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Snow water equivalent (SWE) is important for understanding the hydrological significance of glaciers. In
this study, the spatial and temporal variability in SWE and its impact over the Vestre Broggerbreen and
Feiringbreen glaciers around Ny-
Alesund in Svalbard (high Arctic) were investigated in the early snow
season for the period 2012–2017. The physical properties like depth and density were measured directly in
the ﬁeld and spatial characteristics curvature, slope and aspect were extracted from the digital elevation
model. The Vestre Broggerbreen (4.1 km2) is a NE ﬂowing glacier, situated around 3 km SW to Ny
Alesund village while the Feiringbreen (7.5 km2) is a SW ﬂowing glacier, situated around 14 km NE across
the Kongsfjorden. The SWE for the studied period (2012–2017) varied from 141 to 1188 mm. The
significant (R2 = 0.97) correlation indicated a possible control of snow depth over SWE compared to
altitude (R2 = 0.65) and other spatial characteristics. The glaciers have experienced negative balance and
lost a significant amount of ice (*4 m.w.e.) since 2012. The observations suggest that the increased liquid
precipitation and temperature in the early snow season have reduced SWE over both these valley glaciers.
The reduced SWE has also contributed to decreases in the mass balance of these glaciers.
Keywords. Mass balance; snow water equivalent; Vestre Broggerbreen; Feiringbreen; Svalbard.

1. Introduction
Snow is an important component of the cryosphere,
which aﬀects the glacier surface mass balance
(SMB), local climate, permafrost regime, largescale atmosphere circulation and annual carbon
budget (Bruland and Sand 2001; Boike et al. 2003;
Hallinger et al. 2010; Callaghan et al. 2011; Eckerstorfer and Christiansen 2011; Derksen and
Brown 2012). The seasonal snowpack has a great
impact on atmospheric circulation by modifying
the land surface albedo and temperature as well as
through changes in the land-surface energy budget.

