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ABSTRACT

During the Little Ice Age the maximum extent of glaciers in Iceland was reached about 1890
AD and during the 20" century most of the glaciers have been retreating. Radio-echo
sounding measurements from Hoffellsjokull, a south-eastern outlet glacier of Vatnajokull ice
cap, were performed in 2001 and surface mass balance measurements were done. The
measured bedrock topography reveals that during the Little Ice Age advance, from about
1600-1900 AD, the glacier excavated about 1.6 km?® deep trench over an area of 11 km?. This
trench is 300 m below sea level where it is the deepest and is now emerging as a lake in front
of the glacier as it retreats. Maximum thickness of the glacier is measured 560 m. The area of
the glacier at maximum extent was 234 km? it retreated to 227 km? by 1936, and to 212 km?
in 2001, or 10% during the 20™ century. The volume reduction during same period is about
20%. The present mass balance and climate conditions are similar to those observed during a
Swedish-Icelandic expedition 1936-1938, about -0.5 m ™.

Figure 1  Surface topography of Vatnajokull ice cap on the south-east coast of Iceland. The
red circle indicates the modelled area, including Hoffellsjékull and neighbouring
outlet glaciers.

Adalgeirsdottir and others 1
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1. INTRODUCTION

In this study we use the measured bedrock and surface topography of Hoffellsjokull as
boundary condition for a numerical ice flow model to assess the ability of a coupled ice flow
and mass balance model to simulate the observed changes. A degree day mass balance model
developed for glaciers in Iceland (J6hannesson, 1997), which has been calibrated and used for
climate response assessment on southern Vatnajokull (Adalgeirsdottir et al., 2006), is coupled
with a new finite element SIA dynamic flow model, which is adopted from a code that was
developed for fish migration in the Atlantic ocean. In the model computations the ice divide is
kept at a fixed location and no flow allowed across the boundary. A reference climate
constructed from the average measurements during the period 1980-2000 is applied as the
present climate condition (Adalgeirsdottir et al., 2004).

The present size of Hoffellsjokull and mass balance can be simulated with the coupled flow
and mass balance model forced by the reference climate (which is about 0.7°C colder than the
temperature during the last decade). By lowering the reference temperature in the degree-day
model by 0.3°C relative to the average 1980-2000, the maximum extent at the end of the
Little Ice Age can be reconstructed. This temperature decrease lowers the ELA from 1050 m
a.s. to 950 m a.s. Sensitivity study shows that a moderate change in temperature (< 1°C) can
cause considerable volume changes and corresponding changes in ELA.

100

Volume (ki)

50 100 150 200 250 300 360 400 450
Time (a)

Figure 2. Sensitivity of the volume of Hoffellsjokull to changes in temperature. Step
changes in temperature are applied to the mass balance model, the precipitation
kept constant, and the resulting change in volume computed with the coupled
mass balance-ice flow model.

2 Modelling the 20th century and future evolution of Hoffellsjékull, southeast Iceland
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Temperature and precipitation records from a number of locations around Iceland are
available and the longest records go back to late 19" century. We use these records as well as
measured glacier extent and corresponding glacier surface maps of Hoffellsjokull from 1904,
1936, 1945, 1988 and 2001 to assess the ability of the coupled model to simulate the 20"
century glacier evolution. Model runs indicate that the 20™ century evolution of the glacier is
sensitive to precipitation changes that may be overestimated at the location of measurement,
relative to the glacier location. The sensitivity to temperature and precipitation changes are
similar to observations.

This coupled model can then be used to make projections into the near future. We use the CE
climate change scenario that has been developed for the Nordic countries. This scenario
projects temperature for the Icelandic highland area to increase 0.1-0.4°C per decade, with
largest increase in spring and autumn. Precipitation changes are projected to be 0-1.6% per
decade, larges in the autumn. Forcing the coupled model with this projection the simulated
glacier evolution indicates that Hoffellsjokull will reduce in size and disappear in about 150
years.

2. CONCLUSIONS

This model study shows that the present state, the maximum LIA extent and the 20™ century
evolution of Hoffellsjokull can be simulated with the coupled ice flow and mass balance
model. The modelled evolution is sensitive to precipitation changes that are not measured at
the glacier but rather at a weather station close to the glacier. It is therefore necessary to make
assumptions about the changes at the glacier location. The future evolution of Hoffellsjokull
is subject to uncertainties in the applied scenario, assuming the CE scenario this model
predicts that the glacier will retreat and likely disappear within the next 200 years. It should,
however, be kept in mind that the model assumes a fixed ice divide location and therefore
does not take into account if ice from other parts of Vatnajokull ice cap would start to flow
towards this margin due to divide migration, which may delay the retreat considerably.
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ABSTRACT

Northern Siberia (subarctic zone of Eurasia) is a very poorly studied region in terms of glacier
state (change). Measurements of the glaciers there were conducted during the IGY in 1957-
59, but since then no regular observations have been made. The Siberian region is anomalous
in regard to the climate warming that started at the end of 20th century and has led to general
glacier retreat .

