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Editorial note

The present publication is a revised version of the Author’s PhD thesis defended at the In-
stitute of Geophysics, Polish Academy of Sciences, under supervision of Prof. Krzysztof
Migata and Dr. Bartlomiej Luks.
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Abstract

The aim of the study was to identify the snow cover distribution in the southern Spitsbergen
tundra environment and to quantify its relationship with the topography and land cover. This
was achieved by correlating vectorized cartographic materials, modeled climatic parameters
and calculated topographic indices with snow cover properties measured in the field and ob-
tained using remote sensing techniques. An important source of information used in the ana-
lyzes was time-lapse photography, which, thanks to the developed methodology and created
tools, allowed to obtain snow cover extent data characterized by high temporal and spatial res-
olution. Snow cover distribution in the immediate vicinity of the Polish Polar Station obtained
from time-lapse material was related to the results of satellite image classification from the
2014 ablation season. The field data was used to validate the SNOWPACK (predicting snow
cover structure) and Alpine3D (predicting snow spatial distribution) models developed by SLF-
WSL. They were implemented for the first time in the tundra environment of Svalbard. The
models were also used to simulate snow conditions in the vicinity of the Polish Polar Station at
the end of the twenty-first century. For this purpose, data from climate projections of the Polar
CORDEX initiative were adopted. The worst-case climate change scenario (RCP8.5) was as-
sumed.

The obtained results point to an increased snow deposition during the winter season in the
western parts of the valleys, related to the snow redistribution by the dominant eastern wind.
However, on a macroscale, the snow cover duration and depth increase eastward with growing
distance to the open Greenland Sea. The snow cover extent in the ablation phase shows a rela-
tively strong correlation with the modeled average annual air temperature (r = —0.78), precipi-
tation total (r=0.57) and, to a much lesser extent, with the potential insolation (r= —0.24).
Topographic indices turned out to be important primarily on a local scale. In the Fuglebekken
catchment, the strongest impact on the snow cover duration was found for the Terrain Rugged-
ness Index and Wind Exposition Index, especially for the NE wind. This proves the dominant
influence of wind activity on the local snow cover distribution, which is less visible on a larger
scale of the entire fiord.

Significant relationships were found between the duration and thickness of the snow cover
with the land cover. The longest snow cover persistence was in places devoid of vegetation. On
the opposite side there was a plant formation, the tallest of the local vascular plants being the
polar willow (Salix polaris). The observed difference in snow ablation time between these two
land-cover formations, rock debris and lichen-herb-heath tundra, was approximately two
weeks. On the other hand, a greater snow cover thickness during the winter season was found
on wet moss tundra. This class is characterized by the highest value of the normalized differen-
tial vegetation index (NDVI), which is an indicator of biological productivity. This means com-
plex relationhips between the snow cover and the vegetation, where the development of flora
is hindered in accumulation places, with prolonged snow persistence. However, some plant
species are well adapted to living under a thicker layer of snow.

The presented results of snow cover modeling did not take into account its redistribution
under the influence of wind. Consequently, the snow thickness in the Fuglebekken catchment
area was overestimated by an average of 50%. This is the potential amount of snow removed
from the tundra by wind activity and associated sublimation. Under changed climatic condi-
tions, with an air temperature increase of about 6.5 °C at the end of the 21st century, the models
show a significant reduction of the snow cover period in the tundra. In the projections for 2089-
2100, snowfall occurs only in November—May, and in the winter season thaws strong enough
to melt completely the snow cover in the middle of winter take place. Additionally, climate
projections indicate development of thick ice layers in the future tundra snowpack, which could
cause severe environmental effects on both plants and animals.
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WPLYW RZEZBY I POKRYCIA TERENU NA POKRYWE SNIEZNA TUNDRY
POLUDNIOWEGO SPITSBERGENU

Streszczenie

Celem pracy bylo rozpoznanie rozkladu pokrywy $nieznej w srodowisku tundry potudnio-
wego Spitsbergenu oraz okreslenie w sposob ilosciowy jej zwiazku z topografig i pokryciem
terenu. Osiggnigto go porownujac zwektoryzowane materialy kartograficzne, modelowane par-
ametry klimatyczne i obliczone indeksy topograficzne ze zmierzonymi w terenie i otrzymanymi
dzigki technikom teledetekcyjnym wilasciwosciami pokrywy $nieznej. Waznym zrodtem
danych wykorzystanych w analizach byla fotografia poklatkowa, ktora dzieki opracowanej
metodyce 1 stworzonym narzedziom, pozwolita pozyskaé dane o zasiegu pokrywy $nieznej
charakteryzujace si¢ wysoka rozdzielczoScia czasowa 1 przestrzenng. Informacje o
rozmieszczeniu $niegu w najblizszej okolicy Polskiej Stacji Polarnej otrzymane z obrébki zdjeé
z aparatu odniesiono do wynikéw klasyfikacji zdjg¢ satelitarnych z sezonu ablacyjnego z 2014
roku. Dane terenowe (sondowania pokrywy $nieznej i obserwacje cech fizycznych w szurfach)
wykorzystano do walidacji wynikéw modeli: struktury pokrywy $nieznej SNOWPACK i
rozmieszczenia pokrywy $nieznej Alpine3D (SLF-WSL). Poraz pierwszy zaimplementowano
je do dziatania w $rodowisku tundry na Svalbardzie. Powyzsze modele wykorzystano takze do
symulacji warunkoéw $nieznych w okolicy Polskiej Stacji Polarnej pod koniec XXI wieku.
Wykorzystano do tego dane z projekcji klimatycznych micjatywy Polar CORDEX, zaklada-
jacych brak walki z emisja gazow cieplarnianych (scenariusz RCP8.5).

Otrzymane wyniki wskazuja na zwigkszone odkladanie si¢ $niegu w ciggu sezonu
zimowego w zachodnich czg$ciach dolin zwigzane z redystrybucja $niegu przez dominujacy
wiatr z kierunku wschodniego. W skali calego wybrzeza fiordu Hornsund stwierdzono natomi-
ast wydluzenie zalegania pokrywy S$nieznej, polaczone ze zwigkszaniem jej grubosci, w
kierunku wschodnim, wraz z oddalaniem si¢ od otwartego Morza Grenlandzkiego. Pokrycie
terenu $niegiem w fazie ablacyjnej wykazuje stosunkowo silng korelacj¢ z modelowanymi $red-
nimi rocznymi temperaturami powietrza (r =—0,78), sumami opadow (r = 0,57) oraz w znacz-
nie mniejszym stopniu z potencjalnym ustonecznieniem (r=-024). Zaleznosci migdzy
indeksami topograficznymi majg znaczenie przede wszystkim w skali lokalnej. W zlewni Fu-
glebekken najsilniejszy zwigzek dlugosci zalegania pokrywy $nieznej znaleziono ze wskazni-
kiem szorstko$ci terenu (Terrain Ruggedness Index) oraz jego ekspozycja na wiatr, przede
wszystkim z kierunku pdmocno-wschodniego. Swiadczy to o dominujacym oddzialywaniu
przewiewania na lokalne rozmieszczenie pokrywy $nieznej, ktore przestaje mie¢ znaczenie w
skali wiekszej — na wybrzezach fiordu traktowanych jako catos¢.

Wykazano istotne zwigzki miedzy dlugo$cig zalegania pokrywy $nieznej i jej gruboscig a
pokryciem terenu. Miejsca odslaniajagce si¢ spod $niegu najpozniej charakteryzowaly si¢
brakiem ro$linnosci, natomiast teren na ktorym $nieg zalegal najkrocej pokrywal sie z
wystepowaniem formacji roslinnej (tundra porostowo-zielno-krzewinkowa) tworzonej przez,
m.in., najwyzszg z ro§lin naczyniowych — wierzbe polarng (Salix polaris). Zaobserwowana ro-
znica w czasie ablacji $niegu pomiedzy tymi dwoma typami terenu, wyniosla okolo dwoch
tygodni. Wigksza grubo$¢ pokrywy $nieznej w ciggu sezonu zimowego stwierdzono natomiast
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na wilgotnych tundrach mszystych, Kklasie reprezentowanej przez najwyzsza warto$¢ znormal-
izowanego roznicowego wskaznika wegetacji (NDVI), §wiadczacego o bioproduktywnos$ci.
Oznacza to skomplikowane powigzania migdzy pokrywa $niezng a roslinng, gdzie rozwdj flory
jest utrudniony w miejscach o zbyt dlugim zaleganiu $niegu, przy czym niektore gatunki roslin
charakteryzujg si¢ bardzo dobrg kondycja pod grubsza jego warstwa.

Przedstawione wyniki modelowania pokrywy $nieznej nie uwzglednialy jej przewiewania.
Skutkowalo to przeszacowaniem migzszo$ci $niegu w zlewni Fuglebekken o $rednio 50%. Jest
to potencjalna ilo$¢ $niegu usuwana z terenu tundry przez dzialalno$¢ wiatru i zwigzang z nig
sublimacj¢. W zmienionych warunkach klimatycznych, przy prognozowanym ociepleniu o
6,5 °C do konca XXI wieku, modele wskazujg na znaczne skrocenie okresu z pokrywa $niezng
na tundrze. W symulacjach dla lat 2089-2100 opady $niegu wystepuja jedynic w miesigcach
listopad—maj, a wtrakcie sezonu zimowego pojawiajg si¢c odwilze na tyle silne, by doprowadza¢
do calkowitej ablacji pokrywy $nieznej w $rodku zimy. Wyniki modeli dla konca XXI wieku
wskazujg tez na rozwdj w pokrywie znacznych warstw lodoszreni, ktore moga wywolaé pow-
azne skutki §rodowiskowe zarowno dla roslin jak izwierzat.
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1. INTRODUCTION

Snow cover plays a crucial role in the Arctic ecosystem, where it persists most of the year. On
southern Spitsbergen it is present on the ground usually from the first decade of October to the
mid-June (Luks 2012). Although most (~60%) of the Svalbard archipelago is glaciated and only
about 10% of its surface is covered by tundra vegetation (Hagen et al. 1993; Johansen et al.
2012), the tundra is a living part of this ecosystem and the habitat of most of the terrestrial flora
and fauna. Despite this, research on the distribution of snow cover in this part of the Arctic
focuses primarily on the glacial zone and is mainly devoted to the issue of the glacier mass
balance (Winther etal. 2003). This also applies to the Hornsund area, where snow studies have
been carried out since 1957, but the researchactivity on non-glaciated areas was often only a
supplement to hydrochemical studies and concerned mainly individual winter seasons (Migata
et al. 1988; Luks 2012).

Despite the generally flat nature of the area covered by tundra vegetation, the distribution
of snow cover in this type of area is extremely diverse and depends, above all, on the terrain’s
micro relief (Sturm and Holmgren 1994). On the other hand, local differences in snow depth
affect the spatial differentiation of many elements of the environment: thickness of the active
layer (Johansson et al. 2013), ground temperature variability (Dolnicki 2002; Zhang 2005), soil
moisture (Williams etal. 2009), length of vegetation season (Cooper etal. 2011), and also the
growth and health of plants (Wahren et al. 2005; Wipf 2010). In addition to the snow cover
depth, its density and internal structure are also important. Those snow properties determine,
e.g., the availability of food for reindeer and thus their numbers, which also influences the
abundance of other animals due to trophic relationships (Hansen et al. 2013). In the tundra,
areas with very thick snow cover may be adjacent to completely snow-free places due to high
wind activity (Gisnas et al. 2014). This results in high variability in the snow cover melting
time, followed by irregular absorption of solar radiation by the ground (Hinkler etal. 2003) and
disturbance of the heat flow between the ground and the atmosphere (Liston 1995; Marsh etal.
1997; Granger et al. 2002). The time of snow cover disappearance is also an important factor
influencing the choice of nesting sites by birds and their reproductive success (Madsen et al.
2007; Moe et al. 2009).

In light of all these issues, a thorough knowledge of the distribution of snow cover becomes
a key factor in understanding the functioning of the tundra ecosystem. Recognition of the rela-
tionships between the topographical relief, land coverage, and snow cover distribution will al-
low for the improvement of existing hydrological, permafrost, and energy balance models. The
Arctic, with a particular emphasis on Svalbard, is one of the fastest-warming areas on Earth
(Wei et al. 2016). This makes monitoring changes in the distribution of snow cover particularly
important, without which it would be difficult to understand the future of this part of the world.

2. AIM AND SCOPE OF THE STUDY

The main aim of the study is to identify temporal and spatial distribution of snow coverin
the vicinity of the Polish Polar Station Hornsund and attempt to quantify its relations hip
with topography and land cover. The detailed dynamics of the development and disappear-
ance of snow on the tundra was presented on the basis of data collected since the 2013/2014
winter season in the Fuglebekken catchment area. Additional data comes from the Hornsund
weather station, part of the WMO network (no. 01003), which has been observing snow on the
ground since 1982. The dynamics of changes in snow cover in the immediate vicinity of the
Polish Polar Station (PPS) was used as a reference point for the measurements carried out at
the time of maximum accumulation on the coast of the Hornsund Fiord in spring 2014 and
2016. Satellite images from the ablation periods 2014-2016 supported the study, allowing for
the determination of the large-scale course of snow disappearance from the coast of the
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Hornsund Fiord. Rich resource of meteorological data was used to feedthe SNOWPACK model
in order to try recreate metamorphic processes taking place inside the snow cover in selected
measurement sites. The collected materials were also used to try to determine the depth and
snow water equivalent (SWE) at each point in space using the Alpine3D model. Finally, the
aforementioned software, along with the output of global climate models, was used to forecast
local snow conditions in southern Spitsbergen at the end of the twenty-first century.

3. STUDY AREA

Research were performed on unglaciated coast of the Hornsund Fiord, located in the southern
part of the Spitsbergen island (Fig. 1). The fiord itself is 30 km long and up to 15 km wide at
its widest point, while its maximum depth exceeds 250 m (Swerpel 1985; Rudowski and Marsz
1996; Moskalik et al. 2013). This allows for a fairly intense inflow of warm Atlantic water
carried by the Gulf Stream branch, the West Spitsbergen Current, that according to the name
runs poleward just west of Spitsbergen. The inflow of Atlantic water to the fiord is on average
20 mSv (1 mSv = 1000 m3 s 1) (Prominska et al. 2017), which hinders the freezing of the sea
and strongly affects the temperature and rainfall in the Hornsund area, especially in the cold
season (Walczowski and Piechura 2011). Recent research results indicate that Hornsund is not
a fiord sensu stricto, but a strait blocked from the eastern side by the Hornbreen-Hambergbreen
glacial system (Grabiec et al. 2018). Due to the progressing rapid retreat of Svalbard glaciers
related to global warming (Blaszczyk et al. 2013; Nuth etal. 2013), it is estimated that Hornsund
will become a strait connecting the Greenland Sea with the Barents Sea in 20552065, which
is likely to completely change the oceanic circulation and thus the climate of the area (Grabiec
et al. 2018).

512621 522IGZ1 532621

8554953
8554953

,.
4,

A Snow pits

854?953
8544953

® Polish Polar Station
Hornsund

o Measurement points

| | Trapper cabins
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Palffyodden
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! T T
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Fig. 1. Location of the study area (background map: http://toposvalbard.npolar.no/).
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Given the location of the measurement points, the study area extends from Revdalen area
on northwest to the Gashamneyra plain in the south and the coast of Svovelbukta in the east
The shores where measurements were taken are part of the physico-geographical units: Wedel
Jarlsberg Land (north-west part with PPS Hornsund station), Torell land (Treskelen Peninsula)
and South Cape Land (nor. Serkapp Land, southern coast of Hornsund fiord). The coastal zone
treated as a terrain up to 50 m a.s.l., a maximum of 5 km from the sea line and in the fiord,
considering the Palffyoden and Hyttevika trapper cabins as the entrance to the fiord, covers
47 km? (Fig. 1).

The Stanistaw Siedlecki Polish Polar Station in Hornsund (77°00'04"N, 15°33'37"E) is sit-
uated on the northern shore of the Hornsund Fiord near the outlet into the Greenland Sea
(Fig. 1). The station is located about 200 m from the shore atan altitude of 10 m above sea level
in the Fuglebergsletta area, which is a raised marine terrace that slopes gently towards the sea.
In its easternpart, limited by the moraine of the Hansbreen glacier, located is a small (~1.5 km?)
unglaciated catchment of the Fuglebekken stream. This areawas selected asthe site of extended
snow monitoring, implemented in the program of permanent observations at PPS Hornsund
starting from the season 2013/2014. Due to the continuity, the measurements from the Fugle-
bekken catchment served as a reference for all other measurements carried out in the Hornsund
Fiord area. In the study, spatial analyzes were performed on a lowland fragment of the catch-
ment area covering 0.72 km?, for which information on soil and plant communities was availa-
ble. Correlations between snow cover and geomorphological forms were studied for a larger
area of 1.8 km2,

3.1 Reliefand land coverage

The Hornsund Fiord area is mostly glaciated. Glaciers in whole Svalbard cover around 57% of
the surface (Nuth et al. 2013). However, in southern Spitsbergen their share reaches 67%
(Blaszczyk et al. 2013; Johansen et al. 2012). Despite this, about 20% of the areais made up
of flat, non-glaciated plains (Zwolinski et al. 2013), which are the nesting place of some of
the largest bird populations in Svalbard (Isaksen 1995). Bird droppings are one of the main
sources of minerals for the Svalbard’s poor soils (Zwolicki et al. 2013) increasing abundance
of vegetation in the tundra (Wojciechowska et al. 2015). This makes the coasts of Hornsund an
area of increased biodiversity.

The relief of the coasts of the Hornsund Fiord and the entire Spitsbergen is the result of
geological processes shaping the study area from the Precambrian period. Geological for-
mations have a meridional course, where the oldest rock outcrops are found on the western
shores of the Hornsund Fiord, while further east, the younger rock formations create the surface.
However, for the topography of the tundra area, the most important were the processes that took
place in the immediate geological past, especially the isostatic movements. In the Hornsund
region, these led to the creation of a system of several raised marine terraces. The youngest
terrace is located 2 m a.s.l. while the oldest ones are elevated even more than 200 m a.s.l. (Kar-
czewski 2004).

