelength,
by a mean layer thickness and a standard deviation
of density fluctuations from layer to layer. Using historical traverse data, we have found no evidence that
the standard deviation of density variations varies from
site to site in Antarctica, whatever the accumulation
rate, temperature, or latitude. We do, however, find
a statistically significant correlation between the mean
layer thickness and accumulation rate. The observations and our inferred linear relationship, together with
confidence limits, are shown in Figure 1.
Observations suggest that snow crusts, i.e., layers
typically less than a millimeter thick of density approximately 50% greater than surrounding firn, occur frequency in the upper few meters of firn all over Antarctica. Such crusts are not resolved in the data used to
compile figure 1, but Goodwin (1988) provides in situ
characterization of crust properties for Wilkes Land.
Our firn layering model therefore also includes snow
crusts with parameters indicated by Goodwin's observations.
3.

MICROWAVE EMISSION

The second main element of our approach is the
connection of firn layering properties to microwave
emission at 4-6 cm wavelength. The model of West et
al. (1996) shows emission at those wavelengths to be
controlled predominantly by the mean firn surface temperature, the mean layer thickness of random density
stratification, and the standard deviation of variation

•Corresponding author address: Dale P. Winebrenner, Applied Physics Laboratory, University of Washington, 1013 NE 40th St., Seattle, WA 98105 USA;
e-mail: dpw@apl.washington.edu
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Figure 1: Layer thickness plotted against accumulation rate. The best-fit linear relationship is shown as
a dotted line. The shaded region shows the 90% confidence interval for this fit. Accumulation rates were
measured by stratigraphic methods. Layer thickness
was estimated from density profiles using the method
of West et al. (1996). Expected estimation errors are
shown for accumulation rate (error bars) and for layer
thickness (dashed lines border the 90% confidence interval)

around the (depth-dependent) mean density. The polarization ratio, P, is defined in terms of vertically and
horizontally polarized brightness temperatures, Tv and
Th by P = ~:~~~ , and is approximately independent
of thermodynamic temperature for firn in the absence
of phase changes (i.e., melting).
Using the relationship in Figure 1 and the snow
crust characterization of Goodwin(1988), we computed
the expected variation in the polarization ratio as a
function of accumulation rate. We then assembled
historical observations of accumulation rates (Rundle,
1971; Koylyakov and Sharova, 1969; Goodwin, 1988;
Stuart and Heine, 1961; Giovinetto, 1963; Murayama,
1971; Pirrit and Doumani, 1960). and SMMR observations of emission at 4.5 cm wavelength. A comparison
of expected and observed relationships is shown in Figure 2, from which it is evident that the agreement is
good, over a range of accumulation rates varying by
a factor of almost 8. Uncertainties and possible geographic variability in crust parameters are significant
but not debilitating. Note that given the empirical relationship in Figure 1 and its associated idealization
of firn structure, the expected relationship in Figure
2 follows from electrodynamics alone, without further
empricism.

0.08
0.10
0.12
Polarisation ratio

0.14

0.16

Figure 2: Accumulation rate measured at 83 sites in
Antarctica, plotted against polarization ratio derived
from 4.5 cm-wavelength SMMR data. The curves show
the relationship predicted by the emission model of
West et al. (1996) adapted to include the effect of
thin, dense crusts. Curves a-d show calculations for
increasing numbers and density of crusts.

The relationship given by curve b in Figure 2 provides a basis for transformation of a SMMR-derived polarization ratio map of Antarctica into a SMMR-derived
accumulation rate map, with the result shown in Figure
3. Note that regions that undergo melting, whether
every austral summer or as infrequently as once per
decade, contain solid ice layers and pipes in the snow
that do not conform to the idealizations used in connection with perennially dry firn. Our retrieval method
therefore does not apply in areas where the firn is not
perennially dry.

4.

