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Glacier surface melt and runoff depend strongly on seasonal and perennial snow (firn)
conditions. Not only does the presence of snow and firn directly affect melt rates by
reflecting solar radiation, it may also act as a buffer against mass loss by storing melt
water in refrozen or liquid form. In Svalbard, ongoing and projected amplified climate
change with respect to the global mean change has severe implications for the state of
snow and firn and its impact on glacier mass loss. Model experiments with a coupled
surface energy balance —firn model were done to investigate the climatic mass balance
and the changing role of snow and firn conditions for an idealized Svalbard glacier.
A climate forcing for the past, present and future (1984-2104) is constructed, based
on observational data from Svalbard Airport and a seasonally dependent projection
scenario. With this forcing we mimic conditions for a typical inland Svalbard glacier.
Results illustrate ongoing and future firn degradation in response to an elevational retreat
of the equilibrium line altitude (ELA) of 31 m decade . The temperate firn zone is found to
retreat and expand, while cold ice in the ablation zone warms considerably. In response
to pronounced winter warming and an associated increase in winter rainfall, the current
prevalence of refreezing during the melt season gradually shifts to the winter season in
a future climate. Sensitivity tests reveal that in a present and future climate the density
and thermodynamic structure of Svalbard glaciers are heavily influenced by refreezing.
Refreezing acts as a net buffer against mass loss. However, the net mass balance change
after refreezing is substantially smaller than the amount of refreezing itself, which can
be ascribed to melt-enhancing effects after refreezing, which partly offset the primary
mass-retaining effect of refreezing.

Keywords: Svalbard, mass balance, snow, future, climate change, refreezing

1. INTRODUCTION

During the most recent decades, Arctic temperatures have increased at an amplified rate compared
to the global mean (ACIA, 2005; IPCC, 2013), which has been ascribed to retreating sea-ice cover
and resulting ice—atmosphere feedbacks (Serreze and Francis, 2006; Bintanja and van der Linden,
2013). Additionally, precipitation in the Arctic has increased in recent decades in response to
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atmospheric moistening (Min et al., 2008; Zhang et al., 2012).
Increases in both precipitation and temperature in the Arctic are
projected to accelerate during the remainder of the twenty-first
century (Bengtsson et al., 2011; Bintanja and Selten, 2014).

The climate on the high-Arctic archipelago of Svalbard,
located at the northern end of the Atlantic warm water current,
is highly sensitive to variability and trends in winter-time sea-
ice extent (Divine and Dick, 2006; Day et al., 2012), as well
as changes in atmospheric circulation patterns (Hanssen-Bauer
and Forland, 1998). Observed temperatures at Svalbard Airport,
Longyearbyen, between 1898-2012 show a marked positive
mean trend of 0.26°C decade™! (Nordli et al., 2014). A strong
seasonal contrast prevails in observed temperature trends with
markedly more pronounced warming in winter/spring than in
summer (Forland et al., 2011; Bintanja and van der Linden,
2013; Nordli et al., 2014). Observational precipitation records in
Svalbard since the early and mid-twentieth century reveal weakly
positive trends, with low significance due to substantial local-
scale and instrumental uncertainty (Forland and Hanssen-Bauer,
2000). Projections for Svalbard, based on empirical downscaling,
indicate a continued modest precipitation increase and a three
times higher warming rate up to the year 2100 than observed over
the last 100 years (Forland et al., 2011).

Changing temperature and precipitation conditions affect the
energy and mass balance of Svalbard glaciers. Estimates of the
multi-decadal mass balance of all Svalbard glaciers, disregarding
frontal ablation, are close to zero with values ranging between
—0.05m w.e. a~! for 1979-2013 (Lang et al., 2015) and 0.08 m
w.e. a~! for 1957-2014 (Qstby et al., in review). Frontal calving
of tide-water glaciers is a substantial mass loss term and has been
estimated at —0.18 m w.e. a~! for 2000-2006 (Blaszczyk et al.,
2009). Altogether, recent warming has enhanced glacier thinning,
which has been estimated at —0.59m a~! for 1961-2005, based
on airborne/satellite altimetry for six glaciers around Svalbard
(James et al., 2012). As a dynamic response to glacier thinning,
glaciers in Svalbard have shrunk by 7% of their total area during
the past 30 years for a sample of around 400 glaciers (Nuth et al.,
2013).

The interaction between a glacier surface, the atmosphere
above and the underlying snow/firn determines the climatic
mass balance. The climatic mass balance is defined as the sum
of the surface mass balance, due to surface accumulation and
ablation, and the internal mass balance (Cogley et al., 2011).
Rising temperature induces more surface melting, but the timing
and rate of melt water discharge depends strongly on the presence
and state of seasonal snow and firn. Snow acts as a buffer against
mass loss due to its mirroring effect on solar radiation, which
reduces heat absorption and surface melt, and because it can
store percolating melt water in either solid (refrozen) or liquid
form. Refreezing of percolating and stored water in snow and firn
contributes significantly to the mass balance of glaciers and ice
sheets and has a pronounced impact on subsurface temperature
and density (Jania et al., 1996; Wright et al., 2007; Reijmer et al.,
2012). It is generally most pronounced in accumulation zones
and peaks in spring when first melt enters the cold snow pack
and in fall when the cold wave induces refreezing of stored liquid
water.

While there has been much focus on the direct mass-retaining
effect of refreezing (e.g., Pfeffer et al., 1991; Reijmer et al.,
2012), there has been considerably less attention for the role of
indirect effects after refreezing. The primary mass balance effect
of refreezing is to retain melt/rain water in refrozen form, thereby
reducing the fraction of melt/rain water that runs off. At the same
time heat release and solid mass retention by refreezing affect
the thermodynamic state and stratigraphy of the snow pack,
thereby affecting the conductive heat flux and potentially the
surface albedo, which in turn influence surface melt and runoff.
A detailed assessment of the impact of refreezing on the mass
balance of glaciers requires a coupled treatment of surface and
snow processes, and is highly relevant for modeling melt and
discharge of Arctic glaciers.