Comparison of the glacier areas obtained by Landsat imagery and the USSR Glacier
Inventory (1960-80s) allowed assessing glacier retreat for the period of current warming. The
estimate was done for glacier groups with the same morphological type and aspect.

Glacier systems analyzed in this paper represent a wide spectrum of morphology and regime
types — from small cirque glaciers of Byrranga Mountains to large dendritic glaciers of the
Chersky Range.

General and applied analysis techniques of multi-zonal imagery for mapping modern
mountain glaciation were used to initiate the creation of a glacier data base for West (Taimyr
Peninsula) and North-East Siberia, which is a poorly explored region in terms of glacier states
from the LGM to present time. Up to now we identified lengths and areas of glaciers for the
Suntar-Khayata Mountains, Chersky Range and Byrranga Mountains in 2002-2003 (data of
Landsat surveys). Using the data about areas of the same glaciers from Inventory of the USSR
Glaciers, we can assess area loss (AS) for the time between the glacier exploration given in
the Inventory (S) and 2000s. We calculated absolute area reduction, the mean for each group
AS (km?), and relative decrease of area AS/S, (%).

As for Suntar-Khayta, the portion of the lost area of small corrie, corrie-valley, and corrie-
hanging glaciers (between 10 and 80%) is higher than that of larger valley and compound-
valley glaciers. Mostly these are glaciers which face north; south-oriented glaciers lost less in
% expression (0.2-40%) which possibly can be explained by enlarged accumulation on these
glaciers due to higher precipitation from the Okhotsk sea basin.

The scale of area loss in the Cherskiy Range is consistent with glacier size and intensity of the
warming over the last 35 years. The prevailing aspect of glaciers is northern and north-
western. In absolute value the valley and complicated-valley glaciers of these aspects lost
maximum area — from 0.84 to almost 2 km?. The largest AS is fixed among those corrie
glaciers, which face NW and NE (0.7-0.8 km?), in accordance with more intensive warming
in this region.

In the Byrranga Mountains the heaviest losses in absolute values since 1967are attributed to
valley and transaction types, basically of the northern aspect as the largest ones (2-4.5 km?,
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1967). On average these glaciers reduced in size from 0.1 to 0 7 km? Corrie, corrie-valley,
corry-hanging, near-slope glaciers reduced their area by as much as 0.01 — 0.1 km?, (the initial
areas are 0.1 till 1.0 km? (data of 1967). In relative values (%) the biggest loss AS refers to
corrie, valley and couloirs glaciers, of middle and small size.

The total reduction of glacier areas in the three mountain ranges in percentage as compared
with the USSR Glacier inventory is: For Suntar-Khayta: — 19% (since 1945), Chersky Range:
— 28% (since 1970) and for the Byrranga Mountains: —17% (since 1967).

The shrinkage of the glaciers of Koryak Upland (Northern Far East) is the largest, more than
50% since the inventory in 1950.

5 Recent change of glaciers in NE Asia



Nordic Branch meeting of the International Glaciological Society
Hofn in Hornafjérdur, Iceland, October 29-31, 2009

SNORTEX 2009 Terrestrial Laser Scanning and Related Ground
Measurements

Kati Anttila***, Harri Kaartinen®, Sanna Kaasalainen®, Tuure Karjalainen', Anssi Krooks®,
Panu Lahtinen®, Terhikki Manninen®, Aku Riiheld®, Niilo Siljamo*, Laura Thélix*

YFinnish Meteorological Institute, Earth Observations, P.O. Box 503, FIN-00101 Helsinki, FINLAND
%Finnish Meteorological Institute, Arctic Research Center, Tahteldntie 62, 99600 Sodankyld, FINLAND
®Finnish Geodetic Institute, Geodeetinrinne 2, P.O. Box 15, FI-02431 Masala, FINLAND
*Finnish Meteorological Institute, Climate Change, P.O. Box 503, FIN-00101 Helsinki, FINLAND
*Corresponding author, e-mail: kati.anttila (at) fmi.fi

ABSTRACT

SNORTEX (Snow Reflectance Transition Experiment) is a 3-year investigation (starting in
2008) piloted by Météo-France and FMI (Roujean et al.). The key objectives of SNORTEX
are to improve the characterization of snow-melting patterns in boreal regions using a
multiscale approach supported by multi-angular and multi-spectral remote sensing
information, and to build an integrated database for snow variables (albedo, fraction, water
equivalence) in a forested environment for the validation of the SAF (Satellite Application
Facilities) snow-related products. SNORTEX is a part of the SAF Land, Climate and
Hydrology activities supported by EUMETSAT and meteorological institutes.

