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PREFACE

The Working Group on Arctic Glaciology of the International Arctic Science
Committee (IASC-WAG) held its 2006 - workshop on the mass budget of Arctic
glaciers in Obergurgl, Austria. The meeting was hosted by the teaching and
conference centre of the University of Innsbruck, and once more this location
turned out to be an outstanding one. The pleasant atmosphere in the centre, the
excellent conference facilities and the splendid surroundings all contributed to a
very successful meeting.

About 40 scientific contributions were presented (10 posters and 30 oral
presentations) on a range of subjects, but with a focus on the mass budget of
Arctic glaciers. Extended abstracts of many of these presentations can be found in
this book.

This year the IASC-WAG workshop was combined with the first planning meeting
of GLACIODYN, an IPY-endorsed project in which the dynamic response of arctic
glaciers to climate warming will be studied with a variety of techniques.
GLACIODYN is now starting and it is expected to continue for several years
following the official IPY (2007-08). Scientists from 17 nations plan to contribute to
GLACIODYN.

The main aim of the first planning meeting was to become acquainted with plans of
individual institutes/research groups and to see how logistics facilities, technical
expertise and modelling expertise can be shared among the participants.

Some more information on GLACIODYN and on the meeting can be found in this
book.

No doubt there will be another workshop next year (probably in March 2007).
Interested persons may visit the website of the IASC-WAG, where more
information will be posted later this year.

[website: www.phys.uu.nl/%7Ewwwimau/research/ice_climate/iasc_wag/]

| am indebted to Professor Michael Kuhn und Angelika Neuner (University of
Innsbruck) for their help in the organization of this meeting.

| like to thank the Institute for Marine and Atmospheric Research of Utrecht
University (IMAU) for the generous support that made it possible to print this report.
| am particularly grateful to Carleen Tijm-Reijmer for chasing the participants to
submit their texts and for doing all the editorial work.

Johannes Oerlemans
Chairman, IASC Working Group on Arctic Glaciology
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RAPID THINNING OF LANGFJORDJ@KELEN IN NORTHERN
NORWAY

Liss M. ANDREASSEN™?, BJARNE KJ@LLMOEN?, AL RASMUSSEN® AND @YVIND
NoRrpDLI*

! Norwegian Water Resources and Energy Directorate, Oslo, Norway
2 Department of Geosciences, University of Oslo, Norway

s University of Washington, Seattle, USA.

“The Norwegian Meteorological Institute, Oslo, Norway.

Introduction

Glaciers cover about 1% of the land area in Norway. The Norwegian glaciers span
over large distances and cover different climatic regimes from wet to dry conditions
and from south to north. The Norwegian glacier measurement record is extensive
and reveals both local and regional variations in glacier behaviour. In order to gain
knowledge of glaciers in the northernmost parts of Norway, NVE began
investigations in 1989 on an east-facing outlet of the maritime plateau glacier
Langfjordjokelen (70°10'N, 21°45'E) (Fig.1). Langfjordjgkelen has an area of about
8.4 km? (1994), and of this 3.7 km® drains eastward. The investigations are
performed on this east-facing part, ranging from 280 to 1050 m a.s.l.

Langfjord-
igkelen

—>

Figure 1. Location map of Norway. Glaciers are shaded in blue. The position of
Langfjordjgkelen is indicated.

Mass balance regime
Langfjordjokelen has been the subject of mass balance measurements since 1989
with the exception of 1994 and 1995. The mass balance measurements reveal a
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large annual mass turnover in the same order as at the maritime glaciers located
much farther south in Norway. The mean summer balance (-3.0 m w.e.) exceeds
the winter balance (2.2 m w.e.) resulting in an annual deficit of -0.78 m w.e./a. for
the period 1989-2005. The mass deficit of Langfjordjgkelen is in contrast to the
maritime glaciers in southern Norway, which experienced mass surplus in the
same period. Most of the mass loss of Langfjordjgkelen has occurred over the last
nine years (1997-2005). In the period 1989-1995 the glacier has a slightly negative
mass balance, while all the other observed glaciers in mainland Norway including
the continental ones had a transient mass surplus (Andreassen et al, 2005).

Glacier fluctuations

Historical records, photos and maps show that Langfjordjgkelen has retreated
about 1.4 km since 1900, the mean annual retreat being about 13 m. Length
change measurements began in 1998 and show a mean annual retreat of more
than 30 m. The recent increased thinning and retreat of Langfjordjgkelen is
stronger than observed for any other glacier in mainland Norway.

Reconstruction of mass balance

Mass balance correlates poorly between Langfjordjgkelen and glaciers in Svalbard.
In mainland Norway the glacier correlates best with the maritime glaciers, however,
the correlation is too low to use for reconstruction of the mass balance back in
time. Instead, a model using upper-air meteorological variables (wind, humidity and
temperature) in the U. S. National Centers for Environmental Prediction and U. S.
National Center for Atmospheric Research (NCEP-NCAR) Reanalysis database
was used to extend the mass balance back in time. Further description of the
model can be found in Rasmussen and Conway (2005). The model was calibrated
between 1989 and 1999 and used to reconstruct the balance back to 1948 (Fig. 2).
Model error is comparable to uncertainty in mass balance measurements. The
reconstructed series from 1948 until 1989 reveal an average balance of -0.6 m
w.e./a.

Reconstructed cumulative mass balance Langfjordjekelen

-
¥ reconstruction
g 10 -
r rg. — RSO
d s —~
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3 » \—\
¥
&
1940 1950 1980 1970 e 1990 2000 200

Figure 2. Reconstructed (1948-1988, 1994-1995) and measured (1989-1993, 1996-2005)
cumulative mass balance of Langfjordjgkelen. The dotted curves are the one-sigma error
band.

Volume change calculated from comparison of maps in 1966 and 1994 suggest
thinning and retreat of the glacier in this period, but overestimates the mass deficit
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compared with the results from the upper air model in the same period. As shown
in Figure 3 the area decreased and the surface generally lowered over 1966-94.
The eastern outlet had a recession of about 700 m and the total area decreased
from 9.8 km® to 8.4 km®. Average thinning over the entire glacier was 13 m w.e.
and for the east-ward draining part area 19 m w.e. Thinning has occurred over 96
% of the entire glacier surface. The greatest mass loss is, as expected, on the
glacier tongue, where the thinning is more than 100 metres. Some areas in the
middle and north of the glacier indicate no elevation change (2 m) of the glacier
surface. There are even some minor areas indicating increasing surface elevation,
but this is within the uncertainty of the method comparing the maps.

Langfjordjekelen

Elevation change

1966 - 94 (m)

Glacier limit 1966
Glacier limit 1994

North (m)

East (m)

Figure 3. Volume change of Langfjordjgkelen 1966-1994.

Past and future climate

Temperature regions for Norway have been defined using a combination of
principal component analysis and clustering analysis (Hanssen-Bauer and Nordli,
1998). As there are no long-term temperature measurements near
Langfjordjokelen the mean values for the whole region (Hanssen-Bauer, 2005)
might be the best choice for temperature trend analyses for the glacier. The mean
regional linear trend during summer (JJA) for the region is +0.09 per decade,
amounting to about 1.2°C for the 130-year period 1875-2004. However, most of the
temperature increase took part early in the 20" century in connection with a
warming event during the 1910s and 1920s (The Early 20" Century Warming).
Around 1950 the temperature started to decrease, but has been increasing again
the last 30 years.

During the period 1966-2005 temperature variations at the glacier can be studied in
more detail as measurements were established at Nordstraum, only 34 km to the
south of the glacier. For the 40-year period the temperature has increased about
1°C (Fig. 4). Most of the increase has been concentrated in the period 1997-2005,
where summer temperatures in all years have been above the 1971-2000 normal.
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An empirical-statistical downscaling analysis for monthly mean temperature is
presented by Benestad (2005) for a multi-model ensemble of the most recent
climate scenarios (Special Report Emission Scenario Alb) produced for the
upcoming IPCC Assessment Report 4 (AR4). In his dataset for Tromsg (120 km
WSW of Langfjordjgkelen) the mean temperature trend is based on the whole
ensemble amounts to 0.2°C/decade. Thus, summer temperature is expected to
have increased by 1°C in 2050 and by 2°C in 2100 compared to present day
climate. Thus, Langfjordjgkelen will continue to decrease and retreat and might
disappear completely during the next 100 years.

2 Nordstraum (May-Sept)
.
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Figure 4. Summer temperatures (May-September) observed at Nordstraum, 34 km to the
south of Langfjordjgkelen. The summer temperature has been above the mean (1971-2000)
for the nine last years (1997-2005).
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A FIRST ORDER MODEL OF CALVING GLACIER DYNAMICS

DouG BENN?, Nick HULTON? AND RUTH MOTTRAM?

! The University Centre in Svalbard, Norway
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Iceberg calving accounts for a high proportion of mass lost from high latitude ice
sheets and glaciers. Recently-observed acceleration and retreat of calving glaciers
worldwide indicates that the contribution of calving glaciers to sea-level rise is
higher than previously thought, and that prediction of future water fluxes to the
oceans must take glacier dynamics into account. The development of predictive
models, however, is hampered by incomplete understanding of calving processes
and associated glacier dynamics. Here we describe a new first-order model of
calving glacier dynamics, which builds on previous work by van der Veen and Vieli,
but incorporates additional key physical processes determining glacier terminus
position and iceberg flux.

We assume that the position of the glacier terminus is defined by the point at which
surface crevasses penetrate to the waterline. Below the waterline, creep closure is
opposed by water pressure, so crevasses are able to penetrate the full thickness of
the glacier, triggering calving. Crevasse depth is defined using the model of Nye
(1955), which assumes that the equilibrium depth of a crevasse is where
longitudinal strain rates are exactly balanced by creep closure due to ice
overburden pressure. Glacier terminus position is therefore determined by
longitudinal strain rates, or the downglacier velocity gradient (6U / dx). Where
velocity gradients are high, crevasses may be able to penetrate to the waterline
before the glacier reaches flotation, producing a grounded calving front. On the
other hand, where there are only small longitudinal velocity gradients near the
grounding line, an ice shelf may form.

The crucial issue is the way in which glacier velocity changes as ice thins towards
the flotation thickness. This in turn depends upon the dominant source of
resistance to glacier flow. Force balance anises of both floating and grounded ice
margins indicate that longitudinal stress gradients are of minor importance
compared with lateral and basal drag. Where all or most of the driving stress is
supported by lateral drag at flow-unit margins (as is the case for ice shelves and
ice streams such as the Whillans), the centre-line velocity is independent of basal
effective pressure, and is mainly controlled by flow-unit width. High longitudinal
strain rates, therefore, will not occur across the grounding line if flow-unit width
remains constant. Calving margins will tend to be located at flow-unit widenings,
such as fijord mouths and the limits of embayments where lateral resistance
decreases rapidly, ice accelerates, and high strain rates cause crevasses to
deepen.

Ice sheet models commonly assume that all resistance to the driving stress is
provided by drag at the bed, and that sliding velocity is directly proportional to the
driving stress and inversely proportional to effective pressure at the bed
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(Weertman-type sliding functions). In this case, ice velocity increases exponentially
as ice thins towards the flotation thickness and effective pressure tends towards
zero. Sliding functions of this sort predict infinite velocities when effective pressure
vanishes, but this problem will not occur when the Nye crevasse-depth model is
used to define the terminus position, because calving is predicted before flotation
occurs. The coupled behaviour of Weertman sliding and the Nye calving criterion
also provides insights into the causes of rapid glacier retreat between ‘pinning
points’.

In nature, resistance to flow is provided by both lateral and basal drag, in varying
proportions. Using present approaches, incorporating both basal and lateral drag
involves a considerable increase in model complexity, which is impractical for many
applications. The development of simple sliding functions with both basal and
lateral drag terms is an important goal for the future.
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Focus ON THE ARCTIC CALVING GLACIERS: PROMOTION OF THE
IPY GLACIODYN PROJECT AND GLACIOLOGICAL KNOWLEDGE
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E. BUKOWSKA-JANIA', J. JANIAZ, P. GLOWACKI®, L. KOLONDRA® AND M.
GRABIEC?

' Unit of Geo-Ecotourism, Faculty of Earth Sciences, University of Silesia, Poland,
2 Department of Geomorphology, Faculty of Earth Sciences, University of Silesia, Poland
® Institute of Geophysics, Polish Academy of Sciences

Introduction

The importance of ice masses in the context of global climate changes and sea-
level rises is far from well understood by the majority of those responsible for the
allocation of research funds - the politicians and taxpayers. This is despite the fact
that many glaciers, especially calving forms, are highly attractive to thousands of
tourists who take millions of photographs of them (Fig. 1). Further, we believe that,
in many cases, a majority of local tourist agencies, tourist operators and individual
guides are largely ignorant in respect of basic concepts of glacier behaviour (Fig. 2)
and even geographic location. There are, thankfully, a few exceptions to this
general rule (e.g. Iceland).

Figure 1. Tourists close to the ice-cliff of Hansbreen (Spitsbergen, Svalbard) one of the
GLACIODYN target glacier (Photo by Leszek Kolondra).

One of the priorities of the 4™ International Polar Year dissemination of scientific
results is education at different levels within general society. The aim of this paper
is to suggest a way of promoting knowledge about glaciers, especially tidewater
ones, in the context of global warming and sea level change among the general
public. We propose to do this by improving the "teaching of the tourist'. We
propose to use the tourists who visit the Arctic glaciers as our "ambassadors”, i.e.
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they are people who could “touch” and take photos of GLACIODYN (The dynamic
response of Arctic glaciers to global warming — GLACIODYN, IPY project)
designated ice masses.

Figure 2. Information board close to Sermeq Kujalleq glacier, West Greenland. Glacier
retreat is erroneously called “Movement of the glacier” (Photo by P. Maczkowski).

Location of the target glaciers and their accessibility

Ice masses included in the GLACIODYN project are mostly located in the High
Arctic. Tourists already frequently visit some of them. It is not easy to estimate the
number of people visiting any particular glacier or their close neighbourhood,
whether from the sea, air or land (Table 1). There are also no data on the
competency of the guidance of particular groups or particular agencies.

Table 1. Estimated number of tourists visiting particular glaciers or their neighbourhood from
the sea, air and land.

Region Number of Year of travel Data source

visitors
Alaska c. 350,000 per year www.travelalaska.com
(Mendenhall Glacier)
(Glacier Bay c. 360,000 2005 Www2.nature.nps.gov
National Park &
Preserve)
Spitsbergen €. 29,300 2004 www.spitsbergentravel.no;

hilde-marie@svalbard.net

Greenland c. 5,000 1993 www.greenland.com/

c. 32,000 2002 Comprehensive_Guide.php
Iceland c. 150,000 2004 www.icetourist.is
Canada c. 125,000 2000 www2.nature.nps.gov
(Glacier National Park) c. 245,000 2005
Norway/Svartisen c. 250,000 per year Frode Lindberg -
(Engabreen Glacier) personal communication

Judging from information available on the internet, many of the target glaciers (Fig.
3) are not included in offers of the tourist operators (Academy of Sciences Ice Cap,

27



Severnaya Zemlya; Glacier No. 1, Hall Island, Franz Josef Land; Devon Ice Cap,
Canada; McCall Glacier, Alaska). In any case, they are not easy to visit, even by
scientists. Logistic problems, costs of travel, political situation and environment
protection restrictions are, in fact, different for all of the target glaciers.

Arctic Region

Figure 3. Location of target glaciers of the GLACIODYN project (red dots). Most popular
tourist areas indicated by arrows.

Proposed means of promotion

For better transfer of knowledge on studies of glaciers to the “average” tourist, the
direct involvement of scientists who are partners in the IPY project is desirable. We
propose the establishment of a sub-project within the GLACIODYN publicly
oriented. Publication of a folder only seems to us to be inadequate.

We propose that a small group from within the partnership collate and provide
basic information on target glaciers and the most spectacular (from a public
relations point of view) experiments or monitoring results on these.

By assembling such data, three levels of information and advice might be prepared
and disseminated.
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1. Advice to local tourist authorities on a wider and deeper inclusion of
glaciological science in general tourist information (regional tourist information
booklets, information boards located in the field etc.). Exposition of the importance
of the GLACIODYN project for particular glaciers (or area).
2. Suggestions to tourist operators on how to make a particular glacier a more
attractive "tourist product", apropos its role in the IPY program and with the
demonstration of examples of specific experiments and their results.
3. Providing tourist operators, their guides and tourists themselves with properly
edited booklets on these glaciers, the glacial processes in the areas of interest and
the leading aims of the GLACIODYN project, stressing, not only in English, what
results ought to be forthcoming from these efforts. As a backup to this, an attractive
web page has to be run and updated at regular intervals. At this level, some
financial contributions from tourist agencies are to be invited.
The proposed booklet should contain:
- general information on glaciers and glacial processes with clear diagrams;
- explanation of why glaciers are important for the global environment changes,
especially tidewater forms;
- a short description of the GLACIODYN project and an annotated list of the target
glaciers;
- an extended description of glaciers easily accessible to tourists;
- examples of the most spectacular glaciers and important

experiments/monitoring programs, with preliminary results if available;
- a short glossary of glaciological terms;
- references to popular and scientific books and web pages.

Conclusions

As Arctic tourists usually share impressions of their holidays with families, friends
and club members, they are, in a sense, prospective ambassadors of glaciological
knowledge and the GLACIODYN project details should be extended to the relevant
tourist agencies, thereby improving the attractiveness of their business offer.

The small sub-project of the GLACIODYN, as proposed here, would have as its
aims:

- to help tourist operators improve the scientific content of the tour programs by the
publication of a comprehensive booklet on calving glaciers; also by the provision of
"approved" scientists (such as research students) in the execution of some tours
(i.e. a pool of scientists/specialists should be available for particular regions);

- to monitor number of visitors of target glaciers or their proximity;

- to study programs of excursions and level of guidance (where possible);

- to monitor results of this sub-project and interactive web page, asking tourists on
comments and impressions;

- to prepare reports on results of the sub-project activity.

