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The results of the field research carried out on the glaciers of Prins Karls Forland in 2016 revealed signs
of significant degradation. Comparison of topographic maps of the last century and of satellite images indicates
that over the past 80 years the area of the glaciers of the island has decreased threefold. In the first half of the
twentieth century, the rate of glacial reductions had increased to reach its peak at the end of the century. The
smallest mountain glaciers located below 500 meters a.s.l. had decreased most of all, as they had been deprived
of the feeding area due to the rise of the snow line. Large glaciers, located in the northern and most elevated part
of the island, retreated to a lesser extent, as they had preserved areas of alimentation. Since 1936, the area of the
glaciers of Prins Karls Forland has decreased by approximately 58 km?, in 2017 their area was (56.01 = 3) km?.
Reduction of the area of glaciers in 2008—2017 was on average 1.23 km? per year, or 2 % of the total glaciation
area of the island. Over the last century, the glaciers of Prins Karls Forland revealed the maximum rate of decline

in comparison with the other areas of Svalbard.

Area of glaciers, degradation, mountain glaciers, Prins Karls Forland, Svalbard, retreat of glaciers

INTRODUCTION

Prins Karls Forland (PKF) is a longitudinally
stretched island located in the west of the Svalbard
Archipelago, separated from Western Svalbard by the
Forlandsundet Strait (Fig. 1). The island has a rela-
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Fig. 1. Location of Prins Karls Forland.

tively small glaciation area, with glaciers observed on
mountain ridges in the central part of the island.
Compared to the total glaciation area of Svalbard,
which is equal to 33,922 km? [ Pfeffer et al., 2014], the
PKF glaciers occupy only 0.15 % of the island. The
first detailed information on the glaciers of this region
was obtained by the Scottish geological expedition in
1906; according to that estimate, the glaciation area
of the island at that time was about 150 km? [ Tirvell,
1922]. By the end of the 20" century, the island’s area
under glaciation had significantly reduced, constitut-
ing in the mid-1990s ~80 km? [Kotlyakov, 1997].
Climate warming in the Arctic has led to signifi-
cant reduction of glaciation in Svalbard [Hagen and
Liestol, 1990; Hagen et al., 2003]. This process was
especially visible in the western territories — Norden-
sheld Land, Dixon Land, and PKF. Glacier degrada-
tion occurred due to retreat of the glaciers’ fronts and
reduction of the area of the glacier tongues [ Bamber
et al., 2005]. The reduction rates of the mountain gla-
ciers in western Svalbard at the beginning of the 215
century grew 3—4 times, compared to the middle of
the 20t century [Kohler et al., 2007]. The results of
comparing the old maps of 1936—1938 and the mo-
dern digital elevation models (DEM) for the territo-
ry of PKF yield an insignificant error in the altitude
[Kohler et al., 2007]; therefore, detailed investigation
of the island glaciers’ response is possible only for
area measurements. Evaluation of the island area
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measurements reveals different degress of the glacier
degradation depending on the morphological charac-
teristics of the glaciers.

DESCRIPTION OF THE REGION
UNDER STUDY

The terrain of PKF is extremely diverse. The
southern part of the island, its western coast and its
northern end are lowland, the vast expanses of which
are occupied by the tundra. A mountain ridge extends
along the central part of the island, the height of
which gradually increases northwards. In the south-
ern part of the mountain ridge, there are small corrie
and corrie-valley glaciers. Due to the low height of
the hills surrounding them, they are located in a nar-
row altitudinal range from 100 to 450 m. In the
northern part of the island, the ridge tops reach the
height of 1000 m (the Mount Monako — 1084 m).
Here the largest glaciers are located, descending to
the eastern coast. The amphitheater glaciers Sore Bu-
chananisen, Nordre Buchananisen and Murraybreen
form vast ice fields, reaching the shore of the straits.
It is likely that the conditional boundary between the
northern and southern glaciers is between Alfred-
breen and Sore Buchananisen glaciers at 78°35" N.