In 2009 the campaign concentrated in the melting season. The field work was scheduled to
include different snow/weather conditions and to include a time period with fractional snow
cover. There will be one more field measurement period in spring 2010.

The field survey took place at in Sodankyld in Finnish Lapland. The existing facilities
provided by FMI-ARC (67.4 °N 26.6 °E) were used. The area has several advantages
considering the snow measurements. The studied area is located far from the coasts, which
makes the climate more settled and the area has a long and cold winter period when adequate
snow cover is present. Therefore the snow cover consists of layers from a long period of time.
Although the area is located north of the Arctic Circle there are still forests in the area so it is
possible to study the impact of forests on snow and albedo. Also the snow cover is different in
forested and open areas. Therefore it is possible to compare different types of snow cover.
The topography of the area is plain enough so that the satellite data from the area are not
shadowed by mountains. This is important because the results and conclusions of the ground
measurements will be used to SAF product validations and to support the aerial data collected
during the campaign.

During the campaign several TLS (terrestrial laser scanner) measurements were made in
several different locations with a LeicaHDS600 scanner. These measurements were
georeferenced and normalized so that they could be compared. The results were used to
estimate the usability of the point cloud and intensity data of the scanner in measuring
different snow properties. Preliminary results show that TLS data is applicable in profiling
seasonal snow conditions and the intensity data helps the classifying of the snow cover. The
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laser backscatter from snow surface is not directly related to any of the snow cover properties
measured during the campaign but the snow structure has a clear effect on the TLS intensity.

Roujean, Jean-Louis et al. SNORTEX (Snow Reflectance Transition Experiment): Remote
Sensing Measurement of the Dynamic Properties of the Boreal Snow-Forest inSupport
to Climate and Weather Forecast: Report of 10P-2008. Proceedings of IGARSS 2009
(in press).
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ABSTRACT

Numerous studies on the glacio-isostatic rebound near Vatnajokull give important constraints
on the rheology of the Earth in this area. Data that have been collected show an uplift rate up
to 25-30 mm/yr. Model calculations to explain the deformation data indicate a low viscosity
lower crust and mantle. Other studies have quantified the influence of the uplift on magma
generation at the rift zone. We propose future observations and modelling of the glacio-
isostatic rebound using an extensive data set of INSAR images collected around Vatnajokull
since 1992. Moreover, international collaboration aims at collecting new GPS data on
nunataks within the ice cap, and extending GPS time series of deformation around the ice cap.
Implications of this uplift for the rheological properties of the crust/mantle as well as magma
generation at volcanic centres will be investigated through three-dimensional modelling.

1. INTRODUCTION AND PREVIOUS STUDIES

Iceland was covered by an extensive ice sheet during the Last Glacial Maximum (LGM)
18,000 years ago. Its melting induced post-glacial rebound that was finished around 1000
years after the final disappearance of that ice sheet. Similarly, retreating ice caps in Iceland
due to warmer climate are presently inducing a response of the solid Earth. Numerous
observations based on GPS measurements, gravity data and also lake levelling show an uplift
of the ground close to its edges (e.g. Pagli et al., 2007 observed an uplift of the ground at GPS
stations close to Vatnajokull, from 1996 to 2004, ranging from 9 to 25 mml/year for the
vertical velocities and from 3 to 4 mm/yr for the horizontal ones). VVarious models have been
evaluated to try to best reproduce the observed data. Some use the finite element method to
model the retreat of an ice cap on top of an elastic plate lying on a viscoelastic half-space.
Most of the models assume horizontal layering of the lithosphere and the mantle. Different
thicknesses for the elastic plate have been applied and the one that best fits the data ranges
from 10 km (e.g. Sigmundsson, 1991; Pagli et al., 2007) to 30 km (e.g. Sjoberg et al., 2000;
Fleming et al., 2007). Arnadottir et al. (2009) found that an 80-km-thick elastic layer could fit
their data, but have a preferred model with a thickness of only 10 km. The viscosity of the
lower crust and upper mantle has also been inferred from the observations. The viscosity
ranges mostly from 1-2 x 10 Pa s (Fleming et al., 2007) and 4-10 x 10" Pa s (Pagli et al.,
2007) to 5 x 10* Pa s (Sigmundsson and Einarsson, 1992). Arnadéttir et al. (2009) used a
more complex model implying a viscoelastic layer in between the elastic layer (on top) and
the viscoelastic half-space (at the bottom). Their estimated mantle viscosity ranges from 6 to
15 x 108 Pa s. These low values are in agreement with the rapid glacial rebound that occurred
following the LGM. The differences in the viscosity estimates arise from the different data
used, the model chosen, the various parameters and the assumptions that are made, such as the
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ice loss estimate for Vatnajokull since 1890 (182 km® between 1980 and 1973 for
Sigmundsson and Einarsson, 1992, and 435 km® between 1890 and 2003 for Pagli et al.,
2007). This last value is a revised estimate, taking more into account the effect of climate
warming in the last few decades.

