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Fig. 60. The difference in the modeled snow cover thickness for the maximum accumulation of the 

2015/2016 season (18.04.2016) between the Alpine3D result obtained for the neutral atmosphere (min-

uend) and the Monin-Obukhov method (subtrahend) to determine the atmosphere above the snow sur-
face.  

Ariekammen massif. There, the simulated snow depth exceeds 2 m, which corresponds to about 
700 mm of SWE. The smallest values, in the range of 80–90 cm, translating into nearly 300 mm 
of SWE, were calculated for the lowest part of the catchment. Interestingly, the modeled min-

ima correspond approximately to the maximum values actually recorded in the Fuglebekken 
catchment, at the accumulation points under the Fugleberget slope (see Fig. 45). Due to the 
large general discrepancy between the measured values and those obtained from the model, the 
obtained results cannot be used, e.g., to determine the meltwater runoff from the catchment. 

However, it can be assumed that the Alpine3D calculations indicate the amount of snow that 
would accumulate in a given area without wind-driven sublimation and redistribution processes. 
This would mean that blowing and drifting snow processes are responsible for approxi-

mately 40 to 50% of the snow mass loss in Fuglebekken catchment. In the case of the PPS 

Hornsund meteorological site, these losses can be as high as 80% (2015/2016 winter sea-
son). 

7. SPATIAL VARIABILITY OF SNOW COVER ON THE TUNDRA IN THE 

SURROUNDINGS OF THE HORNSUND FIORD 

7.1 Pattern of snow cover disappearance on the coasts of the Hornsund Fiord  

The analysis of satellite images allows, at least partially, to relate the snow cover disappearance 
in the Fuglebekken catchment to other coastal areas of the Hornsund Fiord. Figure 61 shows 
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the snow coverage percentage obtained from the satellite images with the division of the sur-
veyed area into sectors (Fig. 39). For ease of comparison, the figure also shows the SCE on 
these days in the Fuglebekken catchment. The result obtained from the April scene (07.04.2018) 
was omitted in the graph, because on that day all areas were characterized by SCE exceeding 

99% and only single pixels represented the snow-free terrain. The SCE from the Fuglebekken 
catchment fits well to the SCE acquired from processed LANDSAT scenes for Fuglebergsletta 
plain. However, it should be remembered that the study areas had a different spatial extent and 
it is difficult to relate information from the dataset with 1 m resolution with that characterized 

by 30 m resolution without loss of information. The biggest differences when comparing da-
tasets with such contrasting resolutions can be expected at the beginning and end of snow cover 
ablation. In the initial phase, it is possible to recognize small individual rocks protruding from 
snow cover on the high-resolution data, which will not be captured on a less accurate set, thus 

overestimating the actual SCE. On the other hand, in the final stage of snow disappearance, it 
becomes impossible to identify small snow patches on satellite images, which leads to an un-
derestimation of actual snow coverage. Nevertheless, comparing the SCE obtained from the 
time-lapse camera to the SCE from the Landsat data, it is possible to define the ablation in the 

Fuglebekken catchment as slightly delayed in relation to the entire Fuglebergsletta area. 
At the same time, in relation to the Hornsund coasts taken as a whole, SCE in Fuglebekken 
basin is within average values. It means that the ablation in the catchment quite well illustrates 
the snow disappearance also on larger coastal tundra area of southern Spitsbergen. 

 

 

Fig. 61. Disappearance of snow cover in individual coastal zones of the Hornsund Fiord in 2014 (color 

bars). Presented are also average SCE for the entire analysis area (squares) and daily SCE in Fuglebek-

ken catchment (grey ribbon). Error bars illustrate the differences in SCE results obtained between two 
classification methods: using adapted for individual scene and fixed threshold (> 0.4) in NDSI value.  
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Figure 61 proves that the snow cover disappearance occurs at different times on the 

shores of the Hornsund Fiord. On June 15, the total SCE (red square) calculated using the 
NDSI threshold > 0.4 fell below 50%. On the same day, however, almost 100% of the eastern 
coast of Svovelbukta was under snow, while the NW Hornsund shore was almost completely 
snow-free. The chart shows, however, that on June 15, the SCE in the south-eastern part of the 

fiord (E Svovelbukta) increased compared to the scene from June 3. It is possible because in 
the period of June 3–15, the average daily temperatures on PPS Hornsund were in the range of 
1.2–3.5 °C and rainfalls were noted. In the slightly cooler eastern part of the fiord, this could 
have translated into snowfall episodes. However, analysis of the panchromatic images revealed 

that on June 15, the SCE was in fact lower than on June 3. This was caused by the disturbance 
of classification results based on NDSI by specific lighting conditions and the presence of a fine 
cloud over part of the E Svovelbukta area not captured by the CFMask algorithm (see its effi-
ciency in Fig. 63). Nevertheless, on June 15, the greatest snow cover was undoubtedly recorded 

on the eastern coast of Svovelbukta from selected coastal zones. Considering the result from 
that day as representative, which, due to the high repeatability of the snow ablation pattern in 
the Fuglebekken catchment (Fig. 47), seems to be appropriate, it can be said that the snow 

cover on the Hornsund coasts disappears at the earliest in the northwest, and at the latest 

in the southeast (Fig. 62). Snow cover duration in non-glaciated areas up to 50 m above sea 
level would therefore be as follows: (earliest snowmelt) northwestern shore < southwestern 
shore < Fuglebergsletta < Revdalen < Bogstranda < Treskelen < Gåshamnøyra < Svovelbukta 
coasts (latest snow disappearance). This order results from the analysis of the last available 

satellite image for the 2014 ablation period, but the sequence is generally also maintained on 
June 3, suggesting that further snow disappearance also follows the scheme above. 
 

 

Fig. 62. Snow coverage by zones of Hornsund coasts on June 15, 2014. SCE was obtained using the 

NDSI threshold of 0.4. 
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Snow classification in satellite images has been performed not only using a fixed NDSI 
threshold value of 0.4, but also a threshold adjusted for each scene separately (using the pan-
chromatic band to verify the results – see Chapter 5.2). The NDSI threshold > 0.4 was adequate 
for the identification of snow surface on satellite scenes, only slightly overestimating the sur-

face area covered by it in relation to that obtained with the manually adjusted thresholds. They 
were set to 0.56 for April 7, 0.7 for May 25, 0.5 for June 3, and 0.56 for June 15. In Fig. 61, the 
classification results using fixed NDSI threshold > 0.4 are shown by the bars, while error bars 
indicate the area that was classified as snow-free using a manually adapted threshold. The most 

problematic was the correct determination of SCE on the coast in the north-western part of the 
study area, due to the very irregular terrain with a large number of protruding rocks between 
the snow cover (Fig. 63). Figure 63 shows differences in the classification results obtained  
 

 

Fig. 63. Zoomed satellite image presenting north-western part of the Hornsund coast on 25.05.2014: 
(a) raw panchromatic band, (b) NDSI calculated after applying the atmospheric correction, (c) classifi-

cation result performed on the panchromatic band using thresholding technique, (d) classification result 

performed on NDSI image using (adapted) threshold value of 0.7, and (e) classification result performed 

on NDSI image using fixed threshold value of 0.4. On subimages (c), (d) and (e), results of CF cloud 

mask algorithm are shown. 
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using various approaches and divergent thresholds as well as the problems caused by the cloud 

coverage. Clouds are not always identified correctly by the detection algorithms and can both 
overestimate and underestimate (casting shadows on land) the real SCE. Shreds of clouds are 
present in the southern part of the image (noticeable over the sea on the NDSI image in Fig. 63) 
near the Revelva river mouth. They cast a shadow visible in the panchromatic band as a dark 

object that has been classified as a snow-free terrain. The shaded area is imperceptible at the 
NDSI image, but the clouds themselves become dark spots there. These properties facilitate the 
identification of clouds and their shadows. The latter lowers the NDSI values in relation to the 
surrounding area (Kulkarni et al. 2006), which may affect the resulting SCE too. Despite the 

problems, the results obtained from the analysis of satellite images using the NDSI classifica-
tion are of good quality. The differences in SCE between the application of the fixed threshold 
of 0.4 and the one adjusted to each scene separately do not generally exceed 10%, excluding 
the problematic north-western coast of Hornsund (Fig. 63) with complex topography. 