The snowpack response to climate change may be
altered by the length of the snow season, and
ﬂuctuations in the amount of snow accumulated
throughout the winter/year. Snow water equivalent (SWE) characterises the hydrological significance of the snow cover. Therefore, monitoring of
temporal and spatial variability of the SWE is
significant for predicting the glacier behaviours
including water budget.
SWE is deﬁned as the total volume of water
present in a snowpack if the entire snowpack is
melted (Egli et al. 2009). The SWE is an important
parameter for snow hydrology, snow climatology
1
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and avalanche formations (Egli et al. 2009; Rice
et al. 2011; L
opez-Moreno et al. 2016). The SWE
can be estimated by snow depth (hs) and bulk
density (q) (Jonas et al. 2009), automatic methods
and empirical models (Skaugen 2007; Egli et al.
2009; Clark et al. 2011; Clow et al. 2012; Bavera
et al. 2014; Cornwell et al. 2016), ground penetrating radar (P€
alli et al. 2002; Godio and Rege
2016; Holbrook et al. 2016) and remote sensing
techniques (Foster et al. 2005). The SWE was
measured at several regions for the characterisations of snow cover and also for the validation of
several models (Liston and Sturm 2002; Bocchiola
and Rosso 2007; Sturm et al. 2010; Rice et al. 2011;
L
opez-Moreno et al. 2013, 2016; Cornwell et al.
2016).
Snow dominates the entire Svalbard landscape
including ice-caps and glaciers for 8–10 months of
the year (L
opez-Moreno et al. 2016). Snow accumulation over the Svalbard region is significantly
governed by the precipitation intensity, topography and wind (Van Pelt et al. 2016). Surface
topography (slope, aspect and surrounding higher
mountains) has a profound inﬂuence on the surface energy balance over the glaciers and significantly controls the state of the snowpack (Arnold
et al. 2006; Kerner et al. 2013). The surface energy
balance is crucial to understand the link between
atmospheric forcings and snow and ice characteristics on a glacier. Long wave radiation and
turbulent ﬂuxes are the dominant sources of
energy balance during winter (October–April).
The energy ﬂuxes strongly aﬀect the physical
properties of the glacier surface and significantly
regulate the SWE.
The Svalbard archipelago lies at the northern
extremity of the warm North Atlantic current and
is sensitive to climate shifts (Hagen et al. 2003).
The glaciers of Svalbard archipelago have a significant inﬂuence on water circulation within the
surrounding sea and fjords. Recently, increasing
variability in temperature and precipitation related to ‘Arctic ampliﬁcation’ has been found to
significantly impact on the snow cover of the
Svalbard region (Serreze et al. 2009; Van Pelt et al.
2016). In recent years, studies have been carried
out in Svalbard to better understand the spatial
and seasonal pattern of the snow cover and its
impact on variability (Bruland et al. 2004; M€
oller
et al. 2011; Van Pelt et al. 2016). It was reported
that the SWE is largely controlled by winter
accumulation and the increased warming in this
region has shifted the equilibrium line altitude
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(ELA) in glaciers around the Ny-
Alesund (Van
Pelt et al. 2016). The winter accumulation is linked
to the precipitation pattern and the winter is also
more sensitive to climate change than the summer
(L
opez-Moreno et al. 2016). The atmospheric circulation pattern and the inhomogeneous precipitation over Svalbard have a substantial impact
over the Ny-
Alesund glaciers and their water
budget.
Several studies are available for the glaciers like
Austre
Broggerbreen,
Midtre
Lovenbreen,
Kongsvegen, Kronebreen, Kongsbreen, etc. around
the Ny-
Alesund region, but very few are reported
for the Vestre Broggerbreen and Feiringbreen glaciers. In this study, the variability in the snow
accumulation pattern over the Vestre Broggerbreen and Feiringbreen glaciers were measured
during the early snow season (October–March) for
the years 2012–2017. The spatial pattern and
major factors for SWE inﬂuence were analysed,
and their impacts on glaciers were also observed.
The study will be helpful for the validation of the
available hydrological models and snow models.
2. Data and methods
2.1 Study area
The Vestre Broggerbreen and Feiringbreen, two
valley glaciers around Ny-
Alesund (78°560 N;
0
11°53 E), Svalbard Archipelago have been selected for the present study. The Vestre Broggerbreen (78°530 –78°560 N;11°360 –11°480 E), a NE
ﬂowing valley glacier, is situated 3 km SW Ny
Alesund, while Feiringbreen (79°00 –79°050 N;
12°100 –12°400 E) is a SW ﬂowing valley glacier,
situated 14 km NE of Ny-
Alesund, across the
Kongsfjorden (ﬁgure 1). The Vestre Broggerbreen
glacier is *4 km long and covers an area of
*4.2 km2 with altitude varying from 90 to 720
m.a.s.l. (ﬁgure 2a). The length and area of the
Feiringbreen glacier are *5.4 km and *7.5 km2,
respectively, with the relief ranging from 210 to
970 m.a.s.l. (ﬁgure 2b). The annual mean temperature at Ny-
Alesund during 2012–2017 was
4.2°C. The mean temperature from October to
February was 9.2°C while it was 1.4°C from
March to June. The average annual precipitation
was 415.5 mm, with 198.7 mm from October to
February and 81.8 mm from March to June
(L
opez-Moreno et al. 2016).
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Figure 1. Location of the selected glaciers in Svalbard.

Figure 2. Surveyed locations of (a) Vestre Broggerbreen (2012) and (b) Feiringbreen (2016).
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Snow characteristics
No. of snow observations


Table 1. Snow observations and snow characteristics in the Vestre Broggerbreen and Feiringbreen glaciers of Ny-Alesund,
Svalbard.

Observations were carried out to measure the snow
accumulation pattern and estimate the temporal
and spatial SWE variability across the glaciers for
the period 2012–2017. The SWE is the product of
snow depth and snow density (Jonas et al. 2009;
Sturm et al. 2010). The depth and density of snow
were measured by digging snow pits, snow probing
and retrieval of snow cores in a ﬂat and open site
over Vestre Broggerbreen in April 2012–2017
(ﬁgure 2a). The Feiringbreen glacier was surveyed
and studied only during 2016 due to logistic constraints (ﬁgure 2b). The details of snow observations for each year are given in table 1.
Additionally, a snow core was used for the density
measurement for the years 2015 and 2016, while a
snow fork (Model LK 2010 by Toikka Oy) was used
for snow density observations in 2017. The locations of snow pits and cores were selected in such a
way that they are undisturbed and are along with
the central ﬂow of the glacier. We have repeated
the snow observations closely by place for the following year and took the observation from all
methods (snow core, pit and snow fork) for comparison in the year 2017. Each snow pit was made
at the north-facing walls to avoid disturbance by
insolation during sampling and excavated down to
the ice layer. This ice layer represents the previous
summer surface. The snow samples were collected
in a measuring cylinder of a known weight and
weighed in a precise weighing balance. The total
volume was divided by the weight of the collected
snow. A Kovacs Mark II coring system was used to
take snow cores for depth and density measurements. While taking the cores, it was taken care
that no snow was lost. A tube was inserted into the
base of the snowpack, rotated slightly to extract a
small ice plug, the snow depth was noted and the
snow core was removed. We measured 11 cores in
April 2015 and 5 cores in 2016 along with the
central ﬂow of the glacier at different altitudes.
Furthermore, we compared the density of the
snowpack collected from the pit and the core from
the same location. It was observed that the densities collected by the cores are slightly higher than
the density measured from the pits. However, the
average density of the snowpack was well within
the acceptable range (\10%). We also used a snow
fork to measure the density of the snowpack over
the Vestre Broggerbreen glacier for the year 2017.
The snow fork measures the resonant frequency
(500–900 MHz), attenuation and 3 dB bandwidth

