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FOREWORD

The World Climate Research Programme (WCRP) sponsors an Arctic Climate System
Study (ACSYS), an international multi-disciplinary ten-year project launched in 1994, and
two Antarctic sea-ice research projects: An International Programme for Antarctic Buoys
(IPAB) and an Antarctic Sea-Ice Thickness Project (ANSIT). An ACSYS Sea-Ice/Ocean
Modelling Panel (SIOMP) co-ordinates sea-ice/ocean modelling for ACSYS area and for the
Antarctic Sea-Ice Zone (An Zone).
The seventeenth session of the WMO/ICSU/IOC Joint Scientific Committee (JSC) for
WCRP encouraged discussion on the question of international co-ordination of Antarctic
climate research in appropriate ACSYS and WCRP CLIVAR fora. The ACSYS and CLIVAR
Scientific Steering Groups were requested to reinforce connections with SCAR and
SCAR/GLOCHANT, especially ASPECt, with a view to considering WCRP joining SCAR in
the sponsorship of ASPECt (WMO/TD-No. 773).
In line with the recommendations of the JSC-XVII, the fifth session of the ACSYS
Scientific Steering Group (SSG) discussed the need for an international co-ordination of
wider aspects of cryospheric research (Antarctic sea-ice dynamics, ice-shelf/ocean
interaction, Greenland and Antarctica ice sheet dynamics and their stability, as well as the
importance of snow cover, permafrost and other cryospheric variables for understanding
climate variations and change on time scales from seasons to centuries). As a result of the
discussion, the ACSYS SSG agreed to support an exploratory meeting of experts on
cryosphere and climate. The ACSYS SSG underlined that WCRP was particularly well suited
to forging links between research into the cryospheric, oceanic and atmospheric
components of the Earth physical climate system, and to do so on a bi-polar basis. At the
same time, the ACSYS SSG advised that WCRP should recognize the numerous existing
scientific activities in the Antarctic, many of long standing and many pertinent to climate,
as well as the growing number of internationally based bodies with interests in global
change in the north polar region (WCRP Informal Report No.11 ).
The meeting of experts on cryosphere and climate was organized by the Director of
the Joint Planning Staff for WCRP on behalf of the Chairman of the JSC. lt was hosted by
the British Antarctic Survey and held in Cambridge, UK, from 3-5 February 1997. The
meeting was attended by 19 participants from Canada, Germany, Norway, the Russian
Federation, Sweden, UK and USA (Appendix A). The main aims of the meeting were:
(i)

to consider the advisability of internationally co-ordinated research on cryosphere
and climate, and

(ii)

to advise WCRP on how best it might co-ordinate international research on the role
of the cryosphere in climate variability and change on time scales up to centuries.

The participants in the meeting reviewed WCRP activities addressing polar climate,
as well a related international polar research, and outlined optimal WCRP observing and
modelling strategies for studying the role of the cryospheric component of the global climate
system in seasonal to century scale climate variability. A statement summarizing this outline
and means to effect such strategies was also prepared for consideration by the JSC-XVIII.
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WCRP and the participants in the meeting wish to thank Or J.C. King, Mrs M.
Salisbury and other British Antarctic survey personnel for the excellent local arrangements.

Roger G. Barry
Meeting Chairman
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MEETING SUMMARY

1.

International research activities in studying the polar climate

1. 1.
The meeting reviewed the current and planned WCRP polar climate activities. lt was
briefed on progress made in studying the polar climate in the framework of already existing
WCRP research projects. The progress reports were delivered on:
(i)

Arctic Climate System Study by H. Cattle

(ii)

Sea-ice/ocean modelling by P. Lemke

(iii)

Cryosphere component of GEWEX by B. Goodison

(iv)

Simulation of snow/ice accumulation and ablation over Greenland and Antarctica in
atmospheric climate models by V. Kattsov

(v)

Antarctic Sea-Ice Thickness Project by P. Lemke, and

(vi)

International Programme for Antarctic Buoys by V. Savtchenko.
Extended abstracts of the above presentations are given in Appendices B1 - B6.

1.2
Representatives of the International Arctic Science Committee (IASC), the
International Permafrost Association (IPA), SCAR, SCOR/iAnZone international polar research
projects
informed
the
meeting
on
research
interest
of
the
appropriate
organizations/programmes in areas relevant to WCRP. The meeting was briefed, in
particular, on the current status of development and future plans of the following
international activities in cryospheric research:
(i)

Mass Balance of Arctic Glaciers and Ice Sheets in relation to the Climate and Sea
level changes (IASC MAGICS) by J. Hagen

(ii)

SCAR Global Change Programme by P. Clarkson

(iii)

Antarctic Ice Sheet Mass Balance and Sea-Level Contributions (SCAR/GLOCHANT
ISMASS) by P. Holmlund

(iv)

Antarctic Sea-Ice Processes, Ecosystems and Climate (SCAR/GLOCHANT ASPECt)
by S. Ackley

(v)

iAnZone programmes for studying the role of Antarctic waters and processes in the
global ocean and climate system by E. Fahrbach

(vi)

Permafrost distribution and changing climate by F. Nelson, and

(vii)

Ice-shelf research programmes (the Filchner-Ronne Ice Shelf Programme {FRISP), the
West Antarctic Ice Sheet Project (WAIS), the European Ice Sheet Modelling Initiative
(EISMINT)) by D. MacAyeal.
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Appendices B7 - B13 contain extended abstracts of the presentations mentioned above.
1.3

The meeting was also briefed on:

(i)

The Use of the Cryospheric System to Monitor Climate Change in Canada (CRYSYS)
by B. Goodison

(ii)

Modern precipitation variability over the ice sheets of Antarctica and Greenland by
V. Kattsov on behalf of D. Bromwich, who was unable to attend, and

(iii)

Snow accumulation in 1970-1992 over the Central Antarctica (Vostok Station) by
N. Barkov.

Extended abstracts of these presentations are given in Appendices B 14 - B 16.
1.4
Information on the main outcomes of the AMS/NSF/NASA joint workshop on Polar
Processes in Global Climate {Cancun, Mexico, 13-15 November 1996) was made available
to the attendees by V. Savtchenko.
1.5
Two ad-hoc working groups were formed to develop recommendations to WCRP
concerning:
(i)

Cryospheric components and their interactions with climate on seasonal to centennial
time scales (working group 1), and

(ii)

Polar regions similarities and contrasts (working group 2).

Both groups were charged with answering the following two questions:
(1)

What are the optimum observational and modelling strategies that can be used to
study the cryosphere?

(2)

What are the existing international programmes doing in this regard, and what links
are necessary to implement co-operation between them?

The principal findings and recommendations of the groups are summarized in Appendices
C1 and C2.
2.

Requirements for international cryospheric research related to climate

2.1
The chairman introduced discussion of requirements for international cryospheric
research related to climate by drawing attention to the extensive lists of requirements for
cryospheric and other data needed by WCRP programmes already available. Notable among
these are the assessment of needs for climate monitoring and model validation (Jenne,
1982), for studies of global change in Antarctica (SCAR, 1993) and, recently, the
compilation of the GCOS/GTOS Terrestrial Observation Panel (TOP) (Townshend et al.,
1 995). In addition, requirements for cryospheric remotely-sensed data for the Earth
Observing System are summarized by Weaver and Troisi ( 1996), based on the work of the
Polar Data User Working Group (PODAG).
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The meeting agreed that a re-assessment of needs of polar-related climate projects
for cryospheric data, and of the capabilities of existing observing systems to provide such
data sets, was not a profitable use of the meeting time available.
2.2
R.G. Barry noted that global data sets for the seasonal components of the cryosphere
have only become available as a result of polar-orbiting satellites, since the mid-1960s1970s. Consistent weekly maps of snow cover and sea-ice extent are available, in digitized
form, since the early 1970s based on NOAA-AVHRR imagery. Sea-ice concentration and
estimated snow depth have been derived from multi-channel passive microwave data since
1978. A new product combining weekly snow cover and sea ice in the Northern
Hemisphere for 1978-1995 has been generated from the preceding data on the Equal Area
SSM/1 Earth (EASE)-grid by NSIDC (1996A). The WMO-sponsored Global Digital Sea Ice
Data Bank contains sea-ice data for the Arctic from the Russian Federation ( 1 953-90) and
the United States of America (1972-94), for the Sea of Okhotsk (1971-95) from Japan, and
for the Southern Ocean (1973-94) from the United States of America. Data are currently
lacking from Canada, the Scandinavian and Baltic countries and some others. The satellite
data will be continued into the 21st century from the United States DMSP SSM/1, and
NOAA-AVHRR, enhanced by the EOS MODIS and AMSR systems (Thomas, 1995). In
addition, the NASA-NOAA Polar Pathfinder projects (Barry, 1997) are providing a suite of
daily polar cryospheric products as follows:
AVHRR (1982-97): 5 km broad-band polar surface albedo, ice-surface temperature (in
cloud-free areas) and a cloud mask; also 1.25 km-resolution data for selected regions for
1992/3-present. A coarser-resolution sea-ice motion product is also being developed.
TOVS (1979-97): profiles of atmospheric temperature and humidity and derived boundary
layer parameters.
SMMR SSM/1 (1978-97): gridded brightness temperatures, sea-ice type and concentration,
sea-surface temperatures and atmospheric moisture.
All polar products will be generated on the EASE-grid, where the grid cells are
fractions or multiples of 25 km allowing straightforward blending or intercomparisons.
For the perennial components of the cryosphere, the Radar Altimetry Pathfinder is
generating waveform data and elevation contours over the Greenland and Antarctic ice
sheets from radar altimetry for 1985-1989 and 1991-1997. A further Radarsat Antarctic
Mapping Project (RAMP) will provide complete high-resolution, precision map data for
Antarctica in 1997 and approximately 2-3 years later. Systematic mapping of selected
glaciers worldwide is planned under the Global Land Ice Monitoring System (GUMS) project
using the EOS ASTER instrument.
2.3
The participants noted that the most conspicuous gap in polar remote-sensing data
was sea-ice thickness. Only limited information on the sea-ice thickness can be derived
from satellite remote sensing. The primary sources of sea-ice thickness data are upwardlooking sonars (ULS) on submarines or at moorings. The situation for the Arctic data is
improving as submarine data are released and ULS mooring records are obtained and
processed. However, there are serious gaps in the coverage of ULS moorings and ship
transacts in the Antarctic.
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2.4
Information on sea-ice motion and complementary on atmospheric surface pressure
and temperature is routinely available for the Arctic through the International Arctic Buoy
Programme; the corresponding WCRP Antarctic programme lacks circumpolar coverage at
present.
2.5
In-situ observations of the cryosphere parameters provide valuable time series
records for point locations. However, there are serious problems of temporal consistency
and spatial representativeness. Moreover, the modernization and automation of station
networks and the closure of many high-latitude and other remote stations is severely
impacting cryosphere/climate-related studies. The situation is especially critical in Canada
and the Russian Federation, in view of the extent of northern land and ocean areas for
which they account.
2.6
The Arctic precipitation and run-off data requirements of ACSYS are being addressed
by the ACSYS Arctic Precipitation Data Archive (APDA) being assembled at the Global
Precipitation Climatology Centre (GPCC) in Offenbach-am-Main, Germany (WCRP, 1997) and
by the corresponding Arctic Run-off Database at the Global Run-off Data Centre (GRDC) in
Koblenz, Germany. Data for snow cover on Arctic sea ice have been assembled from the
Russian North Pole Drifting Stations (NSIDC, 1996B). Estimates of run-off from ungauged
Arctic rivers will be developed through hydrological models by ACSYS.
Glacier inventory and mass balance data are collected by the World Glacier
2. 7
Monitoring Service (WGMS) in Zurich (Haeberli, 1995). A new focus for mass balance
assessments of Arctic glaciers is the IASC project MAGICS described by J. Hagen (see
Appendix B7). However, the important Canadian glacier programme of Environment Canada
(Barry, 1995) has been essentially terminated.
2.8
The mass balances of Greenland and Antarctica remain poorly known and even the
signs of the net balances and their recent trends are uncertain. Estimates are currently
determined from glaciological field surveys, atmospheric vapour-flux calculations and radar
altimetry. Continuation and refinement of each approach is important, especially the data
collection by the EOS Geoscience Laser Altimeter System (GLAS) to be launched in AD
2002. The crucial component of iceberg calving is also poorly documented for both ice
sheets. There are some iceberg density climatologies of uncertain reliability. Radar remote
sensing is playing an increasing role and is a key component of the ISMASS project on the
flux across the Antarctic grounding line. Polarimetric interferometry offers considerable
promise for analysis of ice stream motion.
2.9
Records of lake and river freeze-up/break-up dates exist in many northern countries,
but they are held in scattered national archives. An informal Lake Ice Analysis Group (LIAG)
met through an initiative of the Limnology Center, University of Wisconsin, Madison, USA
in October 1996 and is co-ordinating data assembly and analysis. Plans for a data archive
and data distribution are on-going.
2.10 Information on seasonal and perennially-frozen ground is a high-priority activity of
the International Permafrost Association's Working Group on Permafrost Data and
Information (see http://www .geodata.soton.uk/ipa/).
2.11 A Global Geocryological Database (GGD) has been initiated by WDC-A for Glaciology
(Boulder, Colorado, USA) in conjunction with the WDC-D for Glaciology and Geocryology
(Lanzhou, China), the Federal Center for Geoecological systems (Moscow, Russian
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Federation), and the Geodata Institute, University of Southampton, UK. A CD-ROM
containing the digital Circumarctic Map of Permafrost and Ground Ice Conditions (Brown et
al., in press), selected active layer and deep borehole data sets provided by IPA member
nations and individuals, as well as a multilingual glossary, an inventory of Russian
permafrost maps and a cumulative 15-year permafrost bibliography is being planned for
release at the International Permafrost Conference to be held in Yellowknife, N.W.T.,
Canada, 23-27 June 1998.

3.

Recommendations for WCRP actions

3.1
Based on the scientific presentations by the invited experts and the deliberations of
the ad hoc working groups, the meeting came to the following conclusions:
(i)

The principal science questions concern:
sea
the
the
the
the

tevel,
energy and water cycle in regions with frozen ground,
roles of polar fresh water in the ocean thermohaline circulation,
interactions of snow cover and sea ice and seasonally frozen ground in
climate system.

The GCM community and climate community generally involved in cryospheric
research is small.
(ii)

The requirements for cryospheric data in support of WCRP programmes as specified
by the GCOS/GTOS Terrestrial Observation Panel were noted. On-going programmes
and projects addressing these issues are summarized in the working group reports
(see Appendices C1 and C2). They involve SCAR, IASC, the IPA and many
formal/informal research consortia. The meeting recommended that WCRP take note
of these diverse activities and identify areas where linkages to ACSYS and other
WCRP programmes would be mutually beneficial.

(iii)

Satellite-derived seasonal snow and sea-ice extent products are well in hand. Sea-ice
thickness information remains a major gap. Digital information on ice sheet
topography, permafrost extent and fractional area I extent will become available in
the next 1-3 years. However, there are critical observational gaps in cryospheric
parameters significant for the study of climate, cryosphere/climate interactions, their
variability, change and associated trends.
These include:
ice sheet annual
accumulation and surface temperature, iceberg calving, and topography (which
modifies surface airflow over large areas); the fraction of the land surface area
covered by glaciers and ice sheets (needed as a model boundary condition); ice
sheet and glacier mass balance; sea-ice concentration in summer, ice thickness, drift
and area! albedo; areal snow water equivalent (depth), wet/dry state and albedo;
the spatial/temporal characteristics of fresh water entering the circumpolar Southern
Ocean; freeze-up/break-up dates of fresh water bodies and fractional cover of water
bodies; permafrost extent and fractional presence, ground ice content, associated
soil properties and vegetation, and active layer thickness. For modelling, digital
elevation models are required for snow cover, permafrost, glaciers and ice sheets.

(iv)

Cold climate processes and phenomena are either not represented or are noninteractive in GCMs for ground ice, fresh-water ice, glaciers, ice sheets and ice
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shelves. Snow cover and sea ice in atmospheric GCMs may be prescribed or
interactive, while sea ice is interactive in ice/ocean/atmosphere models. More, but
not all, cryospheric variables are interactive in process and column models.
(v)

The GCM community will wish to compare and validate models with data sets that
have appropriate resolution, grid representation and time interval. There is a need
for gridded observational data and gridded output from model re-analyses at the
same scale. The ACSYS ad hoc Panel on Polar Products from Re-analyses should
address these issues, recognizing the large geographical extent and need for data in
both hemispheres. Data producers are encouraged to assist in the process.

(vi)

A NEG analogous to the ACSYS SIOMP needs to be established. lt should, in
particular, be focused on modelling of snow cover, frozen ground processes, and ice
sheet interactions in the GCM.

(vii)

The ACSYS Remote Sensing Panel should encourage the validation of satellite
products for polar regions.

(viii)

Issues relating to northern high-latitude precipitation and fresh water run-off are the
responsibility of specific ACSYS projects for (i) snow on sea-ice, (ii) the ACSYS
Arctic Precipitation Data Archive, and (iii) the Arctic Run-off Database. These
activities are complemented by the WCRP GEWEX continental scale experiments
BALTEX, GCIP, GAME and MAGS, which have cryospheric components.

3.2
To improve observing and modelling of the role of the cryosphere in global climate,
a stepwise implementation of the following actions was recommended by the meeting:
(i)

WCRP should recognize the valuable contributions of the IASC Mass Balance of
Arctic Glaciers and Ice Sheets in relation to the Climate and Sea level changes
(MAGICS) programme to the understanding of Arctic land ice and invite this group
to establish links with ACSYS and GEWEX.

(ii)

ACSYS and GEWEX should develop relationships also with the IPA and the
Circumpolar Active Layer Monitoring (CALM) programme network.

(iii)

Investigations of the Nordic Seas be included under the umbrella of ACSYS, taking
into account that the Arctic Ocean and the Nordic Seas represent a closely linked
system which requires the co-ordination of activities in both parts.

3.3
The meeting suggested the following strategy towards establishing an internationally
co-ordinated research on cryosphere and climate:
(i)

The JSC-XVIII review and endorse the meeting's findings, as appropriate.

(ii)

The WCRP Conference on Achievements, Benefits and Challenges (August 1997)
identify weaknesses and gaps in studies of cold climate processes and the role of the
cryosphere in climate variability and issue a relevant statement.

(iii)

The second ACSYS science conference (November 1997) was expected to provide
input from the broader polar/cryospheric community. Its results would be considered
by the immediately following meeting of the ACSYS SSG-VI.
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(iv)

The JSC-XIX (1998) might wish to decide how to integrate cryospheric components
of the climate system smoothly into existing programmes without disrupting
successful activities.

(v)

The meeting felt that a project entitled "Cold Climate Processes" or "Cold
Regions/Climate Interactions (CReCI)" might be a more suitable framework for WCRP
research on cryosphere and climate than the "Role of the Cryosphere in Climate".
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The WCRP Arctic Climate System Study (ACSYS)
Howard Cattle
Ocean Applications, Meteorological Office, Bracknell, UK

1. Introduction
The Arctic Climate System Study (ACSYS) has been established by the-WCRP as a 10 year
programme running from 1 January 1994 onwards. It is aimed towards determining the role
and sensitivity of the Arctic in the global climate system and in particular towards answering
whether Arctic climate is as sensitive to global changes as climate models seem to suggest .
ACSYS has, as its specific objectives:
- to understand the interactions between the Arctic Ocean circulation, ice cover and the
hydrological cycle;
- to initiate long term climate research and monitoring programmes for the Arctic;
- to provide a scientific basis for an accurate representation of Arctic processes in global
climate models.
To achieve these objectives, ACSYS has component programmes on Arctic Ocean circulation,
Arctic sea ice, the Arctic atmosphere and Arctic hydrology. These are complemented by the
ACSYS modelling programme which is currently being developed under the ACSYS Sea
Ice-Ocean Modelling Panel (SIOMP). The overall scientific concept of ACSYS is described
in WCRP-72 (1992) and the initial plan for its implementation in WCRP-85 (1994). As a
programme, ACSYS is currently concentrated on the central Arctic Basin, though its
programme on sea ice, in particular extends, into the Nordic Seas, whilst determination of the
flu.xes of freshwater (including sea ice) from the Arctic Basin into the Nordic Seas and thence
to the global ocean forms a particular focus for ACSYS.
The overall ACSYS programme and its ongoing implementation is overseen by the ACSYS
Scientific Steering Group (SSG), currently chaired by Professor K Aagaard of the Polar
Science Center, University of Washington. The work of the SSG is assisted by the Joint
Planning Staff(JPS) of the WCRP. Day to day management of ACSYS is provided by the
ACSYS International Project Office directed by Dr R Colony. In addition to the SIOMP, the
ACSYS SSG has established panels for 'Data Management and Information Flow', Remote
Sensing' and 'Polar Products from (atmospheric) Re-analysis'. Two Antarctic activities also lie
-..vithin the terms of reference of the ACSYS SSG, namely WCRP interests in the Antarctic
Drifting Buoy Programme and the Antarctic Ice Thickness Monitoring Programme. These
programmes are described elsewhere in this document and will not therefore be adressed
futher here. In the following sections, the main aspects of ACSYS will be described,
together with some achievements of the programme since its inception.
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2. Arctic Ocean Circulation Programme
The overall aim of this programme is to expand the observational database of deep basins of
the Arctic Ocean and improve our mechanistic understanding of Arctic Ocean processes. It
has four components: (i) hydrographic survey ofthe Arctic Ocean; (ii) shelf studies; (iii) the
Arctic Ocean variability project and (iv) the historical Arctic Ocean climate database project.
2.1 Arctic Ocean hydro graphic and shelf studies
The ACSYS hydro graphic survey is aimed at obtaining high quality sections to further
establish the characteristics of the waters of the Arctic basin. On the other hand, ACSYS
Arctic Ocean shelf studies are aimed at understanding how processes on the Arctic shelves
partition salt and freshwater and how the resulting buoyancy fluxes are coupled to the ocean
interior. The approach is threefold:
- to conduct a set of seasonally distributed shelf surveys in the Barents, Kara, Laptev and
Chuckchi Seas;
- to ascertain the seaonal and interannual variability of the shelf circulation and its waters;
- to conduct field experiments sufficient to document key processes.
A number of Arctic Ocean hydro graphic and shelf survey expeditions have contributed to
meeting the aims of ACSYS since its inception. In particular:

In 1994:
-the joint USA-Canadian icebreaker section across the Arctic Ocean from Bering Strait to the
Greenland Sea. This section demonstrated in particular a marked warming of the Arctic
thermocline well above the previously observed climatic variability of these waters;
- German-Russian Laptev Sea cruises.
In 1995:
-further German-Russian Laptev Sea cruises;
-a Russian-U.S. Chuckchi and East Siberian Seas expedition.
In 1996:
- German-Russian Laptev Sea cruises
- a joint Swedish-German survey of the Eastern Eurasian Basin.
Additionally, joint Norwegian-Russian hydrographic surveys of the Barents and Kara Seas
have been carried out, building on those which have taken place since 1988 and annual
Norwegian surveys of the Barents Sea and Fram Strait have augmented similar surveys which
have been undertaken since 1981. There is also a long record ofRussian summer
hydrographic surveys in the Barents and Kara Seas stretching back to 1955.
Plans for 1997 and 1998 include a joint Russian-U.S expedition (1997) and a joint
Canadian-U.S hydrographic survey of the Canadian Basin. German cruises to the Arctic,
aboard the 'Polarstern' are also planned out to 200 1. Repeat Canadian sections in the
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Canadian, Beaufort and eastern Arctic, plus expanded shelf and coastal ocean surveys in the
Canadian archipelago are aiso under consideration.
2.2 The Arctic Ocean variability project
T}lis project is aimed at assessing the variability of the circulation and density structure of the
Arctic Ocean, including exchanges with the surrounding seas. The long-term strategy for
implementation is to maintain an array of drifting oceanic buoys to study the variability of the
mixed layer and the pycnocline; to deploy and recover annually or biennially a network of
bottom-moored intruments at selected sites in the deep basins and along the principle
topographic boundaries of the Arctic Ocean and to measure directly through moored
instrumentation and satellite remote sensing the variability of the exchanges through the major
straits connecting the Arctic Ocean with the seas to the south.
Investigation of the exchanges between the Arctic Ocean and the Nordic Seas will be
substantially enhanced by the recently instituted VEINS (Variability ofExchanges with the
Nordic Seas) project, supported by the European Commission. Further, the variability of the
ice cover, ocean velocities at depth and the fluctuations in hydrography for sites in the
southern Canada Basin has been studied by Canadian Investigators in a programme of work
aimed at documenting ice thickness variability and the associated trends in water column
properties. This involved deployment of moorings at two sites, at depths of 700m and 3200m
respectively, coupled with annually occupied hydrographic stations. Further deployment of
three moorings by the US. in the area ofthe Lomonosov ridge, recovered in 1996, have also
been made. The results of these deployments are providing new insights into Arctic Ocean
variability. At present however there are no plans by either the U.S. or Canada fr further such
deployments and ACSYS is looking for new commitments to continue efforts in this area.
2.3 The historical Arctic Ocean climate database project
This project aims to establish universally available digital hydrographic databases for the
Arctic Ocean for analysis of climate-related processes and variability and to provide a dataset
suitable for the initialisation of Arctic climate and circulation models.
A substantial contribution to these aims has been the development, under the auspices of the
Gore-Chemomyrdin Commission, of a CD ROM Atlas containing 1. 3 million Russian and U. S
hydographic observations taken over the period 1948-93. The first part of this atlas, has
recently been published (see e.g. National Geographic, 1997). Further details can be obtained
via the NOAA web site at http://ns.noaa.gov/atlas. ACSYS has additionally,promoted a CD
ROM containing western station data on temperature, salinity, oxygen and nutients taken over
the historical period to 1991 and development by the Russian Arctic and Antarctic Research
Institute (AARI) oftheir historical hydrographic and hydrochemical database. The AARI
database covers obervations for the Arctic Ocean and marginal seas by Russian and joint
expeditions from 1930-1995.

3. Arctic sea-ice programme
This includes three main components: (i) the establishment of an Arctic-wide sea ice climatogy
database of sea-ice extent and concentration, ice thickness, and ice motion; (ii) monitoring the
export of sea ice through Fram Strait and (iii) Arctic sea ice process studies. Supporting
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programmes are provided by the WMO/Cl\1M global digital sea-ice data bank project, the
International Arctic Buoy Programme and the WCRP Arctic ice thickness project (AITP),
which is organised from the Norsk Polar Institute and aims to monitor ice thickness through
the deployment of a network of upward looking sonars (ULSs). A number of countries have
contributed to the AITP network, including Canada, Germany, Iceland, Norway, U.K. and
US. The present network consists of some 15 instuments, mainly located around the
peripheries of the Arctic Basin with a concentration of moorings in the region ofFram Strait.
Results from this project were drawn together in an ACSYS-sponsored workshop held jointly
with the SIOMP in Monterey in April1997. A focus will be to develop the stategy for ice
thickness monitoring for the 1998-2003 timeframe. A particular further contribution to the
aims of the ACSYS sea ice programme is an analysis of the variability of the sea ice margin in
the North Atlantic on the centennial timescale from historical data being carried out by Vigne
and others at the Norsk Polar Institute.

