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Abstract svalbard climate is undergoing amplified change with respect to the global mean.
Changing climate conditions directly affect the evolution of the seasonal snowpack, through its impact on
accumulation, melt, and moisture exchange. We analyze long-term trends and spatial patterns of seasonal
snow conditions in Svalbard between 1961 and 2012. Downscaled regional climate model output is used
to drive a snow modeling system (SnowModel), with coupled modules simulating the surface energy
balance and snowpack evolution. The precipitation forcing is calibrated and validated against snow depth
data on a set of glaciers around Svalbard. Climate trends reveal seasonally inhomogeneous warming and a
weakly positive precipitation trend, with strongest changes in the north. In response to autumn warming
the date of snow onset increased (2 days decade™"), whereas in spring/summer opposing effects cause a
nonsignificant trend in the snow disappearance date. Maximum snow water equivalent (SWE) in winter/
spring shows a modest increase (+0.01 meters water equivalent (mwe) decade™"), while the end-of-summer
minimum snow area fraction declined strongly (from 48% to 36%). The equilibrium line altitude is highest
in relatively dry inland regions, and time series show a clear positive trend (25 m decade™) as a result of
summer warming. Finally, rain-on-snow in the core winter season, affecting ground ice formation and
limiting access of grazing animals to food supplies, peaks during specific years (1994, 1996, 2000, and 2012)
and is found to be concentrated in the lower lying coastal regions in southwestern Svalbard.

1. Introduction

In recent decades temperatures in the Arctic have increased at an amplified rate compared to the global mean
[Intergovernmental Panel on Climate Change, 2013]. This “Arctic Amplification” is intimately linked to retreating
sea ice cover and results from ice-atmosphere feedbacks, including the ice-albedo feedback [Serreze et al.,
2009] and the ice-infrared radiation feedback [Bintanja and Van der Linden, 2013]. Additionally, precipitation
in the Arctic has increased in recent decades, in response to human-induced atmospheric moistening [Zhang
et al, 2012]. Trends in both precipitation and temperature in the Arctic are projected to increase during the
remainder of the 21st century [Serreze et al., 2009; Bengtsson et al., 2011; Bintanja and Selten, 2014].

The focus of this study is on the Svalbard archipelago (Figure 1), situated at the northern end of the Atlantic
warm water current and at the southern edge of wintertime sea ice. The climate in Svalbard is highly sensitive
to variability and trends in sea ice cover [Divine and Dick, 2006; Day et al., 2012] and atmospheric circulation
patterns affecting the dominant wind direction [Hanssen-Bauer and Ferland, 1998]. A strong seasonal con-
trast 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]. Observational precipitation records in
Svalbard since the early and midtwentieth century reveal weakly positive trends, despite substantial
local-scale and instrumental uncertainty [Ferland and Hanssen-Bauer, 2000].

Changing temperature and precipitation conditions affect the evolution of the seasonal snowpack through
its impact on accumulation, melt, and moisture exchange. Accumulation varies in space and time, with spa-
tial variability being a product of local-scale (1-1000 m), regional-scale (1-100 km), and continental-scale
(100-10000 km) processes. In a windy environment like Svalbard, local-scale accumulation variability is
strongly governed by the interaction of topography and wind and associated processes of preferential pre-
cipitation and snow drift redistribution and sublimation [Jaedicke and Gauer, 2005; Sauter et al., 2013; Van
Pelt et al., 2014]. At the regional and continental scale, accumulation variability is controlled by orographic
lifting, distance to the moisture source, as well as movement and development of low-pressure systems
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Figure 1. Topographic map of Svalbard. Red dots indicate the locations of collection of snow data, used for

calibration of the precipitation downscaling (section 2.4). White labels mark the different glaciers used in the analysis
[AUS = Austfonna (plateau), BAS = Basin-3, BRA = Brasvellbreen, BRG = Austre Braggerbreen, DUV = Duvebreen,

EBR = Etonbreen, HAR = Hartogbukta, HBR = Hansbreen, HDF = Holtedahlfonna, KNG = Kongsvegen, LIN = Linnebreen,
MLB = Midtre Lovénbreen, NBR = Nordenskioldbreen]. Temperature measurements at coastal weather stations at
Svalbard Airport (Longyearbyen) and Ny-Alesund, and with an automatic weather station on Nordenskisldbreen, were
used for validation (section 3.1). The UTM coordinates used in this and following figures are within UTM zone 33X.

[Taurisano et al., 2007; Winther et al., 2003]. Moisture availability from the oceans around Svalbard is highly
dependent on surface temperature and the presence or absence of seasonal sea ice around the archipelago
[Bintanja and Selten, 2014].

Winter snowfall and riming control mass gain of the seasonal snowpack, while mass loss is determined by
runoff of melt water and sublimation. Simulating surface mass and energy exchange requires detailed mete-
orological input to compute surface temperature, melt, and moisture transport. Coupling surface and snow
processes is essential, since snowpacks exert a decisive influence on surface melt and runoff, in particular,
through their impact on the surface albedo and their role in retaining melt water after refreezing. In some
winters in Svalbard, excessive refreezing of rainfall leads to formation of a basal ice layer in the snowpack
[Kohler and Aanes, 2004; Hansen et al., 2011, 2014]. These “rain-on-snow” (ROS) events have been shown to
pose a serious threat to Svalbard herbivores, since it limits their access to food supplies. In response to winter
warming, the significance of ROS is expected to increase in a future climate [Hansen et al., 2011].
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Interannual variability and long-term seasonally inhomogeneous trends in temperature and precipitation
affect both snow accumulation in autumn and winter as well as shrinkage in spring and summer, thereby
affecting the duration of the snow-free season. The elevation above which snow survives summer melt is a
proxy for the equilibrium line altitude (ELA), a term used to indicate the altitude at which annual mass gain
and loss are in balance. For glaciers in Svalbard, covering 60% of the total land area, it has previously been
shown that particularly for the large ice caps the surface mass balance is highly sensitive to small ELA changes
due to their gently sloping geometry [Méller and Schneider, 2015; Oerlemans and Van Pelt, 2015]. At the same
time, since the ELA is a product of interannual variability of both accumulation and ablation, it is also a useful
composite measure to assess the climate sensitivity of seasonal snowpacks in a cold Arctic environment.