7.2 Spatial distribution of the snow cover and its properties  

Snow cover probing in spring 2016 was carried out at the same locations as in 2014 (Nawrot et 
al. 2015). That allowed to check the repeatability of snow distribution in a larger area than the 
nearest vicinity of the PPS. Due to the large area covered by the study and the difficulty of 

accessing some places, the successive measurements were separated by significant time inter-
vals. In order to compare the obtained results with each other, corrections to compensate for 
snow melting or accumulation between soundings were applied (Table 10). The adjustments 
were made using the indications of the SNOWPACK model. As the wind redistribution was 

not taken into account in its simulations, this method allowed to determine changes in snow 
depth caused only by ablation or a new snowfall deposition. That was intentional. The use of 
actual measurements, e.g. from PPS, could give unreliable corrections due to the strong local 
influence of wind activity (see Chapters 6.1 and 6.4). The obtained result shows that the snow 

thickness in the Fuglebekken catchment is average compared to other non-glaciated areas  
(Fig. 64). The snow depths recorded here are higher than in Gåshamnøyra, similar to the values 
measured in the Revdalen valley and the Treskelen peninsula, but significantly lower than in 
the easternmost Svovelbukta coast and higher elevated areas of Ariedalen and Bogstranda. 

However, it should be remembered here that the selected measurement sites do not necessarily 
have to be representative for the zones mentioned as a whole. This applies primarily to 
Gåshamnøyra, which is a large area, but soundings were carried out only in the coastal strip. 
Similarly, only a few measurements have been made on the Treskelen peninsula. Nevertheless, 

an intercomparison of results from two snow surveys proves that the snow cover distribution 

in spring 2016 repeated the pattern from 2014 . The highest and the lowest snow depths were 
usually recorded in the same places, both in individual sampling points and in the entire inves-
tigated coastal areas. Measurements in 2016 show generally slightly lower values than those 

from 2014, although the maximum accumulation period in 2014 was achieved much later than 
the field studies took place. Only in the Gåshamnøyra and Ariedalen areas somewhat higher 
snow cover was recorded in 2016. However, there are very large differences on the Svovelbukta 
coast, even though the measurements were made in the same number and at the same locations. 

Apart from this location, the obtained results were characterized by high convergence, even 
despite the fact that the number of soundings in distinguished zones sometimes varied signifi-
cantly. It is also worth to mention that the detection of measurement points was carried out only 
on the basis of portable GPS indications with an accuracy of several meters, which did not allow 

repeated measurements at exactly the same points. 
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Table 10 

The correction values from the SNOWPACK model used to normalize snow thickness measurements 

from different days in the spring seasons of 2014 and 2016. The benchmark for corrections in both 

seasons was the snow thickness reported in PPS Hornsund on April 18 (both for 2014 and 2016) 

Year 
Date of field 

measurements 
Study area 

Applied correction 

[cm] 

Number of 

soundings 

2
0
1
4

 

13.04 Bogstranda +1.0 59 

15.04 Revdalen +2.4 55 

18.04 Fuglebekken 0 19 

19.04 Gåshamnøyra 0 24 

22.04 Treskelen –6.0 1 

22.04 Svovelbukta coast –6.0 16 

24.04 Ariedalen –6.5 46 

2
0

1
6

 

15.04 Revdalen +1.4 45 

18.04 Fuglebekken 0 32 

01.05 Ariedalen +4.8 26 

03.05 Treskelen +8.4 8 

03.05 Svovelbukta coast +8.4 16 

10.05 Gåshamnøyra +7.6 24 

24.05 Bogstranda +34.3 31 

 

 

Fig. 64. Comparison of snow depths measured in spring 2014 and 2016 in different parts of the 

Hornsund Fiord taking into account corrections for snow melting or accumulation (Table 10).  
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Fig. 65. Snow depths measured from April 15 to May 1, 2016, in the area of Revdalen, Ariedalen and 
Fuglebergsletta. 

The spatial presentation of the measurement results shows that the highest snow cover 

depths occur in the western parts of the valleys  (Figs. 65 and 66). This is particularly evident 

in the Sofiedalen valley: near the western edge of the area, the snow thickness can exceed 2 or 
3 meters despite a relatively low altitude a.s.l. This indicates a significant influence of the 

prevailing eastern wind on snow cover distribution. The results from Revdalen and Fugle-
bekken also suggest slightly greater snow accumulation on the eastern edges of the plains, 

while the central parts have the lowest snow thickness . This should also be explained by the 
formation of snowdrifts in front of a more elevated terrain. However, GPR soundings did not 
allow for full recognition of the snow distribution in Fuglebekken and Revdalen areas because 
the frequency of the device’s antenna was too low (see Chapter 5.1). Figure 65 presents only 

the most reliable results from the entire GPR sounding route. Snow depths that did not match 
the manual measurements on the trail were discarded. The parts of measurements where the 
snow depth from GPR was consistent with the manual soundings should be interpreted as the 
places with the thickest snow cover on the GPR track. In other locations, the snow thickness 

was either smaller than the near-field effect on the GPR profile, or it could not be confirmed by 
the avalanche probe measurements. The vast majority of verified readings from radargrams 
were in the range of 46–65 cm. The GPR measurements from May have not been presented due 
to the great difficulty in interpreting the profiles obtained at that time. 

A specific site covered by the field measurements is the Ariedalen valley. It is a more ele-
vated terrain with generally greater snow thickness (Fig. 67). Additionally, the longitudina l 
course and the mountains surrounding on three sides make Ariedalen a sheltered place (Fig. 18) 
with limited snow removal by wind. Interestingly, in this valley the snow cover is thicker in the 

eastern, not the western, part of the area. 
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Fig. 66. Snow depths measured on May 24, 2016, in the Bogstranda area. 

 

Fig. 67. Snow cover thickness distribution on the tundra in relation to the altitude a.s.l. Negative altitudes 

are the result of GPS inaccuracy. 
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Fig. 68. Relationship between snow density and thickness based on measurements carried out on April 

15 – May 1, 2016. 

The physico-chemical properties of snow obtained from snow pits carried out in different 

tundra locations are difficult to compare due to the large time intervals between such measure-
ments and the rapid changes in the internal snow cover structure during ablation. However, the 
presence of two ice layers was visible in most of the measurement sites. The exceptions were 
profiles in Ariedalen and on Lake Revvatnet, where snow thickness was generally low at chosen 

snow pit locations (< 30 cm). 
Snow cover density was presented on the basis of measurements performed before the ab-

lation period started in spring 2016 (before the 1st of May). Typically, the values were in the 
range of 300–400 kg/m3. Snow density was similar in all analyzed places, but generally, when 

the snow cover thickness was greater, a slightly higher density was recorded (Fig. 68). No spa-
tial pattern was found in data, similarly as in the measurements from 2014 (Nawrot et al. 2015).   

