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ABSTRACT. Changes in area of 30 small glaciers (mostly <1km?) in the northern Polar Urals (67.5-
68.25° N) between 1953 and 2000 were assessed using historic aerial photography from 1953 and 1960,
ASTER and panchromatic Landsat ETM+ imagery from 2000, and data from 1981 and 2008 terrestrial
surveys. Changes in volume and geodetic mass balance of IGAN and Obruchev glaciers were calculated
using data from terrestrial surveys in 1963 and 2008. In total, glacier area declined by 22.3 +3.9% in
the 1953/60-2000 period. The areas of individual glaciers decreased by 4-46%. Surfaces of Obruchev
and IGAN glaciers lowered by 22.5 + 1.7 m and 14.9 £ 2.1 m. Over 45 years, geodetic mass balances of
Obruchev and IGAN glaciers were -20.66+2.91 and -13.54+2.57 mw.e. respectively. Glacier
shrinkage in the Polar Urals is related to a summer warming of 1°C between 1953-81 and 1981-2008
and its rates are consistent with other regions of northern Asia but are higher than in Scandinavia. While
glacier shrinkage intensified in the 1981-2000 period relative to 1953-81, increasing winter

precipitation and shading effects slowed glacier wastage in 2000-08.

1. INTRODUCTION

Glaciers in most parts of the world are currently receding in
response to climatic warming (Solomon and others, 2007).
The loss of glacier mass leads to changes in the local and
regional water balance and to global sea-level rise. Model-
ling studies suggest that very small glaciers (e.g. <0.5km?)
will respond most strongly to the projected climatic
warming (Oerlemans and others, 1998). A number of
observational studies have convincingly demonstrated the
enhanced vulnerability of very small glaciers to observed
climatic warming (e.g. Paul and others, 2004; Granshaw
and Fountain, 2006; Bolch and others, 2010). However, the
strong links between the behaviour of very small glaciers
and local topographic and climatic factors (Evans, 2011)
make their response to climatic warming less certain (Kuhn
and others, 1985; Hoffman and others, 2007; DeBeer and
Sharp, 2009; Abermann and others, 2011). Assessments of
responses of very small glaciers to climatic warming are
hampered by a lack of data: such glaciers are often
excluded from analyses due to difficulties in the application
of satellite remote-sensing techniques and lack of mass-
balance monitoring. To improve our understanding of the
response of very small glaciers to the observed climatic
warming and to inform future projections, it is important to
investigate their behaviour in regions with various climatic
and topographic conditions.

The Ural Mountains, a range dividing geographical
Europe and Asia, is a region where very small glaciers are
widespread. Glaciers exist north of 64°N in the the Polar
(66-68° N) and Subpolar (64-66° N) Urals (Fig. 1). Research
into the glaciers of the Urals dates back to the early 1930s,
when selected glaciers of the Subpolar Urals were first
mapped (Alsehkov, 1935; Boch, 1935). Extensive aerial
surveys were conducted in the 1950s and 1960s and their
results were summarized in the catalogue of glaciers of the
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USSR (Troitskiy and Kemmerikh, 1966) and by Troitskiy and
others (1966) and Khodakov (1978). According to these
data, available as part of the World Glacier Inventory (WGI)
from the US National Snow and Ice Data Center, Boulder,
CO (Bedford and Haggerty, 1996; http://nsidc.org/data/
glacier_inventory/), there were 143 glaciers in the Polar
and Subpolar Urals with a combined area of 28.66 km”. A
regular glacier monitoring programme in the region con-
tinued between 1957 and 1981, and mass-balance obser-
vations of two reference glaciers, IGAN and Obruchev, were
reported to the World Glacier Monitoring Service (http://
www.wgms.ch). Although, by the 1980s, glacier wastage
had already been observed in the region (Tsvetkov and
Tyuflin, 1981; Tsvetkov, 2006), regular glaciological moni-
toring was discontinued. This resulted in a lack of data about
the behaviour of the glaciers of the Urals, at a time when
intensified retreat of small glaciers was reported worldwide
(Dyurgerov and Meier, 2000; Kaser and others, 2006).
Brief field surveys conducted in 2002 and 2005, in the
Subpolar and Polar Urals respectively, revealed dramatic
changes: not only had glaciers shrunk significantly, but some
(e.g. Manaraga and Balban in the Subpolar Urals) disap-
peared and were replaced by newly formed lakes (Glazovs-
kiy and others, 2005). A further study of six Polar Ural
glaciers by Solomina and others (2010) reported a consider-
able wastage of three glaciers (IGAN, Obruchev and Berg),
which lost 30-50% of their length between 1953 and 2008,
but very small changes in the positions of the termini of the
other three (Shumskiy, Avsyuk and Anuchin), confirming a
wide range of responses of small glaciers to climatic
warming. This varying behaviour is in line with earlier
reports which also emphasized varied responses of the Polar
Ural glaciers to climatic fluctuations, and is enhanced by the
dependency of the regional glaciers on snowdrift and their
orientation in the lee of westerly winds (Dolgushin, 1961).
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Fig. 1. Glacier study area. Black rectangles show location of the
Polar Urals (inset map) and glacierized study area (main map).

According to Tsvetkov (2006), while the terminus positions of
IGAN, Anuchin, MGG and Karskiy glaciers did not change
between 1953 and 1981, that of MGU glacier receded by
850m (i.e. 30ma™") in the same time interval, while most
other glaciers receded at slower rates of 2-5ma".

The lack of recent data on glacier change and the
reported diversity of responses of individual glaciers make it
important to investigate changes in map area of a larger
sample of glaciers in the Polar Urals as well as changes in
glacier volume and mass balance. Not only will this
information improve our knowledge of the diverse be-
haviour of small glaciers under climatic warming, but it will
contribute to our understanding of glacier change in the
Arctic fringe. This paper presents the first comprehensive
survey of small glaciers in the Polar Urals since termination
of the regional glacier monitoring programme in 1981. The
objectives of the paper are to: (1) quantify changes in the
area of 30 glaciers between 1953 (the years of the previous
large-scale glacier inventories (Tables 1 and 2) and the early
21st century; (2) quantify changes in surface elevation and
volume and calculate geodetic mass balances for two
formerly reference glaciers (Obruchev and IGAN) between
1963 and 2008; and (3) relate the observed glacier changes
to changes in regional air temperature and precipitation.
Glaciological mass-balance records for IGAN and Obruchev
glaciers, dating back to the 1958-80 period, are among the
earliest mass-balance records in Russia and it is envisaged
that the estimated geodetic mass-balance data will supple-
ment the earlier glaciological data (despite the differences in
their instrumental and physical biases) and help to validate
mass-balance records reconstructed from proxy data.