Previous studies also show peaks in the eruption rate during the postglacial rebound which
occurred after the end of the LGM. Modelling has been carried out to evaluate how the retreat
of an ice cap can enhance magma production in the crust. Jull and McKenzie (1996) found
that the removal of 2-km-thick ice sheet lying on top of a wedge-shaped melting region could
increase by a factor of 30 the normal melt production rate in the period following the LGM.
Pagli and Sigmundsson (2008) modelled similarly the present-day retreat of the Vatnajokull
ice cap in order to constrain the amount of magma it could overproduce. They found an
increase in magma production of 0.014 km®/yr, occurring only within the rift zone. This is
equivalent to a 10% increase of the average melting rate under Iceland.

2. FUTURE STUDIES

Numerous INSAR images from the ERS and ENVISAT synthetic aperture radar satellites are
available for the whole Vatnajokull area. Equally, GPS data from past surveys and new
measurements on nunataks within the Vatnajokull ice cap will be used. They will help to
improve the times series of uplift rates around the ice cap. Both INSAR and GPS data will be
analysed to better constrain the response of the crust to ice unloading. As Vatnajokull lies on
top of crusts of different age (from young age at the rift zone in the West to about 15 Ma in
the East), one could expect lateral variations of the crustal response. Modelling using a more
complex structure of the oceanic lithosphere (lateral variations of the viscosity of the crust
and of the thickness of the elastic plate) is then necessary. This would imply three-
dimensional modelling of the area using e.g. finite element methods. Arnadottir et al. (2009)
showed that the data are better modelled if one takes into account not only the retreat of
Vatnajokull but also the retreat and implied uplift occurring at glaciers close to it (mainly
Hofsjokull and Myrdalsjokull). Modelling will also be used to quantify the response of
magma generation to load changes.

Other considerations can be taken into account in this study such as, for example, the
influence of pressure changes or variable flow rate in a mantle plume under Iceland, which
could be an alternative idea to explain at least part of the uplift. Also, deformation due to
volcanic eruptions (e.g. Grimsvotn in 1998 and 2004, Sturkell et al., 2003) and glacier surges
(e.g. Dyngjujokull in 1998-2000, Bjornsson et al., 2003, and Sidujokull in 1994,
Sigmundsson et al., 2006) will be considered. Finally, we will evaluate if it is possible to use
the observed deformation to constrain past ice mass variations.

3. CONCLUSIONS

In the past few years, numerous GPS data and InNSAR images have been collected around
Vatnajokull. These data, supplemented by new data, will help us to have a better
comprehension on both the rheology of the crust beneath and around Vatnajokull and the
implications for magma generation within the rift zone. Realistic three-dimensional models
are needed to improve the observations.

9 Past and future investigations on present-day glacio-isostatic rebound near Vatnajokull, Iceland, from INSAR
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ABSTRACT

Based on the glacier inventories of LIA maximum, the 1980s and 2003 of Jotunheimen,
South-Norway, a simple parameterization (scheme by Haeberli and Hoelzle, 1995) was per-
formed to estimate unmeasured glacier parameters, as e.g. surface velocity or mean net mass
balance. Input data were glacier area, minimum and maximum elevation, and glacier length.
Some additional assumptions had to be made in advance (e.g. value of mass balance gradient,
bed geometry). Minimum glacier size was 0.2 km? related to the area of the 1980s. Therefore,
125 glaciers (57.3%) of the 1980s with a total area of 182.5 km? (87.8%) remained. For ad-
justing the parameterisation, measured data of all glaciers in J6tunheimen with mass balance
measurements (Stor-, Hellstugu-, and Grasubreen) were used. This resulted in a separation of
the area in a more maritime Western and a more continental Eastern part. The parameteriza-
tion was applied to the glacier inventory data of J6tunheimen.