Extensive data of snow conditions in Svalbard have been collected in the most recent decades. Snow data
come from a variety of sources, including meteorological stations, glacier mass balance stakes, ice core
measurements, ground-penetrating radar profiles, satellite imagery, snow probing, and snow pit profiling
[e.g., Pohjola et al., 2002; Hagen et al., 2003a; Taurisano et al., 2007; Méller et al., 2011; Van Pelt et al., 2014].
In situ snow data have been highly valuable to study the local-scale distribution and development of snow
conditions in Svalbard [e.g., Winther et al., 2003; Aas et al., 2016]. Additionally, the data provide an essential
basis for calibration and validation for models simulating seasonal snow conditions. Since the availability of
in situ snow data is limited in both space and time, the use of snow models is needed to better understand
multidecadal trends and spatial patterns of seasonal snow conditions in Svalbard.

In this study, we present results from SnowModel, a seasonal snowpack modeling system connecting
near-surface meteorological and snow processes [Liston and Elder, 2006a; Liston and Hiemstra, 2011], covering
the period 1961-2012. To provide surface climate forcing to SnowModel, we used High Resolution Limited
Area Model (HIRLAM) regional climate model output on an 11 km grid, downscaled onto the 1 km Snow-
Model grid. Stake winter balance measurements on a set of glaciers were used to optimize the downscaling of
precipitation onto the grid. We first analyze the distributed multidecadal temperature and precipitation devel-
opment. We then analyze trends and spatial variability of snow-related parameters, including minimum and
maximum SWE, snow season length, perennial snow cover, ELA, and rain-on-snow. The model output com-
prises a relevant data set of multidecadal climate and snow conditions in Svalbard, with potential applications
in terrestrial ecology, biology, hydrology, and glaciology.

2. Model and Setup

2.1. SnowModel

SnowModel is a snow evolution modeling system, developed for applications at scales ranging from the
local to continental scale [Liston and Elder, 2006a]. SnowModel connects subroutines simulating the surface
energy balance (EnBal), snow processes (SnowPack), and snow transport (SnowTran-3D) and can be applied
in a variety of landscapes (both forested and nonforested) with different vegetation types.

The energy balance routine EnBal simulates energy exchange at snow surface in response to near-surface
atmospheric conditions and evolving snow conditions [Liston et al., 1999]. EnBal assumes a balance between
absorbed solar radiation, incoming and outgoing longwave radiation, the sensible and latent turbulent
heat flux, and the subsurface heat flux. The energy balance is solved for surface temperature, which can-
not exceed the melting point; when it does, the excess energy is converted into melt. A snowpack model
(SnowPack) simulates the evolution of seasonal snow depth, density, and temperature [Liston and Sturm,
1998; Liston and Mernild, 2012] in response to surface melt, moisture exchange, and precipitation. SnowPack
accounts for densification processes of gravitational settling as well as internal refreezing of melt water. Finally,
the SnowTran-3D module accounts for the interaction of terrain and wind to simulate wind-driven snow
redistribution, a process that is typically relevant at horizontal scales ranging from 1 to 100 m.

Previous work with SnowModel has demonstrated its ability to simulate distributed snowpack evolution and
runoff in complex terrain in a variety of geographical settings, including the USA, Arctic Canada, Siberia, the
Alps, Tibet, Norway, Chile, Greenland, and Antarctica [e.g., Mernild et al., 2010; Liston and Hiemstra, 2011].
A more complete overview of SnowModel applications is given in Liston and Mernild [2012].

2.2, Climate Input

While SnowModel can assimilate and extrapolate data from meteorological stations into the model domain,
there are relatively few stations distributed around Svalbard; we use instead available output from a Regional
Climate Model (RCM) to provide the required atmospheric forcing.
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We use an existing data set of 3-hourly near-surface meteorological fields at 11 km resolution for Svalbard
and its surroundings, generated with the High Resolution Limited Area Model (HIRLAM, version 6.4.2)
[Reistad et al., 2009]. HIRLAM is a hydrostatic numerical weather prediction model, which uses a semi-implicit
semi-Lagrangian two-time level integration scheme for integration of the governing model equations [Undén
etal., 2002]. This enables dynamical downscaling and filtering of atmospheric fields. HIRLAM was forced at the
boundaries with the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-40 and ERA-Interim
reanalysis data fields [Uppala et al., 2005; Dee et al., 2011] of pressure, temperature, wind velocity, specific
humidity, and cloud water in 40 vertical levels and further uses daily ECMWF fields of sea ice fraction, surface
temperature, and snow depth. More details regarding the regional climate model setup and optimization can
be found in Reistad et al. [2009, 2011]. We use 11 km near-surface (2—-10 m) output of HIRLAM at 3 h resolution,
provided by the Norwegian Meteorological Institute (met.no), and covering the period 1961-2012. HIRLAM
output generated with a similar model setup and forcing has previously been used for hindcasting of winds
and waves in the Norwegian and Barentsz Sea [Reistad et al., 2011], as well as modeling of the glacier mass
balance around Kongsfjorden in western Svalbard [Van Pelt and Kohler, 2015].