The most thoroughly studied areain terms of topographical relief, land coverage, soil and
plant distribution is the closest vicinity of PPS (Fig. 2). A large part of the catchment area is
made up of slopes covered with the coarse weathered material from Fugleberget-Ariekammen
mountain ridge (569-513 m a.s.l.), which forms its border on the north side. The lower part,
covered with tundra, consist of the plains of raised marine terraces (Fig. 2b), with southern
exposure and a gentle slope, not exceeding 5°. The study area is diversified by several meters
high abrasive outliers and the moraine of the Hansbreen glacier created during maximum Hol-
ocene extent (Blaszczyk et al. 2013), which limits the catchment from the east.
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Fig. 2. The vicinity of the Polish Polar Station. (a) orthofotomap (after Kolondra 2003), (b) geomor-
fological map (after Traczyk and Kasprzak 2008), (c) tundra vegetation map (after Migata et al. 2014),
and (d) soil types map (after Szymanski et al. 2013). The points of weekly snow thickness and density
measurements, location of time-lapse camera, its field of view and surfaces used for spatial analysis are

shown (see the Data and Methods section).

In the catchment area, 10 land coverage classes were distinguished, based on the occurrence
of vegetation species (Migala etal 2014). The largest share on the study area covers wet moss
tundra (26.2%), followed by lichen-herb-heath tundra (24.2%), cyanobacteria-moss tundra
(15.4%), epilithic tundra (12.1%), polygonal tundra (10.7%), dry terricolous lichen-moss tundra
(7.5%), geophytic initial tundra (0.5%) and ornitocoprophilus tundra (0.2%). Apart from plant
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communities, on the study area there were also distinguished the vegetation-free land coverage
classes: rock debris (1.9%) and lakes and water bodies (1.3%) (Fig. 2c). Except of wet moss
tundra, all other vegetation formations belong to dry plant communities. Each of the separated
classes is characterized by a specific species composition and occurs on a slightly different type
of ground (Wojtun etal. 2013). It is worth noting that wet mosses tundra is considered to be
the most biologically productive class, due to significantly higher values of the normalized
differential vegetation index (NDVI) obtained from the analysis of satellite images (Hobbler
2011). The NDVI index (Rouse et al. 1974) is commonly used to assess the condition of vege-
tation and the intensity of photosynthesis in plants in remote sensing studies (Gamon et al.
1995), also in the arctic tundra environment (Raynolds et al. 2012).

The local flora grows on poor, weakly developed soils with shallow-lying perennial perma-
frost (Szymanski etal. 2013). Permafrost layer itself can be over 100 meters thick here (Chris-
tiansen et al. 2010; Wawrzyniak et al. 2016), although in the zone of direct land contact with
the sea, it is limited to an average of 40 m (Strzelecki etal. 2017). Frozen ground at the end of
summer may thaw locally to a depth of more than 2 meters (Dolnicki et al. 2013; Chmal etal.
1988). The typical thickness of active layer in the Hornsund areais 1-1.15 m (Kasprzak et al.
2017), but this value varies greatly on the type of land cover and the distribution of snow cover.
The most common soils (using the 2014 WRB soil classification) in the study area are cryosols,
together with leptosols and regosols (Szymanski etal. 2013; WRB Group 2014). In addition, in
the area of the Hornsund coast there is a limited amount of other soil types: histosols, gleysols,
fluvisols and cambisols (de Kleijn 2016; Borysiak and Ratynska 2004).

The harsh climate, resulting in the presence of permafrost, a short growing season and
poorly developed soils, makes it difficult for plants to develop in Svalbard. Nevertheless, the
flora of this area can be considered quite rich and varied (Jonsdéttir 2005). The number of
vascular plant species in the Hornsund region is estimated at 92 (Kuc and Dubiel 1995), while
on the whole Svalbard archipelago there are at least 164 such species (Renning 1996). More
common are lichens, with nearly 600 species identified there, bryophytes with almost 400 rep-
resentatives, algae with cyanobacteria (almost 800 species) or fungi represented by over 550
varieties (Elvebakk and Prestrud 1996). From the plants kingdom, special attention should be
given to woody plants, the most common representative of which is the polar willow (Salix
Polaris) (Renning 1996). Despite its small size, rarely exceeding 8 cm (Pahlsson 1985), this
long living plant is used in dendrochronological research and can serve as an indicator of past
climatic conditions (Oweczarek and Opala 2016). The oldest dwarf shrubs found so far from the
Hornsund region were almost 100 years old (Owczarek 2010a).

3.2 Climate

The study areais located in the tundra climate zone (ET) according to the Kdppen classification,
which means that the average temperature of the warmest month does not exceed 10 °C, and
only in 2-3 months the monthly mean value exceeds 0 °C (Képpen and Geiger 1936). Due to
the location of Spitsbergen beyond the Arctic Circle, the phenomenon of polar day and night
occurs there, and the radiation balance of the surface is negative for most of the year (Raschke
etal. 1973). In Hornsund, the polar night period lasts from October 31 to February 11, which
means 104 days without sun, while the polar day occurs for 118 days from April 24 to August
18 (Marsz and Styszynska 2013). These phenomena cause huge disproportions in surface en-
ergy balance. Only the summer months (June—August) in Hornsund are characterized by
a clearly positive radiation balance, while September and May have a balance close to zero, and
in the rest of the year negative values prevail (Budzik etal. 2009). Nevertheless, the total annual
energy balance of the area is positive (Baranowski 1968; Budzik et al. 2009).
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In addition to the insolation conditions, the climate of Hornsund is strongly influenced by
the atmospheric circulation, which is responsible for the extremely mild temperatures in this
part of the Arctic. For example, high cloudiness limiting the heat radiation in winter months is
caused by the location of Spitsbergen on the route of the Atlantic cyclones (Briimmer et al.
2000). The observed increase in cyclonic activity, accompanied by growth of cloudiness, is
largely responsible for the faster warming of this part of the Arctic (Serreze and Francis 2006).
The increase in temperatures noticeable in recent years (see Fig. 6) is additionally related to the
influx of warmer and warmer Atlantic water massestowards Hornsund, which additionally hin-
ders the formation of sea ice and contribute to further climate warming (Kruszewski 2004;
Kruszewski et al. 2003; Styszynska 2011). However, despite reports of decreasing activity of
the Gulf Stream (Rahmstorf et al. 2015), the current series of measurements point to an increase
in the amount of heat transported by the West Spitsbergen current (Piechura and Walczowski
2009; Walczowski and Piechura 2011; Styszynska 2011).

3.2.1 Selected meteorological parameters on PPS Hornsund
Insolation and cloudiness

The average annual cloudiness measured at the station in Hornsund is 5.8 octants (for compar-
ison, the average values recorded in the Polish lowlands are 5-5.6 octants (Blazejczyk
2004)).The most cloudy skies are observed in summer months, where mean values reach 6.4
octants (Fig. 3). For this reason, higher insolation is recorded in spring than in summer, and
May and April are the sunniest (Fig. 4). In May the sun shines for an average of 204 hours.
Taking into account the proportion of actually measured insolation to the maximum possible to
obtain in that place, April is statistically the sunniest, reaching an average of 41% of potential
insolation. The least sunny is September, where only 18% of the potential insolation is achieved
on average. These values are reflection of the course of cloud coverage observed in Hornsund.
However, the amount of energy reaching the ground is greatest in the summer months, despite
the prevailing overcast condition. This is an effectof greater solar zenith angle (reaching a max-
imum of 36.5° on the day of the summer solstice) and the reduced ground albedo due to the
lack of snow cover (Glowicki 1985; Budzik etal. 2009). The mean annual total sunshine dura-
tion is 1031 hours, while the potential total is 3542 hours.
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Fig. 3. Monthly cloudiness distribution in 1979-2017 in PPS.
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Fig. 4. Average monthly sunshine duration in PPS in 1979-2017. The potential insolation duration takes
into account the influence of the local topography.

Air temperature

The average annual temperature in the Hornsund station for the period 1979—2017 was—3.7 °C.
Mean annual temperatures during this time varied from —7.2 °C in 1988 to +0.3 °C in 2016.
The air temperature distribution in PPS Hornsund is presented in Fig. 5 in the form of a box
plot. The middle line marks out the median value, the lower and upper sides of the box are the
first and third quartiles, and the points represent the outliers (exceeding 1.5 interquartile range
[the difference between quartile 3 and 1]) (Williamson et al. 1989).

As in the entire Arctic, also in Svalbard, the greatest variability of temperatures is observed
in the winter months (Przybylak 2016). In Hornsund, the coldest of these is March with an
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Fig. 5. Air temperature distribution measured in PPS in 1979-2017.
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average temperature of —10.1 °C (Fig. 5). This is due to the maximum extent of sea ice this
month (Peterson et al. 2015), with a simultaneous little inflow of solar radiation. In summer,
temperature variability is minimal. The average temperature of the warmest July is +4.6 °C.
Global climate warming is clearly visible in the measurement series from the Polish Polar
Station. The fastest temperature increase is recorded in the winter months (Fig. 6). In winter,
the temperatures grow 2.16 °C per decade. For autumn, spring and summer, the temperature
increases are 1.16 °C, 0.84 °C, and 0.42 °C per decade, respectively. The trend for the whole
year reaches 1.17 °C per decade. Similar values were obtained for the entire land area of Sval-
bard using climate reanalyses for the period 1961-2012, where the warming trend achieved
0.8 °C per decade, with much faster warming in winter than in summer (1.6 °C per decade
against 0.2 °C per decade) (van Pelt etal. 2016). Due to the rapid warming, months colder than
the long-term norm have become extremely rare in recent years. Usually only 1 or 2 months in
a year turn out to be warmer than multiannual average (Fig. 7). The greatest temperature anom-
alies take place in winter months (December—February), when, for example, in February 2014
the average temperature was 9 °C higher than the long-term norm. On the other hand, in the
1980s, winter temperatures could be even 9 °C lower than the average values (e.g. in December
1988). Single months colder than the average have recently been recorded in the spring period.
The last winter with an average monthly temperature below —10 °C took place in 2004 and,
since then, it is spring (March—May) that often turns out to be cooler than winter (Fig. 6).

Precipitation

The average annual sum of precipitation in Hornsund from 1979 to 2017 was just over 450 mm.
There is a noticeable disproportion between the annual sums of precipitation in particular years.
Until 1988 they oscillated around 300 mm, while recently they often exceed 500 mm, reaching
even over 800 mm in 2016 (Fig. 8). The determined linear trend indicates an exceptionally fast
increase in the total annual precipitation amounting to 55.5 mm per decade. At the same time,
the proportion of snowfall is decreasing. The amount of precipitation in solid form has remained
at a similar level from the beginning of the observation; however, with rapidly increasing rain-
fall, the share of snow in the total sum dropped from 40% in the 1980s to less than 30%
in the second decade oftwe nty-first century (2010-2017). This can be explained by the rising
sum of the most efficient liquid precipitation in the autumn and summer period (Fig. 9). How-
ever, also in winter, the rain-on-snow events occur more and more often, altering the properties
of the snow cover and causing serious environmental effects.

In a word of explanation, it should be added here that some studies indicate a different dis-
tribution of precipitation forms in Hornsund, where the share of the solid, liquid and mixed
fractions in total sum is similar (Lupikasza 2003, 2008). This is a result of different methodol-
ogy, where the precipitation form is assigned according to the air temperature. In this study, the
division into the fraction of solid, mixed and liquid precipitation was made taking into account
the duration of meteorological phenomena (drizzle, snowfall, etc.) between the observation
times at the synoptic station (6, 12, 18, and 24 UTC). Types of precipitation are presented in
Fig. 8 since 1983, as such information began to be collected in the summer of 1982.

Precipitation totals are unevenly distributed throughout the year. The highest rainfalls are
recorded in September, where the average precipitation sum amounts to about 70 mm. In the
spring months, April and May, the average monthly sum is the lowest: around 20 mm (Fig. 9).
Taking into account long-term changes, most months are characterized by an increase in the
sum of precipitation, however, in early spring, and especially in April, their decrease is noted
(Lupikasza 2002). Spring precipitation is also characterized by the lowest year-to-year varia-
bility. Snowfall predominates in the period from December to May, but practically does not
occur in summer. The annual course of precipitation is closely related to the circulation condi-
tions. The highest totals are recorded during cyclonic situations with the influx of warmer air
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from the south or south-west. Such situations are uncommon in the driest spring season (Marsz
and Styszynska 2013).
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Fig. 8. Annual precipitation totals measured in PPS Hornsund meteorological site.
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Considering the precipitation values measured at the Hornsund station, it should be remem-
bered that the wind-induced measurement errors were not taken into account, so the actual total
sums in this areaare certainly higher. The study carried out in Ny-Alesund shows that the actual
annual rainfall is about 50% greater than the measured values (Hanssen-Bauer et al. 1996). The
difference between measured and actual precipitation totals is the highest for snowfall
and can even exceed 70%. The underestimation of liquid precipitation is smaller, around 15%
(Hanssen-Bauer et al. 1996). This means that as the climate warms up and the share of rain in
the annual rainfall total increases, the measurement error decreases,and the annual precipitation
sums are closer to the real values.

Wind speed and direction

Due to the latitudinal course of the fiord axis and the general location of Svalbard in the cir-
cumpolar zone with prevailing east wind, this direction is dominant in the Hornsund region
(Fig. 10). Overall, air inflow from the 45-135° sector accounts for 61% of all situations,
and from the western sector (225-315°) for almost 19%. Wind weaker than 0.5 m/s is observed
in 6% of observations. Meridional circulation is rare. Northern wind is observed in 9% of
cases and southern in 6% of cases. Noteworthy, the highest wind speeds are recorded from the
dominant direction. The mean wind speed from the eastis 7 m/s, while the annual average for
the period 1979-2017 is 5.5 m/s. Taking into account seasons, much higher wind speeds are
recorded in the winter than in the summer months. In winter, the averages are close to 7 m/s,
while in summer they oscillate around 4 m/s. This is consequence of greater air pressure fluc-
tuations in the winter (Marsz and Styszynska 2013). In that season, the wind speed often ex-
ceeds 20 m/s, while in summer it only occasionally breaks the 12 m/s limit (Fig. 11).
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Fig. 10. Distribution of wind speed and direction in PPS in the 1979-2017 period.
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Relative humidity

One of the most important factors influencing metamorphism (Kaempfer and Plapp 2009) and
melting (Zuzel and Cox 1975) of snow cover is the humidity deficiency above it, which is the
difference between the saturated water vapor pressure at a given temperature and the actual
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Fig. 12. Average course of the daily air relative humidity during the year (black line) and the range of
its occurrence determined by the maximum and minimum daily averages obtained in the years 1979-
2017 (gray ribbon).
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water vapor pressure. This value canbe indirectly inferred from the relative air humidity. This
parameter is particularly important, especially in places where snow is often redistributed by
wind. The relative air humidity determines the snow sublimation rate, which can be very high,
especially during blowing snow events (Schmidt 1982). The amount of water vapor in the air
also affects the longwave radiation flux, an important component of the energy balance in the
polar regions (Sicart et al. 2006; Ruckstuhl et al. 2007).

At the Polish Polar Station, the average annual relative humidity is 79.4% and its inter-
season variability should be considered as low. Only in the summer months, the humidity is
higher, reaching an average of slightly above 85% in July and August. It is related to the in-
creased advection of the air from the west in this period, which also results in an increase in
cloudiness and the number of fogs (Marsz and Styszynska 2013). In the period from October to
May, the average daily relative humidity is in the range of 72—82% (Fig. 12). Drops below 50%
are incidental, and their occurrence is associated with the occurrence of strong anticyclonal
situations or sporadic episodes in which the foehn wind reaches the level of the station (Marsz
and Styszynska 2013).

3.2.2 Spatial distribution of meteorological parameters

Snow cover properties on the coast of southern Spitsbergen are affected by the variability of
meteorological conditions in this region. Due to the flat, lowland nature of the area and its
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the Hornsund Fiord showed that the air temperature drops quite quickly with increasing distance
from the open Greenland Sea. Data from the 2014/2015 season show that the warmest zone of
the Hornsund is its north-western part (near Hyttevika), where the average annual tempera-
ture can be over 2 °C higher than on the coasts in the inner part of the fiord (Treskelodden)
(Arazny etal. 2017). In particular days, the relative humidity also can vary considerably in this
region, and their mean annual values may differ by even 15 percentage points between meas-
urement sites (Arazny et al. 2017). The assessment of precipitation spatial variability is very
difficult. 1t can only be estimated on the basis of the snow cover thickness due to the lack of
reliable measurements outside the meteorological site of the Polish Polar Station.

Additional information on the spatial variability of meteorological parameters in the study
area is provided by high-resolution climate models. For the southern Spitsbergen, one of the
best of its kind is available thanks to Polar CORDEX initiative from the COSMO-CLM model
nested in global MPI-ESM-LR model (Dobler and Haugen 2016; Isaksen etal. 2017). However,
the projection series with a spatial resolution of 0.022° (approximately 2.5 km x 2.5 km) are
still too inaccurate to properly reflect the conditions in the narrow coastal zone of Hornsund.
Nevertheless, its outcome clearly shows a slight decrease inthe annual mean air tempera-
ture with growing distance from the open Greenland Sea (Fig. 13) together with simultane-
ous increase in annual precipitation totals towards the inner part of the fiord (Fig. 14).
This result is generally in line with data from automatic weather sensors installed on the coast
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Fig. 14. Annual precipitation sum — Polar CORDEX reanalysis for 2000.
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with results of COSMO-CLM nested in MPI-ESM-LR model reanalysis.
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modeled from the COSMO-CLM climate reanalysis nested in MPI-ESM-LR.
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Fig. 17. Annual potential sunshine duration in the area of Hornsund Fiord.

proximity to the fiord water, spatial differences in air temperature, precipitation or relative hu-
midity should be small. However, the results from automatic weather stations installed around
(Arazny et al. 2017). However, the climate reanalysis with the use of the above-mentioned
model overestimates the air temperature for the recent past (end of the twentieth century). For
example, for acell with the Polish Polar Station, the average annual temperature is 1.8 °C higher
than the average from the measurements for the same period (—4.3 °C) (Fig. 15). Despite this,
the long-term course of the daily temperatures from the observations and from the model is
very consistent (r = 0.91). The precipitation amount is also overestimated. Inthe model results,
the average annual sum reached 796 mm, while in the same period the average measured at the
station was 472 mm (Fig. 16). Considering the precipitation measurement error which reduces
the actual totals by about 50% in Svalbard (Hanssen-Bauer et al. 1996), the model results can
be quite close to the actual sums of precipitation that fall on the ground. Even taking this effect
into account, we can indicate an overestimation, asthe model for the period 1991-2000 shows
the precipitation sum 69% higher than that measured at that time on the PPS.