4. ACSYS Arctic atmosphere programme
The components ofthe ACSYS Arctic atmosphere programme are (i) the development of
Arctic atmosphere historical datasets (ii) the development of datasets of the atmospheric
forcing on sea ice and ocean for integration of ice-ocean models and verification of coupled
climate models and (iii) a programme on polar clouds and radiation studies.
ACSYS aims to develop historical atmospheric datasets by utilising the products from the the
atmospheric re-analyses being carried out carried out at the European Centre for Medium
Range Weather Forecasts, the U.S. National Centres for Environmental Prediction and the
US. NASA Goddard Data Assimilation Office in particular. It also seeks to establish
improved representation of Arctic processes in future such re-analysis efforts and to seek to
improve Arctic re-analysis products by combining them with specific Arctic regional analyses,
for example of surface temperature using combined Arctic buoy and remote sensing data.
Similarly ACSYS seeks to provide improved datasets ofthe surface forcing of the Arctic
ocean and sea ice by this means. To assist in this ACSYS has established a panel on 'Polar
Products from Re-analysis' with the aims in particular of promoting the evaluation and
assessment of re-analysis products for polar regions and the development and implementation
of techniques for blending modelled and in-situ data sources to provide optimal gridded polar
datasets. As a contribution to the establishment of an improved database of historical
meteorological observations, ACSYS has also sponsored the US. National Snow and Ice
Data Centre CD ROM of Russian North Pole Drifting Station snow and meteorological
observation data for 1937 and 1950-91, which was released during 1996.
ACSYS looks in particular to collaboration with the WCRP Global Water and Energy
Experiment (GEWEX) for development of its polar cloud and radiation programme.
Particular national supporting programmes are the U. S Atmospheric Radiation Measurement
Programme (ARM) which has established a Cloud And Radiation Test (CART) site on the
North Slope of Alaska; the Beaufort and Arctic Storms Experiment which took place in 1994;
the US. Arctic FIRE experiment and the US. Surface Heat Budget ofthe Arctic Ocean
(SHEBA) Programme, the field phase ofwhich will take place in the Beaufort Sea in 1997-98.
Regional atmospheric climate models of the Arctic are a particularly valuable tool for
determining the scenarios required for climate change impact studies of the region. The
International Arctic Science Committee (IASC) has established two particular climate change
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impact studies for the Arctic:, the Barents Sea Impact Study (BASIS) and the Bering Sea
Impact Study (BESIS). Plans for the development of a framework for coordination of Arctic
regional climate modelling to provide the scenarios needed by such impact studies are being
developed. This follows a workshop held in Bracknell in November 1996 on Arctic Regional
Climate Models which was jointly sponsored by WCRP ACSYS, IASC and the European
Marine and Polar Board.
5. ACSYS Hydrological Programme
The primary aim of the ACSYS hydrological programme is to determine the freshwater input
to the Arctic Ocean via runoff and precipitation for studies of the Arctic freshwater balance.
The programme has two main elements
- the compilation of an Arctic hydrological database
- the development of hydrological models of selected Arctic regions.
ACSYS looks in particular to the development of research quality Arctic hydrological datasets
of runoff and of Arctic precipitation. The ACSYS Run-Off Data Base (ARDB) is being
established by the Global Runn-OffData Centre (GRDC) in Koblenz. Monthly mean
discharge data from 23 5 rivers flowing to the Arctic Ocean are already stored. The ARDB is
accessible for every user registered with the GRDC.
ACSYS has sponsored two particular workshops to assist in development of an. Arctic
Precipitation Data Archive (APDA) which is underway in collaboration with the Global
Precipitation Climatology Centre (GPCC) in Offenbach. The first, held in Reston, V A, U.S.A.
in September 1995 (WCRP-93, 1996) was in support of the ACSYS Solid Precipitation
Climatology Project and the second, on the implementation of APDA was held in
Offenbach!Main, Germany in July 1996. It is aimed to publish a pilot APDA on CD ROM by
1998 and a final version by 2000. APDA will include station data, both corrected and
uncorrected and gridded products. The IAPO is coordinating data contributions and assisting
in acquiring resources for rescue and acquisition of datasets. It is recognised that new
intercomparisons of standard World Meteorological Organisation (WMO) correction
procedures are needed for the Arctic, as a development of the work of the WMO/CIMO Solid
Precipitation Measurement Project.
The development of Arctic hydrological models, needed in particular to determine the
contribution of ungauged rivers into the Arctic Ocean is being carried out in collaboration with
GEWEX. Particular supporting projects are the MacKenzie GEWEX Study (MAGS) and the
GEWEX Asian Monsoon Experiment (GAME) which includes modelling and observational
studies over Siberia as one component.

6. ACSYS Modelling Programme
The ACSYS modelling strategy includes optimisation of the components of global and
regional models of the Arctic, in particular of the physical parametrisations required by
atmosphere, ocean, sea ice and hydrological models and coupled configurations of these
components. Through the SIOMP is has particularly concentrated to date in intercomparing
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available sea ice models for climate studies (WCRP Informal Report No.5/1997). Present
strategy is to develop the ACSYS SIOMP into a full ACSYS Numerical Experimentation
Group to stimulate and coordinate work on physical parametrisation of other components of
the climate system. It will also seek to collaborate with the WCRP Climate Variability
Programme (CLIVAR) in stimulating climate response experiments on the role of Arctic
processes on global climate.

7. ACSYS deliverables
As noted, ACSYS is a 10 year programme to 2003. It is the overall aim of ACSYS, by the
completion of its programme, to deliver to the climate community a range of Arctic datasets,
to have increased understanding and appreciation of Arctic Climate processes and improved
modelling techniques. In particular ACSYS aims to deliver:

-comprehensive Arctic climate datasets, in particular of Arctic Ocean hydrography, sea ice
characteristics, the Arctic atmosphere and hydrology to test and validate regional and global
climate models;
-improved methods of the representation (paramtrisation) of physical processes in climate
models, especially in relation to the modelled sensitivity of the Arctic to increased greenhouse
gas concentrations;
- an estimate of the Arctic freshwater budget with the aim of determining the role of the Arctic
in the global freshwater cycle.
As noted in the introduction, a primary aim of ACSYS is to determine the role of the Arctic in
global climate. This topic forms the overall theme for the Second ACSYS Conference to be
held at Rosario Resort, Orcas Island, Washington USA from 3-6 November 1997. Under the
heading 'Polar processes and Global Climate', this which will deal with new observational
insights, sources, sinks and budgets and processes and their modelling in the polar climate
system and variability and feedbacks between the polar regions and global climate.
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Sea-ice/ocean modelling
P. Lemke

ABSTRACT IS NOT AVAILABLE

Nota:.

The presentation was based on the results obtained by an ACSYS Sea-Ice/Ocean Modelling Panel
(SIOMP), which were reported in the following WCRP publications:
(i)

Report of the first ACSYS Sea-Ice/Ocean Modelling Workshop (Hamburg, Germany, 13-15
December 1993). Edited by P. Lemke. October 1996. WCRP Informal Report No. 12/1996)

(ii)

Report of the second ACSYS Sea-Ice/Ocean Modelling Workshop (Bremerhaven, Germany, 1820 September 1995). Edited by P. Lemke. January 1997. WCRP Informal Report No.
1/1997, and

(iii)

Report of the third ACSYS Sea-Ice/Ocean Modelling Workshop (Victoria, B.C. Canada, 17-20
August 1996). Edited by P. Lemke. April1997. WCRP Informal Report No. 5/1997.
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The cryosphere - a significant component within GEWEX
B. Goodison
Climate Research Branch, Atmospheric Environment Service, Downsview,
Ontario, Canada M3H 5T4

1.

INTRODUCTION

The Global Energy and Water Cycle Experiment (GEWEX) is a major component of the World
Climate Research Program (WCRP), initiated to observe, understand and model the hydrological cycle
and energy fluxes in the atmosphere, at the land surface and in the upper oceans. Simply, it is an
internationally coordinated group of activities aimed at improving our understanding and prediction of
the role that the water cycle plays in the climate system. To understand and model cold climate
processes in this system, cryosphere/climate interactions must be studied. GEWEX incorporates the
study of these processes in many of its activities and has included aspects of many of the "traditional
cryospheric components" - snow cover, ice sheets, ice shelves, glaciers/ice caps, sea ice, lake/river
ice, seasonally frozen ground and permafrost - in its research initiatives. This paper will provide a brief
summary of the GEWEX activities which currently have specific cryospheric aspects in their program.

2.

GEWEX ORGANIZATION

GEWEX activities are now organized into three main scientific thrusts, leading up to the main
global observational phase: atmospheric radiation physics (GEWEX Radiation Panel), including clouds
and precipitation; GEWEX Hydrometeorology Panel (GHP); and, modelling and prediction, with the
JSC/CAS Working Group on Numerical Experiments having a key role. The sub-activities of these
thrusts are summarized below.
Radiation Panel:
•
•
•
•
•
•
•
Hydrometeorology
•
•
•
•
•
•
•

International Satellite Cloud Climatology Project (ISSCP)
Surface Radiation Budget Project (SRB)
Baseline Surface Radiation Project (BSRB)
GEWEX Water Vapour Project (GVap)
aerosol studies
Cloud Profiling Radar Project
Global Precipitation Climatology Project (GPCP)
Panel:
GEWEX Continental Scale International Project (GCIP)
Mackenzie GEWEX Study (MAGS)
Baltic Sea Experiment (SALTEX)
Amazon Basin Experiment (LBA)
GEWEX Asian Monsoon Experiment (GAME)
International Satellite Land Surface Climatology Project (ISLSCP)
Global Runoff Data Centre (GRDC)

Modelling and Prediction:
• Cloud-AGCM parameterization project
• Land surface-AGCM coupling project
• Project for lntercomparison of Land-Surface Parameterizations (PILPS)
• GEWEX Cloud System Study (GCSS)
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The activities are not independent of each other and there are three main cross-cutting
themes (WMO, 1996). The first focuses on the assembly of global climatological data sets based on
the merging of in-situ and satellite observations. The second theme emphasizes atmospheric and
land surface process studies. The third theme is concerned with the application of GEWEX data and
process studies in models. Concern with "variability and changen is common across all three themes
in the study of the energy and water cycles in the climate system. All three themes involve
consideration of cold climate processes and components of the cryosphere to varying degrees.
Of the three GEWEX panels, the GEWEX Hydrometeorology Panel (GHP) has the greatest
immediate concern with cold climate processes and cryosphere/climate interactions, especially
through its Continental Scale Experiments (CSEs). This is not to say that the other panels' activities
are not concerned with the cryosphere, but their emphasis has generally been on other aspects of
the energy and water cycle. The PILPS studies, for example, have just recently intercompared land
surface models for a cold climate situation involving snowmelt and frozen ground conditions

3.

THE CRYOSPHERE WITHIN GEWEX CONTINENTAL SCALE EXPERIMENTS

3.1

GHP Strategy

GEWEX established the GHP in an effort to develop a quantitative understanding of the
global hydrological cycle and energy fluxes based on global observation and comprehensive climate
models. An essential step toward this objective involves comparison of model formulations of
hydrological and energetic processes with corresponding observed properties. This task will be
accomplished within the framework of the five CSEs: GCIP, BALTEX, MAGS, GAME and LBA.
Figure 1 shows the location of these large area experiments around the world. LBA and some of the
GAME study areas do not involve cryospheric studies, but GAME does cover the widest range of
climates. For the others, cold climate processes and the cryosphere are significant considerations.
Figure 2 provides a useful visualization of the temperature-precipitation relationship for the CSEs,
emphasizing the importance of the cryosphere in GAME-Siberia, MAGS and GAME-Tibet, in
particular. Further information and links to the CSE's homepages may be obtained from the GHP
homepage at URL: http://www.tor.ec.gc.ca/GEWEX/GHP/cont_ex.html

Figure 1 - GEWEX Large-Scale Experiments
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Figure 2 -Temperature-Precipitation Relationship for GEWEX CSEs

The GHP is guided by several key questions which it will endeavor to answer during the period
of the investigations. These include determining what are the critical energy and water cycles affecting
the monthly water and energy cycles of the CSEs, the scientific issues which must be
addressed to understand these cycles and any changes associated with anthropogenic change, and
our ability to measure the critical parameters and to model these cycles for the CSEs. Two specific
milestones established to achieve this strategy are:
• by 2000, quantify evaporation, precipitation and other hydrological processes required to
improve prediction of regional precipitation for periods of one to several months
• by 2005, predict variabilities in water resources and soil moisture on time scales of
seasonal to annual as part of WCRP's prediction goals for the climate system.
The study and understanding of cold climate processes is recognized as an essential
component in the CSE studies and in the modelling of land surface processes. For example, recent
studies by ECMWF on cold surface conditions found several problems which should be addressed;
one recommendation was that additional research was required into the issue of soil moisture and soil
freezing.
3.2

BALTEX

The scientific question in BALTEX is the coupling between hydrological processes over
relatively complicated terrain, sea and sea-ice surfaces and the atmospheric circulation. With the
northern extent of BALTEX reaching to almost 70°N, it is quite natural that it be concerned with
cryospheric issues. Northern regions of the study area are characterized by permafrost, snow
accumulates over all portions of the area, and sea ice can sometimes cover the entire Baltic Sea.
Each of these cryospheric issues has a major impact on the climate of the SALTEX region.
Requirements for improvements in modelling in SALTEX certainly reflect the importance of the
cryosphere and acknowledge that more work must be done on this issue. A Baltic air-sea-ice study is
planned to create and analyse an experimental data set for optimization and verification of coupled
atmosphere-ice-ocean models. This effort is linked with field experiments; one, BASIS, is aimed at an
improved understanding and modelling of the water and energy cycles during winter conditions by
conducting a winter field study in the marginal ice zone of the Baltic Sea. At the same time, the
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Northern Hemisphere Climate Land Surface Processes Experiment (NOPEX) will organize a winter
field experiment in northern Finland.
Information on SALTEX may be obtained from their homepage with URL:
http://w3.gkss.de/baltex/baltex_home.html
3.3

Mackenzie GEWEX Study (MAGS)

The objectives of MAGS are: to understand the critical components of the water and energy
cycles that affect the climate of the Mackenzie Basin; and, to improve the capability to predict changes
to the water resources of the Mackenzie Basin that are influenced by natural climate variability and that
may be altered by anthropogenic climate change. The cryosphere is a crucial aspect of MAGS and
must be properly accounted for if MAGS is to realize its goals within GHP. Permafrost occurs over
more than half the Basin, snow entirely covers the basin for much of the year, all the thousands of
lakes freeze over for many months, and for much of the year the flow of the Mackenzie and its
tributaries is below ice.
Consequently, MAGS is carrying out a number of observational, process, remote sensing, and
modelling studies associated with the cryosphere. In fact, more than half the approximate 30 MAGS
research teams are dealing directly with cryospheric issues. This includes operating one research subbasin near lnuvik, within the permanent permafrost regime, and another at Ft. Simpson over a
discontinuous permafrost regime. The MAGS cryospheric efforts are aimed at properly monitoring the
critical elements and this, due to the general lack of surface-based measurements, necessarily
requires extensive use of satellite-borne remote sensing with particular emphasis on microwave
information.
Cryospheric processes such as snowmelt, snow interception, sublimation and
redistribution and loss of snowcover through blowing snow and are being studied; appropriate process
models are being developed; and these are being inserted into land surface model schemes such as
CLASS. The full impacts of such cryospheric processes on the Region's climate are beginning to be
examined though the use of a regional climate model that will, as a major outcome of MAGS, have a
fully-coupled cryosphere.
Details on MAGS may be found at their URL: http://www.tor.ec.gc.ca/GEWEX/MAGS.html
3.4

GEWEX Continental Scale International Project (GCIP)

The GCIP mission is " to demonstrate skill in predicting changes in water resources on time
scales up to seasonal, annual and interannual as an integral part of a climate prediction system". The
scientific objectives are similar to other CSEs, encompassing aspects on water and energy cycles,
model development and evaluation, data assimilation, data collection and management, and
applications to water resources. The cryosphere is important to GCIP, particularly in its northern
regions, and it is certainly recognized that models need to be improved in order to account for cold
season surface processes over the Mississippi Basin. Issues such as the development of snowcover
and its melting are especially difficult problems for GCIP since there are often a number of periods of
snow accumulation and melt occurring over the cold season. The changing shift of GCIP from warm
season processes towards more attention devoted to the cold season is certainly leading to greater
attention of the cryosphere.
Cold season processes are receiving special attention in the science implementation planning
for the north central study area. Scientific concerns include land surface model physics (frozen soil
processes, snowpack maturation and melt, and the energy budget at the snow-atmosphere interface),
land surface modelling of sub-grid scale heterogeneity effects (particularly challenging during partial
snow cover conditions), and monitoring of the land surface state (particularly soil moisture, soil
temperature and snowpack characteristics). Their hope is to take full advantage of existing
infrastructure and projects in the region in conducting this regional study within GCIP.
The GCIP homepage URL is: http://www.ogp.noaa.gov/gcip/
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3.5

GEWEX Asian Monsoon Experiment (GAME)

The scientific goals of GAME are: to understand the role of the Asian monsoon in the global
energy and water cycle; and, to improve the simulation and seasonal prediction of seasonal
precipitation and water cycles of the regional-scales in the Asian monsoon region. One objective is to
assess the impact of monsoon variability on the regional hydrological cycle. GAME has four separate
study areas over Asia, but two involve cold climate processes, in Siberia and Tibet. The GAME-Siberia
study has much in common with MAGS, focusing on northward flowing rivers. The study objectives for
the Siberian region aim to clarify the characteristics and processes of water accumulation and transfer,
and their relation with the energy cycle, in the atmosphere-land surface interface of cold environment
from the seasonal to interannual time scale. The spatial scale is from local to the large scale of the
continental river basin draining to the Arctic Ocean. The area, like MAGS, has unique characteristics
which must be considered in the study plan: a permafrost. region, cold temperatures, low precipitation,
and snow cover for more than half the year. A most important objective is to understand how the cold
environment (frozen ground, snow cover, vegetation) affects the water/energy cycle in the land
surface-atmosphere system, especially the conditions of the land surface and surface fluxes.
The GAME homepage URL is: http://www.ihas.nagoya-u.ac.ip

4.

LINKAGES WITH OTHER WCRP OR GEWEX ACTIVITIES

4.1

ACSYS

The need for co-operation between GEWEX and other WCRP programmes, notably ACSYS, is
recognized by GEWEX participants. ACSYS (Arctic Climate System Study) and the GEWEX CSEs
producing high latitude products/information have a natural linkage. GEWEX concentrates on fast
climate processes to address seasonal and annual issues; ACSYS focuses on issues up to decades.
MAGS, BALTEX, GAME and to some extent GCIP have linkages with ACSYS and its issues. Issues
with particular links to the cryospheric components include: water and energy cycles at high latitudes
and their representation in climate models; coupled surface/atmosphere models; development and use
of remote sensing techniques to derive cryospheric elements; fresh water discharge into the Arctic
basin; determination of precipitation, and especially snowfall, at high latitudes; snow cover and ice
cover and their evolution over land and ocean; and, radiation and its effect on high latitude climate and
features such as permafrost.
ACSYS and GEWEX have been able to separate responsibilities so that the programmes are
complementary. ACSYS is responsible for: assembling information needed to describe the Arctic
climate system; conducting modelling studies focusing on the Arctic climate; carrying out activities
occurring over the Arctic Ocean, including sea ice and snow cover; and, conducting studies concerned
with hydrological processes, including discharge, over critical regions affecting the high latitudes that
are not being directly studied under GHP. GEWEX, on the other hand, is responsible for: assembling
datasets describing the energy and water budgets of the continental-scale areas; conducting
continental scale budget studies in selected regions, including enhanced observation projects, regional
data analysis and assimilation projects and prediction experiments; ensuring that the coupled models
developed on its CSEs are transferred to regions of interest to ACSYS; and, validation of global
datasets from other GEWEX initiatives over the CSEs.
4.2

Global Runoff and Precipitation Data Centres

The Global Runoff Data Centre (http://www.wmo.ch/web/homs/grdcintr.html) collects and
disseminates hydrological data to support many programs, including WCRP. Similarly, the Global
Precipitation Climatology Project (GPCP: http://orbit-net.nesdis.noaa.gov:BO/gpcp/) provides monthly
mean precipitation on a latitude-longitude grid for the globe. Both are GEWEX projects and are
essential for the support of the CSE research studies.
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Specialized GPCP data products exist in conjunction with the regional CSEs. The GPCP will
look at higher temporal and spatial resolution products for these studies. The GPCP products make
use of satellite (IR, microwave) and in-situ data, the latter being compiled by the Global Precipitation
Climatology Centre (GPCC). There has been considerable progress in preparing a combined rainfall
product, however, the snowfall precipitation component still requires specialized attention. Correction
of high latitude snowfall measurements for systematic errors is being considered within the ACSYS
program. Both the GRDC and GPCP will assist the CSEs in the assembly of global runoff data sets.
Actions are now in place to strengthen the links between the continental scale experiments and the two
centres. The GHP and the Centres plan to coordinate contributions to the global observing systems
(eg. GCOS), and development of a near real-time global monitoring network for surface water budget
parameters.
4.3

International Satellite Land Surtace Climatology (ISLSCP)

ISLSCP has had two major initiatives to improve the availability and usefulness of global data
sets -the first for a one-year period that would be available quickly, and a second initiative which would
be a data set for a 10-year period. The first is now available on CD-ROM. Two snow cover data sets
are included - a regridded NESDIS weekly snow cover product for the Northern Hemisphere derived
from optical satellite data and the U.S. Air Force monthly snow depth climatology. There is also a seaice product from NOAA/NMC gridded to the required 1°X1° grid. Initiative 11 will continue the weekly
snow extent product from NOAA, and hopefully provide an initial product for snow water equivalent.
This effort is important for modelling studies. lt recognizes the need to have information on the
cryosphere for investigation of the global climate system. Further information can be obtained through
the ISLSCP homepage: http://www.cais.com/gewex/islscp.htmll.
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1.

INTRODUCTION

Ice sheets of Greenland and Antarctica can be of major importance in climate variations,
as well as a possible cause of sea level change on time scales of decades and longer.
The ice sheet mass balance is the sum of precipitation, evaporation/sublimation,
melting/runoff, atmospheric transport of surface snow, and ice flow and iceberg discharge from
the ice-sheet's margins to the ocean. Some of these components are directly provided by
AGCMs, others are contributed to by AGCM output and could be computed using ice-sheet
models.
Major problems facing AGCM studies of the ice sheets' mass balance are as follows
(Genthon, 1994):
-- large spatial variability: the regions are strongly influenced by topography, which is
11:enerally inadequately delineated in the models;
"'
-- very local significance of observations.
Observational estimates of high-latitude precipitation demonstrate a rather vvide range· of
uncertainty. This is due to sparseness and severe errors of in situ precipitation measurements
(particularly in case of solid precipitation under windy conditions), as well as to distinctions
oetween correction procedures the station data are subjected to.
The aim of this study was to make some general conclusions on capabilities and
deficiencies of AGCM simulations of Greenland and Antarctic ice sheets' mass budget
compon~nts -- by intercomparing model outputs and comparing these against available
observation.
2.

MODELS AND DATA

The AMIP 10-year (1979-88) simulations (Gates, 1992) were used in this study. The
simulations were performed with different AGCMs, the ocean boundary conditions (SST, sea-ice
extent) varying temporally in accordance with the observed fields from this period. Details on
AJ.vfiP model formulations are given in Phillips (1994).
The NCEP/NCAR reanalysis (T62L2S) using a frozen state-of-the-art global data
assimilation system and a database as complete as possible (Kalnay et al., 1996) was also
employed in this study (for the corresponding period).
Precipitation and evaporation simulated by 23 AMIP AGCMs and obtained fr~m the
N~EP/NCAR reanalysis were considered over the both polar regions (poleward to 60"N and
60 S, correspondingly). In addition, over Greenland and Antarctica, snow mass evolution was
assessed.
Observationally-derived estimates of precipitation were based on global climatologies of
Le!!ates and Willmott (1990) and Jae~H (1983). Estimates of evaporation for the regions
considered were provided by the World water Balance (1974).
3.

PARAMETERIZATION OF SNOW COVER IN CURRENT AGCMS

Current AGCMs incorporate snow cover parameterizations of varying degree of
sophistication. When surface air temperature (or a combination of ground and/or lower
atmospheric level temperatures) goes below a freezing point (or a specified lower value), it is
asswned that precipitation falls as snow which covers (e1ther uniformly, or fractionally) the grid
cell area.
Prognostic snow mass is determined from budget equations incorporating
precipitation, snow melt (runoff) and evaporation (sublimation). Snow conductivity and heat
capacity may depend on snow density which in turn depends on the accumulated snow mass.
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Some parameterizations assume a gradual transition of physica!_properties of deep snow to ice.
Besides nonradiative thermal properties, snow cover may affect model surface albedo and
roughness. In some models, snow accumulation over ice sheets is not allowed at all, the snow
mass may be prescribed instead.
4.