Glacier

2.2 Snow observations

Vestre Broggerbreen
Vestre Broggerbreen
Vestre Broggerbreen
Vestre Broggerbreen
Vestre Broggerbreen
(Feiringbreen)
Vestre Broggerbreen
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to calculate the snow dielectric constant (e0 : 1–2.9
and 0–0.15), liquid water content (0–10%) and
snow density (0–0.6 g/cm3) by using the semi-empirical equations (Sihvola and Tiuri 1986). We
measured the snow properties in three rows into
the wall of the snow pit by pushing at vertical
intervals of 10 and 20 cm horizontal intervals. The
snow depth was measured by using a snow probe.
Snow probe provides an unambiguous measurement point, requiring no interpretation, with an
uncertainty of a few centimetres. The uncertainty
in the snow probe data was estimated by the snow
depth data obtained through the snow pits.
The SWE was estimated by the multiplication of
the snow depth (hs) and snow density (q). For
determining the SWE, we use the average density
of the same altitude zone, where depth was measured in cm and density in g/cm3, the SWE was
denoted as mm. The meteorological data were
obtained from the Norwegian Meteorological Service (Metno, http://eklima.met.no/) for the period
2011–2017 for a monthly pattern of the precipitation, temperature, wind speed and wind direction.
The uncertainty in snow density estimation
obtained from the core and pits with snow fork was
also determined by a comparative test. The results
showed that the snow density obtained from the
core was relatively higher by 5–10% compared to
density obtained from snow fork. The results of the
comparative analysis of the snow fork and snow pit
showed very less (\2%) difference.
2.3 Spatial analysis
The spatial characteristics (curvature, aspect and
slope) of the glaciers were extracted from the digital elevation model (Norwegian Polar Institute,
version: September 2017) using the ArcGIS spatial
analyst module. A comparative spatial analysis
between curvature, aspect and the slope was also
carried out for analysing the impact of spatial
characteristics on the distribution of snow density,
snow depth and SWE. The spatial characteristics
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were classiﬁed into deﬁned intervals and distribution of snow density, and snow depth and SWE
were compared. Curvature was classiﬁed into two
categories (convex (\0) and concave ([0)), aspect
was classiﬁed into four categories (0–90°, 90–180°,
180–270° and 270–359°), and slope was classiﬁed
into ﬁve classes (0–5°, 5– 10°, 10–15°, 15–20° and
[20°). Statistical analysis was carried out with the
variables snow density, snow depth, SWE, aspect,
curvature, slope and elevation.
2.4 Mass balance
Glacier mass balance is the quantitative expression
of glacier volumetric changes through time and
deﬁned as the sum of all accumulation (A) and
ablation (B) processes (Cogley et al. 2011). We
have used the direct glaciological method (Paterson 1994; Wagnon and others 2007; Zemp et al.
2013) to calculate the net and speciﬁc mass balance. In the ablation area, the speciﬁc mass balance
has been determined based on stakes installed on
the glacier down to 10–12 m deep using a Heucke
steam drill system. Ice density was taken as constant at 0.900 g/cm3; however, when snow was
present, the density was measured systematically
by using various methods including snow fork.
More than 30 ablation stakes were installed over
the glacier between 50 and 400 m.a.s.l. in Vestre
Broggerbreen along the central ﬂow line including
other representative locations. Accumulation
measurements have been carried out each year by
using a snow probe, snow core and pits in the
accumulation zone. The overall speciﬁc balance, bn,
was calculated according to Paterson (1994):
bn ¼ Rbi DSi ;

ð1Þ

where bi is the speciﬁc balance of the altitudinal
range, i, of the map area Si and S is the total glacier
map area (S = RDSi). For each altitudinal range, bi
was obtained from the corresponding stake readings or net ablation/accumulation measurements.
The hypsography of the glacier was derived from

Table 2. Descriptive statistics of snow depth, snow density and spatial variables aspect, curvature, slope and altitude.