The 3-hourly fields from the HIRLAM RCM run were downscaled from the original 11 km grid onto the 1 km
model grid using the meteorological distribution submodel MicroMet [Liston and Elder, 2006b]. MicroMet is an
interpolation model, which uses known relations between meteorological variables and surface topography,
elevation, and vegetation type, to generate the atmospheric input required by SnowModel at the desired
spatial resolution [Liston and Elder, 2006b]. MicroMet projects temperature, relative humidity, precipitation,
incoming shortwave and longwave radiation, air pressure, wind speed, and wind direction onto the 1 km
model grid. Downscaling of temperature, relative humidity, precipitation, air pressure, and incoming long-
wave radiation is done using (seasonally dependent) elevation correction relations. Downscaling of wind
speed and direction accounts for local topographic slope, curvature, and aspect relative to the wind direction.
Downscaling of incoming shortwave radiation considers cloud cover, topographic slope, and aspect and
distinguishes between direct and diffuse radiation. For more details regarding downscaling of the above
parameters, the reader is referred to Liston and Elder [2006b]. For the precipitation downscaling, the eleva-
tion correction relation is calibrated against spring snow measurements, as discussed further in section 2.4.
MicroMet distinguishes between precipitation falling as snow or rain by using a step transition at 2°C. This
value is a standard value used in SnowModel, based on Auer [1974]. Alternatively, more recent estimates by
Dai [2008] indicate a lower threshold temperature of 1.2°C. Uncertainty in the threshold temperature implies
possible offsets in the modeled frequency and magnitude of rainfall; however, the impact on the discussed
long-term rainfall trends is likely to be small.

2.3. Grid and Setup

We performed a 52 year simulation with SnowModel covering the period 1961-2012, to simulate the evo-
lution of snow conditions in Svalbard, located in the high Arctic between 74-81°N and 10-35°E (Figure 1).
The model grid dimensions are 550 by 468 km, with a total area of 257,400 km? and a land-covered area of
60,354 km?. About 60% of the land area in Svalbard is covered by glaciers and ice caps with an estimated total
volume of 6700-7000 km3 [Hagen et al., 2003b; Martin-Espariol et al., 2015]. The topography of Svalbard is
characterized by rugged terrain, with altitudes ranging from sea level to 1713 m above sea level (asl). The topo-
graphic map in Figure 1 is based on a 20 m resolution digital elevation model (DEM) constructed from aerial
photographs of Svalbard covering the period 1961-2009 (DEM provided by the Norwegian Polar Institute,
Tromsg, Norway: Terrengmodell Svalbard (SO Terrengmodel), available at https://data.npolar.no/dataset/
dce53a47-c726-4845-85c3-a65b46fe2fea). The DEM was averaged onto the 1 km resolution grid used for the
SnowModel simulations. The climate and snow development are only simulated for land-covered grid cells.

The model was run from 1 September 1961 to 31 August 2012 at 3 h intervals, and output was stored as daily
values. Wind-driven snow redistribution, as simulated by the submodel SnowTran-3D, would mainly affect
the simulated snow distribution at scales smaller than the 1 km grid resolution and is therefore not taken into
account. Additionally, routines specific to surface and snow processes in forested environments are not used,
given the absence of vegetation higher than a few centimeters in Svalbard.

2.4. Calibrating Precipitation

An accurate description of seasonal snow development depends crucially on the precipitation input. As
discussed in section 2.2, MicroMet interpolates HIRLAM precipitation onto the 1 km grid, adjusting for local
topography using an elevation correction function. The optimum setup of the elevation correction function
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Figure 2. Time series comparison of modeled (blue) and observed (red) spring SWE, averaged for all available observation
sites per year. The right axis shows the availability of SWE measurements from the different glaciers used for model
calibration.

may vary between sites [Liston and Elder, 2006b], and calibration of the function against available data
may therefore substantially improve model performance. To calibrate this elevation correction function for
Svalbard, we use data from snow measurements in spring done annually at mass balance stake sites along
centerlines of 13 glaciers (Figure 1).