Publication of a booklet for tourists and the establishment of a web page (in
different languages) seems to be essential.

The suggested activity should be regarded as complimentary to alternative

methods by which the scientific results of the IASC Working Group on Arctic
Glaciology are traditionally made available to the general public.
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YIcelandic Meteorological Office, Bustadavegur 9, IS-150 Reykjavik, Iceland
National Energy Authority, Hydrological Service Division, Reykjavik, Iceland
3Institute of Earth Sciences, University of Iceland, IS-107 Reykjavik, Iceland

Extended abstract

Spatial distribution of precipitation in Iceland is estimated by dynamical
downscaling of ERA-40 precipitation, using the theory of orographic precipitation
proposed by Smith and Barstad (2004). The airflow pattern over complex terrain is
simulated using linear mountain-wave theory and the resulting precipitation field is
found using a linear cloud physics representation. The input parameters of the
model are large-scale surface temperature, wind speed, wind direction and
background precipitation (all given by ERA-40 reanalysis data), static stability and
cloud-water conversion and hydrometeor fallout times (estimated by calibration
against glaciological data). This procedure makes it possible to simulate the
distribution of snow accumulation on glaciers and ice caps in much more detalil
than has usually been done in glacier mass balance studies, and opens up new
possibilities to model mass balance on glaciers and ice caps in complex
topography.

S 10935 WDIR NORTH 19020708 WOIR-SW
- 5 G .

Figure 1. Simulated daily precipitation on 25 September 1991 when the main wind direction
on and near Iceland was from the north (left) and on 8 July 1992 when the wind direction
was from the southwest (right). Locations of weather stations are shown with symbols. Filled
(open) symbols denote station where precipitation was observed (not observed). Triangles
(squares) denote stations on the windward (lee) side of mountains.

As an example Figure 1 shows simulated precipitation for two days in 1991 and
1992, one with northerly winds and the other with wind from the southwest.
Intensification of the precipitation on the windward side of mountains near the
coast and a precipitation shadow on the lee side of the mountains is clearly visible.
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Figure 2. Simulated accumulated precipitation during the winter 1997/1998.

Figure 2 shows the pattern of the accumulated precipitation for the winter
1997/1998. The figure shows various small-scale features related to orographic
generation of precipitation, which are in general agreement with what is know
about the distribution of precipitation in Iceland from glacier mass balance
measurements and from observations at meteorological stations.
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THE EFFECT OF THE FIRN LAYER ON GLACIAL RUNOFF OF
HOFSJOKULL ICE CAP, ICELAND
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A mass balance-runoff model is applied to Hofsjokull, an 880 km? ice cap in
Iceland, in order to assess the importance of the firn layer on glacial runoff. The
model is forced by daily temperature and precipitation data from a nearby
meteorological station. Water is routed through the glacier using a linear reservoir
model assuming different storage constants for firn, snow and ice. The model is
calibrated and validated using mass balance data and satellite derived snow facies
maps. Simulated mass balances as well as snow line retreats are generally in good
agreement with observations. Modelled cumulative mass balance for the entire ice
cap over the period 1987/1988 to 2003/2004 is -7.3 m with uninterrupted negative

mass balances since 1993/1994. Perturbing the model with a uniform temperature
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Figure 1. (a) Modelled daily discharge, Q (m3 s'l), from Hofsjokull ice cap averaged over the
period 1988 to 2004 for two model runs assuming present firn layer extent and a scenario
where the firn layer is removed; both runs using present climate conditions. (b) Differences
in daily discharge, AQ (m3 s'l), between two model runs averaged over the period 1988 to
2004: (1) model results assuming removal of firn layer minus results assuming present firn
layer, both runs using present climate conditions, (2) model results assuming CWE climate
scenario (Rummukainen et al., 2003; Kuusisto, 2004) minus results assuming present day
climate, both runs with present firn layer, (3) as (2) but both model runs without firn layer.
Thicker and thinner lines refer to two different model runs using two different sets of storage
coefficients in the linear reservoir discharge model.
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(+1 K) and precipitation (+10%) increase yields static mass balance sensitivities of
-0.95 ma'and +0.23 ma™, respectively. Removing the firn layer under otherwise
likewise conditions results in almost unchanged total runoff volumes but yields a
redistribution of discharge within the year (Fig. 1). Early summer discharge (June to
mid August) is amplified by roughly 5-10% while late summer/autumn discharge
(mid August to November) is reduced by 15-20% as a result of accelerated water
flow through the glacial hydrological system. In comparison, applying a climate
model based temperature and precipitation scenario for Iceland until 2050 results
in higher runoff throughout the year, increasing total runoff by roughly one third.
Our results emphasize the role of the firn layer in delaying water flow through
glaciers, and the influence on discharge seasonality when firn areas shrink in
response to climate change induced glacier wastage.
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Introduction

The results presented here are part of the RAPID-project “Mass balance and
freshwater contribution of the Greenland ice sheet: a combined modelling and
observational approach” that aims to study rapid climate changes in the North
Atlantic and its effects on the surface mass balance and freshwater contributions of
Greenland ice sheet using an atmospheric limited area model. We use the
Regional Atmospheric Climate Model version 2.1 (RACMO2.1) of the Royal
Netherlands Meteorological Institute (KNMI). This model has been successfully
applied in Antarctic climate studies (Van de Berg et al., 2004, Reijmer et al., 2005).
The strong seasonal melting in the well-defined ablation zone of the Greenland ice
sheet is important for its mass balance. Simulations with two different snow
schemes in the single column model version of RACMO?2.1 over a location in the
ablation zone shows that processes like retention and refreezing of melt water are
important for realistically representing snow under melting conditions.
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Figure 1. Left: RACMO2.1 model grid for Greenland. Right: low vegetation map RACMO2.1.
Numbers refer to low vegetation type (2: short grass, 7: tall grass, 8: desert, 9: tundra, 11:
semi desert, 13: bogs and marshes). Contour lines indicate surface height on 500 m
intervals from US Navy dataset.

Model Setup

The atmospheric dynamics in RACMOZ2.1 originates from the High Resolution
Limited Area Model (HIRLAM, version 5.0.6). The description of the physical
processes is adopted from the European Centre for Medium-Range Weather
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Forecasts (ECMWF, cycle 23r4). The horizontal resolution of RACMO2.1 over
Greenland will be ~18 km (figure 1). The model has 40 atmospheric hybrid-layers
in the vertical, of which the lowest is ~10 m above the surface. The hybrid-layers
follow the topography close to the surface and pressure levels at higher altitudes.
ECMWEF Re-Analysis (ERA-40) fields force the model at lateral boundaries, while
the interior of the domain is allowed to evolve freely. Sea surface temperature and
sea ice fraction are prescribed from ERA-40.

For an accurate topographic representation of the Greenland ice sheet, height data
of the digital elevation model of Bamber et al. (2001) will be used. The global U.S.
Navy data is used as standard height dataset in RACMO2.1, but it gives non-
smooth height contours as shown in Figure 1. Other adjustments are needed to the
vegetation map underlying RACMO, which exposes too little tundra along the east
coast (Figure 1).

Here, two snow schemes are tested for their ability to simulate melting snow. The
original description of snow in RACMO2.1 describes the Greenland ice sheet as a
single layer of snow with a climatological depth of 10 m w.e. Because a single layer
of 10 m w.e. has a too large thermal inertia, the depth of the thermal calculations is
limited to 1 m of snow. There is no melt or refreezing in this snow scheme. The
second snow scheme tested is the englacial module of a surface mass balance
model (Bougamont et al., 2005) including subsurface processes in snow such as
water percolation, retention and refreezing. These processes are modelled for 25
m w.e. of firn/snow/ice, composed of a maximum of 100 layers. Initially the
thickness of each individual layer increases linearly with depth with an upper layer
thickness of 0.09 m. Layer thickness varies due to melting, freezing or
accumulation. An infinitely thin skin layer is used to calculate the surface energy
fluxes and the surface temperature as input to both schemes. For testing and
comparing both snow schemes they were imbedded in the single column version of
RACMO2.1, which is essentially an isolated column of air over a snow surface
located in the ablation zone.

Results

A number of experiments was performed with the single column model to test both
schemes, the original snow scheme as reference (ref) and the new multilayer snow
approach (smb). The experiments presented here are driven by prescribed initial
atmospheric profiles of temperature, humidity and wind speed taken from ERA-40.
Due to the initially cold atmosphere there is no melt at the surface. The single snow
layer in the original scheme is initialized as 10 m w.e. snow with the same
properties as the upper 5 m snow in the new scheme that is lying on top of 20 m of
colder ice. The single column model is allowed to evolve freely over the full period
of 6.5 days starting at 12 UTC. In two subsequent melting experiments (ref-melt
and smb-melt) the temperature profile is increased such that the lower atmosphere
is warmer than the melting point. No precipitation is simulated in the experiments.

Figure 2 shows surface albedo and snow temperature and density of the single
layer for the original snow scheme and of the first snow layer in case the new
scheme is used. The single layer of snow is rather insensitive to the increase of
atmospheric temperature (ref and ref-melt). Its snow temperature, density and
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surface albedo are very similar under these very different atmospheric conditions
due its large volumetric heat capacity. Splitting the snow pack into multiple layers,
like done in the new snow scheme, does not largely affect the snow properties of
the top layer under non-melting conditions (Figure 2, smb). Differences in surface
albedo and snow density between the schemes are due to different
parameterizations used. Under warmer atmospheric conditions the upper snow
layer quickly reaches the melting point and starts to melt. At day 4 the upper snow
layer is fused with the underlying layer causing a jump in snow density and surface
albedo.
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Figure 2. Time series of surface albedo (a), snow temperature (b) and density (c)of the top
layer simulated with the original (ref) and new (smb) snow scheme imbedded in single
column model version of RACMO2.1 under non-melting and potential melting (melt)
atmospheric conditions.
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Snow temperature, density and water content of the upper 5 m of fresh snow under
melting conditions are presented in Figure 3. The warm atmosphere persistence in
time allows underlying snow layers to warm up and an isothermal layer is formed.
Melt water is present and percolates further downward if the maximum retention
capacity is exceeded. Due to high temperatures at the surface no refreezing of
melt water in the snow pack is occurring.
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Figure 3. Evolution in time of the multilayer snow pack properties in smb-melt for
temperature (a), density (b) and water content (c) under melting conditions.
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Conclusions and outlook

To accurately estimate the surface mass balance of the Greenland ice sheet it is
important to simulate the widespread seasonal melt in time and space. Two
different snow schemes are tested under melting and non-melting atmospheric
conditions with a single column model version of RACMO2.1. For non-melting
conditions both schemes perform very similar. Under melting conditions the new
snow scheme is able to melt a thin layer of snow, where as the warming of the
single snow layer in the original scheme is much slower due to its thickness. In this
study we have seen that a single layer approach of the Greenland ice sheet is not
capable to deal with melt. Instead the new snow scheme of Bougamont et al.
(2005) will be used in RACMO2.1.
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Fridtjovbreen, a tidewater glacier in Spitsbergen, is one among the many glaciers
in Svalbard identified as polythermal from data of airborne radio-echo soundings
(RES) performed by Soviet, British and Norwegian expeditions in 1974-1984 at
frequencies of 440, 620 and 60 MHz (Dowdeswell et al., 1984; Bamber, 1989;
Macheret and Zhuravlev, 1975; Macheret et al., 1992; Jiscoot et al., 2000). Such
glaciers are characterized by an upper cold ice layer overlying a temperate ice
layer; strong radar internal reflections from the boundary between both layers is the
most striking indicator of their polythermal character. Fridtjovbreen is one among
only five glaciers in Svalbard for which two surges have been observed; at
Fridtjovbreen they occurred in the 1860s and ~133 years later, in the 1990s,
probably between 1992 and 1997 (Murray et al., 2003).

In this paper we consider the changes in ice thickness and hydrothermal structure
of the glacier, as determined by comparing repeated ground-based radio-echo-
sounding (RES), geodetic, GPS and radio wave velocity (RWV) measurements
performed before and after its surge in the 1990s; in particular, during the period
from 1977 to 2005 (Figure 1). RES measurements were made in 1977, using 620
MHz radar, along a transverse profile at the ice divide (Macheret et al., 1980) and
along a longitudinal profile from the ice divide to the glacier terminus; in 1988, they
were done, using 8 MHz radar together with geodetic positioning, along a set of
transverse and longitudinal profiles covering the whole glacier (Glazovsky et al.,
1991); in 2005, using 18 MHz radar together with GPS positioning, along two
profiles previously measured in 1977 and 1988 plus along a transverse profile at a
distance of 2 km from the glacier calving front. Repeated RWV measurements
were made at the ice divide in 1977 (Macheret and Glazovsky, 2000) and 2005
(sites 1a and 1b in Figure 1, respectively); and at a distance of 3 km from it in 1979
and 1988 (site 2a) (Macheret and Glazovsky, 2000) and 2005 (site 2b).

Comparison of the repeated RES data shows that remarkable changes in ice
thickness (ranging from -180 to +60 m) occur along the whole glacier. These
changes consist of thinning at higher elevations and thickening at lower elevations,
consistent with the surge occurrence and with the pattern of elevation changes
derived from airborne lidar data by Bamber et al. (2005). Remarkable changes are
also observed in the hydrothermal structure of the glacier and in the water content
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of its temperate ice layer, as shown by repeated RWV measurements. In particular,
at the ice divide (sites 1la and 1b) the average RWV changed from 161.4 m/us in
July 1977 to 165.0 m/us in August 2005; at the location 3 km apart from the ice
divide (sites 2a and 2b) the average RWV was 169.6 + 2.1 m/us in April 1988 and
173.8 m/us in August 2005; at the ice divide the average water content in the
temperate ice layer was 2.4% in July 1977 and 0.8% in the whole ice column in
August 2005. Note, however, that the sites for 1977-79-88 measurements are not
exactly coincident with those of 2005 measurements. Other related RWV and ice
thickness data are summarized in Table 1.

Figure 1. Map of Fridtjovbreen. Contour lines every 25 m. Black straight segments are RES
profiles done in 1977-1988 with 8 MHz radar and partly with 620 MHz radar (along the upper
transverse profile at the ice divide and along the central longitudinal profile), while grey line
corresponds to 2005 18 MHz RES profile. Gray dots are points of RWV measurements. The
small circle in the inset shows the location of the glacier within Svalbard.

Evident from the data are: 1) an increase in RWV and, correspondingly, a decrease
in water content, which could be understood as an indicator of colder ice; 2) a noisy
pattern of internal reflections/diffractions, probably as a consequence of the chaotic
pattern of fractures and closed-up crevasses observed on the glacier surface; and
3) the absence of a distinguishable reflection from the cold-temperate ice boundary
(perhaps due to 2). Caution should be taken, however, with regard to the first
observation, because of the slightly different location of 1977-79-88 and 2005 RWV
measurements, as well as the different period within the year when the
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measurements were done, so that the spatial and seasonal variations in glacier
conditions could account for at least a part of the observed differences in RWV.

Further radar profiling, using a higher frequency radar, and CMP measurements
(as close as possible to 1977-79-88 CMP locations) are planned for Spring 2007.
These are expected to provide additional data which, combined with the above-
mentioned and other available geodetic, lidar and radiointerferometry data on
glacier surface elevation for the periods 1936-1988, 1936-1997 and 1996-2002
(Glazovsky et al., 1991; Zinger et al., 1997; Bamber et al., 2005) and data on ice
velocity for the period 1991-1997 (Murray at al., 2003), will allow us to estimate the
connection between the hydrothermal structure of the glacier and its geometry and
dynamics for the periods before the surge (1936-1990s) and after surging (1990s-
2005).

Table 1. Hydrothermal structure of Fridtjovbreen, at the ice divide (sites la and 1b) and 2
km apart from it (sites 2a and 2b), before and after its surge in the 1990s, retrieved from
RWV measurements. H is the total ice thickness, hq is the thickness of the cold ice layer, hs
is the thickness of the whole temperate ice layer, hs; is the thickness of the upper part of the
temperate ice layer, V is the average RWV in the whole ice column, Vs is the average RWV
in the whole temperate ice layer, Vs; is the average RWV in the upper part of the temperate
ice layer, W is the average water content in the whole ice column, Ws is the average water
content in the whole temperate ice layer, Ws; is the average water content in the upper part
of the temperate ice layer.

Site 1a Site 1b Site 2a Site 2a Site 2b
Parameter July 1977 August 2005 July 1979 April 1988 August 2005
H, m 213 +5 158 220+10 247 £10 137
hg, m 72+5 120+ 10 125+ 10
hs, m 141 x5 100 £ 10 122 £ 10
hsl, m 28
V, m/us 161.4 165.0 - 169.6+£2.1 173.8
Vs, m/us 156.4 £ 0.5 - 167.3+4.3
Vs1, m/us 147.7
W, % 0.8 0
Ws, % 2.4 - 0.17 +0.88
-0.17
Ws1, % 4.5
References

Bamber J.L. Ice/bed interface and englacial properties of Svalbard ice masses from airborne
radio-echo sounding. Journal of Glaciology, vol. 35, No 119, 1989, p. 30-37

Bamber J.L., Krabill W., Paper V., Dowdeswell J.A., Oerlemans J. Elevation changes
measured on Svalbard glaciers and ice caps from airborne lidar data. Annals of
Glaciology, vol. 42, 2005 (in press).

Dowdeswell J.A., Drewry D.J., Liestgl O., Orheim O. Airborne radio-echo sounding of sub-
polar glaciers in Spitsbergen. Norsk Polarinstitutt Skrifter 182, 1984, 42 pp.