7.3 Snow cover relationships with topography and meteorological conditions 

The superimposition of the SCE obtained from the classification of satellite image from 

June 15, 2016 on the calculated terrain indices and modeled meteorological elements proved a 
high dependence of snow cover duration on weather conditions (Fig. 69). A very strong Pearson 
correlation, amounting to –0.78, was obtained between SCE and average annual air temperature 
from the climatological reanalyses (1991–2000). A slightly smaller positive relationship 

(r = 0.57) was found for the annual precipitation totals. Worth mentioning is also the potential 
insolation with obviously negative correlation (–0.24) and elevation a.s.l. with a positive impact 
(r = 0.22) on SCE. The topographic indices were less important for snow cover duration. Inter-
estingly, the wind exposition index was positively correlated with SCE on June 15, 2016 (r from 

0.11 to 0.18, depending on wind direction) but negatively with the TWI index, while the exactly 
opposite effect would be expected. This may indicate that while the wind exposition is very  
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Fig. 69. Pearson’s correlation coefficient between SCE on 15.06.2014 and the topographical indices or 

spatially modeled climatic elements. 

important on the micro and meso scale, leading to the formation of snowdrifts near natural 
terrain barriers, it ceases to be meaningful on the macro scale and gives way to the influence of 
other meteorological factors. The correlations with the average annual temperature and the pre-
cipitation totals are related to the fact that according to the climate model, the warmest and 

driest are the western shores of the Hornsund Fiord, which on June 15 were almost snow-free. 
Although the annual values were compared, not those from the winter season only, the varia-
bility of temperature and precipitation in the fiord is similar throughout the year, at least ac-
cording to the model indications. The amount of solar radiation reaching the ground also turned 

out to be significant, as snow on the northern shores of the fiord melt earlier due to better inso-
lation conditions (see Fig. 17). The influence of altitude on the snow cover is obvious because 
as it rises the temperature decreases and the precipitation increases. However, the analysis took 
into account the area located only up to 50 m a.s.l. and for such setting the impact of spatial 

variability of temperature and precipitation in the Hornsund Fiord region turned out to be much 
more related with SCE than the altitude a.s.l. 

The correlation between snow depth and topographical indices and climatic components did 
not give such unambiguous results as for SCE from June 15. Snow thickness was positively 

correlated with terrain roughness (TRI; r = 0.31), altitude a.s.l. (r = 0.32), and total precipitation 
sum (r = 0.33). Negative influence was found for potential and real insolation (r = –0.42), mean 
annual air temperature (r = –0.29), TPI (r = –0.22), TWI (r = –0.27), and General Curvature 
Index (r = –0.15) (Fig. 70). The results also show that among the measuring points, slightly  
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Fig. 70. Pearson correlation matrix between snow cover thickness measured in 2016 in non-glaciated 

areas, along with topographical indices and modeled climatic elements. 

greater snow depths are noted in sites located farther to the north (Northing; r = 0.22). The 
relationships with other indices turned out to be statistically insignificant. While the influence 
of air temperature, precipitation sum, or altitude seems clear, the explanation is needed for the 
negative relationship of snow thickness, e.g. with the TWI. This index describes the tendency 

of an area to accumulate water and thus indirectly also the snow cover. The high values of this 
index are found, among other places, in Gåshamnøyra, which significantly lowered the average 
snow depth, being the area with the lowest altitude above sea level. On the other hand, the TWI 
is low on convex slopes or in the immediate vicinity of, e.g., protruding rocks that facilitate 

snowdrifts formation. These factors determine the negative correlation of snow thickness with 
TWI. 
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8. DYNAMICS OF CHANGES IN SNOWPACK STRATIGRAPHY ON VARIOUS 

LAND COVER TYPES  

In the spring of 2016, the snow cover structure was measured at regular intervals in the same 
locations. This made it possible to trace the changes taking place in the snow cover during the 

ablation period. Such information was also used to validate the SNOWPACK model results 
from the 2016 ablation season. As the simulation was run with a spatial resolution of 50 m for 
the measurement area (Fig. 41) and the influence of blowing or drifting snow was not taken 
into account, the outcome shows a similar SWE and snow thickness in locations of snow pits 

(Fig. 71), which have been dug in the coastal zone at a similar altitude above sea level. Note-
worthy is the lack of model results for the lake area, which as a water body was excluded from 
the calculations. For the maximum accumulation period in spring 2016, the model predicted 
SWE not exceeding 300 mm stored in a 75–90 cm thick snow cover in the coastal zone. In the 

field, such values were recorded at that time only in places highly conducive to snow accumu-
lation (see Figs. 65 and 45). Along with the uniform mapping of the snow cover distribution by 
the model, its internal structure in the simulation also shows no significant variability for points 
located at the same altitude above sea level (Fig. 73). However, actual field observations reveal 

serious differences in snow stratigraphy (Fig. 72). 
The SWE obtained from measurements in snow pits carried out during the maximum accu-

mulation period (21–23.04.2016) ranged from about 70 mm on a flat plain exposed to wind 
(68 mm) and a frozen lake (77 mm), through nearly 200 mm (187 mm) at the edge of the river 

valley (Revdalen) up to 350 mm under the slopes of Fugleberget mountain. This water was 
accumulated in the snow cover with a depth of 22, 28, 60, and 93 cm, respectively, which trans-
lates into an average snow density of 310, 275, 310, and 380 kg/m3. Therefore, snow was the 
densest where it had the greatest thickness, being efficiently compacted under the influence of 

its own weight. The lowest density was observed on the lake. In such a place, thick snow cover 
cannot form as lake ice sinks under the weight of snow together with its bottom layer. Thus, the 
snow flooded with water (slush) transforms into lake ice (Duguay et al. 2003; Kirillin et al.  
2012). Additionally, the lake ice surface is also less rough than the bare or snow-covered tundra 

(Berry 1981; Sturm and Liston 2003), which facilitates snow removal by wind in the initial 
stage of the cover formation. 

The internal structure of the snow cover at selected measurement sites was exceptionally 
diverse. Snow with a generally uniform structure, with density increasing with depth occurred 

under the slopes of Fugleberget mountain. In turn, low-density depth hoar layers were found in 
the middle of the profile at the Revvatnet lake site. The only place where distinct, approximately 
1 cm thick, ice layers were formed was the western part of the Revdalen valley. Thus, the in-

ternal structure of snow varies depending on the relief and land cover, and these factors, 

influencing the snow distribution, also indirectly determine the processes of its metamor-
phism. 

The snow cover metamorphism during the ablation season was best documented at the 
measurement site in the Revdalen valley. The structure of snow before the beginning of ablation 

and in its late stage is presented in Fig. 74. Characteristic for this place were two distinct ice 
layers separated by about 2 cm thick level of metamorphosed snow in the central part of the 
profile. The first measurement carried out on April 15, 2016, revealed the clear depth hoar layer, 
with a much lower density than the overlying and underlying snow crystals. Such grains are the 
result of a large temperature gradient in the snowpack associated with the predominance of low 

air temperatures for a long time. The snow cover structure found on April 15 remained largely 
unchanged in the following days, as evidenced by the measurement from April 21. At that time, 
an experiment was carried out to examine the percolation of water through the snow cover, by  
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Fig. 71. Alpine3D result (50 m resolution) for the maximum accumulation period in the coastal zone in 
2016 (18.04): (a) snow depth, (b) SWE. 
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Fig. 75. A photograph of a snow pit in Revdalen valley from 21.04.2016 juxtaposed with its internal 

structure profile. Visible stratification of snow cover was highlighted by the dye experiment. 