RESULTS

The seasonal cycle of precipitation over Greenland (Fig. la) is poorly reproduced by the
models, as compar~d to observatiOn (the upper boundary of the shade_d area correspo~ds to
Legates/Willmott chmatology, the lower-- to that of Jaeger). Anyway, m accordance with the
observation, most of the models capture the maximum of Greenland precipitation in the late
summer and early autumn. Over Antarctica, models generally show weak seasonal cycles,
sometimes -- out of phase (Fig. 1b). The Legates/Willmott seasonal cycle of Antarctic
precipitation (upper boundary of the shaded area) showing two pronounced maxima in spring
and autumn, seems to be unrealistic. The rate of precipitation might be over-estimated by
Legates/Willmott probably due to improper correction ("over-correction") of gage-measurements
for wind speed wh.1ch is very high along the Antarctic coastline during the above seasons.
Annual mean precipitation in Greenland (Fig. 2) is over-simulated by most models,
however wide is the range of uncertainty of observationally-derived estimates (WWB: 0.96
mm/d; Jaeger: 1.01 rnmld; Legates/Willmott: 1.19 mm/d). The NCEP reanalysis gives 1.26
mm/d, which next to UIUC is the closest value to the observational estimates. For Antarctica,
over-simulation of precipitation by the models is less pronounced even if compared to the lowest
coinciding estimates ofWWB and Jaeger- 0.48 rnmld. The Legates/Willmott's estimate is as
high as 1.58 rnmld! The reanalysis gives 0.79 rnmld, which is higher than in many models.
~
Annually-averaged zonal means of precipitation as simulated by the AMIP models, those
derived from the NCEP reanalysis and from the two climatologies are shown in Figure 3. The
models capture decrease of precipitation with latitude in the both hemispheres. As compared
both to observation and reanalysis data, the over-simulation of precipitation by most of the
models is apparent to the south of 85~ (Fig. 3a). In the northern high latitudes, the reanalysisderived zonal means are much closer to observational estimates (especially to those of
Legates/Willmott), than the simulated ones. In the southern high latitudes (Fig. 3b), the modelto-model scatter of zonal mean precipitation is quite comparable to that between t~e two
climatologies, the Legates/Willmott zonal mean dramatically increasing to the north of 80 S.
Figure 4 shows seasonal cycles of correlation and rms between precipit'htion fields of
Legates/Willmott, Jaeger and NCEP reanalysis over the caps poleward to 60"N and 60 0 S,
correspondingly. In the northern hemisphere, the highest correlation and the lowest rms
throughout the yea:- _is ~hown by Legates/Willmo~ and Jaeger ~limatologies. Muc~ wider range
of seasonal vanabihty IS shown by both correlatwn and rms m the southern hemisphere. The
former is comparatively low (but for Legates/Willmott and Jaeger in summer), whereas the latter
is at least twice as high as in the northern hemisphere.
For the both ice sheets, evaporation is low in winter, and it more or less increases in
summer. It is much smaller than precipitation throughout the year in all models.
All the models but UIUC over-estimate observed P-E (WWB: 0.92 mm/d) for Greenland
(Fi~.:T 5). As to Antarctica, some models show annual mean P-E very close to that observed
(WwB: 0.47 mm/d).
Figure 6a shows model-derived changes of snow mass averaged over Greenland (the
differences between the areally-averaged annual means for an individual year and the areallyaveraged initial values for each simulation). The shaded area is the range of observationallyderived estimates of ice discharge from Greenland ice sheet ~WWB, 1974; IPCC, 1990).
According to WWB, the discharge amount~ 2to as much as 445 km /yr (water equivalent). IPCC
(1990) gives a lower value of 255 x 10 kg/yr, its estimated accuracy bemg 30%. Both
estimates are based o~ the ass~mption t~at the mas~~balance of the ice sheet is zero. According
to IPCC (1996), the 1ceberg dtscharey IS 316 x 10 - kg/yr, With the accuracy better than 10%.
For Antarctica, WWB gives 1935 km /yr (water equivalent) ?fits iceberg discharge. According
to lfCC (1990), the iceberg discharge amounts. to 2200 x 10 kg/yr; IPCC (1996) gives 2016 x
10- kg/)'r (30% and 10% accuracy, correspondmgly).
If the above estimates are close to reality, then some models (BMRC, GLA) would
simulate a pronounced negative mass balance of Greenland ice sheet, whereas several others
(DERF, CNRM, UKMO) demonstrate just the opposite. On the other hand, in this region, GLA
shO\:vs the highest values of annual mean differences P-E, while the corresponding values for
DERF and BMRC are close to each other and are rather moderate (although almost twice as large
as the observed value). This fact reflects the importance of snow melt (runoff) as a component of
Greenland ice sheet's mass budget.
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In Antarctica (Fig. 6b ), the highest rates of accumulation are demonstrated by CCC,
CNRM, ECMWF, BMRC. These are consistent with the corresponding precipitation/P-E values.
Thus, under the current climate conditions, snow melt (runoff) is a minor component of the
Antarctic ice sheet's mass budget.
5.

DISCUSSION

In the course of the intercomparison, no obvious dependence has been revealed of the
high-latitude precipitation!P-E amounts on the models' resolution, nor on their Qhysics
fonnulations. Sensitivity studies with individual models could be useful aimed at identification
of parameterization features responsible for the excessive precipitation!P-E.
A cursory examination of the NCEP reanalys1s-derived estimates of precipitation/
evaporation in high latitudes suggests significant potential of that kind of data as a helpful
supplement to sparse observations.
In principle GCMs include most processes relevant to the mass balance of ice sheets, thus
these should be regarded as the most promising tools in the study of possible sea-level change
due to atmosphenc greenhouse gases increase (IPCC, 1996). Nevertheless, confidence m
quantification of changes in the water mass balance at the surface of ice sheets is still low. An
earlier intercomparison of simulations of snow/ice accumulation/ablation over the ice sheets with
several climate models (Meleshko et al., 1992) shows a tendency of precipitation increase over
the both ice sheets in response to atmospheric C02 concentration increase (in accordance with
individual scenarios of the latter). However, due to differences in evaporation and runoff
changes, the total snow/ice mass balance changes had opposite signs m different models.
Therefore by that time no definite conclusion could have been made from available simulations
regarding potential trends in snow/ice mass change over Greenland and Antarctica in case of
global chmate warming.
Some studies (Bromwich et al., 1993; Bromwich, 1995; Kapsner et al., 1995) suggest that
climate warming alone carmot explain the changing rates of snowfall over the ice sheets
(particularly, over Greenland). On the other hand, changes in the atmospheric circulation (storm
tracks) could be responsible for the changes in precipitation. It has been concluded (Bromwich,
1995) that better predictions of ice sheets' mass changes due to global warming would need
regional as well as global atmospheric modelling. A promising attempt has been recently made
(Ohmura et al., 1996) to assess a change in mass balance of the two ice sheets in response to C0 2
doubling using a high-resolution GCM. The changes have had opposite signs for the two ice
sheets, to a great extent compensating each other in affecting sea level.
A regular intercomQarison of climate change simulations with a set of improved GCMs
using a unified scenario of C02 increase (either transient, or equilibrium) might contribute to
assessment of ablation/accumulation changes over the ice sheets. Nested regional models seem
to be especially promising in that sort of study.
Finally, in the context of global climate change studies, models of ice sheets
incorporating ice dynamics are required to be run in the coupled mode with A/OGCM
components. However, developing and, especially, coupling such ice-sheet components to
climate models seem to be the matter of a more distant future.

6.

CONCLUSIONS

•

Due to uncertainties in observational estimates of high-latitude _precipitation, verification is
rather complicated of current climate models' simulations of Greenland and Antarctic ice
sheets' mass budget components. A reduction of the uncertainties (especially over
Antarctica) should receive a high priority in the context of model verification.

•

The current AGCM simulations of high-latitude precipitation/evaporation seasonal variability
and annual means show significant model-to-model scatter. Most of the models oversimulate precipitation and P-E over Greenland throughout the year. In Antarctica, due to
greater uncertainty of observation, the conclusion on over-estimation of precipitation by the
models is less definite. To certain extent the excessive model precipitatiOn is compensated
by some over-simulatio.n of evaporation over the both ice sheets.

•

The simulations of snow mass evolution supported with available observed data suggest that
there are three major terms of comparable Importance that determine the mass balance of
Greenland: precipitation, snow melt/runoff, and iceberg discharge. The former and the latter
are also of major significance for the Antarctic mass balance. Since iceberg discharge is not
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parameterized in the current AGCMs, it can be estimated only by invoking an assumption on
the value of the ice-sheet's actual mass balance.
•

No obvious dependence was revealed of the high-latitude precipitation!P-E amounts on the
models' resolution, nor on their physics formulations. Sensitivity studies with individual
models could be useful aimed at identification of parameterization features responsible for
the excessive precipitation!P-E. On the other hand, emJ?loyment of high-resolutiOn regional
atmospheric models might be reasonable in quantifymg snow/ice accumulation/ablation
processes over the ice sheets characterized by substantial spatial variability and pronounced
topography.

•

Reanalyses-derived precipitation/evaporation should be regarded as a promising addition to
the observational climatology in high-latitudes.

•

Within the framework of climate-as-a-whole/sea-level-change studies a regular
intercomparison might be helpful of several. climate models' simulations using a urnfied
COrincrease scenano aimed particularly at quantification of ablation/accumulation changes
over the major ice sheets. DeveloJ?ing improved ice-sheet models including ice dynamics to
be coupled to AGCMs (A/OGCMs) is also required.
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Figure 1. Mean seasonal cycles of area-averaged precipitation (mrnfd) for Greenland (a) and
Antarctica (b), simulated by the AMIP models relative to range of observational estimates (the
upper boundary of the shaded area corresponds to Legates/Willmott climatology, the lower-- to
that of Jaeger).
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Figure 2. Annual mean rates of precipitation (mm/d) over Greenland (black bars) and Antarctica
(shaded bars) as evaluated from observational estimates (bars at left, J = Jaeger, L =
Legates/Willmott), NCEP reanalysis (R), and simulated by the AMIP models.
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Figure 6. Increase of snow (kg/m2) over Greenland (a) and Antarctica (b), seasonal cycle
excluded. The shaded area is the range of observationally-derived estimates of iceberg discharge
from the ice sheets.
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WCRP Antarctic sea-ice thickness project
P. Lemke

ABSTRACT IS NOT AVAILABLE

Note:

The presentation was based on the results reported in the following WCRP publications:
(i)

Section 11.2 and Appendix J (Sea-ice draft and coverage in the Weddell Sea recorded with
moored upward-looking sonars (contributed by V.H. Strass)) of Report of the third session
of the WCRP ACSYS Scientific Steering Group (Goteborg, Sweden, 11-14 November 1994).
October 1995. WCRP Informal Report No. 8!1995, and

(ii)

Appendix I (Status of the Antarctic Ice Thickness Project (contributed by P. Lemke)) of Report
of the fifth session of the WCRP ACSYS Scientific Steering Group (Copenhagen, Denmark,
16-19 October 1996). July 1997. WCRP Informal Report No. 11/1997.
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WCRP International Programme for Antarctic Buoys
V. Savtchenko

ABSTRACT IS NOT A V AI LAB LE

Note:

The presentation was based on the results contained in:
Report of the first session of the WCRP International Programme for Antarctic Buoys (Cambridge, UK,
1-3 August 1996). September 1997. WCRP Informal Report No. 13/1997.
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Mass balance of Arctic Glaciers and Ice sheets in
relation to the Climate and Sea level changes
(MAGI CS)
J. Hag en, chairman of IASC Working Group on Arctic Glaciology

MAGICS - Mass balance of Arctic Glaciers and Ice sheets in relation to the Climate
and Sea level changes is the scientific program and implementation plan worked out by
the Working Group on Arctic Glaciology under IASC- International Arctic Science
Committee. Glaciers, Ice caps and Ice sheets mass balances are important parts of the
global sea level response. Fresh water input to the marine environment has an impact
on the marine biology and the ocean drift systems. Increased melting will also influence
the environment on ice-free land areas. The program has a circumarctic approach,
covering all ice masses also outside the Greenland ice sheet. The topics are not
covered by another international program There is international interest in many
countries. It has a global aspect as a bipolar approach is encouraged by SCAR and
IASC and a closer links to SCAR working group on Glaciology is encouraged.
MAGICS is strongly linked to the World Climate Research Program (WCRP)- Arctic
Climate System Study (ACSYS)-program. ACSYS will be a direct user of our data.
The Working Group on Arctic glaciology would like to see MAGICS as the terrestrial
part of ACSYS. The time is right and mature to make MAGICS a part ofWCRP.

Introduction and key science questions
Arctic ice sheets and glaciers play an important role in the climate system and thus also
have a fimdamental impact on society. Glacier variations affect global sea level on
timescales as short as decades. The sensitivity of Arctic ice caps and glaciers also
suggests that they may provide an early warning of climatic shifts. The Greenland ice
sheet is by far most important for sea level change, but the smaller glaciers and ice caps
will give the first detectable response. Recent ice cores from Greenland indicate highly
unstable climate during interglacial periods. The smdies also indicate close links
between ice masses, rapid iceberg and meltwater production and the ocean and
atmospheric circulation. This has wide implications about future climate evolution and
impacts on the environment at different scales.
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Objectives
The objectives of the study of arctic glaciers and ice sheets are:
• to predict the change in ice volume in the Arctic that may occur in the next decades
to several centuries as a result of possible climate change for different climate
scenanos
• to give input to the estimate of future rate of sea level change
• to measure and predict freshwater input to the sea from melting of glacier ice
• validate and provide data to GeM-models
• to reconstruct the past, Holocene climatic variations in the Arctic

Scientific approach
The principal points of the proposed scientific programme are:
• To determine the present geometry of the Arctic ice masses and their rates of
change.
• To determine mass balance components and their altitudinal and regional variations
in relation to climate.
• To evaluate the physical controls on the dynamics, spatial extent of ice streams
and outlet glaciers, and switching between different flow regimes.
• To reconstruct climate variations from ice cores and other sources. ICAPP - Ice
core Circum-Arctic Paleoclimate Programme- is a part of this approach. The
program has already started under the IGBP- PAGES umbrella.

Implementation
• A bipolar approach is encouraged. First step was a joint IASC/SCAR Workshop on
Glaciers, Ice Sheets, and Sea Level (GISSL) in Fjaerland, Norway, 21-22 June,
1996, sponsored by SCAR, IASC, IGBP/PAGES, ICSI, and WCRP.
• Joint projects are suggested between IGBP and IASC, i.e. ICAPP (Ice core
Circum-Arctic Paleoclimate Programme) under PAGES
• New project proposals for EC-funding under the Environment and Climate
programme. Several European groups have joined in new project proposals, for
example:
1) ICEMASS (The Response of Arctic Ice Masses to Climate Change. Modelling,
Remote Sensing and Field Measurements.) The aim of this proposal is to predict the
sensitivity and response of Arctic glaciers and ice caps to climate change over the
next century, together with the associated implications for global sea level. The
project proposal is strongly linked to the World Climate Research Program (WCRP)
-Arctic Climate System Study (ACSYS)-program. ACSYS will be a direct user of
our data and joint meetings and a final seminar with ACSYS workers is planned at
the end of the project period to discuss common use of the data.
2) PROMICE where the aim is to develop software for SAR-interferometry for
extracting digital elevation models and velocity fields in ice and snow covered
regions.
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Links with International Science Programmes
Glaciers, Ice caps and Ice sheets mass balances are important parts ofthe global sea
level response. Fresh water input to the marine environment has an impact on the
marine biology and the ocean drift systems. Increased melting will also influence the
environment on ice-free land areas. Further deep and shallow ice-core drilling will
enhance knowledge of the regional variability of past climate, as well as the poorly
known spatial and temporal distributions of the precipitation in the Arctic. MAGICS
thus dovetails with several existing international science programmes, each of which
would serve to provide appropriate linkages with related Arctic science:
• The WCRP Arctic Climate System Study (ACSYS) highlights the importance of
linked Arctic atmosphere-ice-ocean processes and variability in modulating the
northern hemisphere climate.
• The IGBP PAGES Programme, and in particular the PEP III environmental transect
from the Eurasian Arctic sector southward.
• The European Space Agency (ESA) Polar Ice Sheets Programme focuses on the
links between satellite remote sensing ice sheet variability.
• IASC-projects: BASIS and BESIS (Barents Sea and Bering Sea Impact Studies),
Terrestrial Ecosystems, Arctic Marine Systems
• Other international programs: GCOS (Global Climate Observation System),
CLIVAR (Climate Variability and Predictability) And on different levels also to
SCAR-projects (ISMASS), to the European modelling program EISMINT and to
ICSI

Prospects
The prospects for MAGICS are good because:
• the topics are not covered by another program
• there is international interest in many countries
• the infrastructure is already there
• it is a bipolar approach
• the time is right and mature to make MAGICS a part ofWCRP.
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Linkages benveen internationally co-ordinated programmes related to the cryosphere
in some different perspectives.
Abbreviations: IASC- Working group on Arctic glaciology- i"tJass Balance of the
Arctic ice masses (IASC-MB), Working group on glaciology within Scienrific
Committee for Antarcric Research -lvfass Balance of Antarctic ice masses (SCARMB),.Arctic Climate System Study (ACSY5), Climate Variahiliry and Predictability
(CUVAR), Past Global Changes (PAGES), and Ice Core Circum-Arctic Paleoclimate
Programme (!CAP P ).
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SCAR global change programme
P. Clarkson

SUMMARY

The SCAR Global Change Programme (GLOCHANT) has
expanded in 1996 to accommodate the research topics that
were not being adequately covered in the global change
programmes of the International Geosphere-Biosphere
Programme (IGBP), the World Climate Research
Programme (WCRP) and the Scientific Committee on
Oceanic Research (SCOR). These include programmes on
Antarctic sea-ice-zone processes and climate variability
(ASPECT)
and
high-resolution
circum-Antarctic
palaeoclimate records from sediments (ANTIME). The
older GLOCHANT programmes on Palaeoenvironments
from Ice Cores (PICE) and Ice-Sheet Mass Balance and Sea
Level (ISMASS) have established implementation plans;
many of the national and multi-national activities are already
in progress. During 1996, the Group of Specialists that
oversees the GLOCHANT programmes (GoS/GLOCHANT)
was appointed as the System for Analysis, Research and
Training (START) Regional Research Committee for the
Antarctic through a Memorandum of Understanding between
SCAR and START. This is intended to facilitate a stronger
linkage between GLOCHANT and the international
programmes IGBP, WCRP, and IHDP, and to develop a
training function for GLOCHANT that would include
building capacity in Antarctic global-change research in
countries where it does not now exist and broadening the
opportunities for data analysis. To accommodate the new
and expanded role, the GoS/GLOCHANT membership has
been revised to include representatives of all SCAR
programmes with a significant global change component in
their research agenda, together with representatives of IGBP,
WCRP, SCOR, and Arctic research.
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1. GLOCHANT DEVELOPMENTS IN 1996
Four areas have been identified where SCAR has been encouraged to develop contributions to
the global programmes particularly, IGBP, WCRP, and SCOR. These are:
•

Antarctic sea-ice processes, climate variability and ecosystem interactions with the
Southern Ocean (WCRP CLIVARJACSYS, IGBP JGOFS, and SCOR);

•

High resolution Antarctic palaeoenvironmental and palaeoclimatic records from ice
cores covering the last 200 years (IGBP PAGES);

•

Circum-Antarctic palaeoenvironmental and palaeoclimatic records from sediments
covering the last 200,000 years (IGBP PAGES);

•

Training and coordination of research programmes through the establishment of the
START Regional Research Committee for the Antarctic.

The Delegates at XXIV SCAR approved the recommendation from the Group of Specialists on
Global Change and the Antarctic (GoS/GLOCHANl) for the establishment of three
programmes to address these research areas. They are: Antarctic Sea Ice Processes and Climate
(ASPECT), International Trans-Antarctic Scientific Expedition (IT ASE), and the Late
Quaternary Sedimentary Record of the Antarctic Ice Margin Evolution (ANTIME),
respectively. The full composition of the SCAR Global Change Programme and its
relationship to the global programmes is listed below in Appendix 1.
2 . A NEW G LOCHANT PROGRAMME ON ANT ARCTIC SEA-ICE PROCESSES AND
CUMATE (ASPECT)

Information on the Antarctic sea-ice zone is required for the development and validation of both
coupled climate models and biogeochernical models, which currently do not include all
important sea-ice processes. Important problems not adequately covered by existing Antarctic
research programmes include:
• The broad climatology of sea-ice physical characteristics. Satellite-derived data provide
large-scale estimates of ice extent and concentration, but not of the thickness of ice and
snow, which are the primary variables affecting many physical and biological, as well
as climatic, processes.
• Pack-ice ecology, a key component of the polar marine environment.
• Processes such as ice formation, water-mass modification, the maintenance of
polynyas, ice-edge and coastal fronts, gas exchange, and air-sea interaction.
• Modelling sea-ice processes (physics and ecology) in coupled atmosphere-ice-upperocean models and interlinking local, regional and global scale models.
To address the key identified deficiencies in our understanding of the sea-ice zone, SCAR has
established a programme of multi-disciplinary Antarctic sea-ice-zone research known as
Antarctic Sea Ice Processes and Climate (ASPECT).
A major thrust of the ASPECT programme is its multi-disciplinary focus on the sea-ice zone;
combining research on physical sea-ice processes, ocean-atmosphere interaction and sea-ice
biology, with the SCAR-EASIZ programme. Many physical elements of ASPECT will
contribute to the objectives of the WCRP CLIVAR Programme, a study of Climate Variability
and Predictability, which involves investigations of atmosphere, ocean, and land at a variety of
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time scales. ASPECf plans are particularly relevant to the CLIVAR-DecCen component
programme, which is concerned with decadal-to-centennial climate variability and
predictability. The ASPECf programme will initiate implementation of parts of the sea-icezone research requirements of CLIVAR and will collaborate closely with CLIVAR and other
WCRP programmes to ensure the essential global integration of Antarctic regional research.
The ASPECf programme will build on existing and proposed research programmes and the
shipping activities of national Antarctic operators. The implementation plan includes some
components that can be undertaken as part of normal resupply voyages; for example a system
of simple but quantified shipboard observations, based on the WMO Classification for ice
types, has been shown to provide statistical ice- and snow-thickness distributions similar to
those obtained from more sophisticated techniques. ASPECT will also include a component of
data rescue of valuable historical sea-ice-zone information.

3. A NEW GLOCHANT/PAGES WORKSHOP lr-.TIIATIVE ON THE LATE QUATERNARY
SEDIMENTARY RECORD OF ANTARCTIC ICE-MARGIN EVOLUTION (ANTIME)

The Antarctic sedimentary record has already yielded high-resolution information on
palaeoenvironmental and palaeoclimatic changes, particularly on ice marginal and outlet glacier
fluctuations and in lacustrine and marine ecology and biogeochemistry. A coordinated SCAR
initiative on circumpolar palaeoenvironmental research, a particular emphasis on the last 20,000
years including the very-high-resolution Holocene records, would provide a solid basis for the
understanding of present and future variability in the Antarctic, when combined with the icecore records. It is important that the palaeoenvironmental data from ice cores (PICE
programme) and the sedimentary record be correlated to allow the optimal understanding of
past circumpolar changes. It is recommended that the ANTIME initiative focus on two streams:
Stream 1 (last 20,000 years) on the last deglaciation and interglacial environmental, climatic,
and ice-sheet variability; and Stream 2 (last 250,000 years) on the environmental, climatic, and
ice-sheet response to glacial-interglacial cycles. It will also facilitate the identification of
priority geographic regions and field and analysis tasks that would benefit from a multi-national
approach.
The proposed ANTIME initiative will address the following key topics:
• The extent, timing, and regional differences of the Last Glacial Maximum in Antarctica;
• What rapid or episodic events occurred during the Late Quaternary?
• What are the key forcings and feedbacks that influence the retreat and re-advance of the
Antarctic ice sheet?
• What changes have occurred to the ice shelves and outlet glaciers during the Holocene?
• Technology coordination; and,
• Correlation of Late Quaternary Antarctic environmental history and deep-ocean
sedimentary records.

4. THE SCAR-PAGES PROGRAMME ON THE INTERNATIONAL TRANS-ANTARCTIC
SciENTIFIC EXPEDITION (ITASE) - 200 Years of Past Antarctic Climate and
Environmental Change

The broad aim of IT ASE is to establish how the modern atmospheric environment (climate and
atmospheric composition) is represented in the upper layers of the Antarctic ice sheet. Primary
emphasis is placed on the last -200 years of the record. This time period was chosen for study
because it is relatively simple to recover many ice cores covering this period, and to develop a
spatially significant study. Even more importantly, this time period covers the onset of major
anthropogenic involvement in the atmosphere and the end of the Little Ice Age.
Specific ITASE objectives are:
• To determine the spatial variability of Antarctic climate (eg. accumulation, atmospheric
temperature and circulation) over the last 200 years.
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•

To detennine the environmental variability in Antarctica over the last 200 years.

These spatial variations include extreme events such as volcanic eruptions, dust storms,
droughts, major atmospheric phenomena (eg. ENSO), and fluctuations in snow-accumulation
rate. Environmental proxies could include: sea-ice variation, ocean productivity, anthropogenic
impacts, and other, extra-Antarctic continental influences. Because of the remoteness of the
continent, Antarctica is an ideal location to monitor biogeochemical cycles and global-scale
changes.
In fulfilling these objectives ITASE will produce continental scale "environmental maps",
elucidate transfer functions between components of the atmosphere and snow(lee, verify
atmospheric models, and interpolate spatial time-series by satellite remote sensing. Some
ITASE traverses have been completed by national programmes, including those of the Chinese,
British, and Swedish/Norwegian programmes, since 1992.

5. REPORTS ON OTHER GLOCHANT PROGRAMMES
A . Palaeoenvironments from Ice Cores (PICE)
The programme on Palaeoenvironments from Ice Cores (PICE) has focused on the bipolar
aspect of ice cores by updating information about the major drilling projects in Antarctica and
Greenland and developing a bipolar science plan (An international strategy for ice-

coring in Antarctica and Greenland - Reducing uncertainty in global
environmental change), the purpose of which is to establish the interrelationships between
the different ice-core-drilling projects. The major focus for PICE during 1997-98 will be the
development of a data bank of deep-ice core records, and an analysis phase of
palaeoenvironmental trends, which will be coordinated by the SCAR Global Change
Programme Office in Hobart.