DISCUSSION

The map shows many features in common
with previous maps of Antarctic accumulation rate
(Giovinetto and Bull, 1987): a large region of the East
Antarctic plateau receiving about 50 kg m - 2 a -l; accumulation rates generally increasing towards the coast,
and higher accumulation in West than East Antarctica.
Many qualitative features of the map can be explained in terms of known mechanisms for precipitation onto the ice sheet (reviewed by Bromwich, 1988).
The map shows high accumulation in Marie Byrd Land
(90-135 W), Wilkes Land (lOQ-140 E) and Enderby
Land(45-50 E): these regions are subject to on-shore
vapor transport by quasi-stationary cyclonic circulation
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figure 3: Map of accumulation rate in kg m- 2 a- 1
as derived from Scanning Multichannel Microwave Radiometer 4.5 cm-wavelength observations. Regions of
melt are masked.
in the low-pressure trough surrounding the ice sheet
(Bromwich, 1988). Orographic precipitation falls as
this moist air is forced to rise up the steep ice slopes
of the ice-sheet margin.
Most precipitation originates from warmer air overlying the inversion layer. Over costal regions, the
prevailing circulation of this air is from east to west
(Bromwich, 1988). The map shows high accumulation as this air is forced to ascend the eastern slopes
of north-south oriented ice ridges (good examples are
visible in Wilkes Land and Enderby land), and low accumulation on the leeward western slopes. Overall, the
map suggests that the accumulation rate in coastal
regions of Antarctica is controlled as much by atmospheric circulation and ice sheet topography as it is by
atmospheric temperatures.
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THE DETERMINISTIC BEHAVIOUR OF WIND-DRIVEN POLYNY AS
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1. INTRODUCTION
Polynyas are oceanic areas which remain ice free
at predictable, recurrent locations throughout the polar
regions where we otherwise could expect the waters to
be ice covered. The production of. cold, saline water
due to ice growth in wind-driven polynyas on the
continental shelves of the Arctic Ocean has been put
forward in several studies. This water is believed to
contribute to the maintenance of the Arctic Ocean
halocline (e.g., Aagaard, 1981). So far little effort has
been used to try to model these processes. Cavalieri
and Martin (1994) calculated the total annual
contribution from Alaskan, Siberian, and Canadian
coastal polynyas to the halocline layer, using remote
sensing tools to determine the open water fraction. To
the authors knowledge there has not been any attempt
to model polynyas numerically using real forcing.
In this work we present a simplest possible,
highly idealised model describing a wind-driven
coastal polynya. The model is basically the same as
the Pease ( 1987) model but allows the polynya width
to respond dynamically to different wind directions,
i.e., the polynya opens for winds giving the ice drift a
net offshore component and vice versa.
The model is forced by a combination of regional
whether station data and sea level pressure and air
temperature from the NMC gridded data set. The
model is applied to the Laptev Sea and is run for 27
seasons from 1969/70 to 1995/96. This enables us to
predict, apart from the polynya width, the total ice
and salt production along the coast.

