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Abstract

General circulation models (GCMs) predict a rapid decrease in Arctic sea ice extent
in the 21st century. The decline of September sea ice is expected to continue until
the Arctic Ocean is seasonally ice free, leading to a much perturbed Arctic climate
with large changes in surface energy flux. Svalbard, located on the present day sea
ice edge, contains many low lying ice caps and glaciers which are extremely sensitive
to changes in climate. Records of past accumulation indicate that the surface mass
balance (SMB) of Svalbard is also sensitive to changes in the position of the sea ice
edge.

To investigate the impact of 21st Century sea ice decline on the climate and surface
mass balance of Svalbard a high resolution (25km) regional climate model (RCM)
was forced with a repeating cycle of sea surface temperatures (SSTs) and sea ice
conditions for the periods 1961-1990 and 2061-2090. By prescribing 20th Century
SSTs and 21st Century sea ice for one simulation, the impact of sea ice decline is
isolated. This study shows that the coupled impact of sea ice decline and SST increase
results in a decrease in SMB, whereas the impact of sea ice decline alone causes an
increase in SMB of similar magnitude.

1 Introduction

Worldwide, observations of glaciers show an increasingly negative mass balance in
recent years (Arendt et al., 2002; Kaser et al., 2006). Despite the fact that only 0.5 %
of the Earth’s terrestrial cryosphere consists of small glaciers and ice caps outside
the ice sheets (Antarctica and Greenland), the smaller ice masses in the Arctic are
thought to be a major contribution to this negative balance (Meier et al., 2007). The
contribution from the Arctic is estimated to have increased from 0.27 mma™" sea level
equivalent (SLE) 1961-1992 to 0.64 mm a~' in 1993—2006 (Dyurgerov et al., 2010).
Svalbard contributes significantly to this total, with estimates ranging from 0.013 to
0.026 mma~' SLE (Moholdt et al., 2010; Nuth et al., 2010; Wouters et al., 2008).
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Satellite monitoring since the late 1970s has shown that total Arctic sea ice extent
has been declining, and at an accelerating rate since the 1990s (Serreze et al., 2007).
The sea ice decline lies outside of the standard deviation of the model ensemble of
projected decline included in the Intergovernmental Panel on Climate Change (IPCC)
4th Assessment Report (AR4) (Stroeve et al., 2007). Arctic sea ice retreat is thought
to provide a major contribution to the positive trend in lower tropospheric Arctic tem-
perature, which is amplified with respect to the global mean (Serreze et al., 2009). The
decline in sea ice is expected to continue until the Arctic is seasonally ice-free at some
point in the 21st Century (Boé et al., 2009; Wang and Overland, 2009).

Sea ice extent around Svalbard has been decreasing since the mid-1800s (Divine
and Dick, 2006), concurrent with a general increase in temperatures (Nordli and Kohler,
2004). Accordingly, sea ice extent is thought to impact Svalbard glaciers, given their
proximity to the ocean. Over the last 400 years the 580 record on the Austfonna ice
cap correlates closely to the sea ice extent (Isaksson et al., 2005a,b) (location shown
in Fig. 1). Anomalous increases of 35 % in accumulation rate on Austfonna between
1996-2002, were associated with changes in perennial ice cover around Nordaust-
landet (Bamber et al., 2004; Raper et al., 2005). However, neither observations nor
proxy reconstructions of SMB exist for past periods of low sea ice comparable to those
expected in the 21st Century.

This study investigates what impact a seasonally ice free Arctic Ocean will have
on the climate and surface mass balance (SMB) of Svalbard using a regional climate
model (RCM). Atmospheric GCMs (AGCMs) are useful for investigating the impact of
sea ice decline since they enable the use of experimental surface forcing, such as
driving the surface boundary with present day SSTs and late 21st Century sea ice
concentrations to isolate separate factors of change (Stein and Alpert, 1993). Deser
et al. (2010) forced an AGCM with 1980—-1999 SSTs and 2080—-2099 sea ice conditions,
and found that the response to the surface energy budget was largest in winter and
smallest in summer and accounts for most of the seasonal, spatial and vertical structure
of high latitude warming in coupled simulations used to provide the sea ice. Singarayer
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et al. (2006) suggest that some areas of Arctic land ice may even undergo net increase
in accumulation due to sea ice decline.