Glazovsky A.F., Macheret Yu. Ya., Moskalevsky M.Yu., Jania J. Tidewater glaciers in
Spitsbergen. Glacier-Ocean-Atmosphere Interactions. Proceedings of St. Petersburg
Symposium, September 1990. IASH Publ. No 208, 1991, p. 229-239.

Jiscoot H., Murray T., Boyle P. Controls on the distribution of surge-type glaciers in
Svalbard. Journal of Glaciology, vol. 42, No 154, 2000, p. 412-421.

41



Macheret Yu.Ya., Glazovsky A.F. Estimation of absolute water content in Spitsbergen
glaciers from radar sounding data. Polar Research, vol. 19, No 2, 2000, p. 204-216.

Macheret Yu. Ya., Zhuravlev A.B., Gromyko A.N. Radiolokatsionnye issledovaniya na
Shpitsbergene v 1977 godu [Radar sounding studies in Spitsbergen in 1977]. Materialy
glyatsiologicheskikh issledovaniy, vol. 38, 1980, p. 279-286.

Macheret Yu.Ya., Glazovsky A.F., Ignatieva L.Yu., Krass M.S., Konstantinova T.N., Larina
T.B., Moskalevsky M. Yu. Stroyenie, gidrotermicheskoye sostoyanie i rezhim
subpolyarnykh lednikov. [Structure, hydrothermal state and regime of subpolar glaciers].
In: V.M. Kotlyakov (ed.). Rezhim i evolyutsiya polyarnykh lednikovykh pokrovov [Regime
and evolution of polar ice sheets]. St-Petersburg, 1992, p. 48-115.

Macheret Yu., Ya., Zhuravlev A.B. Tolshchina, ob”yem i srtoeniye lednikov [Ice thickness,
volume and structure of glaciers]. In: V.M. Kotlyakov (ed.). Glyatsilogiya Shpitsbergena
[Glaciology of Spitsbergen]. Moscow, Publishing House “Nauka”, 1975, p. 7-35.

Murray T., Luckman A., Strozzi T., Nuttall. A.-M. The initiation of glacier surging at
Fridtjovbreen, Svalbard. Annals of Glaciology, vol. 36, 2003, p. 110-116.

Zinger E.M., Zakharov V., G., Zhidkov V.A. Nablyudeniya za podvizhkoy lednika Fridtiov na
Shpitsbergene v 1997 godu [Observations on surge at Fridtjovbreen in 1997]. Materialy
glyatsiologicheskikh issledovaniy, vol. 83, 1997, p. 231-233.

42
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Tidewater glaciers constitute a large portion of glaciarized area of the Russian
Arctic. Total number of these glaciers is 852 on Franz Josef Land, 48 on
Severnaya Zemlya, and 39 on Novaya Zemlya. The total length of their ice fronts is
2510 km, 443 km, and 230 km, respectively.

These glaciers are the iceberg producers for the waters of the Arctic shelf seas. It
is important that the iceberg production is estimated, seen on the background of
general glacier recession in the archipelagos. In the last 50 years the glaciated
area has decreased by 725 km? (1.3%) as m|n|mum estimate: this includes 375.4
km (2.7%) on Franz Josef Land, 284.2 km? (1.2%) on Novaya Zemlya, and 65.4
km? (0.4%) on Severnaya Zemlya. This recession amplifies the ice front instability
and might favour the occurrence of large icebergs.

Figure 1. The area where alrborne radlo echo soundmg on Franz Josef Land were carried
out, April 2005

Icebergs are a potential threat to the development of the Arctic shelf resources. For
example on Shtokman gas-condensate field in the Barents Sea, the mass of the
largest iceberg was expected to be up to 0.6- 10° t. However, the AARI expedition
in May 2003 spotted a fleet of 96 icebergs in this area, and the largest one was
3.10°t.

In spring 2005 we performed field studies including radio echo sounding of glaciers
in southern Franz Josef Land (Fig.1) and in north-western Novaya Zemlya (Fig. 2),
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as well as on the icebergs in the Barents Sea waters. The measured iceberg
thickness varied in the range of 30 to 100 m.

The maximum sizes of potential icebergs have been assessed for the glaciers of
southern Franz Josef Land by the data of ice thickness and ice surface elevation
and based on flotation criteria estimations. The iceberg sizes might reach up to 3
km long and up to 200 m thick.

The glaciers most favourable for large iceberg production have been identified in
north-western Novaya Zemlya using relationships of ice thickness change with
current ice surface elevation derived from radar data.

Figure 1. The area where airborne radio echo sounding on Novaya Zemlya were carried
out, April 2005

Reliable forecast of iceberg origin requires (besides the ice thickness
measurements on ice fronts) the following measurements: ice surface elevation on
glacier tongues and front heights, ice front change rates, ice surface velocity,
bathymetry of adjacent water parts.
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Goal

Direct surface mass balance measurements of glaciers are generally limited in
space and duration. As far as Svalbard is concerned, all the existing series of direct
measurements cover glaciers located in the western and central part of the main
island of Spitsbergen. Measurements do not exist for the remainder of the
archipelago. The aim of our study is to estimate the annual surface mass balance
of a large number of glaciers that are more representative of all the glaciers of the
archipelago than the glaciers covered by the direct measurements. For this
purpose we use the method of Greuell and Oerlemans (2006). In this method the
“satellite-derived mass balance” is estimated from temporal variations in the
satellite-derived surface albedo, using a simple equation based on surface energy
balance considerations. The satellite-derived albedos were taken from the
“MODIS/Terra albedo product”. The method needs no other input variables.

Method
The following equation is used for the calculation of the satellite-derived mass
balance (Bsy) from the satellite-derived albedo averaged over the glacier surface

(Olgy):

_meax{loram (1-ay ) +Q,0} dt

—h
By =

L,
In this equation Iy is the incoming radiation at the top of the atmosphere, tym the
transmission of the atmosphere, Qo the sum of the net long-wave radiative flux and
the turbulent fluxes and L; the latent heat of fusion. The Julian days j; and j, confine
the part of the summer with substantial melt. The parameters tam, Qo, j1 and j, were
obtained from independent measurements made with weather stations on the
glacier of Kongsvegen. The main reasons for the success of the method (De
Ruyter de Wildt et al., 2002, Calluy et al., 2006, and Greuell and Oerlemans, 2006)
are the dominance of the contribution of net-short wave radiation to the surface
energy balance of glaciers in summer and the positive feedback between albedo
and melt rate. Therefore, Bgy represents the summer balance. However, in theory
accumulation also affects Bg, Since less accumulation leads, in summer time, to an
earlier exposition of bare ice with relatively low albedos. So, it is unclear whether
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B.a: should be considered as an estimate of the annual balance or as an estimate
of the summer balance only. Earlier studies demonstrated that Bg,; may provide a
valuable estimate of the mass balance anomaly, but not of the absolute value of
the mass balance.
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Figure 1. Comparison of surface albedos distracted from the MODIS/Terra albedo product
with in-situ measurements from two sites on Kongsvegen (2000-2003). Empty symbols
correspond to lower quality data.

MODIS/Terra albedo product

As input for our calculations we used the MODIS/Terra albedo product. This
product provides 16-day mean surface albedos for the entire land surface of the
Earth, with the exception of the area polewards of 80°, at a resolution of 1 km.
Since a part of Svalbard is situated north of 80°N, the product covers ~90% of the
glaciers of the archipelago. The satellite (Terra) carrying the MODIS sensors was
launched in December 1999. This limits the available data set to six summer
seasons (2000-2005). We validated the MODIS albedos by comparing them with
in-situ measurements collected by means of two weather stations placed on
Kongsvegen (Figure 1). Each point in the scatter plot represents a period of 16
days. If we exclude lower-quality data (open symbols), the root mean square
difference between satellite-derived and in-situ measured albedo is 0.04. This test
rends considerable confidence in the satellite product.

Results

We selected 18 glaciers that are more or less evenly distributed over the
archipelago (Figure 2). We determined the performance of the method by
comparing Bsy with direct measurements of the mass balance, which are available
only for Kongsvegen and Hansbreen (Figure 3). Correlation coefficients for annual
balances are 0.94 and 0.87, respectively, and for summer balances 0.93 and 0.82,
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respectively. For both Kongsvegen and Hansbreen the standard deviation in Bgy iS
lower than the standard deviation in the measured mass balance. The
underestimate is severe for Hansbreen (90 mm w.e. in the calculations; 360 mm
w.e. in the measured annual balance and 250 mm w.e. in the measured summer
balance) and smaller for Kongsvegen (250 mm w.e. in the calculations and 370
mm w.e. in both the measured annual and the measured summer balance).
Figure 2 shows the anomalies in Bg; with respect to the mean for the six-year
period for the summer of 2000. According to our calculations, this was, on average
for all eighteen glaciers, the year with the highest summer balance during the
studied period. The spatial consistency of Bsy rends confidence in the method.
Similar figures for other years show similar spatial consistency.
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Figure 2. Anomalies in Bsa: (mm w.e.) for the year 2000 for the 18 selected glaciers.

Conclusions

From the good agreement between the satellite-derived albedos and the in-situ
measurements (root mean square error = 0.04), we conclude that the MODIS/Terra
albedo product is a useful tool for our purpose, namely the estimation of the mass
balance of glaciers from satellite data. We made such estimates for 18 glaciers in
Svalbard. The spatial coherence of the result, as well as the correlation coefficient
between calculated and measured mass balance for two glaciers rends confidence
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in our results. On the other hand, the interannual variability in the satellite-derived
mass balance is too low. This might in the future be corrected by equations to be
established with mass balance models. Such models might also be used to clarify
whether Bgy represents the annual or the summer balance. This has not become
clear from the current study, partly due to the shortness of the time series (six
years). A longer version of this abstract has recently (March 2006) been submitted
to the Journal of Geophysical Research - Atmospheres.
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Figure 3. Comparison of the anomalies in Bsa with direct measurements of the annual
balance. Scales on the vertical and horizontal axes and in both panels are the same. The
lines indicate least-square fits.
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MORE ON ELEVATION CHANGES ON AUSTFONNA ICE CAP

JON OVE HAGEN', TROND EIKEN?, EVEN LOE?, JACK KOHLER? , KETIL
MELVOLD?, THOMAS V. SCHULER" AND ANDREA TAURISANO?
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Oslo, Norway
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On Austfonna ice cap repeated airborne laser profiles carried out by NASA in 1996
and 2002 [1] indicated a clear thickening of the upper central part of the ice caP
with as much as up to 3.5 m over the six year period; a change of about 0.6 m a™,
and a peripheral thinning. This indicated a positive mass balance of the ice cap.
The net balance derived form shallow cores from the period 1986-1999 indicated,
however, a balance close to zero of the ice cap [2]. A shallow ice core drilled in
2004 at the same location as the 1999 core gave the same net accumulation of
1986-2004 of 0,47 + 0,03 m water eq., or the same as the long term trend of the
period 1963-1999.

Figure 1. Location of repeated elevation profiles on Austfonna. The ice cap is about 100 km
across.

We have now conducted additional ground-based repeated GPS profiles in 1999,
2004 and 2005 (Fig. 1.) The GPS profiles indicate less pronounced thickening and
less thinning, see Fig. 2. The GPS-profiles also show that different parts of the ice
cap can develop differently. In two profiles taken from the summit, one to the
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South-West (Etonbreen), fig. 2., and one to the North-West (Fig. 3.) showed a
different trend with thickening towards the lower part in North-West and thinning in
South-West, see also Fig. 4. The ground based differential GPS are not
overlapping the NASA profiles, but in parts the profiles are crossing.
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Figure 2. Comparison of surface elevation along profile line 1 in fig. 1 for 3 different years.
The elevation changes from 1999 to 2004 (blue line) and 2004 to 2005 (red line) are
displayed on the right y-axis.
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Figure 3. Comparison of surface elevation along profile line 2 in fig. 1 for 3 different years.
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displayed on the right y-axis.

Surface elevation along profile lines was surveyed using differential GPS. The GPS
data indicate that in 2004/05 the surface elevation decreased over much of the ice
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cap, even in the central part. This finding is in contrast to that of previous years
(e.g. 1999/2004 which indicate a slight thickening in the central part. This
difference may reflect the variability of surface elevation at shorter time scales due
to differences in snow accumulation and mass balance. The results from 2004/05
may thus also reflect the overall negative mass balance derived from diagnostic
modelling.
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Figure 4. Elevation changes between 1999 and 2004 along the ground-based GPS-profiles
1-4 seen in figure 1.

It is, however, clear from all the different data sets that we need extensive data to
be able to make reliable assessments of mass balance, covering different types
and sizes of glaciers in which the dynamic effect must be considered [3].

In 2006 it is planned to carry out more both of ground-based GPS profiles, airborne
laser profiles and also to drill additional shallow cores to verify the mean mass
balance
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ENGABREEN - MASS BALANCE RESULTS AND THE SVARTISEN
SUBGLACIAL LABORATORY

MIRIAM JACKSON AND HALLGEIR ELVEH@Y

Norwegian Water Resources and Energy Directorate, Oslo, Norway

Engabreen in northern Norway is an outlet glacier of the Svartisen icecap and is
one of the glaciers in NVE's mass balance programme. Mass balance
measurements have been performed annually on Engabreen since 1970 in
connection with a hydropower station in the area that uses water from the glacier.
The water is collected as run-off from the glacier as well as being collected directly
through subglacial intakes.

Mass balance results for 1970 to 2004 show that most years showed a positive
balance, especially up to 2000. The total cumulative balance for this period was 22
m w. e. The positive mass balance was also reflected in the front position of the
glacier, which advanced over 100 m between 1970 and 2000, but then retreated
over 110 m between 2000 and 2004.
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Figure 1. Mean values of specific winter, summer and net balance as a function of altitude
on Engabreen. The elevations of the measurement stakes used are also shown.

Measurement stakes are set out on the glacier to assist in measuring the summer
and winter balances. Snow depth soundings are also performed at over one
hundred sites on the glacier, between 950 m a.s.I. and 1460 m a.s.l., and two
density profiles are measured. Winter balance for 2004 was 2.9 £0.2 m w.e., which
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is 100 % of the mean value for 1970-2003 and 130 % of the mean value for 1999-
2003. The summer balance was -2.1 + 0.2 m w.e., which is 91 % of the average
for 1970-2003 and 84 % of the average for 1999-2003. The net balance for 2004
was +0.8 £0.3 m w.e. This is a very positive result compared with the mean value
for 1970-2003 of +0.63 m w.e., and —0.25 m w.e. for 1999-2003.

Engabreen is unique in that there exists a subglacial laboratory underneath the
glacier. Several load cells are installed at the glacier bed and measure the total
hydrostatic pressure normal to the load cell. The pressure is measured at 15
minute intervals and shows variations in pressure at the bed due to variations in
surface meltwater or changes in the subglacial discharge. It is also possible to
pump water up to the glacier bed and artificially change the subglacial conditions in
order to see how the system responds. This gives us valuable information on the
differences in the subglacial hydrology between the winter and the summer. The
wealth of data existing for Engabreen from over three decades of mass balance
measurements as well as the additional observations and opportunity for
experiment in the subglacial laboratory make Engabreen a unique site for
glaciological studies.
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CHANGES IN THE TOPOGRAPHY OF SELECTED GLACIERS IN
SOUTHERN SPITSBERGEN IN THE LIGHT OF THE GPS SURVEY IN
2005
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s Institute of Geophysics, Polish Academy of Sciences, Warszawa, Poland

Glacier topography changes reflect trends in mass balance and dynamic processes
(surge type phenomena and calving intensity of tidewater glaciers). Both factors
are sensitive to climatic impact. General decrease of extend and elevation of South
Spitsbergen Glaciers during the 20" century has been recorded and described for
the majority of them (e.g. Koryakin, 1975; Jania, 1988; Lefauconnier, Hagen, 1991;
Palli et al., 2003). Repeated survey of elevation was done for a selected set of
glaciers during the last decades and compared with data from topographic maps of
the Norwegian Polar Institute showing the state in 1936.

The aim of the project is to detect type and scale of changes in glacier geometry
during the last period and to find factors driving them. This work presents
preliminary results.
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Figure 1. South Spitsbergen on the satellite image Terra/MODIS (© NASA — Visible Earth).
Studied glaciers are indicated.
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Topography changes of Hansbreen, the Amundsenisen accumulation field and its
outlet glaciers (Fig. 1) were monitored using different techniques. Data from a
survey done in April 2005 were compared with previous data. Results from it
together with data from the land based glacier Renardbreen (Fig. 1) are presented
here.

Hansbreen is a medium size (c. 56 ka) tidewater glacier terminating in Hornsund
Fiord close to the Polish Polar Station. Amundsenisen (cf. Fig. 4) is the thickest
accumulation ice field in Svalbard (> 700 m) located in the central part of South
Spitsbregen. Nornebreen-Paierlbreen outlet glacier system is flowing in SSE
direction, while Hogstebreen is flowing in western direction and feeding vestre
Torellbreen. Renardbreen (c. 30 ka) is a valley type glacier oriented in WNW
direction. Their terminus retreated from the sea (Recherchefjorden) to land after
1960.

The following data sources and methods were used. Differential kinematic GPS
surveys were done in April 2005 along profiles of airborne laser altimetry (ALA) of
the NASA from May 1996 and May 2002 (cf. Bamber et al., 2005). Precise GPS
(L/L,) Ashtech Z-Surveyor receivers were used in 2000 and 2005. Antenna of the
rover receiver was mounted on a mast on a snowmobile. Vectors between
reference GPS station and the rover receiver did not exceed 10 km. The accuracy
of the kinematic survey has been estimated as better than +0.3 m horizontally and
+0.5 m in elevation. For comparison with other data one can consider differences in
snhow cover thickness on glaciers in particular years. Data from topographic maps
in scale 1:25 000 prepared from aerial photos taken in July 1960 and in August
1990 (Jania et al., 1992; Kolondra, Jania, 1998) were also used, similarly as
topographic maps of Norwegian Polar Institute mentioned above.