2. STUDY AREA

The present glacier region of the Polar Urals extends between
66.5-68.25°N and 63.8-66.4°E (Fig. 1), and most glaciers
are located between 66.5-67.0°N (southern sector) and
67.5-68.25°N (northern sector and the study area). The
elevations range mostly between 300 and 1400 ma.s.l., with
a maximum of 1640 m a.s.l. Within the Polar Urals, the WGl
(http://nsidc.org/ data/glacier_inventory/) listed 91 glaciers
with a combined area of 20.8 km? in the 1953-60 period. In

https://doi.org/10.3189/2012J0G11)233 Published online by Cambridge University Press

Shahgedanova and others: Changes in area of Polar Ural glaciers

= 80 20 O
£ 60 10 3
= o 2
2 40 ©
g 10 3
g8 20 20 E
2o 30 F

S0 B B Ao D ¥ay >0

SESESERZR324

Month

Precipitation =21 Air temperature s

Fig. 2. Monthly precipitation and air temperature at Salekhard
meteorological station from 1952 to 2008.

the study area, there were 63 glaciers with a combined map
area of 15.09 km?. Only two glaciers, IGAN and MGU, were
larger than 1km?, with 1950s areas of 1.25 and 1.17 km?
respectively, while most glaciers had an area between 0.3
and 0.1 km?. Cirque (29) and niche (30) glaciers prevailed in
the study area, due to the local topography and very intensive
snowdrift which plays an important role in snow accumu-
lation and glacier nourishment (Dolgushin, 1961; Troitskiy
and others, 1966; Voloshina, 1988). Other types included
cirque-valley (two) and hanging (two) glaciers (WGI; http://
nsidc.org/data/glacier_inventory/). Most glaciers are located
west of the Ural watershed but on lee slopes, and have
easterly aspects. In the 1950s-60s, glacier tongues were
positioned mostly at 400-800 ma.s.l. The tongue of Obru-
chev glacier, reaching 388 ma.s.l., had one of the lowest
elevations in the region, while the largest (IGAN) glacier
descended to 835 ma.s.l. Despite the considerable variation
in elevations of individual glaciers, there was no clear
geographical pattern and the differences between the
elevations of glacier tongues in the northern and southern
sectors of the study region were negligible due to higher
snow accumulation in the south (Troitskiy and others, 1966).
The firn-line elevation, which is usually positioned close to
the equilibrium-line altitude (ELA), varied between 500 and
550ma.s.l. for Obruchev glacier, through 800-900 ma.s.I.
for MGU glacier, to 900-1000ma.s.l. for IGAN glacier
(Troitskiy and Kemmerikh, 1966).

IGAN glacier is the largest in the region. In 1953 it had a
surface area of 1.17km? (this value is based on our
measurements using aerial photography and differs from
the value of 1.25 km” reported by the WGI). It is located on
the slopes of Khar-Naurdy-Key mountain and consists of
two sectors. A larger sector with an area of 0.73 km? in
1953 and northeasterly aspect was classified as a cirque-
valley glacier by Troitskiy and Kemmerikh (1966). A smaller
sector of IGAN glacier faces east. Obruchev glacier, which
measured 0.34 km? in 1953, is located in a deep cirque and
has an easterly aspect. A deep col in the western (upper)
part of the glacier (Fig. 7, further below) allows penetration
of westerly wind, enhancing snow accumulation (Troitskiy
and others, 1966).

The high-latitude location of the region predetermines low
temperatures throughout the year despite the relatively low
elevations. At the nearest meteorological station at Salekhard
(66.53°N, 66.67°E; 16ma.s.l.) (Fig. 1), mean monthly
temperatures are positive between June and September
(Fig. 2). There is a close correlation between air temperatures
at Salekhard and those in the Polar Ural glacier region. The
correlation coefficient between daily air temperatures at
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Salekhard and temperatures obtained by the Campbell
Scientific automatic weather station installed between July
2008 and August 2009 on IGAN glacier is 0.89. The ablation
season is short, lasting from the end of June to the end of
August, although in individual years glacier melt extends into
September (Troitskiy and others, 1966). The 1963, 1969 and
2000 ablation seasons, when glacier tongues were already
free of seasonal snow by the end of June, were notable
exceptions. Thus, ablation in 1963 was among the highest on
record, averaging 3800 mmw.e. on IGAN glacier (Troitskiy
and others, 1966).

The Polar Ural region is dominated by westerly flow, and
depressions originating over the North Atlantic and the
Barents Sea are the main source of precipitation throughout
the year. The average precipitation at Salekhard is
440mma~'. Precipitation at Bolshaya Khadata station
(67.61°N, 66.09°E; 264 ma.s.l.), which functioned close
to the glacier tongues between 1958 and 1981, was
610mma". The annual cycle of precipitation is character-
ized by a summer maximum (Fig. 2), and more than half the
annual precipitation (270mma" in the period 1970-2000
at Salekhard) occurs between October and May as solid
precipitation. The reported precipitation measurements are
subject to large errors in the cold season because of both
under-capture of snow by rain gauges, and frequent
snowdrifts (Groisman and Rankova, 2001). The average
winter balances on IGAN and Obruchev glaciers between
1958 and 1980 were 2.32 and 2.71 mw.e. respectively, and
the average summer balances were -2.52 and -2.86 mw.e.
The region is characterized by strong interannual variability
in both accumulation and ablation (Voloshina, 1988;
Tsvetkov, 2006).