Due to its relatively small size, Svalbard is not even represented as a land surface in
many low resolution GCMs. Such GCMs are therefore not ideal for modelling climate
changes (e.g. Hanssen-Bauer and Farland, 2001), arguing for the use of statistical and
dynamical downscaling methods. While statistical methods add value to GCM-derived
estimates of climate change, many methods are not physically based and some are
limited to estimating change in regions in which there are existing observations (Fowler
et al., 2007).

Here, we use a 25km RCM to dynamically downscale AGCM scenarios. At this
resolution, the RCM resolves the essential topography required to model circulation in
the region. The use of RCMs represents a significant increase in model complexity
compared to statistical downscaling studies in this region (e.g. Benestad et al., 2002;
Rye et al., 2010).

A recent regional modelling study concluded that under the special report on emis-
sion scenarios (SRES) B2 emissions scenario (Nakicenovic and Swart, 2000), Sval-
bard is expected to experience an annual temperature increase of 3°C in the south
west and 8°C in the north east from 1961-1990 to 2071-2100 with winter showing
larger changes than summer. Annual precipitation is expected to increase by 10 % in
the south west and 40 % in the north east over the same period (Fgrland et al., 2009).
Farland et al. (2009), use the 25 km NorACIA-RCM version of HIRHAM over Svalbard
forced with boundary conditions from the global Bergen Climate Model (BCM).

This study builds on this work of Fagrland et al. (2009) by incorporating an explicit
investigation of the relative importance of sea ice decline on Svalbard’s future climate
and looking at the impact of future climate change on Svalbard’s glacial SMB. It is the
first regional impact study to investigate the climatic impact of sea ice decline using an
RCM.
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The paper is set out as follows; in Sect. 2, we discuss the model set-up and justify
the multiple nesting of RCMs. Section 3 describes the validation of the RCM with the
available data, although observational data is relatively sparse on Svalbard. Section 4
describes the model results of the impact of sea ice decline on accumulation and melt
climatology.

2 Model setup and methods
2.1 Model setup

A high resolution 25 km (0.22°) version of the UK Met Office RCM, HadRM3 was used
for this study (Jones et al., 1995). The use of a high resolution model is necessary
due to Svalbard’s complex topography and will give significant improvement over lower
resolution GCMs, typically of the order of 100-400 km, due to the RCMs ability to
resolve circulation associated with small scale orographic features.

The climatological time slices of SSTs and sea ice that are used to force the RCM
come from both observations and GCM simulations. These are monthly mean fields,
averaged over a given interval and used to force the model periodically. The GCM
scenarios used come from the UKMO HadGEM1 global climate model. These ex-
periments were performed as part of the 3rd Climate Model Inter-comparison Project
(CMIP3) and are available from the WCRP database (http://www-pcmdi.linl.gov/ipcc/
about_ipcc.php). This set of experiments contains a historical run for the 20th Century,
forced with observed green house gas (GHG) concentrations (20C3M). Nakicenovic
and Swart (2000), set out scenarios of 21st Century GHG emissions, of these we se-
lect A1B (severe) and A2 (less severe) to be used in this study. The source and time
slice period of the SSTs and sea ice used for each of the 5 experiments are as follows:

1. ISST: Driven by U.K. Met Office Hadley Centre (MOHC) mean monthly observed
SST and sea ice data (HadISST) for the period 1961-1990.
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2. 20C3M: present day control SST and sea ice (1961-1990),
3. A1B: A1B SST and sea ice (2061-2090),
4. A2: A2 SST and sea ice (2061-2090) and

5. HYB: A1B sea ice and 20C3M SSTs.

The ISST simulation will be used to compare RCM performance against observational
data over Svalbard. Many studies use reanalysis products to force RCMs to isolate
bias/errors in the RCM from those in the driving simulation (e.g. Noguer et al., 1998;
Denis et al., 2002). The use of the HadISST observed SST and sea ice data set
minimises errors in the surface boundary conditions as a source of bias in the RCM
present day validation experiment (ISST) (Rayner et al., 2003).

For the hybrid forcing experiment, HYB, the RCM is forced with 20C3M SSTs and
A1B sea ice. For grids cells which are ice covered in the 20C3M field but not in the
equivalent A1B grid cell, their SST value is set to —1.8°C. The comparison between
this and the A1B experiment, forced with A1B SST and sea ice, allows us to isolate the
component of the climate change signal which is attributed to sea ice alone from the
coupled SST and sea ice signal simulated in the A1B experiment.