In a warming climate, higher melt rates lead to firn
densification and thinning, ultimately causing a retreat of
the perennial snow cover to higher elevations. Rapid near-
surface densification in lower accumulation zones in south-west
Greenland (Machguth et al., 2016) and western Svalbard (Van
Pelt and Kohler, 2015) are manifestations of this. Shrinking
accumulation zones (1) amplify melt rates in summer due to
increased bare-ice exposure (ice—albedo feedback), and (2)
reduce the potential for melt water retention by refreezing. Both
effects reduce the buffering role of snow and firn against mass loss
in a warming climate (e.g., Van Angelen et al., 2013; Van Pelt and
Kohler, 2015).

Our aim with this study is to investigate the changing state
of snow and firn conditions in Svalbard and its impact on
glacier mass loss in a past, present and future climate (1984-
2104). Numerical simulations are done with a coupled surface
energy balance—firn model (EBFM; Van Pelt et al., 2012; Van
Pelt and Kohler, 2015), on a synthetic elevation-dependent
grid. We attempt to simulate evolving surface and snow/firn
conditions along the centerline of an idealized inland Svalbard
glacier. Such a set-up facilitates an analysis with a focus on
the process understanding and helps to identify the role of
feedback mechanisms. The constructed climate forcing relies
on variability from the Svalbard Airport meteorological station,
a seasonally-dependent future projection scenario (Forland
et al., 2011), and observation-based elevation lapse rates. The
model, climate forcing and experimental setup are described
in Section 2. Model results are analyzed and discussed in
Section 3. Finally, conclusions and recommendations are given in
Section 4.

2. METHODS

2.1. Model

A coupled energy balance—firn model (EBFM) is used to
perform simulations on a synthetic elevation dependent grid.
Here, we briefly summarize the main qualitative model aspects;
for a more complete overview of the coupled model and
its implementation, see Van Pelt et al. (2012) and Van Pelt
and Kohler (2015) and references therein. The model has
previously been used to study the mass balance and firn
evolution of Nordenskicldbreen in central Svalbard (Van Pelt
et al., 2012, 2013, 2014; Vega et al., 2016), and Kongsvegen and
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Holtedahlfonna in western Svalbard (Christianson et al., 2015;
Van Pelt and Kohler, 2015).

Driven by meteorological fields, at every model time-step a
surface energy balance model sums the heat fluxes at the surface
in order to determine the surface temperature and the energy
involved in melting:

Qmelt = Qsw + Qi + Quurb + Qghf + Qrains (1)

where Qp; is the energy available for melt, Q, is the net
shortwave radiation, Qy, is the net longwave radiation, Qut
is the turbulent heat exchange by the latent and sensible heat
flux, Qgpr is the conductive ground heat flux, and Qrain is the
energy supplied by rainfall. The surface temperature is limited
to 0°C, any excess energy results in melting of the surface layer
(Qmelt > 0). Formulations of the individual energy fluxes can be
found in Klok and Oerlemans (2002); a qualitative description of
the individual fluxes is given below.

In order to solve the surface energy balance climate input of
air temperature, relative humidity, cloud cover and precipitation
is required by this model. Cloud cover, temperature and
relative humidity affect the incoming shortwave radiation,
which depends on the top-of-atmosphere radiation, atmospheric
transmissivity and the grid orientation (Klok and Oerlemans,
2002). Reflected shortwave radiation is determined by the
albedo, following a snow depth and age dependent formulation
(Oerlemans and Knap, 1998). Incoming longwave radiation
is formulated as a function of cloud cover, relative humidity
and air temperature (Konzelmann et al., 1994), while the
Stefan-Boltzmann law for a black body describes emitted
longwave radiation. The description of turbulent sensible and
latent heat exchange uses bulk equations by Oerlemans and
Grisogono (2002), requiring climate input of air temperature and
relative humidity, respectively. The ground heat flux represents
conduction between the surface skin layer and the underlying
snow/ice and can take both signs depending on the near-surface
temperature gradient. Finally, the heat supplied by rainfall
depends on air temperature and is generally a small term. The
model distinguishes between snow and rainfall by using a gradual
(linear) transition from snow to rain between air temperatures
of 0.5 and 2.5°C; hence, at a temperature of 1.5°C precipitation
consists of 50% rain and snow (Van Pelt et al., 2012).

Energy and mass exchange at the surface provides an upper
boundary condition for the subsurface model, tracking the
evolution and vertical distribution of temperature, density and
water content. The multi-layer subsurface model is based on
Reijmer and Hock (2008) and later modified and extended
by Van Pelt et al. (2012). The energy consumed in melting
the surface may be released again as latent heat below the
surface when percolating or stored water refreezes in snow or
firn layers. The subsurface model solves the thermodynamic
equation, accounting for heat conduction and refreezing:

oT 0] oT RL
T—=— — —, 2
pep(T) 5 = o (x(p) az) += )
where T is the layer temperature, p the layer density, c,(T)

the specific heat capacity, «(p) the effective conductivity, R the

refreezing rate (kg m~2 s~1), L the latent heat of fusion and d
the layer thickness. The subsurface model additionally solves the
densification equation, considering refreezing and gravitational
packing of the snow G(p, T) (Ligtenberg et al., 2011):

ap R
— = ,T)+ — .
o G(p )+d 3)

Vertical water transport and refreezing is simulated using a
bucket scheme (Greuell and Konzelmann, 1994; Reijmer and
Hock, 2008; Van Pelt et al., 2012). Storage of percolating water
occurs in two forms: (1) on its way down a small amount of water
is held in temperate layers against capillary forces (irreducible
water), and (2) water accumulates on top of impermeable ice
to form a layer of slush water, thereby filling the remaining
pore space. Runoff occurs at the firn-ice transition and is
instantaneous in the case of bare-ice exposure and according to
a slope-dependent time-scale for standing slush water within the
snow-pack (Reijmer and Hock, 2008).

The climatic mass balance is a direct measure for mass changes
resulting from the interaction of atmosphere, glacier surface and
the underlying snow/firn (Cogley et al., 2011). It is therefore
effectively a measure for mass change at and below the surface,
down to the base of the snow or firn pack (if present). The
climatic mass balance is defined here as the sum of mass gain,
through precipitation and condensation/riming, and mass loss,
through runoff and evaporation/sublimation. Refreezing may act
as a buffer against mass loss where a firn/snowpack is present,
as it reduces the amount of melt water that runs off. In our
experiments the climatic mass balance is assumed to be equal to
the sum of mass changes above the base of the model domain
at 15-20 m depth; any potential refreezing below this depth is
regarded as negligible.