The results of the parameterization were compared with the results of a former parameteriza-
tion performed in the European Alps (Haeberli and Hoelzle, 1995) and in the Southern Alps
of New Zealand (Hoelzle and others, 2007). The comparison was performed for the LIA
maximum and the 1970s/80s. The relative volume change in this time period is highest in the
Southern Alps of New Zealand (-61%). The relative loss in the European Alps and Jétun-
heimen is quite similar (~ -45%). The mean specific net mass balance for this time period was
calculated as -0.33 m w.e./a for the European Alps. In New Zealand, the values varied be-
tween -0.67 m w.e./a in the most maritime area and -0.57 in the most continental area. In
Jotunheimen, a mean value of -0.05 m w.e./a for the more maritime part was calculated, and -
0.02 m w.e./a for the Eastern part. The parameterization shows a clear difference in the gla-
ciological regime of the European Alps, Southern Alps of New Zealand, and J6tunheimen. A
difference between the Eastern and the Western part of Jotunheimen was also visible in the
parameterization results.

REFERENCES

Haeberli, W. and Hoelzle, M. 1995. Application of inventory data for estimating characteris-
tics of and regional climate-change effects on mountain glaciers: a pilot study with the
European Alps. Ann. Glaciol. 21, 206-212.

Hoelzle, M., Chinn, T., Stumm, D., Paul, F., Zemp, M., and Haeberli, W. 2007. The applica-
tion of inventory data for estimating past climate change effects on mountain glaciers: A
comparison between the European Alps and the Southern Alps of New Zealand. Global
Planet. Change 56, 69-82.

Baumann and Winkler 11



Nordic Branch meeting of the International Glaciological Society
Hofn in Hornafjérdur, Iceland, October 29-31, 2009

Dating of Holtedahlfonna ice cap based on ice chemistry and
comparison with other deep Svalbard ice cores

E. Beaudon™* and J.C. Moore*??

! Arctic Centre, University of Lapland, Rovaniemi, FINLAND
2 Thule Institute, University of Oulu, FINLAND
¥ College of Global Change and Earth System Science, Beijing Normal University, CHINA
*Corresponding author, e-mail: Emilie.Beaudon (at) ulapland.fi

ABSTRACT

Svalbard glaciers are sensitive to climatic changes due to both atmospheric and oceanic
circulation patterns (1). Several ice cores have been recently collected and have undergone
multi-proxy analysis in order to reconstruct the Barents region paleoclimate for the last
millennium and understand the behaviour of the main Svalbard ice caps under warming
conditions.

In 2005, a 125m deep ice core has been drilled on Holtedahlfonna (13°27°E, 79°14’ N, 1150
m a.s.l.) to improve our understanding of the spatial variability of Svalbard climate. The
preliminary analyses suggest that this ice core spans the last 400 years, its precise dating
remains however problematic since the depth to the bedrock at the drill site is not well
determined. Counting the seasonally varying parameters in annual layers was not sufficient to
achieve the dating. Thus, the idea we use to date the core is that there should be similarities
between Holtedahlfonna and the well-dated Lomonosovfonna core (with a dating accuracy
better than decadal accuracy) drilled in 1997 (2). The way we look at the similarities is with
wavelet coherence between the different ions in Lomonosovfonna and Holtedahlfonna so that
we can see signals at all periods from biannual up to hundred years in a single plot and check
that they are in-phase (3) (Figure 1).

The comparison of wavelet analysis with a different input for the bottom depth of the glacier
lead us to establish that the depth to the bedrock is at least 275m. From the chemical point of
view, we found that the sea salt ions and Ca are more coherent than SO, and especially NH,4
NOs;. The SO, differences probably reflect different budgets for sources between
Lomonosovfonna and Holtedahlfonna while NH, and NO3 incoherencies are perhaps related
to the Arctic Haze phenomenon observed at Holtedahlfonna but not at Lomonosovfonna.
Once we established the depth to the bedrock, we used the sulphate residual program
described in Moore et al., 2006 to find volcanic markers in the Lomonosovfonna core by
trying to fit as much of the sulphate data as possible to a multiple regression of the other ions
(Figure 2).