The RCM simulations were forced at their lateral boundary by the global AGCM
HadAMS (Pope et al., 2000). HadAM3 includes the same physics as HadRM3 and was
forced with the same SSTs and sea ice as the high resolution model.

The ratio between the resolution of lateral boundary forcing used to force an RCM
and the RCMs resolution, is usually between 2 and 5, with a maximum of 10 (Denis
et al., 2002). When this ratio is too large, multiple nesting is sometimes used, this
is where the global model is used to force an intermediate resolution RCM, which is
in turn used to force the high resolution RCM (e.g. Christensen et al., 1998). Such
a nesting “cascade” was used in this study since the ratio between the resolution of
HadAMS3 (2.5° x 3.75°) and HadRM3 (0.22°) is greater than 10. For this purpose a
0.44°HadRM3 simulation on a domain containing the high resolution domain was used
to output boundary conditions for the 0.22° Svalbard domain.
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2.2 Methods

In Sect. 4.2 we use SMB seasonal sensitivity characteristics (SSCs) to look at the
impact of sea ice decline on the mass balance of the glaciers and ice caps on Svalbard
(Oerlemans and Reichert, 2000; Oerlemans et al., 2005). These SSCs are a 2 x 12
matrix giving the sensitivities of the mean net specific surface mass balance (b,,) of
a glacier to a change in temperature and precipitation in a given month (see Fig. 2).
These were calculated using an energy balance model, described in Van de Wal and
Oerlemans (1994), and perturbing the temperature and precipitation input.

The difference between the mean specific balance of a glacier surface in a perturbed
climate, b,,, may be expressed as:

A5n=6n_5n,ref’ (1)
where b,  is the glaciers specific balance in a reference (control) climatology. This
may be expressed in terms of monthly mean precipitation P, and temperature 7, as:

12

Dby= D {Sr (T, -0)+Sp (P, =)}, ()
k=1

where the sensitivity of mean surface mass balance to temperature is defined as:
0b,

95y 3)
OTk

Srk=

where T,Q is the temperature perturbation from the control climate for month k. The

SSC of precipitation is defined similarly by:
ob,
Pk= A5
oP,

(4)
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where the precipitation perturbation P, from the control climate, at a given month k is
defined as:
Pk - Pk ref

P =—, 5

k Pk,ref ( )
where P is the mean precipitation in the perturbed climate for month k and P . is
the mean monthly precipitation in the reference. The terms 8 and ¢ are introduced to
account for the imbalance between climate and glacier state. It is difficult to quantify
these terms in the light of existing information about both the current state of the mass
balance of Svalbard’s glaciers and climatic conditions in the region. Hence we follow
Oerlemans et al. (2005) in setting these to zero.

The use of these SSCs to relate climatic changes to changes in SMB requires the
assumption that changes in SMB are linear with changes in temperature and precipita-
tion. As such the calculated SMB anomaly from a given climatic perturbation is subject
to large uncertainty. In this context, changes in b, are best looked at as being indicative
of relative changes in SMB between the simulations.

3 Comparison of model with observations

There are relatively few long-term meteorological station records in Svalbard, and even
fewer records of any length from glaciated areas. Accordingly we also use some proxy
data for validation purposes.

3.1 Comparison with meteorological station temperature

There are two long-term meteorological records available from Svalbard: Ny-Alesund
and Longyearbyen both in west Spitsbergen. A homogenised meteorological record
for Longyearbyen is available from 1911-present, and is one of only a few long term
temperature records in the Arctic (Nordli and Kohler, 2004). The temperature record
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from the research base in Ny-AIesund, which is a coastal site, covers the period 1974-
present.

Two glaciers with AWS station data available are Midre Lovénbreen and Kongsve-
gen, both near Ny-Alesund, western Spitsbergen (see Fig. 1). The Midtre Lovénbreen
record lasts from 1997-2002 (Hodson et al., 2005). Monthly mean values were cal-
culated from the hourly met station temperatures. Despite the high resolution of the
RCM, a single grid cell contains both the Midtre Lovénbreen station and Ny-Alesund.

The Kongsvegen AWS is located at stake 6 (~530ma.s.l., 78.78° N, 13.16° E), with
a record covering the period 2000-2007.