Over the years a number of institutes have participated in collecting snow data on the different glaciers
around Svalbard. Data sets used in the analyses presented herein include published and unpublished data
from these institutes. Snow depth and density data have been collected by the Norwegian Polar Insti-
tute on glaciers in western Svalbard, including Kongsvegen, Holtedahlfonna, Midtre Lovénbreen, Austre
Bra@ggerbreen, and Linnebreen [Hagen et al., 1999; Kohler et al., 2007; Nuth et al., 2012; Karner et al., 2013;
Van Pelt and Kohler, 2015]. On Hansbreen, the Institute of Geophysics, Polish Academy of Sciences, has col-
lected snow data since 1987 [Grabiec et al., 2012]. On Austfonna, the University of Oslo and the Norwegian
Polar Institute have recorded snow depths annually since 2004 [Dunse et al., 2009; Moholdt et al., 2010; Dstby
et al,, 2013; Aas et al., 2016]. On Nordenskidldbreen in central Svalbard snow data have been recorded by
Uppsala University and Utrecht University since 2006 [Van Pelt et al., 2012]. The time span of the observa-
tions for the different glacier records is shown in Figure 2, with the longest record from Midtre Lovénbreen
going back to 1968. Snow depth has been estimated from mass balance stake readings, when done twice
a year in autumn and spring, or by manual probing near the mass balance stake in case of yearly visits in
spring. Along with the snow depth data, annual snow pit data on the individual glaciers were used to esti-
mate bulk density, required to convert snow depth into SWE. The snow mass data provided observations
of spring snow water equivalent on top of bare ice in the glacier’s ablation area and on top of the previous
year's summer surface in the accumulation zone. We estimate average snow mass measurement uncer-
tainty at a few centimeter water equivalent, which presumably is much smaller than the local-scale (subgrid)
variability inherent to point measurements. A total of 1442 individual SWE measurements were used in the
analysis, with 892 measurements from northwest Svalbard (KNG, HDF, BRG, and MLB), 197 measurements in
northeast Svalbard (BRA, EBR, HAR, AUS, DUV, and BAS), and 353 measurements in south-central Svalbard
(LIN, HBR, and NBR).

In order to optimize agreement between modeled and observed SWE at stake sites in spring, we apply a linear
elevation correction function to adjust precipitation for local topography:

P=Py[1+(z-2)K] . m

where P is the adjusted precipitation, z is local elevation, and P, and z, are the model precipitation and ele-
vation values interpolated using multipass Barnes interpolation [Koch et al., 1983] from the 11 km HIRLAM
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Figure 3. Modeled versus observed SWE on glaciers in (a) northwest, (b) northeast, and (c) south-central Svalbard. Indicated values of the RMSD and bias are in

meters water equivalent (mwe).

output onto the 1 km grid. Model runs covering the stake observation period (1968-2012) were performed
for a range of values of the coefficient K, representing the fractional precipitation-elevation gradient (in m=").
Modeled SWE data were projected to the positions of the stake observations for all years by cubic interpola-
tion. Snow measurements on Holtedahlfonna and Nordenskidldbreen (up to 1123 and 1147 m asl) show that
the precipitation lapse rate reduces to zero above an approximate elevation of around 1000 m asl [Van Pelt
etal.,, 2012; Van Pelt and Kohler, 2015]; accordingly, we cap the elevation correction (equation (1)) at that ele-
vation. This implies that the precipitation distribution for grid cells with z, > 1000 m asl will be equal to the
interpolated RCM precipitation distribution (Py).

For all stake data, the best match between modeled and observed SWE was achieved for a precipitation lapse
rate of 17.5% per 100 m elevation change (K = 0.00175 m~'). A best value for K was estimated based on min-
imization of the root-mean-square deviation (RMSD) of modeled and observed precipitation for all SWE data.
Modeled and observed SWE are compared in Figure 3. Highly significant R correlation coefficients (P < 0.001)
of 0.75,0.52, and 0.79 are found for northwest, northeast, and south-central Svalbard, respectively. The RMSD
is within the range 0.15-0.23 mwe (meters water equivalent), equivalent to 25-30% of the mean observed
precipitation for the three regions. Since we compare point observations of SWE with 1 km resolution model
output, we argue that much of the remaining discrepancies between the modeled and observed SWE can
be ascribed to this scale difference. Deposition of snow in Svalbard has previously been shown to vary sub-
stantially at scales smaller than the 1 km grid resolution, in particular, due to wind-driven snow transport and
its dependence on local terrain exposure and orientation [Pdlli et al., 2002; Van Pelt et al., 2014]. Mean biases
between modeled and observed SWE are small (between —0.05 and 0.06 mwe a~"' for the three regions), which
gives a mean bias of only —0.01 mwe a~" for all the data. Altogether, the above demonstrates the model’s
ability to accurately simulate both the mean absolute precipitation and the regional precipitation variability.

Comparing modeled and observed accumulation shows there is good correlation after calibration for all SWE
data (R = 0.76, i.e,, more than half of the variance is explained) and the RMSD for all data points equals
0.17 mwe. After a model sensitivity run with P = P, i.e., with a zero fractional precipitation lapse rate (K = 0),
the RMSD increases to 0.25 mwe as local-scale precipitation lapse rates are underestimated. On the other
hand, doubling of K (K = 0.0035) causes the RMSD to increase to 0.23 mwe, which suggests an overestima-
tion of local-scale precipitation lapse rates. The above demonstrates that selecting an optimized value for K
while downscaling precipitation is an effective way to reduce uncertainty in simulated local-scale precipita-
tion variability. A fixed value for K has been used for the entire grid and no tests have been done with spatially
dependent values of K as there is insufficient data coverage to permit such a detailed parameterization. In
addition to the applied linear elevation correction model, test runs with a nonlinear elevation correction
model as in Liston and Elder [2006b], and with a constant absolute linear precipitation gradient (in mwe m='),
have been performed and yielded weaker correlations.

A time series comparison of modeled and observed annual mean SWE, averaged for all the measurement
sites during a year, shows that the model replicates well the temporal SWE variations (Figure 2). Agreement
improves through time, as more data become available, suggesting that part of the offset can be ascribed to
larger observational uncertainty due to limited data in the earlier part of the record.
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3. Results and Discussion

In this section we present and discuss distributed output of the SnowModel run covering the period
1961-2012. We first discuss the climate development (section 3.1), before analyzing trends in seasonal snow
conditions (section 3.2).