2.2. Climate Forcing

2.2.1. Temporal Variability

In order to run the coupled model, meteorological input
of precipitation, air temperature, cloud cover and relative
humidity is required at a sub-daily temporal resolution.
Meteorological data of the above parameters, collected at the
coastal meteorological station at Svalbard Airport at 28 m a.s.l,
Longyearbyen (Norwegian Meteorological Institute, eKlima.no)
are used as time-series for 1975-2014. Six-hourly observations of
temperature, cloud cover and relative humidity were interpolated
to the 3-h model resolution, whereas observed 12-h precipitation
sums were split into 3-h bins. The average temperature between
1 September 1975 and 31 August 2014 was equal to —5.0 °C,
precipitation summed to 191 mm a~!, mean relative humidity
was equal to 74%, and average cloud cover was 64%.

Time-series of winter (DJF), spring (MAM), summer
(JJA) and autumn (SON) mean observed temperature and
precipitation between 1975-2014 (first 39 years in Figure 1),
show a clear inhomogeneity in observed seasonal temperature
trends. Over the observation period 1975-2014, winter warming
(2.2°C decade™!) exceeds summer warming (0.5°C decade™) by
a factor of four. Much stronger winter than summer warming,
referred to as Arctic winter warming (AWW), is one of the key
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FIGURE 1 | Time-series of observed and projected winter (DJF), spring (MAM), summer (JJA) and autumn (SON) temperature (A) and precipitation (B) for
the period 1975-2104.

features of Arctic Amplification and has been ascribed to the
retreat of sea ice and the resulting ice—atmosphere feedbacks
(Serreze and Francis, 2006; Bintanja and van der Linden, 2013).
Forland et al. (2011) used the NorACIA (Norwegian Arctic
Climate Impact Assessment) regional climate model, with input
from six atmosphere ocean general circulation model (AOGCM)
simulations for a range of emission scenarios (A1B, A2, and
B2), to simulate the past (1961-1990) and future (2071-2100)
climate in the Svalbard region. The ensemble results present
seasonal temperature and precipitation trends between 1961-
1990 and 2071-2100, yielding linear seasonal temperature trends
for Svalbard Airport of 1.0 (DJF), 0.6 (MAM), 0.3 (JJA) and

0.5°C decade™! (SON) and precipitation trends of 0.4 (DJF), 2.6
(MAM), 1.0 (JJA), and 1.9 % decade™! (SON) (Fgrland et al.,
2011).

In addition to seasonal inhomogeneity in warming, at intra-
seasonal time-scales (days to weeks) cold spells are found to warm
faster than warm spells. This is apparent when comparing trends
per season of above-average (upper 50%) and below-average
(lower 50%) temperatures in the 1975-2014 Svalbard Airport
record, as shown in Figure 2. Below-average temperatures were
found to increase 1.5 (DJF), 2.1 (MAM), 2.1 (JJA), and 1.6 (SON)
times faster than above-average temperatures, which indicates
more rapid warming of cold spells for all seasons.
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FIGURE 2 | Time-series of winter (DJF; A), spring (MAM; B), summer (JJA;
C) and autumn (SON; D) temperature at Svalbard Airport for the period
1975-2104, averaged per year for above-average (upper 50%; dashed red
line) and below-average (lower 50%; dashed blue line) values.

In order to extend the 1975-2014 climate forcing into the
future, we first repeat variability of temperature, precipitation,
cloud cover and relative humidity, observed at Svalbard Airport
between 1984-2014, three times to cover the period 2014-
2104. In a next step, we impose seasonal trends in temperature
and precipitation, according to Forland et al. (2011). Finally,
for the temperature projection we additionally account for
the aforementioned inhomogeneity in warming of cold and
warm spells, as observed in the Svalbard Airport record. More
specifically, the following steps are applied to generate future
time-series for temperature, precipitation, cloud cover and
relative humidity:

1. Observed 3-h time-series of temperature, precipitation, cloud
cover and relative humidity during the 30-year reference
period (1984-2014), are repeated three times into the future to
cover the 90-year period from 1 September 2014 to 31 August
2104.

2. Seasonal trends of temperature and precipitation in Forland
etal. (2011) are imposed on the future time-series. Seasonally
inhomogeneous trends are already present in the reference
climate (1984-2014) and thus also within the repeated future
30-year blocks. Therefore, for every season corrections for
seasonally inhomogeneous warming are applied per 30-year
block, i.e., an entire 30-year block is shifted to conform with
the change applicable for the midpoint of the 30-year period.
After trend application, mean seasonal temperatures between
2015 and 2104 increase by 8.6 (DJF), 5.2 (MAM), 2.3 (JJA), and
4.6 °C (SON), and seasonal precipitation rates rise by 3 (DJF),

23 (MAM), 9 (JJA), and 17% (SON), in line with projections
in Forland et al. (2011).

3. Inhomogeneity of warming of cold and warm spells within
seasons during the observational period (Figure2), is
assumed to persist in a future climate. A time-dependent
temperature correction is implemented by multiplying the
seasonal trends applied in step 2 by a time-dependent
function, which is <1 for above-average temperatures and >1
for below-average temperatures. The function is equal to 1 +
AT(t)* Cr, where AT(t) is the temperature deviation at time-
step t from the 30-year running seasonal mean, and Cr (in
K1) is a seasonally-dependent coefficient, which represents
the fractional change of the seasonal trend per degree
temperature deviation from the 30-year running seasonal
mean. With seasonal values of Cy of —0.034 (DJF), —0.057
(MAM), —0.160 (JJA), and —0.048 K~! (SON) continuation
of the observed inhomogeneity at Svalbard Airport between
1975-2014 (Figure 2) is assured in the future temperature
scenario.

The resulting time-series of seasonally averaged temperature
and precipitation for 1975-2104 are shown in Figure 1. The
projected climate scenario includes changes in temperature
and precipitation variability. Stronger winter than summer
warming reduces the magnitude of the annual temperature
cycle (Figure1A). Additionally, more pronounced warming
of cold than warm spells leads to a reduction of short-
term (intra-seasonal) temperature variability. The latter is
also responsible for the decrease of inter-annual variability
in seasonal temperatures (Figure 1A), since relatively warm
seasons (compared to the 30-year mean) will experience a
weaker warming trend than relatively cold seasons. Finally,
seasonal precipitation trends cause the magnitude of individual
precipitation events to increase, while the frequency of
precipitation events remains unchanged in the projected
climate.