For comparison with the RCM, a mean monthly temperature climatology was calcu-
lated from the available daily data at each site. In the case of Longyearbyen, where
the record spans the reference period (1961-1990), only data from these years was
used. For the other locations, where records are shorter, the whole period of available
observations was used.

The RCM reproduces the summer temperature well in Midtre Lovénbreen and Ny-
Alesund, but is colder in winter at both these locations. This cold bias at these locations
is probably caused by unrealistic levels of orographic blocking due to insufficiently re-
solved orography. Comparison with ERA-40 surface winds reveals an over dominance
of cold katabatic easterly winds from Svalbard’s interior. Even at 25 km there is a large
step change in orographic height at the coast, blocking warm air from penetrating suit-
ably far inland. The seasonal cycle of temperature at both these locations follows the
nearest ocean cell in the RCM better than the containing land cell (see Fig. 3a). This
indicates that easterly winds are overly dominant in winter in the model.

The RCM performs better at Longyearbyen, where the winter cold bias is about half
that in Ny-Alesund. In Longyearbyen, there is a smaller and more gradual increase
in elevation from the western coast, such that the topography in the RCM is more
representative of the meteorological station at Longyearbyen, which is close to sea
level (see Fig. 2 and Fig. 3b).
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The RCM represents the annual temperature well at Kongsvegen but overestimates
the seasonal variability, with too cold winter and too warm summer temperatures (see
Fig. 3c). A similar pattern in HadRM3 was seen by Murphy et al. (2002) for locations
on the Greenland ice sheet, which was associated with errors in the RCMs surface
exchange scheme MOSES due to an oversimplification of the albedo scheme over ice.

This highlights the issues surrounding the comparison of point data with grid cell
model data (Skelly and Henderson-Sellers, 1996). The often assumed equivalence
between the two becomes less realistic as the level of real surface inhomogeneity
increases. Svalbard is particularly inhomogeneous at the sub-25km grid scale, and
therefore one would expect there to be deviations from point observational data.

3.2 Melt climatology

With so few meteorological records available for comparison, and these restricted to
the western coast of Svalbard, we look to the annual number of positive degree days
(PDDs) as an alternative. A 5 year climatology of melt days was compiled for Svalbard
for the period 2000-2004 by Sharp and Wang (2009) from backscatter data from the
Quick Scatterometer (QSCAT). We use this as a climatology against which to validate
model temperature. To do this we assume an equivalence of melt days and surface
air temperature PDDs. This assumed equivalence is justified in that, to a first approx-
imation, when the surface air temperature is positive the surface will be melting, and
when the surface air temperature is negative it will not. The 1961-1990 observed mean
SSTs and sea ice used to force the RCM are not equivalent to 2000—2004 SSTs and
sea ice. However the lack of quality gridded temperature observations requires us to
use alternative validation datasets such as this.

The RCM models the onset of melt well in south and west Spitsbergen but melt starts
too early in east Spitsbergen and on Nordaustlandet. Similarly, melt season duration
is modelled well in southern and eastern Spitsbergen, but the melt season is too short
in north east Spitsbergen and Nordaustlandet (Fig. 4). This indicates that the RCM is
too cold in these regions, which is likely caused by the same cold bias experienced in
western Spitsbergen.
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The date of freeze onset is modelled well by the RCM in southern and eastern Spits-
bergen, but the onset of melt is up to 25 days earlier in the RCM over Austfonna and
~10 days in Vestfonna and northeastern Spitsbergen. This is perhaps not due to de-
ficiencies in the model but to differences in sea ice and SST between 2000-2004 and
those used to force the RCM. In the 20002004 period the pack ice envelops northern
Svalbard later in the season compared to the 1961-1990 baseline climatology used to
force the RCM.

3.3 Accumulation validation

Direct observations of precipitation are problematic in cold regions, with rime ice or un-
dercatch causing serious hindrance to accurate measurements (Fgrland and Hanssen-
Bauer, 2003). However, ice cores can provide a record of specific net SMB, through
analysis of annual layers or the dating of layers using reference horizons from e.g. vol-
canic eruptions (e.g. Banta and McConnell, 2007).

Pinglot et al. (1999) derived mean, minimum and maximum specific net SMB, b,,,
records for a number of glaciers around Svalbard. Accumulation values were deter-
mined by dating layers using fallout from nuclear tests (1963) and the Chernobyl layer
(1986) as temporal markers in the record. We use the ice core derived specific net
SMB to compare against RCM precipitation in the grid cells containing these core sites
(see Tables 1, 2 and Fig. 5a). Since these ice core sites are in the accumulation zone of
their respective glacier, annual accumulation forms a lower bound to total precipitation.
The less melt occurring at the ice core site the better an approximation of total precip-
itation b, becomes. This allows us to determine those grid cells that underestimate
precipitation.