pouring diluted dye (rhodamine) onto the snow surface. The colored water briefly lingered at 

the boundary of each snow layer making them easier to identify, but some barriers were less 
permeable than others. The water stayed especially in the upper part of the profile, at the border 
between the denser snow, made of relatively fine grains lying above the depth hoar level, with 
a large diameter of crystals and small compactness (Fig. 75). This arrangement of layers creates 

the so-called capillary barriers due to differences in the capillary force in the pores between 
snow crystals, which is higher between fine grains than coarse ones (Jordan 1995). During the 
consecutive observation in the same site,  an ice layer  was found in the place  of the most water-
impermeable boundary from the previous measurement. It probably formed when meltwater or 

rainwater stopped on such a capillary barrier and froze when the temperature dropped again or 
when it came into contact with the cold snow lying below. At other measuring points, with 
a more homogeneous snow structure, the percolation of dyed water through the layers was more 
uniform and the barriers were less noticeable. Knowledge of the internal structure of the snow 

cover and the course of the percolation process taking place in it is important for the ablation 
rate, because in locations where water penetrates more easily into the cover, melting as well as 
metamorphosis of snow occurs faster (Marsh and Woo 1984; Tseng et al. 1994; Kępski et al.  
2016). It is also worth noting that when positive temperatures dominate, the snow cover be-

comes homogeneous, transforming all grains into large and round melt forms of similar size, 
but the ice layers retain their properties (Fig. 74).  

The SNOWPACK model indicated much higher snow cover depths and SWE than actually 
measured in the field. The overestimated values translated into longer snow cover duration in 

simulation than in reality and incorrect representation of snow layers thickness (Table 11). Nev-
ertheless, the structure of the top of the profile, which was not affected by wet metamorphism,  
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Table 11 

Comparison of SWE values in given days of 2016 from snow pit measurements  

and various variants of SNOWPACK simulations tuned with actual observation data.  

The values come from a flat area in the Fuglebekken catchment 

 

 
was correctly reproduced in the model (Fig. 76). On the other hand, the simulation overesti-
mated the snow density and, above all, the hardness of the layers previously affected by melting 
and refreezing cycles. It should be assumed that the model correctly predicted when the snow 

melting occurred, but at none of the measuring points the thick layers with the highest hardness, 
as predicted by the SNOWPACK simulation, have formed. 

Assuming that the low accuracy of the model was mainly due to the fact that the winddrift 
module was turned off, the SNOWPACK indications were additionally checked by initiating 

simulation after the ablation has started. This is because in the period with positive tempera-
tures, the phenomenon of blowing or drifting snow is initiated at much higher wind speeds (Li 
and Pomeroy 1997) and thus has a smaller impact on the snow properties. The modified simula -
tion results of the SNOWPACK model are presented in Fig. 76. The applied approach allowed 

for a significant increase in the results’ quality and, after such model tuning, the predicted date 
of snow cover disappearance was close to the real one (Table 11). Nevertheless, the simulation 
still greatly overestimated the snow layer density affected by wet metamorphism. The hardness 
of melt form grains turned out to be moderate in field measurements (Fig. 74), while the model 

often showed that they are as hard as ice (see Fig. 73). Additionally, model tuning with real 
data introduced a new problem with snow cover thickness. Due to the fact that snow pits were 
performed in a slightly different place each time (in order not to examine the structure affected 
by the previous measurements), the snow depth fluctuates to a certain level between successive 

measurements, and increases may happen even when only ablation has occurred. As a result, 
modeled snow cover development shows distinct “steps” on the chart (Fig. 76). Another prob-
lem is the inflow of meltwater from the upper part of the catchment area, which increases the 
SWE at lower elevations, but cannot be reproduced in the one-dimensional SNOWPACK sim-

ulation. However, the correction of the model indications with even one field measurement 
significantly improved the quality of further simulation and reduced the difference between the 
modeled and actual SWE and snow cover duration (Table 11). SNOWPACK without correc-
tions predicted even several times higher SWE values than in reality due to the fact that the 

snow redistribution by wind was not taken into account and the snow density was overesti-
mated. Model tuning was crucial for its indications, especially in places exposed to wind, such 
as a flat plain (Fig. 76b, Table 11). 

Date 

SWE 

from 

snow pit 

SWE in SNOWPACK output [mm] 

Without 

corrections 

Tuning 

23.04.2016 

Tuning 

30.04.2016 

Tuning 

09.05.2016 

Tuning 

16.05.2016 

Tuning 

22.05.2016 

11.04 90 323 – – – – – 

23.04 67.6 332 67.6 – – – – 

30.04 81.3 337 66.1 81.3 – – – 

09.05 134.2 347 77.6 96 134.2 – – 

16.05 96.6 321 33 51.9 57.2 96.6 – 

22.05 51 327 41 58.5 64 90.9 51 

Snowmelt 

date 
~26.05 13.06 26.05 27.05 27.05 28.05 26.05 
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Fig. 76. The SNOWPACK simulation results in the season 2015/2016 for the site: (a) At the mouth of 
the Revdalen valley. Model tuning with observational data from snow pits carried out on 15.04.2016, 

21.04.2016, and 15.05.2016; (b) On a flat plain in the Fuglebekken catchment. Model tuning with ob-

servational data from the snow pit carried out on 23.04.2016. 
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9. FORECAST OF SNOW CONDITIONS IN THE AREA OF THE POLISH POLAR 

STATION AT THE END OF THE TWENTY-FIRST CENTURY  

Climate projection for the southern Svalbard area (Dobler and Haugen 2016; Isaksen et al.  
2017) allowed to simulate the snow cover development under changed climatic conditions. The 
data presented here are based on the assumption of the most severe greenhouse gas emissions 

scenario RCP8.5. The climate projection itself simulates the snow cover thickness, but only for 
pixels representing land. Its spatial resolution of approximately 2.5 km does not allow for sat-
isfactory reproduction of the rather narrow coasts of Hornsund, which in this resolution are 
considered a sea area and thus devoid of snow. Furthermore, the presence of high mountains 

and glaciers in close proximity to the fiord does not allow the use of modeled data from adjacent 
land areas. For this reason, only the predicted air temperature and precipitation sum were im-
plemented in the SNOWPACK and Alpine3D models to simulate how the snow season in the 
vicinity of the PPS Hornsund would look like at the end of twenty-first century. 

According to the climate model, the average annual air temperature in the years 2089–

2100 will increase by 6.5 °C compared to the reference data 1991–2000 and will amount to 
+4.1 °C (Fig. 77, Table 12). However, it is worth noting that the Polar CORDEX data overstate 
the average air temperature for a PPS cell by 1.8 °C for the period 1991–2000 (see Chapter 3.2 

and Fig. 15). Taking into account this measurement error, the average annual temperature at 

the end of the century would be +2.3 °C in PPS in the RCP8.5 emissions scenario. The 
climate projection also predicts an increase in the annual precipitation sum by approxi- 

 
Fig. 77. Air temperature in Polar CORDEX climate reanalysis for the years 1991–2000 and the projec-

tion for the years 2089–2100 assuming the RCP8.5 emission scenario for the cell with PPS Hornsund in 

relation to the long-term average from the years 1979–2017 measured in the PPS meteorological garden. 
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Table 12 

Comparison of average air temperatures and precipitation totals between the Polar CORDEX  

climate projection for the cell with PPS and the actual PPS Hornsund observation data 

 

Obervational data 

1978–2017 

POLAR Cordex reanalysis 

1991–2000 

POLAR Cordex simulation 

2089–2100 

Air temperature 

[°C] 

Precipitation 

sum [mm] 

Air temperature 

[°C] 

Precipitation 

sum [mm] 

Air temperature 

[°C] 

Precipitation 

sum [mm] 