With the statistical use of the chemistry data to date Holtedahlfonna ice, our poster also
presents the first results of a comparative study of the chemical records from the latest deep
and shallow ice cores drilled on Svalbard ice caps.
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Figure 1. Wavelet coherence between the different ions in Lomonosovfonna and
Holtedahlfonna. The top row are from left to right for Cl, NOs, SO, middle row,
MSA, NH; K, bottom row Ca, Mg, Na. The arrows pointing to the right indicate
in-phase relationships between the 2 sites.
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Figure 2 Residual plots (left: Holtedahlfonna, right: Lomonosovfonna) from 2 regression
models (Empirical, Expected) when the chemistry data are interpolated to yearly
values. The dots in the upper two plots are each of the 50 models that run for
each sample. The upper and lower lines are 95% and 99% significance levels. The
Holtedahlfonna plot has good similarities with known major eruptions spikes on
Lomonosovfonna.
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ABSTRACT

This study reveals the glaciotectonic architecture and structural evolution of the
Eyjabakkajokull 1890 surge end moraines in Iceland. Based on morphological, geological and
geophysical data from terrain cross-profiles, cross-sections and ground penetrating radar
profiles, we demonstrate that three different conceptual models are required to explain the
genesis of the Eyjabakkajokull moraines. Firstly, a narrow, single crested moraine ridge at the
distal end of a marginal sediment wedge formed in response to decoupling of the subglacial
sediment from the bedrock and associated down-glacier sediment transport. Secondly, large
lobate end-moraine ridges with multiple, closely spaced, narrow asymmetric crests formed by
proglacial piggy-back thrusting. Thirdly, a new model shows that moraine ridges with
different morphologies may reflect different members of an end-moraine continuum. This is
true for the eastern and western parts of the Eyjabakkajokull moraines as they show similar
morphological and structural styles which developed to different degrees. The former
represents an intermediate member with décollement at 4-5 m depth and 27-33% shortening
through multiple open anticlines that are reflected as moderately spaced symmetric crests on
the surface. The latter represents an end member with décollement at about 27 m depth and
39% horizontal shortening through multiple high amplitude, overturned and overthrusted
anticlines, appearing as broadly spaced symmetric crests. We propose that the opposite end
member would be a moraine of multiple symmetric, wide open anticlinal crests of low
amplitude. Our data suggest that the glacier coupled to the foreland to initiate the end-moraine
formation when it had surged to within 70-190 m of its terminal position. This indicates a
time frame of 2-6 days for the formation of the end moraines.
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ABSTRACT

The aim of the project is to investigate the glacial history and surge dynamics of Malajokull, a
southern surge-type piedmont outlet of the Hofsjokull ice cap in central Iceland. Mulajokull
descends through a 2 km wide trough and spreads out on the bjorséarver plain with a 12 km
long margin. Its surge history is known back to 1924 with surges occurring on average every
10 years, the last surge being in 1992. At present, the glacier has a steep gradient (10-12°) in
the marginal ~1 km but levels out above (1-3°). The forefield is characterized by a number of
end-moraine ridges, drumlins, crevasse-fill ridges, lakes and small outwash fans. The
drumlins are juxtaposed across the forefield forming a drumlin field on which the other
landforms are superimposed. Annual moraines were observed in front of the present margin in
the NE and SW part of the forefield.

The first field season took place in the summer 2009 with two weeks of fieldwork in the
forefield of Mulajokull. Five main tasks were set for the first season: 1) To establish a net of
ground control points with a DGPS in order to orthorectify a series of aerial photogaphs from
1945-2000 and produce digital elevation models that will be used for quantifying sediment
transport, dead-ice melting and other changes related to the Mulajokll surges; 2) to investigate
the stratigraphy of the forefield in order to identify surge-related sedimentary units and to gain
insight into the surge history; 3) to examine the geometry and sedimentary composition of the
drumlins; 4) to investigate the internal architecture of the end moraines; and 5) to document
the situation and ongoing processes at the glacier margin.

The stratigraphy in the forefield is dominated by till layers which are differentiated on the
basis of their sedimentary properties, such as grain size, matrix composition, clast content,
and deformation structures. Stratigraphical investigations revealed 4 different tills where each
till is thought to represent one surge. This is especially clear on either side of the 1992 end
moraine where an extra till was found at the surface proximal to the moraine.

The drumlin field is formed by juxtaposed drumlins across the entire forefield. The drumlins
are 5-10 m high separated by glacial lakes, streams or outwash fans. Investigation of the
interior of the drumlins showed that they are made of at least 4-5 till units, indicating that the
drumlins are formed by till deposition during repeated surges. Drumlin fields are commonly
described from Pleistocene ice sheets (e.g. the New York drumlin field of the Laurentide ice
sheet) but have rarely been reported from modern glaciers. Therefore, the drumlin field at
Mdalajokull provides an ideal opportunity to study the origin of drumlin fields, and thereby
serves as an analogue to Pleistocene drumlin fields.