Analysis reveals that the RCM has ample precipitation over all ice core locations in
Spitsbergen but underestimates precipitation at both sites on Nordaustlandet (Fig. 5b).
The RCM underestimates the accumulation at the Aust 98 and Vest 95 sites producing
18 % and 62 % of that observed respectively (see Table 2). This may be caused by
a mixture of the RCM underestimating orographic precipitation due to low elevations
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in the RCM relative to reality and the block like nature of the Nordaustlandet coastline
which has a much steeper gradient than in reality (Fig. 5¢c). The cold bias mentioned
will reduce accumulation rates by causing a reduction in specific humidity in north
Svalbard. However, the accumulation rates on Svalbard are extremely variable both
spatially and temporally with accumulation experiencing large inter-annual variation
(Sand et al., 2003). Understanding of these processes is limited by a lack of available
observational data on Nordaustlandet.

4 The impact of changes in sea ice to the climate of Svalbard

The previous section showed that although the model is not perfect, it does successfully
represent many details of Svalbard’s climate relevant to the SMB. In this section we will
present the impacts of the driving scenarios, firstly on the surface energy balance of
the Arctic Ocean surrounding Svalbard and their impact on Svalbard’s climatic regime.
Secondly, we describe the impact of the climatic perturbations to the SMB of Svalbard’s
glaciers and ice caps.

4.1 Energy balance, hydrological cycle and temperature

The area of greatest projected sea ice retreat in the east Arctic is around Svalbard
(Fig. 6). Svalbard is intersected by the March sea ice maximum extent for the 20C3M
present day experiment and sea ice covers much of the Barents sea. In all future
scenarios the southern March maximum extent has migrated north past the 80° latitude
band leaving open water to both the north and eastern shores of Svalbard (Fig. 7).

During the September minimum of the 20C3M climate, the sea ice edge reaches the
northeastern coast of the Svalbard archipelago. In the future scenarios the Arctic is
almost completely ice-free, other than some small protected areas around the north
coast of Greenland and the Canadian archipelago.
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In all three future simulations, there are large increases in surface turbulent heat
flux (THF) over areas experiencing a reduction in sea ice concentration. This is most
pronounced in DJF, since the atmosphere is coldest relative to the ocean in this season.
There is a pronounced dipole pattern in the DJF THF anomaly, with positive anomalies
between the 20C3M and future sea ice edge and negative anomalies south of the
20C3M sea ice edge. The area south of the sea ice edge is a maxima of THF field,
since the open ocean is in contact with extremely cold polar air (Fig. 6). In a reduced
sea ice scenario, this maxima occurs just to the south of the future sea ice edge, this
effect was also observed in the study of Deser et al. (2010).

The sea ice edge in the 20C3M DJF climatology lies close to Svalbard, such that in
reduced sea ice scenarios the ocean to the southwest experiences less THF, while the
water around the northeastern coast experiences a much increased THF. The areas
of largest increase are in the Barents and Kara Sea, where winter anomalies are over
110Wm™2in places (Fig. 6).

Both A1B and A2 show large DJF temperature anomalies, with temperatures in-
creasing by as much as 21°C in north east Nordaustlandet. There is a large gradient
of change between the west coast of Spitsbergen and Nordaustlandet, with the west
coast experiencing more moderate changes of 8 °C. The decline of sea ice around the
eastern side of the archipelago amplifies warming in this region. Changes are more
moderate in HYB as one might expect, with changes of 0—15°C between the west and
east coast (see Table 3 and Fig. 6). This is the portion of the change which is due to
the impact of sea ice declining in this region. Indicating that sea ice decline alone is
responsible for roughly ~66 % of the DJF warming in the A1B scenario.

The resulting changes to DJF precipitation are also dramatic, with A1B and A2 show-
ing precipitation anomalies of more than 400 % over Nordastlandet (Fig. 6 and Table 3).
These changes are the result of an altered hydrological cycle in the region, due to the
previously described changes in THF as well as changes in circulation, with the win-
ter prevailing wind direction changing from predominantly northwest to southwest (not
shown). This southerly shift in wind direction over Svalbard is caused by the change in
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thermal gradient over the Barents and Kara Seas.