3. DATA AND METHODS

Changes in the surface area of 30 glaciers were assessed
using aerial photographs acquired in 1953 and/or 1960 and
the Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) and panchromatic Landsat Enhanced
Thematic Mapper Plus (ETM+) imagery from 2000 (Table 1).
Smaller-scale aerial and terrestrial photogrammetric surveys
of selected glaciers were conducted by the Institute of
Geography, Russian Academy of Sciences, (IGRAS) in the
Polar Urals in 1968, 1973 and 1981 (Table 1). The 1973 and
1981 data were used to assess glacier changes at higher
temporal resolution. The 1968 data were excluded from the
analysis due to extensive snow cover that persisted till the
end of the ablation season (Section 2). The lack of metadata
for the aerial surveys and lack of detail in the 1981 maps did
not allow us to construct DEMs from these sources. Twenty-
eight measured glaciers had map areas larger than 0.1 km?
in 1953 (1960), and two glaciers had areas of 0.08 and
0.09 km? (Table 2). Glaciers smaller than 0.08 km* were not
assessed because it was difficult to distinguish between
glacier ice and perennial snowpatches.

3.1. Aerial and satellite imagery

Thirty-six aerial photographs with a resolution of 1-3 m for
July 1953 and August 1960 covering the southern and
northern sectors of the study area respectively were
obtained from the IGRAS archive (Tables 1 and 2). Aerial
imagery for both years is available for IGAN, Obruchev
and MGU glaciers. In both years, the imagery was cloud-
free and the glacier tongues were free of seasonal snow at
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Table 1. Details of imagery used for mapping and glacier surveys
conducted in the Polar Urals

Date Type of survey Glaciers

30 July 1953 Aerial photography 16 glaciers

1 Aug 1960 Aerial photography 17 glaciers

Aug 1963 Theodolite survey IGAN, Obruchev

20 Aug 1968 Aerial photography Obruchev, MGU, Synok,
Karskiy

31 Aug 1973 Aerial photography MGG, MIIGAIK, Dolgushin,
Boch

1981 Theodolite survey IGAN, Obruchev, Chernoy,

Oleniy, Anuchin, MGU
14 July 2000 ASTER 26 glaciers
7 July 2000 Panchromatic IGAN, Anuchin, Oleniy and

Landsat ETM+
2005 Pilot GPS survey
2008 Field DGPS survey

Bolshoy Usinskiy
8 glaciers
IGAN, Obruchev, Chernov,
MGU, Dolgushin

the time of surveys, so aerial photographs were suitable
for mapping.

Two ASTER images (15 m resolution; Table 1) acquired
under nearly cloud-free conditions were obtained from the
NASA Land Processes Distributed Active Archive Center
where they were orthorectified prior to the distribution using
PCl OrthoEngine software (Lang and Welch, 1999). The
images did not include IGAN, Anuchin, Oleniy and Bolshoy
Usinskiy, and map areas of these glaciers were derived from
an orthorectified panchromatic Landsat ETM+ image (15m
resolution; path 167, row 12; Table 1). Both ASTER and
panchromatic Landsat ETM+ images were supplied in
Universal Transverse Mercator (UTM) zone N 41 and N 42
WGS84 projection. The accuracy of the orthorectification of
both ASTER and Landsat ETM+ imagery was verified using a
network of interactive ground control points (GCPs)
established during the GPS ground surveys in 2005 and
digital GPS (DGPS) surveys of Obruchev and IGAN glaciers
in 2008. As a result of high air temperatures in May—June
2000, seasonal snow melted on glacier tongues by the end
of June, making the imagery suitable for mapping.

All the Polar Ural glaciers are separate ice bodies. Even at
higher elevations, snow mostly disappeared from the stable
terrain surrounding the glaciers, and their upper boundaries
were clearly visible on both aerial and satellite imagery.

3.2. Glacier mapping procedures and quantification
of errors

The digitized aerial photographs from 1953, 1960 and 1973
were co-registered to the orthorectified ASTER and Landsat
ETM+ images using a network of 10-15 GCPs per individual
photograph and ERDAS Imagine 9.0 software. The hydro-
graphic and topographic features on stable terrain in the
vicinity of glacier termini were used as GCPs. After co-
registration, root-mean-square error (RMSE, ) values not
exceeding 5 m were achieved, which is less than the size of
the ASTER and panchromatic Landsat ETM+ pixels. Follow-
ing co-registration, glacier outlines were manually mapped
on ASTER, Landsat ETM+ and aerial imagery. Human
interpretation was more suitable than automatic or semi-
automatic procedures for extracting detailed information
from the imagery, because of the relatively small sample of
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Table 2. Glacier map areas and change statistics. Areas for the 1950s-60s are different from those listed by the WGI (http://nsidc.org/data/

glacier_inventory/). AA is change in map area

Glacier 1953 1960 1968 1973 1981 2000 2008 AA (1953/60-2000)
km? km? km? km? km? km? km? km? %

IGAN 1.17 1.11 1.06 0.89 0.74 0.28* 239+2.7
Bolshoy Usinskiy ~ 0.70 0.67 0.03* 4.3+2.6
Obruchev 0.34 0.33 0.30 0.30 0.25 0.24 0.09* 26.5£2.7
Chernov 0.26 0.25 0.16 0.15 0.10 38.5+3.2
Berg 0.26 0.24 0.02 7.7+3.2
Kovalskiy 0.20 0.13 0.07* 35.0+£3.4
Lepehin 0.10 0.08 0.02* 20.0£4.0
Shumskiy 0.17 0.11 0.06* 35.3+4.1
Avsyuk 0.11 0.10 0.01* 9.1+£53
Kalesnik 0.18 0.16 0.02* 11.1£3.4
Khabakov 0.12 0.09 0.03* 25.0£5.5
Skrytniy 0.08 0.05 0.03* 375467
Avgevych 0.09 0.07 0.02* 222+£54
Oleniy 0.12 0.10 0.10 0.02* 16.7+5.2
Anuchin 0.11 0.10 0.10 0.01* 9.1+£5.2
MGU 0.98 0.93 0.86 0.78 0.53 0.45 0.45* 459+2.7
Synok 0.19 0.19 0.12 0.07* 36.8+3.1
Karskiy 0.60 0.61 0.51 0.09* 15.0£2.6
Palgov 0.15 0.1 0.05 33.3+6.1
Markov 0.19 0.16 0.03 15.8£3.4
Malysh 0.13 0.12 0.01 7.7 4.1
Fedorov 0.25 0.23 0.02 8.0£2.7
Shuchiy 0.47 0.37 0.10 21.3£2.1
Tronov 0.22 0.20 0.02 9.1+2.8
Aleshkov 0.31 0.26 0.05 16.1£2.4
Terentyev 0.15 0.14 0.01 6.7+5.6
MGG 0.47 0.46 0.38 0.09 19.1+£3.3
MIIGAIK 0.33 0.30 0.25 0.08 242+£33
Dolgushin 0.67 0.63 0.49 0.46 0.18 269+2.8
Boch 0.10 0.10 0.09 0.01 10.0+6.2
Total 9.17 7.13 2.04 22.3+3.9