2. RESULTS AND DISCUSSION

is a typical scale for a wind-driven coastal polynya
during the ice season (e.g., Pease, 1987; Smith et.
al., 1990). Typical polynya widths for mid April to
the beginning of May are 30-50 km. Polynyas were
present at an average 50% of the total time during a
season, with a typical duration of 5 days. We also
compare our modelled polynya with satellite data
from for the 1995/96 season to see how well the
model predicts the occurrence of polynyas. Generally
a very good agreement was found. The ability for the
model to predict the occurrence of polynyas so well is
probably due to the general trend of offshore ice drift
in this region. This allows for the polynya to respond
to the wind forcing without interference of the
surrounding pack ice. Dethleff et. al. (1993) described
the ice cover as lacking signs of pressure ridges, and
that the fast ice edge did not show any signs of
stabilising, grounded pressure ridges (stamukhi ).
which reflects the absence of onshore ice pressure.
xlo'
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A good agreement was found between modelled
and observed polynya width. Dethleff et. al. (1993)
found typical widths for the Laptev flaw polynya of
10-15 km. Our modelled mean width over all seasons
of 12 km fits in well in this interval, and
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Figure 1. Modelled salt production and polynya width
together with geostrophic wind and air temperature for
the 1970171 season.
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Time-series plots of polynya width, ice and salt
production, geostrophic wind speed and direction and
air temperature for a typical season (1970171) are
shown in Figure 1. In this figure we can see that
there are two periods with maximum salt production
coinciding with strong offshore winds and very cold
conditions. There is also an obvious period for nearly
one month with constant, strong onshore winds
which effectively prevents any polynya forming.
For the 27 seasons a mean seasonal ice production
of 0.10 m day· 1 was found with a corresponding
accumulated mean ice growth of 12.7 m. This ice
growth resulted in a mean salinity increase of 7.9 psu
of the area affected by the polynya.
Looking at the 27 year wind and air temperature
statistics we can see a clear correlation between
extreme values of mean air temperature, fractions of
offshore winds - and seasonal salinity increase.
Consider the two most extremes seasons: the 1988/89
season with the highest obtained increased salinity
(10.7 psu) and the 1984/85 season with the lowest
value (5.0 psu). The 1988/89 season had a "normal"
mean air temperature but an extremely high fraction
(76 %) of offshore winds, whereas the 1984/85 season
was extremely mild with a "normal" fraction of
offshore winds. We may conclude that the salt
produced is strongly dependent on the atmospheric
forcing. This inspires to come up with a sort of
climatological index that can predict what a specific
area or season may have for capabilities to produce
polynyas and salt. We suggest a simplest possible
seasonal climate index, ci=ci(t , wg, w ) for the
salinity increase per season, where t is the seasonal
fraction of air temperatures below -25°C, wg the
fraction of geostrophic wind speeds exceeding 18 m s·
1
, and w is the fraction of offshore winds . The index
is given by

ci ='+ ~ t + ywg +X w

(1)

s.

where
~. y, and X are scalar coefficients that are
determined by a least square method. The salinity
increase for all seasons (bars) together with the
climate index (box-line) is plotted in Figure 2. We
can see that the climate index predicts the seasonal
salinity increase well.

3. CONCLUSIONS AND FUTURE
OUTLOOK

12rr---.----,---.----r----.-·-,
climate index
salinity increase
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Figure 2. Modelled seasonal salinity increase of the
polynya area (bars) together with the climate index for
all seasons (line).
• Wind-driven polynyas are highly deterministic
features, at least in the Laptev Sea, so that much
of the behaviour can be modelled by a simple
climate index.
We are currently working on a simple m1xmg
scheme that incorporates wind-driven mixing, frontal
motion, and offshore eddy transport in the area
affected by the polynya. This mixing model would
then produce outflow fluxes of volume and salt. Our
next step is to run this model for the entire Arctic
Ocean and thus provide a best estimate of the shelf
outflow properties. This also means that we can
estimate the relative importance of polynyas for the
transformation of the deep and intermediate waters of
the Arctic.
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Good agreement between model predictions and
satellite observations of polynya occurrence and
width.
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ABSTRACT
ARM, the Atmospheric Radiation Measurement program, is
the US Department of Energy's principal global climate change
research effort. lt focuses on radiative energy flows to and
from the earth's surface through the atmosphere, especially in
the presence of clouds - which greatly complicate such flows.
The emphasis is on learning how to better model these energy
flows in Global Climate Models {GCMs).
On July 1, 1997, the ARM North Slope of Alaska and Adjacent
Arctic Ocean {NSAIMO) Cloud and Radiation Testbed
(CART) site was dedicated by Martha Krebs, who heads
DOE's Office of Energy Research, and by local North Slope
officials. The main facility is located near Barrow, Alaska and
has its sensors on the NOM (National Oceanic and
Atmospheric Administration) land which also holds the NOM
CMDL (Climate Monitoring and Diagnostics laboratory)
Barrow station. ARM's data acquisition system and offices
are in the UIC-NARL (Ukpeagvik lnupiat Corporation-{fonner)
Naval Arctic Research Li:boratory) main building about 2 km
from the sensors. The Barrow ARM facility is currently being
completed and will be routinely producing data streams by
early in 1998. The life of the ARM NSAIMO CART site is
expected to be about 10 years.
The NSAIMO is one of three ARM CART sites around the
world. The other two are in the Southern Great Plains of the
US, and in the Tropical Western Pacific.
The ARM instrumentation at the NSAIMO site includes both
broad band and spectral radiometric instrumentation covering
the near W, the visible, and the IR out to about 25
micrometers. In addition, both in-situ and remote sensing
instrumentation are in place to document the instantaneous
state of the atmosphere above the CART site.