3.1. Climate Development (1961-2012)

Output of the HIRLAM climate model, forced with ECMWF reanalysis data, and downscaled onto a 1 km grid
using MicroMet, provides a data set of near-surface climate variables for 1961-2012 at 3-hourly resolution.
Here we analyze the spatial distribution and multidecadal trends in temperature and precipitation, which are
the governing climate variables affecting the seasonal snowpack evolution.

3.1.1. Temperature

The 1961-2012 spatial pattern and development of 2 m temperature for Svalbard is illustrated in Figure 4. The
long-term mean distribution of temperature on Svalbard (Figure 4a) is governed by both elevation lapse rates
and a distinct negative lateral gradient from southwest to northeast Svalbard. The temperature distribution
in Svalbard is intimately related to winter time sea ice, which commonly extends to the east and north of the
archipelago; the southwest of Svalbard generally remains ice-free due to poleward heat transport through
the West Spitsbergen Current [Divine and Dick, 2006]. Winter time sea ice acts as a platform for cold/dry air
advection [Day et al., 2012]; an effect which is most pronounced in northeastern Svalbard [/saksson et al., 2005].

A positive long-term trend in temperature is apparent for the whole of Svalbard (Figure 4b), with a mean
trend of 0.8°C decade™" (p < 0.01) and extrema ranging from 0.45°C decade™ (p < 0.01) in the south
to 1.3°C decade™ (p < 0.01) in the north. Time series of seasonal temperatures reveal a clear seasonal
inhomogeneity in the warming trend (Figure 4c). The trend in winter temperature (1.6°C decade™) is sev-
eral times larger than in summer (0.2°C decade™"). Yet both the summer (June-July-August) and winter
(December-January-February) trends are statistically significant at a 99% confidence level (p <0.01); the high
significance of the weak summer trend can be ascribed to a low interannual variability (Figure 4c). The seasonal
inhomogeneity in warming conforms with Bintanja and Van der Linden [2013], who concluded that recent and
future Arctic winter warming exceeds summer warming by at least a factor 4.

We validate downscaled temperatures by comparing simulated time series to long-term meteorological
observations at coastal weather stations at Ny-Alesund since 1969 and Svalbard Airport since 1975 (data
provided by the Norwegian Meteorological Institute; eKlima.no). To additionally validate modeled on-glacier
temperatures, we also compare with temperature data observed with an automatic weather station at
520 m asl since 2009 on Nordenski6ldbreen in central Svalbard (Figure 1) [Van Pelt et al., 2012]. A scatterplot
comparison of modeled and observed daily mean temperatures for the three sites is shown in Figure 5. We find
small mean temperature biases (simulated—observed) of —0.4°C, 0.3°C and —0.1°C for Ny-Alesund, Svalbard
Airport, and Nordenskidldbreen, respectively. A high correlation coefficient of R = 0.96 (p <0.01) for daily
mean temperatures for all three sites confirms consistency of simulated and observed temperatures at daily
and seasonal time scales. At longer time scales, the high correlation of annual mean temperatures R = 0.81
(p<0.01) at Ny-Alesund and R = 0.85 (p<0.01) at Svalbard Airport indicates that the model captures most
of the observed interannual variability in temperature. Additionally, long-term mean trends, averaged for both
sites, agree well between the model (0.48°C decade™") and observations (0.53°C decade™").

3.1.2. Precipitation

Figure 6 shows the distribution, trend, and time series of precipitation on Svalbard between 1961 and 2012.
The spatial distribution of precipitation (Figure 6a) is primarily governed by local topography, as is the case
with temperature, and secondarily by a negative lateral gradient from southwest to northeast Svalbard. A
visual comparison of the precipitation distribution in Figure 6a and similar maps presented by Serreze et al.
[2015, Figure 1], based on output of the MERRA atmospheric reanalysis, Lang et al. [2015, Figure 7b], based
on MAR regional climate model output, and Aas et al. [2016, Figure S1], based on output of the Weather
Research and Forecasting (WRF) model, reveals reasonable agreement. Averaged over the grid, we find the
mean precipitation lapse rate (below 1000 m asl) is 102 mmwe per 100 m elevation rise, which agrees well
with a previous estimate of 97 mmwe per 100 m [Winther et al., 2003]. Trends in Figure 6b reveal increasingly
wet conditions in the north (maximum 0.05 mwe a~' decade™, p < 0.01) and drier conditions in the south
(minimum —0.03 mwe decade™, p < 0.1). Time series of land area-averaged annual precipitation show only
a weak (nonsignificant) positive trend of 0.005 mwe a~! decade™' (p> 0.1). An indirect validation of the
simulated precipitation trend comes from the time series comparison of simulated and observed spring SWE
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(c) land area-averaged seasonal temperature time series.
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(c) land area-averaged precipitation, snowfall, and rainfall time series with years defined between 1 September
(preceding year) and 31 August.

(Figure 2), which reveals similar trends in modeled and observed time series. We do not directly compare
modeled precipitation to observations, since the observational data from the coastal weather stations of
Ny-Alesund and Svalbard Airport are known to contain substantial biases, a result of the effect of wind on pre-
cipitation gauging. The associated precipitation undercatch is known to be substantial as well as temperature
dependent, inducing false multidecadal trends in observed precipitation [Ferland and Hanssen-Bauer, 2000].