Snow density
Snow depth
Aspect
Curvature
Slope
Altitude

N

Mean

SD

Minimum

Median

Maximum

276
276
276
276
276
276

0.38
118.04
102
0.03
6.1
242.9

0.04
54.65
106
0.19
3.78
105.5

0.28
16.00
0
0.83
0.98
82.7

0.39
110.67
70
0.02
5.41
221.9

0.46
278.3
359
1.2
36.4
492
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Figure 3. Snow depth pattern over the Vestre Broggerbreen
glacier.

the boundary extracted from the Landsat 8 OLI
image and DEM (Norwegian Polar Institute, version: September 2017).
3. Results
3.1 Snow depth variability over the glaciers
Snow accumulation is a key element of glacier mass
balance and also has great importance for the glacier
state and the processes occurring on the surface as
well as within the glaciers (Grabiec et al. 2011).
Average snow depth of both the glaciers for the
period 2012–2017 was 118 ± 55 cm, which varied
from 16 to 278 cm (tables 1 and 2). The snow depth
data for the period 2012–2017 of the Vestre Broggerbreen glacier was analysed and is depicted in
ﬁgure 3. In the Vestre Broggerbreen, the minimum
snow depth for the years 2012–2017 varied from 16 to
76 cm while the maximum varied from 118 to 310 cm
(ﬁgure 3). The snow depth gradient over the Vestre
Broggerbreen varied from 16.5 to 43 cm/100 m and
the lowest was observed for the year 2013, while the
highest was observed for the year 2016. The highest
mean snow depth (181.6 ± 43.2 cm) was in the year
2014 while the lowest (77.5 ± 27 cm) was observed in
the year 2013. However, for the Feiringbreen glacier,
the average snow depth was 133.7 ± 56.6 cm ranging
from 22 to 235 cm with a gradient of 28.3 cm/100 m
(ﬁgure 4a).
The snowpack thickness over the ablation and
accumulation zones was also measured separately.
The ablation and accumulation zones were separated by the ELA, obtained from the mass balance
data of these glaciers. In the Vestre Broggerbreen
glacier, the average snow thickness was 98.7 ± 55,

Figure 4. Snow cover characteristics (a) Snow depth,
(b) snow density, and (c) snow water equivalent, over the
Feiringbreen glacier for the year 2016.

74.2 ± 28, 165.3 ± 37, 131.5 ± 30, 84 ± 31 and 113
± 42 cm each year for the period 2012–2017 over
the ablation zone, respectively. However, over the
accumulation zone, the snow thickness was 179 ±
18, 96 ± 5.5, 211.4 ± 40, 200.3 ± 44, 175.4 ± 47
and 165 ± 16 cm, respectively, during 2012–2017.
In the Feiringbreen glacier, the average snow depth
during 2016 was 191 ± 35 cm for the higher zone
([600 m.a.s.l.), 151.8 ± 27 cm for the middle zone
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Figure 5. Bulk snow density and stratigraphy pattern over
the Vestre Broggerbeen glacier during 2012–2017.

Figure 6. Temporal pattern of SWE over the Vestre Broggerbeen glacier for the year 2012–2017.

(400–600 m.a.s.l.) and 139 ± 67 cm for the lower
zone (\400 m.a.s.l.).

was 381.9 ± 187 mm in the year 2016 (ﬁgures 6 and
4c). In Vestre Broggerbreen, the SWE over the
ablation zone for the years 2012, 2013, 2014, 2015
and 2016 was 400.6 ± 220, 275.3 ± 109, 630.8 ±
166, 579.4 ± 131 and 318.5 ± 112 mm, respectively.
However, over the accumulation zone for the same
years, it was 754.4 ± 78.8, 365.8 ± 21, 821 ± 159,
917.4 ± 203 and 645.1 ± 143 mm, respectively. In
the Feiringbreen glacier, the SWE was observed
and showed 649 ± 119 mm for the higher zone
([600 m.a.s.l.), 373 ± 82 mm for the middle zone
(400–600 m.a.s.l.) while 139 ± 67 mm was observed
for the lower zone (\400 m.a.s.l.).