The supply of solar radiation as well asthe speed and direction of the wind are characterized
by greater spatial differentiation. Shortwave radiation influx is mainly influenced by terrain
slope and aspect. Calculations made in SAGA GIS on the basis of 20 m spatial resolution Dig-
ital Elevation Model (DEM) (Norwegian Polar Institute 2014) indicate that due to the southern
exposure of the area, the northern side of the Hornsund Fiord is characterized by much
better insolation conditions (Fig. 17). In general, the differences in the potential annual sun-
shine duration in the coastal strip do not exceed 500 hours. However, locally and on a small
scale, the variation canbe much greater. For example, the western part of the Treskelen penin-
sula can be potentially illuminated by the sun for more than 4 000 hours, while the central and
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eastern part for no more than 2 500 hours a year (Fig. 17). The factor determining the radiation
balance is also cloudiness, which is slightly higher in the inner part of fiord (Arazny etal. 2017).
Nevertheless, it should not diametrically differentiate the spatial insolation conditions.

77°5'N

77°0'N

. PPS Hornsund
Wind speed [m/s]
21,2

19,0
16,9

76°55'N
1

-
15°15'E 15°30°E 15°45'E 16°0E 16°15E 16°30°E

Fig. 18. Wind speed distribution (50 m resolution) around the Hornsund Fiord when an east wind with
an average speed of 10 m/s was set over the domain of the WindNinja model.

With a digital terrain model and measurements from the PPS Hornsund, it is possible to
simulate wind conditions in other parts of the area (Fig. 18). This was done with the WindNinja
software (Forthofer et al. 2017). The obtained results indicate a slight variation in the wind
speed and direction on coasts of the Hornsund Fiord. However, due to the enormous computa-
tional power requirements, simulations for the entire area were carried out with a spatial reso-
lution of 50 m, which did not allow for mapping many elements of the terrain. In the model
results, it is worth to draw attention, among others areas, to the Revdalen valley on the north of
the Hornsund Fiord. This region is sheltered from wind activity. When at the Hornsund station
and in the coastal zone there is an eastwind with a speed of 13 m/s, the air flow in the depths
of the Revdalen valley does not exceed 7 m/s. Due to the arrangement of the mountain ridges,
the southern shores of the fiord are particularly calm in terms of wind. In the situation men-
tioned before, the wind speed in Gashamneyra does not exceed 5 m/s. Using a DEM with a res-
olution of 20 m, it was possible to model the wind field with a final spatial resolution of 10 m
for the immediate vicinity of the Hornsund station. The Fuglebekken catchment stands out from
the flat area, protected from the east by the moraine of the Hansbreen glacier (Fig. 19). The
model outcome shows about two or even three times lowerwind speeds in the catchment
area in comparison to PPS Hornsund, when there is an eastern wind of 10 m/s at PPS.
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3.2.3 Snow cover at PPS Hornsund meteorological site

Long-term series of measurements carried out at PPS allow to analyse changing conditions of
snow cover formation and ablation in the southern Spitsbergen tundra area. The snow cover
persists in the vicinity of the station for an average of 235 days a year, and their number in
individual years varied from 181 in 2012 to 266 in 1988 (Fig. 20). Considering the number of
days with snow on the ground in terms of winter seasons, this ranged from 168 in the 1993/1994
season to 275 in the 1982/1983 season. Along with the global warming, progressive decrease
in the length of the snow season in southern Spitsbergen is visible. The delineated linear
trend for the period 1983-2017 reveals shortening of the snowseason by one day for each
subsequent year (Fig. 20). This trend, although not so strong, is observed all over Svalbard.
The later formation of snow cover is responsible for this in connection with the significant
warming of the autumn period. The slightly earlier onset of ablation contributes to that effect,
together with more frequent precipitation in form of rain (Osuch and Wawrzyniak 2017; van
Pelt et al. 2016).

Days with snow cover: -10.1/decade

annualme -

200

100

Days with show cover

1990 2000 2010

Fig. 20. Number of days with snow cover in individual years 1983-2017 at PPS Hornsund.

During the year, snow lays on the ground practically every day from December to May.
However, in the period 1983-2017, April was the only month when a day without snow cover
never happened (Fig. 21). It should be remembered that according to meteorological stations
regulations, a day with snow cover is recorded when more than half of the ground near the
measurement site is under the snow during the observation at 6 UTC (Janiszewski 1962;
Doesken and Judson 1997; NOAA 2013). Therefore, snow-free days in winter months may be
noted after strong winds, when snow is still not very thick and can be easily redistributed by
the wind. On the other hand, July and August can be considered as completely snow-free
months on the tundra. In the entire period of 1983-2017, there was only one day with snow in
July (in 1996). In August, there were 7 such days, 3 of them in 1994, when the snow cover
created on August 29 and remained on the ground for 5 days, until September 2, 1994. Contin-
uous snow cover usually forms in mid-October and melts during the first half of June (Fig. 21).
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Fig. 21. Distribution of snow cover days in individual months in 1983-2017 at PPS.

The ablation period, understood here as a gradual decrease in snow cover height with the sim-
ultaneous lack of significant increases caused by new snowfalls, usually begins in early May
(Luks 2012). However, there were years when the ablation began in the first days of April, as
well as seasons in which the snow cover increased significantly even at the end of May (e.g. in
2005) (Luks 2012).

The snow cover height measured at the meteorological site of the Polish Polar Station is
usually small. The highest average monthly snow thickness on the ground is recorded in April,
where it is 28 cm for the years 1983-2017 (Fig. 22). Noteworthy is the difference between the
mean and median values, as the median is smaller in all months, e.g. in April it is 24 cm. This
means that the average is overstated by the influence of relatively small number of days with
thick snow cover. Considering the course of the average diurnal snow heights from the period
1983-2017, it canbe seenthat the snow accumulates intensively usually until the first days of
February. Then comes a period of relative stabilization (Fig. 23). It is followed by a period with
a slower snow thickness increase, which lasts until the first days of May. The deepest snowpack
ever measured at the PPS meteorological station was80 cm on May 14, 1998. On average, after
May 7, ablation begins. It intensifies significantly at the beginning of June (Fig. 23). In the last
decade of this month, the tundra is usually snow-free in the vicinity of the Polish Polar Station
meteorological site.

Similarly to the average number of days with snow cover, the average annual thickness of
snow on the ground also decreases (Fig. 24). In this case, the decrease is 3.8 cm per decade.
The lowest snow height, both in terms of average and maximum value, was recorded in 2012,
where the average annual thickness was only 3.5 cm. At the opposite extreme, there is the year
1998. This year, the average snow thickness amounted 37 cm and the deepest snow in the his-
tory of measurements at the Polish Polar Station Hornsund was recorded.
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Fig. 22. Distribution of the snow cover depths in individual months of the 1983-2017 at PPS.
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Fig. 23. Summary of the daily snow depths at PPS in years 1983-2017.
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Fig. 24. Average (bar) and maximum (dotted line) annual snow cover thickness at PPS in 1983-2017.

At the end of the accumulation period, in the vicinity of the Polish Polar Station, the snow
cover usually accumulates slightly over 100 mm of water equivalent. The highest average
monthly waterequivalent occurs in April, but more often the maximum values are reached later:
in May or June (Fig. 25). This is possible despite the decrease in snow cover height due to the
increase in snow density during ablation (Fig. 26). During the accumulation period, the snow
cover reaches a density of 250-450 kg/m3. Values in this range are present in 64% of all meas-
urements (Fig. 27). Situations with lower (mainly in autumn) and higher snow density (mainly
in late spring) as in this range occur almost equally often (in 17% and 19% of cases, respec-
tively). During the ablation period, SWE can still increase due to the “soaking” of the snow
cover during spring rainfalls. However, it may happen that at the measurement site, water in-
flows from the melting snow above, which would disturb the SWE values recorded during the
ablation period. Nevertheless, the snow water equivalent measured at the station reached its
highest value, exceeding 300 mm, in June 1998. A typical course of SWE at Hornsund station
is shown in Fig. 28. Due to the irregularity of the measurements of this parameter, the graph
shows 14-day moving average. SWE is usually checked every five days, but not regularly on
the same days of the year. Such time step allows for averaging the measurements taken at ir-
regular intervals and reflecting the annual variability of this parameter without presenting indi-
vidual outliers. Figure 28 shows that the maximum amount of water accumulated in snow is
recorded in April, followed by a second maximum in last days of May or beginning of June,
related to the saturation of snow with rainwater and ablation water.
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Fig. 26. Distribution of snow density at PPS in 1983-2017.
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Fig. 27. Share of snow density classes [kg/m3] at PPS in 1983-2017.
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Fig. 28. 14-days moving average of snow water equivalent measurements at PPS in 1983-2017.
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4. SNOW COVER OF SVALBARD TUNDRA AREAS IN THE LIGHT
OF LITERATURE

4.1 Snow cover relationship with land cover and relief

There is a widespread agreement in the scientific community that in the micro and mesoscale
(distances of the order of 100 m — 1 km) (Pomeroy and Gray 1995), topography and land cover
are the main factors determining the distribution of snow cover (Walker etal. 2001; Essery and
Pomeroy 2004; Ménard et al. 2014). In open terrain such as the tundra, snow is often redistrib-
uted by the wind activity (Sturm et al. 1995). The result is an increased deposition on leeward
slopes at the expense of windward slopes, as well as the filling of troughs and terrain depres-
sions, thereby smoothing the snow-covered surface (Meister 1989; Benson and Sturm 1993;
Mott and Lehning 2010). The relief determines not only the surface roughness, the increase of
which reduces the wind speed and, consequently, enhances the snow deposition (Raderschall
et al. 2008). It also influences ablation by conditioning, for example, potential incoming solar
radiation (Griinewald et al. 2010). The melting of snow cover occurs faster with increasing
slope inclination, but also with increasing wind speed (Griinewald et al. 2010), which is indi-
rectly influenced by the topography. This is because topography modifies the wind field, creat-
ing various types of effects increasing or decreasing the speed and direction of air flow (Kondo
etal. 2002; Hertenstein and Kuettner 2005; Lewis et al. 2008; Fang and Porté-Agel 2016), thus
changing the conditions of snow cover deposition and ablation.

The influence of land cover on snow distribution can be equally important. This is especially
visible in temperate climates, where, for example, much greater snow thicknesses, are recorded
at the forest border than in an open terrain, due to a sharp increase in the surface roughness
(Ojrzynska et al. 2010). In the forest, snow cover also persist longer due to the limitation of the
inflow of solar radiation, higher air humidity and lower wind speed (Zarnowiecki 2008). How-
ever, the deposition of snow on the branches of trees or shrubs increases the contact area of
snow with air, which modifies the size of sublimation in such an environment (Essery et al.
2003; Montesi et al. 2004). In the tundra ecosystem, the importance of land cover will be
smaller. In Alaska, for example, 27% greater snow thickness in grasslands (Tussock tundra)
was found and this increase was highly correlated with the height of vegetation (McFadden et
al. 2001). However, the influence of vegetation on the distribution of snow practically disap-
pears when it completely covers the flora protruding from the ground (Benson and Sturm 1993).
In the case of Svalbard, the height of vegetation in the most favorable places for its development
reaches a maximum of 25-30 cm (Renning 1996). In the Hornsund region, the polar willow
(Salix Polaris), not exceeding 10 cm in height, belongs to the highest common specimens
(Owczarek 2010b). It means a rather negligible direct influence of vegetation on the spatial
distribution of the snow cover in this area.

The slight influence of low vegetation on surface roughness does not mean, however, that
the relationship between the snow cover and the vegetation is weak. In the high mountains, the
interdependencies between the occurrence of snow and the presence of plant communities has
been studied since the 19th century (Heer 1836; Vestergren 1902). Since then, plant species
associated with long-lasting snow cover have been well recognized all over the world and called
snowbed vegetation (see Walker etal. (2001)). Studies carried out in the Arctic Archipelago in
Canada explains the richness of plant species with topography and winter snow thickness (Bliss
et al. 1984). They show that the vegetation is scarce in places with thin snow cover due to the
water deficiency in the soil associated with the low supply of meltwater. On the other hand,
research from the Rocky Mountains area shows that the long presence of snow cover is also
harmful for plants. The extremely thick snowdrifts that form there significantly shorten the
vegetation season, leading to the dying of trees and replacing them with wet meadows. This is
caused by the supersaturation of the soil with water from melting snow (Earle 1993). Often, the
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impact of snow cover on vegetation is indirect, through changes in moisture and the amount of
minerals in the soil. In places with long-lasting snow cover, the substrate is often acidic and
poor in nutrients needed for the development of flora, due to the intensive washing out of the
soil by significant amounts of meltwater (Tomaselli 1991; Stanton et al. 1994). On the other
hand, high accumulation sites can also more efficiently capture organic and inorganic material
carried by the wind. In such places, the soils are additionally enriched, which results in quite
a significant development of vegetation (Walker 1985, 1990). Overall, the influence of snow
cover on vegetation is ambiguous and may be both positive and negative. It depends on the
prevailing meteorological conditions or the mutual relations between the components of the
natural environment.

4.2 History of snow research at Svalbard, with particular attention to the Hornsund
Fiord area

Snow cover research in Svalbard was initiated in the 1930s as part of pioneering scientific ex-
peditions organized at that time (Ahlmann 1933, 1935). Observations of the snow cover were
also provided by Norwegian and Russian meteorological stations established in Svalbard since
1911, or German during World War Il (Liidecke 2001). However, continuous weather obser-
vations in this area are available after 1945 (Nordli et al. 1996).

4.2.1 Studies from the vicinity of the Polish Polar Station

In the area of southern Spitsbergen, snow studies began with the establishment of the Polish
Polar Station in 1957. The first scientific works concerned the glaciated areas (Kosiba 1958,
1960). One of the first studies dealing with the topic of snow cover on the tundra is the work
by Baranowski from 1968. It presents the development and disappearance of snow on the
ground in the first year of operation of the Polish Polar Station. Study emphasizes the insulating
effect of snow cover on the ground thermal regime as well as its enormous spatial diversity,
despite the flat nature of the Fuglebergsletta area (Baranowski 1968).

The subject of spatial variability of snow cover in the vicinity of Hornsund was first taken
up in the work from late 1980s (Migata et al. 1988), which aggregated the results of previous
snow studies (Pereyma 1981, 1983, 1988a; Rodzik 1985). On the basis of measurements from
three winter seasons, it was found, inter alia: (1) the Fuglebekken catchment area has good
conditions for snow accumulation compared to the surrounding areas, (2) in the above-men-
tioned catchment snow water equivalent is even twice as large as it would appear from the
precipitation measurements at PPS, (3) snow on the tundra is very dense (400-500 kg/m?3) and
its internal structure is characterized by the occurrence of many crusts layers formed during
winter thaws, (4) in the lower part of the southern slope of the Fugleberget massif, higher snow
thickness is recorded in its western part, while above 100 m a.s.l. in the eastern part (Migala et
al. 1988). In addition to this study, several works were published before the year 2000 about
the snow cover of the non-glacial areas of Hornsund. They focused on: ablation rate of snow
patches on Guliksenfijellet slopes (Glowicki 1975), the influence of snow cover on the perma-
frost active layer thickness (Grzes 1985; Migala 1988, 1991), snow cover temperatures
(Pereyma 1988b), an analysis of the course of the snow seasons 1978-1986 at the PPS, high-
lighting shorter snow persistence on Spitsbergen by 4-5 decades, as in the Russian part of the
Arctic Ocean (Migtus 1991; Vovinckel and Orvig 1973), snow physicochemical properties
(Pulina 1991; Glowacki and Pulina 2000) and weather influence on snow stratification
(Leszkiewicz and Pulina 1999). After 2000, studies continued the topic of the snow thickness
influence on ground thermal regime (Dolnicki 2002, 2005, 2015; Dolnicki etal. 2013; Leszkie-
wicz and Caputa 2004; Wawrzyniak et al. 2016) and snow physicochemical properties
(Leszkiewicz and Glowacki 2001). These works emphasized the large spatial variability of
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snow cover in the area of the PPS and presented it as the main factor affecting the differences
in active layer thickness.

In Hornsund, the shortening of the snow cover period was also analyzed in connection with
the warming observed in the Arctic, which turned out to be more intense compared to other
areas of Spitsbergen (Osuch and Wawrzyniak 2017). The relationships between course of snow
seasons and values of the AO and NAO indices were also investigated, but no clear correlation
was found (Luks 2012; Luks etal. 2011). Moreover, variability of soil moisture and temperature
in the Fuglebekken catchment was explained by the uneven distribution of snow cover (Migata
etal. 2014). Most studies took into account the spatial variability of snow cover, but all of them
were based on point measurements to represent different snow conditions. Until now, there
have been no works presenting the distribution of snow cover in a spatial and continuous man-
ner on the tundra.