Jan –9.8 48.2 –9.1 87.5 –1.2 100.0 

Feb –9.9 31.6 –6.6 76.3 –1.5 68.7 

Mar –10.1 37.5 –9.0 70.6 –0.4 92.1 

Apr –8.1 29.6 –5.8 56.2 0.7 63.7 

May –2.6 30.2 –1.2 48.2 6.0 57.7 

Jun 2.1 58.8 4.1 38.0 9.4 48.1 

Jul 4.6 78.7 6.4 54.3 11.3 46.7 

Aug 4.2 101.6 5.9 67.2 10.7 72.2 

Sep 1.7 106.5 2.7 97.2 7.3 92.6 

Oct –2.7 59.4 –2.7 66.7 4.3 103.0 

Nov –5.9 61.6 –5.2 71.7 2.2 85.9 

Dec –8.8 62.7 –9.0 62.4 0.1 73.0 

YEAR –3.8 454.0 –2.4 796.2 4.1 903.7 

 

 
mately 100 mm (i.e. by 15%) compared to the reference period and their greatest growth is 

expected in the cold months . However, as with air temperature, precipitation totals are also 

overestimated in the climate reanalysis (see Chapter 3.2 and Fig. 16). According to the climatic 
model, at the end of the century, a higher precipitation sum will be recorded in winter than in 
summer. These projections should be treated with caution as high winter totals have already 
been obtained for the reference period 1991–2000 in the Polar CORDEX reanalysis. Even as-

suming a 70% underestimation of solid precipitation measurements in Spitsbergen due to strong 
winds (Hanssen-Bauer et al. 1996), such high sums in the cold months are not confirmed by the 
observational data (see Fig. 16).  

The temperatures modeled for the end of the twenty-first century indicate a gradual shift 

of the coasts of Spitsbergen from the present tundra climate (ET) to the subpolar oceanic 
climate (Cfc) (according to the Köppen classification). It is characterized by an average tem-
perature of the coldest month above 0 °C, while the average temperature of 1–3 months a year 
exceeds 10 °C. The climatic conditions predicted for the end of the century in southern Svalbard 

are analogous to those currently found on the coasts of Iceland.  
Data from climate projections were used in the SNOWPACK and Alpine3D models to test 

the possibility of snow cover development in a warmer environment with higher precipitation 
totals. The obtained results indicate a significant shortening of the snow season on the coasts of 

southern Spitsbergen (Fig. 78). Under changed climatic conditions, snowfall does not occur 
earlier than at the beginning of November. Furthermore, due to the rise in spring air tempera-
tures, the snow cover would completely disappear in the second half of May at the latest. This 
means an almost twofold extension of snow-free period from the current 3 months (July–

September) to almost 6 months. The projection also shows a reduction in the maximum 

snow cover depth in the coastal zone, despite a significant increase in precipitation totals . 
On the other hand, the results of the Alpine3D model indicate increased depths in the summit  
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Fig. 78. The SNOWPACK simulation results for the PPS Hornsund location: (a) for the winter season 
2089/2090, (b) for the winter season 2099/2100. 
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Fig. 79. The results of the Alpine3D model for the PPS Hornsund surroundings in the period of maxi-
mum accumulation (20.03 in the coastal zone) of the 2099/2100 season.  
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parts of the Fugleberget massif under changed climatic conditions compared to the accumula-

tion maxima obtained for the 2014 and 2016 seasons (Figs. 79, 58, and 59). According to the 
predictions presented here, the maximum snow thickness on the coast will be occurring in the 
second half of March in the years 2089–2100, when it may exceed 50 cm. However, these val-
ues are much lower than those achieved by the SNOWPACK model for the 2014 and 2016 

seasons. It should also be remembered that the model does not take into account the redistribu-
tion by wind, therefore modeled snow depth from 2014 and 2016 were in extreme cases even 
four times higher than actually measured in the PPS meteorological garden (see Fig. 59). Con-
sequently, such a large snow thickness should be expected only at accumulation sites, while in 

most of the tundra area the values would be considerably lower. Obviously, the changes in 
climatic conditions will affect the internal microstructure of the snowpack. The simulations for 
the 2089/2090 and 2099/2100 seasons (Fig. 78) indicate the formation of thick ice layers in the 
snow cover. In turn, model results from 2014 and 2016 did not anticipate ice layers existence, 

even if they actually occurred in the field (see Chapter 8). The significantly higher temperatures 
projected for the period 2089–2100 will prevent the formation of high temperature gradients in 
the snowpack. These, in turn, are required for the development of specific snow grains forms, 
especially depth hoar crystals (Sommerfeld and LaChapelle 1970) that are now relatively com-

mon in the tundra (see e.g. Fig. 74). In predictions for the end of century, snow cover is no 
longer continuous throughout the whole winter season and snowfree episodes may be intro-
duced even in the middle of the winter. Such situations happened only incidentally in the current 
records of the PPS Hornsund weather station (see Fig. 21), e.g. in 2011/2012 season. The inter- 

 

Fig. 80. The SNOWPACK simulation results for the season 2089/2090 with the substitution of Polar 

CORDEX data from the PPS cell with the data from the cell located entirely above the waters of the 

Hornsund Fiord (adjacent to the PPS cell from the south). 
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ruption of the continuous snow cover period is clearly visible in the SNOWPACK simulation 
for the 2099/2100 season (Fig. 78b).  

Noteworthy, the projected climatic conditions for the end of the twenty-first century indicate 
the occurrence of average air temperatures only slightly lower than 0 °C in the winter months 

(Table 12). Model predictions were also tested with input data coming from a Polar CORDEX 
simulation, but from the neighboring southern cell to that with PPS Hornsund. They were char-
acterized by an average annual air temperature equal to +5.4 °C, where the coldest February 
had already a positive mean monthly temperature (+1.1 °C). These conditions are 1.7 °C 

warmer than the annual average for the end of the century in the PPS cell. However, this is 
enough to completely change the snow cover duration and its characteristics. With the domi-
nance of positive temperatures, continuous snow cover has no chance to develop during the 
winter; however, snowfalls are still possible from November to May. In such conditions, snow 

depth would not exceed 20 cm and the cover cannot persist on the ground for more than a month 
(Fig. 80). This means that while the modeled climatic conditions for the PPS at the end of the 
century does not indicate the disappearance of permanent snow cover in the winter, a further 
increase by approximately 2 °C is enough to completely change the functioning of the ecosys-

tem, in which snow will appear only periodically. 

10. DISCUSSION 

The results obtained in this work confirm the previous findings regarding the snow cover dis-
tribution obtained from studies based on point measurements. As in the work of Migała et al.  

(1988), the Fuglebekken catchment turned out to have better snow accumulation conditions 
than the measurement site at the PPS, with the deepest snow in the lower catchment area on its 
western side. Average snow thicknesses recorded in the lower part of the catchment in 
1979/1980, 1981/1982, and 1982/1983 were 30–60 cm (Migała et al. 1988), which did not dif-

fer from the results from the analyzed here years 2013/2014, 2014/2015, and 2015/2016 (see 
Fig. 42). Average values from the coastal part of Gåshamnøyra (30 cm) and Revdalen (35 cm; 
varying from 30 cm in the lower part to 80 cm in the upper part of the valley) obtained in the 
1980s (Migała et al. 1988) are also in line with the results obtained in spring 2014 and 2016. 