The above described approach to generate meteorological
time-series provides a strong alternative to using climate output
from a single future realization of a RCM, which is prone
to substantial uncertainty given the generally large spread
between individual RCM projection runs. The current approach
also has some limitations. While we incorporate expected
changes in the magnitude of temperature and precipitation
variability, no potential long-term changes in the frequency
and distribution of weather events are accounted for. For
example, an increased frequency of heavy-precipitation events
in the Northern hemisphere has been suggested (Min et al.,
2011), although a recent analysis of extreme precipitation
events in Svalbard reveals no significant trends over the most
recent decades (Serreze et al., 2015). Furthermore, we do
not account for potential trends in cloud cover and relative
humidity, due to a current lack of constraints of long-term
trends of these variables. This is believed to have a minor
impact on the presented results, since (summer) temperature and
precipitation are assumed to be the dominant factors influencing
the climatic mass balance and snow/firn development. To
test sensitivity of the model results to different climate

Frontiers in Earth Science | www.frontiersin.org

November 2016 | Volume 4 | Article 102


http://www.frontiersin.org/Earth_Science
http://www.frontiersin.org
http://www.frontiersin.org/Earth_Science/archive

van Pelt et al.

Mass Balance of Svalbard Glaciers

scenarios, a set of climate sensitivity experiments is performed
(Section 3.5).

2.2.2. Elevation Dependence

Experiments are performed on an elevation-dependent model
grid, representing the centerline of a typical inland Svalbard
glacier. Constructed time-series of temperature, precipitation,
cloud cover and relative humidity (Section 2.2.1) apply at
sea-level elevation. An elevation-dependent climate forcing
is constructed by applying lapse rates for temperature and
precipitation, using values typical for Svalbard glaciers. Based
on previous estimates of temperature lapse rates in Svalbard
which range between —0.0040°C m~! (Gardner et al., 2009)
and -0.0066°C m~! (Nuth et al., 2012), we use a constant
mean temperature lapse rate of —0.0053°C m~!. We apply an
average precipitation lapse rate of 0.97 mm w.e. a~! m~!, based
on GPR measurements in 1997-1999 in different regions on
Svalbard (Sand et al., 2003; Winther et al., 2003). Winter stake
balance measurements on Holtedahlfonna in western Svalbard
(Baumberger, 2007; Nuth et al, 2012; Van Pelt and Kohler,
2015) and Nordenskioldbreen in central Svalbard (Van Pelt et al.,
2012, 2014) reveal that precipitation remains constant above an
approximate elevation of 800-1000 m a.s.l. Based on this, we set
the elevation above which the precipitation lapse rate reduces
to zero at 900 m a.s.l. No elevation lapse rates were applied for
relative humidity and cloud cover.

2.3. Model Setup and Experiments

Forced with 3-h climate input (Section 2.2), we perform time-
dependent experiments with EBFM (Section 2.1), on a model grid
covering an altitudinal range of 0-1500 m a.s.l. An altitudinal
grid spacing of 25 m is used. The subsurface model uses a
moving grid consisting of 200 vertical layers with a maximum
layer thickness of 10 cm; depending on surface mass fluxes layers
will be added or removed at the surface and base of the vertical
model domain (Van Pelt and Kohler, 2015). In contrast to a
fixed grid, a moving grid avoids averaging of layer properties and
assures layer properties do not suffer from numerical diffusion.
The model uses a 3-h time-step, except in the calculation of
subsurface heat conduction, for which adaptive time-stepping
is used to assure numerical stability. In the calculation of the
incoming solar radiation, we assume the surface to be flat, we
neglect any shading by surrounding topography, and set the
geographic position to the approximate location of Longyearbyen
in central Svalbard (78°12' N, 15°26' E). We adopt the same
model parameter setup for simulating the energy balance and
subsurface conditions as in Van Pelt and Kohler (2015). In Van
Pelt and Kohler (2015) surface energy balance parameters have
been calibrated to optimize model performance against stake and
weather station data on glaciers around Kongsfjorden in western
Svalbard. Calibrated constants include the aerosol transmissivity
coeflicient (affects incoming solar radiation), fresh snow and ice
albedo (affects reflected solar radiation), emissivity exponents
for clear-sky and overcast conditions (affects incoming longwave
radiation), and the turbulent exchange coefficient (affecting
turbulent heat exchange). Simulated subsurface density and
temperature profiles have been validated against observational

data in Van Pelt et al. (2014) and Van Pelt and Kohler (2015). We
do not account for any glacier dynamics, i.e., zero horizontal ice
flow is assumed, which implies slight potential offsets (increasing
with depth) of the presented vertical profiles. Given the shallow
depth of the vertical model (up to 20 m), we believe the impact of
ice flow on our results is likely to be small.

Experiments performed with EBFM cover the 120-year period
between 1 September 1984 and 31 August 2104. Realistic
simulation of subsurface conditions in the first years of the
experiments requires initialized subsurface temperature, density
and water content conditions at the start of the simulations
(Van Pelt et al., 2012; Van Pelt and Kohler, 2015). To generate
initial conditions, we perform a spin-up procedure in which the
model is looped three times over the spin-up period 1975-1984,
with meteorological input at sea-level from the Svalbard Airport
record and lapse rates given in Section 2.2.2. Final output of an
initialization run is used as input for the next iteration. During
the 27-year spin-up procedure a snow and firn pack develops
and deep density, temperature and liquid water storage approach
a state consistent with the mean surface forcing between 1975-
1984. Final output of the third initialization run provides initial
conditions for the experiments starting 1 September 1984. Long-
term runs done with EBFM include a standard run, using the
above-described standard model settings, and a set of sensitivity
experiments, in which the model is run without refreezing
(Section 3.4) and perturbed settings for the climate scenario and
elevation lapse rates (Section 3.5).

3. RESULTS AND DISCUSSION

In this section we will present results of the model experiments.
We start with a discussion of the long-term subsurface evolution
at a site in the lower accumulation zone (Section 3.1). Next,
we present elevation profiles of the mass balance, refreezing
and subsurface conditions (Section 3.2). Thereafter, the changing
role of refreezing in a future climate is discussed (Section 3.3),
followed by an assessment of the impact of refreezing on the
mass balance and subsurface conditions (Section 3.4). Finally,
we present the outcome of climate sensitivity experiments
(Section 3.5).