In this respect, the recognition of snow distribution on the glaciers around Hornsund looks
much better. Thanks to the measurement campaigns with numerous snow surveys, e.g. using
GPR, it was possible to prove, that: (1) the height above sea level has the most important influ-
ence on snow thickness, (2) better conditions for the accumulation of snow occur in the western
part of the glaciers due to the deposition of snow blown from the eastern parts in accordance
with the prevailing wind direction and thanks to hypothetically increased amounts of precipita-
tion just beyond the terrain obstacle during the most abundant snowfalls related to western cir-
culation, (3) the above pattern of snow distribution is disturbed and more complicated for
glaciers that run perpendicular to the prevailing wind directions, (4) the areas with complex
topography (the vicinity of non-glacial slopes and the highest parts of glaciers) are characterized
by the greatest inter-seasonal variability of snow thickness (Grabiec 2017; Grabiec et al. 2006,
2011), (5) effective transport of dry snow takes place when wind speed exceed 4 m/s (Grzes
and Sobota 2000; Laska et al. 2017). For glaciers in the region of central and southern Spits-
bergen, a formula was defined that allows to obtain an approximate snow accumulation (with
an error not exceeding 25%) for each point on the glacier, based on data from the nearest me-
teorological stations (Grabiec 2005; Grabiec et al. 2012). Analyzes of snow thickness on glac-
iers in the macroscale (Spitsbergen as a whole) showed 2.5 to 3 times more snow accumulation
in coastal areas compared to the interior of the island (Troitskiy et al. 1980; Guskov and
Troitskiy 1984) and 38-49% higher at the eastern coast than at the western coast (Winther et
al. 1998). It is believed that the latter regularity is associated with forced precipitation on the
orographic barrier due to more frequent influx of air masses from the east (Hisdal 1976).

The first attempts to model snow cover in southern Spitsbergen were made relatively re-
cently (Osuch et al. 2010; Luks etal. 2012; Luks 2012). However, snow conditions were mod-
eled pointwise, based on measurements from the PPS weather station and without taking into
account the spatial variability of snow distribution. In recent years, the results of simulations
devoted to the variability of meteorological conditions in Svalbard begun to be published, where
much attention has been paid to the snow cover (Claremar et al. 2012; Lang et al. 2015; Aas et
al. 2016; Dobler and Haugen 2016; van Pelt et al. 2016; Isaksen et al. 2017). However, these
models were validated primarily on measurements from glaciers, and their spatial resolution
(from 10 km up to 900 m) is not sufficient to reliably present snow conditions in the Spitsbergen
coastal zone.

4.2.2 Research from other parts of Spitsbergen

Analyzes of snow cover spatial variability on the tundra are carried out mainly in the Ny-
Alesund region in the Bayelva catchment area (Zdanowicz 2015), where 50% of the terrain is
glaciated (Nowak and Hodson 2013). Other well studied place is Adventdalen valley near Long-
yearbyen, where snow cover depths are artificially altered to study its effects on vegetation
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(Cooper et al. 2011). Measurements in these locations allowed to conclude, e.g., that late abla-
tion of snow hinders germination and reduces the number of flowers in plants (Cooper et al.
2011) and shortens the vegetation season, thus reducing also the duration of individual stages
of plant growth (Semenchuk et al. 2016). It was also found that higher vegetation occurs in
places where the snow cover persists for a relatively short time (Bruland and Cooper 2001).
Additionally, macroscale satellite studies from central Spitsbergen have shown an increase in
the NDVI index in the last 30 years, indicating an improvement of vegetation condition (Vick-
ers et al. 2016). Overall, more research indicates the negative impact of snow cover on Sval-
bard’s vegetation. This is in contrast to the results of studies from the lower latitude Arctic,
which quite often refer to greater plant growth under a thick snow cover (Johansson et al. 2013)
and the opposite effect under a thin cover, where vegetation may be exposed to water shortages
in the summer, and in winter exposed to the destructive influence of strong winds (Walker et
al. 2001; Callaghan et al. 2011). Inglobal warming reality, the living conditions for grasses and
shrubs are expected to improve, but mosses and lichens situation is likely to deteriorate, leading
to an overall impoverishment of the ecosystem (Walker et al. 2006). As the frequency of rain-
on-snow events increases during winter periods, there is also a risk that the initial increase in
plant productivity, as expressed by NDVI, will be inhibited. This is because winter rainfalls
may cause plant deaths by cutting off oxygen source caused by ice layers formation on, inside
or beneath the snow cover (Phoenix and Bjerke 2016).

In the Bayelva catchment (Ny-Alesund surroundings) and DeGeerdalen valley (near Long-
yearbyen), numerous snow soundings were performed to validate the SnowTran-3D model
(Bruland et al. 2004). Thanks to them, it was possible to show that the thickest snow cover
occurred on the leeward and east-south-eastern slopes exposed to the west-northwest advection,
which brought the most abundant precipitation in this area. A time-lapse camera was also in-
stalled in the Bayelva catchment, which is used to monitor changes in snow cover extent during
ablation period as well as to validate satellite measurements (Westermann et al. 2015; Aalstad
et al. 2018). Time-lapse pictures were also used in Ny-Alesund earlier, to monitor snow disap-
pearance and changes in its spectral characteristics during the ablation seasonin 2002 (Hinkler
etal. 2003). In recent years, the snow cover distribution in unglaciated areas of Spitsbergen has
been studied using unmanned aerial vehicles (UAV) (Klump et al. 2014; Bernard et al. 2016;
Cimoli etal. 2017). It is also worth mentioning the attempts to model the snow cover distribu-
tion and the results of measurements of the snow ablation rate on the tundra. In the vicinity of
Ny-Alesund, simulations based on (1) thermal coefficient, (2) energy balance and (3) CROCUS
physical model have been validated (Brun et al. 1989; Martin 1996). Other studies from this
region found the greatest influence of solar radiation on snow melting rate (Harding and Lloyd
1998; Lloyd et al. 2001). In the same region, the snow cover behavior was simulated under
climate warming conditions. According to them, each increase in the average annual tempera-
ture by 1 °C decreases maximum SWE by 6.9% and reduces the duration of snow cover period
on the tundra by 11 days (Lépez-Moreno et al. 2016).

5. DATA AND METHODS

Most of analyses and figures contained in the dissertation were made with the use of free R
software language (R Core Team 2018) with help of RStudio Integrated Development Environ-
ment (RStudio Team 2016). The following packages were used during work on dissertation:
tidyverse (Wickham etal. 2019), stringi (Gagolewski 2018), mosaic (Pruim et al. 2017), raster
(Hijmans 2017), sp (Pebesma and Bivand 2005), rgdal (Bivand et al. 2018), plotly (Sievert et
al. 2017), maptools (Bivand and Lewin-Koh 2017), corrplot (Wei and Simko 2017), PMCMR-
plus (Pohlert 2021), agricolae (de Mendiburu 2021), treemap (Tennekes 2017), and ncdf4
(Pierce 2017).
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5.1 Fieldwork

The climatic characteristics of the study area presented in Chapter 3 were developed on the
basis of meteorological data from the WMO 01003 synoptic station operating at the Polish Polar
Station Hornsund. The data collection procedure has changed several times since 1978. In the
first two years of operation, observations were carried out four times a day, while from 1980 to
the present day weather parameters are recorded eight times a day. Synoptic reports are sent at
00, 03, 06, 09, 12, 15, 18, and 21 UTC. Additionally, since 2004, meteorological data has been
recorded automatically every minute (Petlicki 2012). However, not all data are measured auto-
matically. Cloudiness or horizontal visibility are measured only at the time of observation every
3 hours. In turn, precipitation is measured every 6 hours with a standard Hellman rain gauge.

Regular snow cover measurements at the Hornsund station began in the winter season
1982/19831. The snow depth is measured twice a day, at 6 and 18 UTC, and it is an average
taken from five probing in the meteorological garden. Snow depth on a given day comes from
measurement at 6 UTC. In addition to the thickness, the density and SWE are also assessed.
These measurements are usually performed at five-day intervals using a Chomicz’s snow tube
sampler (Fig. 29), if the snow depth exceeds 5 cm. Several times, the sounding site of snow
depth and SWE changed slightly, due to the PPS building expansion or the installation of new
measuring equipment. From the 2013/2014 winter season, thickness measurements are based
on snow depth gauges (Fig. 30) installed at fixed positions in meteorological site. Their scale
allows to read the snow height with an accuracy of 1 cm.

In the winter season 2013/2014, weekly measurements of SWE and snow depth were initi-
ated at 20 fixed points located in the Fuglebekken catchment area (see Fig. 2). In eight of them,
snow depth gauges are installed. The remaining twelve are marked by poles driven into the
snow each season. Every year, soundings are performed in the same places, and the position of
the measurement points is determined by means of differential GPS. The survey start when
a stable snow cover is formed and continue until part of the Fuglebekken catchment is flooded
with meltwater. Snow probing is performed every 7 days. However, due to unfavorable weather
conditions, the subsequent sounding was often delayed. According to statistics, the observers
revisit the measurement sites after 8-11 days on average (Table 1). The SWE measurements
were carried out in the same way as in the PPS Hornsund, so using a 60 ¢cm long Chomicz’
snow tube with an inlet area of 50 cm?2. This study uses data from the 2013/2014, 2014/2015,
and 2015/2016 seasons.

Fig. 29. Chomicz’s snow tube sampler.

! Measurements were carried outsincethestation’s reopening in 1977 — not all of them, however, are available
in the archives of the IGPAS.
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Fig. 30. Snow depth gauge used to read the snow cover
thickness.

Table 1
Statistics of snow cover probing in the Fuglebekken catchment
First Last Number Length of Average time
Season of measurement| the observation between
measurements | measurements .
series season [days] |[transects [days]

2013/2014 2013-10-02 2014-07-03 31 274 8.8
2014/2015 2014-10-09 2015-07-06 27 270 10
2015/2016 2015-10-01 2016-06-22 25 265 10.6
2016/2017 2016-12-04 2017-06-07 21 185 8.8

In addition to the monitoring in the Fuglebekken catchment area conducted by the employ-
ees of the PPS Hornsund, data on the snow cover spatial variability were collected during field-
work in the spring of 2016. Snow cover probing were made in the period from April 15 to May
24 at 186 points on the unglaciated coast of the Hornsund Fiord (Fig. 1, Table 2). Snow sound-
ing was performed using an avalanche probe, which could reach a depth of up to 330 cm. In
eleven points, additional SWE measurements were carried out with the Chomicz’ snow tube
(Table 2). Sampling was conducted in the same places as in 2014 under the AWAKE-2 project
(Nawrot et al. 2015), which allowed comparison of snow accumulation between the two winter
seasons. Additionally, in order to check the vertical structure of snow in each location, a single
snow profile (“snow pit”) was made in accordance with the international instructions (Fierz et
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Table 2
Number of snow cover measurements in spring 2016
Place Date Depth probing SWE FuII'
snowpits
Ariedalen May 01 26 1 1
Treskelen May 03 9 — —
Svovelbukta coast May 03 17 2 1
Bogstranda May 24 31 2 —
Géashamngyra May 10 24 1 1
Revdalen April 15 46 5 2
Fuglebekken April 18 33 - 2

al. 2009). Snow pit analyses were repeated regularly at 4 points representing different land
cover in the Fuglebekken catchment and the Revdalen valley (Fig. 1). This was done to track
changes in snow cover structure during ablation. For each layer specified in the snow profile,
the following parameters were determined: (1) hardness, (2) temperature (measured in the mid-
dle of layer or every 10 cm), (3) density (measured with a 100 cm3 density cutter), (4) grain
size, and (5) grain shape. All measurements were made with standardized equipment and in
accordance with the latest procedures developed for the unification of snow measurements in
Svalbard (Gallet et al. 2018).

Additionally, in the Revdalen valley and the Fuglebekken catchment area, snow thickness
was measured using the Mala GeoScience RAMAC CUII impulse ground penetrating radar
(GPR) and a shielded 800 MHz antenna. Radar soundings were carried out on April 19 and
May 19 in the Fuglebekken catchment areaand on April 21 in the Revdalen valley. To correctly
represent the analysed structure and its thickness by GPR, it is necessary to know the speed of
electromagnetic wave propagation in the medium (Grabiec 2017; Maurer 2006). Based on the
snow density measurements from the Fuglebekken catchment, this speed was determined at
220 m/us and 180 m/us for the April and May soundings, respectively. It was assumed that in
Anpril the snow was completely dry and the density amounted to 350 kg/m2, while in May it was
wet and the density reached 450 kg/m?3 (Bradford et al. 2009; Grabiec 2017). The GPR signal
was recorded together with the location using the differential GPS method. For this, the Leica
1230 receiver operating in RTK mode was used, giving the measurement accuracy of 10 cm
(Laska 2017). The length of time window was set to 0.2 s. The obtained radargrams were de-
noised and processed using the Mala Object Mapper software. The so-called near-field effect
was problematic, resulting in poor signal quality at the top of the radargram, equal to approxi-
mately 1.5 times the wavelength (1) emitted by the device (Maurer 2006). As a result, in the
first 40 cm of the vertical profile, the signal was practically invisible using an800 MHz antenna.
This results from the wavelength equation: ,

477
where f is the frequency and v the wave propagation velocity. Assuming the wave propagation
velocity equal to 220 m/us, the area affected by the near-field effect will cover about 41 cm of
the upper profile, and at a speed of 180 m/us, about 34 cm. For this reason, the GPR profiling
with this antenna frequency makes it possible to determine the snow thickness only in sites with
high snow accumulation on the tundra. In places where the signal was invisible, it was assumed
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that the snow cover thickness was lower than the near-field effect. Measurements that were
significantly different from the results of snow soundings performed simultaneously with the
radar profiles were not taken into account.

5.2 Remote sensing data
5.2.1 Time-lapse photography

In spring 2014, the snow cover monitoring program at PPS was expanded. The time-lapse cam-
era was installed to track the ablation of snow cover in the Fuglebekken catchment area. Ready
to use Harbortronics time-lapse kits were used (Harbortronics Inc. 2018), consisting a Canon
EOS Rebel T3 (1200D) camera with DigiSnap 2000 intervalometer (Fig. 31). The set was
sealed in a waterproof case and powered by an 11.1 V lithium-polymer battery with a capacity
of 9000 mAh and a 5 Watt solar panel. The set was mounted near the Fugleberget summit at
550 m a.s.l. and oriented towards the lower part of the Fuglebekken catchment (see Fig. 2). It
has been programmed to take photo every hour with a constant aperture (f/8), 1SO sensitivity
(100) and focal length (18-23 mm depending on the season). Only the shutter speed was auto-
matically adjusted to the lighting conditions. Focus of the lens was checked and manually cor-
rected, if necessary, each time the SD card was replaced. Autofocus was not used due to the
possibility of dirtying the viewing window, which could mistakenly become the focus point.
The camera recorded an image in a resolution of 4272 by 2848 pixels (12.2 Mpix) and 8 bit
color depth, which means that each pixel is characterized by 3 values from the range 0-255 in
the following bands: red, green, and blue (RGB), where 0 is black and 255 is the full color
intensity.

It was assumed that changes in the snow cover extent will be analyzed in a daily step. Due
to the weather conditions (cloudiness, ice formation on the window of the camera system) data
from about 25% of days were discarded (Table 3). Ultimately, 203 photos from the 3 ablation
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Fig. 31. Internal view of the Harbortronics system.
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Table 3
Statistics of snow cover monitoring with a time-lapse camera

ver {2 DA s | Gemanc amoun, "B oSty Datet
picture of pictures)

2014 8.04 25.07 108 81 75 17.10

2015 23.04 5.07 73 60 82 5.11

2016 20.04 18.07 89 62 70 29.07

Fig. 32. Examples of photos not suitable for further analysis. From the left: (a) snow on the window,
(b) ice after freezing rain, (c) fog.

seasons 2014-2016 were selected. The most common reason for rejecting the pictures for fur-
ther processing was low cloud cover: Stratus in the catchment area below or low-hanging Strat-
ocumulus at the camera level. Gaps in the data were also due to the formation of ice on the
camera’s housing window after episodes of freezing rain, or adhering snow after snowfall at
temperatures close to 0 °C (Fig. 32). Among the photographs sufficient for further processing,
those with similar lighting conditions were preferred. In the first place, the most desirable pho-
tos were from the afternoon hours, when the rock formations on the tundra cast the shortest
shadow. If at that time the catchment area was poorly visible, e.g. due to low-lying clouds or
precipitation events, photographs were selected from a different time of day. Those from
23 UTC were preferred, as the study area is entirely in the shadow casted by the Fugleberget-
Ariekammen massif at that time (which also means even illumination).

Raw camera photos provide a lot of information about snow cover, but cannot be analyzed
spatially. This is caused by a perspective distortion, so that the image distant from the camera
is perceived as small, and the one located close appears relatively large (Fig. 33). This does not
allow determining the actual surface area in the photograph. Inorder to compare the information
contained in the image cells, the previously selected 203 photos were orthorectified. This was
done in MATLAB environment with “Camera Calibration Toolbox” package (Bouguet 2015)
using 1 m spatial resolution DEM interpolated from original 20 m DEM (Norwegian Polar In-
stitute 2014). For this purpose, 17 to 20 characteristic spots evenly distributed in the area were
used as ground control points (GCPs) for images transformation (Fig. 34). The average root
mean square error (RMSE) of the fit was in the range of 58 to 63 m for the entire camera scene,
with a smaller RMSE of 39 m for the study area. In theory, once recognized GCPs should allow
for orthorectification of all available photographs. However, due to strong winds and ground
thawing, the camera position and its view angle have slightly changed within each season. That
is why the orthorectification was performed independently for subperiods without substantial
camera shifts. Although this minimized errors, it was not possible to avoid minor image shifts
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between sets, which have been attempted to correct using automatic alignment algorithms. For
this purpose, the “Speeded-Up Robust Features” (SURF) technique available in the MATLAB
Computer Vision toolkit was used. It consists in matching images on the basis of characteristic
patterns that repeat in the compared scenes (Bay et al. 2008). The technique worked fairly well
for images with similar land cover, i.e. at the beginning or end of the ablation period. Unfortu-
nately, the algorithm often selected snowdrifts changing with time as characteristic patterns in
the pictures, which did not allow for the correct automatic alignment of all pictures.

N\ —
raw image

<>
<>
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Fig. 33. Visualization of the perspective distortion problem. Modified after: http://www.cardr
ofx.com/media/img/perspectiveDistortion.gif.

