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Abstract. The glacier coverage in the Caucasus Mountainsthe two regions can be attributed to different meteorological
underwent considerable changes during the last decades. bonditions which are characterised by more frequent cloud
some regions, the observed reduction in glacier area is comeover and precipitation in the south. Furthermore ablation is
parable to those in the European Alps and the extent oftrongly influenced by the occurrence of supra-glacial debris
supra-glacial debris increased on many glaciers. Only a fewcover in both basins, reducing the total amount of melt on the
glaciers in the Caucasus are monitored on a regular basistudied glaciers by about 25 %. This effect mitigates glacier
while for most areas no continuous field measurements areetreat in the lower sectors of the ablation zones consider-
available. In this study, regional differences of the conditionsably. The sensitivity to moderate changes in the debris cover,
for glacier melt with a special focus on debris covered glacierhowever, is rather small which implies only gradual changes
tongues in the well-studied Adyl-su basin on the northernof the melt regime due to debris cover dynamics during the
slope of the Caucasus Mountains (Russia) is compared witimear future.

the Zopkhito basin which has similar characteristics but is
located on the southern slope in Georgia. The paper focuses
on the effect of supra-glacial debris cover on glacier summer, .
melt. There are systematic differences in the distribution anal Introduction
increase of the debris cover on the glaciers of the two basinsD

. . . ebris covered glaciers are common in many mountain re-
In the Adyl-su basin an extensive debris cover on the glacier_. 9 y

. . aQIOI’IS of the world and the observed retreat of glaciers is ac-
tongues is common, however, only those glacier tongues th . . : . .
. companied by an increasing extent of debris cover on glacier

are positioned at the lowest elevations in the Zopkhito basn‘tOn ues (Scherler et al., 2011). Therefore, the role of the
show a considerable extent of supra-glacial debris. The o éup%a-glacial debris co;/'er conirol over icé melt is likely
served increase in debris cover is considerably stronger in th

north. Field experiments show that thermal resistance of th(fo become more significant with the increasingly negative

) . T . . lacier mass balances. Investigations of the impacts of supra-
debris cover in both basins is somewhat higher than in Otheglacial debris on ice melt date back to the 1950s (@strem,

g!amated regions of the world,_but therg Is also a §|gn|f|cant1959) and confirm that ice melt is enhanced by a very thin
difference between the two regions. A simple ablation model . . : . )
layer of supra-glacial debris while thicker debris layers re-

accounting for the effect of debris cover on ice melt Show.sduce melt in comparison with that of the clear ice (e.g. Fuiji,

that melt rates are considerably higher in the northern basu1977_ Mattson et al., 1993). Melt rates of the debris-covered
despite a wider debris distribution. This difference betweenglacie’rs however \}éry conlsiderably due to different factors

for example, thermal properties of the supra-glacial debris
cover (Nakawo and Young, 1981). Dedicated process studies

Correspondence toA. Lambrecht were carried out focusing on the thermal conditions of the
m (astrid.lambrecht@uibk.ac.at) sub-debris ice melt (Brock et al., 2007; Mihalcea et al. 2006;
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Nicholson and Benn, 2006) highlighting important differ-
ences between clear ice and sub-debris melt due to change| °4 &%, | v==
in individual terms of the energy balance. While net radiation [ = =%
is the main energy source for ice melt on debris-free glaciers,| ., *™" %"
latent heat flux and conduction through the supra-glacial ma- _ -
terial determine the sub-debris melt rates (Takeuchi et al., %
2000). 7

In addition to process studies, large scale mapping of de-f-,="
bris cover is important for a realistic estimation of melt water |
production by debris covered glaciers (Taschner and Ranzi,
2002; Mihalcea et al., 2008a; Hagg et al., 2008). This is .
best achieved by the use of satellite imagery (Paul et al.,| oo
2004; Stokes et al., 2007) and an important aim of a num-=——

ber of studies was the determination of supra-glacial debriﬁzig 1. CORONA image of the Adyl-su Valley from Septem-
thickness using remote sensing information (Mihalcea et al'ber 1971 with the boundaries of the selected glaciers (the Djankuat

2008,b; Foste.r, 2010)'_ Several studies gttempted FO inCIlljd%lacier is at the far right) and the supra-glacial debris cover extent
debris cover into glacier melt parameterisations with a dif- (orange).

ferent degree of sophistication (e.g. Kayashta et al., 2000;

Konovalov, 2000; Reid et al., 2010). Here we attempt to in-

tegrate field measurements, the analysis of remote sensingl., 2009a). Furthermore model studies indicate that for the

imagery and a simple ablation model for evaluating the rolemost likely groups of scenarios (A2 and B2) the air tem-

of the debris cover on the ice melt for two small basins in perature will further increase, especially during the summer

the Caucasus Mountains, located north and south of the maimonths (May—August, Shahgedanova et al., 2009a). There-

divide, where at least some glaciological and meteorologicakore glacier melt is expected to increase in the Caucasus

information is available for longer periods. (Stokes et al., 2006) and has already increased according to a
negative trend of the annual mass balance of Djankuat glacier
during the 30-year period from 1979 to 2009.