3.2 Snowpack density across the glaciers
Precipitation, strong winds and winter thaws are
factors which mostly inﬂuence the formation of a
snowpack. The observed average snow density for
the period 2012–2017 was 0.38 ± 0.04 g/cm3, with a
minimum of 0.28 g/cm3 and a maximum 0.46 g/cm3
(tables 1 and 2). Figure 5 reveals the characteristics
of the snowpack (average density and stratigraphic
pattern) of years from 2012 to 2017 over Vestre
Broggerbreen. The average bulk density for the
years 2012–2017 were 0.41 ± 0.01, 0.37 ± 0.03,
0.39 ± 0.05, 0.44 ± 0.03, 0.37 ± 0.06 and 0.35 ±
0.03 g/cm3, respectively. The Vestre Broggerbreen
has shown average snow density of 0.39 ± 0.05 g/cm3
and the Feiringbreen glacier 0.34 ± 0.09 g/cm3
(ﬁgure 4b). The snowpack density of both the glaciers revealed a positive correlation with depth and
showed a higher density with increasing snow depth
from the surface to the bottom. There was no significant difference observed in the density of snowpack over the ablation and accumulation zone of
both the glaciers. In the Vestre Broggerbreen glacier,
the average bulk density over the ablation zone
during 2012–2017 was 0.37 ± 0.03 to 0.43 ± 0.03
g/cm3 and over the accumulation zone was 0.34 ±
0.01 g/cm3, respectively.
3.3 Snow water equivalent
The average SWE for the years 2012–2017 varied
from 288.7 ± 106.8 to 758.4 ± 261 mm over the
Vestre Broggerbreen, while for the Feiringbreen, it

3.4 Spatial pattern of snowpack characteristics
The pattern of spatial characteristics is shown in
ﬁgure 7, in which the Vestre Broggerbeen glacier
has a 55% area with a ﬂat proﬁle curvature and
60% area with a ﬂat plan curvature. In the proﬁle
curvature, 31% area is concave (\0) and 14% area
is convex ([0); however, in the plan curvature,
14.5% area is concave (\0) and 25.7% area is
convex ([0). Both curvatures (plan and proﬁle)
give an understanding of ﬂow across the surface.
The proﬁle curvature aﬀects the acceleration and
deceleration of ﬂow and the plan curvature inﬂuences convergence and divergence of ﬂow. Vestre
Broggerbeen is NE facing and, the major area of
glacier (56%) is within 0–90 (NE) ﬂowing and the
least area (2%) is within 180–270 (SW) ﬂow,
However, only 24% and 20% area is within the
270–359 (SW) and 180–270 (SW) ﬂows, respectively. In the slope categories, maximum glaciers’
area (42%) is in 5–10° class, followed by 0–5°
(23%), 5–10° (15%), [20° (13%) and 15–20° (7%).
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Figure 7. Spatial characteristics of the Vestre Broggerbeen glacier: (a) aspect, (b) slope, (c) plan curvature and (d) proﬁle
curvature.

As per the spatial pattern of curvature, aspect
and slope, the spatial characteristics of the surveyed point’s locations have been extracted and
summarised in table 2. The distribution of the
average snowpack characteristics (snow density,
snow depth and SWE) is presented in table 3.
Average snow density for all the spatial characteristics except aspect (180–270°) and slope class
([20°) were ranging from 0.36 to 0.38 g/cm3,
while for other classes (aspect (180–270°) and slope
class ([20°)) was low due to the less number of
surveyed points. The average snow depth (121.8
cm) and SWE (459.1 mm) were high in the convex
curvature (\0) compared to concave curvature
(115.7 cm and 433.4 mm). The glacier zone within
the north and the west zone (NW) was with the
higher average snow depth (142.3 cm) and SWE
(536.9 mm) while the zone within the SE direction

was lower average snow depth (98.9 cm) and SWE
(377.1 mm). The zone with direction SW was not
considered, due to less number of surveyed points.
In the slope class, the high average snow depth
(127.8 cm) and SWE (453.3 mm) was observed in
the zone between 10° and 15°, while low average
snow depth (117.6 cm) was in the zone with 0–5°
slope and low SWE (443.3 mm) was observed in
the zone with 15–20°.