Time series for both snowfall and rainfall are included in Figure 6c. As with total precipitation, there is a non-
significant positive trend in snowfall (0.005 mwe a~' decade™', p > 0.1). Despite substantial warming during
the last decades, the land area-averaged rainfall trend is also found to be weak (0.001 mwe decade™', p > 0.1).
This can be ascribed to a decrease in precipitation during the summer season (—0.009 mwe a~' decade™,
p < 0.1), which counterbalances the increased fraction of precipitation falling as rain. The 1961-2012 mean
distribution of rainfall, shown in Figure 7a, shows most pronounced rain amounts in coastal regions in
the southwest (up to 0.24 mwe a~'), while rainfall is nearly absent in the northeast. The trend distribution
(Figure 7b) illustrates a negative trend at low elevations (minimum —0.011 mwe a~' decade™', p < 0.1),
due to lower summer precipitation rates, and a substantial increase in rainfall at high elevations (maximum
0.012 mwe a~' decade™, p < 0.1), due to higher temperatures.

3.2. Seasonal Snow Trends (1961-2012)

The discussed climate variability and trends affect the evolution of seasonal snow. In this section, we analyze
the 1961-2012 development of seasonal snow parameters, including the dates of snow onset and disappear-
ance, minimum and maximum SWE, rain-on-snow amounts, perennial snow cover, and the equilibrium line
altitude (ELA).
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3.2.1. Snow Season Duration

In autumn, the day of year (DOY) when the snowpack starts to form is determined by precipitation type and
amount as well as late-season melt. We define the snow onset date at a certain grid point as the day of the year
after which the surface is uninterruptedly covered by snow. The distribution of the snow onset date (Figure 8a)
shows a strong temperature dependence, with earlier onset of snowpack development at high elevations and
toward the northeast of Svalbard. White areas (Figure 8b) indicate that the onset date could not be defined
as seasonal snow accumulation survived summer melt in at least half of the years in the simulation period.
There is a consistent positive trend in the snow onset date; i.e., snow forms later in the year, for the whole of
Svalbard, by up to a maximum of 5 d decade™ (p < 0.01). Time series in Figure 8e reveal an average snow
onset date at DOY 248 (5 September) and a mean trend of 1.8 d decade™ (p < 0.1).

In spring, the DOY on which the snowpack vanishes is controlled by melt rates and the winter snow accu-
mulation. In low-precipitation and high-temperature areas, i.e., in the low-lying valleys in central Svalbard,
snow vanishes earliest in the season, on average in the beginning of June (Figure 8c). There is a general trend
(Figure 8d) of earlier snow disappearance in central Svalbard (minimum —1 d decade™', p < 0.1) and later
disappearance in the east and north of Svalbard (maximum 4 d decade™', p < 0.01). This pattern is similar
to the precipitation trend (Figure 6b), implying that trends in snow disappearance are to a larger extent con-
trolled by trends in winter snowfall rather than trends in spring and summer melt. As a result, even with the
strong spring and summer warming trends (Figure 4c), the positive trend for the snow disappearance date
(0.7 d decade™) is not significant (p > 0.1).

With positive trends for both the snow disappearance and onset dates, and with the latter trend being more
pronounced, the snow-free season length increased slightly, by 1.2 d decade™ (p < 0.1).

3.2.2. Minimum and Maximum SWE

Figure 9 shows the distribution, trends, and time series of mean end-of-summer minimum and spring maxi-
mum SWE. Since maximum SWE (Figure 9a) is by definition equivalent to cumulative accumulation since the
date of snow onset in autumn, the trend and land area-averaged time series of the maximum SWE (Figures 9b
and 9e) show strong similarity to those for precipitation (Figures 6b and 6¢). We find a mean maximum SWE
of 0.68 mwe, with a weak mean trend of 0.01 mwe decade™' (p> 0.1). Trends in Figure 9b range between
—0.03 mwe decade™ (p > 0.1) in the west and 0.05 mwe decade™" (p < 0.1) in the north.

The 1961-2012 mean minimum SWE (Figure 9¢) ranges between 0 at low elevations (implying no years with
end-of-summer snow) and 0.85 mwe at high elevations in the northwest of Svalbard. Trends in Figure 9d range
between —0.07 mwe decade™ (p < 0.01) in the southwest and 0.03 mwe decade™ in the north (p < 0.01)
giving a weak land area-averaged trend of —0.01 mwe decade™" (p > 0.1).

3.2.3. Perennial Snow Cover and ELA

Based on annual minimum snow cover maps, we calculated the perennial snow fraction, defined as the frac-
tion of the total number of simulated years that seasonal snow did not fully melt in summer. For a certain
location, a perennial snow fraction of zero means that snow melts away every summer, while a value of 1
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distribution, (b, d) distributed trends, and (e) land area-averaged time series.
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Figure 10. Perennial snow fraction and equilibrium line altitude in Svalbard between 1961 and 2012: (a, ¢) long-term
mean spatial distribution, and (b, d) land area-averaged time series with years defined between 1 September (preceding
year) and 31 August. Dashed colored lines in Figures 10b and 10d represent time series of spatial mean values for the
regions indicated in Figure 10a. Gray lines in Figure 10c represent the 50% perennial snow fraction contour.

implies that some seasonal snow remains at the end of summer during all simulated years. The perennial snow
fraction, shown in Figure 10a, is a clear function of elevation. The altitude at which the perennial snow fraction
equals 0.5, i.e., snow melts away in summer during half of the simulated years, marks the elevational transition
from seasonal to perennial snow. On glaciers, this line approximates the transition from ablation area (negative
mass balance) to accumulation area (positive mass balance) and the 50% perennial snow fraction elevation
can hence be regarded as an indicator of the equilibrium line altitude (ELA). The 1961-2012 perennial snow
cover map (Figure 10a) shows a large portion of the domain with a perennial snow fraction greater than zero.
There is also substantial interannual variability in perennial snow fraction (Figure 10b); whether averaged over
the entire archipelago or subregions, the perennial snow fraction ranges from 10 to 70%, with a negative trend
of —2.3% decade™ (p < 0.1).