Despite the high altitude of the island’s geo-
graphical position, the climate of the island is rela-
tively warm, with the average precipitation rate be-
ing about 600 mm. According to the data collected
from the Ny-Alesund weather station located 30 km
east of the island, over the last decade, the average
temperature in January was around -6 °C, and in
July, it was around 6 °C. The current rise of the air
temperatures in Svalbard and degradation of glaciers
were first noticed in the 1920s | Forland and Hanssen-
Bauer, 2003; Kohler et al., 2007; Nuth et al., 2013;
Malecki, 2016]. In the western part of the island of
Svalbard, the rise of the summer (July—August) tem-
peratures, according to the data collected from the
Barentsburg weather station, was 0.08 °C per year
over the 50-year period (1950—2000) [https://rp5.ru],
and according to the data collected from the Long-
yearbyen weather station, was 0.04 °C per year over
the 40-year period (1967-1997) and 0.17 °C per year
over the subsequent 10-year period. The insignifi-
cant increase of the amount of winter precipitation
in the second half of the 20th century in the territory
of western Svalbard [Osokin et al., 2010] seems not
to offset the loss of ice due to summer thawing. Over
the recent decades, the amount of winter precipi-
tation has been decreasing on the western coast of
Svalbard, and summer thawing started to increase
[https://rp5.ru]. In this connection, at the end of the
ablation period, the snow line has been sustainably
rising above 500 m a.s.l., which is 150—-200 m higher
compared to the period of 1970-1980 [ Troitsky et al.,
1975; Koryakin et al., 1988; Nuth et al., 2007].

Due to their peripheral position, the mountain
glaciers of the island proved to be extremely sensitive
to climatic changes, which affected their current con-
dition.

DATA AND METHODS OF RESEARCH

In this study, the following data were used: 1) a
satellite image Sentinel-2 of the processing level L1C
(13.09.2017) with spatial resolution 10 m; 2) the data
of field observations obtained in August 2016; 3) the
database “CryoClim GAO” [Kénig et al., 2014]; 4) the
data of the Norwegian Polar Institute “Kart over
Svalbard” [https://toposvalbard.npolar.no/J; 5) the
digital elevation model ArcticDEM, version 2.0 [Arc-
ticDEM, 2018]; 6) the digital elevation model of the
Norwegian Polar Institute “Terrengmodell Svalbard”
[ Norwegian Polar Institute, 2014].

The field works were conducted in August 2016
on the eastern coast of PKF in the area of the Kulpen
Bay. The base camp was located on the northern
shore of the bay, from which field trips were made to
the nearest glaciers. In most cases, the traverses cove-
red the lower parts of the glaciers and their moraine
complexes, and on the Doddsbreen and Magdabreen
glaciers, the upper parts were examined. The field ob-
servations brought about information about the posi-
tion of the frontal parts of certain glaciers in relation
to the terminal moraines and masses of dead ice,
formed after the glaciers’ retreat. Significant differ-
ences were noted relating to the length of the glaciers’
retreat from their terminal moraines formed there at
the end of the 20! century. The presence of kernels of
dead ice pointed to the rather young age of the mo-
raines. The length of the glacier margins’ retreat var-
ied from 150 to 1500 m. Thus, the field works revealed
the qualitatively significant differences in the gla-
ciers’ response to the climate warming. The trips re-
vealed signs of the glaciers’ retreat: retreat of the gla-
ciers’ front, the presence of rock bars and of a ground
moraine in the area of ablation, and depression of the
glacier surface in relation to the flank moraines.