B . Ice-Sheet Mass Balance and Sea-Level

(ISMASS)

The programme on Ice-Sheet Mass Balance and Sea Level (ISMASS) is currently focused on
the coordination of radar sounding of ice thickness along the grounding zones of the entire ice
sheet, and second, the evaluation of plans for measurements of surface mass balance and ice
velocities.
An important future prospect for ice-thickness determinations is the accurate measurement of
surface height at the edge of the grounding zone, where the ice has just gone afloat and where
the ice thickness then can be calculated by Archimedes' principle. Satellite-borne radar
altimeters are not effective in this zone, but a laser altimeter, with a much smaller footprint,
should be. Consequently, a satellite-borne laser altimeter may obviate the need for airborne
radar sounding around much of the Antarctic perimeter.
The principal source of velocities continues to be the analysis by the U.S. Geological Survey of
repeated visual satellite imagery. Velocities are now available around most the northern coast
ofMarie Byrd Land. Glaciologists in other countries, notably Italy, Germany, Australia, and
the UK, are also conducting this kind of research. The programme members look forward to
the development of Synthetic Aperture Radar (SAR) interferometry into a widely applicable tool
for measuring velocities: this will surely happen, but much research on the technique is still
needed.
The determination of surface mass balance is a particularly difficult task because it must be
extended over the entire surface of the ice sheet, not just around the perimeter. Over the last
few years there have been significant advances in the modelling of moisture fluxes across the
Antarctic continent from satellite-derived and ground-based meteorological data and a
diagnostic circulation model; values for small-scale average accumulation rates with an accuracy
of± 10% are now attainable.
The members of the programme recognise that a full evaluation of the mass balance of the ice
sheet will ultimately involve modelling that incorporates ice dynamics. For such modelling, of
course, it is necessary to know the surface elevation, ice thickness, and bed topography of the
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entire ice sheet, not just of the grounding zones. Consequently, as an aid to the ice-sheetmodelling projects and mass-balance deterrninations, the ISMASS programme, together with
members of the European Ice Sheet Modelling Initiative (EISMINT), is working towards a
compilation of all the existing surface and bed elevation data to produce a digital data set known
as BEDMAP. Furthermore, the members of the programme strongly endorse the proposed
laser-altimeter mission of NASA in the United States, which is designed to produce accurate
surface elevation over all of the ice sheet north of 86° S.
6 . START REGIONAL RESEARCH COMMITTEE FOR THE ANT ARCTIC
At XXIII SCAR it was agreed that a formal interaction with START (System for Analysis,
Research and Training of the IGBP, WCRP, and lliDP should be undertaken through the
development of a SCAR-sponsored Regional Research Network (RRN) (Recommendation
XXIII-10 (1)).
.
After discussion with the START Secretariat is was agreed that the interaction should be dealt
with at 2 levels: (1) at the institutional level, between SCAR, START, and its parent
programmes (IGBP, WCRP and IHDP) and (2) at the core programme level, between the core
projects of IGBP and WCRP and related programmes within SCAR. It was also recognised
that there would be benefits in adopting a bi-polar approach to the interaction with START and
its parent programmes. Accordingly, a round-table meeting was held between members of
SCAR, START, WCRP, and IASC in Hanover, New Han1pshire, December 6, 1995 to look
at these issues. The outcome of this meeting was the agreement that the institutional-level
linkage between SCAR and IGBP/WCRP should be developed through the START RRN
concept, whilst the inter-programme linkage should be formed through the SCAR Global
Change Programme Office.
The institutional-level linkage is being facilitated by a memorandum of understanding (MoU)
between SCAR and START. GoS GLOCHANT will take on the role of a START Regional
Committee for the Antarctic to promote the principal programmes of IGBP and WCRP in the
Antarctic. Whilst it is recognised that SCAR has a wider portfolio of interests than those of
START, there is a close congruence of major interests between the two organisations, which
indicates the value of joint planning and implementation for the good of global science. The
MoU has been approved by the SCAR Executive and the START Scientific Steering
Committee.

7. FUTURE RoLE OF THE GLOCHANT GROUP OF SPECIALISTS
Since the establishment of the GLOCHANT Group of Specialists four years ago the role of the
GoS has changed substantially. Its principal purpose in the future will be to serve as the focus
for internal and external coordination for all aspects of SCAR research related to global change,
including the incorporation of a viable mechanism for serving as the START Regional Research
Committee for the Antarctic.
The revised composition of GoS/GLOCHANT is as follows:
• An independent chair;
• The Chief Officer of each of the SCAR programmes; BlOTAS, EASIZ, ISMASS, and
PICE, ITASE, ASPECT and ANTIME;
• Scientific representatives from other key international programmes; in particular, SOJGOFS and SO-GLOBEC (SCOR/IGBP), and ACSYS/CLIVAR DEC-CEN (WCRP);
• A small number of scientific experts chosen from important global-change research
areas not otherwise covered; for example, Arctic research, atmospheric science,
numerical modelling, higher-trophic-level biology, data matters, and policy or
management fields such as the Antarctic Treaty.
The final membership of GLOCHANT is awaiting approval of the SCAR Executive and the
START Scientific Steering Committee.
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Appendix 1
SCAR GLOBAL CHANGE PROGRAMME LINKAGES
A. P ALAEOENVIRONMENTS FROM ICE CoRES (PICE)
LA1E QuA1ERNARY ANTARCTIC ICE MARGIN EVOU.JTION (ANTIME)
INTERNATIONAL TRA.Ns-ANTARCTIC SCIENTIFIC ExPEDmON (ITASE)
I

I

I

SCAR-GLOCHANT
and IGBP!PAGES
ITASE
200 Year Climate Record

SCAR-GLOCHANT
and IGBP/PAGES
PICE
Ice Core Record

SCAR-GLOCHANT
ANTI ME
Sedimentary Record

I
I

I

IGBP/SO-JGOFS
Ice core data
for
Biogeochemical Modelling
I

WCRP/CLIVAR
Ice Core Data
for
Climate Modelling
I

I

I

IGBP/IGAC
PASC
Air/snow processes

IGBP/PAGES
Palaeoclimate Focus 2
PEP
PANASH

I

B. ICE SHEET MAss BALANCE AND SEA-LEVEL CONTRIBUTIONS (ISMASS)
I

I

SCAR, IASC
IGBP/PAGES, ICSI and WCRP
GISSL
Glaciers, Ice Sheets, and Sea Level

SCAR-GLOCHANT
IS MASS

SCAR-GLOCHANT
and IGBP/PAGES
ITASE

1---

I
I

WCRP
CLIVAR
Antarctic precipitation and
surface climatology

IGBP/LOICZ
Activity 6
Rates, causes and
impacts of sea-level change

IGBP/PAGES
FOOJS 2 Antarctic

Temporal stream 1
last 2,000 years

IGBP!lGAC
PASC
Snow chemistry

C. ANTARCTIC SEA-ICE PROCESSES AND 0.JMATE (ASPECf)
COASTAL AND SHELF EcOLOGY OF 1HE ANTARCTIC SEA-ICE ZoNE (CS-EASIZ)
I

I

SCOR
WG-86
Sea-Ice Biology
(iANZONE)

SCAR-GLOCHANT
ASPECT

SCAR
CS-EASIZ

1
I

WCRP
ANITRP
Sea Ice Thickness
Monitoring

I

WCRP
IPAB
Drifting Buoy
Arrays

I

WCRP
CLIVAR
DecCen

IGBP
JGOFS/LOICZ
Continental Margin
Task Team

IGBP
SO-GLOBEC
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n. BroLOOrcAL INvEsTIGATioNs oF TERREslRIAL ANTARcnc EcosYs1EMS (BiarAS)
SCAR
BlOTAS
I
I

I

Scientific Committee
on Problems of
the Environment
SCOPE

IGBP/GCTE
Focus 4
Ecological
Complexity

IGBP/GCTE
Focus 1
Ecological
Physiology

E. SCAR AND START LINKAGES
I

SCAR-GLOCHANT
Group of Specialists
on Global Change and
the Antarctic

START
Regional
Committee for
the Antarctic

START
Standing
Committee

I

I

SCAR Global Change
Programme Office

r-

START
Secretariat

I
SCAR-START
Antarctic Regional Research
Centre
ANT

INTERNATIONAL COUNCIL OF SCIENTIFIC UNIONS

SCIENTIFIC COMMITTEE ON ANTARCTIC RESEARCH
SCAR Global Change Programme
Dr Ian D Goodwin
Programme Coordinator
SCAR Global Change Programme Office
Antarctic CRC
GPOBox252C
Hobart 7001
Tasmania
Australia

Tel:
Fax:

+61 02 207 544
+61 02 207 650

E-mail: ian.goodwin@ antcrc. utas.edu.au
Web Site: http://www.antcrc.utas.edu.au/scar/
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Appendix 2
LIST OF ACRONYMS

ACSyS
ANITRP
ANT

ANTIME
ASPECf
BEDMAP
BlOTAS
CLIVAR

Dec-Cen
CS-EASIZ
EASIZ
EIS MINT
ENSO
GCTE

GISSL
GLOCHANT
GoS
iANZONE

IASC
ICSI
IGAC
IGBP
IHDP
IPAB

IS MASS
ITASE
JGOFS
LOICZ
MoU
PAGES
PANASH
PASC
PEP
PICE
RRN
SAR
SCAR
SCOPE
SCOR
SO-GLOBEC
SO-JGOFS
START
WCRP
WMO

Arctic Climate System Study
Antarctic Ice-Thickness Research Programme
Antarctica
Late Quaternary Antarctic Ice Margin Evolution
Antarctic Sea Ice Processes and Climate
Antarctic Bedrock Mapping Project
Biological Investigations of Terrestrial Antarctic Systems
Climate Variability and Prediction Research Programme
Decadal-to-Centennial
Coastal and Shelf- Ecology of the Antarctic Sea-Ice Zone
Ecology of the Antarctic Sea-Ice Zone
European Ice Sheet Modelling Initiative
El Nifio Southern Oscillation
Global Change and Terrestrial Ecosystems
Glaciers, Ice Sheets and Sea Level
SCAR Global Change Programme
Group of Specialists
International Coordination of Oceanographical Research within the
Antarctic Zone
International Arctic Science Committee
International Commission on Snow and Ice
International Global Atmospheric Chemistry Project
International Geosphere-Biosphere Programme
International Human Dimensions of Global Change Programme
International Programme for Antarctic Buoys
Ice-Sheet Mass Balance and Sea Level
International Trans-Antarctic Scientific Expedition
Joint Global Ocean Flux Study
Land-Ocean Interaction in the Coastal Zone
Memorandum of Understanding
Past Global Changes
Palaeoclimates of the Northern and Southern Hemispheres
Polar Air Snow Chemistry
Pole-Equator-Pole transects
Palaeoenvironments from Ice Cores
Regional Research Network
Synthetic Aperture Radar
Scientific Committee on Antarctic Research
Scientific Committee on Problems of the Environment
Scientific Committee on Oceanic Research
Southern Ocean -Global Ocean Ecosystems Dynamics
Southern Ocean- Joint Global Ocean Flux Study
System for Analysis, Research and Training
World Climate Research Programme
World Meteorological Organization
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ACSYS

ADDS
AEON
AGO
AGONET
AMD

AMEN
AniTRP
ANfiME
ANTOS1RAT
AnZone
APIS
ASMA
ASOC
ASPA
ASPECT
ATCM
ATCP
BAS
BIOMASS
BIOTAS
BSRN

CALM
CCAMLR
CCAMLR
CD-ROM

CEE
CEMP
CEP

CLNAR
CO
COGS
COMNAP
CRC
CS-EASIZ
DCBP

EAM
EASIZ
ECOPS

EIA
ENEA
EPIC A
FROST

GAIM
GAME
GCOS
GEF
GEWEX
GIANT
GLASS
GLOCHANT
GOOS

Arctic Climate System Study
Antarctic Data Directory System
Antarctic Environmental Officers Network
Automatic Geophysical Observatories
Antarctic Geospace Observatory Network
Antarctic Master Directory
Antarctic Managers Electronic Network
Antarctic Ice Thickness Research Programme
Late Quaternary Antarctic Sedimentary Record of Ice Margin Evolution
Antarctic Off-shore Stratigraphy Programme
Antarctic Zone
Antarctic Pack Ice Seals
Antarctic Specially Managed Area
Antarctic and Southern Ocean Coalition
Antarctic Specially Protected Area
Antarctic Sea-Ice Processes and Climate
Antarctic Treaty Consultative Meeting
Antarctic Treaty Consultative Party
British Antarctic Survey
Biological Investigations of Marine Antarctic Systems and Stocks
Biological Investigations of Terrestrial Antarctic Systems
Baseline Surface Radiation Network
Circumpolar Active Layer Monitoring
Commission for the Conservation of Antarctic Marine Living Resources
Convention on the Conservation of Antarctic Marine Living Resources
Compact Disc -Read Only Memory
Comprehensive Environmental Evaluation
CCAMLR Ecosystem Monitoring Programme
Committee for Environmental Protection
Climate Variability and Prediction Research Programme
Carbon Monoxide
Collaborative Geoscience in the South Shetland Islands
Council of Managers of National Antarctic Programmes
Cooperative Research Centre
Coast and Shelf- Ecology of the Antarctic Sea-Ice Zone
Data Buoy Cooperation Panel
Environmental Assessment Memoranda
Ecology of the Antarctic Sea-Ice Zone
European Committee on Ocean Polar Sciences
Environmental Impact Assessment
Ente per le Nuove t~nologie, l'Energia e l'Ambiente (National Agency for
New Technologies, Energy and the Environment)
European Polar Ice Coring in Antarctica
First Regional Observation of the Stratosphere
Global Analysis, Interpretation and Modelling
GEWEX Asian Monsoon Experiment
Global Climate Observing System
Global Environmental Fund
Global Energy and Water-Cycle Experiment
Geodetic Infrastructure for Antarctica
Glaciology of the South Shetland Islands
Group of Specialists on Global Change and the Antarctic
Global Ocean Observing System
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GOSEAC
GOSSOE
GPS
HC

HDP
HF

HQ
HSM
IAATO
IAI

IAPO
IASC
ICAIR
ICAPP
ICSU
lEE
IERS
IGAC
IGBP
IGBP-DIS
IGS
INFO

IOC
IPA
IPAB
IPCC
ISCCP
IS MASS
ITASE
ITEX
IUBS
IUCN
lUGS
IUPS
JCADM
JGOFS
LOICZ
MAGS

MARPOL
MEDS
MESH
MOU
MoU
NADC
NASA
NIPR
NIWA
NSF
NZAP
ODP
OPP
PA
PA
PACA
PAGES
PAH
PALE

Group of Specialists on Environmental Affairs and ConseiVation
Group of Specialists on Southern Ocean Ecology
Global Positioning System
Hydro Carbons
Human Dimensions Programme
High Frequency
Headquarters
Historic Sites and Monuments
International Association of Antarctic Tour Operators
lnter-American Institute
International Arctic Project Office (ACSYS)
International Arctic Science Committee
International Centre for Antarctic Information and Research
Ice-core Circum-Arctic Palaeoclimate Programme
International Council of Scientific Unions
Initial Environmental Evaluation
Terrestrial Reference Frame
International Global Atmospheric Chemistry
International Geosphere-Biosphere Programme
IGBP -Data and Information System
International Glaciological Society
Information Paper
Intergovernmental Oceanographic Commission
International Permafrost Association
International Programme for Antarctic Buoys
Interngovernmental Panel on Climate Change
International Satellite Ooud Climatology Project
Ice Sheet Mass Balance and Sea Level
International Trans-Antarctica Scientific Expedition
International Tundra Experiment
International Union of Biological Sciences
International Union for the Consexvation of Nature (World Conservation
Union)
International Union of Geological Sciences
International Union of Physiological Sciences
Joint Committee on Antarctic Data Management
Joint Global Ocean Flux Study
Land-Ocean Interactions in the Coastal Zone programme
Mackenzie GEWEX Study
International Convention for the Prevention of Pollution from Ships
Marine Environmental Data Service (Canada)
Marine Earth sS stem History (NSF)
Memorandum of Understanding
Memorandum of Understanding
National Antarctic Data Centres
National Aeronautical and Space Administration
National Institute for Polar Research
National Institute for Water and Atmospheric Research
National Science Foundation
New Zealand Antarctic Programme
Ocean Drilling Programme
Office of Polar Programs
Preliminary Assessment
Preliminary Assessments [environmental]
Working Group on Physics and Chemistry of the Atmosphere
Past Global Environmental Changes
Poly-Aromatic Hydrocarbons
Palaeoclimates of Arctic Lakes and Estuaries
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PASC
PELICON
PICE
PIPOR
PVC
RADARSAT
RAMP
RRC

RRN
RRS
SANAE
SCALOP
SCAR
SCOPE
SCOR
SDLS
SES
SHEBA
SISAG
SO-GLOBEC
SO-JGOFS
SPA
SPOT

ssc

SSSI
STAR
START
START-SC
SUPERDARN
TESH
TEWG
TOGA
UNEP

uv

UV-B
VISAG
VLBI
WAIS
WAISCores
WCRP
WG
WMO

WOCE

www

Polar Atmospheric Snow Chemistry
Project for Estimation of Long-Tenn Variability in Ice Concentration
Palaeoenvironments from Ice Cores
Programme for International Polar Oceans Research
Poly-Vinyl Chloride
Radar Satellite
Radarsat Antarctic Mapping Project
Regional Research Centre
Regional Research Network
Regional Research Site
South African National Antarctic Expedition
Standing Committee on Antarctic Logistics and Operations
Scientific Committee on Antarctic Research
Scientific Committee on Problems of the Environment
Scientific Committee on Oceanic Research
Seismic Data Library System
Satellite Earth Station
Surface Heat Budget of the Arctic Ocean
Seventh International Symposium on Antarctic Glaciology
Southern Ocean -Global Ocean Ecosystems Dynamics Research
Southern Ocean -Joint Global Ocean Flux Study
Specially Protected Area
Systeme pour !'Observation de la Terre
Scientific Steering Committee
Site of Special Scientific Interest
Working Group on Solar-Terrestrial and Astrophysical Research
System for Analysis, Research and Training
START - Scientific Committee
Super Dual Auroral Radar Network
Terrestrial Earth System History (NSF)
Transitional Environmental Working Group
Tropical Ocean Global Atmosphere programme
United Nations Environment Programme
Ultra-Violet
Ultra-violet B radiation
Sixth International Symposium on Antarctic Glaciology
Very Long Baseline Interferometry
West Antarctic Ice Sheet
West Antarctic Ice Sheet Coring Programme
World Climate Research Programme
Working Group
World Meteorological Organization
World Ocean Circulation Experiment
World Wide Web

- 89.1 -

Ice Sheet Mass Balance and Sea-level in Antarctica (ISMASS)
P. Holmlund
ISMASS was formed in1993by the Group '?[Specialists on Glohal Change and the Antarctic
(GLOCHANT), which is a subgroup to SCAR, to address the requirements for a co-ordinated
international approach to resolving the role of Antarctic Ice Sheet in sea-level change The aim
ofthis programme is to map the mass balance ofthe proper Antarctic Ice Sheet. The ice
shelves are studied as well, but treated separately. The intention is to use available mass
balance data from firn cores and snow radar records sampled within International
Trans-Antarctic Scientific Expedition (ITASE), bedrock topography from the inland ofthe
continent provided by BEDMAP and to balance accumulation rates against the ice flux over
the grounding line. The paleorecord is provided by Late Quaternary .Sedimentary Record of
the Antarctic Ice Margin Evolution (ANTIME). The ice flux will be calculated by using
cross-correlation techniques on basically ERS-data in combination with GPS-data from the
ground, and radio-echo soundings around the grounding zone ofthe entire Antarctic Ice
Sheet. Different nations take responsibility for different parts of the programme and for
different parts ofthe coast. This research project is developed within the GLOCHANT and it
will be implemented by the WCRP/CLIVAR programme.
The objectives ofiSMASS are:
1. To determine the present distribution of surface elevation change.
2. To determine the values of the mass balance components, calculate the net mass balance of
the ice sheet, and determine how that net balance is distributed between the grounded and
floating portions of the ice sheet, and hence determine the sea level contribution.
3. To identify and evaluate the physical controls on the motion and area! extent of ice streams
and outlet glaciers.

Geometry changes describe the change in volume of the ice sheet, it gives values which can be
translated into sea-level changes etc. But it does not explain why changes are going on.
Changes in the mass balance components give the precise answer on how physical conditions
are changing, but it is more difficult to translate into sea-level change. In a steady state
situation, which in terms of ice sheets means integration over tens of thousands of years,
geometry changes are explained by changes in mass balance components. However, as
integration times in climate studies normally are shorter and physical controls on the ice sheet
may change with time, studies on ice dynamics must be executed in addition to geometry and
mass balance studies in order to make predictions on changes using different future climate
scenanos.
The plan for ISMASS is to make airborne radar soundings around the entire Antarctic
perimeter grounding zone and to execute ice velocity studies using satellite images and GPS
ground surveys. ISMASS will also assist in the development ofthe ITASE-programme and to
encourage the further theoretical development and application of passive microwave
radiometry in determining surface mass balance. It will also promote theoretical and applied
advances in calculating the snow accumulation rate in the Antarctic interior using
moisture-flux-divergence techniques. ISMASS will form the Antarctic component ofthe
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proposed SCAR/IASC/PAGES/ICSI/WCRP global initiative on Glaciers, Ice Sheets, and SeaLevel (GISSL).
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Antarctic Sea-ice Processes, Ecosystems and Climate (ASPECt)
S. Ackley

EXECUTIVE SUMMARY
Despite the growth of activities in global-change research in the Antarctic, both from SCAR
programmes and from other international programmes, such as those of IGBP and WCRP,
there remain key deficiencies in our understanding and data from the sea ice zone that are not
addressed by current or planned research programmes. Important problems not adequately
covered by existing research programmes include:
1.
The broad climatology of sea ice physical characteristics.
2.
Pack ice ecology, a key component of the polar marine environment.
3.
Processes such as ice formation, water mass modification, the maintenance of
polynyas, ice edge and coastal fronts, gas exchange, and air-sea interaction.
4.
Modelling sea-ice processes (physics and ecology) in coupled atmosphere-ice-upper
ocean models. Linking scales (local scale to regional scale to global scale models).
There is a special role for the SCAR Global Change Programme in the shelf to ice-edge area
(pack ice) that is not being adequately covered by other programmes. Hence SCAR
GLOCHANT proposes to establish a programme of multi-disciplinary Antarctic sea ice zone
research called Antarctic Sea Ice Processes, Ecosystems and Climate (ASPECT).
The broad objectives for ASPECT are
I.
To establish the distribution of the basic sea ice properties important to air-sea
interaction and biological processes within the Antarctic sea-ice zone (ice and snow
cover thickness distributions; structural, chemical and thermal properties of the snow
and ice; upper ocean hydrography; floe size and lead distribution) in order to derive
forcing and validation fields for models.
II
To understand key sea-ice zone processes for further model development and in order
to improve parameterisation of these processes in coupled models.
A major thrust of the ASPECT programme is its multi-disciplinary focus on the sea-ice zone;
combining research on physical sea ice processes, ocean-atmosphere interaction and sea-ice
biology. An inter-disciplinary research approach to the ecology of the sea-ice zone is vitally
important in the overall programme. As a SCAR programme, ASPECT is focused towards the
role of the unique regional environment of the Antarctic sea ice zone, but it is essential that
this is closely linked to the international global change research agenda. Hence interdisciplinary components of ASPECT are designed to contribute to, and extend, international
open ocean programmes such as JGOFS. ASPECT will also maintain close scientific links
with the SCAR CS-EASIZ programme, a study of the ecology of the Antarctic coastal and
continental-shelf zones.
Many physical elements of ASPECT will contribute to the objectives of the WCRP CLIV AR
Programme, a study of Climate Variability and Predictability, which involves investigations
of atmosphere, ocean and land at a variety of time scales. ASPECT plans are particularly
relevant to the CLIVAR-DecCen component-programme, concerned with decadal to
centennial climate variability and predictability. The ASPECT programme will initiate
implementation of parts of the sea ice zone research requirements of CLIV AR, and will
collaborate closely with CLIVAR and other WCRP programmes to ensure the essential global
integration of Antarctic regional research. It will be appropriate for some research elements of
ASPECT to eventually become a sub-component of CLIVAR, but because of the unique
logistic requirements of work in the Antarctic sea ice zone, ongoing SCAR involvement and
sponsorship are important.
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The ASPECT programme will build on existing and proposed research programmes, and the
shipping activities of National Antarctic operators. The implementation plan includes some
components that can be undertaken as part of normal resupply voyages; for example a system
of simple but quantified shipboard observations that provide statistical ice and snow thickness
distributions. ASPECT will also include a component of data-rescue of valuable historical sea
ice zone information. The ASPECT programme will achieve its aims by:

•
•
•
•

defining a framework of the priority Antarctic sea ice zone research required to
address global change and related issues
promoting and fostering co-ordinated contributions to this plan from within National
research programmes and by building on ongoing projects
liaising with other international programmes requiring data and research products
from the Antarctic sea ice zone, and
organizing workshops to co-ordinate implementation through contributory projects .
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International Antarctic Zone Programme (iAnZone), an affiliated
programme of SCOR
E. Fahrbach

The primary goal of the international Antarctic Zone (iAnZone) program is to
advance our quantitative knowledge and modeling capability of the seasonal cycle
and interannual variability of the ocean and its sea ice cover, with emphasis on
climate relevant fluxes which couple the Antarctic Zone to the atmosphere and to the
Global Ocean. The first internationally coordinated iAnZone field activity was Ice
Station Weddell in 1992, directed at exploration of the environmental conditions
along the western margin of the Weddell Sea and the formation and spreading of
Antarctic Bottom Water. The second activity was the Antarctic Zone Flux (AnzFiux)
experiment in 1994, in which heat fluxes within the winter mixed layer, sea ice and
atmospheric boundary layer were precisely measured. These two activities focused
upon processes associated with ocean ventilation within the polar waters.
The third iAnZone coordinated program, Deep Ocean VEntilation Through Antarctic
Intermediate Layers (DOVETAIL) will take place in 1997-98, it builds upon the two
preceding iAnZone programs which dramatically improved our understanding of the
water mass modification processes within the Weddell Gyre. DOVETAIL purpose is
to better define and understand the export of the cold water products produced
within the Weddell Gyre into the global ocean and climate system. DOVETAIL
proposes to focus on escape of the recently ventilated deep water from the Weddell
Sea into the Global Ocean - the final stage in its role of ventilating deep ocean
waters.
In addition to the development and coordination of these large Antarctic zone
projects, iAnZone meetings are also intended to inform others of National research
and field programs for the purpose of 'value-added' linkages among the participants.

ANNEX

International Antarctic Zone Program
iAnZone
An affiliated program of SCOR

This presentation is based on the report of the forth iAnZone meeting at the
Universitat Politecnica de Catalunya (University of Catalonia) in Barcelona, Spain
from 18 to 20 March 1996 prepared and distributed by Arnold L. Gordon.

Content:
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1 The iAnZone Goal
2 Terms of Reference
3 Interaction of iAnZone with International Groups and relations to other Southern
Ocean programs
4 iAnzone Schedule and Membership
5 Anzone Activities:
Ice Station Weddell (iAnzone Project 1)
AnzFiux (iAnZone Project 2)
Other National and Cooperative Projects.
6 Present firm plans for the immediate future, next 1 to 3 years:
DOVETAIL (iAnZone Project 3).
Weddell Polynya Quick Response Program
7 Preliminary plans for the long range projects.
1 AnZone Goal

Through development and coordination of observational and modeling programs, to
advance our quantitative knowledge and modeling capability of climate relevant
processes, their seasonal cycle, their interannual and decadal variability, within the
Southern Ocean's Antarctic Zone (region poleward of the Antarctic Circumpolar
Current), with emphasis to ocean and atmosphere coupling in regions influenced by
sea ice, and to the link between the Antarctic Zone and the global ocean and climate
system.
2 Terms of Reference

The Terms of Reference (TOR) were proposed by the iAnZone group meeting in
Barcelona in March 1996. lnbetween, iAnZone has been accepted as an affiliated
program of SCOR and the TORs had to be adjusted. The adjusted TORs indicated
below have to be accepted by the iAnzone steering committee during its next
meeting in December 1997.
1. To identify, develop and coordinate research projects meeting the iAnZone goal.
2. To provide a form for the exchange of iAnZone research plans, results and data.
3. To participate in and assist with the coordination between Antarctic Zone and
global climate research programs, with other Southern Ocean programs, and with
colleagues.
4. To advise SCOR on the development of appropriate observing systems (e.g. for
GOOS, GCOS), data sets and modeling strategies needed to understand the scales
and mechanisms of climate variability within the Antarctic Zone.