An ELA map was constructed by interpolating and extrapolating elevations for which the perennial snow frac-
tion equals 50% (Figure 10c). Gray lines mark the 50% perennial snow fraction contour line, representing the
locations where the ELA is actually known; for the remainder of the grid the ELA was estimated by interpola-
tion and extrapolation using the MATLAB routine inpaint nans (D’Errico, 2012; https://www.mathworks.
com/matlabcentral/fileexchange/4551-inpaint-nans). Long-term mean ELA values range from sea level in the
northeast to 900 m asl in central Svalbard. The lowest values are found in coastal regions and highest values
on the high ice plateaus in central and northwestern Svalbard. Time series of the ELA show strong inter-
annual variability with values ranging between 200 and >900 m asl (Figure 10d). A comparison of the ELA
time series for 2000-2010 with time series presented in Mdller et al. [2016, Figure 7€] reveals close resem-
blance. For the period 1961-2012 we find a mean ELA for Svalbard of 459 m asl, with a positive trend of
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25 m decade™" (p <0.1). The land area-averaged time series (Figure 10d) correlates strongly with summer
temperature (R = 0.69, Figure 4c) and anticorrelates strongly with maximum spring SWE (R=—0.57; Figure 9e),
with both correlations significant at a 99% confidence level (p < 0.01). This indicates that the ELA is a prod-
uct of both summer melt and winter accumulation. Given the higher significance of the summer temperature
trend compared to the maximum SWE trend, we find that the positive ELA trend (Figure 10d) can be attributed
mostly to increased summer temperature. Comparing ELA time series for different regions in Svalbard, we
find that temporal ELA variability is much smaller in the south than in the north; a similar discrepancy was
found by Méller et al. [2016]. This can be ascribed to a generally steeper precipitation lapse rate in southern
Svalbard, compared to the north, which reduces the ELA sensitivity to interannual precipitation and
temperature variations.

We validated the simulated ELA distribution for the period 2000-2012 through a comparison with two inde-
pendent ELA estimates based on (1) satellite-derived snowline data (MODIS) and (2) elevations from a glacier
hypsometry database (GLIMS) assuming a fixed accumulation area ratio (AAR).

We used MODIS (Moderate Resolution Imaging Spectroradiometer) satellite data, specifically the MCD43A3
albedo product, to track the snowline over the course of each summer in the period 2000-2012, on a set
of 104 glaciers in Svalbard (J. Kohler, unpublished data, 2015). Snowline estimates were obtained from the
albedo contrast between winter snow and the underlying ice or firn. It was assumed that the mean elevation
of the maximum snowline in each summer was a good proxy for the ELA. While the true ELA is at a lower eleva-
tion than the detected snowline, due to the formation of superimposed ice [Kbnig et al., 2002], in practice, this
amounts to only a small elevational difference. Using an automated detection algorithm (J. Kohler, unpub-
lished data, 2015), MODIS-based ELA proxy values were determined for 104 glaciers in Svalbard of 50 km? or
larger (Figure 11b).

The second validation method used glacier outlines and hypsometries from the GLIMS (Global Land Ice
Measurements from Space) database to derive ELA estimates for 1583 glacier outlines in Svalbard [Kénig et al.,
2014]. By assuming a fixed accumulation area ratio (AAR) of 0.60, the ELA was extracted directly from the
hypsometry. The AAR value used is based on estimates on Vestfonna (NE Svalbard) of 0.59 for 2006-2015
[Méller and Schneider, 2015] and 0.60 on Austfonna for 2003-2008 [Moholdt et al., 2010]. The resulting ELA
distribution is shown in Figure 11c.

We compared the modeled ELA distribution (Figure 11a) to the independent MODIS-based (Figure 11b) and
AAR-based (Figure 11c) distributions. To facilitate comparison, modeled values in Figure 11a were averaged
per glacier basin. Overall, the patterns are similar. As suggested in Hagen et al. [2003a], spatial variability in
the ELA is determined mainly by precipitation variability, with lower ELA in wet coastal regions and higher
ELA farther inland at greater distance to the moisture source. Comparing modeled and MODIS-based ELA
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reveals a mean bias of only 3 m, standard deviation of 130 m asl, and a correlation for all shared glacier basins
(N =99) of R = 0.69 (p<0.01). Comparing modeled and AAR-based ELA gives a mean bias of 24 m, standard
deviation of 93 m asl, and a correlation for all shared glaciers (N = 478) of R = 0.80 (p <0.01). Based on
the above, we conclude that the model is able to simulate well the mean absolute ELA as well as its spatial
distribution. Since the ELA is collectively determined by snow accumulation and melt water runoff, the above
ELA comparison provides an important indirect validation of simulated snow melt. A more detailed validation
of distributed snow melt and dates of snow onset and disappearance is currently infeasible, given a lack of
observational data.