2 The Caucasus region Although climatic conditions are different north and south

) of the Main Caucasus Ridge, the observed differences in
The Caucasus mountain range extends from the Black Sea T@acier change in both regions have not been compared in

the Caspian Sea in a West-East direction with glaciers covyetajl due to the lack of ground based observations. After
ering an area of about 1600?’(&0"65 etal., 2006). The the end of the Soviet Union most glaciological observation
range creates a meteorological boundary between ”Ortherﬁrograms have been dismissed, especially in the new, inde-

and southern slopes and, in general, larger glaciers are foungandent countries. The initiation of new monitoring sites is
in the north. The west-east climatic gradients are promi-|aporious and difficult.

nent especially on the southern slope, whereby the western

sector is characterized by more humid conditions with an-

nual precipitation reaching 3000 mm, while the east is semi-3  Study sites

arid receiving as little as 200 mmyt (Volodicheva, 2002).

As a result, water availability varies across the region. TheOur test regions for this comparative study are situated in

Caucasus Mountains are the main source of runoff for thehe Greater Caucasus on both sides of the main divide, at
densely populated planes and snow and ice melt is cruciaa distance of only 64 km from each other. In both regions

for water production in many parts of the region. A generalthe drainage basin of a small river has been chosen for the
glacier retreat is observed in the Caucasus and between 198Bvestigations, allowing us to directly compare the relevance

and 2000, glaciers of the region lost 10 % of their surfaceof the glaciers to the discharge conditions in the respective
area with more than 90 % of the glaciers retreating (Stokes ebasin. Also this approach provides the opportunity to use the
al. (2006). results for future run-off investigations.

Glacier melt in the Caucasus occurs mainly between June On the northern side, in the upper Baksan valley, 6 glaciers
and August (JJA) (Shahgedanova et al., 2009a). The JJAn the Adyl-su (tributary to the Baksan) valley have been se-
mean temperatures were increasing at several weather stiected for closer investigation (Fig. 1). Glaciological obser-
tions in the Caucasus during the last 40 years at a rate ofations in this region date back to 1967, with the Djankuat
0.05°C per year (Shahgedanova et al., 2009b). The last twdGlacier being one of the benchmark glaciers for the World
decades have been the warmest during almost 80 years @lacier Monitoring service (Popovnin, 1999; WGMS, 2009).
observations and variations in precipitation do not compen-The total glaciated area in this valley was 21.4km 2003
sate for enhanced ice melt in this period (Shahgedanova eand the glacier tongues reach down to about 2350 m. The

1250 2500
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ites and gneisseous granites). The local petrography, how-
ever, is much more diverse. In the Adyl-su basin, granitoides
prevail and the glaciers are situated in the upper reaches of
rift structures parallel to the main axis of the Greater Cau-
casus. The southern test area is tectonically different, be-
ing represented by upthrust and overthrust structures, with
rock units in the north-south direction. Here the petrographi-
cal composition is more complex with a combination of vol-

o, mmsa O canogenic origin (andesites, dolerites, pillow lavas) and fly-

3 U;E;;f\—”,a \ schoid strata (finely-dispersed argillo-arenaceous and marl
o) Y deposits). Both pertographical units (volcanogenic and fly-

ey R schoid) are less resistant to erosion and denudation than

— granitoids. Together with the tectonic differences, this re-
sults in more favourable conditions of debris accumulation
on glaciers in the Southern test area (Zopkhito) than in the
Northern one (Adyl-su) (Geologia SSR, 1964 and 1968).

Fig. 2. CORONA image from September 1971 for the Zopkhito
basin with the boundaries of all glaciers and the supra-glacial debri
cover of the Zopkhito and Laboda Glaciers (orange).