*1953 is used as reference year.

glaciers and the limitations of automated techniques associ-
ated with misclassification of water bodies that are wide-
spread in the region (Raup and others, 2007; Bolch and
others, 2010). The error of co-registration of aerial photog-
raphy and satellite imagery was estimated following a
methodology proposed by Granshaw and Fountain (2006).
A buffer, with a width of half of the RMSE, , determined for
each aerial photograph, was created along the 1953, 1960,
and 1973 and 2000 glacier outlines, and the error term was
calculated as an average ratio between the original areas
and the areas with a buffer increment.

Debris cover and shadows, especially from cirque walls,
are the well-known sources of uncertainty in glacier
mapping. Continuous debris cover is not typical of the Polar
Ural glaciers, and many glaciers terminate in lakes, which
simplifies terminus mapping. Two glaciers in the sample
(Avsyuk and Kalesnik) have continuous debris cover on their
tongues, and the MGG and MIIGAIK glacier tongues feature
intermittent debris cover. These glaciers were visited during
a pilot study in 2005, and the extent of debris cover was
mapped using a GPS. The difference between the extent of
debris cover mapped in the field and from satellite imagery
did not exceed 1% of the debris-covered area. Based on this
result, an additional error of 1% was assigned to both 2000
and 1953 areas of these glaciers. Where glacier margins
were obscured by shadows, a contrast-stretching function
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was applied to the imagery using ENVI 3.5 software. The
total error of glacier area change was calculated as an error
of co-registration, or as a root mean square of the three error
terms (co-registration and debris-cover-related error in 2000
and 2008) where applicable (Table 2).

3.3. Ground-based surveys of 1963 and 2008

Terrestrial theodolite surveys of IGAN and Obruchev
glaciers were conducted by IGRAS on 10 and 28 August
1963 respectively. During the surveys of 1963, tongues of
both glaciers were already free of seasonal snow by mid-July
(Section 2) and suitable for mapping: 1:5000 scale maps of
both glaciers with equidistant contours of 5m were
produced (Tsvetkov, 1969). Vertical precision of the 1963
maps is estimated as +2.5m, which is the half-distance
between the contours. The maps were scanned at 600 dpi
resolution and the contours were digitized manually with an
accuracy of £0.2 mm which is £1 m in ground distance. The
maps were transformed to UTM zone N 41 (Obruchev) and
zone N 42 (IGAN) on the WGS84 projection using ArcGIS
9.2. Coordinates of GCPs established in 1963 and of notable
topographic features located in the vicinity of Obruchev and
IGAN glaciers during the 2008 DGPS survey were used for
georeferencing.

DGPS surveys of IGAN, Obruchev, Chernov, MGU and
Dolgushin glaciers were conducted between 28 July (IGAN)
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and 11 August (Obruchev) 2008 using Topcon Hiper Pro
DGPS. Boundaries of all four glaciers were mapped, and
surface elevation measurements were taken at Obruchev and
IGAN glaciers. Only the northeast-facing sector of IGAN was
surveyed because the state of the surface of the south-facing
sector limited access. Therefore, the geodetic mass balance
of IGAN glacier reported here refers to its northeast (larger)
sector, while glaciological mass balances reported in earlier
publications refer to the whole glacier. Surface elevation
measurements were taken at the points of a quasi-regular grid
with a 40 m mesh, with the total number of points being 430
and 218 for IGAN and Obruchev glaciers respectively. The
glacier tongues were mainly free of seasonal snow at the time
of the 2008 survey. However, at the 1963 snowline position
the thickness of seasonal snow averaged 0.4m on IGAN
glacier (975m a.s.l.) and 0.9 m on Obruchev glacier (550 m
a.s.l.). Details of the 1963 snow depth surveys were available
from the IGRAS archive (unpublished field records), and in
2008 the seasonal snow thickness was measured on both
glaciers along the 1963 profiles for the subsequent correction
of DEMs for seasonal snow cover.

Coordinates (longitude and latitude; x and y) and
elevations (z) of the GCPs were measured with an accuracy
of £0.07m (x, ¥) and £0.1m (2). In areas closer to cirque
walls in the accumulation zones, the accuracy dropped to
+0.15m (x, y) and £0.2 m (2). The glacier boundaries in the
upper part of the accumulation zone remained unchanged
on most glaciers since 1953/60 because avalanche nourish-
ment dominates in these areas. The position of snow mass
delivered by avalanches remained the same as in previous
years, as shown by the aerial and historical ground-based
photography. However, there are exceptions where the
upper boundary receded, as on the smaller sector of IGAN
and on MGU glacier.

3.4. Calculation of geodetic mass balance and volume
changes

DEMs of IGAN and Obruchev glaciers with 5.5 and 3.5m
resolution respectively were derived from the digitized 1963
topographic maps and the 2008 DGPS survey data, using the
ArcGIS 9.2 triangular irregular network (TIN) method.
Coordinates and elevations of the GCPs established on
stable terrain both in 1963 and in 2008 were used as tie
points for co-registration and relative control of the 1963
and 2008 DEMs. Volume changes were calculated for the
common glacier areas covered by the 1963 and 2008 DEMs,
and the volume of the completely melted ice mass was
inferred from the 1963 DEM. Geodetic mass balance was
calculated following Fischer (2011) as a product of
volume change and average ice density. Specific mass
balance was calculated by dividing the value of geodetic
mass balance by the average (1963 and 2008) glacier area
following Thibert and others (2008).