4. Discussion
The distribution pattern of snow depth over Vestre
Broggerbreen during 2012–2017 revealed the lowest average snow depth (77.5 ± 27.3 cm) in the
year 2013 and the highest average snow depth
(181.6 ± 43.2 cm) in 2014. A decreasing trend was
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Table 3. The variation of snow density, snow depth and SWE among different spatial characteristics.

Curvature
Aspect (deg)

Slope (deg)

Class

N

Average snow
density

Average snow
depth

SWE

\0
[0
0–90 (NS)
90–180 (SE)
180–270 (SW)
270–360 (NW)
0–5
5–10
10–15
15–20
[20

117
159
180
53
1
42
112
138
20
22
2

0.38
0.38
0.38
0.38
0.32
0.37
0.38
0.37
0.36
0.36
0.32

121.8
115.7
118.4
98.9
116.7
142.3
117.6
120.0
127.8
123.1
119.2

459.1
433.4
442.9
377.1
369.8
536.9
444.4
448.4
453.3
443.3
377.8

observed in snow depth over Vestre Broggerbreen.
Such a decreasing trend of snow accumulation in
this region could be due to the reduced snow precipitation or increased liquid precipitation. Most
winter precipitation is connected with an inﬂow of
relatively warm air masses from the Norwegian Sea
(Forland and Hanssen-bauer 2000). Similarly,
decreasing snow cover has been reported at Vestfonna and De Geerfonna ice caps (M€
oller et al.
2011). L
opez-Moreno et al. (2016) reported the
decreased solid precipitation over the Ny-
Alesund
region by analysing the available data for the
period 1996–2013 and Van Pelt et al. (2016)
showed increasing liquid precipitation over the
Svalbard region. There was no linear trend of snow
depth observed over the glacier surface. Drifting of
snow may be one of the controlling factors for snow
distribution over glacier surface including catchment; however, the velocity of wind and topography of individual glacier may limit this factor.
Sauter et al. (2013) have reported the role of wind
in the inhomogeneous distribution of snow over the
glacier especially during spring. The average wind
speed for the winter time varies from 2 to 3.5 m/s
(ﬁgure 8). The data revealed that most of the time
wind was blowing from the SE to the NW, that is,
katabatic wind followed by ESE to WNW during
the studied period. Since the drifting and blowing
occur in highly elevated regions, snow drift may
not have a significant role in valley glaciers closed
to the Ny-
Alesund region except two–three limited
regions over the glacier such as the medial moraine,
cliﬀ, etc.
In the Ny-
Alesund region, snow cover generally
appears in the second half of September and
remains until the beginning of July. Increased climate variability over the Arctic region seems to

have inﬂuenced the snow cover seasons which have
aﬀected snow accumulation in autumn and winter
(Van Pelt et al. 2016). The high difference in the
snow thickness over the ablation and accumulation
zone could be due to the eﬀect of topography and
wind re-deposition. Wind drift is a major factor
inﬂuencing the snow precipitation in this region
(Forland and Hanssen-bauer 2000). A similar
impact has been reported from the ﬁeld observations in the Hansbreen glacier by Laska et al.
(2016). Generally, there is no clear trend that
reﬂects the snow depth change. Apparently, different directions of snow thickness change in a
particular glacier played a major role as a combined inﬂuence of regional air circulation condition, local precipitation pattern and topo-climatic
conditions (Grabiec et al. 2011). Snow accumulation increases with elevation. The upper regions of
glaciers have a high thickness of snow accumulation as compared to the lower part due to less snow
drifting, low melting and increasing number of
snowfall events. There was a difference in the snow
distribution over the Vestre Broggerbreen and
Feiringbreen for the year 2016. The average snow
depth was comparatively higher in the Feiringbreen, while the snow depth gradient was similar in
both the glaciers. The difference in the distribution
may be due to the difference in the altitudinal
range of both the glaciers.
The snowpack density varies from 0.26 and
0.50 g/cm3 over the entire glacier. The density of
the snowpack was found to increase from the surface to the ice snow interaction zone. M€
oller et al.
(2011) have also reported higher density with
increasing snow depth from the top to the bottom
in the Vestfonna and De Geerfonna ice caps. The
bulk density tends to increase with snowpack
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Figure 8. Wind pattern during the studied period in Ny-
Alesund, Svalbard.