Interpretation of the glacier boundaries from the
Sentinel-2 satellite image was conducted manually
using the method of the GLIMS international project
[Raup and Khalsa, 2010]. The accuracy of spatial ref-
erence of the Sentinel-2 images was within 11 mm,
with the confidence level being 95.5 % [SENTINEL,
2018]. Based on the interpretation results, digital
maps of the glacier boundaries were made in the vec-
tor format and in the mapping projection UTM Zone
33N on the WGS 1984 ellipsoid. The contribution of
the error caused by the resolution capacity of the
Sentinel-2 satellite images and the accuracy of their
spatial reference was evaluated by creating a buffer
zones along the glacier boundaries, the width of
which was equal to the double value of the accuracy
of spatial reference of the satellite image data.

63



R.A. CHERNOV ET AL.

In mapping the glacier boundaries and evaluat-
ing the altitudes of the highest and lowest points of
the glaciers, the results of interpreting the DEM were
used (raster images of the surface aspect and slopes):
1) “ArcticDEM Mosaik” with the spatial resolution of
5 m [ArcticDEM, 2018]; 2) the digital elevation mod-
el of the Norwegian Polar Institute with the spatial
resolution of 5 m [ Norwegian Polar Institute, 2014] (in
the areas not covered by the ArcticDEM data).

At the ArcticDEM project website, the develop-
ers of the ArcticDEM indicate in the data description
that the horizontal and vertical characteristics of the
data accuracy of the DEM had not been checked
[ArcticDEM, 2018]. Coverage of the study area by the
ArcticDEM mosaic was formed from the results of
interpretation of the satellite images WorldView-1,
WorldView-2 and WorldView-3 of 2012-2015, the
accuracy of the spatial referencing of which without
using land control points is within 4, 3.5 and 3.5 m,
respectively. That means, the vertical accuracy of
ArcticDEM should essentially exceed that of ASTER
GDEM2, which is within 17 m with the confidence
level being 95 % [Tachikawa et al., 2011].

Coverage of the study area by the digital eleva-
tion model of the Norwegian Polar Institute was
shown as of 2008 [ Norwegian Polar Institute, 2014].
This DEM was developed on the basis of processing
aerial survey data. The developers of this DEM did
not provide evaluations of the horizontal and vertical
accuracy of the data.

We used the database “CryoClim GAO” [Kénig
et al., 2014] for the PKF region to consider the data
on the glaciers as of 1936 and 1990, which were ob-
tained as a result of interpretation and the materials
and of aerial survey. We used the resource “Kart over
Svalbard” [https://toposvalbard.npolar.no/] to ob-
tain data on the area of the glaciers in the region un-
der study in 2008.

RESULTS AND DISCUSSION

Interpretation of the materials indicated result-
ed in determining the spatial boundaries of the gla-
ciers of PKF and their areas as of 2017, 1990 and
1936, as well as the glacier areas in 2008. The eleva-
tions of the highest and lowest points, the areas of the
glaciers and changes in the glacier areas are shown in
Table 1. The results obtained testify to essential dif-
ferences in the glaciers’ response to the modern cli-
matic changes. The relative reduction in the glaciers’
area in 1990-2008 varied from 3.3 to 71.4 %, and in
2008-2017, from 0 to 58.3 %. It was found that some
glaciers were in the phase of disappearance, and their
remains were discovered in the depth of the circuses
encompassing them, while the others, on the contrary,
only insignificantly retreated from their terminal mo-
raines of the end of the 20" century. Small corrie and
corrie-valley glaciers located in the south of the is-
land degraded most. Many corrie glaciers located be-
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low 400 m a.s.l. are in the phase of dying. Large gla-
ciers in the north of PKF occupying vast spaces of the
eastern coast degraded in 1990-2017 by 26 %. The
significant sizes and the ice depth of the glacier
tongues seem to have ensured their stability. Yet, in
the 20t century, the ice losses in this area were the
largest. Depression of the glacier surface on the east-
ern coast reached 145 m [Hagen and Liestol, 1990],
and further melting of the tongues resulted in reduc-
tion of their area and retreat of the glacier front. Ac-
cording to the field observation data, in 2016 the
tongue of the Sore Buchananisen glacier was sloping
and extremely thinned, and its front retreated from its
terminal moraine of the 1990s on average by 0.9 km.