Information about ice density is required to convert
changes in glacier surface elevation into a mass change.
Most geodetic mass-balance calculations assume that
changes in elevation are due to the loss of ice with a
constant density of 900kgm™ (e.g. Andreassen, 1999;
Arendt and others, 2002; Cogley, 2009). Zemp and others
(2010) commented that this assumption often leads to an
overestimation of mass balance and recommended the use
of an average of minimum and maximum assumptions on
ice and firn densities. In their calculation of Storglacidren
(Sweden) geodetic mass balance, Zemp and others (2010)
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used an average density of 860kgm™ and applied a
difference between the maximum and minimum estimates
of 60kgm™ as an uncertainty measure. Ice density
measurements were conducted annually on IGAN and
Obruchev glaciers between 1959 and 1963, providing an
average value of 840kgm™ (Khodakov, 1966). More recent
three-dimensional measurements are not available and we
used a value of 840kgm™ with an uncertainty term of
+60kgm™.

3.5. Quantification of errors in geodetic mass balance
and volume changes

Errors in the calculation of changes in glacier volume and
geodetic mass balance result from errors in the constructed
DEMs and, in case of mass balance, uncertainty of ice
density measurements or assumptions. The probable sources
of errors in DEMs are (1) uncertainties of maps and surveys
used in DEM construction; (2) accuracy of map digitizing;
(3) interpolation on a grid during DEM construction,
especially if glacier topography is complex and is character-
ized by steep slopes; and (4) seasonality in thickness change
(Sapiano and others, 1998; Andreassen, 1999; Arendt and
others, 2002; Thibert and others 2008; Koblet and others,
2010). Evaluations of DEM accuracy vary between complex
and comprehensive error propagation analyses (e.g. Thibert
and others, 2008), assessments based on a comparison of the
DEM values with an independent set of GCPs located in
non-glaciated terrain (e.g. Koblet and others, 2010), and
relative errors between two or more DEMs over the bedrock
(e.g. Cox and March, 2004). The latter method is frequently
used because relative errors and consistency between the
historical and recent DEMs are more important for the
calculation of geodetic mass balance than absolute eleva-
tions (Cox and March, 2004; Thibert and others, 2008).

In our assessment of errors, we considered (1) error in
elevation change; (2) planimetric error of the calculated
glacier areas; (3) uncertainty in assumptions about ice
density; and (4) uncertainty due to the seasonality of
thickness change related to the seasonal snow cover. To
correct for changes in seasonal snow cover, the 2008 DEM
was corrected relative to the 1963 DEM using the 1963 and
2008 snow depth measurements. To quantify errors in
elevation change, the 2008 DEM was subtracted from the
1963 DEM over the ice-free stable terrain, producing RMSE,
of £2.1m and £1.7m for IGAN and Obruchev glaciers
respectively (14% and 7.5% of the observed average glacier
surface lowering). Relative errors are often higher over the
bedrock than over glacier areas because of a less dense
network of points (Cox and March, 2004; Koblet and others,
2010) and it is likely that this error term is overestimated in
this study.

The planimetric error terms included (1) accuracy of
DGPS measurements taken as the lowest accuracy obtained
in the parts of the glacier with a weak satellite signal
(£0.15 m); (2) error of the 1963 map digitizing (£1.0m); and
(3) accuracy of triangulation and DEM construction repre-
sented by RMSE,, (+4.5m and £5.0m for IGAN and
Obruchev glaciers respectively). The total planimetric errors
were +4.6m and +5.1 m for IGAN and Obruchev glaciers
respectively, or 3.3% and 4.7% of their areas. We have not
included an error term for the delineation of glacier
boundaries, as these were very clearly defined both in
1963 and 2008 in the absence of seasonal snow and debris
cover on the glacier tongues.
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Fig. 3. Change in glacier area between 1953/60 and 2000 versus
individual glacier area (as in 1953/60).

4. RESULTS

4.1. Changes in area of 30 glaciers since 1953/60

Analysis of the satellite imagery has shown that in 2000
there were 30 glaciers in the study region with a combined
map area of 7.13+0.2km?. This represents a net area
reduction of 2.04 +0.08 km? from 1953/60 (Table 2). Over-
all, the Polar Ural glaciers have lost 22.3 £3.9% of their
1953/60 area, but the extent of shrinkage varies significantly,
between 4% (Bolshoy Usinskiy glacier) and 46% (MGU
glacier). Ten glaciers have lost not less than 25% of their area
over 40 (47) years. The two largest glaciers in the region,
IGAN (both sectors are included in the planimetric measure-
ments) and MGU, were classified by the WGI as cirque-
valley. They exhibited the highest absolute and relative loss
of area, averaging 34.9 £2.7%. The cirque glaciers have lost
20£3.9% of their 1953/60 area while niche glaciers have
lost 14 +4.1%. The difference in the rates of shrinkage of
cirque and niche glaciers may reflect the topographically
favourable, shaded locations of the niche glaciers. Seven-
teen out of thirty glaciers in the study area have easterly
aspect and these glaciers have lost 22.4 +3.9% of their area.
Glaciers with northerly (four), northeasterly (six) and south-
easterly (three) aspects have lost 20.3 £3.3%, 16.1+4%
and 17.6 £2.8% respectively. The difference between the
shrinkage rates of glaciers with different aspects is small and
close to the accuracy of area change measurements in this
dataset. Similarly, correlation between glacier size and area
reduction is weak in the study region, possibly due to the
small range of individual glacier areas (Fig. 3). Although
changes in area of glaciers smaller than 0.08 km? in 1953/60
were not quantified, it was noted that some of these very
small glaciers (e.g. Baklund and Kulik) had melted com-
pletely and had been replaced by lakes by 2000.