3.1. Subsurface Evolution

Increasing melt and rain water percolation in snow and firn
in a future climate impacts the subsurface thermodynamics,
stratigraphy and water storage. To illustrate the consequences
of ongoing and projected climate conditions on the state of
snow/firn, we first focus on the simulated firn evolution for a
site at an elevation of 800 m a.s.l. for the periods 2010-2014,
2040-2044, 2070-2074, and 2100-2014 (Figure 3).

In a present-day climate, the site at 800 m a.s.l. is located in
the lower accumulation zone and a thick (>10 m) firn pack is
present at this elevation (Figure 3A). Heat release by refreezing
of percolating water quickly removes the winter cold content at
the start of the melt season (Figure 3B). Melt-freeze cycles during
the melt season cause rapid near-surface densification, leading to
the formation of a summer surface with elevated density every
melt season (Figure 3A). At this elevation, melt water percolates
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FIGURE 3 | Subsurface density (left) and temperature (right) during the four periods 2010-2014 (A,B), 2040-2044 (C,D), 2070-2074 (E,F) and 2100-2104
(G,H) at an elevation of 800m a.s.|. A vertical offset is applied for surface height changes with positive (negative) offsets representing surface height increase
(decrease). Surface height changes are defined with respect to the base of the model domain and hence incorporate the effect of firn compaction. Depth on the y-axis
is the depth with respect to the highest surface height in the 5-year period. Year labels and tick marks on the x-axis are given at 1 January of the indicated year. The
white dashed line marks the onset of the rainfall event in February 2012, 2042, 2072, and 2102.

throughout the firn column every summer season (Figure 3B),
filling a fraction of the pore space with irreducible water. During
the winter season, refreezing occurs at increasing depth as stored
irreducible water gradually freezes in response to surface and
firn cooling. Winter-time cooling only removes stored water by
refreezing in the first meters, which causes the deeper firn to
remain temperate (Figure 3B). Firn densification in the first few
meters is dominated by the effect of refreezing; deeper down,
gravitational settling becomes a dominant factor (Figure 3A).

In a future climate, higher summer melt rates and continued
densification by refreezing and settling cause the firn pack to
rapidly thin in the first decades and to disappear by the end
of the twenty-first century (Figures 3C,E,G). Toward the end
of the twenty-first century, this site at 800 m a.s.l. turns into

ablation area, resulting in a net annual surface height lowering,
absence of firn, and seasonal snow accumulation on top of the
impermeable ice in winter (Figure 3G). The shallow firn—ice
transition depth in the last decades limits deep water storage
and refreezing, which causes deep temperatures to become non-
temperate (Figure 3H). In addition to the lack of refreezing, the
higher conductivity of ice compared to snow promotes more
rapid winter-time cooling. Warm spells in winter and associated
rainfall cause (additional) winter-time refreezing, removing part
of the cold content in the upper meters. A clear example of
this is seen in February 2012, 2042, 2072, and 2102; heavy
winter rainfall causes deep percolation and refreezing, thereby
substantially affecting subsurface temperatures (Figures 3D,F,H)
and snow stratigraphy in subsequent months (Figures 3C,E,G).
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With winter warming being more pronounced than summer
warming, the frequency of winter rainfall events is projected to
increase, having a major impact on the seasonal distribution of
refreezing and the thermodynamic state of snow and firn, as will
be further discussed in Section 3.3.

3.2. Elevation Profiles

Next, we discuss the mass balance and subsurface conditions for
an elevation range of 0 to 1500 m a.s.l. Time-series of deep firn
temperature (at 15-m depth) and bulk density (mean of first 10
m) are shown in Figure 4. Time-series of ELA, superposed in
Figure 4, indicate a slightly non-linear increase from 500-600
m a.s.l. during the reference period (1984-2014) to 800-900 m
a.s.l. during the final 30 years of the simulation (2074-2104). A
mean linear trend of 31 m a.s.l. decade™! was found, summing to
a total ELA increase of 367 m a.s.l. over the simulation period.
A comparison of ELA during the reference period to regional
values presented in Hagen et al. (2003) and Moller et al. (2016)
reveals that simulated ELA is more representative of the relatively
dry inland regions in central Spitsbergen, than the wet coastal
regions. This can in part be explained by the use of climate
input from Svalbard Airport, located in central Spitsbergen, as
a sea-level forcing.

The thermodynamic structure of Svalbard glaciers is
strongly influenced by latent heat release after refreezing,
which is dominant in the lower accumulation zone where
deep percolation and water storage can occur ((Van Pelt
and Kohler, 2015); Ostby et al., in review). The current and
projected thermodynamic structure with cold deep subsurface
temperatures in the ablation area and temperate conditions in
the lower accumulation area is common for Svalbard glaciers
(Bjornsson et al., 1996; Pettersson, 2004). It is noteworthy
that the simulated subsurface temperature development
during the reference period (1984-2014) resembles what
has recently been observed at a high elevation site (1200 m
a.s.l.) on Nordenski6ldbreen in central Spitsbergen. Observed
temperatures at 12 m depth in a medium-length borehole in
1998 (Van de Wal et al., 2002) and in a shallow borehole in 2012
(Van Pelt et al., 2014) revealed a warming from cold to temperate
conditions, which is in line with the simulated results shown in
Figure 4A.

At high elevations in the accumulation zone the percolation
depth of melt/rain water is limited and the winter cold wave is
sufficiently strong to refreeze all stored water in the course of the
winter season. This is not the case in the lower accumulation
zone, where water stored deep in the firn (at more than a
few meter depth) may survive the winter cooling. At these
elevations temperate deep firn conditions remain and in case
discharge through crevasses and moulins is low, deep firn water
reservoirs (perennial firn aquifers) can potentially develop on
top of the impermeable ice. As shown by Kuipers Munneke
et al. (2014) the formation of deep perennial temperate firn
requires moderate to high melt rates and high accumulation
rates. After the discovery of perennial firn aquifers in Greenland
(Forster et al., 2013), similar deep firn water reservoirs have
recently been detected in ground-penetrating radar data in
Svalbard in the accumulation zones on Lomonosovfonna (R.