3 Interaction of iAnZone with International Groups and programs
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iAnZone and WCRP and IGBP: iAnZone, with its proven record of working scientist
("grass roots") activities will promote and provide advice on iAnZone physical
sciences to the ocean- related programs of the WCRP and IGBP.
CLJVAR implementation plans are now being developed, but it in view of the
importance of the Antarctic Zone to ocean ventilation and coupling to the global
climate system, it is very probable that a southern ocean activity in the sea ice
regions will be sought. In view of the special nature of doing research in this region
the coordination development by iAnZone will be a valued resource for CLIVAR.
ACSYS has an Arctic focus, though they view their sea ice modeling interest as
bi-polar. iAnZone activities would be a great help in deriving the information needed
to have the Southern Ocean processes correctly represented within sea ice models.
JPAB (international program of Antarctic Buoy) and ANITP (Antarctic Ice Thickness
Project) are observational projects that contribute to iAnZone goals. Coordination of
iAnZone research with IPAB and ANITP would be beneficial to both groups.
JGFOS: Many JGFOS activities involve field research in the Antarctic Zone.
iAnZone research results should benefit analysis of the JGFOS data sets.
iAnZone and SCAR: SCAR's GLOCHANT was established in 1992 for the purpose
of coordinating SCAR's efforts in global-change-related research. The terms of
reference, modified by GLOCHANT last year, are as follows:

1. To provide SCAR Working Groups, Groups of Specialists and national programs
with the best available multidisciplinary advice regarding ongoing Antarctic global
change research.
2. To provide liaison between SCAR and the other major international programs on
global change and to promote the applicable Antarctic component within those
international programs.
3. To identify research needs in Antarctic process studies, monitoring and modeling
related to global change.
4. To plan, promote and monitor specific projects on problems of global change
research in the Antarctic.
The sea-ice activity of GLOCHANT is ASPECT (originally Antarctic Sea-ice Physics,
Ecology, and ClimaTe, now ecology is no more included); lan Allison chairs a
committee currently putting together a Science Plan for ASPECT. iAnZone and
ASPECT have intersecting interests in terms of the role of sea ice to oceanic and
climate system; coordination is recommended. lt is likely that future iAnZone
projects, as listed above would be jointly sponsored with ASPECT. Close
communications of the iAnZone and ASPECT Steering Committees is highly
recommended and will be sought. Steve Ackley, who is active within both groups
should act as the liaison.
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4 iAnzone Schedule and Membership
1-Meetings: The iAnzone committee will hold workshops every other year (even
years) to report on research progress, present plans and foster further coordination.
Working scientists with interest in Antarctic Zone research will be invited to
participate in the biannual meetings. Meeting reports will be distributed to members,
related research programs and National Antarctic Committees. Between workshops
communication is achieved bye/mail and other correspondence.
2-Steering Committee: A Steering Committee will consist of approximately 15
members who will set up the bi-annual meetings, promote actions recommended at
those meetings and foster coordination between meetings. They will appoint their
chairpersons (or eo-chairs). All Steering Committee appointments are for three
years, staggered appointments are envisioned to promote continuity. Appointments
to the Steering Committee should be appropriate for the current primary research
project.
3-lnitial Steering Committee: To get the structure started an initial committee is
appointed.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

A Gordon
(USA) Go-chair
E. Fahrbach (Germany) Cc-chair
R. Muench
(USA)
K. Heywood (UK)
A Piota
(Argentina)
J. Launiainen
(Finland)
P. Schlosser (USA)
M. Garcia
(Spain)
M. Wakatsuchi
(Japan)
A Klepikov
(Russia)
C. Garcia
(Brazil)
G. Spezie
(Italy)
J. Lutjeharms
(South Africa)
N. Bindoff
(Australia)
H. Hellmer
(Germany)

lt is suggested by SCOR to include India during the next rotation
*The next meeting of the iAnZone group and Steering Committee will be at
Biosphere 2 in Arizona, 3-4 December 1997.
5 iAnzone Activities
iAnZone deals with the Antarctic Zone, the region between Antarctica and the
Antartic Circumpolar Current, it includes the area covered by seasonal and
perennial sea ice. lt's main focus is the role of the ocean I ice (sea and glacial) I
atmosphere
coupling in ventilating the ocean and affecting the larger scale climate system.
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There has been two field programs under the AnZone banner (both before the
SCOR connection): Ice Station Weddell and AnzFiux. The former (1992) explored
the western Weddell Sea where a variety of bottom water types form, and pass to
the north within a boundary current; the latter ( 1994) was a quantitative investigation
of the rather large vertical fluxes between the warm/saline deep water and the cold
surface water.
Ice Station Weddell
The western Weddell Sea between 720S and 620S was investigated within the
framework of the IAnzone program from the American-Russian "Ice Station Weddell
I" during austral winter 1992. Five hydrographic sections across the continental
slope provide good insight to the water mass distribution and the current structure of
the western boundary current following the Weddell Gyre flow. The Warm Deep
Water forms a northward flowing tongue with decreasing temperature from 0.6 at
720S to 0.40C at 630S. The geostrophic flow adjusted by current meter
measurements from the ice is used to determine the transport of the western
boundary current. The northward transport increases from about 12 Sv in the
southwestern Weddeli Sea to about 28 Sv at 67030'S. In a 300 to 500 m thick
bottom layer a northward flow of 5 to 6 Sv carries two water types, a low salinity
component on top of water with higher salinity. Measurements of turbulent fluxes
under the drifting pack ice during "Ice Station Weddell 1" reveal a relatively small
heat fluxes of less than 5 Wm-2 on the average but with considerable fluctuations.

AnzFiux
Summary from the report of the Second Antarctic Zone Flux Experiment Workshop
13-15 March, 1996, Barcelona, prepared by Miles G. McPhee
1. Significant Developments
1.1 Small-Scale Issues
lnterannual variability of the stability of the water column was indicated by showing
that the amount of ice formation required to destabilize (overturn) the water column
had decreased significantly since the 1986 winter cruise in the same region.
Turbulence data showed very high heat fluxes in the mixed layer and upper
pycnocline during storms. Of particular significance was the incursion of high levels
of turbulent kinetic energy dissipation through a large fraction of the pycnocline,
showing that intense flux may occur there without physical entrainment of the
stratified fluid into the mixed layer. Ice temperature and ablation measurements
corroborated the mixed layer results. Replenishment of heat and salt within the
pycnocline occured via double-diffusion, advective processes, possible cabbeling. A
technique for estimating flux magnitudes based on wavenumber spectra was
presented, and it was shown that it provides credible measures of mixing length and
eddy viscosity/diffusivity in the mixed ("mixing") layer. High mean oceanic heat flux
Jn

-811.6-

the Weddell depends on (a) large boundary layer turbulence levels during storms,
and (b) upward excursions of the pycnocline. This was shown both from turbulent
flux measurements and the heat content of the mixed layer. Numerical boundary
layer modeling (which simulated pycnocline displacement by specifying vertical
velocity at the base of the mixed layer) revealed that each factor contributed about
equally to the total heat flux during the first 3 weeks of buoy drift.
lt was documented that flooding and refreezing at the surface occurred due to
shifting snow load and bottom melting. This may represent an important mechanism
for bringing cold air and liquid water into contact without physically opening leads
(ice concentrations remained relatively high during most of the cruise). Microwave
backscatter measurements could be shown to respond strongly (and in a complex
way) to surface flooding. Results from percolation theory combined with sea ice
observations which indicates that the matrix of pores within the ice interconnect
when the temperature in typical sea ice exceeds -5 oC. Provided there is enough
snow to depress the ice/snow interface below sea level, a mechanism thus exists for
moving liquid water through the ice cover. Ice survey sections documented a
sizable portion of the ice/snow interface below sea level. Such ice is susceptible to
flooding when a combination of snow loading, bottom ablation, and general warming
(all associated with storms) increase the ice temperature to above the critical value.
Since air temperature rarely exceeds -5 oC, the insulating properties of snow also
play an important role.
1.2 Large and Mesoscale Issues
The hydrographic work accomplished during the ANZFLUX CTD program revealed
contrasts with earlier studies in the region. lt appears that the 02 - Tmax
relationship observed during ANZFLUX is not the same as found in earlier surveys.
However, the helium - Tmax relationship seems to be consistent. Currents, obtained
from both 150 kHz and 600 kHz acoustic Doppler current profilers, were typically
modest, dominated by tides with amplitudes of order 5 cms-1. One exception was a
baroclinic eddy encountered during the Maud Rise drift with absolute currents of
order 20 cm s-1 . Mean currents were of order 1 cm s-1 . This was corroborated by
dynamic topography calculations. Results from the ANZFLUX buoy program
(UWAPL, AWl), documented much larger than anticipated variability in the
pycnocline depth and strength (i.e. vertical separation of isopycnals). Thus the large
variability seen during the drift stations was not anomalous, but extended over the
entire region and season. ANZFLUX data were augmented by AWl buoy thermistor
data from earlier years and generally west of the ANZFLUX region, which also
showed much variability, but not so close to the surface.
With exchange coefficients expressing friction velocity in terms of ice speed, and
heat flux proportional to the product of friction velocity and mixed layer temperature
elevation above freezing, the buoy records provide time series of estimated
ocean/ice heat flux, for times when the ice concentration remains high. The season
long drift of the buoy cluster left at the Warm Regime drift implied an average heat
flux around 20 W m-2. The cruise track from the Warm Regime drift northeast to the
Maud Rise drift was designed to replicate a similar section made in 1986. Upon
completion of the Maud Rise drift, another section across the western slope was
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made. Fortuitously, the combined UW/AWI buoy cluster roughly followed the ship
track to the western slope, before turning north. The complete record showed both
spatial and temporal variability of the warm core "halo" that apparently flows around
the northwest flank of Maud Rise and associated eddies.
SSMI passive microwave and ERS-1 scatterometer satellite imagery, indicated
significant opening in the ice pack over Maud Rise Uust to the north of the drift track)
starting on Aug. 11. This coincided with passage of an intense cyclone through the
area. From the scatterometer data, it appears that the feature subsequently
disappeared, then returned twice again, lasting for about a week each time.
1.3 Scientific Questions Answered or Addressed
Is there. significant heat transfer between the ocean and sea-ice cover during winter
in the Weddell Sea?
Yes. The heat flux is highly variable and depends on both wind speed (which
translates almost directly to ice velocity) and the depth of the pycnocline, which
varied widely at both drift sites and in the buoy time series. The highest hourly
turbulent heat flux value exceeded 400 W m-2 at a depth of 4 m, during a storm
when the Warm Regime station drifted over a warm eddy with a relatively shallow
pycnocline. A buoy left at the site of the Warm Regime drift station monitored ice
speed and mixed layer temperature elevation above freezing, from which we
estimated an average seasonal heat flux around 20 W m-2.
Are the processes that control vertical fluxes well understood?
Significant progress has been achieved. Compared with what we knew before
ANZFLUX (when there was conjecture as to whether significant oceanic heat flux
even existed) we now have a much better observational basis for understanding how
the basic vertical transfer mechanisms work. The combined Reynolds flux,
microstructure, and ADCP shear data represent an unprecedented view of turbulent
transfer in the ocean, especially for conditions of very high surface stress.
ANZFLUX will provide quantitative numbers for important parameters - such as the
magnitude of mixed layer eddy viscosity under gale force winds - that have until now
remained elusive. The complex way in which sea ice buffers (by bottom melting) or
enhances (by flooding) the flow of heat from the ocean to the atmosphere was also
monitored more completely than ever before.
Will detailed knowledge of the small scale processes explain the gross behavior of
air-sea interaction in the Weddell?
There is much that we do not understand. ANZFLUX results by themselves are
unlikely to unambiguously identify, for example, the sources and evolution/decay of
pycnocline "weather" so dominant in both the ship drift and buoy records. We will,
however, be much better equipped to evaluate the impact of pycnocline variability
on the surface heat and mass balance, which may lead to viable statistical
parameterizations which are now virtually nonexistent.
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2. Outstanding (unresolved) issues identified at the workshop
2.1 Pycnocline Variability

-What are the sources? Ekman pumping from wind stress curl, eddies associated
with the Maud Rise halo were identified as candidates. Maybe several sources
contribute. Examination of the AWl buoy data suggests that the pycnocline activity
decreases somewhat with advent of the summer melt freshwater cap.
-Does the level of variability change from year to year? Is there a temporal trend?
Although not definitive, ANZFLUX data are enough different from previous
expeditions to hint that the pycnocline is becoming more active and that overall
stability of the water column may be decreasing.
-Are regional gradients present and important? The Weddell Gyre inflow is a broad
area over which important water mass transformation occurs. Buoy data suggest
that pycnocline variability may decrease to the west of the ANZFLUX study region;
however, the limited oceanographic buoy tracks makeit difficult to separate temporal
from spatial variation.
2.2 Disposition of Oceanic Heat in the Weddell Gyre
-What is the role of Maud Rise and circulations associated with it (Taylor-column
cap, its warm "halo") in the loss of heat from Antarctic Circumpolar Water entering
the Weddetl Sea? Topographically steered circulation appears to transport high
Tmax water into the region immediately west of Maud Rise, inducing larger
horizontal gradients in water properties. Satellite imagery often indicates sea ice
anomalies in the region (late freezeup, early melt, transient polynyas).
- How important are warm eddies? The most dramatic ice-ocean interaction during
ANZFLUX occurred when storms moved the drift station across a warm-core eddy.
However, some of the pycnocline excursions, especially over Maud Rise, involved
relatively cool Tmax water yet enhanced surface heat
flux.
- What is the source and duration of the eddies?
2.3 Air-Ice-Ocean 1nteraction
-How are the complex processes observed during ANZFLUX incorporated into
practical upper ocean and ice models?

- What are the important feedbacks from changes in pycnocline variability that can
be used to predict changes in upper ocean stability?
2.4 Preconditioning/Precursors for Widespread Deep Convection
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- What changes in upper ocean conditions, especially over Maud Rise and its
margins, could result in sustained convection uncapped by ice melt?
-Are individual storm events and/or several events along preferred storm tracks
important for triggering deep convection?
- What are the remotely sensed surface characteristics that can signal strong
convection?
4. Recommendations
Workshop participants made several recommendations for the iANZONE meeting
the following week:
(1) Research cruises into the central and eastern Weddell should make every effort
to evaluate the "climate" of the upper ocean. Hydrographic sections should be
augmented wherever possible by time series measurements of temperature at
multiple depths in the upper ocean, e.g., by simple ship-towed systems.
(2) In view of the insight gained from time series of upper ocean temperature and
salinity, plus ice and meteorological data, obtained by the joint AWI/UWAPL/LDEO
buoy program deployed during ANZFLUX, iAnZone should work to foster similar
cooperative buoy programs for as complete coverage as possible. We are
especially interested in long term statistics of ocean/ice heat flux, plus interannual
and spatial changes in the amount of pycnocline activity. Buoys are well suited for
this type of monitoring. lt is particularly important that relatively simple principles
developed from the ANZFLUX measurements and buoy programs be applied while
planning other projects concerned with sea ice and oceanographic issues in the
Antarctic: iAnZone is an obvious forum for this coordination.
(3) Given (a) our perception that in 1994 the water column was less stable and the
pycnocline was possibly more active than in previous years; and (b) remotely
sensed surface characteristics showing marked ice concentration decreases over
Maud Rise at various times in the 1994 winter season: we recommend that iAnZone
set up a framework for "fast response" to evidence of widespread deep convection
in the vicinity occupied by the Weddell Polynya of the 1970s. Implicit in this effort is
coordination of remote sensing programs needed to identify such conditions.
(4) We recommend that in approximately the 1999-2000 time framework, iAnZone
should revisit the central/eastern Weddell with an experiment aimed at addressing
the outstanding issues posed by ANZFLUX. Such an effort would benefit greatly
from international cooperation, espe- cially with a multiple-vessel approach and well
coordinated remote sensing programs. We note that there would be much overlap
between this program and a shelf-slope dynamics programs discussed in previous
iAnZone meetings, both in terms of instrumentation deployed and scientific goals,
suggesting close coordination.
National Projects as reported by the participants
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Finland: Ice-ocean-atmosphere interaction studies with observations and modelling
in the Weddell Sea.
Germany: Water mass formation and circulation studies in the Weddell Sea with
observation and modelling.
Italy: Air-sea interaction studies in the Pacific sector, Water mass formation and flux
of suspended matter in the Ross Sea. Observation and modelling studies.
Japan: Water mass formation studies in the Antarctic Coastal Current in the Indian
Ocean sector.
Russia: observations see Ice Station Weddell. Modelling studies in the Weddell
Sea.
Spain: Observations and modelling studies in Bransfield Strait, and observations in
Drake Passage.
U.K.: Observations in the Weddell Sea and Drake Passage.
U.S.A.: Observations and modelling see Ice station Weddell and Anzflux.
6 Present.firm plans for the immediate future, next 1 to 3 years
DOVETAIL (iAnZone Project 3).

The International DOVETAIL (Deep Ocean Ventilation Through Antarctic
Intermediate Layers) Program
The goal of the program for study of Deep Ocean Ventilation Through Antarctic
Intermediate Layers (DOVETAIL), planned to take place during 1997-2000, is to
understand physical processes in the Weddeii-Scotia Confluence (WSC) region
sufficiently to quantify the ventilation of the World Ocean achieved by Weddell Sea
water masses. There are four related objectives, the first being to assess the
quantity, physical and chemical characteristics of Weddell Sea source waters for the
WSG. A second objective is to describe the dominant physical processes
associated with spreading and sinking of dense Antarctic waters within the WSC
region. A third is to estimate the ventilation rate of the World Ocean from the
Weddell Sea. The final objective is to estimate seasonal fluctuations in regional
ocean transport and hydrographic structure, and assess the likely influence of
interannual variability on rates of ventilation by Weddell Sea waters.

DOVETAIL proposes to pursue its goal and objectives using a closely integrated
field and modelling program. The field component will measure critical
hydrographic, tracer and chemical parameters and currents in the northwestern
Weddell Sea source region for the WSC, through the WSC itself, and in the
southern Scotia Sea which is the sink for water which has passed through the WSC.
The hydrographic, tracer and chemical observations will take place during cruises
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planned for austral summer, autumn and winter seasons. Currents will be measured
in the same region using moored current meters deployed for a one-year period.
These observations will be used to describe the mean hydrographic and current
fields, to estimate seasonal differences, and to assess the roles of mesoscale
processes. Numerical models will use these field data, in conjunction with historical
data, to specify boundary conditions, for parameterizations, and for verification. The
models will serve to interpolate and extrapolate the data, and will aid in identification
and quantification of regional processes.
The proposed program is the third in a sequence of integrated field and modelling
programs which were initiated in 1992 and which have been coordinated by the
international Antarctic Zone (iAnZone) group and carried out in the Weddell Sea.
The first two programs have focussed on processes associated with ocean
ventilation in the polar waters. DOVETAIL proposes to build upon the results from
these two preceding programs by focussing on the escape of recently ventilated
deep water from the Weddell Sea into the Global Ocean. In this way, it hopes to
better define and understand the role of Antarctic waters and processes in the
global ocean and climate system.
DOVETAIL builds upon the two preceding iANZONE programs and enters a second
iANZONE phase whose purpose is to better define and understand the role of
Antarctic waters and processes in the global ocean and climate system. DOVETAIL
proposes to focus on escape of the recently ventilated deep water fr:om the Weddell
Sea into the Global Ocean- the final stage in its role of ventilating deep ocean
waters.
DOVETAIL priorities parallel, and the results will contribute to, ongoing global
change research. The processes responsible for vertical and horizontal fluxes
within the ocean and associated interaction with the sea ice and atmosphere in polar
regions must be properly represented. The DOVETAIL study region, off the tip of
the Antarctic Peninsula, serves as the primary gateway between the southern polar
waters and the global ocean. This region can therefore be considered as a "vital"
location with respect to discharge of cold Antarctic Water into the global ocean.
Results from the DOVETAIL experiment will aid in establishing a basis for
long-range monitoring of this critical region, inasmuch as both the Global Ocean
Observing System (GOOS) and the ocean component of the Global Climate
Observation System (GCOS) have been established by a number of international
bodies to provide such monitoring data.

The overall DOVETAIL goal is to understand physical processes in the
Weddeii-Scotia Confluence region sufficiently to quantify the ways in which it
influences ventilation of the World Ocean by Weddell Sea water. The
Weddell-Scotia Confluence is thought to represent a gateway for the most direct
and largest contribution of these Antarctic waters. lt is imperative that we
understand the associated physical processes in order that we be able to assess
their sensitivity to changes in regional forcing, hence, the impact of such changes on
Global Ocean ventilation.
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Four specific objectives have been used in constructing the DOVETAIL program.
The first of these is to assess the quantity, physical and chemical characteristics of
Weddell Sea source waters for the Weddeii-Scotia Confluence. This will tell us the
maximum volume of Weddell Sea water which is available for ventilation as
Antarctic Bottom Water, and will give a "baseline" set of chemical parameters and
tracers which can then be compared with downstream conditions in the WSC region
and used to estimate ages and sources of waters and to determine mixing
relationships during passage through the WSC region. Knowledge of sources is
essential for understanding the possible influences of climate change on production.
Information on ages is essential to determine fractions which may recirculate in the
Weddell Sea rather than exiting immediately via the Confluence region.
The second DOVETAIL objective is to describe the dominant physical processes
associated with spreading and sinking of dense Antarctic waters within the
Weddeii-Scotia Confluence region. Available field data and modelling results
suggest two pathways by which Weddell Sea water transits the WSC region to
contribute to Antarctic Bottom Water. First, cold Weddell Sea Deep Water (WSDW,
potential temperature< O(..C), with temperatures as cold as -0.6(..C, exits through
deep channels in the South Scotia Ridge as topographically steered bottom
boundary currents. Second, Warm Deep Water (WOW, with T>O(.. C) and Wed dell
Sea Deep Water between 400 and 2500 m are transferred northward over the South
Scotia Ridge along isopycnal surfaces, sinking to depths greater than 3500 m north
of the Ridge and thence contributing to the Antarctic Bottom Waters. Hydrographic
conditions in the overlying waters, reflected most obviously in the zonally-trending
isopleths of variables, and currents predicted using numerical models are consistent
with a predominantly zonal circulation which parallels the Scotia Ridge. Weddell
Sea water is likely transferred north through the WSC by way of diapycnal and
isopycnal mixing and advectively by mesoscale current features associated with the
Weddell and Scotia fronts. Energy for mixing processes and for instabilities leading
to the mesoscale features can be derived from the mean flow by baroclinic
instabilities and by interactions among the mean currents and a locally steep and
complex bottom topography. In addition to mixing processes, the regional northward
Ekman transport might force subduction of dense surface water of the
Weddeii-Scotia Confluence to depths where Circumpolar Deep Water from the
Antarctic Circumpolar Current are found in the Scotia Sea, leading to a process akin
to the formation of Antarctic Intermediate Water. The proposed program will focus
on quantifying both the deep boundary currents and the overlying mixing processes
which combine to transfer Weddell Sea waters northward through the WSC.

The third DOVETAIL objective is to estimate the ventilation rate of the World Ocean
from the Weddell Sea. The field program will be coordinated with modelling efforts
to estimate the quantity of Antarctic Bottom Water which passes northward through
the WSC region and is available for deep ventilation. Existing models, such as the
Princeton Ocean Model, will be tuned using improved estimates of lateral mixing
parameters derived from the field data. Water chemistry and tracer data will
contribute, along with physical process studies, to quantifying the mixing history of
water available for deep ocean ventilation north of the Confluence.
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The final DOVETAIL objective will be to estimate seasonal fluctuations in regional
ocean transport and hydrographic structure, and assess the likely influence of
interannual variability on rates of ventilation by Weddell Sea waters. Recent field
data from the Weddell Gyre indicate significant seasonal and interannual variability
in the gyre-wide circulation. Past field observations and modelling results indicate,
similarly, interannual variability in the Circumpolar Current. Since the Weddell
Scotia Confluence region forms part of the northwestern limb of the Weddell Gyre
circulation and is bounded to the north by the southern edge of the Antarctic
Circumpolar Current, referred to also as the Scotia Front, it must be strongly
influenced by variability in both of these major flow regimes. Recent current data
timeseries and historical current, hydrographic and sea ice datasets will be
integrated with new current and water mass data and numerical model results for the
Weddell Gyre and Antarctic Circumpolar Current in order to better understand the
physical interactions which link the seasonal and interannual changes and which
might link climate change with ventilation rates.
The DOVETAIL program will address the above goal, and associated objectives,
through a closely integrated field and numerical modelling program which is
scheduled to take place during 1997-2000 with the field work focus sed on the
1997-1998 time frame. The physical complexity of the study region is sufficient to
preclude our reasonably being able to measure all processes which are likely to be
of interest. Rather, DOVETAIL will utilize shipboard observations to measure spatial
fields and to estimate gross seasonal differences, will utilize time series
observations from moored instruments to assess time variability, and will use
numerical models to integrate the datasets, to interpolate in time and space, and to
help understand the dynamics of the processes which are observed.
Firm participation in the DOVETAIL program includes US, German and Spanish
investigators, and ongoing planning anticipates the eventual participation of Finnish,
UK and Brazilian participants as well.