SHEBA stands for Surface Heat Budget of the Arctic (Ocean).
SHEBA is supported principally by the National Science
Foundation's (NSF's) Arctic Systems Science piU!1aiTI and the
Office of Naval Research, but other elements of the NSF and
other agencies as well are also participating. The SHEBA
experiment involves instrumenting a region of the Arctic ice
pack, and collecting data on that region through one full year
as it drifts with the pack ice. The instrumentation is designed
to better quantify the energy flows between the ice and water
at the surface, and the atmosphere above, as well as the
ocean below. The objective is to learn how to more accurately
model the Arctic in GCMs.
There a-e many participants in SHEBA, one of which is ARM.
ARM is participating in SHEBA by measuring the components
of the radiative energy balance at SHEBA. The SHEBA drift
site is centered on a Canadian Coast Guard ice breaker
named Des Groseilliers adrift in the Arctic ice pack since
October 2, 1997. A suitable ice floe to serve as the focus of
SHEBA was found in the vicinity of 75 degrees N, and 143
degrees W and the Des Groseilliers was moored to it. This
initial location is about 500 km north of Prudhoe Bay, Alaska.
Since then, the floe has been drifting primaily 'Nestward.
The SHEBA floe is about 8 km wide by 16 km long, and is
oriented in a N-S direction. Over the last few weeks, most of
the SHEBA instrumentation including that fielded by ARM has
been deployed on and around the Des Groseilliers, and is now
producing data.
The photo essay which was the main part of this poster paper
documented the prog-ess on the implementation of the
SHEBA and Barrow climate research sites and indicated their
status as of October, 1997.
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1

INTRODUCTION

It has been reported that the Arctic is underg<r
ing significant changes. Walsh et al. (1996) show
a much weaker Beaufort high and a sharp increase
in atmospheric cyclonic activity over the central
Arctic Ocean since 1988. Using sea ice concentration data derived from Scanning Multichannel
Microwave Radiometer (SMMR) and Special Sensor Microwaveflmager (SSM/I) brightness temperatures, Maslanik et al. (1996) found a decreasing
trend in the Arctic sea ice extent from November
1978 through September 1995, with extreme minima in 1990, 1993, and 1995.
Variations of the Arctic sea ice cover have been
the subject of considerable attention in the context of the ice-albedo climate feedback mechanism.
Changes in ice drift patterns may lead to changes in
sea ice export to the North Atlantic Ocean through
Fram Strait, which in turn affects the rate of North
Atlantic Deep Water formation and therefore the
global thermohaline circulation.
The purpose of this study is to explore the recent change in Arctic sea ice using a high resolution
coupled Arctic ice-ocean model forced with 1979-93
European Center for Medium-range Weather Forecasts (ECMWF) reanalysis. We use a high res<r
lution coupled Arctic ice-ocean model with 18-km
horizontal resolution and 30 ocean levels. The sea
ice model. uses elastic-viscous-plastic ice dynamics
(Hunke and Dukowicz, 1997; Hunke and Zhang,
1997). The ice thermodynamics is determined from
an energy budget at the ice surface following Parkinson and Washington (1979) and the zer<rlayer approximation of Semtner (1976) for heat conduction
through the ice. The ocean model is based on the
Semtner/Chervin free surface model (Semtner and
Chervin, 1992; Maslowski et al., 1997).
• Corresponding author address. Yuxia Zhang, Department of Oceanography, Naval Postgraduate School, Monterey,
CA 93943; e-mail: zhang@nps.navy.mil

2

CHANGES IN ICE MOTION

1983-88 and 1989-93 mean ice velocities from the
coupled ice-ocean model are illustrated in Figs. 1
and 2. The mean 1983-88 ice motion has the classical Beaufort Gyre and Transpolar Drift, bearing
a strong resemblance to the mean atmospheric circulation (not shown). The mean 1989-93 ice motion
shows a weakening of the Beaufort Gyre. The Transpolar Drift extents from north of the Laptev Sea to
Fram Strait with cyclonic curvature in 1989-93 while
it extents from north of the East Siberian Sea with
anticyclonic curvature in 1983-88. The difference in
ice motion before and after 1989 (not shown) demonstrates increased cyclonic ice motion in the central
Arctic Ocean, similar to the change in atmospheric
circulation (not shown).