Separately for each glacier which became frag-
mented in the period of 1990-2017, the total area of
all the segments which were previously one glacier is
provided. By 2017, Austre Vesalbreen, Murraybreen,
Fallbreen, and Magdabreen fell apart. Millerbreen
and Fallbreen have an extended glacial divide, the po-
sition of which essentially differs between this work
and the CryoClim GAO database [Kénig et al., 2014].
Therefore, in comparing the modern and historical
data on the area of the glaciers, it is reasonable to
consider these glaciers as one twinned glacier. In the
glacier database, Sore Buchananisen is divided into
four separate glaciers with extended glacier divides
[Konig et al., 2014]. We represent it as a whole, like in
the Randolph Glacier Inventory. The elevation range
and the aspects of glaciers Sore Buchananisen, Alfred-
breen, Magdabreen, Scotiabreen, and James Geikie-
breen were determined by the results of analyzing the
DEM of the Norwegian Arctic Institute of 2008. In
2008, the glaciers from ID 15103,1 and 15103,2 were
parts of one glacier. In the resource “Kart over Sval-
bard” [https://toposvalbard.npolar.no/|, from which
data were obtained on the glaciers’ boundaries in
2008, the glacial divide between those glaciers was
not made. Hence, Table 1 shows their area as that of a
whole glacier.

Changes in the glacier boundaries in 1936, 1990
and 2017 and the relative reduction of their areas are
shown in Fig. 2 (in the bottom part, a satellite image
from Sentinel-2 of 13.09.2017 is used).

Shown in Fig. 2, b, ¢ are changes in the areas of
the glaciers in the periods of 1936—1990 and 1990—
2017. The glacier boundaries are shown in Fig. 2, b, ¢
as of 1990 and 2017, respectively. For both periods,
reduction in the areas of the glaciers located in the
south compared with the glaciers located in the north
of the island prevails. The area losses of the southern
glaciers in both periods are commensurable, although
duration of the first period is two times greater than
that of the second one. An exception are the largest
glaciers in this group, the corrie-valley glaciers
Doddsbreen (# 21), Alfredbreen (# 15) and Magdab-
reen (# 16), reduction of which has increased
2-3 times since 1990.
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An opposite situation was observed in the north-
ern group of the glaciers. The losses of the largest gla-
ciers Murraybreen (# 4), Nordre Buchananisen (# 9)
in the period before 1990 turned out to be two times
greater compared with the previous years, which
seems to be related to intense reduction of their ice
fields located on the coast. The remaining glaciers
demonstrated commensurable losses of their areas. In
general, comparison shows that the degradation rates
of the glaciers, both northern and southern, approxi-
mately doubled, and the area losses from 1936 to
1990 proved to be commensurable with the losses of
1990-2017.

Four largest glaciers of the island, Murraybreen,
Millerbreen, Sore Buchananisen, and Nordre Bucha-
nanisen, the area of which constitutes nearly a half of
the entire glaciation area of PKF, retreated by ap-
proximately 1 km from 1990, and their areas de-
creased by 15-30 %. These changes occurred mainly
due to degradation of their tongues reaching out into
the sea bays. More massive reductions occurred with
the glaciers in the center of the island. Alfredbreen,
Magdabreen and Doddsbreen glaciers are surrounded
by low mountains, therefore, their alimentation area
essentially reduced. Reduction of the area of these
glaciers in 1990-2017 varied from 39.3 to 48.5 %.
Seven glaciers became fragmented. Small glaciers es-
sentially degraded both in the north and in the center
of the island. In the southern part of the glaciation
region, where maximum degradation of the glaciers
was noted, the glaciers’ upper boundaries rise only to
450 m. When visiting the glaciers in early August
2016, we noted spots of snow cover on Doddsbreen,
Magdabreen and Alfredbreen glaciers at the altitude
of 400 m, at the margin of the rocks. Considering the
fact that glacial melting continues till the beginning
of September, the snow residue about 20—30 c¢m thick
was to disappear completely by the end of the abla-
tion season.