The ground-based surveys, conducted in 1981 and 2008,
enabled a comparison of changes in the rates of area loss of
IGAN, MGU, Chernov, Obruchev and Dolgushin glaciers
(Table 2; Fig. 4). For IGAN glacier this accelerated fourfold
in the last two decades of the 20th century. Between 1953
and 1981, IGAN glacier lost on average 0.2% of its area per
year (9.4% of the 1953 area overall); between 1981 and
2008, it lost on average 1.1% of 1981 area per year (30.2%
of the 1981 area overall). The rate of area reduction of MGU
glacier in the 1953-81 period was the highest of any glacier
in the study region (Tsvetkov, 2006), and our analysis
confirms that this glacier exhibited the strongest shrinkage
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Fig. 4. Changes in map areas of the five largest glaciers of the Polar
Urals between 1953 and 2008. Aerial photographs from 1953
(1960 for Chernov and Dolgushin glaciers) are used as background.
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Fig. 5. Repeated ground-based photographs of MGU glacier in
1958, 1974 and 1991. Strong glacier wastage occurred between
1974 and 1991 with the formation of a contact lake.

(Table 2). The glacier snout receded so rapidly that Tsvetkov
and Tyuflin (1981) recognized that the glacier should be
reclassified as a cirque glacier. The repeat photography
(Fig. 5), featuring formation of a proglacial lake, illustrates
the acceleration of MGU glacier recession in the 1974-91
period relative to 1958-74. The rate of map area reduction
of MGU glacier doubled from 0.7%a' (1953-81) to
1.5%a™" (1981-2008). In addition to a 46% loss of its
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Fig. 6. MGU glacier in 2008. The inset image shows the extent of
the lake in 2008 relative to the glacier size in 1953. Rectangle
shows the area where separation between the glacier tongue and
the accumulation zone is likely to occur.

1953 area in the 1953-2000 period (Table 2), the glacier lost
a further 16% of its 2000 area in 2008. The proglacial lake,
formed in the 1980s, occupied 28% of the 1953 MGU
glacier area in 2008 (Fig. 6). Chernov glacier, which lost
38.6% of its area between 1960 and 2000, is among the
fastest-receding glaciers in the region (Table 2). Most of the
wastage occurred after 1981, reaching 1.9%a ' between
1981 and 2000. The overall loss of map area by Obruchev
glacier was lower, at 26% between 1953 and 2000 (Table 2),
but its area reduction accelerated from 0.4%a"" in the
1953-81 period to 0.7%a' between 1981 and 2008.
Repeat ground-based photographs from 1963 and 2005
illustrate a more subdued retreat of Obruchev glacier
(Fig. 7). Between 1968 and 1981, it did not exhibit
measurable changes in its area (Table 2), and a small
increase occurred from 0.29km? in 1963 to 0.30km? in
1968. Although this change was small and close to the
accuracy of measurements, the glaciological mass-balance
data (Voloshina, 1988) confirm that Obruchev gained mass
briefly in the 1960s.

4.2. Changes in volume and geodetic mass balance on
IGAN and Obruchev glaciers

Changes in characteristics of IGAN and Obruchev glaciers
are shown in Table 3. Obruchev glacier, positioned at lower
elevations, experienced stronger downwasting at an average
rate of 0.5ma"' between 1963 and 2008. As expected, the
largest changes occurred on the glacier tongue, where
surface lowering exceeded 40-50 m (Fig. 8). The field survey
data from the 1960s to the 1970s indicated that ice thickness

Table 3. Changes in characteristics of Obruchev glacier and northeastern sector of IGAN glacier between 1963 and 2008

Glacier Map area reduction  Average surface lowering  Max surface lowering Volume reduction ~ Cumulative area-weighted
mass balance
km? m m 10°m? mw.e.
Obruchev* 0.049 +0.002 225£1.7 63.4+1.7 6.55+0.8 —20.66 £2.91
IGANT 0.12 +£0.006 149+2.1 48.3+£2.1 10.14+1.8 -13.54£2.57

*A difference in area change of Obruchev glacier between Tables 2 and 3 is due to a 0.01 km? increase in glacier area between 1963 and 1968 (Section 4.1).
fChanges in the northeastern sector of IGAN only, whereas Table 2 shows changes in the whole of IGAN glacier.
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Fig. 7. Repeated ground-based photographs of Obruchev glacier in
1960 and 2005.

did not exceed 15-25m on the glacier snout, as a result of
intensive downwasting observed between 1953 and 1966
(Macheret and Zhuravlev, 1981), hence this ice was entirely
lost. Glacier downwasting was not limited to the ablation
zone, and, even on the upper part of the accumulation zone,
glacier thinning reached 30 m (Fig. 8). Overall, the glacier
lost (6.55+0.8) x 10°m”’ of ice between 1963 and 2008.
The cumulative area-weighted mass balance of Obruchev
glacier for the 1963-2008 period was —20.66 £2.91 mw.e.,
and the average mass balance was 460+ 65 mmw.e.a"".
Downwasting of the northeastern sector of IGAN glacier,
whose snout is positioned ~400 m higher than the snout of
Obruchev glacier, was more subdued (Fig. 9). While surface
lowering exceeded 40 m on IGAN’s snout, thickness loss did
not exceed 10 m in the lower part of the accumulation zone
and was within the error margin in its upper part. Overall, the
glacier lost (10.14 £1.8) x 10°m? of ice between 1963 and
2008. The cumulative area-weighted mass balance of IGAN
glacier for the 1963-2008 period was -13.54 £2.57 mw.e.,
and the average mass balance was -300 457 mmw.e.a™".

5. DISCUSSION
5.1. Rates of glacier change

By the beginning of the 21st century, glaciers of the Polar
Urals had lost 22.3 +3.9% of their area since 1953/60. The
use of two reference years (1953 and 1960) should be noted
when comparing wastage rates of individual glaciers. Thus
IGAN, MGU and Obruchev glaciers, for which both 1953
and 1960 measurements are available, lost 4.8% of their
combined area between 1953 and 1960, but while the
shrinkage rate of 0.7%a' is not negligible, the overall
reduction is comparable with error terms in the calculation
of glacier shrinkage between the reference years and 2000.