The differences between the studies concern mainly snow density, which in the 1980s were 
supposed to be 400–500 kg/m3, while now such values were recorded in the catchment rather 
in the late ablation stage. At the moment of maximum accumulation, densities ranging from 
350–400 kg/m3 were dominant. However, the comparative analysis of the results from the 

1980s to those developed in this work is difficult. During the first snow measurements cam-
paigns, the probing was done without recording the GPS position, and the sounding dates were 
not always precisely defined. Nevertheless, comparable values were obtained in the same re-
gions in the 1980s and spring 2014 (Nawrot et al. 2015) and 2016, which confirm the seasonal 

repeatability of snow cover distribution. The areas with extended snow cover duration found in 
the Fuglebekken catchment, but not covered by regular measurements, may, however, be asso-
ciated with depths exceeding 2 m, found here by Dolnicki (Dolnicki 2002, 2015).  

The regularities found in the southern part of Svalbard in the glacial area are also valid in 

the tundra. In a series of works, Grabiec (2017) proved, among others, that better conditions for 
the snow cover accumulation exist in the western parts of glaciers. This rule was disturbed only 
in places characterized by a relief perpendicular to the prevailing wind directions (Grabiec 
2017; Grabiec et al. 2006, 2011). An example of a location perpendicular to the dominant zonal 
flow is the Ariedalen valley, where greater snow thickness was found in the eastern than in the 

western part (Fig. 65). However, the correlation coefficients between the snow depth and the 
topographic indices on the Hansbreen glacier were much higher (Grabiec 2017) than those pre-
sented in this work. This is probably due to the much larger amount of data used to study the 
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interrelationship provided by GPR soundings. Differences may also come from a less complex 

glacier relief, which is much easier to characterize by means of topographic indices. The wind 
velocities that initiate blowing snow in glacial areas are able to move snow in the tundra as 
well. On the Waldemarbreen glacier, the snow transport by the wind began when its speed 
exceeded 4 m/s (Grześ and Sobota 2000). The data collected in the PPS showed that drifting 

snow events occurred at wind speeds higher than 6 m/s. Due to the fact that the air flow is 
measured at a height of 10 m above the ground, it can be calculated from the wind profile equa-
tion (Van Ulden and Holtslag 1985) that the wind speed near the surface is about 2 m/s lower. 
Thus, both in the tundra and on the glaciers, the near-surface wind speed of 4 m/s is a minimum 

threshold needed to move snow deposited on the ground. On the Svalbard glaciers treated in 
the macroscale, greater snow depths occurs in its eastern parts, which is associated with higher 
precipitation sums there (Winther et al. 1998). The same can be seen on unglaciated coastal 
areas, both in model outcome (Fig. 14) as well as in the results of snow soundings carried out 

during the ablation season (Figs. 62 and 64). 
The snow cover disappearance dates obtained in this work can be compared to the results 

of studies carried out in other parts of the Svalbard archipelago. A study conducted in the 
Bayelva catchment in 2002 using a time-lapse camera showed that snow cover ablation lasted 

about 50 days there (Hinkler et al. 2003), which is consistent with the results from the Fugle-
bekken catchment area (see Table 7). As in the results presented in this study, the overwhelming 
majority of the tundra in Bayelva was snow-free at the turn of June and July (Hinkler et al.  
2003). On a larger scale of the Svalbard archipelago, the analysis of MODIS scenes allowed for 

differentiation of coastal zones in terms of the snow cover duration (Malnes et al. 2010). Be-
tween 2005 and 2009, the snow in unglaciated areas disappeared before June 1 at the earliest, 
e.g. in the Adventdalen valley near Longyearbyen (Malnes et al. 2010). On the coasts of 
Hornsund, such early disappearance of snow practically does not occur (see Fig. 61). The west-

ern shores of the Hornsund Fiord are the first to be snow-free. In the case of 2014, this took 
place in the first days of June. A little later, the snow cover melts in the Fuglebergsletta area, 
where PPS is located. In 2014, the snow disappeared on the eastern coasts of the fiord after June 
15, which was the last day from the snow season when a satellite image suitable for analysis 

was available. As about 50% of the unglaciated area of Hornsund was still under snow on that 
day, this means that the vegetation season is shorter there than in the central Svalbard coastal 
zone, where most of the shores were snow-free, on average, before June 15 (Malnes et al. 2010). 
Since the snow cover duration and thickness in the period 2005–2009 and in 2014 were similar 

(see Figs. 20 and 24), the results from these years should be comparable. 
The data presented in this work prove that the conditions for the snow cover development 

on the eastern coasts of the Hornsund Fiord are better than in its western part. The recorded 
differences in snow cover duration should be also reflected in the state of vegetation. Satellite 

studies indicate the highest bioproductivity of flora expressed by the NDVI at the mouth of the 
fiord (Karlsen et al. 2014; Vickers et al. 2016), i.e., in the place with the shortest snow season. 
This would suggest a negative impact of snow cover in the analyzed region on the vegetation 
development. The aforementioned assumption is partially confirmed by the results relating the 

snow disappearance time in the Fuglebekken catchment with the tundra vegetation type. This 
is because the snow persists the longest on rock debris that is devoid of any plants. The shortest 
snow cover duration occurred each time on the lichen-herb-heath tundra, the formation with the 
highest vascular plants in the study area, represented, e.g., by polar willow (Salix Polaris). On 

the other hand, the deepest snow during the winter season was measured on wet soils and ac-
companying wet moss tundra. This formation is characterized by the highest NDVI value (Hob-
bler 2011) as well as nitrogen content in the substrate (Skrzypek et al. 2015) necessary for plant 
growth. However, it should be remembered that due to the different spectral characteristics of 
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mosses, lichens, and vascular plants (Bubier et al. 1997), comparing the NDVI values in the 
tundra environment is subject to a large degree of uncertainty (Williams et al. 2001). The re-

sults obtained in this study indicate an ambiguous impact of snow cover on the condition 
of vegetation. They generally confirm the conclusions of previous studies conducted in other 

regions of the world and indicate the decisive influence of snow cover in the Arctic on soil 

moisture and, consequently, the availability of water for plants and the occurrence of specific 

plant formations  (Bliss et al. 1984; Walker et al. 1989,1999).  
The modeled snow cover spatial distribution did not represent the actual one, mainly due to 

the problems with taking into account the snowdrift module. Alpine3D predicted a snow depth 
of 80–90 cm during the period of maximum accumulation in both 2014 and 2016. This corre-
sponded to a SWE peak of less than 300 mm. At the same time, the average snow thickness 
from the measurements in the catchment was approximately 60 cm (240 mm SWE) in 2014 and 

less than 50 cm (175 mm SWE) in 2016. This means that in an area with a relatively good 
ability to accumulate snow, its depth was overstated by about 50%. Part of this overestimation 
can be explained by the use of simplified assumptions. Calculations for the entire winter seasons 
were carried out with the assumption of a neutral atmosphere. However, such model settings 

indicated greater snow thickness in the low-lying area (see Fig. 60). In addition, studies from 
alpine and polar regions indicate a significant overestimation of heat fluxes in the Alpine3D 
model, mainly in strong wind conditions, when using a neutral atmosphere (Schlögl et al. 2017). 
Nevertheless, such large disproportions between the model and the actual snow distribution are 

difficult to explain only with this. Field measurements in the Canadian Arctic show that 48 to 
58% of snow on the ground is removed before ablation begins (Pomeroy and Li 2000). The 
results of the PBSM model for the same area show that the snow mass losses due to sublimation 
are comparable to the losses caused by wind transport (approximate ratio 1:1) (Pomeroy and Li 

2000). Other studies from Canada, showing the amount of sublimation at 4 measuring stations, 
estimate its impact on SWE reduction at 15–41% (Pomeroy and Gray 1995). However, this 
value is difficult to measure directly and depends largely on local conditions, especially wind 
speed and relative humidity. Hence, the estimates are very different and, e.g., SnowTran-3D 

model indicates 10–25% reduction of snow mass during blowing snow episodes (Liston and 
Sturm 1998) and the PBSM used in the Canadian Rockies suggests a 17–19% weight loss due 
to the same process (MacDonald et al. 2010). On the other hand, the results of Alpine3D from 
Switzerland indicate that the reduction of SWE caused by sublimation during the winter season 

may reach even 400 mm on mountain ridges, while on less elevated terrain it does not exceed 
100 mm (Groot Zwaaftink et al. 2013). All the above studies point out significant snow mass 
losses caused by wind activity, even at negative air temperatures. For this reason, the obtained 
Alpine3D results seem rational and suggest that the wind in the tundra environment of southern 

Spitsbergen is responsible for removing even more than half of the snow mass supplied by 
precipitation. 