Fig. 34. Photo from the cameramounted on top of Fugleberget with marked location of all the GCP used
in the orthorectification process.
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The final correction of the shifts was made in the ArcGIS environment, where the images
were georeferenced using the “spline” method. Itallows for the compensation of nonlinear dis-
tortions arising during orthorectification and the perfect superimposition of control points on
the processed image on the target points at the reference surface (Affek 2013). A high-resolu-
tion (0.8 x 0.8 m) orthophotomap of the Polish Polar Station surroundings was used as such
a reference surface (Kolondra 2003). The deviation of RMSE of the points after georeferencing
using a spline transformation was always close to O, which does not mean, however, that the
entire plane is perfectly mapped. The area between the reference points may have been signif-
icantly distorted. In order to estimate the real RMSE, the matching error was checked for the
first order polynomial technique in ArcGIS environment. In that case, depending on the image,
RMSE was in the range of 13-55 m for the entire area, but did not exceed 21 m for the surface
subjected to later spatial analyzes. The spline georeferencing of images was performed on at
least 16 reference points. When automatic georeferencing was successful in ArcGIS (working
similarly to the aforementioned SURF method — based on finding characteristic patterns com-
mon on the compared images), the number of reference points exceeded 100. This allowed to
obtain a very high mapping accuracy, but it did not completely eliminate shifts between indi-
vidual images, which could be the cause of errors in spatial analyzes.

After the aforementioned transformations, each pixel of the image represented an equal
space of approximately 1 m2. In order to determine area covered by snow (SCE — snow cover
extent), abinary classification was made, dividing the surface into snow-covered and snow-free
areas. In all images where snow or other high-albedo material covers part of the terrain, the
pixel brightness histogram should follow a bimodal pattern. In such pictures, high values rep-
resent high-albedo surfaces such as snow (Fig. 35). The images can therefore be easily divided
into 2 parts by looking for the least frequent value between two modal values and selecting it
as the threshold value. This method allows for relatively easy automatic processing of many
photos at the same time, which was used in snow cover studies in various locations (Salvatori
et al. 2011; Hérer etal. 2013). In this work, snow classification was performed using threshold
value in blue band. As in previous studies, it turned out that it is best to distinguish the snow
cover from other surfaces with values of about 150 in this band (see Fig. 35c). In the above-
mentioned works, the value of 127 was adopted as the minimum value, which should be used
for the snow cover classification (Salvatori et al. 2011; Hérer et al. 2013). In the present study,
threshold values in the range of 115-200 of the blue band were used, depending on the prevail-
ing lighting conditions. In a single case (this occurred on May 23, 2016), the threshold value
was lowered to 92 to correctly separate the snow on the image. This exception was made due
to the appearance of brownish melt water on the surface of the snow cover (Fig. 36). A fully
automated approach was not used due to the frequent misclassification of shaded or wet snow
surfaces as snow-free surfaces. Instead, images after a preliminary binary classification using
a threshold value of 150 were visually compared to the original image and, in the event of un-
acceptable results, corrected by changing the threshold value until satisfactory results were ob-
tained. Due to the time-consuming nature of such a procedure, a model was created in ArcGIS
10.5 that allows for processing many images at the same time. The model requires preliminary
sorting of RGB rasters into individual folders in terms of threshold values, which will be used
to separate the desired surface (in this case, snow cover) from the surrounding area. After de-
termining the threshold value and an optional mask indicating the study area, the model classi-
fies all pictures and calculates the extent covered by the two outcome surfaces. The result is
automatically saved in the spreadsheet. The tool is available for download from the supplemen-
tary materials to the article (Kepski et al. 2017a).

The classification was performed from the maximum accumulation period to the complete
ablation of the snow cover. Within the analyzed extent there is a white environmental house
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Fig. 35. Classification example for June 5, 2016: (a) orthoimage zoomed to classification area; (b) clas-
sification result with threshold value in blue band set to 140; (c) frequency histogram of RGB values
with characteristic bimodal distribution. Visible is the largest distance between modal values for the
blue band.
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and some areas covered by water that can reflect solar radiation directly to the camera, which,
under the adopted method, were often classified as snow surfaces. Therefore, the moment of
snow cover complete disappearance was assumed to be the first day when the SCE in the study
area fell below 2%.

The total camera field of view installed on Fugleberget is approximately 5.7 km2. The final
area subjected to spatial analyzes was limited to the size of the available maps overlapping the
camera’s field of view: geomorfological (analyzed area: 1.8 km?), vegetation (0.72 km?), and
soil type (0.72 km2). Additionally, the surface obscured by topographic obstacles (determined
by Visibility tool in ArcGIS software) and the most distorted during the orthorectification pro-
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Fig. 36. Classification example for May 23, 2016: (a) orthoimage zoomed to classification area with
dark meltwater visible; (b) classification result with threshold value in blue band lowered to 92; (¢) pho-
tography from the field.
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Fig. 37. Workflow for the images obtained from the time-lapse camera. Modified after Kepski et al.
(2017a).

cess was masked. That was mostly terrain in greater distance from the camera, e.g. west of the
Wilczek Peninsula. Information about tundra vegetation types was in the form of ready-to-use
shape file used in the GIS software (Migala et al. 2014). The geomorphological (Traczyk and
Kasprzak 2008) and soil type (Szymanski etal. 2013) maps were georeferenced and vectorised
by the author of the present study before further processing.

The variability of snow coverage on different terrain surfaces in the catchment was checked
by comparing the results of image classification with the information from digitized geomor-
phological, soil, and tundra vegetation maps (Fig. 37). For each terrain class, the percentage of
snow coverage on a given day was calculated. Then, using the Kruskal-Wallis test, it was
checked whether the differences in snow coverage between particular landforms were statisti-
cally significant. The procedure was performed in R environment (Pohlert 2021) using post hoc
Dunn test with Bonferroni’s p adjustment method (Dunn 1964) to quantify the differences be-
tween individual land cover types. Such tests were used due to distribution of values not meet-
ing the normal distribution criterium, which did not allow the use of the analysis of variance
(ANOVA) method (Conover 1999). The same procedure was repeated for a series of snow
cover thickness and SWE measurements in the Fuglebekken catchment. Date of snow cover
disappearance and information about terrain type were assigned to all 20 measurement points
in the catchment using set of georeferenced data. The date of snow disappearance was consid-
ered to be the first day when the pixel with the measurement site and all 8 surrounding cells
were snow free (Fig. 38). Comparison of measured SWE and snow thickness values with quan-
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; pixel with snow cover J pixel without snow cover O measurement points

Fig. 38. The principle of determining the date of snow disappearance at the measurement site. In the
above case, the middle point is considered snow-free.

titative data like topographical indices, modelled meteorological elements (air temperature, po-
tential sunshine duration etc.) was performed using standard Pearson correlation coefficient
(Fotheringham and Brunsdon 1999; Hauke and Kossowski 2011). The relationships with p
value not exceeding 0.05 were assumed as statistically significant (Dallal 1999).

The differences in snow cover ablation process was illustrated by the superimposition of the
binary classification results of photos from the 2014-2016 seasons. Each year, ablation begins
at a slightly different time. Therefore, the course of snow disappearance between consecutive
years was compared using pictures with the same share of snow coverage, instead of those from
specific dates. Images from the days when the SCE was approximately 72%, 33%, and 4.5%
were superimposed. Such a share of snow surface was present in the processed images in all
analyzed seasons, while more intuitive values, such as 50%, were unavailable in pictures from
at least one year due to, e.g., fog occurrence (see Fig. 32). The result of superimposing images
from three ablation periods representing the same SCE is a raster composed of pixels ranging
from 0 to 3, where 0 means snow free in all seasons, and 3 is snow present in all 3 years.

5.2.2 Satellite imagery

In addition to time-lapse images characterized by high spatial-temporal resolution, four Landsat
8 satellite images from the 2014 ablation season were analyzed. This satellite has been collect-
ing data since 2013, imaging the Earth’s surface in 11 spectral channels. First 9 channels are
provided by the Operational Land Imager (OLI) sensor, while channels 10 and 11 are provided
by the Thermal Infrared Sensor (TIRS) sensitive to thermal infrared wavelength bands. In this
study, only the data from the OLI sensor were used. They are characterized by a 30-meter spatial
resolution, except for the panchromatic band with a higher, 15-meter resolution. The use of
satellite images was intended to rank unglaciated coastal regions in terms of snow cover dura-
tion, with reference to more accurate results obtained in the Fuglebekken catchment area. For
this purpose, the analysis area was divided into sectors for which the share of the snow covered
areawas calculated (Fig. 39). However, while the time-lapse camera provided information on
the SCE in over 200 days in 3 ablation seasons, for the same time period it was possible to find
only 7 satellite images with a little cloud cover allowing for SCE recognition on the shores of
the Hornsund Fiord. These were images from 07.04.2014, 25.05.2014, 03.06.2014, 15.06.2014,
26.04.2015, 12.05.2015, 19.04.2016. Scenes showing the early and late ablation stages were
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Fig. 39. Division of the Hornsund Fiord coast on sectors for which the snow coverage was calculated.

obtained for 2014 only, so only this season was taken into account. Satellite scenes were down-
loaded from the https://earthexplorer.usgs.gov/ portal administered by the United States Geo-
logical Survey (USGS). The acquired images were already radiometrically and geometrically
corrected (USGS 2016), but required additional processing before classification. Raw pixel val-
ues in the form of digital number (DN) were converted to the reflectance at the top of the at-
mosphere (TOA reflectance) with correction for the angle of incidence of sunlight according to
the formula (USGS 2016):
MpQcal + Ap

cos (0sz)

where Mp and Ap are multiplicative (M) and additive (A) rescaling factors specific to certain
Landsat spectral bands, Qcalis the quantized and calibrated standard product pixel values (DN)
and 6sz is the local solar zenith angle (90° — the angle of incidence of the sun’s rays at given
location and time). All the values required in the formula are provided in the metadata of the
downloaded satellite image.

Before starting the analyzes, efforts were made to minimize the effects of different atmos-
pheric scattering on the compared satellite images. The images were atmospherically corrected
using the so-called Dark Object Subtraction (DOS) method. This technique assumes that it is
possible to get rid of the atmosphere haze component in the images by finding their darkest part
with the lowest pixel values and assuming that they only represent atmospheric scattering, with-
out which the object would be perfectly black and thus have a brightness of 0. The DOS method
can be used manually by finding a hypothetical perfectly black surface in the image, usually
a deep water reservoir, and subtracting its lowest pixel value from all scene cells (Teillet and
Fedosejevs 1995). In the Arctic, this approach can be problematic due to the highly variable
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optical properties of seawater (which is usually the darkest object) as it can freeze or carry large
amounts of suspended particles (Matsuoka et al. 2011). In this study, DOS was applied in the
same way as in the work of Gilmore etal. from 2015, so by using the tool from ENVI software,
which automatically subtracts the darkest component from the satellite image (Gilmore et al.
2015).

The last step before classifying satellite images into snow covered and snow free surfaces
was to mask problematic areasunsuitable for analysis. Despite the selection of almost cloudless
photos, the local cloudiness in some places obscured part of the Hornsund Fiord shores (Table
4). Inthe affectedscenes,these places were masked using CFMask product (Zhu and Woodcock
2012; Zhu et al. 2015) available from https://espa.cr.usgs.gov/ website.

Table 4
Cloud cover on the analyzed satellite images
Image acquisition The share of cloudiness over Scene cloud cover
date the area of analysis _ (from metadata)
excluded by the CFMask algorithm
07.04.2014 1.0% 7.7%
25.05.2014 0.0% 7.6%
03.06.2014 0.0% 26.9%
15.06.2014 9.8% 58.7%

The classification of the processed satellite images was performed applying thresholding
technique in a similar way as for time-lapse pictures. One of the most frequently used indices
for differentiating the snow from other surfaces on satellite scenes is the normalized difference
snow index (NDSI) (Dozier 1989; Hall et al. 1995; Hall and Riggs 2011). For the Landsat 8
imagery it is obtained by combining the values from green (band 3; EM wavelength 0.53-
0.59 pum) and short-wave infrared (band 6; EM wavelength 1.57-1.65 um) spectral bands (Ke
et al. 2015):

Band 3— Band 6

Band 3+ Band 6

In order to calculate area covered by snow on available Landsat 8 images, two different
methods were tested. The first and most frequently used in scientific studies (i.a. Hall et al.
1995; Xiao etal. 2002; Sibandze et al. 2014) assumes that all pixels with an NDSI value greater
than 0.4 represent the snow covered surface. The second approach was to manually adjust the
NDSI threshold to each scene separately. This method is recommended for processing a small
number of images as it is the most accurate and reliable (Racoviteanu et al. 2009; Burns and
Nolin 2014). The evaluation of the classification results was made on the basis of visual analysis
of the panchromatic channel. Itis worth mentioning that it is possible to distinguish snow cover
directly from the panchromatic channel with a higher resolution (Vogel 2002). However, such
approach requires performing the classification separately for shaded and sunny places (Vogel
2002). By analyzing satellite scenes with different angles of incidence of sunlight, this would
mean a time-consuming manual vectorization of areas with variable lightning conditions. At
high latitudes, satellite scenes for the same area are captured more often. However, the analysis
of additional images is problematic due to variable local acquisition time and scene orientation
(Bindschadler 2003), which further complicates the problem with terrain shadows. For this rea-
son, the classification in the panchromatic band was carried out only in anevenly lit area for

NDSI =
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the purpose of validating the results obtained with the NDSI index, and it was not used inde-
pendently in spatial analyzes. The workflow of satellite imagery processing is briefly presented
in Fig. 40.
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Fig. 40. Workflow of satellite imagery processing.

5.2.3 Topographical indices

Relation of snow cover with terrain features was investigated using topographic indices calcu-
lated in GIS software (SAGA, QGIS, and ArcGIS) on the basis of available DEMSs. In the case
of the Fuglebekken catchment, DEM with a resolution of 1 m was used, derived from laser
scanning performed in summer 2016 (Petlicki 2016). The 20 m Norwegian model was used for
the Hornsund Fiord coast area (Norwegian Polar Institute 2014). The analyzes took into ac-
count: altitude a.s.l., terrain slope and aspect, ruggedness (Terrain Ruggedness Index (TRI);
calculation radius 1 m) (Riley 1999), Topographic Position Index (TPI; calculation radius 10 m)
(Guisan et al. 1999), Convergence Index (calculation radius 10 m) (Kiss 2004), Topographic
Wetness Index (TWI) (Bohner et al. 2002), General Curvature Index (Heerdegen and Beran
1982), amount of incoming solar energy and an wind exposition index to cardinal and ordinal
directions (N, NE, E, SE, S, SW, W, NW).

Analyzes using topographic indices make sense when they are related to spatial information
provided, for example, by a laser scanner (Revuelto et al. 2014), a large amount of point data
obtained traditionally (Hosang and Dettwiler 1991) or from GPR (Grabiec 2017). Studies that
use only the information about the SCE are less common (Kirnbauer and Bloschl 1992). How-
ever, in the present study, the classified satellite and time-lapse images constituted the largest
resource of spatial data. In order to relate these data to the terrain features, a mosaic of images
from the Fuglebekken catchment area was prepared, presenting the snow cover duration as the
sum of all classified images from spring 2014. The 2013/2014 season was selected due to the
greatest data completeness and the best quality of georeferencing expressed by the lowest
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RMSE. For a larger area of the Hornsund Fiord coast, the classified satellite scene from June 15,
2014 and the snow thickness measurement results from 2016 were used. The relationship be-
tween topographic indices and snow depth measured at fixed points was also checked.

5.3 Snow stratigraphy representation in SNOWPACK Model

Today, there are many models focusing on snow cover created for different purposes. Some of
them were developed solely for hydrological purposes in order to predict the amount of runoff
from the catchment area. In such cases, a simplified approach linking the snowmelt rate only
with the air temperature is often sufficient. History of temperature index models reaches the
nineteenth century (Finsterwalder 1887) and consists in long-term adjustment of water runoff
volume during ablation to the contemporary air temperatures. For this purpose, both the amount
of runoff from the entire catchment area as well as changes in the SWE observed on a smaller
scale can be used. Based on the measurements, the snowmelt rate is averaged and given in, e.g.,
mm/day/°C for a specific location. These values are often adjusted to the season of the year
(Arendt and Sharp 1999), thus taking into account indirectly the change in surface albedo and
insolation conditions. Attempts have been made over time to improve the simple simulations
by taking into account additional parameters, such as wind speed and relative humidity (e.g.
Kustas et al. 1994). More sophisticated than the aforementioned temperature models are those
based on the energy balance. In such models, instead of temperature, measurements of sensible
and latent heat fluxes as well as shortwave and longwave radiation are required to simulate
snow cover ablation (Braithwaite 1995). Although theoretically better, they often do not take
into account, for example, the cooling of snow cover, so that some of the energy absorbed by it
is first used to warm it to 0 °C. Ignoring this effectusually leads to an overestimation of the
melting rate in energy balance models (Kane et al. 1997; Bruland et al. 2001). In the Svalbard
region, the empirical temperature index models assume ablation of snow cover on the tundra
(Ny-Alesund region) at the level of 3to 7 mm/day/°C (Bruland and Sand 1994; Killingtveit and
Saelthun 1995; Bruland et al. 2001).

Simple methods of modeling the snow ablation rate can be effective and do not require much
input information. Therefore, they are readily used in areas with poorly known meteorological
conditions (see Hock (2003) and references cited there). However, much better results are
achieved with the use of complex physical models requiring a large amount of batch data with
very high time resolution, which has been confirmed by a few studies using them in the Sval-
bard area (Bruland et al. 2001). The most recognizable numerical physical models taking into
account the internal structure of snow cover include: SNTHERM developed by Cold Regions
Research and Engineering Laboratory (CREEL) in United States (Jordan 1991), French
CROCUS from Centre d'Etudes de la Neige and SNOWPACK created by Swiss Federal Insti-
tute for Forest, Snow and Landscape Research (SLF WSL). Each of them has been used at least
once in the Svalbard region (Bruland et al. 2001; Winther et al. 2003; Obleitner and Lehning
2004). Currently, the most advanced CROCUS and SNOWPACK models are further devel-
oped. The SNOWPACK model was chosen for the purpose of this study, mostly due to the open
GNU Lesser General Public License and the extensive documentation available on-line. Im-
portant was also the format of meteorological data collected by the Institute of Geophysics,
Polish Academy of Sciences and the Faculty of Earth Sciences of the University of Silesia
allowing for the preparation of input files with an appropriate structure and resolution for the
model developed in SLF WSL.