3.2.4. Rain-on-Snow

While melt rates during the core winter season (November-March) in Svalbard are negligible, substantial
amounts of rainwater can percolate into the winter snowpack during major winter warm events. Refreezing
of percolating water in cold winter snow causes densification and, in case of substantial rain amounts, the for-
mation of a basal ice layer at the base of the snowpack. Basal ice layers are known to substantially impact the
growth rate of herbivores in Svalbard, as it limits accessibility of food supplies [e.g., Kohler and Aanes, 2004;
Hansen et al., 2011, 2014]. We defined the annual rain-on-snow (ROS) amount as the sum of rainfall between
November (preceding year) and March. The distribution of ROS amount (Figure 12a) shows its primary sig-
nificance in coastal regions in the southwest of Svalbard and negligible ROS amounts at higher elevations.
ROS is highly variable from year to year (Figure 12b), with maxima in 1994, 1996, 2000, and 2012. The maxima
in 1994, 1996, and 2012 coincide with years with extreme winter rainfall events, as shown in Serreze et al. [2015,
Table 3]. Similar to Serreze et al. [2015], we find a nonsignificant trend of ROS amount (0.0001 mwe decade™,
p > 0.1), despite the substantial winter warming over the simulation period. The low significance of the ROS
trend can, to a large extent, be ascribed to the scarcity of ROS events.

4, Conclusions

A simulation of multidecadal seasonal snow conditions in Svalbard was done with the snowpack evolution
model SnowModel. Climate fields were generated by the regional climate model HIRLAM and downscaled
onto the 1 km model grid using the submodel MicroMet. Downscaled precipitation was calibrated against
annual snow measurements on 13 glaciers in Svalbard, thereby minimizing uncertainty in simulated snow
accumulation. From the model output, we discussed variability and trends of climate and seasonal snow
conditions in Svalbard for the period 1961-2012.

Climate trends over the simulation period reveal seasonally inhomogeneous warming, with strongest trends
in the north of Svalbard. Precipitation trends show increasingly wet conditions in the north and slightly drier
conditionsin central and southern Svalbard; averaged across the entire archipelago, only a weak positive trend
is found. Summer warming caused increased rainfall at high elevations, offsetting a weak decline in summer
precipitation. Rain-on-snow is found to be substantial at low elevations in the west and southwest of Svalbard,
and shows clear maxima in specific years (1994, 1996, 2000, and 2012). The sporadic nature of ROS events
contributes to strong interannual variability, and hence, the long-term trend is found to be nonsignificant.

VAN PELT ET AL.

SEASONAL SNOW CONDITIONS IN SVALBARD 2114



@AG U Journal of Geophysical Research: Earth Surface

10.1002/2016JF003999

Acknowledgments

This work was carried out within
SVALI, funded by the Nordic Top-level
Research Initiative (TRI), and is

SVALI publication 77. For all the
published data used in this study,
references are cited; unpublished data
are described and shown and the
groups involved in data collection
are indicated. We are grateful to

the Norwegian Meteorological
Institute for providing the HIRLAM
regional climate model output and for
providing access to the meteorological
station data for Ny-Alesund and
Svalbard Airport through the eKlima
data portal (http://eklima.met.no).
This work further relies on snow data
for calibration of precipitation. Many
have contributed over the years to
the snow measurements obtained in
connection with glacier mass balance
measurements, too many to thank

in one place. The Norwegian Polar
Institute (J. Kohler) has provided
access to the snow measurements
from Kongsvegen, Holtedahlfonna,
Midtre Lovénbreen, Austre
Breggerbreen, and Linnebreen.

Snow data for Austfonna were
provided by the University of Oslo
(J.0. Hagen) and the Norwegian Polar
Institute (J. Kohler). The Institute of
Geophysics of the Polish Academy of
Sciences (B. Luks) has given access to
the snow data for Hansbreen. Finally,
the snow data and the AWS temper-
ature data from Nordenskioldbreen
are provided by Uppsala University
(V. Pohjola and W. van Pelt) and
Utrecht University (C. Reijmer).

Veijo Pohjola acknowledges a grant
from the Swedish Science Council
for logistical support during field-
work. All the data used in this study
can be accessed by contacting

the above contact persons or the
related institutes.

In response to autumn warming the date of snow onset has increased, whereas in spring/summer oppos-
ing effects of earlier melt onset and higher winter accumulation caused a nonsignificant trend in the date
of snow disappearance. Maximum SWE is largely controlled by winter accumulation, implying a weak posi-
tive land area-averaged trend and significant spring snowpack thickening in the north. The perennial snow
fraction is governed by both winter accumulation and summer melt and shows a significant negative trend
(—0.02 decade™"). The ELA distribution, derived from the 50% perennial snow fraction contour, shows low
values in coastal regions and higher values farther inland in response to precipitation variability. Summer
warming has caused the ELA torise by 25 m decade™" over the simulation period. Comparison of the simulated
ELA distribution- and observation-based maps from MODIS snow cover data and the GLIMS database shows
good agreement and indirectly serves as a validation of simulated spatial distributions of snow accumulation
and melt.

This continuous, high-resolution data set of climate and snow parameters for Svalbard is not only of use for
detecting multidecadal spatiotemporal variability and trends, it may also serve as input in a wide range of
applications, ranging from runoff modeling to ground ice studies to ecosystem studies. For smaller domains
in Svalbard, SnowModel can potentially be applied to simulate the snow distribution evolution with higher
spatial resolution. At spatial scales smaller than 1 km, it becomes desirable to account for local-scale variability
caused by wind-driven snow transport and sublimation, which is incorporated in SnowModel’s subroutine
SnowTran-3D [Liston and Sturm, 1998; Liston et al., 2007].
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