= o

% 1000 | <

© o

£ 2

= @©

3 g

£ 500 £

< 2

0 ; A : i .
2000 2020 2040 2060 2080 2100
Year (AD)

B 1500

= &

12}

@ 1000 g

E <

Y 2
(7}

£ 500 =

< a

2000 2020 2040 2060 2080 2100
Year (AD)

FIGURE 4 | Time-series of annual mean subsurface temperature at
15-m depth (A) and mean density in the first 10m (B) between 1984 and
2104, plotted as a function of elevation. The black line shows the evolution of
the ELA. Years on the x-axis are defined between 1 September (preceding
year) and 31 August.

Pettersson, personal communication, 2016) and Holtedahlfonna
(Christianson et al., 2015). Without appropriate physics in the
model to simulate firn aquifer build-up and dynamics, we
limit ourselves to identifying locations of potential firn aquifer
development.

The projected subsurface development in Figure 4A reveals
substantial warming of deep (ice) temperatures in the ablation
area in response to increasing surface temperatures. The
elevation band with temperate firn conditions in the lower
accumulation zone is found to (1) migrate upwards in response
to ELA retreat, and (2) to cover a larger elevation range in a
warming climate (Figure4A). Increased melt rates cause firn
degradation and gradual depletion (Figure 4B), causing the firn
line to migrate upwards with a delay of typically a few years
relative to the rising ELA. The time-delay between ELA rise, firn
line retreat and upward extension of the temperate firn zone is an
indicator of the sensitivity of firn conditions to changing surface
conditions. Widening of the temperate firn zone (Figure 4A)
can be explained by an increased significance of rainfall at high
elevations, as well as to preferential winter warming, causing
a reduction of subsurface cold content at the start of the melt
season.

Elevation profiles of mass balance for the periods 1984-
2014, 2014-2044, 2044-2074, and 2074-2104 in Figure 5A reveal
slightly accelerating upward migration of the ELA. The mean
ELA equals 564 m a.s.l. for 1984-2014, 644 m a.s.l. for 2014-
2044, 733 m a.s.l. for 2044-2074, and 831 m a.s.l. for 2075-2104.
In line with the accelerated ELA rise, the mass balance sensitivity
in the ablation area is found to increase in a future climate causing
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accelerated mass loss toward the end of the simulation period
(Figure 5A). Elevation profiles of refreezing (Figure 5B) show
values ranging between 0.07 and 0.35 m w.e. a~! for all periods,
with patterns consistently showing a maximum of refreezing in
the lower accumulation zone, in line with previous findings for
all Svalbard glaciers (Q@stby et al,, in review) and for individual
glaciers in central Svalbard (Van Pelt et al., 2012) and western
Svalbard (Van Pelt and Kohler, 2015). A similar distribution with
a maximum of refreezing in the accumulation zone has also been
shown in other regions, such as on the Tibetan Plateau (Fujita
et al., 1996). Comparing height-profiles of refreezing between
periods reveals an upward shift of the maximum in time in
line with the projected firn line retreat. Widening in time of
the elevation band with highest refreezing rates is apparent and
explains the aforementioned extension of the temperate firn zone
(Figure 4A).

3.3. Seasonality of Refreezing

Next, we discuss changes in the seasonal pattern of refreezing.
The seasonal distribution of refreezing at elevations of 300, 600,
and 900m a.s.l., averaged over three different periods (1984-
2014, 2029-2059, and 2074-2104), is shown in Figure 6. During
the reference period (1984-2014, Figure 6A), refreezing of melt
or rain water is typically most pronounced during the melt
season when first melt enters cold seasonal snow or firn, and
due to melt-freeze cycles following the daily cycle in temperature
and insolation (Colbeck, 1987; Pfeffer and Humphrey, 1998). In
the accumulation zone at 900 m a.s.l, a substantial fraction of
the total refreezing occurs outside the melt season (Figure 6A)
and can be ascribed to refreezing of stored irreducible water,
continuing throughout the winter season. During the reference
period, small amounts of winter-time refreezing occur at 300 m
a.s.l. and can be attributed to rare rainfall events. During the melt
season, refreezing at 300 m a.s.l. is mostly concentrated in June-
July, when first melt enters the initially cold seasonal snow pack,

which disappears in the course of the melt season; higher up,
refreezing continues throughout the melt season (Figure 6A).

In a future climate, refreezing is projected to become
less substantial during the melt season and more significant
during the winter season at all three elevations (Figures 6B,C).
Pronounced winter warming leads to an increased frequency
of warm spells with positive temperature excursions, causing
increased rainfall occurrence in winter. Latent heat release
after refreezing of rain water in winter snow causes snow and
firn to warm considerably, which has major implications for
the thermodynamic profile and substantially reduces the cold
content at the start of the melt season. As a result, refreezing
during the melt season will decrease at the expense of winter-time
refreezing. An example of this is shown in Figure 3 after a heavy
rainfall event in February 2012, 2042, 2072, and 2102.

In contrast to rainfall, surface melting in a warming climate
remains very small in winter, mostly due to low or absent solar
radiation. For 2074-2104, the ratio of summed melt to summed
rainfall between November and March ranges from 3% at 900
m a.s.l. to 20% at 300 m a.s.l, respectively, which confirms that
increased future winter-time refreezing is mostly induced by rain
events.

3.4. Impact of Refreezing on Subsurface

Conditions and Mass Balance

Refreezing of melt and rain water in snow and firn is known
to exert a major influence on subsurface temperature and
density profiles, and it has been shown to provide a substantial
buffer against mass loss of Arctic glaciers (e.g., Wright et al,
2007; Van Angelen et al, 2013). In order to investigate the
impact of refreezing on the mass balance, as well as subsurface
thermodynamics and stratigraphy, we performed an additional
experiment (1984-2104) in which the effects of refreezing are
ignored. More specifically, in this experiment we do not allow
for any solid mass retention and heat release by refreezing. As
a result, all available melt and rain water at the surface will
eventually run off; liquid water storage as irreducible water or
slush water may still occur and delays runoff. Results of the two
runs, averaged over the whole simulation period, are compared
in Figure 7.