The SNOWPACK simulation, like the Alpine3D model, greatly overestimated the actual 
snow thickness. Especially problematic was the representation of bottom layers, where the 

model indicated the presence of snow heavily transformed by wet metamorphism. In reality, 
the layers beneath thick ice layers are rather protected from the effects of meltwater and may 
be the last to be modified during the ablation period (Kępski et al. 2016). However, the model 
turned out to be generally sufficient to simulate snow metamorphism and ablation in the period 
with a predominance of positive temperatures. Then, the blowing and drifting snow processes 

appear rarely and have a smaller impact on the shape of the snowpack (see Fig. 76; Table 11). 
Therefore, SNOWPACK calculations were used to interrelate the snow depths measured at var-
ious locations on different days during the spring season (Fig. 64). It should be remembered 
that attempts to model the snow cover in Svalbard, mainly in the Ny-Alesund region, have 
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always been characterized by considerable errors (Brun et al. 1989; Martin 1996). None of the 

models used there was able to correctly reproduce the snowmelt rate in the tundra, but the re-
sults obtained by CROCUS (analogous to SNOWPACK used in this work) were closest to those 
measured in the field (Bruland et al. 2001).  

Due to the strong relationship of the climate with other components of the natural environ-

ment, the observed and forecasted warming will cause severe changes in the entire southern 
Spitsbergen tundra ecosystem. These will include hydrology (Rouse et al. 1997; Adam et al.  
2009), vegetation (Wang and Overland 2004; Elmendorf et al. 2012), permafrost and soils 
(Hinzman et al. 2005; Isaksen et al. 2007), as well as animal populations (Aanes et al. 2002; 

Jensen et al. 2007; Fuglei and Ims 2008). The rise in temperatures and the associated shortening 
of the snow cover duration will undoubtedly affect the land cover. Currently, for example, an 
improvement of vegetation condition and an increase in tundra biomass in Svalbard are ob-
served, but these processes seem to be slowing down (Park et al. 2016; Vickers et al. 2016). It 

is predicted that in the future, thinner snow cover and more frequent rain on snow episodes 
initiating the ice layers formation may eventually lead to deterioration of plant growth condi-
tions and the so-called tundra browning (Phoenix and Bjerke 2016). It is also expected that the 
tundra plant species composition will change. A decrease in the number of mosses and mois-

ture-loving flora is anticipated, with a simultaneous increase in the share of vascular plants 
(Elmendorf et al. 2012). However, the overall number of species is projected to decline due to 
the rapid expansion of plants best adapted to changing conditions, which will replace a variety 
of organisms specialized in living under long persisting snow cover and frost (Chapin et al.  

1995). One of the effects of global warming will also be a reduction in soil moisture, even 
despite the increase in precipitation totals (Houghton et al. 1992; Oechel and Vourlitis 1994). 
This will be the result of a faster snow cover disappearance and thus a deeper thawing of per-
mafrost (Hinzman et al. 2005). The availability of water for plants seems to be the most im-

portant factor for their development in the vicinity of the PPS; therefore, a warmer climate with 
shorter snow cover duration does not necessarily improve the conditions for the local flora 
(Opała-Owczarek et al. 2018). In southern Svalbard, negative changes in vegetation condition 
caused by the increase in the reindeer population are currently observed (Olech et al. 2011; 

Ziaja et al. 2016). The mortality of these animals is, in turn, strongly correlated with the occur-
rence of rain on snow episodes during the winter season. Such a rainfall can lead to the for-
mation of basal ice or ice layers inside a snowpack, hindering an access to the food for 
herbivores (Kohler and Aanes 2004). On the other hand, climate projections indicate a signifi-

cant increase in winter liquid precipitation, which may deplete the reindeer population in Sval-
bard (Hansen et al. 2011). Thick ice layers are clearly visible in the SNOWPACK simulation 
for the period 2089–2100 (see Fig. 78). Overall, the projected global warming will undoubtedly 
have an impact on the southern Spitsbergen ecosystem. However, due to the number of possible 

effects of the temperature increase and the shortening of snow cover duration presented above, 
it is very difficult to determine whether this impact will be positive or negative.  

11. SUMMARY AND CONLUSIONS 

The aim of the study was to identify the snow cover distribution on the tundra in the vicinity of 

the Polish Polar Station, to determine the dynamics of its changes during the ablation season 
and to define their relationship with the relief and land cover on the basis of the cartographic 
materials available. The presented methodology of processing time-lapse and satellite images 
allowed to successfully present the temporal and spatial variability of the snow cover occur-

rence in the unglaciated catchment and relate it to the wider area of the fiord coast. The conclu-
sions coming from remote sensing data were confirmed by the results of field measurements. 
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The tasks set in the study were successfully completed, although the initially assumed relation-
ships between the snow cover duration and the topography and land cover turned out to be 
weaker than expected. The spatial variability of the snow cover on the coasts of Hornsund had 
not been well recognized before, which, due to its crucial environmental importance, was a ma-

jor research gap that prevented understanding the functioning of the area’s ecosystem. The ex-
tensive study presented here addresses these shortcomings, and the most important results are 
briefly discussed below. 

1. On the basis of data from the PPS Hornsund, the seasonal and long-term variability of 

meteorological conditions influencing the snow cover were presented. The average annual air 
temperature in 1979–2017 was –3.7 °C and the mean annual precipitation total amounted to 
450 mm. However, the determined trends indicate the occurrence of significant climatic 
changes: an increase in air temperature, the strongest in the winter period (+2.16 °C per decade 

in case of winter months), growth of precipitation sums (+55.5 mm per decade) with a simulta-
neous decrease in the share of snowfall. Data from the PPS and the period 1983–2017 show 
that the snow cover lasts, on average, 235 days, from mid-October to mid-June. However, ob-
served climate warming results in the shortening of that period by 10 days per decade. Addi-

tionally, reduction of the snow cover thickness is observed (–3.8 cm per decade). The spatial 
variability of the climate was presented using the WindNinja software (anemological condi-
tions), GIS tools (potential solar radiation), and climate projections from the Polar CORDEX 
initiative, verified with data from AWS located at various locations in the Hornsund Fiord. They 

show that the average annual air temperature decreases towards the east (with growing distance 
to the open Greenland Sea), with a simultaneous increase in annual precipitation totals. The 
northern shores of the fiord have better insolation conditions and are also more exposed to the 
most common eastern wind. 

2. The results of field measurements carried out since the winter season 2013/2014 in the 
Fuglebekken catchment indicate much better conditions for snow accumulation in this place 
compared to the measurement point in the meteorological garden of the Polish Polar Station 
Hornsund. The Fuglebekken catchment is also characterized by smaller fluctuations in snow 

thickness from year to year compared to measurements carried out at PPS. The considerable 
variability of snow cover at the PPS site can be attributed to the greater wind exposure, while 
the catchment area is partially sheltered from direct wind action. This means greater represent-
ativeness of data from the catchment area. 