The history of SNOWPACK dates back to the end of the twentieth century, when it was
developed together with the expansion of automatic weather stations network in the Swiss Alps
(Lehning et al. 1998,1999). Originally, it was primarily used to predict avalanche danger. Its
detailed description is contained in a series of papers published in Cold Regions Science and
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Technology journal (Bartelt and Lehning 2002; Lehning et al. 2002a,b). The model is one-
dimensional, meaning that it simulates the vertical structure of snow cover only at a specific
point for which meteorological data was provided. To run the SNOWPACK simulation, it is
required to provide information about (the abbreviation identifying the variable in SMET for-
mat is given in parentheses):

e Air temperature (TA),

e Relative humidity (RH),

e Wind speed (VW),

e Incoming shortwave radiation (ISWR) and/or reflected shortwave radiation (RSWR),
¢ Incoming longwave radiation (ILWR) and/or (snow) surface temperature (TSS),

e Precipitation sum (PSUM) and/or snow height (HS),

e Ground temperature (TSG).

Additional variables that can be given as inputs are ground and snow temperature at differ-
ent depths. This data must be provided at least at hourly intervals, preferably in the SMET
format developed and used by SLF WSL (Bavay 2017). Preparation of meteorological data, as
well as their interpolation or generation in case of missing files is facilitated by a special Mete-
olO library written in C++ (Bavay and Egger 2014). The MeteolO is integrated with
SNOWPACK and required for its correct operation. In addition, it is necessary to provide an
SNO file asinput. It contains information about the soil structure: the number of layers, their
thickness, density, porosity, free water content, size and shape of soil grains, and their temper-
ature just before the start of the simulation. If the model is run when there is already snow on
the ground, the SNO file should contain a similar description of the vertical snow cover profile.
Additionally, in the file header, the following should be specified: aspect and slope of the
terrain, the height of vegetation together with leaf area index and the albedo of the snow-free
surface. This file is required, but it may not contain any information other than the header if
the model is started during the snow-free period and the soil module is turned off in the settings.

The SNOWPACK outcome is information about the snow vertical structure in a given time
span, taking into account all the meteorological data provided. The software forecasts the thick-
ness of each snow layer, its density, humidity and the shape, size and form of grains, along with
a full temperature profile, also in the soil medium if it is included in the SNO file. On their
basis, the model also calculates additional parameters such as albedo and temperature of the
snow surface, heat fluxes directed to the atmosphere or soil, and many others. Output saved is
in the form of MET (snow “meteorology” — information about heat fluxes, etc.), PRO (data
about snow vertical structure), and HAZ (the calculated thickness of new snow layers and/or
the increase of rime) files. SNOWPACK also returns SMET and SNO files with data gaps filled
in by MeteolO. The module update those files with modified snow and soil properties until the
simulation is completed. In the model settings it is possible to define the output format to
CAAML [http://caaml.org/]. Such files are used inter alia by mountain searchand rescue groups
to create simplified vertical snow profiles, opened by software such as SnowPilot
[https://snowpilot.org/] (Chabot et al. 2004). The MET, SMET and, above all, PRO files thus
created can be visualized using NiViz software (Fierz etal. 2016), available both in standalone
and online version [https:/niviz.org/]. Its advantage is the full interactivity achieved with the
use of JavaScript language and the ability to export the obtained results to the JSON format
commonly used by web browsers. The SNOWPACK profiles presented in Chapters 8 and 9 of
this work were created with the NiViz software.

The input data for the SNOWPACK model were prepared for the location of the meteoro-
logical measurement site of the PPS Hornsund (77,00070N; 15,53943E) based on the readings
from the Vaisala Automatic Weather Station (AWS) (see Table 5). One of the variables required
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in the model is the ground surface temperature (TSG) that is not registered in PPS Hornsund.
As a substitute for TSG, a ground temperature measurement at a 5 cm depth was used. The
information recorded by automatic sensors of the WMO 01003 station does not include meas-
urements of shortwave and longwave radiation components. For this reason, the prepared
SMET files were supplemented with the readings of the Kipp & Zonen CNR1 net radiometer
mounted on a nearby mast standing in front of the PPS Hornsund building (77,00138N,
15,54179E). The SNOWPACK model also requires a higher temporal resolution of precipita-
tion and snow thickness data than those recorded at the station (see Chapter 3). In addition to
the standard precipitation measurements with the Hellman rain gauge, the following automatic
devices work at the PPS: the Geonor T200B weighing precipitation gauge and the OTT Parsivel
laser disdrometer. Both devices provide data in realtime, with a measurement record every two
(Geonor) or one minute (Parsivel). Due to problems with the correct estimation of the precipi-
tation intensity during strong winds by Parsivel devices, the data from weighing gauge was
used. Measurements with the Geonor device are, however, sensitive to changing thermal and
wind conditions, which cause “noise” in the precipitation weight reading (Duchon 2008). The
values were corrected by comparing them with the measurements obtained from the Hellman
rain gauge. In this way, cases where Geonor indicated an increase in precipitation totals, while
no form of precipitation was recorded at the station were excluded. Negative rain gauge read-
ings generated mostly during strong winds have also been eliminated. The total annual precip-
itation measured by Geonor after taking into account all corrections amounted to 713.4 mm
from June 2013 to June 2014. At the same time, the annual sum obtained from Hellman was
564.4 mm, so 149 mm (21%) less. The increased sum results from the application of the so-
called Alter shield in Geonor that reduces the wind effect affecting precipitation measurements
and brings them closer to the real values. For the SNOWPACK model needs, data from snow
depth measurements carried out at the PPS were specially prepared. Although they are per-
formed only twice a day, it was decided to interpolate them to hourly values due to the low
temporal variability of snow height. The increase of snow thickness between the observation
times depended on the course of the precipitation data. The snow depth decrease during ablation
was adjusted to the course of positive temperature. The SNO file with information on the struc-
ture and properties of the soil was prepared on the basis of published data from the Hornsund
region (Migala et al. 2014) and Svalbard tundra areas (Putkonen 1998; Askaer et al. 2008).

SNOWPACK was run for the winter seasons 2013/2014 and 2015/2016. Due to gaps in the
radiation measurement series, no simulation was performed for winter 2014/2015. In the
2015/2016 season, apart from modeling the snow cover at the PPS Hornsund, SNOWPACK
was used to simulate snow conditions at sites in the Revdalen valley and the Fuglebekken catch-
ment where snow pit surveys were performed (see Chapter 5.4). The model results were com-
pared with periodically repeated in situ measurements. On their basis the simulation accuracy
was evaluated. The field measurements were also used to improve the model performance dur-
ing the ablation period. For this purpose, the SNOWPACK simulation was run several times
for each site with different initial dates. These were the days with measurements in snow pits,
for which SNO files containing information about the current snow cover structure were pre-
pared. The required by model SMET files with meteorological data for each measurement site
were obtained thanks to the Alpine3D simulation carried out for the entire winter season.

The modeling results in the 2013/2014 and 2015/2016 season were additionally used to
simulate the snow depths measured in the field in different periods of spring 2014 and 2016
(see Table 2). The surveys took place in different days in each region. However, for the com-
parison of snow amount at various sites, the environment state was presented on April 18, i.e.
the day with an approximate maximum thickness of snow cover in 2016, referring to results of
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regular measurements carried out in Fuglebekken catchment. In 2014, the maximum accumu-
lation occurred a little later; however, April 18 was roughly the middle day of the field meas-
urements. The ideal situation would be to use the model for corrections for each point
separately, but due to the range of calculations and the availability of meteorological data, the
results of modeling snow cover at PPS Hornsund were used. It was presumed that the snow
melted everywhere at the same pace and if, for example, on May 1 the snow cover decreased
by 5cm at the PPS compared to April 18, it was assumed that in all measurement points on
April 18 snow cover was 5 cm higher than that measured on May 1.

5.4 Spatially distributed snow model Alpine3D

The usability of the point models is quite limited in the terrain with a complicated topography .
Meteorological conditions canchange to a large extent even in a small area, which is reflected
in the observed properties of the snow cover. One-dimensional models do not take into account
topographical relief, which, together with wind distribution, is the most important factor deter-
mining the local distribution of snow. For this reason, attempts have been made for a long time
to model the snow cover in a spatial manner.

One of the first models that included snow transportation by wind was Prairie Blowing
Snow Model (PBSM). The PBSM was developed in Canada to determine the snow mass fluxes
in saltation or suspension processes and, above all, snow mass losses due to sublimation during
drifting or blowing snow episodes (Pomeroy 1989, 1991; Pomeroy et al. 1993). Over time, the
model has been improved to take into account snow transportation by wind in a spatial manner.
This is how the Distributed Blowing Snow Model (DBSM) was born, which requires, in addi-
tion to meteorological data, information on the topography and land cover in order to function
properly (Pomeroy et al. 1997). Similar physical assumptions were used in the American
SnowTran-3D model (Liston and Sturm 1998), which also requires spatial information about
the wind field to operate. The SnowTran-3D was quickly adopted worldwide (Liston et al.
2007) and tested, e.g., on Svalbard (Bruland etal. 2004). However, the most advanced models
of snow spatial distribution are: French Meso-NH/CROCUS (Vionnet et al. 2014), which is
combination of CROCUS snow model with Meso-NH atmospheric model (Lafore etal. 1998),
and Alpine3D (Lehning etal. 2008), which is a three-dimensional extension of SNOWPACK.
Both solutions require accurate wind field information computed by advanced external software
asinput. The Meso-NH/CROCUS is based on the results of the MM5 (5th generation Mesoscale
Model) model developed at the National Center For Atmospheric Research(NCAR) in Boulder,
Colorado (Grell et al. 1995), while Alpine3D uses wind fields obtained from the Advanced
Regional Prediction System (ARPS) originally compiled by the University of Oklahoma (Xue
etal. 2000, 2001). In this dissertation, the Alpine3D model was used due to the similar require-
ments in terms of the input data as in the integrated SNOWPACK module. Model popularity
was also taken into account. The Alpine3D is anopen yet advanced software, used inter alia for
forecasting snow conditions during the last three Winter Olympics in Vancouver, Sochi and
PyeongChang (Schlogl et al. 2016; Rhyner 2018). However, according to the author’s
knowledge, this is the first attempt to use Alpine3D in Svalbard and one of the first ever in the
polar regions.

Outcome of the Alpine3D model is a matrix with the same spatial resolution as the input
DEM and land cover layer. The output parameters can be selected by changing the configura-
tion file. The most important spatial information returned from the model is the snow depth and
SWE for the desired time step. In addition to the result in the raster form, the model saves the
SNOWPACK calculations in its characteristic formats (HAZ, MET, PRO, SMET, SNO) for
points defined by geographic coordinates in a separate POI file (if these are included in the
simulation domain). Additionally, the Alpine3D is able to calculate the water runoff from any
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catchment fully within the calculation range with an hourly time resolution. This will only be
computed if the input data contains a file with the boundaries of these catchments.

The Alpine3D model cannot be run without first compiling the SNOWPACK and MeteolO
tools. In addition to meteorological data, soil and snow properties, it operation requires the
information on topographical relief (DEM) and land coverage, by default in the form of
ASCII files. The land cover must be coded according to the classification system of the
PREVAH (Precipitation-Runoff-Evapotranspiration Hydrotope Model) hydrological model
(Viviroli et al. 2009). The calculation range of Alpine3D will be the same as the extent of the
provided files. In the area of the PPS Hornsund (Fig. 41), 4 terrain classes were distinguished
on the basis of maps from the Norwegian Polar Institute (NPI) at a scale of 1:100 000. These
were, according to the applicable code in PREVAH: water (code 01), bare ice (14), rock (15),
and bare soil vegetation (26) class that corresponded to the tundra plants. In the PREVAH sys-
tem, each pixel contains also encoded information about soil depth and the so-called “Field
capacity” which were always setto 1, except for water and glacier surfaces where these values
have been changed to 0. The DEM with a spatial resolution of 20 m was used for the calcula-
tions (Norwegian Polar Institute 2014). A simulation with a 1 m resolution DEM was also
tested, but such settings turned out to be too computationally demanding to run a model for the
entire winter seasons. The Alpine3D model needs also data from more than one weather
station. For the Fuglebekken catchment area, data from the AWS of WMO 01003 synoptic
station, AWS in front of the PPS Hornsund building and AWS on the 4th ablation stake on the
Hansbreen glacier, located outside the Alpine3D computing domain, were used (Fig. 41;
Table 5). Additionally, a series of temperature and air humidity measurements from a HOBO
sensor at the top of the Fugleberget mountain were used. Wind speed measurements from
Vaisala PPS Hornsund station have been recalculated to a height of 2 m according to the for-
mula (Van Ulden and Holtslag 1985): N

2
log (Z_o)

Vz(hz) = V1(h1) *
log (}Zl—;)

Table 5
Meteorological data used in snow cover modelling

Station name Height [ma.s.1.] Used meteorological variables Time interval
AWS WMO 73 TA, TSG!, RH, VW_MAX, W, 1 min
01003 ' DW, ISWR, OSWR, PSUM?, HS?
AWS US front 8.2 TA, RH, VW, DW, ISWR, OSWR, 1 min
PPS ' ILWR, OLWR, PSUM?
TA, TSG* RH, VW, DW, ISWR, .
AWS Hansbreen4 184.6 OSWR, ILWR, OLWR, HSS 10 min
Hobo Fugleberget 569.0 TA RH 10 min/ 1 h?

! Ground temperature at a depth of 5cm

2The same precipitation sums from Geonor measurements was assigned to two stations near the PPS

3 Interpolated from 2 measurements per day

* Assumption of a constant temperature under the snow [268.85 K]

®SR-50 measurements populated with interpolated values fromweekly depth soundings in case of data gaps
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Fig. 41. The domain extents of the Alpine3D model used in the present study together with the presen-
tation of the land cover classification according to the PREVAH system.

where h is the height above the ground in m), Vis the wind speed (in m/s), and z, is the surface
roughness coefficient (in m). This has been set at 0.01 cm, which corresponds to the roughness
of the tundra covered with snow (Lewis and Callaghan 1976; Hansen 1993). The purpose of
rescaling the wind speed was to standardize all available data to the same format. In AWS on
the Hansbreen Glacier, snow height is measured with the SR50 acoustic sensor and once aweek
by a glaciological observer. Due to gaps in readings from the automatic device, data interpola-
tion was performed. It was assumed that an increase in snow cover is proportional to the amount
of rainfall measured in the PPS Hornsund. When missing records appeared during the ablation
period, a temperature-dependent decrease in snow cover depth was presumed. In May, ablation
atthe level of 5.2 mm/day/°C wasadopted, which corresponded well with the volume decreases
observed between weekly measurements. For the needs of the Alpine3D model, the ground
surface temperature (TSG variable) was also prepared. It has been assumed that on a glacier its
value from the moment of the snow cover formation is constant and equal to the approximate
average annual air temperature measured in this place in recent years (—4.3 °C). Such an as-
sumption should be true when there is a sufficiently thick snow cover to compensate the atmos-
phere influence on the surface temperature and applies to the glaciated areas of southern
Spitsbergen (Kosiba 1978).

In the present study, the Alpine3D simulation was performed for the 2013/2014 and
2015/2016 winter seasons. Due to significantly greater than assumed requirements for the com-
puting power of the ARPS model necessary to map the wind field in the study area, it was not
possible to launch Alpine3D with the snowdrift module turned on. Ona computer with 32 cores,
it took about amonth to simulate the wind field for just one case (easterly wind speed of 10 m/s)
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with a spatial resolution of 20 m. It was estimated that a reliable mapping of the wind situation,
similar to that obtained in studies from Austria or Switzerland (Mott et al. 2008; Dadic et al.
2010), would last about a year, not taking into account the subsequent calculations in the Al-
pine3D. Instead, the wind field 10 m above ground level was calculated in the WindNinja pro-
gram (Forthofer et al. 2017). It was used for spatial analysis, but it was not possible to
implement it in the Alpine3D model. It requires airflow data in the form of a three-dimensional
matrix and currently only ARPS files are supported (Mott, personal communication in 2018).
The simulation results were compared with observations of snow cover in the Fuglebekken
catchment. The model was launched with a resolution of 20 m for the Fuglebekken catchment
area and, additionally, with a resolution of 50 min 2016, in order to include snow survey sites
in the Revdalen valley (Fig. 41).

Alpine3D and SNOWPACK models with modified meteorological parameters were also
used to simulate snow conditions at PPS Hornsund at the end of the twenty-first century. For
this purpose, a simulation was carried out using hourly data provided in the Polar-CORDEX
initiative, resulting from the high-resolution COSMO-CLM model nested in the global model
with alower resolution: MPI-ESM-LR (LR — Low Resolution). The projection of the conditions
at the end of the century was made with the assumption of an extremely pessimistic scenario of
carbon dioxide emission RCP 8.5. This scenario is commonly known as “business as usual”
due to the expectation that no action will be taken to limit greenhouse gases emissions and the
belief that energy technologies will not change compared to the present day. It assumes an
increase in the magnitude of the radiative forcing of 8.5 W/m2 by 2100 compared to the one
adopted for year 1750 (Riahi et al. 2011). This would mean an increase in the average temper-
ature on Earth by about 4 °C (Stocker et al. 2013).

Projections available from the Polar CORDEX project for 2089-2100 for the southern Spits-
bergen area with a spatial resolution of 0.022° (approx. 2.5 km x 2.5 km) was obtained courtesy
of the Norwegian Meteorological Institute (Dobler and Haugen 2016). While virtually every
meteorological factor is modeled within this initiative, only the air temperature and precipita-
tion data presented in Chapter 3 (Figs. 13-16) are used for the dissertation purposes. It was
assumed that the actual measurements better reflect the local anemological and radiation con-
ditions than simulations in which the topography is poorly represented by a spatial resolution
of 2.5 km. This means that the climate projection does not take into account possible changes
in cloud cover or wind speed related to global warming. Data on temperature and precipitation
from the appropriate grid node of the climate model were inserted into SMET files prepared for
the 2013/2014 season. In order to avoid conflicting situations that may arise with this approach,
for example, occurrence of precipitation simultaneously with cloudless weather (high values of
short-wave radiation), the following processing has been undertaken. In case of precipitation,
the radiation data was replaced with the lowest values measured in a given month. The ground
temperatures were obtained from the formula proposed by Leszkiewicz and Caputa, assuming
that it is equal to the average air temperature from the last 4 days (Leszkiewicz and Caputa
2015). For the site on the Hansbreen glacier, it was additionally assumed that the ground tem-
perature cannot be higher than 0 °C. The wind data did not require any changes, because with-
out the use of the snowdrift module in Alpine3D, they are only used to correct the precipitation
measurement error. Correction was not applied as the data from the Polar-CORDEX project
takes this effect into account and does not require additional modification (see Fig. 16 and
Chapter 3). Due to the fact that the climate model overestimated the air temperature for the grid
with PPS Hornsund by about 1.8 °C in the re-analysis for 1991-2000 (Fig. 15), the parameters
of snow cover formation were slightly modified. This was supposed to compensate to some
extent for the effect of the temperature increase. In the default settings of SNOWPACK/
Alpine3D, snowfall cannot occur when the air temperature exceeds 1.3 °C. It was decided to
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raise this threshold to the level of 2.3 °C, at which solid precipitation in Hornsund still occurs
quite often (Lupikasza 2008).