The outermost end moraine, known as Arnarfellsmdlar, is 5-10 m high and ~100 m wide. It
usually has a steep proximal slope and a gently sloping foreslope. The moraine consists of a
sequence of loess, peat and tephra that is draped by, and interfingered with, basal till on the
proximal slope. The end-moraine architecture is dominated by multiple narrow and
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overturned anticlines and shear zones in the proximal and central parts, but inclined and open
anticlines in the distal part. This indicates high ice-marginal stresses during the formation of
the moraine and is compatible with other surge moraines in Iceland.

Observations at the present ice margin revealed a prominent and newly developed end
moraine and a series of annual moraines. The end moraine was ~5 m high with the toe of the
glacier standing on its crest in some places, but at the foot of the proximal slope in other
places due to the summer melting. Although mainly single-crested, the moraine had several
minor asymmetric ridges on the crest and the foreslope, indicating thrusting as the principal
style of deformation. Thus, the moraine is thought to represent a recent advance of
Mulajokull, possibly a small surge. The annual moraines were observed within ~200 m from
the ice margin in the NE and SW parts of the forefield. Counting of these moraines on the
ground, from terrain-cross profiles and oblique aerial photographs showed 10-12 moraines
with 5-20 m spacing, indicating small winter re-advances during an overall retreat of the
margin in the past 10-12 years. Annual moraines are very unusual at surge-type glaciers as
movement in the marginal zone tends to be negligible after a surge. Thus, the question arises
whether for 10-12 years ago the glacier switched from being a surge-type glacier with
negligible motion between surges to be a non-surging glacier with steady annual flow and
winter re-advances. Further investigation of past years’ behaviour is needed for answering
that question.

Future work at Mulajokull will be directed towards: a) further documentation of the general
stratigraphy in the area; b) mapping of the drumlin field, drumlin geometry and sedimentary
composition; ¢) quantifying the sediment volumes re-distributed by the previous surges and,;
d) sediment coring in lakes and peat bogs on the pPjérsarver plain in order to document the
environmental history of the area.

Figure 1  Left: The Mulajokull piedmont lobe viewed from the south. Note the drumlin
field with lakes between the drumlins. Right: View from the NE across the
Mulajokull forefield. Note the profile of the glacier front, the annual moraines and
1992 surge moraines at the bottom of the photo. Dark linear feature along the
margin is the newly formed moraine.
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ABSTRACT

Over the last 50 years, retreating glaciers and ice caps (GIC) contributed 0.5 mm/yr to SLR,
and one third is believed to originate from ice masses bordering the Gulf of Alaska. However,
these estimates of ice wastage in Alaska are based on methods that directly measure a limited
number of glaciers and extrapolate the results to estimate ice loss for the many thousands of
others. Here, using a comprehensive glacier inventory with elevation changes derived from
sequential digital elevation models (DEMs), we found that, between 1962 and 2006, Alaskan
glaciers lost 41.9 + 8.6 km*/yr water equivalent (w.e.) and contributed 0.12 + 0.02 mm/yr to
SLR. Our estimate of the ice loss is 34% lower than previous estimates. Reasons for our lower
values include the higher spatial resolution of the glacier inventory used in our study and the
complex pattern of ice elevation changes at the scale of individual glaciers and mountain
ranges which was not resolved in earlier work. Estimates of mass loss from GIC in other
mountain regions could be subject to similar revisions.
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ABSTRACT

Systematic studies of surging glaciers in Iceland and elsewhere over the past decades have
greatly increased our understanding of surging glacier behaviour. Most studies have focussed
on surging behaviour of large outlet glaciers, whereas comprehensive studies of small cirque
glaciers have been lacking. In consequence, small surging cirque glaciers in Iceland have
hitherto not been thoroughly studied. The three surging cirque glaciers known in Iceland are
situated at Trollaskagi peninsula, a high mountainous area in Northern Iceland. Two of the
glaciers, Burfellsjokull and Teigarjokull, are located in cirques located 800-1100m a.s.l.,
which are surrounded by 1200-1300m high shading mountains.

Monitoring of the 2001 — 2004 surge in Burfellsjokull generated some new data that can
improve the understanding of small surging cirque glacier behaviour in Iceland. Data that
includes photographs, observations on surface and frontal changes as well as measurements of
the frontal advance were collected during the surge. The geographical software ArcGis was
used to compare GPS measurements of the glacier surface with DEM (digital elevation
model) and areal photographs to identify ice volume and mass transition of the surge.