For seven out of thirty glaciers, the area loss exceeded
30% (Table 2). Five of these seven terminate in lakes and this
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Fig. 8. (a) Changes in surface elevation of Obruchev glacier
between 1963 and 2008, and (b) profiles of the surface elevations
in 1963 and 2008. Solid straight line in (a) shows location of the
profiles.

factor may have enhanced their wastage. The topography of
the Polar Urals favours the formation of lakes, and their
development is perhaps more widespread than in other
glaciated regions. Glacier shrinkage accelerated towards the
end of the 20th century. Thus the combined areas of IGAN,
Obruchev and MGU glaciers declined by 14% in the 1953—
81 period and by 33% in 1981-2008. Overall, these glaciers
lost 42.6% of their combined 1953 area; MGU glacier lost
46% of its 1953 area by 2000 (Table 2) and 54% by 2008.
Obruchev glacier lost 26.5% of its area by 2000 (29% by
2008). A very rapid reduction in Obruchev’s area occurred
in the early 1960s, when it declined from 0.33 km” in 1960
(Table 2) to 0.29 km? in 1963 as indicated by the field survey
data, i.e. at a rate of 4%a""'. Obruchev glacier is positioned
at low elevations, and spans a small range of altitudes
(410-650ma.s.l.; Fig. 8), which is likely to be the factor
explaining its rapid recession between 1953 and 1963.
Figure 7 shows that the glacier margin has retreated into the
shaded cirque, and it is the combination of shading and
snowdrift enhanced by local topography that is likely to have
slowed glacier shrinkage.
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Fig. 9. Same as Figure 8, but for the northeastern sector of IGAN
glacier.

Table 4 compares changes in the annual rates of glacier
shrinkage in the last two decades of the 20th century and the
first decade of the 21st century for five glaciers. Three
glaciers exhibited a deceleration in relative loss of area. The
annual shrinkage rate decreased by over a factor of two for
Chernov glacier, which lost contact with its proglacial lake
in 2005. MGU and IGAN glaciers receded at a greater
annual rate in the 2000-08 period than in 1981-2000, but
this increase was very small for MGU glacier. These trends
are consistent with an increase in the accumulation season
precipitation (Section 5.2) and the increased shelter afforded
by cirque headwalls as tongues are lost. The sheltering is less
efficient in the case of IGAN glacier, which still has a well-
defined glacier tongue and continues to recede at a higher
rate. These topographic factors, protecting the cirque
glaciers today, are considered by Mangerud and others
(2008) as a negative feedback limiting glacier growth in the
Polar Urals during the Last Glacial Maximum: the lack of
shading affecting glaciers as they extended further from their
cirques restricted their growth because the ELA on the
glaciers of the Polar Urals is located below the climatic
snowline position (Troitskiy and others, 1966).

We were not able to quantify the thinning of MGU
glacier; however, repeat photography reveals strong down-
wasting which was already evident between 1953 and 1974
when the first exposed rocks appeared in the central section
of the accumulation area (Fig. 5). Between 1974 and 1991,
downwasting intensified as shown by the larger area of the
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Table 4. Annual area loss for five glaciers in the 1981-2000 (1973-
2000 for Dolgushin glacier) and 2000-08 periods

Glacier 1981(1973)-2000 2000-08
km?a™ %a” km?a™ %a
IGAN 0.00895 0.84 0.01875 2.11
Obruchev 0.00263 0.88 0.00125 0.5
Chernov 0.00474 1.89 0.00125 0.78
MGU 0.01316 1.69 0.01000 1.89
Dolgushin 0.005185 0.82 0.00375 0.77

exposed rocks (Fig. 5). In 2000, rock outcrops occupied 8%
of the 1953 glacier area. A contact lake formed in the early
1980s, and in 2008 it occupied 28% of the 1953 glacier area
(Fig. 6). MGU glacier exhibited the strongest shrinkage in the
assessed sample of glaciers (Table 2) and it is likely that both
the lake and the exposed rocks enhance its disintegration
through the supply of extra heat to the glacier margins. The
growing area of rock outcrops and exposed bedrock
narrowed the central sector of the glacier to just under
120 m (Fig. 6), limiting the mass flux, and it is likely that in
the near future the glacier tongue will be separated from the
accumulation area. Similar disintegration occurred on
Karskiy glacier, located close to MGU. The expansion of
rock outcrops on a steep slope connecting the glacier tongue
with the larger cirque sector of the glacier positioned at
higher elevations led to the loss of the entire glacier tongue
in the late 1990s. Strong glacier downwasting and disin-
tegration enhanced by the expansion of lakes and rock
outcrops in the Swiss Alps are discussed by Paul and others
(2007). In the Polar Urals, separation of glacier sections by
rock outcrops appears to be less widespread because most
glaciers are positioned in cirques.

A strong surface lowering averaging 22 m (Table 3) and
extending across the glacier including the accumulation
zone was observed on Obruchev glacier, while the down-
wasting of IGAN glacier positioned at higher elevations was
weaker. The maximum ice thickness of Obruchev glacier
reached 120m in 1974 (Macheret and Zhuravlev, 1981),
and the observed surface lowering of 20-30m in its
accumulation zone (Fig. 8) implies that the glacier had lost
15-25% of its depth in the accumulation zone by 2008. The
mass balance of Obruchev glacier was —~460 mmw.e.a™.
The mass balance for the northeastern sector of IGAN
glacier, positioned at higher elevations, was falling at a rate
of 300mmw.e.a"'. Combined with data on area change, the
mass-balance values show that cirque glaciers such as
Obruchev lose mass mainly through downwasting. As for
IGAN, its mass-balance measurement would likely have
been more strongly negative had we been able to include its
smaller east-facing sector. While we were not able to
quantify changes in surface lowering of this sector, we
observed strong fragmentation of the glacier surface and the
emergence of rock outcrops characteristic of downwasting.

5.2. Comparison with other regions and climatic
causes

The observed changes and intensification of wastage in the
last two decades of the 20th century are consistent with the
observed shrinkage of small glaciers in northern Asia, while
rates of glacier shrinkage in Scandinavia have been lower
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(Andreassen and others, 2008; Paul and Andreassen, 2009;
Koblet and others, 2010). Thus, small (0.5-1 km?) glaciers in
the Altai mountains, southern Siberia, lost 28 £ 6% of their
area between 1952 and 2004 (Shahgedanova and others,
2010), and those in the Suntar-Khayata mountains, north-
eastern Siberia, lost 19% between 1945 and 2003 following
a ~1.9°C increase in summer temperature (Takahashi and
others, 2011). The small glaciers of the Byrranga mountains
(northern Taimyr peninsula) lost 17% between 1967 and
2003 (Kononov and Ananicheva, 2010).