6. SPATIAL AND TEMPORAL VARIABILITY OF SNOW COVER IN THE
NEIGHBOURHOOD OF THE POLISH POLAR STATION

6.1 Pattern of snow cover disappearance in Fuglebekken catchment

Regular snow depth and density measurements carried out in the Fuglebekken catchment in
three winter seasons (2013/2014, 2014/2015, 2015/2016) prove that in this site conditions for
snow accumulation are better than at the meteorological site of PPS Hornsund (Fig. 42). For
most of the winter season, all points located in the catchment area are characterized by a higher
snow thickness than at the weather station (Fig. 43). The deepest snow can be found in the
upper part of the study area, under the slopes of Fugleberget mountain. Additionally, snow
accumulation conditions are generally better in the western part of the catchment (Fig. 44). The
measurement points are located in a small area (<1 km?); however, the differences in the
obtained snow cover depths and SWE are significant. During the period of maximum accu-
mulation, which fell in April in each of the analyzed seasons, snow depths ranging from about
20 cm in the lower part of the catchment to over a meter under the slopes of Fugleberget were
recorded. This corresponds to the SWE in the range of about 60 to 400 mm in the snowiest
season 2014/2015 (Figs. 42 and 45). The least snowy year occurred in 2015/2016, when the
thinnest snow cover was measured both at the PPSsite and in the catchment area. It is worth
noting, however, that the 2013/2014 season turned out to be the most snowy at the PPS site,
while the catchment measurements indicate a deeper snow cover in 2014/2015. In general, the
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Fig. 42. Mean snow cover depths measured in the Fuglebekken catchment area and PPS Hornsund in
individual winter seasons.
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Fig. 43. Snow cover depths measured at points in the Fuglebekken catchment area and PPS Hornsund
in winter season 2014/2015.

course of the snow cover depth in the catchment area is characterized by smaller inter-season
differences compared to the values recorded at the PPS site. This suggests that the depths rec-
orded at the Hornsund WMO site do not always accurately reflect what is happening in the
tundra. Much depends on the snow ability to bind to the ground. Heavy snowfall in early March,
which occurred at temperatures close to 0 °C, was the cause of high snow thickness in the
2013/2014 season. Episodes of efficient precipitation followed by sunny weather in late April
and May have also contributed to this effect. The slight snow melting that accompanied the
above-mentioned situations hindered the subsequent redistribution and erosion of snow cover
by the wind activity. Probably for this reason, a relatively large snow thickness was found in
the wind-exposed measuring site at PPS (see Fig. 19) compared to the Fuglebekken catchment
area. In the following seasons, snow could be easily removed by the wind near the station.

The maximum SWE is usually measured in Fuglebekken catchment in May (Fig. 46). Due
to the lack of significant spatial differentiation of snow density, the highest SWE is recorded in
places with the greatestamount of snow. The maximum average SWE reaches values close to
200 mm in each of the three seasons: 196 mm in 2013/2014, 236 mm in 2014/2015, and
175 mm in 2015/2016. Depending on the year, this means that the aforementioned average
value is from 30% (2013/2014) to 300% (2015/2016) higher than that measured at the same
time at the point at PPS (Fig. 46). The snow cover density in the catchment just before the start
of ablation was usually in the range of 350-400 kg/m3. The maximum SWE occurs later than
the maximum snow cover thickness. This must be caused by additional water retention coming
either from spring rainfalls or from snow ablation taking place in the higher parts of the catch-
ment area. Due to the small precipitation sums in the ablation periods of the analyzed seasons,
the latter explanation is more likely.
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Fig. 45. Distribution of measured snow cover depths and SWE in Fuglebekken catchment in the seasons
2013/2014, 2014/2015, and 2015/2016. Modified after Kepski et al. (2017a).

Twenty measuring points in the catchment area provide some information on the snow cover
distribution. However, due to its large variation on the tundra, the number of probing sites is
not sufficient to reflect the real situation. This can be better illustrated by analyzing the available
time-lapse imagery, assuming that the snow cover spring ablation pattern reflects also its spatial
distribution throughout the winter season.

The analysis of images from three years (Kepski et al. 2017b) proves, first of all, a very
unevenmelting of snowin the catchmentareawith significant re peatability of the ablation
patte rn from year to year (Fig. 47). The superimposition of photos representing the same SCE
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Fig. 46. Course of average SWE values measured in the Fuglebekken catchmentareaand PPS Hornsund
weather site in the seasons 2013/2014, 2014/2015, and 2015/2016.

in the 2014-2016 seasons shows that the rock formations are always the first to emerge from
under the snow. In fact, some rocky outcrops are snow-free most of the year. The first photos
from 2014 that were processed are from the first decade of April, when negative temperatures
and solid precipitation still prevailed. Despite this, a small fraction of the area in the images
(<1%) representing the protruding rocks was always snow-free. During the early ablation phase,
when 72% of the analyzed surface was still under the snow cover, in each season the snow-free
areaswere the protruding forms: rocks, their immediate vicinity, and storm ridges. At this stage,
also small fragments of flat land were snowless: mainly the western part of the catchment cov-
ered with mosses and partly the southern region near the coast and the lake. On the other hand,
the central and upper part of the catchment area was completely snow-covered eachtime. Char-
acteristic is the snow distribution in the advanced ablation stage (33% of the surface under
snow). Then the central sector of the areais already snow-free, while the snow patches form
along strip along the western part just in front of the protruding rock formations (Fig. 47b).
This shows the decisive influence of the wind from the eastern sector which is responsible for
the transport and accumulation of snow in front of the obstacle. On the eastern side, there was
also a snow strip in each of the analyzed seasons, but it was definitely narrower and located
between the protruding rock forms, not in front of them. Depressions of this type surrounded
by elevated terrain can effectively accumulate snow in winter. During the late ablation phase
(4.5% snow coverage), snow patches occur only locally between the rocks and under the Fu-
gleberget slope. The dates of each ablation stage occurrence are presented in Table 6. It is worth
noting here that the entire processofsnowcoverdisappearance in the catchmentarea takes
arelatively long time. In exposed areas, the snow cover duration is up to 50 days shorter than
in places where snowdrifts form.
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Fig. 47. Snow distribution in the Fuglebekken catchment in the years 2014-2016 presented in the form
of superimposing classified images from a time-lapse camera: (a) effect of superimposition of 3 images
from early ablation stage in 2014, 2015, and 2016; (b) effect of superimposition of 3 images from ad-
vanced ablation stage in 2014, 2015, and 2016; (c) effect of superimposition of 3 images from late
ablation stage in 2014, 2015, and 2016; (d) synthesis of 3 obtained images (a, b, and c): superimposition
of 9 images representing the early, advanced and late stages of ablation in years 2014, 2015, and 2016.




64 D.D. KEPSKI

Table 6

Dates of the ablation phases occurrence in individual years together with snow cover percentage
in the analyzed area

Snow | The precise Date The precise Date The precise Date
cover [snow coverage|of occurrencgsnow coveragelof occurrencgsnow coverage|of occurrence
stage in 2014 in 2014 in 2015 in 2015 in 2016 in 2016
Early

(~72% | 70.22% | 09.06.2014 | 73.35% | 12.06.2015 | 72.53% | 24.05.2016
SCE)

Advanced
(~33% 32.5% 17.06.2014 32.33% 19.06.2015 33.08% 05.06.2016
SCE)
Late
(~4.5% 4.91% 29.06.2014 3.68% 02.07.2015 4.47% 18.06.2016
SCE)
- 100%
15.1%
2
- 75%
()
92.3% 9"
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Area in the mosaic image:

B snowfree in all 3 years
variable snow coverage - snow cover in one or two years
. snhow covered in all 3 years

Fig. 48. The share of common and divergent areas on the mosaic of photos from early (Fig 47a), ad-
vanced (Fig 47b), and late (Fig 47c) ablation stage.

In the corresponding stages of ablation (Table 6), the surface area covered with snow or
snow-free in all 3 years prevails over the area with variable coverage. This is also visible in
Fig. 47 and was quantified in Fig. 48. Land with variable snow coverage between the analyzed
years accounted for 28.6%, 31.8%, and 6.3% of the total surface area in the early, advanced,
and late ablation stages, respectively. It is worth noting that due to minor shifts in classified
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images caused by camera movements, the “common” part on superimposed images may even
be understated. This means a high repeatability of the snow disappearance pattern in the ana-
lyzed area, proving that ablation is each time controlled by similar and rather unchanging fac-
tors.
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Fig. 49. The SCE in Fuglebekken catchment during ablation seasons 2014-2016 in combination with
the meteorological background: mean daily temperatures and precipitation totals measured in PPS
Hornsund. Modified after Kepski et al. (2017a).
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The rate of snow disappearance in the analyzed area is presented in Fig. 49. Each point on
the chart corresponds to one processed picture from the time-lapse camera (see Fig. 37). Despite
the desirable temporal resolution of one day, some data gaps appeared due to unfavorable me-
teorological conditions (see Fig. 32). Usually, the gaps do not exceed 3 days. Overall, the data
completeness provided by the time-lapse camerais high. However, the analysis of the images
from 2015 revealed some problems. In Figure 49 visible are small peaks in SCE value that
cannot be explained by the weather conditions prevailing in Hornsund. They occurred due to
the loss of focus by the camera, which resulted in a significant reduction in classification accu-
racy during photo processing. Nevertheless, the obtained classification error did not exceed 3
percentage points, which the author found acceptable for the spatial analyzes presented in the
dissertation.

Regardless of the snow depth measured in individual winter seasons, the fastest reduction
in the SCE took place when positive daily air temperatures begin to predominate (Fig. 49). The
snow cover disappeared the earliest in 2016. That was caused by the lower snow thickness (see
Fig. 42), but also the earlier predominance of air temperatures above 0 °C, from the first days
of May. The analysis of classified orthophotos allows for the quantification of the SCE and
precise determination of the moment when it drops below 50% on a selected area. In meteorol-
ogy records, such a moment will be defined as the last day with snow cover. It occurred in the
catchment area on June 14, 2014, June 15, 2015, and May 30, 2016. At the WMO station in
PPS Hornsund, the last day with snow cover was recorded eachtime about a week earlier, i.e.
June 9, June 7, and May 25 in 2014, 2015, and 2016, respectively. However, this does not
necessarily mean a human error in observations, but only confirms the subsequent snow disap-
pearance in the Fuglebekken catchment. The closest vicinity of the station is characterized by
earlier ablation, which can be seenin the time-lapse imagery. The characteristic dates illustrat-
ing the rate of snow cover disappearance are presented in Table 7. At the latest, the complete
disappearance of snow occurred in 2015, on July 6. At the earliest in 2016, on June 22.

Table 7

Dates of occurrence of specific SCE in the Fuglebekken catchment.
Dates were interpolated in case of missing photos with the given SCE value

Snow cover First occurrence | First occurrence | First occurrence

extent (SCE) time in 2014 time in 2015 time in 2016
90% 3.06 17.05 8.05
75% 5.06 10.06 24.05
50% 14.06 15.06 30.05
25% 21.06 20.06 7.06
10% 27.06 27.06 13.06
<2% 3.07 6.07 22.06

The data contained in Table 7 show that, regardless of the winter season, the transition from
the 75% SCE to 10% SCE took about 3 weeks. The last stage of ablation takes an additional
week. However, the initial phase is often the longest, i.e. the transition from 90% of snow cov-
erage to 75%. The rationale behind this is that the decrease to 75% is mainly due to operation
of the sun and early snowmelt from protruding rocks with a thin snow cover. Snowfalls are still
likely atthis stage, which could increase the SCE and delay the further melting. The final abla-
tion phase can also take a long time, as only the thickest snowdrifts melt then, often in places
sheltered from direct sunlight.
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Fig. 50: (a) Relationship between the date of snow disappearance at the measuring site and the SWE
during the maximum accumulation in 2014 (28.04.2014). Linear regression and 50% SCE occurrence
date (15.06.2014) were specified; (b) Zoomed orthoimage from June 15, 2014 with the location of the
measurement points marked.
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The relationship between the time of snow disappearance and its maximum seasonal thick-
ness can be easily tested by comparing the information from the time-lapse images with in situ
measurements in the Fuglebekken catchment area. The linear correlation between SWE meas-
ured in the period of maximum accumulation and day of snow disappearance gives a Pearson
correlation value equal to 0.56 (Fig. 50a). After rejecting 3 outliers (points P8, W4, and W9),
the value of the correlation increases to 0.81. The sites where the snow had not disappeared
until the late ablation phase were characterized by about 60 mm greater SWE measured at the
time of maximum accumulation, compared to the locations where the snow had melted earlier.
However, the graph shows that there were points where the SWE during the maximum accu-
mulation time was similar, while the ablation date differed by up to 10 days. This may result
from the adopted methodology, asthe day of snow disappearance at a point was determined on
the basis of coverage also in its immediate vicinity. However, this also proves that the rate of
snow loss can vary significantly even in a small area.

6.2 Variability of snow cover ondifferent land coverage types

The superimposition of the obtained information about the disappearance of snow cover on
maps showing the vegetation, soil and geomorphological forms of the terrain (Fig. 2) allowed
to determine the ablation course for each of the types distinguished in them. The analysis omit-
ted only the classes with the smallest share of the area: ornitocoprophilus (0.5% of coverage)
and geophytic initial tundra (0.2%) among vegetation and regosols and leptosols with less than
1% coverage among soils. In the years 2014-2016, ablation of snow cover from various land-
forms proceeded in a similar way (Fig. 51), additionally confirming the previous findings from
overlapping photos from the 3 spring seasons (Fig. 47). Each time, snow cover duration was
the shortest on lichen-herb-heath tundra, while longest snow persistence was observed on
rock debris formation without any vegetation. Snow cover disappearance between these two
terrain types occurs with a time lag of almost two weeks. The late melting of the snow on rock
debris was associated with the fact that this formation is located near rocks that favor the for-
mation of snowdrifts. The presence of late disappearing snowdrifts may be one of the reasons
why vegetation did not develop in these places. On the other hand, the epilithic tundra occupy-
ing protruding rocks in the catchment area was characterized by a low SCE value at the begin-
ning of the ablation season. This is due to their greatest exposure to wind, which does not allow
this plant formation to be completely covered with snow in winter. Therefore, it should be as-
sumed that the presence of certain types of vegetation did not affect the snow distribution.
However, the opposite relationship is likely and the snow cover duration could have influ-
enced the development (or total absence) of specific vegetation types. Nevertheless, the
primary factors affecting snow accumulation would be the topography and wind field dis-
tribution.

The distribution of vegetation is closely related to the soil type (Fig. 2). The diversity of
soils, however, is smaller than that of vegetation and the vast majority of the studied area is
covered by cryosols (Fig. 52). The disappearance of snow cover does not show any character-
istic pattern in relation to underlying soils. Only slightly less snow coverage can be found at the
beginning of the ablation season on lithic soils that coincide with the epilithic tundra occurrence
(Fig. 53). However, in the final ablation phase, the differences in SCE between soil formations
were minimal and statistically insignificant.

The disappearance of snow cover in the Fuglebekken catchment area turned out to be the
most strongly correlated with the geomorphology of the area (Fig. 54). In the early ablation
period, the beachesare already snow-free. This is due to the tidal activity that extensively shapes
the coast as long as Isbjgrnhamna Bay remains free of sea ice. On the other hand, the longest
snow cover duration is observed on talus cones. Such forms can have an exceptionally thick
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Fig. 51. The disappearance of snow cover from individual types of tundra vegetation presented in a five-
day time interval (if possible). The blue bars represent SCE in the whole study area on a given day;
points mark SCE on different land cover types. Modified after Kepski et al. (2017a).

snow cover due to additional material supply through avalanches and snow creep from the upper
parts of the slope. This also results in anextended snow cover duration on talus cones. Itis also
visible that the snow on the moraines disappears slightly earlier in relation to the surroundings.
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Fig. 52. Share of land cover in the area of analysis divided into: (a) vegetation types, (b) soils, and
(c) geomorphological forms.
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The Kruskal-Wallis testshowed that the differences in the time of snow cover disappearance
from distinct vegetation and geomorphological formations were statistically significant. How-
ever, this does not apply for soils, where the variability turned out to be insignificant. A later
post hoc Dunn’s multiple comparison test revealed that only some of the differences were sta-
tistically significant. Scarce snow cover on beaches from geomorphological formations and
longer snow cover duration on the rock debris surface in the case of vegetation types turned out
to be statistically relevant. However, the classification areais covered to a different extent by
separate land cover types (Fig. 52), which undoubtedly influences the results of the analysis.
Although the method used is not perfect, it allows for at least approximate determination of the
variable disappearance of snow from various land cover types.