It follows from the results that the change in the
areas of these glaciers is primarily related to their
sizes and elevation. When comparing these values, a
regularity was discovered shown in Fig. 3. The gla-
ciers of group 1, the upper boundaries of which are
located below 500 m a.s.l., have greater values of the
relative reduction of the glacier areas. Group 2 of the
glaciers located above 500 m is characterized by the
greatest area reduction. The largest amphitheater gla-
ciers Sore Buchananisen, Nordre Buchananisen and
Murraybreen do not fit into the general trend, as re-
duction of their areas is related to destruction of the
low-lying tongues of the glacier lobes. In both groups,
a general trend is observed: the less the area of a gla-
cier is, the greater its relative reduction (Table 1).

The field survey discovered signs of fast retreat
of the glaciers in the central part of PKF, to which
most of the glaciers from group 1 belong. Based on
the traversing, it was found that glaciers ## 16, 18,
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11°00°

11°30'E
Fig. 2. Location of the glaciers’ boundaries of Prins
to 2017 (¢).

20, 22, 23, 25 (Table 1; Fig. 2, b, ¢) had retreated sig-
nificantly from their terminal moraines formed in the
20t? century. This is evidenced by the presence of
dead ice under the debris cover, which was observed
during the field works of 2016. On its surface, traces
of ground sagging related to thermokarst processes
were found. In addition, there is no vegetation on the
moraines.

In the central part of the island, the glaciers re-
treated by 300-600 m from the terminal moraines,
and Doddsbreen retreated by 800 m (Fig. 4). The
sloping and low tongue of Magdabreen retreated by
approximately 1 km. On the glaciers’ surface, evident
signs of their degradation were observed: reduction of
the area or complete disappearance of the alimenta-
tion areas, sloping or thinned tongues, melting of the
basal moraine in the flanks of the glaciers, separation
of the glaciers’ peripheral parts and formation of the
masses of dead ice. The terminal moraines of Alfred-
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Fig. 3. The area of the glacier and its relative degra-
dation (1990-2017).

1 — the group of glaciers located below 500 m a.s.l; 2 — the group
of glaciers located above 500 m a.s.l..

Fig. 4. Doddsbreen glacier, Prins Karls Forland
(Svalbard).
The photo was made by R.A. Chernov, August 2016.
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Table 2. Changes in the glaciation area on Prince Karls Forland over the last 80 years

Year The number | The area of the | Area change, | Glacier degradation | Reduction of the glacia- Source
of glaciers | glaciers, km? km?/% rates, km?/% per year |tion area from 1936, km?/%

1936 35 114.18 D/u D/u D/u [Kénig et al., 2014)
1976 D/u 109 -5.18/-4.5 -0.126/-0.11 -5.18/-4.5 [Koryakin, 1988]
1990 35 77.63 -31.37/-28.8 —2.241/-2.06 -36.55/-32 [Konig et al., 2014]
2008 30 67.07 -10.56/-13.6 -0.587/-0.76 —4711/-41.3 toposvalbard.npolar.no
2017 42 56.01£3 -11.06/-16.5 -1.229/-1.83 -58.17/-50.9 This study

Note. D/u — data unavailable.

breen, Tritoppbreane and of the southern part of Sore
Buchananissen contain ice kernels, the thickness of
which in the outcrops reached 20 m. These signs indi-
cate that the process of retreat of the mountain gla-
ciers of the region is fast.