thickness, because of the stronger compaction due
to the increasing pressure of overlying snow. A
study by Boike et al. (2003) in Ny-
Alesund reported densities to range between 0.35 and 0.40 g/cm3,
for April 2000, and L
opez-Moreno et al. (2016) has
reported 0.38 ± 0.05 g/cm3 on Vestfonna. Sturm
et al. (2010) also reported a symmetrical distribution of mean density over three countries and two

continents. Apparently, compaction by wind drift
seems to be the main reason. Wind drift comprises
the only frequent agent that is able to assure continuous rounding on snow grains and thus densiﬁcation of the snow cover. The wind deposited snow
is usually characterised by a higher density than
the undisturbed ones, where the grain size is
smaller. Therefore, the snowpack is more compact
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Table 4. Correlation matrix between snow depth, snow density, SWE and selected spatial variables.
Snow density
Snow density
Snow depth
SWE
Aspect
Curvature
Slope
Elevation

1.00
0.05
0.19
0.00
0.05
0.20
0.24

Snow depth
1.00
0.97
0.12
0.15
0.04
0.65

SWE

1.00
0.12
0.16
0.01
0.57

due to the rounding of the snow crystal during
wind drift transport. The results showed the
increased snow thickness has a higher inﬂuence on
the snowpack density compared to the altitudinal
pattern.
The statistical tests revealed a high significant
correlation between the snow depth and SWE (R2
= 0.97 (n = 276, p = \0.05)), compared to snow
depth and elevation (R2 = 0.65), and SWE and
elevation (R2 = 0.57) (table 4). Even though the
general distribution of snowpack characteristics
(snow density, snow depth and SWE) were high in
the concave curvature, the zone within 270–360°
(NW) and slope oﬀ between 10° and 15°, the statistical results showed no control of aspect, curvature and elevation over the snowpack distribution
during the studied period.
The analysis indicated a highly significant correlation between snow depth and SWE compared
to the altitude versus snow depth and altitude
versus SWE across the Vestre Broggerbreen and
Feiringbreen glaciers (ﬁgure 9). This clearly suggests the spatial control of snow depth over SWE
compared to altitude. M€
oller et al. (2011) demonstrated the role of elevation for SWE spatial variability over the Ny-
Alesund region where the snow
depth and altitude were the dominant factors in
determining the spatial distribution of SWE across
the Vestre Broggerbreen and Feiringbreen glaciers.
L
opez-Moreno et al. (2016) measured the SWE in
the lower region (Bayeleva Station) of the Vestre
Broggerbreen and found that for the spring season,
the SWE varied from 190 to 230 mm. In the present study, there was no trend in the SWE for the
studied period, and also showed an insignificant
correlation (R = 0.3; n = 6) with the annual
precipitation.
We compared the SWE pattern with the October–March precipitation and temperature data sets
(ﬁgure 10) and obtained similar results. The correlation coefﬁcient between SWE and precipitation

Aspect

1.00
0.06
0.04
0.14

Curvature

1.00
0.15
0.17

Slope

Elevation

1.00
0.13

1.00

Figure 9. The spatial trend of SWE with snow depth over the
selected glaciers of the Svalbard region for the studied period.
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Figure 10. Early snow season (October–March) precipitation, mean, minimum and maximum temperature pattern for the
period 2012–2017.

was R = 0.3; n = 6 for the whole period (October–March for 2012–2017). For the year 2013,
precipitation was low and the SWE was also low.
However, for the years 2014 and 2015, the precipitation was comparatively less (346 and 472 mm,
respectively), but observed highest SWE (697 and
758 mm, respectively). We compared the data
excluding the years 2013 and 2014. The results
showed a significant correlation (R = 0.85; n = 4)
with October–March precipitation. However, the
correlation was negative, indicating that high precipitation leads to lower SWE. If the precipitation
is snow, the relationship is expected to be positive.
L
opez-Moreno et al. (2016) reveal the inﬂuence of
liquid precipitation and SWE, by decreasing the
SWE in Ny-
Alesund. Although the present study
was based on the observations for the limited period 2012–2017, previous studies also reported similar results from the decadal climate data analysis
(Forland and Hanssen-bauer 2000; L
opez-Moreno
et al. 2016), implying the inﬂuence of liquid precipitation on SWE. If the atmospheric temperature
is also high during precipitation, there could be
chances of increased liquid precipitation.
To examine this, we have analysed precipitation
and temperature data sets from Ny-
Alesund. High
precipitation was recorded under high average
temperature conditions except for the year 2016
(ﬁgure 11). The monthly average temperature
(mean, maximum and minimum) was below 0°C,
but the daily average temperature was higher than
0°C for several days for the period 2012–2017. The
correlation analysis for the precipitation and mean
temperature was positive (R = 0.87, n = 5,