Elevation profiles for the refreezing and no-refreezing runs
show a major impact of refreezing on temperatures at 15-m
depth, particularly in the lower accumulation zone (Figure 7A).
Without refreezing subsurface temperature is only governed by
heat conduction and the vertical mass flux and shows a nearly
linear decrease with elevation as a result of atmospheric cooling
with elevation. Differences of up to 10°C are apparent in the
lower accumulation zone. In the ablation area, the impact of
refreezing on 15-m subsurface temperature is negligible. Here,
heat released by refreezing in seasonal snow is to a large extent
removed through melting and discharge of the snow layer.

Without refreezing the vertical density profile in the
accumulation zone is determined by gravitational settling
and surface accumulation. Solid mass retention by refreezing
increases long-term mean bulk density in the upper 10 m by
up to 117 kg m~2 in the lower accumulation zone (Figure 7B).
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FIGURE 7 | Elevation profiles of subsurface (15-m) temperature (A) and bulk density in the upper 10m (B), averaged for the period 1984-2104, for a run with
and without refreezing. In (C) the net mass balance impact of refreezing is shown and is split into contributions from direct and indirect effects; AB,jin, (total) is
calculated by subtracting climatic mass balance of the no-refreezing run from the refreezing run, AB.jim (direct) is the direct effect of refreezing on the climatic mass
balance and is equal to total refreezing in the vertical column, and ABijin, (indirect) represents the indirect impact of refreezing on the climatic mass balance related to
firn heating and densification.

Averaged over the simulation period and the elevation range 900-  balance is not necessarily equal to the amount of refreezing
1500 m a.s.l,, i.e., above the maximum firn line elevation, we find itself. Firstly, heat release during refreezing increases subsurface
relative contributions to total densification of compaction and  temperatures, inducing a more positive (or less negative)
refreezing of 64 and 36%, respectively. conductive heat flux at the surface, with the positive flux direction

Refreezing of percolating or stored water reduces the  defined toward the surface. A more positive conductive heat
amount of melt and rain water that runs off, which implies  flux at the surface may result in higher melt rates as surface
a positive direct impact on the mass balance. However, due  temperatures are more readily raised to melting point. Secondly,
to indirect effects after refreezing, as a result of firn heating  refreezing adds solid mass to the snow pack and may create ice
and densification, the impact of refreezing on the climatic mass  layers, which, when exposed at the surface, lowers the surface
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albedo and enhances melt rates. Thirdly, the mass addition by
refreezing may prolong the lifetime of seasonal snow and thus
reduces the period of bare-ice exposure in summer, thereby
reducing surface melt. In order to quantify the net impact
of refreezing on the climatic mass balance, we calculate the
difference between the climatic mass balance (Bgy) in the
refreezing and no-refreezing experiments (ABjj,; “refreezing”
minus “no-refreezing”; black line in Figure 7C). The total AB;,
(black line) is positive at all elevations (Figure 7C), indicating
a general positive impact of refreezing on the mass balance.
The direct ABgiy, (red line) refers to the direct mass retaining
effect of refreezing, and is equal to the amount of refreezing
itself (equivalent to the mean of the four lines in Figure 5B). By
differencing the total and direct mass balance effect of refreezing,
we estimate the net indirect effect of refreezing (green line in
Figure 7C). The net indirect impact of refreezing is the summed
effect of the three aforementioned indirect effects; this sensitivity
experiment does not allow us to further distinguish individual
contributions. The net impact of indirect effects on the mass
balance is negative, which indicates that the positive indirect
effect (potential prolongation of snow cover) is more than
compensated for by negative indirect effects (melt enhancement
due to snow pack heating and ice layer formation). A maximum
net impact of indirect effects is found in the high ablation area
at an approximate elevation of 500 m a.s.l. Averaged over the 0-
1500 m a.s.l. elevation range, the mass balance effect of refreezing
is 31% smaller than refreezing itself.

3.5. Climate Sensitivity

The above results are sensitive to the chosen future climate
scenario, described in Section 2.2. To quantify this sensitivity
we performed additional runs for the period 1984-2104 with
perturbed precipitation and temperature trends. Sensitivity
experiments include runs with zero long-term seasonal trends
in temperature (“no AT” scenario) and precipitation (“no AP”
scenario), and runs in which seasonal trends are doubled for
temperature (“double AT” scenario) and precipitation (“double
AP” scenario). We additionally perform an experiment in which
inhomogeneity in warming of warm and cold spells is ignored
(“no spell correction scenario”). For the “no AT, “double AT,
“no AP” and “double AP” scenarios, sensitivity of the mass
balance, deep temperature (15-m) and bulk density (0-10 m)
is shown in Figure 8. For all experiments sensitivity values,
averaged over the elevation range 0-1500 m a.s.l,, are presented
in Table 1.

Due to relatively weak trends for precipitation in the standard
run, the mass balance, deep temperature and bulk density are
all found to be much more sensitive to perturbations of the
temperature scenario than perturbations of the precipitation
scenario (Table 1; Figure 8). Averaged over the 0-1500 m a.s.l.
elevation range the mass balance responds about twice as strong
to doubling of future seasonal temperature trends than to a
no-change scenario, which indicates a strong non-linearity of
the mass balance sensitivity to temperature changes (Table 1).
The mass balance sensitivity to temperature changes is highest
in the ablation zone and decreases with elevation (Figure 8A),
in line with previous findings in Van Pelt et al. (2012). In a

“double AT” scenario a mean future ELA for the period 2014-
2104 of 1125m as.l., and 1330m a.s.l. for the period 2074-
2104, would imply that nearly all glaciers in Svalbard would
have maximum elevations below the ELA toward the end of
the twenty-first century (Nuth et al., 2013). Finally, ignoring
inhomogeneity in warming of cold and warm spells (“no spell
correction scenario”) has a modest negative impact on the
simulated elevation-averaged mass balance (Table1); in this
sensitivity experiment, seasonal warm extremes are amplified
leading to higher summer melt rates, thereby enhancing future
mass loss.