Large increases in precipitation are observed over the entire Nordaustlandet, and
in northeastern Spitsbergen. However parts of western Spitsbergen experience less
change, and some coastal locations near Isfjorden even experience a small reduction
in precipitation. Whilst warmer temperatures in the region mean that there is more
moisture transport and precipitation over the archipelago, the negative THF anomalies
in the Greenland sea to the west coast of Spitsbergen cause this decrease in precipi-
tation in parts of the east coast.

The relatively low prevailing wind speeds in the Arctic mean that the anomalies of
precipitation for both DJF and JJA closely follow the anomalies of THF, especially in
the HYB experiment. The precipitation anomaly caused by sea ice decline in HYB has
a clear dipole pattern with areas of increased THF having increased precipitation and
negative THF areas reduced precipitation (Fig. 6).

Svalbard experiences a more moderate increase in DJF precipitation of ~54% in
HYB but with a similar spatial pattern to A1B and A2 experiments. There are small
negative changes around west Spitsbergen and large changes (~270 %) over Nor-
daustlandet. The changes in precipitation in HYB are the result of changes in THF
alone, thus the impacts of sea ice decline which are of a fairly local nature are sepa-
rated from the impacts of increased global SSTs. Thus, those changes in precipitation
due to large scale moisture transport anomalies are excluded.

Though the reduction in sea ice extent over the Arctic is greater in JJA than DJF the
reduction in sea ice concentration over the Barents sea in JJA is less than in DJF, this is
because in 20C3M the Barents sea has lower concentrations than in the winter, when
most grids are 100 % covered. Thus the areas which experience the largest reduction
in sea ice between the 20C3M and future climates are north of Svalbard and Franz
Joseph Land (Fig. 8).

The HYB experiment’s JJA THF response due to sea ice reduction alone is small
and negative over some areas where ice is removed. This is because the SST for
these cells was set to —1.8 °C which is colder than the atmosphere (see HYB in Fig. 8).
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There is no change in SST or surface air temperature, hence no change in thermal
gradient. However the response to sea ice and SSTs in A1B and A2 experiments is
more noticeable with a positive response everywhere between the 20C3M maximum
ice extent line and the maximum ice extent line in the future simulations. The area with
the largest positive response is off the north and south coasts of Svalbard.

The JJA temperature response in the HYB experiment is small with some isolated
decreases in temperature. The A1B and A2 temperature responses are more sig-
nificant, with positive anomalies of 0-5°C, with changes located mainly in southern
Spitsbergen and Edgegya.

Similarly, the JJA changes to precipitation are relatively small in HYB (-30—40 % in
some areas) with positive changes in the north and negative changes in some southern
and central areas. When SST changes are included, some areas experience over
100 % increases with the largest changes occurring in northeastern Spitsbergen and
Nordaustlandet. More moderate increases occur on the west coast of Spitsbergen.
This is driven by both increased turbulent heat flux from the Arctic Ocean and poleward
moisture transport from lower latitudes.

The changes in temperature and precipitation for the Barents sea region described
in this section are more dramatic than the estimates of Farland et al. (2009) but similar
to those of Rinke and Dethloff (2008). This provides some confidence in the magnitude
of simulated change. The seasonal dependance of changes in precipitation and tem-
perature are similar to both these studies. However, it should be noted that the periods
of analysis and scenarios are not consistent between these experiments.

4.2 Surface mass balance

In this section the impact of those climatic changes described in Sect. 4.1 to the surface
mass balance (SMB) of Svalbard’s glaciers and ice caps will be described.

For each experiment, A1B, A2 and HYB, the change in specific balance, AE,,, across
all the ice masses across the archipelago was calculated based on the SSCs of Oer-
lemans et al. (2005) (Fig. 1). They were calculated using Eq. (2) where the changes
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in precipitation and temperature were area averaged across the whole of Svalbard and
the reference climate was the 20C3M experiment. For A1B, A2 and HYB the values of
Ab, are —0.31, —0.31 and 0.35 m water equivalent (w.e.) respectively.