Figure 11. SMB of the Vestre Broggerbeen glacier for the
period 2012–2017.

p = \0.05) except for the year 2016 (ﬁgure 11).
In Ny-
Alesund, temperature and precipitation
have been increasingly controlled by the southerly
winds (Maturilli et al. 2013), particularly in winter.
As the southerly winds are warm and moist,
enhanced precipitation might have recorded, in the
liquid form.
The annual SMB of the Vestre Broggerbreen
glacier since 2012 is given in ﬁgure 11. The overall
glacier-wide net annual SMB of the Vestre Broggerbreen glacier was 0.59 ± 0.12, 0.94 ± 0.19,
0.08 ± 0.02, 0.79 ± 0.16, 1.22 ± 0.24 and
0.69 ± 0.14 m.w.e. for years 2012–2013,
2013–2014, 2014–2015, 2015–2016 and 2016–2017,
respectively. Available data reﬂect that this glacier
has experienced negative annual balance since 2012
and lost a cumulative mass of 3.28 9 103 ton
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5. Conclusions

Figure 12. Relationship between the SWE and SMB of Vestre
Broggerbeen glacier for the period 2012–2017.

(4.31 m.w.e.) of glacier ice during the past 6 years
(ﬁgure 11). The study revealed that SWE is one of
the highly significant factors controlling the mass
budget of the studied glaciers in Ny-
Alesund
(ﬁgure 12). Since winter snow accumulation over
the glacier surface is one of the common factors for
estimating SWE and winter/spring balance of the
corresponding glacier, SWE has a significant
impact on the annual mass budget of the respective
glacier. While the annual mass balance is governed
by many other factors such as temperature,
humidity, solar radiation and wind conditions, the
relation is not linear. Statistical analysis showed a
significant positive correlation (R = 0.72, n = 5,
p = \0.05) between the SWE and net annual SMB
for the period 2012–2017. However, both (SWE
and net SMB) have an inverse relation with precipitation caused by the increasing ratio of liquid
precipitation during 2012–2017. The increasing
ratio of liquid precipitation aﬀects accumulation
by refreezing the layers and providing additional
energy (heat) to the snowpack during refreezing
processes that reduce the cold content of the
snowpack. Although the snow cover over the glacier protects the glacier from the incoming solar
radiation, the presence of the refreezing layers over
the glacier leads the incoming solar radiation to get
trapped due to the reduced albedo of the refreezing
mass, which enhances the ablation processes over
the glacier surface. Although the precipitation
increased during the last 5 years, a significant
increase in liquid precipitation has reduced the
SWE and increased the total mass wastage of the
Vestre Broggerbreen and Feiringbreen glaciers in
the Ny-
Alesund region.

The SWE is one of the crucial factors controlling
the mass budget of glaciers in the Ny-
Alesund
region. The spatial and temporal variability of the
SWE was studied using the ﬁeld data during
2012–2017. This study revealed a significant
reduction in snow depth across the glacier during
the past 6 years, even though the average mean
density of the snowpack is almost similar
throughout the studied period. The observed data
showed a significant reduction in the SWE during
the last 4 years from 2014 to 2017 without any
linear trend. Since there is no significant change
observed in snow density, the reduction in SWE
(R2 = 0.97 (n = 276, p = \0.05)) is due to the
decrease in snow depth across the glacier in the Ny
Alesund region. The distribution of snow over the
glaciers is mostly controlled by the precipitation in
this region, followed by altitude and wind drift.
The spatial analysis of this glacier has ruled out
any significant role of aspect and curvature over
the snowpack. The study revealed that the SWE
across the glacier has reduced significantly due to
the increase in liquid precipitation during winter
that is governed by the southerly winds over the
Ny-
Alesund region which has a crucial impact over
the net annual SMB of the glaciers in this region.
Vestre Broggerbreen glacier lost more than
4 m.w.e. ice throughout the glacier since 2012.
Further high-resolution precipitation and wind
data could quantify the control of liquid precipitation, wind over the SWE.
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