Weddell Polynya Quick Response -Program

Draft Plan, prepared by Arnold L. Gordon

During the "Great" Weddell Polynya occurrence of the 1974 to 1976 austral winters,
the central Weddell Gyre cooled by nearly 1 iC down to 2700 m. Associated with this
ocean cooling was anomalous large heat fluxes into the atmosphere, estimated as
135 W/m2 mean ocean to atmosphere heat flux during the winter months, much
higher values are expected during cold polar air outbreaks. This cooled deep water
moved westward with the polynya, towards the western boundary current of the
Weddell Gyre. In 1988 deep water cooling in the Argentine Basin were measured.
Since the mid-1970s transient polynyas have been observed in the central Weddell
Gyre, near Maud Rise (the origin site of the Great Weddell Polynya. While no
evidence of deep convection has been detected, enhanced heat flux to the
atmosphere is expected. Thus the Weddell Polynya event stands out as a major
perturbation on the ocean and presumably on the climate system.
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At the 4-th iAnZone meeting in March 1996 in Barcelona, a quick response program
was recommended which would allow for deployment of a research vessel into the
Weddell Polynya, should a large persistent polynya similar to that of the mid-1970s
again occur. As the polynya has not occurred since 1976, and there is some
evidence of a 1961 cooling of Weddell Deep water, perhaps we are 'due' but the
wait for the next could be prolonged, so whatever quick response program is set in
place will require annual reaffirmation.
The suggested general procedure:
Ice covers the Maud Rise area around 1 June. We are interested in a persistent
large polynya in the vicinity of Maud Rise, however the area which will be
scrutinized will be much larger, from 30W to 30E. 'Persistent' means is must be
present for more than two weeks before we tag it as sometime unusual. By 'large' an
ice free area must be larger than 100 km horizontal scale.
The first part of the plan must involve study of near real time satellite sensing of sea
ice cover, beginning around 1 June, and extending to around 1 October (though as
discussed below, first detection around 1 September is need to deploy the ship
based observational program). National Ice Centers should be alerted to this need
and they should inform a list of 'contact' people in their Nation of the detection (by
microwave, IR, and/or Visible light sensors) of a special polynya event in the Maud
Rise region. The AnZone Steering Committee should be informed, as they will
coordinate the international response. During the next two weeks the scientists
working with their Ice Centers must confirm the existence of a special polynya event,
and whatever research vessels are available for the quick response program are
placed on Standby.
Once we are pretty sure we have a special event, we request the deployment of the
research ship. We want the ship in the polynya region one month after the first alert
or two weeks after the confirmation. Thus the ship would be within the polynya
anytime from 1 July to 1 October. After 1 October, solar radiation may be large
enough to maintain the polynya without the presence of deep ocean convection,
which is what we really want to observe, but perhaps we could push this back to 15
October- a discussion point.
The ship follows an observational plan that the iAnZone group develops, probably
within a workshop that we will have to arrange for early 1997 (Should the polynya
occur in 1996, we would have to put together an observational program via e/mail).
The plan would be flexible enough to be adjusted to the particular form of the
polynya. The plan would include XBT, CTD, ADCP sections and meteorological obs
across the polynya and the surrounding ice edge. I suspect that we would use ship
equipment, but supplement that with whatever instrumentation we can get to the
ship.
7 Preliminary plans for the long range projects
There was much discussion of the nature of the 4-th iAnZone research project.
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There were two schools of thought.
1- AnzFiux Follow-up: The great success of AnzFiux, opened up a whole host of
more detailed questions pertaining to the vertical fluxes within the Weddell Gyre.
The technology, personnel expertise and enthusiasm exists to make much headway
on this subject, and this activity appeared to have the "votes"
2- Shelf-Slope Front and Antarctic Bottom Water (AABW): While AnzFiux
concentrated on the upwelling limb of the Weddell overturning cell, iAnZone has not
yet addressed in detail the downwelling limb, though a start was made as part of the
ISW project. AABW forming from a mixture of shelf and slope water masses,
emanates from the sharp frontal zone dividing the shelf and slope regimes. This
shelf-slope front has a width of a few kilometers. lt is suspected that as the parent
waters for AABW are found in abundance along the margins of Antarctica, the
"bottle-neck" that effectively governs AABW production occurs at the shelf-slope
front, where various equation of state subtleties, such as the thermobaric effect
(greater compressibility of cold water) and cabbelling (non-linear dependence of
density on temperature) come into play.
There is time to develop these themes: the next large international coordinated
iAnZone project would mostly likely take place in 1999/2000. A committee will be set
up by the iAnZone Steering Committee to report to the iAnZone-5 meeting
(Biosphere, first week of December 1997) on their recommendations for 4-th project
of iAnZone.
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Permafrost and Global Climate-Change Research
F.E. Nelson
Department of Geography
University of Delaware
Newark, Delaware, USA 19716
Introduction
Permafrost (perennially frozen ground) is a condition in which subsurface earth
Permafrost
materials have remained at or below 0°C for two consecutive years or longer.
underlies most of the world's tundra regions, a large proportion of the boreal lands, and
also exists in ice-free parts of Antarctica, in high mountain regions, and beneath shallow
water in the polar oceans.
It currently underlies 20-25% of the continental areas.
Some
permafrost is relict from previous cold intervals, and abundant stratigraphic evidence
exists for its more widespread extent during the Pleistocene (e.g., Pewe 1983, Velichko
and Nechaev 1992).
Permafrost and Global Change
Permafrost can play three important roles in research related to global change (Nelson
et al. 1993):
(1) Permafrost can be employed as a record keeper, that is, as a source of quantitative
In many high-latitude regions,
information about changing near-surface temperature.
permafrost is thick (up to 1500 m) and relatively cold.
In such situations, heat transfer
within the permafrost occurs primarily by conduction, and thermal changes at the base of
the active layer are propagated downward very slowly.
The result is that carefully
measured thermal profiles in deep permafrost can yield information about changes near the
surface that occurred during past centuries.
A recent report (Fitzharris et al. 1996)
summarized an extensive collection of literature and concluded that borehole measurements
in permafrost indicate a widespread warming trend, although this trend is not
geographically uniform or evident at all measurement locations.
(2) Permafrost can act as an agent or translator of climatic change into the sphere of
human activities.
Thickening of the active layer and thawing of ice-rich permafrost often
lead to subsidence of the ground surface, which can have severe disruptive effects on
engineered works such as buildings, roads, and pipelines (Figure 1).
Because much of the
infrastructure
in
northern
regions is associated
with
extractive
industries
(e.g.,
petroleum wells and pipelines), disruptions to it can be of national or even international
significance.
(3) Permafrost also has potential to function as a facilitator that amplifies climatic
change.
Large amounts of organic carbon are sequestered in the boreal and tundra regions
(see reviews by Gorham 1991, and Gilmanov and Oechel 1995). Most of the investigations
upon which these carbon inventories were based included only data from the active layer or
unfrozen layer of ground above permafrost.
Recent investigations (e.g., Michaelson et al.
1996) indicate that carbon stored in the upper permafrost could add substantially to these
estimates.
Simulations by Waelbroeck et al. (1997) suggest that a climate-induced
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increase in active-layer thickness could result in a short-term increase in C02 emissions,
followed by
an increase in carbon accumulation.
Thawing of permafrost therefore has
important consequences for s,urface heat and moisture balances, runoff, and chemical fluxes
to the atmosphere and hydrosphere.
Methane stored in permafrost (Fukuda 1994) may be
released in substantial quantities through permafrost degradation, causing significant
climatic feedbacks.
Cold-climate sediments have also trapped methane as gas hydrates,
which are stable under current climate but may be destabilized by increased ground
temperatures or marine transgression (Dallimore and Collett 1995, Burn 1997).

Although this
Figure 1. Thawing of ice wedges has rendered this gravel road unusable.
damage resulted from failure to use sufficient thermal insulation beneath the
roadway, such damage to the infrastructure could be a widespread consequence of
global warming.

Simulation Studies
Several published studies indicate that global warming could have severe impacts on the
permafrost regions of the Northern Hemisphere.
Although thick, ice-rich permafrost in the
high latitudes would require ·very long periods for substantial thinning (Rise borough
1990), discontinuous permafrost near its southern limit could disappear in a relatively
short time. Modeling work by Riseborough and Smith (1993) suggests that a 5 m section of
ice-rich permafrost near Fort Simpson in central Canada would thaw completely in less than
70 years under one climate-change scenario.
Anisimov and Nelson (1997) simulated the circumarctic distribution of permafrost under
climatic scenarios obtained from three transient general circulation models.
Although
regional patterns obtained from them are substantially different (Figure 2), the climate
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scenarios indicated
reduced by 12-22%.
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The potential impacts of climate change on permafrost are complicated by the buffering
effects of soils, vegetation, and snowcover (Romanovsk:y and Osterkamp . 1995).
Few
scenarios of climatic warming adequately address
changes in
ground conditions.
Heat-transfer processes are complicated by the wide range, high spatial variability, and
abrupt boundaries of soil properties and associated moisture conditions.
A recent
investigation by Nelson et al. (1997), for example, indicates that active-layer thickness
is most variable at ground distances of 100-300 m on the coastal plain of northern Alaska,
although in the nearby foothills of the Brooks Range maximum variability occurs at
distances of only 1-30 m (Figure 3).
Existing databases do not provide adequate
information about the spatial scales(s) at which these variations are most pronounced.
To
date, most studies linking climate change and permafrost employ relatively simple models
based on such parameters as freezing and thawing indices and conductive heat transfer
theory.
Coordinated,
international
programs
focused
on
collecting
standardized
permafrost-related data are now being given high priority by the permafrost research
community.

The International Permafrost Association
The International Permafrost Association (lP A) is the primary scientific body
coordinating and facilitating research into permafrost.
IPA also acts as a liaison
between permafrost researchers and other scientific organizations.
IPA's working groups
administer and coordinate many of its official activities, several of which are outlined
·
below:

Global Geocryological Database (GGD)
The Global Geocryological Database, an effort to retrieve, document, archive, and
distribute permafrost-related data, is administered by IPA through its Working Group on
Permafrost Data and Information (Barry et al. 1995).
GGD has responsibility for
identifying, acquiring, and disseminating data on permafrost and frozen ground to further
several purposes: (a) to advance scientific understanding of permafrost; (b) to improve
engineering design in cold regions; (c) to achieve understanding of global and regional
climatic change; (d) to support verification of general circulation models and trace gas
cycles; (e) to provide a basis for detecting environmental change at several temporal and
spatial scales; and (f) to enhance the basis for developing environmental scenarios and
assessing environmental impacts.
Data are digitized, archived, and disseminated primarily
through World Data Center A for Glaciology in Boulder, Colorado, USA. A CD containing
permafrost information and data from the GGD, . tentatively called Circumpolar Active-Layer
Permafrost System (CAPS), is scheduled for release in early 1998.

Circumpolar Active-Layer Monitoring Program (CALM)
An lP A-initiated international program concerned with monitoring the active layer is
now formally designated CALM (Brown 1996, Nelson and Brown 1996, Brown et al. 1997). The
program, developed and operated in association with the IPA Working Groups on Permafrost
and Global Change and Permafrost Data and Information, is closely affiliated with the
International Tundra Experiment (ITEX).
Data obtained through this program of
standardized measurements are important indicators of landscape variability, provide
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Figure 2. Zonation of equilibrium (near surface) permafrost in the northern hemisphere by
the middle of the 21st century under scenarios of climate change predicted by
transient general circulation models.
(A) GFDL89; (B) ECHAMl-A; (C) UKTR.
Threshold values for the sporadic, extensive, and continuous permafrost zones
are 0.5, 0.60, and 0.67, respectively.
Solid line depicts position of
contemporary southern limit of permafrost. From Anisimov and Nelson (1997).
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Variability of active-layer thickness in two physiographic provinces of northern
Alaska. Each sample location represents 288 measurements. More than 60% of the
variance in the Coastal Plain samples occurs at spatial scales between lOO and
300 m, and reflects large differences in the depth of thaw between drained lake
beds and upland tundra.
Conversely, samples in the Foothills province display
maximum variability at much shorter spatial scales, involving distances of only
1-30 m.
Variability in the Foothills is controlled by such small-scale features
as minor drainage lines and tundra hummocks.

-812.5-

documentation of interannual and decadal fluctuations, and serve as a basis for intersite
They can also serve to validate models at local,
comparisons of ecosystem structure.
regional, and global scales.
At present, CALM consists primarily of sites where maximum
active-layer thickness is measured, on an annual basis, by
manual probing on grids
ranging in size from 10 meters to 1000 meters. Supplementary data are obtained from frost
tubes and point measurements repeated at the same location annually.
Sites include
several north-south transects in northern North America and an east-west array of sites in
Eurasia.
Many of these and other sites also include data from soil temperature recorders,
and in some cases, shallow borehole temperatures.
Figure 4 shows the location of the
approximately 50 sites currently in the network.
Several additional sites in mid-latitude
mountains and in Antarctica will be added to the network in 1997. The CALM network can
provide ground truth for several ongoing high-latitude scientific programs.
The lP A News
Bulletin Frozen Ground and the lP A Web site are being used to disseminate the data to
interested parties.
Data are archived annually in, and available from, the IPA Global
Geocryological Database.

IPA Northern Hemisphere Permafrost Map
A new map of permafrost in the Northern Hemisphere is scheduled to be released in paper
and digital versions by IPA in late 1997 (Heginbottom et al. 1993, Brown et al. in press).
In addition to the
The paper version of the map will appear at the scale of 1:10,000,000.
broad zonal boundaries shown· on most broad-scale permafrost maps, the IPA map will depict
ground-ice content and subsurface properties according to a standardized classification
scheme.
The lP A map represents an international cooperative effort, and was ·assembled
over a period of several years by permafrost specialists from most of the 22
lP A-affiliated countries.

Figure 4.

Locations of Circumpolat Active Layer Monitoring (CALM) sites.
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Summary and Conclusions
Permafrost is an integral part of the cryosphere.
The importance of permafrost for
climatic investigations and research into global change derives from several factors:
"' permafrost has a very large geographical extent.
"' valuable paleoclimatic information is contained within permafrost.

"'

the existence of ice-rich permafrost
infrastructure in the polar regions.

has

important

"'

carbon reserves currently stored in permafrost
quantities of greenhouse gases to the atmosphere.

have

the

implications

potential

human

for

releasing

large

These factors dictate that permafrost research should be given coequal status with
the other cryospheric components in international monitoring programs. ACSYS and WCRP can
play an important facilitating role in this regard.
Specific
include:

recommendations

for

ongoing

internationally

coordinated

monitoring

programs

"' Monitoring current active layer changes and borehole conditions with high-precision
instrumentation at a carefully chosen network of representative sites.

"'

Investigations into the isotopic composition of massive
paleoenvironmental indicators in the laboratory and field.

"'

Field studies involving calibration and
sensitive field indicators of frozen ground.

"'

Closer linkages
environments.

between

climate models

application

and

of

permafrost,

ground

remotely

ice

sensed

periglacial,

and

and

other

data

to

mountain

Permafrost researchers should facilitate these relationships by focusing on (1) a
carefully selected network of observation locations in the polar and mountainous regions;
(2) standardized measurement techniques based on formal sampling designs and protocols and
controlled field experiments; (3) development of standardized techniques for acquiring,
manipulating, reducing, and analyzing large quantities of relevant data, especially from
spacebome
platforms
and
contributing them
to
accessible,
professionally
managed
databases; and (4) modeling strategies appropriate to a wide range of spatial scales.
The
programs of the International Permafrost Association are implementing several of these
activities.
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Horizons in ice-shelf research
D. MacAyeal

Ice shelves influence the climate system in three important ways. First, they provide
geographic control (i.e. determine the area and boundaries) on the extent of the shallow,
continental shelf seas of Antarctica where sea ice and dense water masses are formed.
Second, they determine the discharge of meltwater and icebergs into the Southern Ocean.
Third, they mechanically buttress the inland ice sheet (predominantly the West Antarctic Ice
Sheet) and thereby inhibit ice-sheet discharge into the ocean and the consequent sea-level
rise.
The first two of these influences are of interest to the WCRP because they involve
processes with decadal to century time scales and because they impact other elements of
the global climate system (e.g. Antarctic bottom water production, sea ice thickness). The
third influence, that of ice-sheet buttressing, is of general interest to both long-term climate
prediction ( 100 - 1,000 year time scales) and palaeoclimatology.
Research programmes currently investigating ice-shelf processes of interest to the
WCRP include:
Ice

Shelf

Programme

(European

consortium,

includes

FRISP

Filchner-Ronne
oceanography)

WAIS

West Antarctic Ice Sheet Project (US consortium, minor activity on Ross ice
shelf)

EISMINT

European Ice Sheet Modelling Initiative (mostly European consortium, includes
intercomparison of ice-shelf models)

"Grassroots"

Limited number of individual scientists working on advanced or basic research
questions including use of SAR interferometry.

Priorities in ice-shelf research (both observational and modelling) include:
(i)

better observational constraint on accumulation and ablation, especially on the
underside of the largest ice shelves;

(ii)

observation of snow facies on ice shelves (and surrounding ice sheets) which melt
in summer;

(iii)

observation of long-term iceberg calving rates (with proper consideration of its
episodic nature);

(iv)

intercomparison of numerical models of ice-shelf flow and mass balance;

(v)

intercomparison of numerical models of sub-ice-shelf ocean circulation.
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CRYSYS - Use of the cryospheric system to monitor climate
change in Canada: A Canadian contribution to NASA's Earth
Observing System
B. Goodison and R. Brown
Climate Research Branch, Atmospheric Environment Service
4905 Dufferin Street, Downsview, Ontario M3H 5T4, Canada

1.

THE CRYOSPHERE IN THE CLIMATE SYSTEM

The cryosphere includes the portions of the Earth's surface where water is in a solid'form,
including sea ice, snow cover, freshwater ice, glaciers, ice sheets, ice caps and frozen ground. lt is
an integral part of the global climate system with important linkages and feedbacks generated through
its influence on surface energy and moisture fluxes, clouds, precipitation, hydrology, and atmospheric
and oceanic circulation (see Figure 1). Cryospheric components are considered to be sensitive
integrators of basic climate elements, and as such, to be potentially effective indicators of regional
and global climate variability and change (IPPC, 1990). Reliable observation of the cryosphere is
essential to monitor and asses its variability and change. Variables such as hemispheric snow and
sea ice extent exhibit relatively low interannual variability which means that any change is readily
detectable. In Canada, the cryosphere is one of the most important features of the physical and
biological environment: most regions of Canada experience at least 3 months of snowcover each
winter, nearly all Canadian navigable waters (with the exception of the west coast) are affected by an
ice cover for some period during the winter, more than half of the country is underlain by continuous
or discontinuous permafrost, and Canadian terrestrial ice masses constitute the most extensive
permanent ice cover in the northern hemisphere outside of Greenland (see maps of cryospheric
extent in Canada on the CRYSYS website at http://www.on.doe.ca/CRYSYS/cry_can.htm).
The Intergovernmental Panel on Climate Change (IPCC) expects that projected warming of
the climate will lead to pronounced reductions in seasonal snow cover, permafrost, glacier and
periglacial belts of the world (IPCC WGII, 1995). Because the cryosphere is so closely interwoven in
the natural and economic fabric of Canada, and other high latitude countries, any major change in the
cryosphere will have widespread and significant impacts. For example, Brown et al. (1995) estimated
from observed snow cover-temperature sensitivities that a 4°C warming over North America would
result in a -50 day reduction in snowcover over the Canadian Prairies and Great Plains. Such a
change would have dramatic implications for snow-related industries (e.g. skiing, snow removal),
agriculture (changes in frost penetration and soil moisture recharge in the spring), water resource
management (changes in the timing and amount of water from snow melt) and ecosystems (the subnival environment for plants and animals).

2.

NASA'S MTPE AND EOS PROGRAMS

Mission to Planet Earth (MTPE) is a NASA-initiated concept that uses space, ground-, and
aircraft-based measurement systems to develop understanding of the total Earth system, and the
effects of natural and human induced changes on the global environment (NASA, 1995). MTPE
science themes up to 2002 focus on: land cover and land use change research; seasonal-tointerannual climate variability and prediction; natural hazards research and applications; long term
climate- natural variability and change research; and, atmospheric ozone research. MTPE science
objectives address fundamental physical, chemical, and biological phenomena that govern and
integrate the Earth system, including atmospheric, hydrological, biogeochemical, ecological and
geophysical processes. Research on the cryosphere contributes to several of these themes.
The Earth Observing System (EOS) is the key element of MTPE, aimed at creating an
integrated scientific observing system that will enable multidisciplinary study of the interrelated
processes involving, atmosphere, oceans, land surfaces and polar regions, and at developing a data

- 814.2and information system to serve the needs of scientists (EOSDIS). Science and policy priorities of
EOS which involve the cryosphere are water and energy cycles, oceans, land surface hydrology and
ecosystem processes, and glaciers and polar ice sheets.

ere-Climate Interactions

Lists in upper boxes indicate important state variables.
l.ists in lower boxes indicate important processes involved in interactions.
i\rrows indicate direct interactions.

Figure 1: Schematic of cryosphere-climate interactions. After G. Flato
(AES, Climate Research Branch).

Figure 2: EOS Mission Profile
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Figure 3: EOS Program Flight Elements
The current mission schedules to support EOS science are shown in Figure 2. Figure 3 shows the
science to be addressed in these missions (NASA, 1995). The sensors which will contribute to many
studies of the cryosphere include: MODIS (snow cover), AMSR (snow cover, sea ice), ASTER
(glaciers), AMSU (sea ice cover), GLAS (ice-sheet topography), as well as SAR sensors on
complementary earth observing missions (e.g. RADARSAT). Critical to the success of any mission is
the data and information system. EOSDIS manages data from NASA's past and current Earth
science research satellites and field measurement programs, providing data archiving, distribution
and information management services. Eight Distributed Active Archive Centers (DAAC's) have
been established. The NSIDC DAAC (National Snow and Ice Data Center) provides that function for
the snow and ice and cryosphere and climate community. This is a critical resource for any
As well there are interdisciplinary science
investigation on cryospheric/climate interactions.
investigations which were selected to study components of the earth system within the EOS
framework. These teams change and new initiatives have been added recently to broaden the scope
of the program. Up-to-date information on these teams, and specifically those with a cryospheric
focus, may be found by accessing the EOS homepage at the URL: http://eospso.gsfc.nasa.gov/.
3.

CRYSYS

CRYSYS is one of the original 29 Interdisciplinary Science (lDS) Investigations and is a
Canadian contribution to EOS. lt is a collaborative research effort involving 13 universities, 4 federal
institutions, and one non-profit organization. The Climate Research Branch of the Atmospheric
Environment Service is the lead agency. CRYSYS was established in recognition of Canadian
expertise in remote sensing of the cryosphere, the importance of the cryosphere in Canada, and the
need for improved understanding of cryosphere/climate interactions. CRYSYS investigators use
remote sensing, modelling, field studies and data integration to provide improved capabilities for
monitoring the state of the cryosphere, and greater understanding of cryospheric processes and
variability. The main scientific goals of CRYSYS are:
•

to develop capabilities for monitoring and understanding regional and larger-scale
variations in cryospheric variables;

-814.4• to contribute to the development and validation of local, regional and global models of
climate/cryospheric processes and dynamics, and to improve understanding of the role of
the cryosphere in the climate system;
• to assemble, maintain and analyze key historical, operational and research cryospheric
data sets to support climate monitoring and model validation.
These goals are addressed through the cryospheric components of importance for Canada:
sea ice, snow, lake ice, glaciers and ice caps, and frozen ground (including permafrost). CRYSYS
focuses on climate/global change in Canada, although many results will be applicable both regionally
and globally. CRYSYS is an example of the type of national study which could make a strong
contribution to a cryosphere/climate initiative within WCRP. Some examples of current CRYSYS
research activities follow. Important CRYSYS study sites are shown in Figure 4.

CRYSYS STUDY SITES
SNOW COl/ER RESEARCH
16a - BORERS Southern SA
16b - BORERS Northern SA

17

- La Grande River Basin

20

-

19

,S

- Canadian Prairie Region

lS

21
22
29

GLACIER
SITES
1
- Peyto Glacier
- Illecillewaet Glacier
- Woolsey Glacier

2
3
4

- ::>nerDr<)Oke

-

S~hr>f'f•>YV;

'""'"''nsu1a

- Columbia lcefield

- Athabasca/Columbia
River Basin
- Taku River Basin
- l$kut River Basin

XC£ CAP RESEARCH SIT£S
8
- Penny Ice cap
- A9assi% Ice Cap

9

10 - Bames tee cap
- Devon Ice Cap
- Heighen Ice cap

11
12

LAKE ICE RESEARCH
13 - Great Lakes
14

- Great Slave Lake

15 - Great Bear Lake

Figure 4: Location map showing CRYSYS-related field investigations.
3.1

Development of Crvospheric Monitoring Techniques:

3.1.1

Snow:

One of the main objectives of CRYSYS snow research is to develop, validate and refine empirical
and theoretical algorithms to derive snow cover (extent, water equivalent, wet/dry state) in varying
landscapes from satellite data, especially from passive and active microwave and VIS/IR sensors.
The Climate Research Branch of AES leads a research study to develop a series of snow water
equivalent (SWE) algorithms suitable for a range of land cover types using airborne microwave
radiometers, ground-based SWE measurements and satellite data (Goodison and Walker, 1993,
1994;Goita et al., 1997). The satellite data record is now long enough to contribute snow information
useful for the study of climate variability and water resource conditions on a global and regional basis.
Figure 5 compares two extreme situations for the Canadian Prairies. 1988 had very low SWE and
was a significant drought period while the extreme highs of 1997 led to record floods. Complementary
research at the University of Quebec (INRS-Eau) has resulted in the development and validation of a
preliminary passive microwave SWE algorithm for the La Grande Basin region (De Seve et al., 1997),
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Figure 5: Snow water equivalent derived from SSM/1 passive microwave data tor the
Canadian prairies tor drought and flood conditions .
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an area characterized by deep snowpacks. CRYSYS research is also developing methods for
estimating SWE from ERS-1 and RADARSAT data. Bemier and Fortin (1997) were able to estimate
SWE in a dry shallow snow cover from SAR-derived estimates of thermal resistance, while
researchers at Waterloo University are working on the coupling of snow and soil moisture information
derived from SAR and weather radar into distributed hydrologic models. Snow on sea ice is also an
important component in understanding climate/cryosphere interactions. Research at the University of
Manitoba focuses on the estimation of SWE on sea ice (Barber, 1997).
3.1.2

Glaciers I Ice Caps:

One of the objectives of the glacier research component is to determine the best combination
of field and satellite data to inventory glaciers in support of the Canadian Glacier Inventory, baseline
information essential to study cryosphere/climate links. CRYSYS research over the Columbia
lcefields applies SAR interferometry for automated glacier monitoring, yielding information on glacier
surface velocities and mass balance which is essential for glacier monitoring and climate changerelated investigations (Vachon et al., 1996). Glacier volume estimates are currently being developed
for lllecillewaet and Peyto glaciers, and the Columbia lcefields. CRYSYS glacier inventory work will
be tied into the Global Land Ice Monitoring from Space (GUMS) project, which will establish a digital
baseline inventory of ice extent during the 1998-2003 period for comparison with inventories created
at earlie~ and later· times. This will be done using imagery from the ASTER (Advanced Space-borne
Thermal Emission and Reflection Radiometer) sensor on EOS.
Research to document glacier wastage in the Bow River basin focuses on the contribution of
glacier runoff to the flow of the Bow River. This research is important for regional climate impact
assessment since the period of peak water demand in the Bow River occurs in summer when the
glacier contribution to flow is largest. The work will help provide information on whether the current
summer flow is sustainable in light of documented recent rapid glacier wasting in the glaciers feeding
the Bow River.
3. 1.3

Frozen Ground I Permafrost:

The general objective of the frozen ground research within CRYSYS is to develop means for
mapping frozen ground and associated features which would allow assessment of change in areal
coverage in the future. Research led by Laval University to develop methods to map the spatial
distribution of permafrost and associated features using visible, infrared, and microwave imagery.
Ground truth data collection programs are being carried out in different climate regimes at Mayo
(Y.T.), Churchill (Man.) and Fosheim Peninsula (N.W.T.) to provide baseline data for developing
satellite-based permafrost mapping techniques. Studies are ongoing on the use of multi-temporal
satellite imagery, including Landsat TM and ERS-1, to improve a neural network approach to map
permafrost at sites in the discontinuous permafrost zone of Canada (Duguay et al., 1997a).
3.1.4