3. The comparison of data from field measurements with changes in snow cover extent re-
vealed a strong relationship between snow thickness during maximum accumulation and its 
persistence duration. The pattern of snow disappearance turned out to be repeatable and snow 
patches formed in the same places every year. Similarly, the same parts of the area have the 

shortest snow cover duration each year. Zones near the rock outcrops, both at the eastern and 
western edges of the catchment accumulated the greatest amount of snow. On the other hand, 
the prominent terrain features, such as the storm ridges, are characterized by the shortest snow 
cover duration. This implies that wind plays a decisive role in the snow cover distribution in 

the tundra. The strongest and most frequently observed eastern wind has the greatest influence 
on the snow distribution. Deeper snow was found at the western edges of the studied areas, not 
only in the Fuglebekken catchment, but also in the Revdalen valley and the Bogstranda region. 
The comparison of measurements from 2014 and 2016 confirmed the repeatability of the snow 
cover distribution along the entire coast of the Hornsund Fiord. 

4. The snow cover thickness in the Fuglebekken catchment area is average compared to 
values measured elsewhere along the Hornsund Fiord coast. This is also confirmed by the mod-
erate snow cover duration. The snow cover extent in the catchment area drops below 50% at 
a similar time as on the shores of the Hornsund Fiord treated as a whole. This means that the 
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results of the monitoring conducted since the 2013/2014 season are representative of the larger 

coastal region. Snow cover duration is the longest at the south-eastern part of the fiord, while 
the fastest disappearance is observed in the north-western part. This is also reflected in snow 
depth. At comparable altitude, the deepest snow has been found on the eastern shores of Svovel-
bukta (SE Hornsund), while, upon excluding the problematic area of Gåshamnøyra, snow is the 

thinnest in the Revdalen Valley (NW Hornund). The snow thickness is strongly correlated with 
the modeled average air temperature values (r = –0.78) and annual precipitation totals 
(r = 0.57). Statistically significant, although definitely weaker, is the correlation with the sum 
of potential solar radiation (r = –0.24), which explains the slightly earlier disappearance of 

snow cover on the northern coasts.  
5. The snow cover duration and its thickness depend to some extent on the type of land 

cover. The performed statistical analyzes indicate that during the winter season the snow is 
several centimeters deeper in the area covered by wet tundra mosses. On the contrary, on lichen-

herb-heath tundra, the snowpack is on average thinner. It is also a type of vegetation that is 
generally first exposed from under the snow in spring. There, the snow disappears completely 
two weeks earlier than on rock debris that is devoid of vegetation. However, it should be as-
sumed that it was the snow cover that influenced the occurrence of certain vegetation types and, 

for example, its extended duration prevented the development of flora on areas classified as 
rock debris. On the other hand, the tundra type cover, most likely, does not influence on the 
snow cover distribution in the study region, because due to the very low variation in plants ’ 
height, it could not significantly affect the surface roughness, and thus the accumulation condi-

tions. Among the landforms, the shortest occurrence of snow was found on beaches and the 
longest on talus cones. There, during the winter season, snow is on average at least a few cen-
timeters deeper than on other geomorphological formations. 

6. The snow cover occurrence in the ablation period is poorly correlated with topographic 

indices. In the Fuglebekken catchment, a positive relationship with the snow cover duration 
was found for the TRI index (Pearson’s r = 0.29) representing the surface roughness. Terrain 
exposure to wind had a negative impact, especially for the one from the north-eastern direction 
(r = –0.24). For the entire area of the Hornsund Fiord coasts, these relationships were even 

weaker and much less correlated than with the meteorological parameters. Similar conclusions 
were also obtained after analyzing the relationship between the topography and the measured 
snow cover depths. This may indicate the dominant influence of wind activity on the snow 
distribution on the micro and meso scale, while air temperature and precipitation totals play 

a leading role on a larger scale. 
7. The spatial modeling of snow cover distribution was performed using the advanced phys-

ical model Alpine3D. To the author’s knowledge, this is the first attempt to use this software in 
Svalbard and one of the first ever used in the high Arctic environment. Due to the enormous 

computing power requirements, it was not possible to implement the snowdrift module in the 
simulations. Therefore, the model output did not reflect the actual snow cover distribution and 
predicted a fairly uniform snowpack shape in the Hornsund coastal zone. However, the simu-
lated snow cover development in the season was highly consistent with the observational data, 

although the modeled thickness was significantly overstated. In the accumulation sites sheltered 
from the wind, the differences between the modeled and actual snow depth turned out to be 
much smaller than at the PPS weather station measurement point. The result of the Alpine3D 
model may indicate the amount of snow that would be stored in the tundra without wind redis-

tribution and associated sublimation processes. This would mean a reduction in snow cover 
depth and SWE caused by wind activity by 40–50% in the Fuglebekken catchment and even 
80% at the PPS measurement point. However, due to the troublesome measurements of snow 
transport by wind, this statement is difficult to prove. The performance of the Alpine3D model 
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has been tested using various settings. The chosen atmospheric stability correction method had 
the greatest impact on the results in the study area. On the other hand, the soil parameters set-
tings did not have a significant effect on the model output. 

8. The one-dimensional SNOWPACK model coupled with Alpine3D did not correctly re-

flect the development of the vertical snowpack structure during winter mostly due to problems 
with taking into account the wind redistribution. However, running the model on the data ac-
quired in the field just before the start of ablation period allowed to obtain a reliable course of 
snow cover metamorphism and the melting rate in the following days. The model had also 

problems with correct snow hardness representation. All layers affected by wet metamorphism 
were characterized by maximum hardness in the SNOWPACK output, which, of course, was 
not confirmed in the field.  

9. The Polar CORDEX climate projections for 2089–2100 allowed for the implementation 

of simulated precipitation totals and air temperatures for the SNOWPACK and Alpine3D mod-
els. In these years, the air temperature will increase by 6.5 °C and the precipitation total will 
grow by almost 100 mm compared to the end of the twentieth century under the most severe 
greenhouse gas emission scenario (RCP8.5). The tundra climate (ET in the Köppen classifica-

tion) currently prevailing on the coasts of southern Spitsbergen will therefore change into a sub-
arctic oceanic climate (Cfc), that is now characteristic for Iceland shores. As a result of these 
changes, the simulations show a shortening of the period with snowfall to November–May. 
Under such conditions, the occurrence of the maximum accumulation period will shift from the 

turn of April and May to late March or early April. This means an almost twofold extension of 
the snow-free period in the tundra in the Hornsund region. The simulation results in modified 
climate show that despite the increase in precipitation totals, the snow thickness will decrease. 
Moreover, at the end of the twenty-first century, the period with permanent snow cover may be 

interrupted by snowless episodes related to the occurrence of strong thaws even in the middle 
of winter. A further increase in air temperature by about 2 °C will completely change the course 
of snow cover development and ablation on the tundra. The positive air temperatures prevailing 
in this case for most of the winter period will not allow for the formation of a permanent snow 

cover, but will only lead to temporary episodes with snow on the ground. Climate warming, 
although apparently conducive to the development of life in the tundra area, may turn out to be 
unfavorable to both vegetation and animals. Plants may suffer drought stress due to shortened 
snow cover duration and associated lowering of groundwater levels. On the other hand, more 

frequent rain-on-snow events may lead to the formation of ice layers hindering, e.g., reindeer 
access to food. 
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AP P E N D I X  

Explanation of symbols and values used in graphs  

showing the vertical structure of snow. Modified after Fierz et al. (2009) 
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