The Kruskal-Wallis test used on a data series containing snow depth and SWE measure-
ments from the Fuglebekken catchment allowed to quantify the differences in snow cover prop-
erties on distinct surfaces (Tables 8 and 9). It should be remembered here that the number of
measurement points was different for each of the analyzed surfaces (see Fig. 2), which may
affectthe result of calculations. Nevertheless, certain relationships are clearly visible and should
also be representative of a larger area. The much higher SWE and snow depth values on talus
cones in relation to marine terrace plains may be easily explained by the higher altitude and the
under-slope location favoring the accumulation of snow. However, the most interesting in the
winter season is the higher snow thickness on wet moss tundra and associated soils
(Hyperskeletic Cryosols (Reductaquic)) (Migata et al. 2014), by a few or over a dozen centi-
meters, on average. When discussing the statistical test results, it is worth bearing in mind that

Table 8

Statistically significant (p <0.05) interrelationships between SWE on different land types.
The analysis was carried out for all points in the catchment area and the entire 2014—2016 season
(cases with high uncertainty are marked in red)

Mean difference -value
Coverage type 1 Coverage type 2 [mm] signifr;cance codd
kS talus cones bottom of river valleys +34.3 p <0.001
‘_8’ slopes with weathering cover| bottom of river valleys | -18.2 | p <0.05
o [22]
= E - - -
2 S | talus cones plains of raised marine +48.2 p < 0.001
S v terraces
§ slopes with weathering cover talus cones -52.5 p <0.001
- rock debris polygonal tundra -38.4 p <0.01
2 @ | wet moss tundra | rock debris | +529 | p<o.001
= 0
S 2 | wet moss tundra | lichen-herb-heath tundra | +30.9 | p <0.05
> wet moss tundra cyanobacteria-moss tundra +39.7 p <0.05
Hype_rskeletlc cryosols Haplic cryosols -53.0 p < 0.001

2 (Eutric)

o - .

> | Hyperskeletic cryosols Hyperskeletic cryosols

= (Reductaquic) (Eutric) 432 p<0.001

@ Hyperskeletic cryosols

Turbic cryosols (Eutric) +42.8 p<0.01
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Table 9
Statistically significant (p <0.05) interrelationships between snow depths on different land types.
The analysis was carried out for all points in the catchment area and the entire 2014-2016 season
(cases with high uncertainty are marked in red)

Mean difference -value
Coverage type 1 Coverage type 2 [mm] signifﬁcance code
s talus cones bottom of river valleys +10.2 p < 0.001
8 . | slopes with weathering cover bottom of river valleys | -4.6 | p<005
o
S E . . .
S 5 | talus cones plains of raised marine +13.9 p < 0.001
2 terraces
% slopes with weathering cover talus cones -14.8 p <0.001
- rock debris polygonal tundra -8.8 p <0.05
2 g | wet moss tundra | rock debris | +128 | p<o0o001
= o
S 2 | wet moss tundra | lichen-herb-heath tundra | +9.1 | p<o001
> wet moss tundra cyanobacteria-moss tundra +11.1 p <0.01
Hype_rskeletlc cryosols Haplic cryosols -12.4 p<0.01

2 (Eutric)

o - .

> | Hyperskeletic cryosols Hyperskeletic cryosols

= (Reductaquic) (Eutric) +10.2 p<0.01

(2] .

. Hyperskeletic cryosols
Turbic cryosols (Eutric) +10.0 p <0.05

some of the presented relationships were obtained on the basis of only one measurement point.
Such cases with a high level of uncertainty are marked in red in Tables 8 and 9. The results
show, for example, lower snow depth on rock debris formation, which is in contradiction with
the results of snow cover disappearance obtained from processed time-lapse pictures, which
indicates a much longer duration of snow cover in this type of terrain. The result is likely due
to the specifics of this single sampling point. Itis located in the central part of the catchment,
while most of the rock debris area occurs around protruding rock formations in the eastern part,
where large amounts of snow accumulate (see Fig. 47). A similar situation occurs in the case
of Hyperskeletic Cryosols (Eutric) soils, which are represented by one measurement point only.

6.3 Snow cover relationships with terrain

The relationship between the snow cover duration in the Fuglebekken catchment area (Fig. 55)
and the relief characteristics in the form of topographic indices is presented in Fig. 56. The basis
for the analysis was a mosaic of classified orthoimages from 2014 (Fig. 55). The obtained de-
pendencies are rather weak, but it is worth noting that the mosaic of images represents the
distribution of snow cover in an indirect way, and minor shifts of the classified images that
form it result in an error that may affect the correlation value with the topographical relief.
Nevertheless, certain regularities are visible. The strongest Pearson correlation (r=0.291) is
found between the snow cover duration and the roughness of the terrain represented by the TRI
index. The wind exposition index also has a significant influence on snow cover. The strongest
negative impact (r =—0.236) was related to the exposure to the north-eastern direction (Wind
Effect 225; 225 is the direction in degrees towards which the wind is blowing, as opposed to
meteorology which determines the direction from which the wind is blowing). Among the wind



D.D. KEPSKI

512385 513185 513985

8547803

[y}
n
o
N~ -
§ ) PPS Hornsund
Measurement points
O p
Number of images with snow
cover from the start of ablation
66 [snow dissapearance:
sy
2 [snow disappearance:
25 April]
0 0,25 0,5
T Y
512385 513185 513985

Fig. 55. Mosaic of time-lapse pictures presenting a day of snow cover disappearance as the sum of clas-
sified orthoimages from 2014.

exposures, the southern (Wind Effect 0) and south-eastern (Wind Effect 315) directions are the
least important, which are the only ones to show an exceptionally weak correlation (r <0.1). It
is worth noting that in PPS Hornsund, the inflow of air from these directions practically does
not occur (see Fig. 10). From the other factors, the height above sealevel, insolation and slope
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Fig. 56. Pearson’s correlation coefficient between snow cover duration in the catchment and selected
topographic indices.

do not matter. This is due to their low variability associated with the relatively flat nature of the
analyzed area. For the above-mentioned parameters, the obtained dependencies were even quite
opposite to the expected ones. The solar irradiance showed a slight positive effect on the snow
cover duration, while the altitude above sea level had a negative effect, which of course cannot
be true. This indicates that the snow cover distribution in the vicinity of PPS is strongly
related to the wind activity, which in the analyzed scale prevails over the influence of, e.g.,
solar radiation. However, the applied methodology does not allow for the determination of clear
relationships with the topography. The obtained correlation values would probably be greater
if the basis for the comparisons were direct information about the snow cover distribution in
space, obtained, e.g., from a series of measurements with a terrestrial laser scanner. Such kind
of data will be available for the neighborhood of PPS Hornsund in the near future. At the time
of writing the dissertation, the best currently available set of spatial information from the time -
lapse camera and field measurements was used.

Stronger relationships between the snow cover distribution and the topography were ob-
tained by assigning values of topographic indices to 20 measurement points. Then, their values
were compared with the average and maximum snow depths, as well as SWE values recorded
over the three-year period (see Fig. 44). The dependencies are presented in Fig. 57. The snow
cover thickness measured in points is most strongly correlated with altitude a.s.l. (r = 0.70),
easting coordinate (r =-0.65), northing coordinate (r = 0.6), as well as exposure to the north-
east wind direction (Wind Effect 225; r = —0.55). The correlation is also quite strong with the
TRI index representing the roughness of the terrain (r = 0.41) and the TWI (r = 0.35) parameter,
characterizing the ability of a surface to store water. However, these two relationships turned



76 D.D. KEPSKI

out to be statistically insignificant. The negative impact of exposure to wind from various di-
rections is also visible, except for the south and south-east directions, which are rare in PPS
Hornsund. The influence of radiation is not visible in the data, as each measuring site receives
a similar amount of energy. Overall, the results confirm the pattern of snow disappearance ob-
tained from the analysis of time-lapse imagery (Fig. 47) indicating the highestsnowthickness
in the western part of the Fuglebekken catchment. However, the dependence of the snow
cover depth from the Easting coordinate is almost certainly disturbed by a small number of
measurements. The measurement points are located closer to the rock outcrops in the western
part of the catchment than in the eastern part. If it were otherwise and a snow survey would be
carried out closer to the protruding rock formations also in the eastern part, the relationship
would certainly not be so clear. In turn the increasing amount of snow together with northing
coordinate is associated with an increase in altitude a.s.l. Additionally, the northernmost meas-
urement points are located just below the steep slope, which facilitates the accumulation of
snow. Very similar correlations to those for snow thickness were found for SWE.
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Fig. 57. Pearson’s correlation coefficient matrix for terrain and snow cover properties characterizing 20
measurement points in the Fuglebekken catchment.
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6.4 Result of snow cover distribution model

As the wind redistribution was not taken into account and the model spatial resolution was
limited to 20 m, the Alpine3D did not reflect the snow distribution on the ground in correct
way. Under such settings, snow depth and SWE in outcome are mainly a function of altitude
above sea level (Fig. 58a), because with its increase, the sum of precipitation grows and the air
temperature decreases. Zones with a comparable elevation a.s.l. are characterized with very
similar snow thickness and SWE values in the model result (Figs. 58 and 59). In model out-
come, comparable snow depths were indicated during the maximum accumulation in both 2014
and 2016 (Figs. 58a and 59a), despite the fact that in reality spring 2014 turned out to be a bit
more snowy in the catchment area (see Fig. 42). The modelled values in both seasons are much
closer to those measured in the field at accumulation points in the catchment area (Figs. 58b
and 59b) than to those recorded at the PPS Hornsund weather site (Figs. 58c and 59c). This
once again proves the huge impact of snow redistribution by wind on the snow cover observed
at the PPS meteorological site.

Tests of various model settings have shown that soil parameters have practically no influ-
ence on the results obtained in the analyzed area. Switching off the soil module changed the
modeled course of the snow cover depth by at most 1 cm and had some meaning only in the
first stage of snow deposition, as well as during its disappearance in late spring. This is because
the snow cover in Hornsund usually forms when air and ground temperatures are already be low
zero (see Chapter 3.2); therefore, the ground is normally frozen and does not transfer heat to
the snow. Theoretically, some solar radiation may pass through thin and dry snow cover and
heat the ground above 0 °C (Kosiba 1949). In such cases, the type of the soil under the snow
can make a difference. However, due to the fact that the snow cover forms in Spitsbergen usu-
ally in October, when the solar radiation is already very weak, this effect does not occur in
practice. In the ablation period, the type of ground is more important as it determines, e.g.,
albedo of the terrain emerging from under the snow. However, the differences between the
model results with and without including soil properties were practically imperceptible. The
model results depended primarily on the selected atmosphere stability settings, which determine
the flux of latent and sensible heat between the atmosphere and the surface (Hicks and Martin
1972). The simulated snow cover thickness could differ by several dozen centimeters in the
analyzed area, depending on the selected atmospheric stability settings; however, due to the
considerable differences between the model and field measurements, it was difficult to deter-
mine which option best reflects the real conditions. For example, during the maximum accu-
mulation period (April 18) in 2016, the modeled snow cover was characterized by depths from
53 cm on the coast to 289 cm at the mountain summit using the Monin-Obukhov similarity
theory to determine the state of the atmospheric surface layer (Stearns and Weidner 1993;
Michlmayr etal. 2008), while for aneutral atmosphere the depths ranged from 76 cm to 249 cm
(Fig. 60). Therefore, the result was closer to the actual values observed in the field using the
first method, with a greater gradient of snow depths between the coast and mountain peaks.
However, due to large differences in calculation requirements, the simulation for the entire
winter seasons was carried out for the simplest case, assuming the existence of a neutral atmos-
phere above the ground, and these results are presented in Figs. 58 and 59. Regardless of the
setting used, the snow cover duration and spatial distribution were far from those observed in
reality, due to the lack of consideration of snow redistribution by wind in the simulation
(Fig. 60; Chapter 8).

Despite the significant overestimation of the snow cover thickness and SWE in the obtained
Alpine3D results, the course of the simulated parameters is consistent with those observed in
the field (Fig. 58b,c). The model shows that in both seasons the highest snow depths during the
maximum accumulation (for the catchment area) occur in the top parts of the Fugleberget-
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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 agiven areawithout 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 ofthe PPS
Hornsund meteorological site, these lossescan 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 ofthe 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.

o NDSI threshold > 0.4
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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 eastemn
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 greatestsnow 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
coveronthe 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 < Gashamneyra < 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.

15°20'E 15°40'E 16°0'E 16°20'E 16°40'E
1 1 1 1 1

77°5'N
77°5'N

77°0N
77°0'N

@® PPs Homsund
15.06.2014 NDSI > 0.4
SCE

- 99% E Svovelbukta
- 84% Gashamnoyra
- 69% unassigned
:I 68% Treskelen

|:| 63% Bogstranda
[ 55% Revdalen

I:] 35% Fuglbergsletta
[ 13% sw Coast
- 3% NW coast

T T T T T
16°20'E 15°40'E 16°0'E 16°20'E 16°40'E

76°55'N
1
T
76°55'N

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 setto 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

. surface classified as snow

. surface classified as snow-free

|:| surface classified as cloud shadow
by CF mask algorithm

. surface classified as cloud
by CF mask algorithm

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 snowcoverand 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
thicknessinthe Fuglebekkencatchmentis average comparedto othernon-glaciated areas
(Fig. 64). The snow depths recorded here are higher than in Gdshamneyra, 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
Géshamneyra, 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 Gashamneyra and Ariedalen areas somewhat higher
snow cover wasrecorded 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. Itis 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 Study area Applied correction Numb(_er of
measurements [cm] soundings
13.04 Bogstranda +1.0 59
15.04 Revdalen +2.4 55
18.04 Fuglebekken 0 19
<t
§ 19.04 Géshamneyra 0 24
22.04 Treskelen -6.0 1
22.04 Svovelbukta coast -6.0 16
24.04 Ariedalen -6.5 46
15.04 Revdalen +1.4 45
18.04 Fuglebekken 0 32
01.05 Ariedalen +4.8 26
©
g 03.05 Treskelen +8.4 8
N
03.05 Svovelbukta coast +8.4 16
10.05 Géshamneyra +7.6 24
24.05 Bogstranda +34.3 31
300 1 o
— 8
E. 200 A1
z |
T . " ;
100 - L ’ =
[ )
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\
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c © & g
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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 snowaccumulation on the eastern edges ofthe 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 longitudinal
course and the mountains surrounding on three sides make Ariedalen asheltered 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.



THE INFLUENCE OF TOPOGRAPHY AND VEGETATION ON THE SNOW COVER IN TUNDRA ...

87

51 8|400

51 9I000

51 9[600 520]200 520|800

e

855?400

-

TN

&

854?600

u*'bl.
i |

4.05.2016 snow probing |
HS [cm]
o 0-10

Q 1-25
@ 25-50
@ 510

. 101 - 150
. 151 - 330

854?800

519600 520800

520200

T
518400 519000

Fig. 66. Snow depths measured on May 24, 2016, in the Bogstranda area.

8550400

T
8549600

@
300 - 5
. y = 0,2446x + 47,984; R2 = 0,0966
® e
E. 200 A =
m o
I - . .
® o ®e
1004 - B T
- o . -'A ------ .- s -.; : ® *9
- :9 G@Q
° ]
0- T L] L] T T
0 50 100 150 200
Altitude [m a.s.l.]
» Revdalen ® Fuglebekken ¢ Bogstranda ¢ E Svovelbukta

* Ariedalen ® Gashamnoyra ® Treskelen

Fig. 67. Snow cover thicknessdistribution on the tundrain relation to the altitude a.s.l. Negative altitudes

are the result of GPS inaccuracy.

T
8548800



88 D.D. KEPSKI

A
y = 1,2322x + 273,74; R2 = 0,326
400 -
z et
S— = A A
i— 3504 a2
2
- — A -
3 y
[T} g™ “ x
T 3004 =7
3
o
c
(7]
250 4 A A
A A
0 o 0
AN Tp] N~
HS [cm]

Site © Ariedalen 4 Fuglebekken = Revdalen

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 atchosen
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, assnow 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 wasfound 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 Gdshamneyra, 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 reliefand 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, asevidenced 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, atthe 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; Kepski 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

SWE SWE in SNOWPACK output [mm]
Date | from | wjithout | Tuning Tuning Tuning Tuning Tuning
SNOW Pit|corrections| 23.04.2016 | 30.04.2016 | 09.05.2016 | 16.05.2016 | 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
S”‘(’j‘;vt?e'w ~26.05 | 13.06 26.05 27.05 27.05 28.05 26.05

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 affectedby 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 eachtime (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).
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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 aflat 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 THEEND 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 ave rage 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-
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Fig. 77. Air temperature in Polar CORDEX climate reanalysis for the years 1991-2000 and the projec-
tion for the years 20892100 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 POLAR Cordex reanalysis | POLAR Cordex simulation
1978-2017 1991-2000 2089-2100

Air temperature| Precipitation |Air temperature| Precipitation|Air temperature| Precipitation

[°C] sum [mm] [°C] sum [mm] [°C] 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 tundraclimate (ET) to the subpolar oceanic
climate (Cfc) (according to the Koppen classification). Itis 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 asignificant 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.



THE INFLUENCE OF TOPOGRAPHY AND VEGETATION ON THE SNOW COVER IN TUNDRA ... 103

512800 513600 514400

854?000
T
8549000

854?000
1
8548000

Ipine3D 21000320
HS [m]
[]042-045
[ 0.46-0.66
[ 067-087
N 0.88-1.08
B 1.09-1.29
Bl 13-15
B 151-1.71
Bl 1.72-192
B 1.93-2.13
Bl 214-233
B 2.34-254
B 255-275
B 2.76-2.96
B 297 - 3.01

0 0,25 0,5 1 1,5k * PPS Hornsund
N E— 1km

T T T
512800 513600 514400

854?000
T
8547000

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 Marchin 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 ataccumulation 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 20892100 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-
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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).



THE INFLUENCE OF TOPOGRAPHY AND VEGETATION ON THE SNOW COVER IN TUNDRA ... 105

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 Migata 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 (Migata etal. 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 Gashamneyra (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 (Migala 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/ms3, 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 etal. 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 etal. 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 (Grze$ 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 canbe 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) aswell 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). Asin 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 PPSis 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 NDV1 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 soll
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 (Schlogl 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 maodel 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 (Kepski etal 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



108 D.D. KEPSKI

always been characterized by considerable errors (Brun etal. 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;
Jensenetal. 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
(Opata-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 easternand
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 easternwind 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. Atcomparable altitude, the deepest snow has been found on the eastern shores of Svovel-
bukta (SE Hornsund), while, upon excluding the problematic area of Gdshamneyra, 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. Inthe 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 K&ppen 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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APPENDIX
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