In the A1B and A2 experiments the Ab, is dominated by negative mass balances
resulting from increases in the melt season temperature (Fig. 9a). Accumulation in-
creases throughout the year, especially in winter months, but while it compensates the
melt driven mass loss to some extent, the increase is not enough to avoid a negative
Ab,, (Fig. 9b). In reality an increase in summer liquid precipitation would act as a heat
gain to the surface and causes melt, an effect that is not accounted for by the SSCs
and one that would result in an even more negative change in b,,, in both A1B and A2
experiments.

The HYB experiment however experiences a net increase in b,,, which is caused by
both a decrease in melt season temperature discussed in Sect. 4 causing less melt
and an increase in DJF accumulation (Fig. 9b). There is a decrease in accumulation
in JJA but Svalbard is not sensitive to changes in accumulation during the melt sea-
son and this is more than compensated by increases in accumulation in DJF. Signifi-
cant increases in temperature occur outside of the present day melt season between
September-May; these do not affect the calculated change in b, since the values of
Sr « is zero in these months, but this will not be the case if temperatures rise above
0°C.

The fact that the temperature and precipitation response in A1B and A2 is similar to
Rinke and Dethloff (2008) and the THF response in HYB similar to Deser et al. (2010)
is encouraging and provides confidence in the robustness of these results.

5 Conclusions
5.1 Model validation

The use of high resolution regional models in areas of complex topography like Sval-
bard is essential to understanding future cryospheric change. In this study it has been
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demonstrated that the 25km (0.22°) version of HadRM3 performs well in reproduc-
ing some aspects of Svalbard’s climate in the present day. The model was validated
against in-situ meteorological station data from the Norsk Polarinstitutt research sta-
tion at Ny-Alesund and AWS data from the near by glaciers Midtre Lovénbreen and
Kongsvegen as well data for Longyearbyen airport near Isfjorden.

The RCM performed well in JJA but was affected by excessive blocking of coastal
air masses, leading to an over dominance of cold air from the north and large win-
ter biases. The performance of HadRM3 suggests that even at 25 km resolution the
orography was not suitably resolved to model circulation at the coastal locations well
enough to generate accurate surface fields for forcing a more complicated SMB model.
Future climate modelling studies of this region would benefit from the use of even
higher resolution models.

Model precipitation was validated against in-situ observations of net accumulation
derived from ice cores (Pinglot et al., 1999). The model reproduced precipitation well
at all of the sites on Spitsbergen but under represented precipitation at sites on Nor-
daustlandet. These low precipitation rates were attributed to lower orographic elevation
thus less orographic precipitation than reality.

The use of the melt season climatology of Sharp and Wang (2009) as a means to
validate the RCM is unusual but utilises an equivalence with PDDs that makes sense
physically. We decided against regridding the data onto the same grid as the RCM
or vice versa and performing more robust statistical tests since the two quantities are
not equivalent. The differences in climate state between both the modelled period and
period of observation also inhibit a fair comparison of these quantities. Nonetheless in
regions of sparse observations, the data provides some qualitative assessment which
is useful.

5.2 Climate change and mass balance

This study has investigated the impact of 21st Century sea ice decline on the mass
balance of Svalbard’s ice caps and glaciers by partitioning the signal of sea ice decline
1903
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on Svalbard’s climate from the coupled impact of SST increase and sea ice decline.
In doing so we found that ~66 % of the DJF warming and ~54% of the increase in
precipitation between 1961-1990 and the A1B 2061-2090 scenario was caused by
the effect of sea ice decline. In contrast to DJF, where removing the sea ice cover had
a large impact, in JJA changes in SST are responsible for changes in THF. In JJA the
sea ice decline alone causes relatively little change in temperature nor precipitation
over Svalbard compared to the DJF anomalies. However when changes in SST are
also included, the net effect in the A1B simulation is a significant increase in both
precipitation and temperature.

Sea ice decline alone causes a net increase in the mass balance of Svalbard’s
glaciers. The HYB experiment shows a decrease in summer temperatures and an
increase in annual precipitation leading to a positive net change in specific SMB av-
eraged across the archipelago of 0.35 mw.e. This is in stark contrast to the coupled
effect in the A1B simulation which shows a net decrease in SMB —-0.31 mw.e. Both
these changes are similar in magnitude to the present day mass balance for Svalbard
(=-0.36m a~we., excluding Austfonna and Kvitgya) (Nuth et al., 2010).

The magnitude of change in the A1B and A2 scenarios is similar due to similar SST
and sea ice extent forcing over the period used. This is because, at this stage in the
evolution of these different emission scenarios, the forcing is similar (Nakicenovic and
Swart, 2000). This increases the robustness of the magnitude of change simulated for
this period.