N

— 1936 =—1990 ~2000 ——2005 } j

e Distance [m]

Figure 2. Geometry changes of Hansbreen: a) location map of the longitudinal profile; red
line (N and E coordinates in meters); b) changes of the glacier surface elevation along the
profile.

Thinning of Hansbreen along its centreline has been noted since 1936, including
last 5 years (Fig. 2). It is worth noting that thinning occurs along the whole length of
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glacier, including the accumulation zone. Thinning rate averaged over the entire
length of the glacier increased between particular survey dates: -0.45 m/yr in
period 1936-1990; -0.96 m/yr in period 1990-2000; -1.40 m/yr in period 2000-2005.
Results could be interpreted as an effect of more intense melting and dynamic
response of the glacier to climate warming. Comparison of the mass balance with
the glacier flow velocity and topography changes for the period 1990-2000 has
been done (Fig. 3). The estimated ice discharge across the transverse profile “T”
(located below the ELA) is significantly higher than the mean annual net
accumulation rate above it and did not compensated the net mass losses in the
ablation zone (including calving). Discharge of ice across the “T” profile was
estimated from data on the glacier superficial velocity in the summers of 1998 and
1999 (measured by electronic distance meter and differential GPS) and InSAR
data from spring 1996 (cf. Vieli et al., 2004) together with the cross section area
obtained from the RES to the bedrock (Moore et al., 1999). The shape factor and
calculated deformational velocity were taken into the estimation. Obtained results
match with the data on elevation changes in the ablation area (below the “T”
profile) in the period in question. No surge type phenomena of Hansbreen has
been observed during this period.

AC =+ 55X 10" m’ (wee) Hansbreen
AC puty =+ 0.24 M (wee)
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Figure 3. Mean annual mass turnover of Hansbreen in the period of 1900-2000: Ac — net
accumulation above the “T” transverse cross section; Q — ice discharge across the “T”
profile (sign “minus” indicates outflow of ice and “plus” inflow); Ab — net ablation below the
“T” cross profile; Abcav,) — estimated mass loss due to calving; dH — mean annual elevation
changes of the area below “T” profile calculated from comparison of DTM from 1990 and
2000 survey ) underlined in red. All data expressed both as the total volume in m? of water
and the equivalent layer in m w.e.. In red: calculation of decrease of ice thickness below the
"T" cross profile from the mass balance data only: Ab+ Aban) + Qr = dH. Result fits with
thinning rate obtained from comparison of DTMs.

Elevation of the Amundsenisen glacier system (Fig. 4) shows none or small
changes in the central part of the accumulation area, while decrease of thickness
was significant in upper parts of two outlets Hogstebreen and Nornebreen in
periods 1990-1996 and 1996-2002 respectively. It is interpreted as an effect of the
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surge type dynamic displacements of ice masses. The surge of the Nornebreen-
Paierlbreen glacier system has been observed after 1993 and continued during
almost the next decade. Massive calving of the glacier has been noted in this
period. Mass loss in the lower part of ablation area of Paierlbreen (below 260 m
a.s.l.) have had reflection in its thinning rate in periods between surveys (1960-
1990: -1.39 m/yr; 1990-1996: -2.06 m/yr; 1996-2002: -3.14 m). Mass transfer from
Hogstebreen seems to be of surge origin and probably had been propagated down
to the Vestre Torellbreen. The event wasn'’t been observed directly in the field due
to more remote location from the Polish Polar Station, Hornsund. It will be analyzed
using remote sensing methods.
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Figure 4. Geometry changes of Amundsenisen. a) location of the profile; b) results of survey
from particular years.

Elevation changes of Renardbreen along the longitudinal profile shows significant
thinning of the ablation area and thickening of in the accumulation zone in the
period of 1936-2005 (Fig. 5). Such result is similar to other slowly flowing glaciers
as Aavatsmarkbreen, Comfortlesshreen and Kongsvegen in NW Spitsbhergen
(Jania et al., 2002; Hagen et al., 2005) where thinning of lower parts of glaciers is
reaching 60-90 m and thickening of accumulation areas are in order of 40-80 m for
the period in question.
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The following conclusions appear in the actual stage of studies.

- Thinning rates of glaciers are increasing during recent period.

- Topography changes of glaciers in South Spitsbergen reflect more distinctly
their dynamic response to climate warming than negative mass balance.

- Three types of glacier geometry changes could be distinguishes in respect to
their dynamics: (1) fast thinning of tidewater glaciers as a consequence of
surge and massive calving events (periods); (2) significant decrease of ice
thickness of the whole glacier when ice flow is faster than balance discharge of
ice across the ELA (the Hansbreen case); (3) decrease of elevation in lower
parts and increase in upper parts of glaciers when they are slowly flowing i.e.
land based or terminated in shallow sea (the Renardbreen case).

- Central part of Amundsenisen seems to be a specific case. Elevation changes
in there weren't distinct. It suggests that intense discharge of ice towards two
surging outlets doesn't affected the area. Bedrock topography could be
considered as the responsible factor. Further studies of mass balance and
glacier flow of Amundsenisen with its outlets is needed to solve the problem.
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LONG-TERM HIGH ARCTIC MASS BALANCE: COMPARISON OF
BALANCES AND VOLUME CHANGES ON MIDRE LOVENBREEN,
SVALBARD
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Introduction

The Norwegian Polar Institute (NPI) measures mass balance on three glaciers near
Ny-Alesund, Svalbard, including Midre Lovénbreen (MLB). The record from MLB is
the second longest High Arctic record (1968-present). Available data for MLB
includes winter, summer, and net balances B;, where i = winter, summer, and net.
The data show consistently negative mass balance since the beginning of the
record (Figure 1). That the glacier overall is not in balance is evident from its
continual retreat, which started early in the 1900s. Average ice loss at the tongue is
about 0.5 m a. In general, winter precipitation is less variable than summer melt,
but there are no statistically significant trends in any of the balances during the
measuring period. The last 5 years, however, represent the longest succession of
negative net balances on record.
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Figure 1. Winter, summer, and net balances for Midre Lovénbreen (MLB).

The balances B; are all available digitally. Also interesting from a climatic
perspective are the specific balances, which at many glaciers, including MLB, can
be described as a function of elevation. We attempt to fit a relation to specific
balance measurements, with elevation as the main explaining variable. Balance as
a function of elevation has, of course, been estimated throughout the years by NPI,
since it is required to calculate B;, but the data have never been reported in table
form, and prior to 1999, these data have not been preserved. We have recently re-
derived a time-series of the balances as a function of elevation bi(z), using original
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stake data from archived field notebooks and maps, and graphs of balance as a
function of elevation taken from old reports. We use the bj(z) together with the new
hypsometry to recalculate the aerially-averaged mass balance B;.

We seek a suitable objective method for fitting an elevational relation to the
observed specific balances. However, there is no simple analytical relation for bi(z),
one that involves a handful of readily obtainable parameters, so we use a robust
linear fit to the data. This has the advantage that it is conceptually straightforward
to apply, and furthermore relations involving a larger number of parameters
generally do not yield results that are statistically preferable to a straight line, at
least when comparing recalculated and older values of B;. And since the fitting
necessarily involves extrapolation, in many years paucity of data or bad data at
critical elevations can cause a higher-order fitting relation to go seriously awry.

In general, we find good agreement between the recalculated and original
balances (Figure 2), particularly B, lies mostly within the error limits.
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Figure 2. Reconstructed winter, summer, and net balances for MLB, using a robust linear fit
to old field data to generate bi(z) and a new time-varying hypsometry. Originally reported
data are shown with error bars of constant £10 cm w.eq.

We have also digitized older maps of MLB which are then differenced to calculate
the geodetic balance, that is the long-term volume changes, as well as calculate a
new temporally-variable hypsometry necessary in the mass balance calculations.
We use digitized topographic maps (1969, 1977), a digital elevation model (DEM)
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from 1995, and a DEM from a recent NERC lidar campaign (2003). The 1969 and
1977 10 m contour interval maps (unpublished) were made on a photogrammetric
stereo plotter, using vertical aerial photographs (at a scale of 1:50,000) taken by
the Norwegian Polar Institute on July 28, 1969 and August 7, 1977. The 1995 DEM
was constructed in a digital photogrammetric work station from Norwegian Polar
Institute aerial photographs (1:15000) taken on August 18 1995, and has a 5 m
pixel resolution. The Lidar-derived DEM was retrieved in late July 2003 at a spatial
resolution that varies from 0.7 m to 1.5 m. (Arnold et. al., 2006). The DEM was
formed at a 20 m resolution using an average of all points within a 20 m window.

Individual contours for the older maps were hand-digitized. While only paper copies
of the maps were available, these were all unfolded and clean. The data from the
older maps were transformed to the same datum and projection as the DEMs
(WGS84: UTM zone 33N). Changes in elevation relative to the 1995 reference
surface was then calculated by linearly interpolating the easting and northing
positions of the digitized contour points into the 1995 DEM. Changes over 1995 to
2003 were calculated by simply subtracting the two DEMSs, each sampled on the
lowest resolution grid (20 m).

Differences were then interpolated across the glacier surface, and similar to the
bi(z), a robust linear fit of the surface elevation change was derived as a function of
elevation, and used with the hypsometry to calculate the volume change between
map/DEM epochs.

The net glaciological balances are then summed and compared to the map/DEM
differences (Figure 3), with all data adjusted so that 1969 (the first map year)
represents zero balance. The agreement between the geodetic and glaciological
mass balance is quite good, within the error limits; these are obtained from
comparing differences of non-glaciated terrain between maps/DEMSs.
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Figure 3. Comparison of summed reconstructed net balances for MLB, compared to
geodetic balance derived from old maps (1969,1977) and newer more accurate DEMs
(1995,2003). Error bars on geodetic data are obtained from comparing differences of non-
glaciated terrain between maps/DEMs.
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ENERGY AND MASS BALANCE AT ETONBREEN, AUSTFONNA
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SCHULER! AND ANDREA TAURISANO®
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3Norwegian Polar Institute, Tromsg

This work aims to explore the relationship between summer balance and winter
temperature. The physical link between these two parameters is that winter
temperature governs ice temperature, which, in turn, has influence on the melt
because cold ice is a heat sink. In other words cold ice will absorb energy, which
would have produced melt if the ice was temperate. Since the current climate
change is likely to bring about warmer Arctic winters (ACIA, 2004), the contribution
to the mass balance from the cold content is likely to be reduced, as pointed out by
Woodward et al. (1997).

By using data from an automatic weather station (AWS) and ice temperature
measurements on Etonbreen (Western part of Austfonna), the contribution to the
mass balance from the winter cold during the melt season of 2004, has been
estimated for one point about 350 m.a.s.l., well below the equilibrium line.
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Figure 1. Modelled and observed melt from the start of the measurement period to the end
of the melt season of 2004. The observed melt curve which is derived from ultra sonic
ranger measurements starts on the day when the snow disappears, because it can not be
resolved before this as the evolution of snow density is unknown.

The AWS data has been used in an energy balance. The radiation components of
the energy budget are taken directly from measurements, and the turbulent fluxes
are modelled using bulk aerodynamic formulas (Oerlemans, 2000). The value of
the turbulent exchange coefficient is tuned so that the model reproduces measured
melt during a short period after the snow has melted, when the heat flux into the
ice is small. The resulting value is 0.0032. When this value is used also in the rest
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of the model period, the model is thought to calculate potential melt, i.e. the melt as
it would have been if the initial cold content was zero. Measured melt is derived
from the ultra sonic ranger. Total melt from the model should, when compared to
total measured melt, give an idea about the magnitude of the reduction in melt due
to cold ice. Modelled melt totals to 1.428 m w.e. and measured to 1.111 m w.e
(Figure 1). The difference between these (0.317 m w.e.) should correspond to the
change in cold content in the ice at this location during the model period. This
change has been calculated from the ice temperature measurements shown in
Figure 2. If the calculated change is expressed in terms of melt, i.e. divided by the
latent heat of fusion, it amounts to 312 m w.e. The discrepancy is small, just 5 mm,
which suggests that the surface energy fluxes have been modelled successfully.
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Figure 2. Time-depth contour plot showing the temperature evolution in the ice and the
lowering of the glacier surface due to melt at the location of the AWS. Measurements were
made at the depths indicated by the tick marks on the y-axis. Values for each day are
interpolated linearly between the measured values. The bottom thermistor is used as datum
(depth = zero) to avoid confusion arising from the lowering of the surface. The vertical line
indicates the day on which the snow disappears.

This shows that the winter cold contributes to the net balance at this location by
~0.3 m w.e., roughly equal to the winter balance and to about 30 % of the summer
balance at this location. The magnitude of the contribution from the cold content on
the mass balance is therefore substantial and is likely to decrease as MAAT, and
especially winter temperature increases.
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MASS BALANCE AND VELOCITY STUDIES ON MCCALL GLACIER

MATT NOLAN

University of Alaska Fairbanks

We used a network of approximately 60 stakes on McCall Glacier to examine mass
balance and velocity between 2003-2005. McCall Glacier is a small (6.5 ka) land-
terminating glacier in the north-eastern Brooks Range in Alaska, about 100 km
from the Arctic Ocean. In this abstract, | present some preliminary findings on the
linkages between mass balance and ice dynamics.

All of our stakes, except for two, showed significant seasonal differences in speed.
The stakes were measured twice per year in 2003, 2004, and 2005 — once at the
end of winter in May and once at the end of summer in August. Nearly all of these
stakes showed a summer increase in speed, though the stake at the highest
elevation showed a summer decrease. The percentage change at all the poles
ranged from 5% to 100% seasonally. Small differences were also observed in
winter speeds between years on most poles. Figure 1 gives an example of this
seasonal variation at a pole located in mid-ablation area, where the fastest speeds
are observed. Maximum summer speeds are about 4 cm/day, with the summer
increase about 1 cm/day through much of the ablation area. Our general
interpretation of these seasonal variations is that the ice at the bed of the glacier
must be at or near freezing, rather than frozen solidly to the bed. One of the poles
that showed no seasonal change in speed was located near the terminus, which is
largely wasting away in place due to insufficient ice flux above. The other pole that
showed no seasonal change was located at the confluence of two tributaries, just
below the equilibrium line, where we suspect that the basal ice may be frozen to
the bed.

Dec2009 2003 Dec200 A 004 e 2004 22004 Dec2004

Figure 1. Speed of a pole in the mid-ablation area. Red dots indicate measurements, blue
lines are the average speed in between measurements. The error bars are about the size of
the red dots.
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We investigated the nature of this summer-speed increase by installing a
continuously-recording D-GPS network on the glacier. Figure 2 presents a 2005
GPS record from near the pole shown in Figure 1. Here we see that there is no
general increase in summer speeds, but rather that the summer is characterized by
sudden speed up events superimposed on the winter base-speed. Also shown on
this figure is daily ablation a few meters from the GPS pole, as recorded by a sonic
ranger. Between ice-melt beginning in mid-June and snowfalls beginning in
August, there is a clear correlation between the ablation rate and the speed of the
glacier. Not only does a temporal correlation exist, but the magnitude of the melt
seems to affect the magnitude of the speed. The same trends are seen at other
poles and also in 2003 and 2004. Our preliminary interpretation is that the cause of
the speed variations are variations in melt-water supply to the bed, and further that
the basal drainage system may stay small and immature throughout the year, such
that any increases in water flux leads to overpressurization of the conduit system
and a decrease in the shear stress that the bed can support. Understanding these
dynamic responses to mass balance on McCall Glacier will be a major focus of our
efforts for the IPY’s Glaciodyn project.
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Figure 2. Daily speed and ablation in 2005 of a pole in the mid-ablation area. The blue line
represents the average winter speed. As can be seen, the summer increase in speed is
characterized by rapid motion events, rather than a smooth increase. Further, the rapid
motion events appear to be related to the melt rate.
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Within the percolation zone of a given ice mass, meltwater generated at the
surface refreezes at depth in the snowpack/firn thereby playing an important role in
the mass balance (Pfeffer et al 1991). However, the proportion of the positive
annual mass balance contributed by refreezing and the spatial variations in density
structure, which result from refreezing remains poorly understood. In this study we
aim to investigate spatial and temporal variations in firn/snowpack density and
mass balance in the percolation zone of the Greenland ice sheet. The fieldwork
site is located along the EGIG line at T5 (T5 - 69° 51'N 47° 15'W) at ~1950 m
elevation in the percolation zone. Fieldwork was carried out before and after the
onset and cessation of melt in spring (April-May) and autumn (September) 2004
respectively. A nested grid array was used, with sites investigating snowpack/firn
density located at 1 m, 10 m, 100 m, and 1 km intervals, from T5 parallel to the
EGIG line towards the dry snow zone, and perpendicular to the EGIG line.

At each site density measurements were taken from each stratigraphic layer in a
showpit dug to the previous end of summer (2003) layer. In addition, a 3 m core
was retrieved from each site and density measured according to its stratigraphy.
One long core (18 m depth) was retrieved and the density logged at 0.1 m
resolution. Snow/firn samples were taken from stratigraphic layers in each pit, and
at 0.1 m intervals down the long core and the ionic concentrations were measured.

By using depth density profiles taken from the autumn shallow cores across the
nested grid, the effect of meltwater percolation and refreezing on spatial variability
in the density could be investigated. Despite significant density changes throughout
all the profiles, no consistency was seen across the area. Differences seen in
density profiles taken from three sides of a 1 m? showpit, demonstrate the short
length scales at which density varies.