Even though we were first aware that the surge had started in late winter of 2000-2001, we
can not exclude that it started up to a year earlier. During the winter 2000-2001 a remarkable
formation of crevasses in the glacier was noticed. In addition it was noticed late in the
summer of 2001 that a major bergschrund was forming along the mountain slopes near the
head of the glacier. Until the summer of 2003 numerous new crevasses formed and the
surface morphology of the glacier became rough and broken. During the late summer 2003
the glacier was impassable because of its heavily crevassed surface. At that time the surge
bulge was pressing to the glacier front and the margin had started to advance. The main
advance occurred between late summer 2003 and the summer of 2004, when the glacial front
flattened out as it advanced 150 — 250 m. A glacial melt water outburst marked the
termination of the surge, as the ice front only moved 10 - 30 meters in the weeks following
the flood.

Remote sensing and observation data on the surge of Buarfellsjokull 2001-2004 have increased
our understanding of surging cirque glacier behaviour. Small cirque glaciers (0,5 km? - 2 km?)
show behaviour that is comparable to surge behaviour of the large surge glaciers in Iceland
(which can be 10’s to 100’s of km?). The melt water outburst that marked the termination of
the surge suggests that a relatively large volume of water was stored under the glacier, and it
was squeezed out when the surge stopped and the glacier settled down. An active surge phase
lasting at least four years is very interesting compared to the much shorter surging phase of
the large Vatnajokull surging glaciers. This difference is considered to be a consequence of a

S. Brynjdlfsson, S. Brynjolfsson and O. Ingolfsson 19



Nordic Branch meeting of the International Glaciological Society
Hofn in Hornafjordur, Iceland, October 29-31, 2009

combination of relatively cold climate in the high (>1000 m) mountains of Trollaskagi and the
thin and small cirque glaciers occurring on the peninsula. This can suggest an intermediate
class of surging glaciers, between the polythermal surging glaciers in Svalbard (with a surge
phase of 4 — 10 years) and temperate glaciers of Iceland (with a surge phase lasting 1 — 2
years).

Figure 1 ~ Small surging cirque glaciers at Trollaskagi peninsula, Teigarjokull to left and
Burfellsjokull to right.

Figure 2  Early in the surge phase of Burfellsjokull numerous crevasses were forming near
the head of the glacier, especially along the mountain slopes.
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ABSTRACT

Surging glaciers leave specific landforms and sediment accumulations that generate particular
geomorphological settings. Characteristics of surging glacier environments have been
described by a process-form landsystem model, based primarily on the surge morphology and
sediments at Bruarjokull, Iceland. The surging glacier landsystem model works well for the
large outlet glaciers of Vatnajokull, but does not readily explain patterns of erosion,
sedimentation and morphology at surging cirque glaciers. Three surging cirque glaciers are
known at the Troéllaskagi peninsula in North Iceland. By mapping the geomorphological and
sedimentological environment of two surging glaciers at Trollaskagi, Burfellsjokull and
Teigarjokull, we aimed to develop a new landsystem model for small surging cirque glaciers.

The area was mapped during two summer fieldwork periods. Sediments, moraines and other
landforms in front of the glaciers were described and interpreted. The non-surging
Deildarjokull glacier in Svarfadardalur, at Trollaskagi peninsula, was also studied for
comparing geomorphological environments of surging and non-surging cirque glaciers. The
geographical software ArcGis was used for mapping and remote sensing.

High grade of frost weathering and rock fall on the glaciers from the mountains make coarse
and angular sediments prominent around the glaciers. Finer material (clay, silt and sand) is
limited in the area. GPS measurements show a very slow ice-flow velocity during the
quiescent phase, only few meters in a year. Consequently, rock-fall debris accumulates in the
accumulation area of the glaciers during the quiescent phase. When the glaciers surge, this
material is transported englacially and supraglacially to the marginal (ablation) zone where it
forms a debris cover over a melting stagnant ice and subglacially deposited sediments.
Occurrences of course-grained hummocky moraines and terminal moraines in front of the
surging cirque glaciers are results of the accumulation of rock-fall sediments during the
quiescent phase and short transport distance during the surge phase. In general, landforms
such as flutes and crevasse ridges are considered to be typical for surging glaciers. However,
they are rare in the Trollaskagi surging glacier landsystem. Likewise, concertina eskers,
typical for the large surging glacier environments, are lacking in front of the Trollaskagi
surging cirque glaciers.

A new landsystem model was developed for the small surging cirque glaciers at Trollaskagi,
to highlight and explain the uniqueness of their geomorphological environment. The model is
based on the surging glacier landsystem model of Evans and Rea (2003), but modified in
accordance with field observations from Bdarfellsjokull and Teigarjokull. The model will be
tested in a near-future survey of the more than 150 cirque and valley glaciers at Trollaskagi
peninsula.
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