The method of using SSC to assess the change in mass balance has been used
to look at the long term impacts of climate change (Oerlemans et al., 2005). This
assumes that b, changes linearly with temperature and precipitation change. A more
physically based SMB impact study using an energy balance model would be a more
robust approach to modelling the impact of the changes modelled by the RCM, however
the SSCs provide a first order approximation of change suitable for this study as we
are more interested in the relative impact of changes in sea ice and SST.
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Table 1. Ice core name, location, altitude, equilibrium line altitude and the period the ice core

covers for the ice core sites used in this study.

Glacier Ice core long lat Alt. (m) ELA (m) Period
Kongsvegen KongK 13.28 78.78 639 520 1963-1988
KongL 13.45 78.77 726 520 1965-1991
Sngfjella SnowW 13.28 79.13 1190 650 1963—-1991
Vestfonna Vest95 21.02 79.97 600 505 1963—-1994
Austfonna Aust 98 24.00 79.80 740 505 1963-1997
Lomonosovfonna Lom 10 1742 78.87 1230 660 1963-1996
Asgardfonna Asg93 16.72 7945 1140 800 1963-1992
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Table 2. Specific net SMB average, minimum and maximum estimates from ice cores and RCM
annual precipitation and standard deviation. The altitude of the ice core location and the RCM

grid cell orographic height are included.

Ice core

RCM

Balance (m w.e.) |

Balance (m w.e.)

Ice core | Alt.(m) Ave. Min. Max. | Alt.(m) Ave. o diff. Ave.
Kong K 639 048 045 0.52 474 058 0.14 0.10
Kong L 726 0.60 0.56 0.64 474 058 0.14 -0.02
Sno W 1190 0.47 045 0.51 604 051 0.11 0.04
Vest 95 600 0.38 0.37 0.39 271 0.14 0.03 -0.24
Aust 98 740 050 0.50 0.51 502 0.41 0.07 -0.09
Lom10 | 1230 0.36 0.35 0.37 725 0.34 0.05 -0.02
Asg 93 1140 0.31 0.30 0.33 538 0.44 0.06 0.13
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Table 3. Seasonal estimates of area averaged temperature and precipitation change on Sval-
bard for A1B, A2 and HYB simulations, compared to 20C3M control experiment. The intervals

expresses the geographical spread of change, not projection uncertainty.

Field Season A1B A2 HYB
Temperature "C)  ANN 5-12 6-12 0-6
MAM 5-11 6-12 0-7

JUA 0-5 0-5 -3-0

SON 6-13 6-13 0-5

DJF 8-21 8-21 0-15

Precipitation (%) ANN -9-232 -4-213 -14-101
MAM -19-264 -7-216 -20-148

JJA 14-125 10-105 -29-38

SON -25-201 -21-233 -32-47

DJF -17-445 -10-446 -13-273
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Fig. 1. Map of the Svalbard archipelago including names of islands (Large font), locations

(bold) and ice caps (italic).
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Fig. 2. Seasonal sensitivity characteristics (SSCs) for Svalbard from Oerlemans et al. (2005).
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Fig. 3. Modelled and observed mean monthly surface air temperature for, the grid cell contain-
ing (a) Ny-AIesund and Midtre Lovénbreen, (b) Longyearbyen and (c) Kongsvegen. In addition,
temperature from the grid cell from the nearest ocean grid cell to Ny-AIesund is plotted in (a) for
comparison with the land cell. Each of the RCM mean monthly values have whiskers repre-
senting 0.
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Fig. 4. Modelled and observed climatology of melt onset (a and b), melt season duration

(c and d) and freeze onset (e and f).
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Fig. 5. annual total accumulation (precipitation) and ice corelocations (blue), (a), Ice core net
accumulation min, mean, max (box) and RCM total accumulation (+o, whiskers), (b), and RCM

orographic height, (c) .
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Fig. 7. March (maximum) mean sea ice concentration for (a), 20C3M experiment and (b) A1B
experiment. Derived from the HadGEM1 CMIP3 experiments.
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Fig. 8. JJA anomalies of sea ice concentration (%), turbulent heat flux (W m'2), surface air
temperature ("C) and precipitation (%) of the A1B, A2 and HYB from the 20C3M simulation.
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