A significant change in bulk density of the snowpack was seen between spring and
autumn. The average denS|ty of each pit in spring was 0.27 g cm’®, which had
increased to 0.40 g cm’ by autumn. Although the average density increase was in
part due to superimposed ice that accounted for on average 10% water equivalent
of each autumn pit, the firn between the individual ice layers had also increased in
density.
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In order to investigate whether meltwater was percolating below the current year's
accumulation the change in density from spring to autumn for the 1.5 m firn
columns beneath the end of summer 2003 layer were measured. The expected
change in density due to compaction was predicted from the changes in density
observed in the 18m long core (Fig. 1). The results suggest that only ~50% of the
observed densification would be expected as a result of compaction therefore
suggesting that a significant amount of meltwater does percolate down below the
previous summer’s melt-surface.
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Figure 1. 10 cm resolution depth density profile from long core taken in spring 2004.

In addition to estimating likely rates of compaction, the long core was retrieved in
the hope of generating a longer mass balance time series. Density measurements
were taken in the lab at a 10 cm resolution in an attempt to establish annual layers
(Fig. 1). However, whilst there were clear fluctuations in density, it was not possible
to detect patterns indicating annual layers. The long core was therefore analysed
at 10 cm resolution to determine whether variations in ionic concentrations could
be used to distinguish annual layers.

Each 10cm ‘bulk’ sample was thus analysed for Chloride, Sulphate, Nitrate,
Sodium, Potassium, Magnesium and Calcium. Of these Chloride is the most stable
within the pack, so should give a better indication of any annual signal present.
Unfortunately, annual layers could still not be reliably resolved (Fig. 2) and the core
will now be further analysed to determine whether oxygen isotopes can resolve an
annual time series.

Meltwater percolation and refreezing accounts for a 33% increase in the average
2003-2004 snowpack density. However measuring the contribution it has to the
positive annual mass balance is complicated by short scale density variations of
less than 1 m°. Generating a longer time series using the 18m core has not been
possible yet as annual layers cannot be identified through density changes or ionic
chemistry signals. In addition to this, for accurate mass balance estimates, the

68



volume of meltwater percolating below the previous summer melt horizon must be
accounted for.
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Figure 2. Chloride concentrations at 10cm resolution from the long core
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CoLUMBIA GLACIER AT MID-RETREAT

W.T. PFEFFER

Institute of Arctic and Alpine Research, University of Colorado, Boulder, USA

Since the early 1980s, Columbia Glacier has retreated 15 km from its original
endpoint in the Pacific Ocean in Alaska’s Prince William Sound, thinned
approximately 400 m at the position of the present (2006) terminus, and in the
period 1994-1997 reached flow speeds as high as 27 m/day. The glacier is the
largest single contributor to sea level rise among all North American glaciers, and
accounts for about 10 percent of total glacial discharge from the Alaska/Yukon
region each year. Flow speeds have diminished to ~10-15 m/d since their peak in
1994-1997 for reasons which are not immediately apparent. Calving rate remains
high.

The retreat of Columbia Glacier is part of a cyclic pattern of slow advance and
abrupt retreat typical of Alaskan tidewater glaciers. Alaskan tidewater retreats
provide a model for apparently similar retreats now beginning on the outlet glaciers
of southern Greenland, although in light of the current world-wide retreat of land-
terminating glaciers, it is an open question as to whether re-advance will be
possible following retreat, either in Alaska or Greenland.
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Figure 1. Relationship between force balance terms and velocity, for typical conditions
during retreat, shown here for 1984. Terms are normalized; <, is basal grad, tq is driving
stress. Velocity toward terminus (increasing t) increases with diminishing with ty. Prior to
retreat, velocity diminished with diminishing .

Force balance calculations have been made (O'Neel et al, 2005) from the time
series of 21 photogrammetrically-determined velocity fields (Krimmel, 2001)
spanning the retreat of Columbia Glacier, from 1977 (before the onset of retreat) to
2004. The results of the force balance calculations show that both driving stress
and basal drag diminish toward the terminus, consistent with thinning and
reduction of surface slope. The dominant source of resistance to flow lies in the
basal drag term, but is located at a position upstream from the terminus, and the
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location of maximum basal drag migrates upstream as retreat and thinning
progress. As a consequence of the upstream location of maximum basal drag,
longitudinal stresses in the low-slope, high-velocity terminus region are extensile,
which contributes to further thinning.

The glacier sliding speed is inversely correlated with local driving stress following
the onset of retreat, although a more normal pattern (reduction in velocity
associated with reduction in driving stress) is apparent for velocity fields from
before the retreat (Figure 1).
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Figure 2. Location of maximum basal drag along the centreline coordinate of Columbia
Glacier, shown as a function of time. The abrupt jump from ~km 53-54 (the location of a
major lateral constriction) to ~km 48-48 occurred as the retreating terminus entered the
constriction in 2000.
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Figure 3. Location map, showing position of maximum basal drag before and after jump in
2000. Base map from Krimmel, 2001.
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The position of maximum basal drag did not migrate smoothly upstream, but
jumped upstream recently from a position of major lateral constriction as the
terminus approached that constriction, as shown in Figures 2 and 3. This migration
should place the ice between the present terminus (still near km 54) and the new
position of basal drag in extension, promoting thinning. This extensile regime,
combined with a broadening channel, deepening water, and reduced flow speed,
should accelerate calving, and speed the retreat of the terminus toward km 48-49.
Ice in the terminus region is presently grounded in water and at ~60-90% of
floatation. The glacier bed does not rise above sea level for another ~15 km
upstream from the terminus, and continued retreat over this distance is anticipated
during the next ~20-25 years.
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CONSIDERATIONS ON SHORT-TERM AND SEASONAL
FLUCTUATIONS OF HANSBREEN - A SVALBARD TIDEWATER
GLACIER
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Mass loss due to calving is an important component of the mass balance of
tidewater glaciers. Calculation of the calving flux needs proper data on glacier
speed near its terminus. Velocity of Svalbard tidewater glaciers are changing in
space and in time (Pillewizer, 1939; Voigt, 1979; Jania, 1988). Glacier movement
increases towards the calving front and short period fluctuations of glacier speed
have been also noted (Vieli et al., 2004). Available data on glacier velocity for
Svalbard and for the whole Arctic are very limited and sparse.
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Figure 1. Location maps. A) Svalbard, Spitsbergen: H, Hansbreen (courtesy of the NPI). B)
Lower part of Hansbreen: T4, location of the stake where glacier superficial velocity has
been surveyed by electronic distance meter and precise GPS receiver; solid lines, elevation
contour lines; dotted lines, bedrock contour lines; glacier centreline is marked.
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This is the motivation for studies of flow speed of Hansbreen. To record diurnal,
short time, seasonal and inter annual fluctuations of the glacier speed and detect
factors driving such changes. An important aim of this project in progress is also an
attempt to obtain correct mean annual flow velocity close to the glacier terminus.
One element of the project is related to comparison of the INSAR data on glacier
speed, usually derived from March or April images, with annual course of glacier
velocity. An answer to the question of how representative are the short time-span
INSAR data for mean annual velocity (c.f. Jania, 2002) is important for estimation of
calving flux.

Hansbreen is a medium size polythermal grounded tidewater glacier in South
Spitsbergen, Svalbard (Fig. 1). Its area is c. 56 km?; length c. 16 km and mean
slope along the centreline 1° 40'. Ice thickness is reaching 400 m. Floor of the
glacier valley lies well below sea level, having three overdeepened basins (Moore
et al., 1999). The uppermost one is located under lower part of the main
accumulation area.

Figure 2. Electronic distance meter on a permanent metal tripod on the slope of
Fugleberget. Location of stake T4 is marked on the Hansbreen surface (Photo by D.
Puczko).

Survey of Hansbreen velocity has been conducted by an electronic distance meter
from a permanent metal tripod on the slope of Fugleberget (Fig. 2) on intervals of
1-3 weeks (dependent on weather conditions). Positions of 6 stakes were
determined by general accuracy +/- 4 cm (while the instrument nominal accuracy is
1 ppm). In this work velocity at the stake T4 only is considered. The stake is
located c. 4 km from the terminal ice cliff (cf. Fig. 1). Longer series of the precise
differential GPS time-lapse survey of the glacier velocity was conducted close to
this stake in 2003, 2004 and have been recorded continuously since fall 2005. An
automatic weather station with ultrasonic ranger is also located close to stake T4.

Results show that Hansbreen flow velocity fluctuates on the diurnal, short period,
seasonal and interannual time scales. Glacier speed at the T4 reacts to additional
water supply from the surface to its bed at the beginning of melting in late spring. It
is well visible by comparison of melting rate and mean daily glacier velocity (Fig. 3).
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Heavy rainfalls and positive air temperatures were noted in January 2006 as
exceptional winter evens. As a consequence increase of glacier speed was
recorded by the precise GPS receiver (Fig. 4).
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Figure 3. a) Fluctuations of glacier velocity in spring and beginning of summer 2004. b)
Comparison with ablation on stake T4 (204 m a.s.l). ¢) Mean and maximal daily air
temperature and liquid precipitation events at the Hornsund meteorological station (9 m
a.s.l).
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Figure 4. a) Course of glacier velocity at stake T4 (201 m a.s.l.) in the period 10 September
2005 — 20 January 2006 in comparison to b) precipitation in the Hornsund station (9 m
a.s.l.). Rainfall events in January 2006 are marked in red. c) Mean daily air temperatures
near stake T4 and mean and maximal daily air temperatures in Hornsund.
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Presented observations are in agreement with results of similar studies on
Hansbreen conducted during last 10 days of June and in July 1999 (Vieli et al.,
2002). In summer, the englacial drainage system is well developed and melt water
could migrate to the glacier bed, increasing subglacial water pressure and in
consequence basal sliding (as observed in 1999). Increases of glacier velocity after
rainfalls during winter (January 2006) and when air temperature raised in early
spring (April 2005) suggest high sensitivity of the glacier to additional intake of
water into the system even in the cold period of the year. Hansbreen bed
topography is favourable for retention of subglacial water due to a low glacier slope
and overdeepenings of the subglacial valley.
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Figure 5. Seasonal fluctuations of the glacier velocity in the period 2000 — 2005. Results of
the survey by the electronic distance meter. Summer and fall speed up events are marked
by arrows. Mean annual flow velocity for years 2002/2003 — 2004/2005 is marked.

Seasonal fluctuations of glacier velocity have been detected and differ from the
classic course (Fig. 5). Significant acceleration of movement has been noted also
in fall (e.g. 2002, 2003). Presented data are the longest for Svalbard glaciers.
Unfortunately, they are still insufficient to answer the question why after well
pronounced summer speed up the fall one is not observed (e.g. 2004, 2005).
Interannual differences in mean winter level of velocities appear from the
presented record. Glacier velocities during winter 2003/2004 are higher than in
other cold seasons. Reasons of it are unclear and probably affected by several
factors.

One of the possible hypothesis is a longer time of retention of melt water within the
accumulation area due to its slow percolation through firn and englacial drainage
system down to the bed. Simple estimation basing upon a melting rate of
Hansbreen during these particular summers suggests delay by c. 2 years.
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In conclusions it could be stressed that:

- Short term fluctuations of the glacier speed during winter and spring might
cause significant differences between the INSAR data on flow velocity (derived
usually in the cold period of the year) from realistic mean annual values.

- Mass loss due to calving of Svalbard glaciers couldn’t be calculated from the
INSAR survey but only estimated with an accuracy +/- 20-30%. Svalbard
tidewater glaciers have in majority small slopes and overdeepened subglacial
valleys. They seem to behave similarly to Hansbreen in respect to fluctuations
of velocity on different time scales.

- Definition of the role of particular factors driving glacier velocity changes needs
further study. Proximity of the Polish Polar Station, Hornsund is giving
possibilities for the continuous record of the glacier velocity and meteorological
conditions responsible for melting rate on the glacier.
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MODELLING FUTURE GLACIER MASS BALANCE AND VOLUME
CHANGES OF STORGLACIAREN, SWEDEN, USING ERA40-
REANALYSIS AND CLIMATE MODELS DATA

VALENTINA RADIC AND REGINE HOCK

Department of Physical Geography and Quaternary Geology, Stockholm University,
Stockholm, SWEDEN

Mass balance and volume evolution of Storglacidren, a small valley glacier in
Sweden, is predicted until 2100 using a temperature-index mass balance model,
ECMWF re-analysis (ERA-40) and input from climate models, with emphasis on
the sensitivity of results to the choice of climate model and variants of adjusting
ERA-40 temperatures to local conditions. ERA-40 temperature and precipitation
series from 1961-2001 are validated and used as input to the mass balance model
and for statistical downscaling of one regional (RCM) and six global climate models
(GCMs). Future volume projections are computed using volume-area scaling [Bahr
et. al., 1997] and constant glacier area.

Validation of ERA-40 in the Storglaciaren’s region showed that ERA-40
temperature explains more than 80% of variance for observed daily, monthly and
annual temperatures at station close to the glacier and that inter-annual variability
is captured well. Precipitation from ERA-40 explains, on average, 50% of variance
from observed precipitation sums and inter-annual variability is captured sufficiently
well for use in the mass balance modelling.

The mass balance model driven by nine variants of ERA-40 input performs
similarly well regardless of temporal resolution of the input data (daily or monthly
averages) and regardless of adjusting ERA-40 temperatures to observations in
order to fit better to station data. However, the model explains more variance of
measured mass balance (70%) when the ERA-40 temperatures are reduced prior
to input to mass balance model to coincide better with locally colder air
temperatures at the glacier surface. This reduction is derived from optimizing the
lapse rate when tuning the model and therefore is independent of observations.

Projected future volume series derived from the mass balance model which is
forced by statistically downscaled outputs of one regional and six GCMs with B2
emission scenarios result in a volume loss of 50-90% of the initial volume by 2100.
The differences in these projections vary with 40% of the initial volume and are
mainly due to different climate projection from the GCMs (Fig 1d). Each volume
projection varies in a range of 20% due to applied volume-area scaling or constant
area (Fig 1c). The choice of the method in the mass balance modelling, after
excluding obvious outliers, gives the uncertainty range of 10% to each volume
projection (Fig 1a), while the choice of the baseline period for the downscaling
method results in 3% uncertainty range (with the outlier excluded) (Fig 1b).
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Figure 1. Volume projections for Storglacidren in the 21% century derived from: (a) eight
methods (I-VIIl) of the mass balance model and RCM output downscaled with ERA-40
reference climate for the baseline period 1961-2001, (b) method VII applied on the RCM
output downscaled by use of five different baseline periods, (c) method VII applied on the
RCM, downscaled using the 1961-2001 baseline period, and with volume-area scaling and
constant area, (d) method VII applied on the six GCMs which are downscaled using 1961-
2001 baseline period. In all projections, unless noted differently, the volume is derived from
volume-area scaling.

Modelled projections are not only highly sensitive to the choice of GCMs but can
completely offset the results if the biases in GCMs output are not corrected by the
reference climate i.e. if the proper downscaling method is not applied. The static
mass balance sensitivities to future temperature and precipitation change,
calculated as running difference between 20-year averages of net mass balance
(by) and averaged b, over the reference period 2001-2020, show very small
variations in time with the mean value of db/dT=-0.48 m a™ K" and db/dP=0.025 m
a’t per 1% precipitation increase.

The applied mass balance model is capable to determine future volume changes
that are comparable with those derived from more sophisticated models
[Oerlemans et al., 1998; Schneeberger et al., 2001] and that the estimated static
mass balance sensitivity corresponds well to previous estimates [Braithwaite et al.,
2002; de Woul and Hock, in press]. A possible way of using our results for global
assessment of glacier volume change in the 21st century is direct application of the
model to other glaciated regions taking advantage of the model's simple
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requirements for meteorological data, which are widely available from ERA-40
reanalysis. However this has an inevitable shortcoming in the need of measured
seasonal mass balance, which are necessary for calibrating the model. Further
study is needed to evaluate how far the calibrated mass balance model for one
glacier is transferable to other glaciers and whether representative sets of model
parameters can be found for glaciers in similar environmental settings.
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THE MULTI-LAYER SNOW MODEL SOMARS IN A DISTRIBUTED
ENERGY AND MASS BALANCE MODEL

CARLEEN REIJMER! AND REGINE HOCK?

!Institute for Marine and Atmospheric Research, Utrecht University, Utrecht, the Netherlands
2Department of Physical Geography and Quaternary Geology, Stockholm University,
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Summary

The multi-layer snow model SOMARS was implemented in a distributed energy
and mass balance model. The model was applied on Storglaciégren, a small valley
in Northern Sweden. The results were validated using automatic weather station
observations and surface mass balance observations using stakes and a sonic
altimeter. The model is well capable of reproducing the temporal variations in mass
balance at the weather station site. The spatial distribution of the mass balance is
less well reproduced with large underestimation of melt at the lower part of the
glacier. Largest change in mass balance when introducing the multi-layer snow
model occurs in the accumulation area and is due to internal accumulation, which
lowers the calculated average summer balance of the glacier by 10% from
1.43 m we to 1.29 m we.

4l L2 .
Figure 1. Picture of Storglaciéren (photo: Regine Hock).

Introduction

In recent years effort has been put into the development of distributed models to
calculate glacier melt in order to obtain better estimates of the summer balance of
glaciers in addition to obtaining a better understanding of the spatial distribution of
melt on glaciers. Here, we present a distributed energy and mass balance model in
which we implemented a multi-layer snow model in order to improve the calculation
of the surface temperature, and mass loss. Furthermore, the multi-layer snow
model will provide us with more information on the internal structure of the snow
and firn layer, especially on internal accumulation and the formation of super
imposed ice. We applied the model on Storglacidren, a small valley glacier in
northern Sweden (Figure 1). The advantage of this glacier is the amount of data
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available to force our model and to validate our results with. Here, we will focus on
the summer mass balance of the glacier in 1999.