While in these three regions glaciers develop under
different topographic conditions, the similar wastage rates
point to a uniform climatic forcing. Between the mid-1980s
and the first decade of the 21st century, summer tempera-
tures in northern Asia increased by 1-1.5°C (Shahgedanova
and others, 2010, 2011). Similar trends are confirmed by the
climatic records from Salekhard station located in relative
proximity to the glaciers of the Polar Urals (Fig. 10a). Thus,
at Salekhard station the June—August mean temperature was
10.9°C between 1953 and 1981, and 11.9°C between 1981
and 2008. The 1953-81 period was not uniform with regard
to glacier shrinkage rates, which appear to closely follow
temperature fluctuations, with a strong retreat in the early
1960s in the Polar Urals (Tsvetkov, 2006). The average
summer temperature in 1953-68 was 11.7°C, while the
1970-79 decade was cold, with an average summer
temperature of 10.1°C. Solomina and others (2010) report
that the pre-1900 glacier fluctuations in the Polar Urals were
synchronous with summer temperature fluctuations recon-
structed from lichenometry and dendrochronology.

Changes in the accumulation season precipitation are
more difficult to assess due to uncertainties in both
precipitation measurements (Groisman and Rankova,
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2001) and reanalysis data. The October—March precipitation
records from Salekhard station (Fig. 10b) and Pechora station
(not shown), located southwest of the study area (65.12° N,
57.1°E), do not exhibit significant linear trends since 1953.
The Salekhard record shows that average accumulation
season precipitation in the 1984-95 period (170 mm) was
lower than in 1996-2008 (200 mm), but does not reveal
statistically significant differences with the earlier years. The
US National Centers for Environmental Prediction (NCEP)/
US National Center for Atmospheric Research (NCAR)
reanalysis data (Kalnay and others, 1996) averaged over
the 66-69°N, 63-67°E region and the 1952-2008 period
shows a positive trend in October—March precipitation
explaining 16% of the total variance. According to this
dataset, the 1984-95 decade (when glacier wastage
intensified) had the lowest winter precipitation on record,
with an average accumulation season precipitation of
160 mm. This was significantly lower than in the 1973-84
decade, when accumulation season precipitation averaged
195 mm and glacier wastage slowed. However, in the 1996—
2008 period, accumulation season precipitation increased
to 200mm, and some glacier shrinkage rates declined
(Table 4) although the general trend of glacier wastage
continued. Precipitation totals retrieved from the European
Centre for Medium-range Weather Forecasts ERA-40 re-
analysis data (Uppala and others, 2005) averaged over the
1957-2002 period (restricted by ERA-40 data availability)
significantly exceed the Salekhard and NCEP/NCAR accu-
mulation season totals (Fig. 10b); however, these data also
confirm that the 1973-84 decade was characterized by
higher snowfall than the 1984-95 decade. Bulygina and
others (2009) report a significant increase in various meas-
ures of snow accumulation in the Polar Urals between 1966
and 2007 including mean and maximum snow depth and
number of days with snow cover exceeding 0.2 m.

It may therefore be suggested that in the 1970s to early
1980s a combination of higher accumulation-season pre-
cipitation and lower summer temperatures contributed to a
relatively slow glacier recession, while in 1984-95 positive
trends in summer temperature and negative anomalies in
accumulation season precipitation resulted in intensified
glacier shrinkage. The accumulation season precipitation
increase observed in the region since 1996 slowed glacier
shrinkage compared with 1981-2000 but did not fully
compensate for the effect of higher summer temperatures. In
the Polar Urals, the impact of winter precipitation on glacier
mass balance is strongly affected by local conditions due to
high wind speeds and snowdrifting (Troitskiy and others,
1966; Voloshina, 1988). Solomina and co-workers (personal
communication from IGRAS, 2011) also observed that the
pre-20th-century glacier fluctuations showed little correl-
ation with changes in precipitation. It therefore appears that
the late-20th-century glacier change in the Polar Urals
region is forced by an increase in summer temperature, as in
other glacierized regions of northern Asia (excluding the
Pacific), despite an increase in winter precipitation which
was more pronounced than elsewhere in northern Asia in
the last decade.

6. CONCLUSIONS

Changes in the area of 30 very small glaciers in the Polar
Urals have been quantified, showing that these glaciers lost
22.3% of their total area between the mid-20th century and
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the beginning of the 21st century. The observed glacier
shrinkage intensified in 1981-2000 compared with the
1953-81 period. Area-weighted geodetic mass balances of
two glaciers, IGAN and Obruchey, in the 1963-2008
period were calculated as -13.54+2.57 mw.e. and
-20.66£2.91 mw.e. respectively. It has been noted in
many previous publications that the strong influence of
topographic and local meteorological conditions on small
glaciers makes it difficult to interpret changes in their size
and thickness in the context of climate change. Indeed,
glacier area loss varied strongly within the studied sample,
from 4% to 46%, and in some cases local factors enhancing
or limiting this were identified. Data for only five glaciers
were available to assess changes in glacier shrinkage rates in
the first decade of the 21st century, when climatic warming
intensified. These data suggest that a combination of
increasing cold-season precipitation and changes in glacier
morphology resulting in greater shading effects slowed
glacier shrinkage in 2000-08 compared with 1981(1973)-
2000 but did not fully compensate for the effects of summer
warming. The observed changes in summer temperature and
glacier area in the Polar Urals since the mid-20th century
are consistent with other regions of northern Asia excluding
the Pacific. This leads us to a cautious suggestion that a
common climate forcing of a 1.0-1.9°C increase in the
ablation season temperature is responsible for the ~20%
loss in area of very small (<1 km?) glaciers in northern Asia
from the mid-20th to early 21st century.
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