3

MODEL AND SSM/1 COMPARISON

Fig. 3 shows the annual running mean ice area from
the model and from SMMR and SS M/I for the entire
model domain as well as for various subdomains,
which are divided as in Gloersen et al. (1992) (their
Fig. 3.1.2). The model did a superb job in capturing
the variability of ice area both over the entire model
domain and in the various subdomains. The ice area
in the Arctic Ocean decreased sharply in 1989 and
reached a record low in 1990 for the period of 198393, which was reported by Maslanik et al. (1996).
In the Kara, Barents, and Greenland Seas, the ice
area in the 1990's is low as compared to the late
1980's. However, similar low values also appeared
in 1984 and 1985. In Baffin Bay and the Laborador
Sea, Hudson Bay, and the Canadian Archipelago,
the ice areas show an increasing trend following a
minimum in 1988. The minimum ice area in 198485 over the entire model domain mainly results from
minimum ice areas in the Barents and Kara Seas, the
Greenland Sea, Baffin Bay and the Laborador Sea.
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1983-88 Mean Ice Velocity (cm/s)
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Figure 1: Mean ice velocity {cm sEvery 36th vector is plotted.

1

)

for 1983-88.

The spatial distributions of ice concentration differences between the mean of 1983-88 and 1989-93
from SMMR and SSM/1 and from the model {not
shown) both illustrate a decrease in ice concentration in the Siberian sector and an increase in the
Canadian sector of the Arctic Ocean. However, the
magnitude of difference is smaller in the model than
in the SSM/1 data. The model did a poor job in
simulating the summer retreat of ice in the East
Siberian and Laptev Seas, but it did a fair job in
simulating the changes in the marginal seas.
The time series of ice transport through Fram
Strait is shown in Fig. 4. It has the same variation as the ice area in Greenland Sea (Fig. 3) with a
minimum in the winters of 1984-85 and 1990-91 and
a maximum in the spring of 1989.

4

HEAT BUDGET

The ice volume (not shown) increases from late 1984
to mid 1987, then decreases until 1992. This behavior matches trends in the model's net thermodynamic ice growth and melt. Similarly, the variability of air temperature is highly correlated with
the variability of ice volume. The air temperature
averaged over the ice covered area has a decreasing

1989-93 Mean Ice Velocity (cm/s)

-

10.0

Figure 2: Mean ice velocity (cm s- 1 ) for 1989-93.
Every 36th vector is plotted.

trend during 1984-87 when ice volume increases and
there is net ice growth, and an increasing trend during 1987-90 when ice volume decreases and there is
net ice melt.

5

CONCLUSIONS

Using a high resolution coupled Arctic ice-ocean
model, we have investigated the variability of ice
motion and distribution, and their responses to atmospheric forcing. Consistent with Thorndike and
Colony (1982), Serreze et al. (1989), and Hunke and
Zhang (1997), ice motion is highly correlated with
atmospheric circulation. Comparison of ice area
from the model and SMMR and SSM/1 data indicates that the model did a superb job in capturing
its variability. Ice area reaches a record minimum in
1990 in the Arctic Ocean with maximum reduction
in the Siberian sector of the Arctic Ocean. Minimal ice area is also present in the early 1980's in the
marginal seas. Thus, the ice over the entire model
domain shrinks to minimum areas in 1984-85 and
particularly in 1990. Similarly, ice volume over the
model domain reaches minimums in 1984 and 1990,
and the variability of ice volume is highly correlated
with the variability of air temperature.
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