Model

We use the distributed energy and mass balance model of Hock and Holmgren
(2005). The model solves the surface energy balance as described by the following
equation at each grid point of a grided area:

Sn(l_a)+Lin_Lout+H+LE+QR+QG:Qm' (1)

where Sj, is the short wave incoming (or global) radiation, a is the surface albedo,
Li, and Lo, are the incoming and outgoing long wave radiation, H and LE are the
turbulent fluxes of sensible and latent heat, respectively, Qg is the energy supplied
by rain, Qg is the sub-surface energy flux and Qy is the energy used for melt.
Fluxes towards the surface are defined positive. The method to determine each
component of the energy balance at each grid point is described extensively by
Hock and Holmgren (2005). Here we focus on the calculation of Qg, Qn and the
surface temperature Ty, the latter is needed for the calculation of Loy, H and LE.

In the original model T, is determined by way of an |terat|ve method. First, the
assumption is made that Qg is small and set to either 0 Wm™ or a small constant
value. Next, Ty is set to O°C and the different terms in Eq. 1 are calculated. In case
Qw is positive or 0 Wm? no further steps are taken and Qy is used to calculate
melt, which is equal to runoff. In case Qy is negative Ty is lowered by 0. 25°C and
the calculation is repeated. This procedure is repeated until Qy is 0 Wm™. This
method produces reasonable results as long as Qg is indeed small, as is the case
on temperate glaciers.

Figure 2. Digital elevation model Storglacidren. A black contour line outlines the glacier. The
black dots indicate the stake locations and the red dot indicates the location of the weather
station.

A more sophisticated way of determining To, Qg and Qy is by using a multi-layer
snow model. The model implemented here is the SOMARS model (Simulation Of
glacier surface Mass balance And Related Sub-surface processes) developed by
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Greuell and Konzelmann (1994) and tested extensively by Bougamont et al.
(2005). The model solves the thermodynamic energy equation on a vertical grid
extending from the surface to +30 m depth. Model output consists of vertical
profiles of snow temperature, density and water content. The model takes into
account percolation and refreezing of melt water, slush formation and densification
of snow.

The model is applied on Storglacidren, a small valley glacier in northern Sweden
(Figure 1). The area of the glacier is 3 km? and the elevation ranges from ~1120 m
to ~1730 m asl). The model is forced with automatic weather station observations
for the period 9 May - 2 September 1999. The AWS was located on the glacier at
1370 m asl, close to the equilibrium line. For validation, T, derived from Ly
observations, data from a sonic altimeter located close to the weather station, and
mass balance data from 53 stakes on the glacier were used (Figure 2).

Results

Figures 3 and 4 present the results of the validation. The mass balance produced
by the model is very sensitive to the albedo parameterization, the description of the
turbulent fluxes, especially the surface roughness lengths, and the description of
show fall. As a result, after tuning, the model represents the temporal variations in
surface mass balance at the weather station site very well (Figure 3a). However,
the spatial distribution of the summer balance is more difficult to reproduce
correctly. The model underestimates the amount of melt in the lower regions of the
glacier. A reason for this could be spatial variations in surface albedo of ice that are
not included in the model. The iterative method has the same problem.
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Figure 3. a) Time series of mass balance at the AWS site. b) Modelled summer melt as a

function of observed at 53 stakes on the glacier. Stake locations are plotted in Figure 2.

The spatially distributed summer balance is plotted in Figure 4a. Over the complete
glacier melt occurs in summer. Values range from 5 mm we on the southern
highest parts to a maximum of 2.27 m we on the lowest northern parts of the
glacier, clearly showing the effects of sun exposure on melt. The snowline on 2
September was at about 1480m asl. The modelled average summer balance for
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the glacier is -1.29 m we. From observations the summer balance for 1999 was
estimated to be -1.51 m we. The too low value from the model can be attributed to
the fact that the observations include the month of September.

One of the advantages of the multi-layer snow model over the iterative method is
the possibility of melt water to percolate into the firn where it can refreeze. In the
iterative method all melt immediately results in mass loss. As a result the average
mass balance produced by the iterative method is larger than in the multi-layer
snow model. Figure 5 gives an impression of the spatial distribution of the internal
accumulation. To obtain this figure first the snow cover on 2 September was
subtracted from the snow cover on 9 May. The snow cover on 9 May is the winter
balance and the difference is therefore the amount of last winter snow that melted
during the summer. From this difference the modelled summer balance at each
grid point was subtracted. Resulting negative values indicate that all last winter
snow has melted, plus an additional amount of firn or ice. A value of 0 indicates
that only last winter snow has melted but nothing more, while a positive value
indicates that the amount of last winter snow melted is more than the mass loss
indicated by the summer balance at that grid point. This means that the part of the
melted snow has percolated into the firn and has not yet resulted in mass loss. The
figure therefore gives an impression of the horizontal distribution of internal
accumulation in the firn area.
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Figure 5. a) Summer balance of Storglaciaren calculated over the period 9 May - 2
September 1999. b) Amount of last winter show melted away on 2 September minus the
summer balance. See text for further explanation.
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To give an impression of the effect of taking into account internal accumulation on
the average mass balance of the glacier, the mass balance was also calculated
assuming that all melt resulted in immediate mass loss, as is the case in the
iterative method and is assumed when using stake readings to estimate the
summer balance. Including this extra mass loss the average modelled summer
balance would have been -1.43 m we, which is 10% more than including internal
accumulation (-1.29 m we).

Conclusions

The multi-layer snow model is well capable of calculating the mass balance of the
glacier. It is more suitable to be used on polythermal glaciers where Qg cannot be
neglected. The model additionally provides information on the sub-surface. Internal
accumulation is computed and (not presented here) the formation of superimposed
ice.
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A SURFACE MASS BALANCE MODEL FOR AUSTFONNA,
SVALBARD
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Continuous meteorological data series of the 2004/05 period were retrieved from
two automatic weather stations (AWS) which were operated on the Austfonna ice
cap, Svalbard. In addition, mass balance measurements were conducted using a
network of stakes distributed across the ice cap. The distribution of snow
accumulation was determined along several profile lines using radar sounding.
These data form the basis for a model of the surface mass balance. The spatial
accumulation pattern was derived from the snow depth profiles using regression
techniques and ablation was calculated using a temperature-index approach.
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Figure 1. Comparison of the model performance for two different variants of model
formulation. Lefthand column shows modelled (red) and measured (blue) ice ablation at the
two AWS Eton 2 and Eton 4 (a and c). The scatter plots on the righthandside compare
modelled (x-axis) and measured (y-axis) net mass balance at the individual stakes. Results
a and b were produced without taking refreezing into account, whereas the computation of ¢
and d included a formulation of superimposed ice formation.
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The model parameters were calibrated using the available field data. Parameter
calibration was complicated by the fact that several different parameter
combinations yielded equally acceptable matches to the stake data. However, the
resulting glacier net mass balance differed a lot between the different
combinations. Validating model results against multiple criteria is an effective
method to face equifinality. In doing so, a range of different data and observations
was compared to several different aspects of the model results. Some of these
criteria are semi-quantitative, thereby inhibiting to be included in an automatic
method to estimate parameter values. However, we prefer to use all available
criteria instead of applying an automatic procedure and hence, the manual
calibration of the model requires extensive interaction by the operator.
Nevertheless, this procedure makes it easier to directly identify the potential source
for misfits and therefore, contributes to improve the model conceptually. As such,
the systematic underestimation of net balance while at the same time ice ablation
was reproduced correctly, suggests that refreezing processes play an important
role. To represent the formation of superimposed ice, a simple p-max approach
was included in the model formulation. Adopting p-max values in line with those
used in previous studies, a satisfying model performance was achieved (Fig. 1).
Used as a diagnostic tool, the model suggests that the surface mass balance for
the period May 2004 — May 2005 was negative (~ -0.3 m w.e.; compare Fig. 2).
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Figure 2. Map showing the distribution of modelled net mass balance of Austfonna over the
period May 2004 — May 2005. Values are given in mm w.e. and the coordinates are in km
Northing (y-axis) and Easting (x-axis) UTM33.

In the future, work will be undertaken to define appropriate criteria enabling
automatic parameter estimation and more advanced methods to describe the
formation of superimposed ice will be implemented. Then, the model offers the
possibility to predict or reconstruct the mass balance evolution when applying
projected or reanalyzed meteorological data. At that stage, it can be coupled to an
ice-dynamic model to asses the response of Austfonna to climate change.
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EXEGESIS OF INTERFEROMETRIC AND ALTIMETRIC
OBSERVATIONS IN SOUTH SPITSBERGEN

ALEKSEY |. SHAROV

Institute of Digital Image Processing, Joanneum Research, Graz, Austria

The present paper is based on the main outcomes of the INTEGRAL (EC FP6) and
SIGMA (ESA AO No0.2611) research projects devoted to enhanced modelling of
glacier mechanics and studying the regime and changes of large European
tidewater glaciers from satellite interferometry and altimetry. Synthetic aperture
radar interferometry (INSAR) is regarded as a highly informative remote sensing
method for glacier studies. Still, the exegesis [from Greek exegeisthai - to explain,
interpret] or critical interpretation of the spaceborne interferograms taken over
labile glacial environments is by no means straightforward and necessitates
additional constraints and precise topographic reference models. Precipitous
glacier faces, rapid changes and the lack of adequate reference models pose
essential difficulties in geocoding of glacier interferograms and distinguishing
between the impacts of ice surface topography and surface displacement on the
interferometric phase.
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Figure 1. H-H test site in a small-scale map of Svalbard (a), in raster DEM of South
Spitsbergen (1936, b), and in INSARAL composite (1996-2003, c).
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The underlying concept of the research is to facilitate the geometric processing of
interferometric data and to compensate for the lack of reliable reference models in
extensive glacial areas with precise altimetric and photogrammetric data, yet
without or independently of the use of surveyed control points. The study area
comprises the Sor-Spitsbergen National Park in south Svalbard, Norwegian Arctic
with a total land area of approx. 4,500 km2. The basic test site of smaller size
covers the system of Hornbreen and Hambergbreen tidewater glaciers (H-H)
situated in the southernmost part of the Svalbard archipelago (Fig. 1a) and
characterized with high rate of spatial changes. The character and causes of these
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changes are not fully understood at present. Up-to-date topographic maps and
digital elevation models of the test site are either nonexistent or of limited quality
and coverage. The geometric constraints needed for the precise interferometric
modelling of the study glaciers were thus derived from spaceborne ICESat-GLAS
altimetric transects and ASTER-VNIR imagery.

The Hornbreen-Hambergbreen system is composed of two relatively thin and flat
grounded tidewater glaciers flowing in opposite directions, terminating and calving
in deep waters of Hornsund in the west and Hambergbukta in the east, and forming
a relatively narrow ice isthmus, which connects Sérkapp Land with the main island
of Spitsbergen. According to available topographic maps the width of the “ice
bridge” exceeded 35 km in 1900 and was still about 25 km in 1936. Ice surface
elevation does not exceed 220 m a.s.l. over the most part of the elongate glacier-
covered valley between Hornsund and Hambergbukta. The vague ice divide
separating Hornbreen from Hambergbreen is dissected by two nearly parallel melt-
water channels flowing eastwards 2 km apart from each other. There are no
nunataks at the H-H ice divide and there is strong evidence that the glacier bed lies
below sea level in this area. The ground penetrating radar surveys performed by
Finnish colleagues in the year 2000 after the airborne radio-echo soundings done
by Russian and British explorers in 1980-s could neither verify nor negate the
hypothesis about the presence of a sub-glacial strait between Torell and Sdérkapp
lands, which was first expressed 30 years ago by V.Koryakin.
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Figure 2. Predicted tides for the instants of INSAR surveys: 09/10.04.96 (a / b) and
17/18.12.97 (c / d).

Surprising is that tides in south Svalbard, which can reach 1.5 m (Fig. 2) and might
essentially influence ice-loss processes in marginal parts of tidewater glaciers, had
not been taken into account in previous studies. We therefore tried to apply tide-
coordinated INSAR data to determining the modes of ice motion, deformation and
destruction in the ice-bridge area, which becomes thinner and narrower with time. 7
spaceborne repeat-pass ERS-1/2-SAR interferometric tandem pairs taken in 1995 -
1997 at 1-day intervals under steady cold weather conditions were selected so as
to provide short spatial baselines within the range of 0 — 100 m (Tab 1). The INSAR
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data was processed in a standard way using the RSG 4.6 in-house software
package. The amplitude of astronomical tides at Longyearbyen was determined for
the times of INSAR data acquisition using the tidal prediction service provided by
the University of Oslo (Fig. 2). The INSAR image data obtained in March and April
1996 shows an extensive area of fast sea ice attached to tidewater glacier faces
and along glacier-free coasts. This feature was used for the regional estimation of
tidal effects and indirect interpretation of tide-induced glacier ice motion.

Table 1. List of ERS-1/2 INSAR pairs for south Svalbard.

Satellite Date Acquired  Orbit Frame Normal Tide / Atm. pressure,
baseline, m mb

E1/E2  30.05.95/ 20251/ 2025 -3 ® 20 cm diff /H
31.05.95 0578, D

E1/E2  23.10.95/ 22346/ 2043  +33 ® 5cm diff/H
24.10.95 02673,D

E1/E2 07.12.95/ 22985/ 2025 +29 O 10 cm diff /H
08.12.95 03312,D

E1/E2  10.12.95/ 23028/ 2025  +17 C 15 cm diff / 1005
11.12.95 03355, D > 1000

E1/E2  05.03.96/ 24259/ 2025  +169 O 10 cm diff /H
06.03.96 04586, D

E1/E2  09.04.96/ 24760/ 2025 -39 C 1 cm diff/H >
10.04.96 05087, D 1000

E1/E2 17.12.97/ 33597/ 1557  -108 €25 cm diff / H
18.12.97 13924, A

Fig. 3 represents typical fragments from multitemporal ERS-1/2-SAR
interferograms showing the H-H ice bridge at small (= 5 cm, a), medium (= 15 cm,
b) and large (> 15 cm, c) differences in water level. The comparative analysis of
multitemporal interferometric products revealed very interesting motion features
that increase in length and number with water level difference. In the case of high
water level and large level differences, these features join together to form a
lambda-shaped stripe that spans the Hornsund Fjord and Hambergbukta (Fig. 3b
and c). The general origin of these features is believed to be related primarily to the
vertical displacement of the ice surface forced by tidal motions.

a), medium (07/08.12.95, b) and large (17/18.12.97, c) differences in water level.
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Preliminary measurements in geocoded INSAR amplitude images showed that the
width of the ice isthmus decreased from 14.4 km in 1990 to 10.2 km in 1996. The
present width of the more or less steady (unstressed) part of the ice bridge at the
narrowest point was estimated at approx. 2.1 km. INSAR amplitude and phase-
gradient images of 1996 showed an increase in surface roughness and ice
deformation in marginal parts of the ice bridge (Fig. 4). Hence, we expected to see
their continued destruction in the nearest future. The hypothesis about faster
changes of stressed areas at glacier margins has recently been proved. The
ASTER-VNIR optical image taken on August 7, 2004 showed that large frontal
parts of both Hornbreen and Hambergbreen glaciers had disintegrated, and the ice
bridge width had decreased from 10.2 to 8.8 km. Only broken sea ice and icebergs
can be seen offshore Ostrogradskifiella, which turned into Cape Ostrogradski.
Sikorabreen, formerly a tributary of Hambergbreen, had become a separate
tidewater glacier. It was confirmed that the high glacier strain rates manifested in
our phase-gradient images reliably indicated both glacier retreat and advance, the
latter was detected at the front of Mendeleevbreen, which had advanced about
400 m from its position of 1990.
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Figure 4. H-H ice bridge deformation in SAR interferometric products: amplitude (left) and
phase gradient image (right).

Our glacier interferometric and elevation models were further upgraded with laser
altimetry data obtained by the ICESat satellite in March, October and November
2003. 7 ICESat altimetric tracks were co-registered to corresponding maps,
elevation models and SAR interferograms using a straightforward transformation,
precise orbits and ERS-SAR sensor imaging model. The co-registration error was

91



characterized by an r.m.s. value of +1.2 pixel and the r.m.s. difference between
cartographic and altimetric heights of steady targets was given as + 0.7 m. The
results of co-registration were represented in the form of INSARAL composite
products so that every height spot within each altimetric transect is given
corresponding interferometric phase and coherence values (Fig. 1c). Such a
combination allows the actual glacier heights at specific target points between
altimetric transects to be determined and controlled. This provided the basis for
determining the present height of tidewater glacier fronts above sea level,
upgrading available DEMs of the study area and measuring glacier elevation
changes.

The comparison of ICESat altimetric transects with the hypsometric profiles derived
from existing topographic maps corroborated the significant (up to 100 m) lowering
of the glacier surface in the study area. The H-H ice-bridge elevation decreased by
even 130 meters and the surface roughness of the ice isthmus increased
drastically over the past years (Fig. 5). The sides of Hornbreen and Sykorabreen
have steepened. The H-H ice-bridge withdrawal was animated using all available
multitemporal models. The calculations revealed an almost linear decrease of the
ice-bridge width over time, and it was concluded that, under current environmental
conditions, the H-H ice isthmus will disappear by 2020.
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Figure 5. Glacier changes in the H-H test site: a) hypsometric profiles from topographic
maps (green) and ICESat altimetry data (blue); b) ICESat roughness (cyan) and ICESat
elevation (blue).