Deep temperatures and bulk densities in a “double AT”
scenario, averaged over the period 2014-2104, are strongly
influenced by rapid upward migration of the ELA, which
effectively smooths out the elevation-dependent variability seen
in the “no AT” scenario, in which long-term trends in the
ELA are absent (Figure 8B). Doubling of temperature trends
causes pronounced subsurface warming with respect to the
standard run (Table 1), yet cold deep temperature conditions
remain in the ablation area even during the last 30 years of the
simulation. Based on the above, it seems very unlikely that the
general thermodynamic structure with cold deep temperatures
in the ablation area and temperate conditions in the lower
accumulation zone will change in the near-future. The impact
of the “no spell correction scenario” on elevation-averaged deep
temperatures is small, while the impact on density is substantial
(Table 1). The latter can be ascribed to an increased significance
of rainfall and subsequent refreezing in winter due to higher
temperatures during warm spells.

As described in Section 2.2.2, we use fixed elevation
lapse rates for temperature and precipitation. In practice,
temperature and precipitation lapse rates may vary in space
and we test the sensitivity of the modeled results to typical
lapse rate perturbations representing regional variability across
Svalbard. The magnitude of the chosen temperature lapse rate
perturbations (£0.0010°C m™!), relative to the standard value
of -0.0053°C m™!, reflects variability in reported values across
Svalbard, ranging from -0.0040 (Gardner et al, 2009) to -
0.0066°C m~! (Nuth et al., 2012). Sand et al. (2003) reported
precipitation lapse rates for Svalbard ranging from 0 to 2.6 mm
w.e. 2! m™1; based on this, we perform sensitivity experiments
with the standard value (0.97 mm w.e. a~! m~!) perturbed by
+1.0mm w.e. a~! m~. Sensitivity results are averaged over the
period 2014-2104 for the elevation range 0-1500m a.s.l, and
summarized in Table 2. The mass balance, deep temperature and
bulk density are most sensitive to the applied perturbations of
the precipitation lapse rate. The impact of temperature lapse
rate perturbations is typically about half the impact of the
precipitation lapse rate perturbations. Table 2 further reveals that
the mass balance is more sensitive to positive temperature and
negative precipitation lapse rate changes than to perturbations
of opposite sign. Furthermore, the high impact of negatively
perturbing the precipitation lapse rate can be ascribed to low
precipitation for the whole elevation range in this experiment,
which has a severe impact on firn area extent, subsurface
temperature and density. Altogether, the above suggests larger
regional variability in mass balance and subsurface conditions
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future climate scenarios.

TABLE 1 | Sensitivity of the 2014-2104 mean climatic mass balance (B¢jim), 15-m deep temperature (Tgeep) and 0-10 m bulk density (opyk) to different
temperature and precipitation scenarios.

Experiment Bciim ABglim Tdeep ATdeep Pbulk Appulk
(mw.e.a1) (mw.e.a 1) ©c) () (kg m—3) (kg m~3)

Standard -0.79 - —-4.18 - 729 -

No AT —0.06 +0.73 —6.21 -2.03 681 —48
Double AT —2.26 —1.47 —2.57 +1.61 792 +63
No AP -0.88 —0.09 —4.31 -0.13 737 +9
Double AP -0.71 +0.08 —4.03 +0.15 721 -7
No spell correction —1.23 —0.44 —4.01 +0.17 763 +34

Calculated values are averaged values over the elevation range 0~1500 m a.s.l. ABgjim, ATgeep, @nd Appui represent differences of Bejim, Taeep, @nd ppuik relative to the standard run
(perturbation run minus standard run).

TABLE 2 | Sensitivity of the 2014-2104 mean climatic mass balance (B¢jim), 15-m deep temperature (Tgeep) and 0-10 m bulk density (opyik) to different
lapse rates for temperature (y1) and precipitation (yp).

Experiment Standard Perturbation Be¢lim ABc¢lim Tdeep ATgeep Pbulk Appulk
lapse rate (mw.e.a™1) (mw.e.a ) °C) (°C) (kg m=3) (kg m—3)
Standard —-0.79 —-4.18 729
VT —0.0053 Km™"! —0.0010 —0.55 +0.25 —5.59 —1.41 692 —36
+0.0010 —-1.15 —0.36 —3.54 +0.64 774 +45
w 0.97 mmw.e.a~ ' m~! —1 —1.86 —-1.07 -8.21 -4.03 862 +133
+1 —0.09 +0.70 —2.90 +1.28 668 —61

Calculated values are averaged values over the elevation range 0~1500m a.s.l. ABgjim, ATdeep, and Appuk represent differences of Bejim, Taeep, @nd ppui relative to the standard run
(perturbation run minus standard run).
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can be expected from spatial variation of precipitation lapse rates
rather than temperature lapse rates.

4. CONCLUSIONS

Model experiments with a coupled surface energy balance—
firn model (EBFM) were done to investigate the climatic mass
balance and the changing role of snow and firn conditions
in an idealized Svalbard glacier setting. A climate forcing is
generated on an elevation-dependent grid for the past, present
and future (1984-2104), based on observational data from
Svalbard Airport, observation-based elevation lapse rates, and a
seasonally dependent projection scenario from an ensemble of
future RCM runs. Experiments include a standard run and a set
of sensitivity experiments to quantify the impact of refreezing and
to assess sensitivity of the results to the chosen climate scenario
and elevation lapse rates.

Results illustrate ongoing and future firn degradation and
(delayed) firn line retreat in response to an upward ELA
migration of 31 m asl decade™! between 1984-2104. In a
future climate, the elevation band with temperate deep firn
in the lower accumulation area, caused by deep percolation,
liquid water storage and year-round refreezing, is found to
migrate upwards and expand. The cold ablation area warms
considerably, yet remains non-temperate toward the end of the
twenty-first century. In a future climate, refreezing remains of
similar significance, with maximum refreezing rates occurring
in the (retreating) lower accumulation zone. In response to
pronounced winter warming and an associated increase in winter
rainfall, the current prevalence of refreezing during the melt
season gradually shifts to the winter season in a future climate.
This can be ascribed to more frequent and substantial heat
release in the winter snow pack after rainfall events, which in
turn reduces the refreezing potential at the start of the melt
season.

Comparison of the standard run and a no-refreezing
experiment reveals that in a present and future climate the
density and thermodynamic structure of Svalbard glaciers are
heavily influenced by solid mass retention and heat release after
refreezing. By computing the mass balance difference of the
refreezing and no-refreezing experiments, we further quantified
the mass balance impact of refreezing. The total mass balance
effect is found to be positive at all elevations, indicating refreezing
acts as a net buffer against mass loss. However, the mass balance
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