Sea ice:

One of the main objectives of the sea ice research component of CRYSYS is to develop and
validate methods to extract geophysical variables from optical and microwave remote sensing data.
Detailed field measurements of sea ice and snow-covered sea ice microwave signatures have been
made in the Canadian Arctic near Resolute under the SIMMS and C-ICE programs. CRYSYS
researchers at Universities of Waterloo and Manitoba have been actively involved in the collection
and analysis of the field data collected during these campaigns. CRYSYS is also looking at
developing and applying methods to generate significant cryospheric data sets to assist with model
validation. For example, Agnew and Le (1997) applied an image matching technique to SSM/1
passive microwave data to derive important new information on the dynamics and large scale motion
of sea ice over the Arctic Basin. The extracted ice motion vectors agree well with observed drifting
buoy data and the method is being used to develop a multi-year database of ice motion for sea ice
budget, ice export computations and sea ice model validation studies.
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Lake tee:

CRYSYS lake ice research focuses on the usefulness of microwave satellite data for
extracting geophysical information on lake-ice processes, and for the identification of lake ice freezeup/break-up periods for climate change analysis. One project is developing methods for using SSM/1
85 GHz data for monitoring lake freeze-up and break-up (Walker et al., 1997). SSM/1 85 GHz
brightness temperatures can be used to discriminate areas of ice cover and open water on large lakes
in Canada (e.g. Great Slave, Great Bear, and the Great Lakes) and thus observe spatial and temporal
patterns of ice freeze-up and decay. In another CRYSYS project, the potential of ERS-1 SAR data for
extracting geophysical information on lake ice freeze-up and break-up and related processes over
frozen small shallow lakes in Northern Yukon and Manitoba is being evaluated. Shallow tundra lakes
found in the Canadian North play a significant role in the water balance at the regional scale and it is
important to be able to monitor and understand variability in melt/freeze onset (Duguay et al., 1997b).
3.2

Crvospheric Modelling

CRYSYS research activities contribute to the validation and improvement of the
representation of the cryosphere in the Canadian global climate model. Most of the CRYSYS
modelling activities to date have focused on sea ice. Flato and Brown (1996) developed and applied
a new one-dimensional thermodynamic ice/snow model to simulate landfast ice variability in the
Canadian Arctic. The model was forced by observed daily atmospheric conditions spanning the period
1955 to 1990, and modelled ice thickness was compared to weekly observations covering the same
period at two sites. This study supported earlier findings regarding the important role of snowfall in
determining the thickness of seasonal landfast ice. The study also examined briefly the differences in
seasonal cycle between landfast ice and ice in the central pack. The warmer summer temperatures
experienced at coastal stations was found to be the main reason why landfast ice melted during the
summer while pack ice at the same latitude was perennial. Climate sensitivity experiments revealed
that the high Arctic landfast ice regime was much more sensitive to cooling than to warming.
Flato and Ramsden (1997) used an atmospheric general circulation model (AGCM) to
investigate the sensitivity of air temperature and surface pressure on the parameterization of open
water leads in sea-ice. The results indicated that the effects were largest in the northern hemisphere
with zonal mean air temperatures increasing by about 5K when the open water fraction was increased
from about 1% to about 5%.
3.3

Documenting Crvospheric Variabilitv:

Reliable satellite observations of cryospheric elements such as snow and ice cover are
typically only available from the 1970s. The merging of satellite and conventional data sources is
therefore essential for documenting and understanding natural variability in cryospheric elements.
This information is a prerequisite for assessing the significance of recent changes in the cryosphere,
such as the marked decrease in spring snow cover extent over the NH during the second half of the
1980s. The information is also useful for evaluating the performance of climate model simulations.
The Climate Processes and Earth Observation Division of AES (in collaboration with Rutgers
University) is working on merging historical snow depth observations from Canada, USA, the former
USSR, and China with satellite data to document snow cover extent variations over North America
and Eurasia back to the early 1900s. This work is building on previous CRYSYS-supported projects
to reconstruct historical snow cover information over southern Canadian back to the early 1900s
(Brown and Goodison, 1996), and data rescue of Canadian daily and weekly snow depth observations
(Braaten, 1997). Initial results from reconstructing continental-scale snow cover variations using a
statistical approach based on principal component analysis of NH snow depth observations (Brown,
1997), showed that spring snow cover extent has decreased significantly over Eurasia, but not over
North America (Fig. 6). These data are being used by global climate modelling groups to evaluate
their climate model snow cover simulations.
CRYSYS researchers at the University of Waterloo are making extensive use of principal
components and canonical correlation analysis to document the natural variability of important
cryospheric components such as Arctic sea ice (Piwowar et al., 1997) and continental snow cover
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(Derksen et al., 1997). This analysis identifies the main spatial and temporal modes of the datasets,
and is a useful tool for highlighting regional changes and for examining atmosphere-cryosphere
interactions and feedbacks. For example, Brown (1995) found that the dominant modes of fall and
winter snow cover variability over North America in the 1971-1992 period were significantly correlated
with the Pacific-North America atmospheric circulation pattern.
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Figure 6: Observed (NOAA satellite-derived weekly snow cover
dataset with Rutgers corrections) and reconstructed snow cover
extent for Eurasia and North America derived from regional
snow cover information. NOAA data supplied by Dr. D.
Robinson, Rutgers University.

3.4.

Process Studies:

CRYSYS is also sponsoring research and data collection activities to provide greater
understanding and modelling of cryospheric processes. A good example of this is the snow and ice
physical property data that have been collected in the spring period prior to break-up over first-year
and multi-year sea ice near Resolute Bay, NWT, as part of the SIMMS program and the C-ICE'96
initiative. An extensive database has been built-up covering the 1993-1996 period, and a C-ICE'97
campaign will be carried out in the spring of 1997. These data are being used to better understand
important processes, and to develop and validate physical process models e.g. ice albedo (Morassutti
and LeDrew, 1996) and models of the physical and electrical properties of sea ice and snow (Barber
et al., 1995).
CRYSYS has also made a commitment to rescue Canadian cryospheric data sets which will
significantly contribute to CRYSYS research objectives. CRYSYS researchers at AES have rescued a
large volume of paper records of daily and weekly snow depth and completed the development of a
national digital SWE/snow depth database. Both datasets will be made available on CD-ROM.
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4.

POLICY AND EDUCATION CONTRIBUTIONS

CRYSYS directly addresses important global policy-relevant objectives which include global
warming, climate change, and socio-economic consequences of climate change, as well as Canadian
objectives related to reducing the uncertainties in predicting the timing, magnitude and regional
characteristics of climate change in Canada. Understanding cryospheric variability and being able to
make reasonable estimates of how the cryosphere may change in response to global warming is
particularly relevant to Canada, where all of its ecosystems and a wide range of economic activities
are sensitive to variations in cryospheric elements (e.g. hunting by native peoples, winter shipping,
engineering of offshore structures, soil moisture recharge, crop growth, hydro-power generation, overlake winter transportation, construction and engineering over permafrost). Products are also used for
near real-time operations, complementing the longer term monitoring aspect. They have been used
by a variety of agencies, such as NWT Power Corp. (reservoir operations, power production), NWT
government (caribou movement in remote regions), crop insurance companies (drought assessment),
Manitoba and Alberta water resource agencies (runoff forecasting), and several Federal and
Provincial agricultural agencies (soil moisture recharge, crop growth). CRYSYS has also studied the
cost/benefits of satellite-based snow information for hydroelectric reservoir management, and the
information expectations of reservoir managers (Martin and Bernier, 1997).
In education, CRYSYS-collaborative studies have had a significant impact on the training of
new scientists in cryospheric science in Canada. Since 1994, over 20 graduate students have
participated in CRYSYS-related research activities. Sea ice (LeDrew et al., 1993) and snow cover
(Walker et al., 1995) atlases have been published to demonstrate the usefulness of remote sensing in
studying the cryosphere and climate variability. The snow cover atlas was distributed to high schools
in the Canadian prairie provinces to stimulate interest in the use of satellite remote sensing for Earth
observation. CRYSYS investigators in glacier research program have been very active in providing
talks and guides for interpretative staff at National Parks, participated in a CNN educational program
on glaciers (CNN news), and in the preparation· of a Discovery Channel educational CD-ROM on
lllecillewaet Glacier and climate change.
Finally, the CRYSYS homepage (http://www.on.doe.ca/CRYSYSI) is proving to be a useful
vehicle for presenting educational material related to the cryosphere.

5.

CONCLUSION

CRYSYS is a good example of a co-operative multi-agency research endeavour making
important contributions to understanding of climate/cryosphere interactions and the modelling and
monitoring of climate change in Canada. The program has made significant contributions to
cryospheric science and the effective use of remote sensing. Understanding cold climate processes,
their modelling and monitoring in data sparse regions is a Canadian priority and global science need.
The cryospheric issues within CRYSYS are not just polar issues or Canadian regional issues. They
are science issues which must be understood, modelled and monitored if we are to study climate
variability and change. CRYSYS has done, and will continue to do, this for the Canadian Climate
Program, NASA's Earth Observing System Program, and World Climate Research Program.
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Modern Precipitation Variability
Over the Ice Sheets of Antarctica and Greenland
DAYID H. BROMWICH, RICHARD I. CI.JLLATHER, AND QIU-SHI CHEN
Polar Meteorology Group, Byrd Polar Research Center, The Ohio State University

The estimation of the temporal and spatial distribution of precipitation over the
large glaciers of the polar regions is important for a variety of research efforts including
evaluation of the global sea level budget and the characterization of climate variability.
The latter is underscored by the high priority given to precipitation study by the Arctic
Climate System Study (ACSYS) of the World Climate Research Programme (WCRP)
[Walsh, 1995]. Observational estimates of precipitation data are hindered by (1) the
sparseness of current data collection networks, both atmospheric and glaciological, and
(2) the difficulty of obtaining accurate estimates of solid precipitation rates. Gauge-based
measurements of precipitation rates are subject to biases imposed by wind turbulence
over the gauge orifice, but also because of the introduction of blowing snow from
unlimited snow fields surrounding the measurement sites [e.g., Bromwich, 1988].
Although efforts have been made. to address computationally the wind-induced biases
through data post-processing, the prospect of performing defective measurements has
severely curtailed efforts to make such measurements in the first place, further reducing
the meager number of long term observational data points [Cullather et al., 1998]. In
contrast, glaciological measurements of accumulation rates are generally straightforward
and considered reliable due to the variety of methods available which may then be
intercompared [Schwerdtfeger, 1984]. This is particularly true for interannual time
scales, although glaciological estimates for periods of less than a year may be
problematic. The disadvantage is the lack of adequate and uniform temporal resolution
for large areas of Greenland and Antarctica. As a result, only the long-term syntheses are
presently available, with variability available at point locations. The point measurements
also raise questions concerning the representativeness of the observations to the larger
scale. These limitations are illustrated in the Lambert Glacier region of East Antarctica
where separate glaciological studies have produced radically different spatial distributions
of accumulation [Allison, 1979; Mclntyre, 1985].
This paper reviews two methods derived from atmospheric measurements to
derive precipitation spatial and temporal variability over the polar ice sheets. These
methods rely on the European Centre for Medium-Range Weather Forecasts (ECMWF)
atmospheric numerical analyses.
The analyses are an operational synthesis of
observational atmospheric data combined using a numerical weather prediction model
"first guess" to produce a regularly gridded, multi-level depiction of the atmosphere. The
analyses are of particular research importance to the polar regions where the scarcity of
observations necessitates a comprehensive assimilation of all observations including
satellite data. The term "precipitation data" is generically used to represent the various
derivable quantities which are related using [Bromwich, 1988]:
(B)=(P)-(E)-(D)-(M)

(1)

where angled brackets represent an areal average and the overbar represents a time
average, B is accumulation, P is precipitation, E is the net of sublimation minus
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deposition of hoarfrost, D is the divergence of snow drift, and M is the divergence of
meltwater runoff. From the balance equation for water vapor, the atmospheric moisture
budget is derived and expressed as

aw
1 fpl/c
P-E=---V·qVdp,

at

gP,op

(2)

where W is precipitable water, Psfc is surface pressure, q is specific humidity, and V is the
horizontal wind vector. The variable Prop is the highest level of the atmosphere, which is
not zero in the analyses. Figure 1 shows the spatial distribution of the derived P-E field
for Antarctica using correction methods specified in Cullather et al. [1998] to account for
the conservation of columnar dry air and limitations in the analyses vertical resolution,
which does not capture the near-surface Antarctic inversion. On the right is the long-term
accumulation distribution of Giovinetto and Bentley [1985], derived from available
glaciological data. To an extent, the spatial distributions for both fields have been
thought to be dominated by P with small meltwater runoff and drift wind contributions.
Thus the two fields may be comparable. Both fields capture the large-scale features,
showing generally larger values near the Antarctic Peninsula and along the East Antarctic
coastline, with a substantial gradient to essentially desertlike conditions over the interior
plateau. The major discrepancies occur in the Weddell Sea and the Ross Ice Shelf
embayments, where Gibbs errors resulting from elevation contrasts are thought to
contribute to analyses deficiencies. A particularly interesting feature in the analyses
depiction is the maxima located near 130°E which appears to be associated with storm
track variability. The feature is not captured by the glaciological data, and inconveniently
falls between observational data points inland of Dumont d'Urville and Casey. Eddy
transport dominates the moisture budget in East Antarctica. In West Antarctica, mean
and eddy components are comparable in magnitude. On interannual time scales, the
major source of variability occurs along the Amundsen-Bellingshausen Sea coast, which
accounts for approximately 40% of moisture inflow into Antarctica. For the eleven year
period shown the continental average is 151 mm yr- 1. This compares favorably with the
Giovinetto and Bentley accumulation estimation of 143±14 rnrnlyr. An examination of
the temporal variability shows generally larger values occurring in winter than in summer
for the continental average and for the high plateau, with a great deal of variability
depending on location. Along the Antarctic Peninsula, a semi-annual cycle in P-E is
clearly present. These results are consistent with available seasonal-scale glaciological
data. In Figure 2, the annual average values are shown in comparison to the
NCEP/NCAR (NCEP: National Centers for Environmental Prediction; NCAR: National
Center for Atmospheric Research) Reanalysis precipitation product [Kalnay et al., 1996].
Although the Reanalysis product is known to contain severe discrepancies in the
Antarctic region, the similarity in trend of the two curves for the continental average is of
interest. Both data sets indicate an upward trend of approximately 2.4 mm yr- 1 over the
time period examined. Previous study has shown this time series to be affected by
ENSO-scale interannual variability, however the upward trend is consistent with
glaciological observations.
Over Greenland, the use of the ECMWF moisture budget has previously been
examined by Calanca and Ohmura [1994], and Hurrell [1995]. The moisture budget
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generally indicates larger values along the southeast coastline with a significant elevationrelated gradient to very small values in the interior. The derived moisture budget reflects
these features which are found in accumulation distributions synthesized from
accumulation data [e.g., Bender, 1984]. The relatively dense array of data in the northern
hemisphere, however, allows for more sophisticated numerical methods to obtain results
at higher resolution than may be obtained from the atmospheric moisture budget. A
dynamic method for retrieving P over the Greenland Ice Sheet using an (J}-equation
without the quasi-geostrophic approximation [Chen et al., 1997] has been implemented
using the eleven year EC:MWF analysis data set for 1985-95. Figure 3 shows the
excellent agreement between this diagnostic method and the long-term accumulation data.
From these two techniques precipitation variability is characterized. The derived annual
moisture transport is dominated by a strong northward inflow across southwest
Greenland, and the circulation pattern along the south eastern coastline associated with
the Icelandic Low. The major weather system producing precipitation over Greenland is
the frontal cyclone. Eddy transport predominates. Annual net precipitation over
Greenland is characterized by large values of up to 120 cm yr- 1 along the southeast and
western coastlines, with very small values over the interior high plateau. An irregular
annual cycle develops because of the transient nature of the cyclonic activity, however
there is statistical significance for March as having the minimum net precipitation, and a
maximum during autumn months. Figure 4 shows monthly values of P-E derived from
the ECMWF moisture budget, P derived from the (!}-equation diagnostic method, and P-E
values obtained by directly applying the moisture budget to rawinsonde data from the
upper-air network surrounding Greenland [Robasky and Bromwich, 1994]. There is
substantial agreement with the derived rawinsonde values for the period 1985-89 for both
methods ((J}-equation: r=0.54, moisture budget: r=0.70). The moisture budget derived
from analyses compares more closely due to the coarse spatial resolution, which
approximates the resolution of the upper-air network. For the eleven year period, annual
values of the (J}-equation method show a significant decrease with time of approximately
(-)9 .4 mm yr-t. The trend in values for both Greenland and Antarctica appears to
correlate with forecasts which show Greenland and Antarctica will make opposite
contributions to the global sea budget in the future [Ohmura et al., 1996; Thompson and
Pollard, 1997]. These forecasts do not account for the smaller terms of equation (1),
however, which may become significant.
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Figure 1 . Average spatial depiction of P-E derived from the atmospheric moisture budget using ECMWF analyses for the region 60°S to the South Pole (left),
adapted from Cullather et al. [1998]. Long-term accumulation synthesized from glaciological measurements, after Giovinetto and Bentley [1985] (right).
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Figure 3. Average spatial depiction of Greenland precipitation from the omega-equation (Q.-S. Chen) method using ECMWF analyses
(left), adapted from Chen et al. f /9971. Long-term accumulation synthesized from in situ measurements, after Bender [1984] (right).
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Snow accumulation at Vostok Station (Antarctica)
in 1970-1992
N. Barkov, V. Lipenkov, N. Bryazgin
Arctic and Antarctic Research Institute, Beringa Street 38, 199397 St. Petersburg,
Russian Federation

Monthly regular measurements of snow accumulation rate on the stake area (79
stakes lined up along the two criss-crossed 1-km long profiles) which is located 1.5 km
north of Vostok Station have been carried out since January 1970. Preliminary results
obtained in 1970-1973 were presented by Barkov (1975).
The extended data set covering the last 23 years (1970-1992) reveals significant
seasonal variability of snow accumulation in the Vostok region: a mean monthly snow
accumulation rate expressed in water equivalent varies from 0.1 in December to 2.8 mm
in September (Fig.1 ).
The annual snow accumulation rate (Fig. 2 b) shows variations which are
covariant with annual temperature of the air (Fig. 2 a). The accumulation decreases
down to 7.0 mm in the cold years and increases up to 26.0 mm in the warm years. By
averaging annual values of snow accumulation we obtain a mean annual accumulation
rate of 20.0 mm/year. More reliable estimate based on the average thickness (138.7 cm)
and density (0.365 g/cm3 ) of snow layer deposited on the stake area over the last 23
years gives a mean annual accumulation rate of 22.0 mm/year.
Meteorological data on snow precipitation rate at Vostok Station obtained for the
same period are shown in Fig 2 b by open circles. The precipitation rate varies from 10.0
to 60.0 mm/year while its mean annual value was found to be 30.7 mm/year that is 40%
higher than snow accumulation rate measured at the stake area. It is remarkable that no
correlation between the two sets of data is observed over the 23 years of observation. We
conclude that the gauge-based meteorological measurements of sriow precipitation in
Central Antarctica are not accurate enough because of wind influence and low
precipitation rate.
Reference
Barkov N.I., Snow accumulation characteristics in the Vostok Station area, 1970
through 1973.- Antarctic Journal ofthe United States, 1975, vol.10, No 2, p.55-56.
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INTRODUCTION
Simple geographical defmitions of the cryosphere, such as "the polar regions", are not
satisfactory for the purposes of observational programmes, process studies or modelling
efforts, because they can too easily decouple important areas (e.g., the Tibetan Plateau
or large areas of North America and Eurasia far from the poles), which are critical in the
earth-atmosphere system.
A more satisfactory definition corresponds with the terms "cold
regions" and "cold climate processes".
The focus for cryosphere/climate interactions
would be on understanding and modelling cold climate processes in the global climate
system.
Hence, this includes regions that incorporate · any of the "traditional cryospheric
components": snow cover, ice sheets, ice shelves, glaciers/ice caps, sea ice, lake/river
ice, seasonally frozen ground, or permafrost.
An effective working definition is "any
region in which ice occurs on the earth's surface." To explicitly incorporate frozen
ground and permafrost, it is necessary to modify the definition slightly, to also include
near-surface, frozen materials.
Although atmospheric ice is an important constituent of
the total cryospheric system, it is not included in the current discussion.
To achieve an effective understanding of cold-climate processes at the global scale
will require an integrated observational strategy, process studies, modelling at a variety
of scales, and validation/evaluation involving both observations and models.
This report
is concerned with two interrelated topics: (1) devising effective observational and
modelling strategies that can be used to study the cryosphere; (2) identifying existing
international programmes and specifying how linkages can be created to foster cooperation
between them.

OBSERVATIONAL AND MODELLING STRATEGIES
Rationale

Working Group 1 identified a set of issues that should be considered in the context of
developing larger recommendations.
Several of these pertain to observational networks,
process studies, and field experiments, while others relate more closely to modelling and
numerical experiments.
The issues are noted below, with a few examples from different
parts of. the cryospheric system.

- C1.21) Sensitivity

of the cryospheric

components:

Much remains to be learned about the individual and collective response of cryospheric
phenomena to changes in climatic parameters.
Many outstanding problems in this category
can best be addressed by an integrated programme of critical field experiments.
The
International Tundra Experiment (ITEX), for example, has implemented a circumarctic
programme of standardized experiments concerned with using small transparent shelters to
manipulate the environmental temperatures of selected plant species.
A second example
involves the response of permafrost to a general but moderate increase of air temperature.
Owing to the possibility that warming could encourage growth of vegetation with increased
insulative properties, a moderate degree of warming could lead to the almost
counter-intuitive result that permafrost might be protected from thawing in some regions.
Cooperative investigations by ITEX and the International Permafrost Association (IPA) are
being organized to investigate this type of problem and to identify areas that may be more
susceptible to degradation of the permafrost.
2) The role of the cryospheric components in climate variability:

Substantial progress has been achieved in recent years in documenting climatic
variability through cryospheric investigations.
Investigations on the Greenland Ice
Sheet, for example, have documented the timing and magnitude of climate fluctuations in
unprecedented fashion.
Many of the mechanisms leading to variations of cryospheric
phenomena remain unspecified, however, and both observational networks and modelling
approaches are useful approaches to this problem.
Variability in sea ice extent and
concentration, as well as in snow cover extent, depth, and water equivalent, have also
been the focus of many recent investigations, aided greatly through the effective use of
remotely sensed data, particularly AVHRR and passive microwave, and in-situ information.
These two variables are receiving close attention in NASA's Earth Observing System (EOS)
Program through its cryospheric investigations (e.g., CRYSYS).

3) The important cryospheric indicators of climatic change:

Glacier monitoring, performed through international cooperation for more than a
century, has provided many examples of the important insights that can accrue from
long-term coordinated observation programmes.
Similar co-ordinated global monitoring
programmes are required for all of the cryospheric components, through co-ordinating
existing regional or national observations, enhancing existing networks or in some cases,
establishing new observational systems involving international cooperation. Components
should be added to existing programmes as new insights are gained from process
investigations.
Recent work has shown, for example, that the amount of organic carbon
stored
in
near-surface permafrost exceeds previous estimates.
The International
Permafrost Association has initiated the Circumpolar Active Layer Monitoring (CALM)
programme, in part to address the question of whether an increase in active-layer
thickness might provide a pathway between these carbon reserves and the atmosphere.

4) The accuracy of model simulations:
Simulation is an indispensable component of global-change studies, yielding insights
that are unobtainable by other means.
Models addressing all scales-global, mesa
Validation is a
(regional) and column (e.g., land-surface processes)--are required.
critical part of the modelling process.
Because the cold regions play a pivotal role in
global change, observational data for the cryosphere are needed urgently to assess model
accuracy. Data gaps and recommendations are detailed in later sections of this report.
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Representation of the Cryosphere in Models
Considerable effort was made by the Working Group to identify existing gaps and needs
in the cryosphere's observational record and network, and to assess how these gaps are
An
translated into and affect modelling and analysis of cryosphere/climate interactions.
important issue in this regard is the geographical scale of the various cryospheric
components, and the resolution necessary to treat them adequately in modelling efforts of
the global climate system.
Table 1 summarizes the representation of the cryospheric
components in current global, meso (regional), and land surface process models (column
model).
Representation of individual cryospheric components is very uneven between model
Mountain glaciers, for example, are of great hydrological
categories and scales.
importance to human activities and have been the subject of intensive analytical and
modelling studies particularly focused on energy-balance calculations at local scales.
However, the 1-10 km scale at which glaciers are currently observed and modelled precludes
these "local" cryospheric features from being represented in GCMs, which currently operate
with 200 km grids. Other problems are related to the uneven coverage or complete absence
of the cryospheric components, within even a single model category.
Although sea ice and
snow cover are coupled, interactive components of most GCMs, other cryospheric components
are minimatJy incorporated (ice sheets and shelves) or simply not treated (permafrost and
lake/river ice).

The situation is not markedly different for mesa-scale models, although many of the
components could be represented since their . observed scale matches the scale of the model.
For example, ice caps and glaciers, and freshwater ice could be included, if the data sets
were available.
Land surface models offer the best opportunity to include cold-climate
processes associated with the cryosphere, but it is only very recently that such processes
The modelling
have been included, without worrying about the accuracy of representation.
is much more complex at this scale-largely a column model--and there is still the
challenge of coupling the LSP models and the cryospheric processes into meso and GCMs.
Table 1 clearly shows that there is still a long way to go to adequately represent
climate/cryosphere interactions and cold climate processes in the models being developed
to describe the global climate system.

To improve the representation of the cryosphere in our models and the understanding of
cold climate processes in the context of climate variability and change, gaps in the
cryospheric observational network must be minimized. The Working Group noted that several
EOS, Pathfinder, etc.) are generating extensive polar and cryospheric
programmes (e.g.
data sets, but noted that gaps exist in the list of parameters needed for adequate
These are given on a
representation of the cryosphere in climate models at all scales.
component-by-component basis in Table 2. Many of these gaps can be addressed only by a
concerted effort involving high levels of cooperation between international organizations
and governments.
These observations may be provided by conventional in-situ measurements
through existing or new national networks, by remote sensing or by a combination of both.