Table 2. Quantitative estimations of glacier changes in south Spitsbergen

Parameter Period Change Note

Ice coast length 1936 - 2004 +24.1+0.5km (+ 23 %) Due to irregular outlines of calving
glacier faces

Glacier area 1900 - 1936 -210+1 km? (- 5.6 %) -

Glacier area 1936 — 2004 -351.5+ 0.5km? (- 9.7 %) -

Average ice 1900 - 1976 -41.6m -

thickness

Average ice 1936 — 2004 -65m -

thickness

Ice volume 1900 - 1936 -79.2km?3 (- 10.9 %) Total ice loss

Ice volume 1936 — 2004 ca. — 100 km? (- 15.5 %) Total ice loss

Ice volume 1936 — 2004 -28.12 km? Ice loss due to marginal
disintegration

Ice wastage 1936 — 2004 0.0025 km?3/(a km) Extrapolated from local estimates

Both horizontal and vertical glacier changes were legibly represented in the form of
satellite image maps covering the whole Sor-Spitsbergen National Park at 1:300
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000 scale. The resultant maps and the animation can be accessed at
http://dib.joanneum.at/integral/ (cd results). Quantitative integral estimations of
glacier changes in the study area are given in Table 2. Our practical work
confirmed that it was much more convenient and, therefore, expedient to perform
integral planimetric measurements of glacier changes in linear and areal terms
over the whole study region from precise cartographic products than from separate
raw images. The approximate thickness of the submerged part of glacier faces
needed for the estimation of glacier changes in volumetric terms was determined
from available hydrographic charts and previous publications. The resultant values
of glacier changes correlate well with previous estimations made by other explorers
and show that, in the past decades, the rate of land-ice-loss processes in south
Spitsbergen have not changed significantly.
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PARAMETERIZING SCALAR TRANSFER OVER A ROUGH ICE
SURFACE

C.J.P.P. SMEETS AND M.R. VAN DEN BROEKE

Institute for Marine and Atmospheric Research, Utrecht University, Utrecht, the Netherlands

Background
Scalar transfer over ice surfaces in meso-scale and large-scale atmospheric
models, and from Automatic Weather Station (AWS) data is typically calculated
using the single level bulk-aerodynamic method. For this method the momentum
(zo) and scalar roughness (zs) lengths are the key parameters. Usually z, in the
ablation area during summer melt is taken to be constant while z is calculated with
a well known surface renewal model (Andreas, 1987). We test this method with
data obtained in the ablation area of the Greenland ice sheet along the so-called K-
transect (Figure 1).
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Figure 1. The K-transect and site locations in the ablation area of the Greenland ice sheet.
AWS sites are S5, S6, and S9 (red).

Since August 2003 three Automatic Weather Stations (AWS) located at sites S5,
S6 and S9 are operational (Figure 2). In addition, year-round Eddy-Correlation
(EC) measurements were performed at S6 from August 2003 to August 2004 in
order to study the surface processes.

Bulk-aerodynamic method
The bulk-aerodynamic method relates, e.g. for sensible heat flux, the temperature
difference between the surface and some height and a transfer coefficient with the
turbulence flux:

k2
H = pc.C,U(2)[T,- T(2)] and C,,=

[IN(z/zy)- az/L][In(z/ 2;)- ez/ L]
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with p the air density, C, the specific heat of air, Cy, the transfer coefficient, U(z)
the wind speed at height z, T(z) temperature, T, the surface temperature, k the von
Karman constant (0.41), and «.z/L the static stability correction (relatively well
known if the static stability is not large). The most uncertain parameters in this
equation are zo and zt (subject of this abstract).

Figure 2. AWS (background) and eddy-correlation measurements (foreground) at S6.

Momentum roughness lengths

The AWS are equipped with two measurement levels so that we can derive year-
round z, estimates for S5, S6 and S9. However, good care has to be taken in the
data analysis since z, derived from two level wind profile data is very sensitive to
all kinds of errors. Thorough validation of AWS against EC data for location S6
resulted in strict selection criteria that guaranteed a selection of good quality zg
results from our two level AWS data (see also Smeets and Van den Broeke, 2006).
In Figure 3 we show the year-round results of z, for S5, S6, and S9 on the left, and
a photograph from AWSS5, the location with the roughest surface, at the end of the
melt season in August 2003 on the right.

8aa

0
Figure 3. Left: year-round momentum roughness lengths (zo) for location S5, S6, and S9.

Right: a photograph of S5 taken from a helicopter at the end of the melt season in August
2003. The rectangle marks the AWS.
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Throughout winter (November to May) the surface is in general snow covered and
zp is fairly constant throughout the ablation area. However, when the melt season
starts in May, spatial variations in z, rapidly increase to a factor 1000 between the
lower ablation area (S5) and the equilibrium line (S9). These demonstrate the
importance of large temporal and spatial variations of z, throughout a large part of
the ablation area during the melt season. This result strongly contrasts with the
general assumption in turbulence flux calculations in models or from AWS data of
constant z, in the ablation area.

Scalar roughness lengths

Scalar roughness lengths are usually calculated with the renewal model presented
by Andreas (1987). Up to now the results of the model are validated over relatively
smooth snow/ice surfaces. The data we are presenting here enables us to test the
model results for a range of much larger z, values. First we straightforwardly
compare the EC- and bulk-flux results. Bulk-fluxes are calculated with inclusion of a
linear time dependence of zy as derived from our data. The surface temperatures
are derived from longwave outgoing radiation measurements. We select cases with
neutral to moderate stability. In Figure 4 we plotted the ratio of EC and bulk flux as
a function of binned z, classes. We plotted sensible and latent heat flux results
from S6 in Greenland. In addition, we plotted sensible heat fluxes from 2 locations
obtained during an experiment on a broad outlet glacier at the Vatnajokull ice cap
in Iceland in the summer of 1996 (e.g. Smeets et al., 1999).
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Figure 4. The ratio of EC and bulk-flux as a function of binned z, values. Year-round results
from S6 on the K-transect in Greenland and from two locations on a broad outlet glacier
from the Vatnajokull ice cap (Iceland, summer 1996).

In agreement with results from others, the fluxes agree well when the ice surface is
flat and smooth with z, up to threshold values of 0.1 to 1 mm. However, when
during the melt season the surface becomes hummocky, and 2z, grows
substantially larger than the threshold, the ratio of EC- and bulk-flux increases well
above 1 in a consistent fashion for all data (between 1.5 and 2 for zo> 10 mm).
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We recognize that, in case of a flat ice surface, z, is dominated by surface stress
originating from the substrate ice crystal cover. When the surface becomes
hummocky, however, form drag rapidly starts to dominate z,. Furthermore, our
results indicate that a hummocky ice surface promotes substantially higher heat
transfer then predicted by the model, meaning much too small z¢ values.

We hypothesize that the substrate ice crystal cover, that essentially controls the
heat transfer close to the surface, is better 'ventilated' in case of a hummocky ice
surface. Notice that this concept agrees with observations over rough vegetated
surfaces that can have scalar transfer efficiencies comparable to momentum (e.g.
Garratt, 1992). In other words, zo and z; can be equal in contrast to the usual
findings in a rough flow regime that zg >> z..

As a convenient alternative to Andreas model for smooth ice/snow surfaces we
fitted our hummocky ice data to the same model type yielding different coefficients:

In(zr / 20) =3.5-0.7.In(R+)-0.1.In(R«)%. In Figure 5 we plotted the results as is

usually done in this business, that is log(zs/zo) versus log(Rx), with R« = u.zp/v the
Reynolds roughness number. Both model curves are plotted together with our
smooth and rough ice data. In addition, we plotted some results from vegetated
surfaces (Garratt, 1992) to present our results in a broader perspective.
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Figure 5. Ratio of scalar and momentum roughness lengths as a function of the Reynolds
roughness number.

Conclusions

Data from ablation areas in Greenland and Iceland show that the use of the bulk-
aerodynamic method in models or for AWS data can be subject to large errors. The
momentum (z,) and scalar roughness (zs) lengths are the key parameters and the
former is usually taken constant while the latter is calculated with the model of
Andreas (1987). The data illustrate that during the melt season, in strong contrast
with assumptions, the momentum roughness lengths throughout the ablation area
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show very large spatial and temporal variations (between 0.1 and 10 cm).
Furthermore, when the surface becomes hummocky during the melt season, the
model of Andreas seriously underestimates heat transfer (up to 100%), i.e. the
calculated scalar roughness lengths are too small. We suggest, in case of
hummocky ice, the use of an alternative model fit derived from fitting our rough ice
data.
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ASSESSING UNASPIRATED TEMPERATURE MEASUREMENTS
USING A THERMOCOUPLE AND A PHYSICALLY BASED MODEL

C.J.P.P. Smeets

Institute for Marine and Atmospheric Research, Utrecht University, Utrecht, the Netherlands

Introduction

Since 1991, IMAU has deployed several AWS on different glaciers in different
climate regimes: Greenland, Morteratsch glacier Switzerland, Breidamerkurjokull
(Vatnajokull) Iceland, Hardangerjbkulen and Storbreen Norway, and also
Antarctica. In Figure 1A the location of the k-transect in the ablation area of the
West-Greenland ice sheet is shown with currently three AWS locations (S5, S6,
S9). S6 is depicted in Figure 1B. All AWS are equipped with the same unaspirated
and shielded temperature/humidity sensor, Vaisala HMP45C (see Figure 1C).
Unaspirated sensors are well known to give excess temperatures in relation to
incoming/reflected shortwave radiation and wind speed. In August 2003 year-round
turbulence measurements, including a fine wire thermocouple (Campbell FW3, &
7.6e-5 m, Figure 1D), were placed next to the AWS at location S6 on the
Greenland ice sheet (Figure 1B). This enabled a good comparison of the two
instruments.
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Figure 1. A) Cross section of the K-transect with three AWS locations (S5, S6, S9),
Kangerlussuaq area in West- Greenland, B) AWS and turbulence mast at location S6, C)
shielded Vaisala sensor, D) thermocouple.

A model to describe the temperature excess

In order to model the Vaisala temperature excess we first derive a model for the
excess temperature of the thermocouple wire. Following Jacobs and McNaughton
(1994) and Fritchen and Gay (1979) we assume a balance between the radiation
absorption and forced convection. The excess temperature of the sensor is written
as follows:

AT = CTak with h derived from  Nu=hdA™?, Nu=0.32+0.51Re>*
and Re, =udv™ (1]

99



C - geometry constant, the ratio of diameter and perimeter of the wire (= 1/x)
a - absorption coefficient of the wire for short wave radiation (= 0.25)

k -the sum of incoming- and outgoing short-wave radiation

h - convective heat transport coefficient

d - thickness of the wire

Nu and Re- - Nusselt and Reynolds numbers for a circular wire

A - molecular thermal conductivity of still air (= 0.025 W/mK)

v - kinematic viscosity (= 1.5.10° mzls)

When above expressions are combined we arrive at AT = k/(1319 + 4913u°%?)
(Note: in the poster this function included erroneous coefficients!). The same
model concept is applied to the Vaisala sensor excess. We compare the data to
the uncorrected thermocouple results and derive the coefficients by fitting the data
by eye. For U=2 m/s:

o ko K
(A+Bu®) (9.6.10°k +6.3)(12U)**

(2]

and for U<2 m/s, a linear relation is calculated between AT(U=2m/s) and
AT(U=0m/s) = 4.14e-3.k - 0.15. Since the above excess temperature correction is
derived relative to the uncorrected thermocouple temperature the thermocouple
excess temperatures from [1] have to be subtracted from the results of [2]. In
Figure 2 | give an example of various excess temperatures for cases with k>1000
W/m?. The excess temperature of the Vaisala increases rapidly above 0.5°C when

U is below 4 m/s.

3
oxcess of Vaisala relative 1o theemocouple
modeled excess of thermocouple

25| modeled excess of Vasala

deog. C)

oxcRss tomperatue |

05]

AMaa "
. "ﬁ"@‘p;&n, sende o
S
% 2 4 3 B 10 12
wind speed [mvs)
Figure 2. The variation of various excess temperatures with wind speed for cases with

k>1000 W/m?.

Table 1 presents examples of the consequences for the year-round data from the
three AWS at the k-transect. The Table presents percentages of cases with an excess
temperature above 0.5°C and 1°C, and uncorrected (H,) and corrected (H.) average
sensible heat fluxes all for cases with k>200W/m?.
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Table 1. Examples of the influence of the temperature excess corrections for year-round
data (August 2003-August 2004) from our AWS at the k-transect. The data used are cases
with a substantial amount of radiation present, that is, k>200W/m°. | give percentages of
cases with an excess temperature above 0.5°C and 1°C, and uncorrected (H,) and
corrected (Hc) average sensible heat fluxes.

AWS AT>0.5°C AT>1°C [%]  Hy (W/m®) He (W/m°) ratio Hy/Ho
[%]

S5 25 9 -32.6 -36.6 0.89

S6 16 5 -15.4 -18.1 0.85

S9 9 2 -3.9 -5.9 0.66

Conclusions

The excess temperature of an unaspirated and shielded Vaisala temperature
sensor is corrected using a physical model and thermocouple measurements as a
reference. A well defined relation is derived for the excess temperature related to
the wind speed and the sum of incoming- and outgoing short-wave radiation. For
cases with substantial radiation (k>200 W/mZ) the bulk sensible heat fluxes from
the three AWS in the West-Greenland ablation area appear to be at least 10%
reduced after the excess temperature correction.
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DYNAMICS OF LARGE TIDEWATER GLACIERS IN EAST
GREENLAND: RECENT RESULTS FROM SATELLITE REMOTE
SENSING AND FIELDWORK

LEIGH STEARNS AND GORDON HAMILTON

Climate Change Institute, University of Maine, Orono, USA

Histories of ice velocity and calving front position of five outlet glaciers in East
Greenland (Figure 1) are reconstructed from field measurements, aerial
photography, and satellite imagery, and show a north-south gradient in glacier
response to external forcings. The northern three glaciers, located in Scoresby
Sund (Daugaard-Jensen, Vestfijord, and Graah glaciers), have not undergone any
substantial change in flow speed or terminus position over the last few decades
(Olesen and Reeh, 1969; Stearns et al., 2006). Kangerdlugssuagq and Helheim
glaciers, located approximately 400-500 km south of Scoresby Sund, appear to
have undergone a series of substantial changes in the last ~2 years, including a
40-300% acceleration in flow speeds, widespread glacier thinning, and rapid
retreat of the calving fronts.
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Figure 1. Map of East Greenland showing location of studied glaciers.

Terminus positions

The earliest observations of calving front position date from 1933 for
Kangerdlugssuaq and Helheim glaciers, and 1950 for the Scoresby Sund glaciers.
Observations since the 1970s were made using Landsat and ASTER imagery, with
most images acquired in the summer months of June—August.

The calving front positions of the Scoresby Sund glaciers have remained
remarkably constant since 1950 (Stearns et al., 2005). Field mapping of the calving
fronts in June 2005 places them in similar locations as they were in 2001.
Kangerdlugssuaq and Helheim glaciers no longer maintain the quasi-stable calving
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front positions they had occupied for ~30 years prior to 2003. Kangerdlugssuaq
Glacier, which occupied a stable terminus position from 1972 to 2004, retreated ~5
km between June 2004 and July 2005 according to an analysis of sequential
ASTER imagery. Helheim Glacier retreated ~3 km between June 2003 and July
2005 after maintaining a near-steady front since 1972, based on a similar analysis.

Glacier velocities

The flow patterns of Daugaard-Jensen, Graah, and Vestfjord glaciers were first
measured in the late 1960s by Olesen and Reeh (1969) using terrestrial surveying
techniques. Velocities were obtained by repeated theodolite intersections from
bedrock stations to natural targets on the glacier surface. We remapped flow
patterns for 2001 for all five glaciers by applying a feature tracking technique
(Scambos et al., 1992) to sequential high-resolution visible imagery (either ASTER
or Landsat ETM+). The displacement of surface features (crevasses, seracs) was
derived by matching patterns of brightness in a reference chip from the first image
to identical patterns in a search box from the second image using an automatic
cross-correlation technique. This method yields a dense array of velocity vectors
for each glacier.

Modern velocities were determined from repeat high-precision differential GPS
surveys conducted in June/July 2005. Each glacier was surveyed several times at
five to twelve locations along its trunk, over a two-five day time span. The ice
velocity records for the Scoresby Sund glaciers are remarkably different from those
of Kangerdlugssuaq and Helheim glaciers. All three northern glaciers were moving
at similar speeds in June 2005 as they were in July 2001. Daugaard- Jensen and
Vestfjord glaciers, which have ice velocity records extending to 1968,have been
flowing at the same speed for the past 37 years (Stearns et al., 2006).

Figure 2. (A) Velocity map for Kangerdlugssuaq Glacier from sequential Landsat ETM+
satellite images acquired July 3 and July 12, 2001. (B) Velocity map for Helheim Glacier
from sequential Landsat ETM+ satellite images acquired July 8 and August 2, 2001. In both
images, dots denote the locations of field GPS surveys in July 2005. Insets show the profiles
of velocity along the thick white lines, based on 2001 data, and corresponding velocities
calculated from 2005 GPS data.
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Kangerdlugssuaq and Helheim glaciers have undergone rapid changes in flow
speed (Figure 2). In 2001 both glaciers sustained maximum velocities of ~6 km/yr.
GPS surveys from July 2005 indicate that Kangerdlugssuaq Glacier accelerated to
~14 km/yr within 1 km of the terminus. Helheim Glacier is now flowing faster than
11 km/yr near the terminus and approximately 10 km/yr at a site ~5 km upglacier.

Surface lowering

Both Kangerdlugssuag and Helheim glaciers exhibited 100-200 m of surface
lowering of the main trunks accompanying their rapid retreat and acceleration.
Surface lowering was both observed in the field (the thinning glaciers left trim lines
of stranded ice on the adjacent ridges) and modelled using ASTER imagery. The
ASTER instrument acquires stereo imagery using a nadir (3N) and backward (3B)
viewing telescope in the VNIR band 3 (Yamaguchi et al., 1998). Together, these
stereo bands can be used to generate a ~15 m horizontal-resolution digital
elevation model (DEM) of a 60 km x 60 km scene. We applied this technique to
Helheim Glacier using ASTER imagery acquired in July 2004 and August 2005.
Between the times of the two image acquisitions, the glacier surface lowered by
100 m or more. The thinning occurred throughout the lower 10 km section of the
glacier.