In the absolute values, the losses of the ice area
from 1990 to 2017 in the south and in the north of
PKF were commensurable. In the north of the island,
the glaciers which occupied vast valleys by their out-
let tongues retreated from the territory of 4.5 km?
from 1990, and about 4 km? of the land were ex-
posed due to the retreat of the glaciers in the south of
the island. The remaining reduction of the region’s
glaciation area occurred due to degradation of small
corrie glaciers (Table 1). The total losses of ice on
Prins Karls Forland from 1990 to 2017 constituted
20.3 km?.

According to [Koryakin, 1988], the glaciation
area of Prins Karls Forland in the period from 1936 to
1976 reduced little, by 5 km 2 (Table 2). In accor-
dance with the literature sources and this study, the
area of the glaciers decreased by 36.5 km? from 1936
to 1990 [Kénig et al., 2014], and in the subsequent
periods of 1990-2008 and 2008-2017, by 10.5 and
11.0 km?, respectively. The maximum rates of the gla-
cier degradation were recorded for the second half of
the 20th century, which matches the similar evalua-
tions for the territory of western Svalbard [Kohler et
al., 2007]. The data provided in the work by V.S. Ko-
ryakin [7988] on the glaciation area as of 1976 seem
to be somewhat overstated, as since 1936 the island
glaciation has decreased only by 5 km?.

Due to degradation and fragmentation of the
glaciers, their number increased, and in 2017, there
were 42 glaciers on the island (Table 2). To compare,
in 2008 there were less glaciers there than in 1990
and 1936, as different techniques of determining the
glacier boundaries were used in the resources “Kart
over Svalbard” [https://toposvalbard.npolar.no/]
and “CryoClim GAO” [Konig et al., 2014]. In the da-
tabase “CryoClim GAQ”, several glaciers were frag-
mented by extended ice divides, whereas no such
fragmentation is shown in the “Kart over Svalbard”.

It seems that before the mid-20t™" century, the
glaciers of the island received enough alimentation, as
the feeding boundary was much below its current lo-
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cation, at the level of 200-350 m [Troitsky et al.,
1975]. However, as the summer air temperatures rose
and snow melting increased, this level rose to 400—
450 m [Van Pelt et al., 2016]. In 1970—1980s, the ele-
vation mark of the alimentation boundary on Midtre
Lovenbreen located 30 km east varied around 400 m
[Hagen and Liestol, 1990]. In 2008 and 2016, the
mean level of the alimentation boundary in PKF did
not decrease below 500 m, according to the aerial
photography data presented in “Kart over Svalbard”
and according to our field observations.

To be sure, the climate change in Svalbard in the
20 century resulted in intensification of the glaciers’
melting, which caused reduction of their area [ Hagen
and Liestol, 1990; Kohler et al., 2007]. In total, the gla-
ciers of PKF lost about 2/3 of their area in the 20t
century. The rates of their degradation remain to be
high (Table 2). The relatively low percentage of the
island’s glaciation and the characteristics of the gla-
ciers’ elevation account for the high rates of the gla-
ciers’ degradation, which seem to be incomparable
both in Svalbard [ Chernov and Muraviev, 2018] and
in the other Arctic regions.

CONCLUSIONS

Analysis of the response of the mountain glaciers
to climate changes in Prins Karls Forland revealed
insignificant reduction of their area and retreat of the
glacier fronts. Since 1936, the glaciation area of the
region has reduced by 50.9 % and continues to reduce
on average by 1.23 km?, or at the rate of 1.8 % per
year. According to the results of interpretation of the
satellite image of 2017, the glaciation of PKF is rep-
resented by 42 glaciers with the total area of
(56.01 + 3) km?. All the glaciers on the island are at
the stage of retreating, although the scale of their
changes differed significantly. Since 1990, small
mountain glaciers located below 500 a.s.l. have lost
most area under ice (up to 78.6 %). Due to the terrain
characteristics of the island, large glaciers located in
the north of the island have retreated less, as their
alimentation areas remain due to the elevation. The
size of the glaciers also proved to be an important fac-
tor of their stability under conditions of climate
warming.
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