Also recognized as a key aspect is the need for the validation/evaluation of
observational data sets and the models.
Both must be assessed carefully.
Models at
scales are best validated with quality observations.
This is a challenge for many of
cryospheric components because of their location in high latitudes, high altitudes
areas where observations are sparse or missing.

the
all
the
and
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Table 1 (continued)
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Specific Recommendations
The Working Group recommends that the following activities be undertaken to assist in
resolving the problems summarized in Tables 1 and 2:
(1) High priority should be given to assembling data sets that will address the gaps
identified in Table 2.
(2)
International
collaborations
should
be
formalized
and,
whenever
authorized and actively supported by governmental agencies and scientific bodies.

possible,

(3) Available data should be interpolated (regridded, in the case of remotely sensed
products) onto a standardized grid; the Working Group gave its preliminary support for
adopting "Ease-Grid," a format developed by
cryospheric scientists and currently used in
NASA's Earth Observing System (EOS) programme.
(4) Producers of data should be encouraged to develop custom products at regional and
global scales, at spatial and temporal scales, compatible with GCM and RCM scales that
will assist in model intercomparisons.
(5) Process studies are required for model validation; whenever possible, investigators
should be encouraged to accommodate this goal in experimental designs, and to make results
available in a timely fashion.
(6) One-dimensional models
should be developed, tested, and results
one-dimensional models should eventually be incorporated into the RCM/GCMs.

validated;

(7) Numerical experiment groups (NEGs) should be formed to address problems involving
snow cover and frozen ground; these groups should operate in parallel with and
in a
manner similar to the existing group ACSYS Sea-Ice/Ocean Modelling Panel (SIOMP).

INTERNATIONAL COOPERATION
Although there are several existing programmes that generate polar and cryospheric
data, significant gaps exist, as noted above.
Modelling of the climate system is a global
effort requiring international co-operation, from developing an observational strategy, to
implementing process studies and experiments, to modelling at a variety of scales and then
validating and evaluating both the observations and the models.
The Working Group addressed the potential options, including structural solutions, that
WMOIICSU/IOC and the JSC for WCRP could consider in its effort to increase the visibility
of the cryosphere within the WCRP.
This goal must, however be addressed without
disruption to existing initiatives.
Although inaction is one possible route, the Working
Group agreed that the issues and challenges summarized in Tables 1 and 2 are so severe
that they should be actively addressed.
The Working Group therefore recommends the following actions:
1.
WMO members should be urged to maintain observational networks, including
cryospheric observations, appropriate to assist in testing and validating modelling
efforts.
Insofar as
possible,
observations
should
be
standardized
to
promote
compatibility between measurements made in different countries, and with historical
measurement programmes.
WMO intercomparisons of methods of observation are encouraged.
Increasing reliance on automated measurements may be necessary, and cryaspheric
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observations should be included in
products will be valuable data sources.

the

suite

of automated

variables.

Remote

sensing

2.
WCRP should undertake a study to determine and pnontlze the variables neccs.sary
to provide improved representation of the cryosphere and its effects in climate s~u-iies.
Further, institutes and agencies in countries involved in cryosphere/climate studies
should be encouraged to consider these variables and pnontles in the design and
operation of their observational programmes (e.g., the Circumpolar Active Layer Monitoring
(CALM) network, ice thickness observations and the network of profiling drifters).

3.
Substantial attention should be devoted to finding a general solution to the
problem of scaling--translating and integrating point measurements into an areal context.
This is a difficult problem because the density of the observational network is highly
It is an ongoing challenge to obtain in situ and remote sensing
variable between regions.
data and products for high latitudes.
Methodologies should be explored for integrating
For precipitation, there
data from remote sensors with land-based in situ measurements.
is currently no satellite method to drive precipitation at high latitudes and the existing
in situ networks are suspect and subject to known biases in measurement.
4.
The Working Group further recommends that the following structural changes within
WCRP should be considered.
However,
(a) The unanimous opinion was expressed that ACSYS is performing well.
several members of the W orldng Group felt that there are many aspects of the cryosphere
outside the program's current scope that should be considered. ACSYS could be expanded to
function as an "Arctic and Antarctic Climate Systems Study" (AACSYS), with equal emphasis
given to both polar regions.
A broader umbrella organization could be developed, of which
ACSYS would be a strong component.
OR
(b) A second option would be to rely on existing WCRP programmes to treat problems
In several focus areas (e.g., GEWEX continental scale
involving the cryosphere.
experiments), there are strong regional initiatives, but there is the potential risk that
common issues, especially related to observations and data, will not be adequately
addressed.
Many of these initiatives rely on the efforts of individuals within those
focus groups, rather than on a general effort to enhance study of the cryosphere within
the climate system.

OR
(c) A imal alternative would be to implement a "Cold Regions/Climate Interactions"
(CReCI) umbrella organization to focus cryospheric studies within the WCRP and coordinate
ACSYS would be
activities and responsibilities with cooperating agencies and programmes.
a strong component and should be continued through at least to its projected completion in
2003. This group would collaborate with other programmes and organizations (e.g., GEWEX,
International Tundra Experiment (ITEX), MAGICS, SCAR, ASPECt, IPA, Ice Sheet Mass Balance
and Sea level (ISMASS), and would allow an organized rationalization of cryosphere-related
goals and objective for cryospheric issues.
It would avoid having finite timelines or
cryosphere/climate studies, such as those existing for ACSYS (2003) or GEWEX
The Working Group does support sunset times for
Continental-Scale Experiments (2005).
CReCI would be able to establish links with other programmes, such
individual projects.
as the EOS Cryospheric System to Monitor Global Change in Canada (CRYSYS), the EOS Polar
Exchange at the Sea Surface (POLES), the European Ice Sheet Modelling Initiative
(EISMINT), and those within WMO and other international programmes and organizations,
including GCOS, GTOS, GOOS, and IASC.
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Report of the Working Group On
Polar Regions Similarities and Contrasts (WG-2)
Working Group 2 membership:

S. Ackley, N. Arnold, P. Clarkson, C. Doake, E. Fahrbach,
H. Grass/, P. Holmlund, J. King, P. Lemke, D. MacA yea/, E. Morris
Submitted by P. Lemke (Chair) and S. Ackley (Rapporteur)

INTRODUCTION
In defining the role of polar regions for global climate, the Working Group decided
on a presentation of processes (whether cryosphere specific or relating to climate in
general) and developed a methodology to link it to the specific elements of the climate
system. The elements of the cryosphere identified were: Ice Sheets, Ice Shelves, Glaciers
and Ice Caps, Sea Ice, Snow, Frozen Rivers and Lakes, and Frozen Ground. The processes
of the climate system identified that one or more of these elements relates to or impacts
on were: Sea Level Change, Deep Water Formation, Surface Energy Balance (Albedo,
Latent and Sensible Heat), Oceanic Surface Buoyancy Flux (Precipitation, Melting/Ablation,
Freezing/Accumulation), Calving (of Glaciers, Ice Sheets and Ice Shelves), Soil Moisture
(run-off), and Radiative processes (through changed atmospheric composition).
In order to develop a scheme of identifying similarities and contrasts in the polar
regions, a particularly illustrative summary was a matrix-like depiction (Table 1) where the
elements were listed as rows while the processes were identified as columns. The matrix
was then filled in with whether the intersection of an element with a process was a
Northern Hemisphere (NH) specific, Southern Hemisphere (SH) specific or both (see the
Annex). lt became immediately evident, for example, that certain of these combinations
are specific to one hemisphere (e.g., ice shelves are found primarily in the SH, while
seasonal snow affects the land of the NH). Even where there are both hemisphere
combinations, the differences in character of the element (e.g., between the sea ice in the
North and the South) presents a significant contrast. As well, there are large blanks in the
matrix where certain processes (like deep water formation) are unaffected, for example,
by frozen ground. Our conclusion from this depiction was that the study of the polar
regions in relation to climate cannot be effectively generalized, in that each hemisphere
requires particular studies specific to it and only in a few rare cases (e.g., the dynamics
formulations of sea-ice models) can the specific relations developed for one polar region be
implemented for the other. Nearly every cryospheric study in relation to climate is
hemisphere specific.
The same matrices were then used to describe respectively, the state of affairs for
observations available to identify the intersection of a climate process with a cryosphere
element (Table 2) and for the state of modelling for the same intersections (Table 3). The
group also attempted to identify programmes or organizations that could be or would be
undertaking research to characterize those intersections. From these two summaries, gaps
in observations or modelling were identified (the group found essentially no overlap
between the programmes) and were formulated in the following list of recommendations
for WCRP, to ensure the effective representation of cryospheric processes in climate
studies.

- C2.2-

RECOMMENDATIONS TO WCRP:
1.

Sea Level Change (ice sheets, glaciers):
(i)
(ii)
(iil)

2.

Deep Water Formation:
(i)
(ii)

3.

5.

(i)

assess the feasibility of estimating precipitation in high latitudes including
snow drift (from the continent into the ocean) (potential interest and results
in iAnZone, ASPECt, CLIVAR, ACSYS)

(ii.}

assess the contribution of melting icebergs (potential interest and results in
iAnZone, ASPECt, CLIVAR, ACSYS).

Soil Moisture (run-off):
ask GEWEX and ACSYS to establish links to the International Permafrost
Association (an ICSU body).

Radiative Processes (through changed atmospheric composition):
(i)
(ii)

7.

GEWEX and ACSYS should address influence of frozen rivers and lakes on
dimate.

Oceanic Surface Buoyancy Ffux:

(i)

6.

establish links to iAnZone, FRISP, ASPECt
address iAnZone to investigate the possibility of a circumpoFar extension of
these studies.

Surface Energy Balance:
(i}

4.

establish links to MAGICS, ISMASS, WAIS
address IASC concerning missing investigations of Alaskan glaciers
address the IAHS International Commission on Snow and Ice (ICSI)
concerning missing investigations of Southern Hemisphere glaciers.

encourage ACSYS and IGAC to strengthen links
extension of regional investigations.

Modelling:
(i)

coupled GCMs should include ice sheet models (CLIVAR-NEG2) and consider
their effects on sea tevel, ocean stratification and stability of ocean
circulation

(ii)

charge ACSYS SIOMP with the task to develop the optimal ice sheet/ice shelf
model for inclusion in global coupled models.

- C2.3 SUMMARY MATRICES
The primary effort that resulted in the summary matrices were in rating the particular
elements in the Northern or Southern Hemisphere specific processes and then in assessing
the state of observations and modelling, and finally, either on-going or potential programmes
for relating to the specific elements. This section therefore provides some information on
the rationale for the discussed ratings.

MATRIX 1: NORTHERN AND SOUTHERN HEMISPHERE ELEMENTS AND THEIR IMPACT
ON PROCESSES
Sea Level Change and Ice Sheets. Discussion on this point centred on the potential
importance of ice sheets (the Greenland and Antarctic ice sheets) on sea level change in
both hemispheres but also their fundamental difference. In the Greenland ice sheet case,
the principal effect is the addition of fresh water through ice sheet melt, or a direct climate
warming effect on the rising trend in sea level. For Antarctica, however, the difference is
a more complex but potentially more catastrophic impact on sea level. Since much of the
West Antarctic ice sheet is below sea level, the effect of the ice sheet would be by
movement of the grounding line, possibly influenced by ocean circulation at several hundred
metres depth. The ice sheet would then respond dynamically, possibly over short time
scales, i.e. leading to a sudden increase in sea level. The trend effect in Antarctica, that of
ice sheet melt on sea level, is also difficult to determine. Some models predict that
increased precipitation during climate warming on the Antarctic ice ,sheet would actually
decrease sea level, and would compensate for any increased melting due to air temperature
rises, which would be confined to the outer margins of the ice sheet over decadal to
centennial time scales.
Sea Level Change and Glaciers and Ice Caps. While the process for glaciers and ice caps
on sea level is basically the same in both hemispheres, resulting from climate warming and
change in precipitation patterns that affect the mass balance of the glaciers leading to
wastage (i.e., the area covered by glaciers in Europe has decreased by half in the last 100
years), the effect of the Northern Hemisphere is larger than the Southern Hemisphere, due
to the greater number of glaciers and ice caps in the Northern Hemisphere.
Deep Water Formation and Ice Shelves. In the Antarctic, the effect on deep water
formation is the cooling and freshening associated with warm waters at depth intruding
under the large ice shelves. Ice shelves are not found in the Northern Hemisphere to any
large degree (less than 1% of the area in the Southern Hemisphere) and therefore have little
to no effect on deep water formation.
Deep Water Formation and Sea Ice. Sea ice affects deep water formation in both polar
regions, differences between the two regions in the process are more subtle than between
other processes and elements. A principal difference is the source region for deep water
is primarily over the continental shelves in the Southern Hemisphere, dominantly, but not
exclusively in the Weddell Sea region. The mixing processes to eventually form Antarctic
Bottom Water also occur relatively close to the source region, in the outflows where
overriding Circumpolar Deep Water mixes with the source (Weddell Sea Bottom Water or
Ice Shelf Water) in its transit north. In the Northern Hemisphere, deep water formation
takes place in the Greenland Sea and flows out over sills. Primary mixing takes place
outside the source region of the deep water, where Labrador Sea Deep Water can also be
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convective processes are found in both hemispheres, however, the convective process is
nearly continuous in the Greenland Sea while it appears intermittent, on decadal or longer
time scales, in the Weddell Polynya region in the Southern Hemisphere.
Surface Energy Balance. Differences between the two hemispheres are only related to
physiographic differences rather than to any fundamental process difference. For example,
the effects of ice shelves on latent and sensible heat fluxes are a Southern Hemisphere
only process, while effects of frozen rivers and lakes and frozen ground on the surface
energy balance are seen only in the Northern Hemisphere. In the two hemispheres, there
are potentially different effects to the surface energy balance related to sea ice, that are
related to the 50% larger areal coverage at maximum for Antarctic sea ice, and its 50%
smaller area coverage at minimum than Northern Hemisphere sea ice.
Oceanic Surface Buoyancy Flux. Primary differences between hemispheres arise from the
presence of an element in one hemisphere that is absent in the other (e.g., frozen rivers and
lakes in the Northern Hemisphere, and ice shelves in the Southern Hemisphere.). For sea
ice, the effect is related to the open ocean boundary in the Southern Hemisphere such that
there is an inner circumpolar ring of ice freezing and an outer one of ice melting. In the
Northern Hemisphere, there is more of a dipole structure, with freezing taking place on
Arctic Siberian shelves, ice melting in the Greenland Sea, since the primary ice transport
is confined to the Fram Strait between Greenland and Svalbard because of the encirclement
of the Arctic Ocean by the continents of the Northern Hemisphere. On more local scales,
melting of ice takes place from the top in the Northern Hemisphere with the formation of
melt ponds, while it is more from the sides and bottom in the Antarctic because of the
interaction with solar heated ocean water. Observations and modelling work suggests ice
dynamics may be similar in the two hemispheres but thermodynamics (e.g., because of
high ocean heat fluxes in the Antarctic and the predominance of top surface melting in the
Arctic) may require different formulations.
Soil Moisture (run-off). The significant differences in seasonal snow cover over land in the
Northern Hemisphere (65 million km 2 ) compared to the Southern Hemisphere (1-2 million
km 2 ) lead to the dominance of this effect in the Northern Hemisphere. River run-off is a
major source of fresh water into the Arctic Ocean because of the northward flowing rivers
primarily in Siberia, but also in Canada and Alaska. The difference in fresh-water flux
mechanism between the two hemispheres in their input to the oceans is a particularly
striking contrast.
Radiative Processes (through changed atmospheric composition). The effect of changing
atmospheric composition by the widespread melting of frozen ground and possible release
of additional greenhouse gases was the problem identified and designated as Northern
Hemisphere specific because of the continents where frozen ground is important (not
covered by ice sheet) are concentrated there.

MATRIX 2: STATE OF OBSERVATIONAL DATA AND IDENTIFICATION OF
PROGRAMMES THAT ARE OR HAVE CONTRIBUTED TO THE DATA
The working group identified gaps in programmes or the need for co-ordination of
programmes to provide the necessary data to satisfy the needs of the World Climate
Research Programme. In general, the status was coded with a minus sign (-) to indicate
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although there may be particular elements that are useful towards it. A zero (0) suggested
that the data was not yet in hand, however, efforts were underway that could potentially
satisfy the need, with perhaps some additional co-ordination necessary to bring it to full
utility for climate applications. A plus sign ( +) indicated data was in hand or programme
was underway that was satisfactory in both the type of information and its avenues for use
in climate applications and are not discussed in some cases here, due to our emphasis on
identifying gaps and deficiencies.
Sea Level Change and Ice Sheets. D-. There are potential contributions to this effort from
MAGICS, ISMASS, WAIS and possibly WCRP itself. The magnitude of the problem,
however, that of knowing the mass balance of the major ice sheets to high precision
(where, for example in Antarctica we are currently unsure of the sign, let alone the
magnitude) suggests that it will need additional effort or break-through findings by these
programmes.
Sea Level Change and Glaciers and Ice Caps. Do/-. While data on mass balance has been
used to determine glacier melt input to current sea level rise, there appear to be gaps,
identified by the group as necessary data from Alaskan glaciers, where no programme is
seen to obtain the information. Similarly for the Southern Hemisphere, there are only spot
measurements of glaciers, and no co-ordinated effort to determine the melting on more
hemispherical scales. Recommendations were made (see the summary on p.C2.2)
concerning these gaps.
Deep Water Formation and Ice Shelves. D-. The Filchner-Ronne Ice Shelf Programme is
making some contributions to this understanding but there is a necessity for a more
circumpolar view that is not currently being undertaken by any international body.
Deep Water Formation and Sea Ice. D + (Northern Hemisphere). The ACSYS programme
that is currently underway is addressing this need, and will phase into work in conjunction
with upcoming efforts in CLIV AR. D- (Southern Hemisphere). Portions of iAnZone and
ASPECt are addressing the issue, but a circumpolar view is not yet being planned. A
recommendation that iAnZone undertake this is part of the summary.
Surface Energy Balance (Albedo). Do (Ice Sheets, Northern Hemisphere). Some data is
available using satellite remote sensing, e.g., to determine melt facies in the ice sheet.
However, no concerted analysis effort could be identified. A similar conclusion was
reached relative to the availability and potential of remote sensing information to determine
albedo of frozen rivers and lakes, i.e. data may be available but no knowledge of a coordinated analysis effort.
Surface Energy Balance (Latent and Sensible Heat). D- (Ice Shelves). A portion of the
Antarctic is being addressed under FRISP, but there is no organized circumpolar effort in
this regard.
Surface Energy Balance (Latent and Sensible Heat). D- (SH Sea Ice). While some
contributions are being made under the WCRP International Programme for Antarctic Buoys
(IPAB) and others may be fulfilled under ASPECT, the deficiency is primarily because of the
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the buoy network, with sufficient meteorological information collected to estimate fluxes
would be a solution to this deficiency.
Oceanic Surface Boundary Flux (Precipitation). D-. (Snow). There is an a deficiency in
information about the potentially large input of snow drift across the boundaries and
deposited into the ocean. No particular effort is known that will address this deficiency.
Oceanic Surface Boundary Flux (Melting/Freezing). D-. (Ice Sheets). A potential exists,
currently undeveloped, for using remote sensing technology to address this problem.
Oceanic Surface Boundary Flux (Melting/Freezing). D-. (Ice Shelves). A large contribution
exists from input by icebergs. Some attempts have been made to census icebergs, but the
use of infrequent ship observations along known tracks may bias the counts, due to
multiple encounters along those tracks, and large areas that are not surveyed at all.
Oceanic Surface Boundary Flux (Melting/Freezing). D- (Glaciers and Ice Caps). This problem
relates to the sea level change question as well, and deficiencies for Alaska and the
Southern Hemisphere are noted. No systematic study is currently underway or planned for
these regions.
Soil Moisture (run-off). D-. (frozen Ground}. The state of information on run-off hydrology
in frozen ground regions is not currently well studied on the hemispheric scales necessary
to understand the climate implications. GEWEX was mentioned as a possible venue for
studying this question.
Radiative Processes (through changed atmospheric composition}. D- (frozen Ground}.
This problem relates to how melting of frozen ground would contribute greenhouse gases
to the atmosphere and is currently unknown in magnitude. Work in conjunction with IGAC
would be a potential venue for solving this problem.

MATRIX 3: STATE OF MODELLING AND IDENTIFICATION OF PROGRAMMES
CONTRIBUTING TO THE MODELLING EFFORT
As for Matrix 2, the working group identified gaps in programmes or the need for
co-ordination to satisfy the requirements of the WCRP. The same ( + /o/-) coding of the
status is similarly applied also for Matrix 3.
Ice sheets. The role of the ice sheets for the relevant climate processes is addressed to
a substantial degree in EISMINT, a project of the European Science Foundation. Since
EISMINT is closing its activities in 1997 (after five years of work), a continuation of the
activities is urgently required, preferably by the WCRP itself. Especially the problem of
iceberg calving needs attention.
Ice shelves. Ice shelves and their effect on climate variations are the focus of FRISP,
EISMINT and iAnZone. The problems are well covered. Since the time frame of FRISP and
EISMINT is rather limited, activities by the WCRP are required to provide a continuation of
the work done by these programmes. As in the case of ice sheets, special attention is
necessary to treat the calving of icebergs in models.

- C2.7Glaciers, ice caps. Glaciers and ice caps influence the climate system basically via sealevel change and oceanic surface buoyancy flux. These effects are handled by MAGICS for
the Northern Hemisphere with the exception of Alaska which requires special attention
through the WCRP. A new initiative (by the WCRP?) is necessary to treat glaciers and ice
caps in the Southern Hemisphere.
Sea ice. Modelling the role of sea ice in the climate system is a particular effort of the SeaIce/Ocean Modelling Panel of ACSYS, which addresses the coupling of sea ice with
atmosphere and ocean in both hemispheres. Special attention is focussed on the Weddell
Sea region by iAnZone. Problems of sea-ice dynamics, thermodynamics and coupling
processes seem to be well addresses and model optimisations are underway.
Snow. Most of the snow effects on the surface energy balance, soil moisture and oceanic
surface buoyancy flux are treated in the modelling activities of WGNE, ACSYS and
iAnZone. The working group thinks that the problems are well addressed but there seems
to be a particular need to improve parameterisations of the albedo as a function of
temperature and surface type, other land subgrid-scale processes and the impact of snow
drift on the ocean in coastal areas, especially around Antarctica.
Frozen rivers, lakes, frozen ground. The effect of frozen rivers, lakes and ground in the
climate system are part of the activities of WGNE and to a lesser degree of ACSYS and
CLIVAR ACC. The working group thinks that the modelling efforts should be strengthened,
with special focus on subgrid-scale parameterisations and improvement of the models for
frozen ground.
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Table 1. Identification of polar regions similarities and contrasts
Climate processes I Cryospheric elements

Ice sheets

Ice shelves

Surface energy balance:
Albedo

NH,SH
SH

Latent and sensible heat

Snow

Frozen rivers,
Lakes

Frozen ground

NH,SH

SH

Deep water formation

Sea ice

NH

NH: trend
SH: catastrophic

Sea level change

Glaciers,
Ice caps

NH,SH

NH,SH

NH

NH,SH

NH,SH

NH

NH

Oceanic surface buoyancy flux:
NH,SH

Precipitation
Melting/ablation,
Freezing/accumulation

NH

SH

Iceberg calving

NH

SH

Soil moisture (run-off)

NH

NH,SH

NH, SH

NH

NH

NH

Radiative processes (through changed atmospheric
composition)
The Table is filled in with symbols NH, SH or both whether the intersection of a cryospheric element with a climate process is Northern Hemisphere (NH) specific,
Southern Hemisphere (SH) specific or both (NH, SH) .

NH
NH
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State of observational data for the Northern (NH) and Southern (SH) Hemispheres and identification of international research programmes/groups/institutions
that are, have or will contribute(d) to the data

Climate processes I Cryospheric elements

Sea level change

Ice sheets

Ice shelves

Glaciers,
Ice caps

Snow

Frozen
rivers,
Lakes

Frozen
ground

NH: DolMA GIGS
SH: D-

DMA GIGS,
JSMASS,
WAJS

NH:D+
CL/VAR, ACSYS
SH:DiAnZone, ASPECt

DFRJSP

Deep water formation

Sea ice

Surface energy balance:
Albedo

NH: Do
SH: D+
GEWEX
DFRJSP

Latent and sensible heat

D+
ACSYS, GEWEX

D+
GEWEX

Do

NH: Do
ACSYS, SHEBA
SH:DASPECt, WCRP

D+
ECMWF
NCEP

D+
ECMWF
NCEP

Do
ECMWF

Do
GEWEX

Do
GEWEX

Oceanic surface buoyancy flux
Dsnowdrift

Precipitation

Melting/ablation,
Freezing/accumulation

DMAGI CS,
ISMASS, WAIS

DFRISP

Iceberg calving

Dol+

Dol+

Soil moisture (run-off)

Radiative processes (through changed
atmospheric composition)

NH: DolMA GIGS
SH:D-

D+
NH:ACSYS
SH:ASPECt
WCRP, iAnZone

Do
NH:ACSYS
SH:
ASPECt

Do
GEWEX

D/GAG

The Table is filled in with symbols D-, D+, Do, which depict the availability of observational data (D+: availability of some data; D-: absence of the necessary data; Do: absence of information on the data required)
and with titles of the international research programmes/groups/institutions, which are, have or will contribute(d) to the data.
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State of modelling for the Northern (NH) and Southern (SH) Hemispheres and identification of international research
programmes/groups/institutions that are, have or will contribute(d) to modelling efforts
tee shelves

tee sheets

Climate processes I Cryospheric elements

Glaciers,
Ice caps

Sea ice

Snow

Frozen rivers,

Frozen
ground

Lakes
Mol+
EISMINT

Sea level change

NH:Mo
MA GIGS
SH:MM+
ACSYS, iAnZone
ice-ocean coupling

M+
FRISP, iAnZone
EISMINT

Deep water formation

Surface energy balance:
Albedo

M+
ACSYS,
iAnzone

Mo
EISMINT

M+
ACSYS,
iAnzone

M+
FRISP, EISMINT
iAnzone

Latent and sensible heat

Mo
WGNE:
Albedo
a = a (T, surface
type)
Mo
WGNE:
subgrid
parameterization
(Land)

Mo
GEWEX

Mo
GEWEX

Mo
GEWEX,
ACSYS

Mo
GEWEX

Mo
WGNE

Mo

Oceanic surface buoyancy flux:
Precipitation

Melting/ablation,
Freezing/accumulation

Mol+
EISMINT

M+
FRISP, EISMINT,
iAnZone

M-

M-

NH:Mo
MAGICS
SH:M-

M+
ACSYS,
iAnZone

Mol+
ACSYS,
iAnZone

Iceberg calving

Soil moisture (run-off)

Radiative processes (through changed
atmospheric composition)

Mo
WGNE

Mo
CL/VARACC

The Table is filled in with symbols M-, M+, Mo, which depict the status of modelling activities (M+: some modelling activities are underway; M-: no sufficient modelling efforts; Mo: absence of information on
sufficient modelling activities), and with titles of the international research programmes/groups/institutions, which are, have or will contribute(d) to the modelling efforts.
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