Discussion

The mechanism driving the observed changes of Kangerdlugssuag and Helheim
glacier cannot be resolved with the available data, although it is likely that the
dynamics of both glaciers have responded to recent changes in climate (either
surface warming, or warming of ocean waters). These glaciers are not the only
glaciers in Greenland known to be undergoing rapid and recent changes.
Jakobshavn Isbree, a tide-water glacier at a comparable latitude (69°N) in west
Greenland, accelerated 30% between 2000 and 2003 and retreated more than 3
km over the same period (Thomas et al., 2004). The combined observation from all
three glaciers indicates that large changes in ice dynamics can occur on short
timescales, and the near-coincident timing of the changes suggests that a common
trigger mechanism might be responsible. If this mechanism affects other Greenland
outlet glaciers, the mass balance of the ice sheet will become increasingly negative
unless balanced by an equal increase in snow accumulation, and rates of sea level
rise will increase much faster than current models predict.
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NEW RESULTS FROM GEODETIC MASS BUDGET STUDIES AT
Swiss CAMP (GREENLAND) AND EXTENSION OF RESEARCH
AREA TO LOWER ALTITUDES

MANFRED STOBER

Stuttgart University of Applied Sciences

Introduction

Geodetic ground measurements had been performed in Greenland especially
during the EGIG campaigns (Expédition Glaciologique Internationale au
Groenland) in a West-East-profile across Greenland in latitude of about 70°. Major
aims were the determination of ice flow vector components (velocity, flow direction)
and elevation change of the inland ice. Main campaigns had been performed in
1959, 1968 and 1987-93 (Moller et al. 1996). No results were available near the
western ablation area, because repeated measurements at same place were not
possible here. Since 1991 the author decided to fill this gap with a test field,
located at the SWISS-Camp, managed originally by ETH Zurich/Switzerland, and
later by University of Colorado at Boulder/USA (CU). In 1994 a new test area,
called ST2, was established in lower altitude, in order to study mass budget
parameters in different altitudes.

The geodetic terrestrial measuring technique, in particular if using GPS, offers the
advantage that heights and height changes in different years can be determined
directly on the ground. Also position and position changes (movement,
deformation) of stakes can be precisely determined. Elevation changes are
important indicators for climate change. Flow velocity and strain rates are used in
ice sheet modelling (Huybrechts et al. 1991, Abe-Ouchil1993). Another application
is validation and calibration of airborne or satellite remote sensing methods.

The geodetic measuring program 1991 — 2005

The test field at Swiss-Camp (ETH/CU-Camp), established in 1991, is situated 80
km East from the West Greenlandic coastal village of llulissat, latitude = 69° 34’ N,
longitude = 49° 20’ W, elevation 1170 m a.s.| near the equilibrium line altitude
(Reeh 1989).

The test field consists of 4 stakes, forming a triangle with a point in its centre. The
side length of the network is about 1,5 km. The 3D-positions of the stakes are
measured by GPS in relation to a fix point on solid rock at the coast. In order to
determine temporal elevation changes of the ice surface, in all subsequent
campaigns the previous positions of stakes are reconstructed and actual heights
are re-measured. The topography of the whole surface is measured by gridding
200 m and by kinematic GPS profiling. Digital elevation models are derived in
every epoch, so elevation changes and volume changes between different epochs
can be calculated. The distortion of the network and strain rates are derived from
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plane coordinates. It is a long term research project with campaigns performed in
the years 1991, 94, 95, 96, 99, 2002 and 2004.

In 2004, the research area was extended by a new deformation network (ST2),
situated in lower altitude (1000 m a.s.l) in order to compare elevation change
depending on altitude and distance from ice margin. ST2 is located in latitude = 69°
30’ 28" N; longitude = 49° 39’ 09” W, ellipsoidal height = 1000 m, so 170 m deeper
than Swiss-Camp. That location is in the same cross section like the automatic
weather stations JAR1-JAR3 and smart stakes SMS1-SMS4 from the GC-Net
project (Steffen et al. 2002).

Results

Area "Swiss Camp"

The topography at Swiss-Camp is rather smooth with uniform slope (about 1-2%)
and only little undulations.
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Figure 1. Swiss-Camp, elevation change of ice horizon 1991 - 2005.

The elevation change of the ice surface is shown in figure 1. The adjusted straight
line over the period 1991-2002 represents an elevation decrease of —0,22 m/a
(Stober et al. 2003), agreeing with results from airborne laser altimetry for the
period 1993-1999 (Krabill et al. 2000). Obviously, the extraordinary warm summers
2003 and 2004 had effected an extremely big elevation decrease of —1,7 m, or —
0,85 m/a. In 2004-2005 we obtain again the long-term decrease of —0,22 m/a.

According to calculations of Reeh 1989, the Swiss-Camp formerly had been
situated at the equilibrium line, but now it seems to belong to the ablation area. The
equilibrium line now obviously was shifted to higher regions. This results in growing
of the ablation area with high melting rates at the ice margin, which was also stated
at several other research areas, especially in South Greenland, reported for
example by Taurisano & Boeggild 2004 or Krabill et al. 2004.

The ice flow vector was determined by comparison of stake positions in different
years. The resulting ice flow velocity in average is 0,317 m/d, with slightly
increasing values over the years (figure 2). So we expect little growing ice mass
outflow. The flow direction (azimuth) in average is 260,54 gon, with little significant
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turn to North-West, which may be caused by bedrock topography. The azimuth
indicates the draining ice masses towards the “North glacier” nearby the
Jakobshavn glacier.
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Figure 2. Swiss-Camp, flow velocity 1991 - 2005

Summarizing it is shown that elevation change and melting since 1991 are
continuously increasing with even extremely high rates in last years.

This corresponds to global warming with particularly high temperature increasing in
the research area, figure 3 (Steffen, personal communication 2005). We see a
clear correlation between elevation change and summer air temperature, which
was increasing +0,15 K per year. The warmest summers 1995 and 2003 (positive
temperature) coincide with the highest ablation rates and elevation decreasing,
respectively.
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Figure 3. Summer air temperature at Swiss-Camp, average of the 3 warmest months (June,
July, August) 1991 — 2005 (Steffen 2005).

Area "ST2"

As mentioned above, a new deformation network was established in 2004 and re-
measured first time in 2005. Design of the network and measuring methods are the
same like at “Swiss Camp”. The stakes and the topography were measured by
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static and real-time kinematic GPS. Compared to Swiss-Camp, the digital elevation
model at ST2 demonstrates more topographical structures and steeper, less
regular terrain inclination.

The comparison of ice horizons in both years results in an elevation change of —
0,38 m/a with standard deviation + 0,06 m/a, which is indicating a greater variability
over all the area. The flow vector has a velocity of 0,205 m/d with an azimuth of
265,9 gon.

Comparison of "Swiss-Camp" and "ST2"
The most important results and parameters of the two research areas are shown in
Table 1.

Table 1. Comparison of mass budget parameters at Swiss-Camp and ST2

Test area Swiss-Camp ST2
Altitude ellipse. WGS84 [m] 1150 1000
Altitude a.s.l. [m] 1120 970

Distance from ice margin in flow direction [km] 48 33

Elevation change [m/a]

1991 - 2002 -0,22

2002 - 2004 -0,85

2004 - 2005 -0,22 -0,38
Flow velocity [m/d]

1991 -1994 0,308

1994 - 2004 0,315

2004 - 2005 0,321 0,21
Flow azimuth [gon] 260,54 266,02

The flow azimuth in ST2 is greater than in Swiss-Camp. So the flow lines show an
outflow of the ice masses towards the North Glacier, which runs into the
Jakobshavn Icefjord. This area is representing 6,5 % of all greenlandic ice masses
(WEIDICK 1995), and therefore is most important for the mass budget of all
Greenland. The flow velocity at Swiss-Camp is substantially faster than at ST2.
This result is unexpected, because usually velocities become faster towards the ice
margin and glacier mouth. The flow velocity at the mouth of North glacier is not
determined, but from the Jakobshavn Isbrae it is well known, that it is flowing now
with about 40 m/d. The causes for unexpected slower velocity at ST2, for example
due to bedrock topography and ice thickness, will be investigated in future.

The elevation decreasing at ST2 is almost double of that at Swiss-Camp. These
results confirm experiences from other parts in Greenland with increased thinning
in the ablation areas near the ice margin, caused by climate change, especially in
North polar regions.
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A STATISTICAL APPROACH TO ESTIMATING THE CONTRIBUTION
OF GLACIERS TO FUTURE SEA-LEVEL RISE

ANDY WRIGHT, ROS DEATH, TONY PAYNE AND JEMMA WADHAM

Bristol Glaciology Centre, School of Geographical Sciences, UK

Valley glaciers and small ice caps are expected to supply the bulk of the
cryosphere's contribution to anthropogenic sea-level rise over the coming century
(~ 0.23 m (IPCC, 2001)). The estimation of this contribution is hampered by the
lack of quantitative data for the vast majority of glaciers worldwide (only 100
glaciers out of over160,000 present have mass-balance records for longer than 5
years). The issues surrounding the parameterization of subgrid scale processes,
uncertainties in parameter values and the propagation of errors in model prediction
of sea-level rise are similar to those experienced in the prediction of discharge from
ungauged river basins. Given the similarities between valley glacier systems and
their hydrological counterparts, it maybe appropriate to use the techniques
developed for hydrological modelling. Therefore, to calculate sea-level rise with an
associated error we propose the following fourstage procedure. First, a generic
valley-glacier system model that allows for variations in width, depth, accumulation
and ablation along the glacier is developed. Second, the model is calibrated
against the small number of glaciers on which we have sufficient data. Third, a
response surface of sea-level contribution as a function of glacier climatology and
topography is constructed. Entailed in this stage is a rigorous assessment of the
uncertainty propagated through the model due to uncertainties inherent in the input
parameters. The final fourth stage is then to sample the response function, in
accordance with estimates of the global distribution of glaciers in the climate-
topography phase space, in order to estimate sea-level rise with a meaningful
estimation of error. The use of methods traditionally employed by the hydrological
community to a different study area highlights issues that contribute to an
understanding of the limitations in defining variability within a system and
quantifying uncertainty.
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GLACIODYN PLANNING MEETING

GLACIODYN has a logo! Thanks to Jack Kohler who, after some trials, came up
with the following design:

GLACIODYA/

Please use it whenever you like; it can be downloaded from the website.

What is GLACIODYN?

The following is the (slightly modified) text from the IPY proposal as submitted to
the IPY Joint Committee. GLACIODYN has been fully endorsed by the Joint
Committee.

Global warming will have a large impact on glaciers in the Arctic region. Changes
in the extent of glaciers will affect sea level, and may lead to substantial changes in
sediment and fresh water supplies to embayments and fjords.

In ACIA, a simple approach was taken to estimate the runoff of all glaciers in the
Arctic for a set of climate-change scenarios. Changes in the surface mass balance
were calculated without dealing with the fact that glacier geometries will change. It
was also assumed that the rate of iceberg production at calving fronts would not
change.

To arrive at more accurate predictions, we propose an internationally-coordinated
effort to study the dynamics of Arctic glaciers and develop new tools to deal with
this dynamic response. The key elements of this effort are (i) to make better use of
observational techniques to assess the detailed dynamics of a key set of glaciers,
and (i) to develop models that can be used to aggregate data and that are
sufficiently robust to have predictive power. A set of target glaciers have been
identified for intensive observations (in situ and from space) for the period 2007-
2010. This set covers a wide range of climatic/geographical settings and takes
maximum advantage of prior long-term studies.

The target glaciers are:
- Academy of Sciences Ice Cap (Severnaya Zemlya)
- Glacier No. 1 (Hall Island, Franz Josef Land)
- Austfonna (Svalbard)
- West Svalbard tidewater glaciers: Hansbreen, Kronebreen, Kongsvegen,
Nordenskitldbreen
- North Scandinavia transect (Langfjordjokelen, Storglaciaren, Marmaglaciaren)
- Ice caps of Iceland (Vatnajokull, Hofsjokull, Langjokull)
- Kangerlussuaq basin (West Greenland)
- Hellheim Glacier (East Greenland)
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- Devon Ice Cap (Canada)
- McCall Glacier (Alaska)
- Hubbard Glacier and Columbia Glacier (Alaska)

Among the target glaciers are glaciers for which information is available on
length/area in historical times [reports, drawings, photographs, old maps, etc.]. This
information will be combined with the newly derived maps to reconstruct glacier
evolution from the Little Ice Age into the present. This will provide a better
perspective for projecting changes in the coming century.

Special attention will be given to tidewater glaciers. We want to look carefully at the
interaction between surface processes and dynamics (e.g. the influence of
meltwater supply on ice velocities and consequently calving rates; interactions
between terminal moraines, sediment flux, and ice velocities). In a warming world
some glaciers will transform from cold to polythermal, or from polythermal to
temperate. We want to study the effect of such transitions on glacier dynamics and
related rates of retreat. Another important aspect of study is the surface albedo.
Poor drainage of meltwater may lead to more extensive zones of soaked snow and
supraglacial lakes (as seen in large parts of the Greenland Ice Sheet), thus
enlarging the sensitivity of ablation rates to warming.

Model development will be conducted in parallel with the observational
programmes. The modelling work will deal with processes acting on the smaller
scale (e.g. parameterization of the calving process) and on the larger scale (e.g.
global dynamics of tidewater glaciers, response to climate change, interaction with
sediment dynamics).

The major deliverables of GLACIODYN have been identified as:

#1 Extensive datasets for target glaciers around the Arctic.

#2 A better understanding of the factors that control the dynamic response of
Arctic glaciers to climate change.

#3 Improved techniques to retrieve glacier parameters from satellite data.

#4 Models that can be used to predict glacier behaviour for imposed climate
change scenarios.

#5 Improved estimates of the contribution of Arctic glaciers to future sea-level rise

Organizational structure of GLACIODYN

GLACIODYN has a simple and open organizational structure. It has a coordinator
(J. Oerlemans, Utrecht University) and co-coordinator (J.-O. Hagen, University of
Oslo). The IASC Working Group on Arctic Glaciology, in which there is a
Committee of National Representatives, is used as forum for discussion and
planning. When the need arises a smaller steering committee will be established.

Discussion and outreach
A web-based email forum has been established. Here anyone can register to
become part of the forum and read old emails and attachments. To send an email
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to the entire group, use the address glaciodyn@yahoogroups.com. The general
purpose of the forum is to facilitate discussion of GLACIODYN issues in an open,
easily accessible manner.

As part of our initial outreach efforts, soon we will develop applications for Google
Earth and other 3D GIS engines that will highlight the locations of our target
research glaciers, provide links to further information them, and incorporate the
latest digital elevation models, imagery, and locations of field instrumentation.
GLACIODYN members or anyone in the public will be able to interactively fly
through these virtual globe applications, as well as download movies flying from
space to each of the glaciers, for use in presentations or other outreach
endeavours.

Plans of individual research groups

In the first GLACIODYN planning meeting the emphasis was placed on the plans of
individual research groups. There were sixteen short presentations (listed below)
enabling the GLACIODYN participants to get an overview and make plans for
future collaboration. Such plans will now be developed on the basis of small groups
that will establish themselves, sharing logistics and expertise as much as possible.
Much depends on the funds that will become available, of course. There are large
differences among the participating countries. In most countries special funds have
been allocated to IPY activities, but the available budgets vary widely. In a few
countries no additional funds seem to become available. In most cases the process
of submitting and judging applications is still running, and it is expected that in the
beginning of 2007 a full picture will emerge about GLACIODYN activities that
receive significant support.

Next planning meeting and workshops

The next GLACIODYN planning meeting will be held in early 2007 in Norway. It will
be combined with the general workshop of the Working Group on Arctic Glaciology.
GLACIODYN will also facilitate the organization of additional workshops on topics
of interest to the GLACIODYN participants. Such topics may range from very
practical (e.g. equipment for in situ measurements on glaciers) to theoretical (e.g.
modelling of calving glaciers).

A point of particular concern is the way data will be handled and stored. When
possible existing structures will be used (e.g. World Data Centers for Glaciology),
but it was agreed to establish a metadata base connected to the website of the
Working Group.
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CONTRIBUTIONS

10.

11.

12.

13.

14.

15.

16.

M. Kuhn (Austria)

Holtedahlfonna, Kronebreen, Kongsvegen (Svalbard), Frans Jozef Land
J. Kohler (Norway) and F. Obleitner (Austria)

Holtedahlfonna, Kronebreen, Kongsvegen (Svalbard)

J. Jania (Poland)

Hansbreen, Amundsenisen, Renardbreen (Svalbard)

A. Glazovsky (Russia)

Fridtjovbreen, Austfonna (Svalbard), Hall Island glacier No.1 (Franz Josef
Land)

F. Navarro (Spain)

Radar observations in cooperation with Russian and Polish colleagues
J.O. Hagen (Norway)

Austfonna (Svalbard)

C.H. Tijm-Reijmer (Netherlands)

Kangerlussuaq basin (Greenland), Nordeskitldbreen (Svalbard), ...
GPS and melt observations on several Arctic glaciers

A. Sharov (Austria)

Radar interferometry Svalbard glaciers

L. Copland (Canada)

Devon Ice Cap, Queen Elizabeth Islands (Canada)

The Dynamic Response of Arctic Glaciers to Global Warming

M. Nolan (USA)

MccCall glacier (Alaska)

T. Pfeffer (USA)

Hubbard glacier, Columbia glacier (Alaska)

Tidewater/Outlet Glacier Dynamics & Glacier/lce Sheet Response to Warming
H. Bjornsson (Iceland)

Vatnajokull ice cap, Iceland

T. J6hannesson (Iceland)

Mass balance Icelandic glaciers

L.M. Andreassen (Norway)

Langfjordjgkelen, northern Norway

M. Jackson (Norway)

Engabreen, northern Norway

P. Holmlund (Sweden)

Marmaglaciaren, Storglaciaren, northern Sweden
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