lowest parts of all these glaciers are debris covered. In ordeft Data collection
to allow future gomparison§ with area precipitation and dis—4.1 Glacier and debris cover mapping
charge, the basin was restricted to the Adyl-su valley down to
the junction with the Baksan river (total area: 100.2#km  Apart from the actual ablation conditions, it is also neces-
In the southern Caucasus, glaciers located in the Zopkhitgary to evaluate the evolution of the selected glaciers during
valley, a part of the upper Rioni drainage basin (Fig. 2),the recent past, in order to allow conclusions about past and
were selected for investigation. Nine glaciers (with a to- future glacier trends in the region. In the Caucasus, as in
tal area of 7.9krhin 2006) are situated in this part of the many other glacier covered regions, debris cover is an im-
basin (total area: 49.35Km which correspond to a rela- portant control for ice ablation (Mayer et al., 2010, Hagg et
tive glacier cover of 16 %. Only two of them, the Zopkhito al., 2008) and thus the temporal changes of debris cover need
Glacier and the Laboda Glacier, are partly debris-coveredalso to be taken into account.
These two glaciers are the only ones in the region with low  The glacier change investigations are based on a set of re-
reaching tongues (about 2475 m), where supra-glacial debrifote sensing images, which are used to delineate boundaries
can accumulate. The other glaciers are debris-free cirquef the main glaciers within the two basins and the extent of
glaciers at higher elevations. Due to the much steeper reliefiebris cover for different years. By combining glacier maps
south of the divide the potential areas which could be oc-with a digital elevation model, the area-elevation distribution
cupied by glaciers are restricted and in general glaciation isf the glacier cover and the aspect of the glacier tongues have
much smaller on the southern slope (Dolgushin and Osipovaheen determined. Combined use of these data makes it pos-
1989). sible to characterise changes in glacier area and proportion
Ablation underneath supra-glacial debris is very depen-of glacier area covered by debris during the last 30—40 years
dent on the local conditions and thus field measurements arin the selected regions.
required at least on some glaciers which are representative For the Djankuat basin the information about glacier
for the studied region. The field work conducted betweenpoundaries is available for 1985 and 2000 (Stokes et al.,
2007 and 2009 focused on the melt conditions of two partly2007). Information about the extent of debris cover is avail-
debris-covered glaciers, namely the Djankuat Glacier (Rusable for six years from in situ mapping between 1968 and
sia) in the north and the Zopkhito Glacier (Georgia) in the 1999 (Popovnin and Rozova, 2002). In order to update this
south. Apart from different aspects (NW and SE, respec-information, a Spot Image from 30 August 2006 (with a
tively), the mean elevations of the debris-covered glacierspatial resolution of 10 m) was used as a reference image
tongues are comparable, with the Djankuat Glacier tongudor all remote sensing investigations including the glacier
located about 100 m higher than the tongue of the Zopkhitoboundary delineation. The image was orthorectified using
Glacier. On both glaciers debris covers about 10 % of thethe SRTM 90 m digital elevation model (Rabus et al., 2003;
glacier area being concentrated in the lower part of the ablaa product of the National Aeronautics and Space Administra-
tion zone. tion (NASA)). CORONA imagery dating from 20 September
In order to study sub-debris ice melt also information on 1971 with a resolution of 5 m was co-registered onto the Spot
the debris composition is required. In general the petrograimage, but the original spatial resolution was kept to obtain
phy of the Caucasus is relatively uniform, with the axial part the highest possible accuracy for the glacier extent and debris
composed by Jurassic igneous and metamorphic rocks (grarcover distribution in 1971.
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In case of the Zopkhito basin a SPOT image from 8 June 424440 42450°€ 424520 42°4540°
2008 and Corona imagery from 20 September 1971 are the
basis of the analysis. Additional information was used for
2006 based on a high resolution Digital Globe image (Google
Earth) and for 2008 from Landsat ETM+, in order to obtain
cloud free conditions for the entire glacier cover. The glacier
boundaries and the debris cover were mapped manually oré_ N
all images in order to obtain results of similar quality for all %
of the different image sources. The classification of debris
cover on remote sensing imagery is not straightforward. Our
approach was to map clean ice surfaces first. It is usually im-
possible to resolve sub-pixel clean ice patches in otherwise
debris covered areas and vice versa. The next step will be toz
manually map glacier margins, which in most cases is possi- 1
ble by analyzing changes in slope, general surface roughness
and obvious break lines on the images. With this approach, [Jice
very dark ice and thin dust films on clean ice might be in- O W & - EiEEs
cluded in the debris cover class. An additional visual quality a2ada0e 42450 a2a520E 424590
check will improve the results, but it does not guarantee a
unique and correct solution. According to our observationsFig. 3. Overview of Djankuat glacier including the mapped debris
in the field, the transition between clean ice and a C|ear|ycovc_ar, the position of the ablation stakes and the automatic weather
identifiable debris cover is usually not very large on the sam-Stations (AWS).
pled glaciers and wrong classifications will be of an order

of a few pixels. The results were also compared with de'of July 2009 for monitoring a second ablation season. The

bris cover maps which exist for Djankgat glacier (Popovnin ﬁtake height and the thickness of the debris cover were mea-
and Rozova, 2002) and newer mapping results. Stokes €

, i . sured after the installation and subsequently the stake mea-
al. (2007) used a similar approach and achieved satisfactor . .
. . urements were continued throughout the ablation season to
results for the Djankuat glacier.

In additi tial distributi f the debri th obtain melt rates for different debris thicknesses and meteo-
n addition, spatial distribution of the debris cover on the rological conditions. On both glaciers, measurements were
glacier tongue was mapped in detail in the field. This map

i ) .““carried out twice a day in a first period of intensive observa-
was used to quantify the sub-debris melt rates on a Spat'a”¥ions (1 week to 10 days), followed by a less frequent obser-
distributed basis and to validate the results from remote sens; .. '« -hedule. The stat’e of the debris-covered surface was
ing analysis. |

restored to its original condition after the placement of the
stake and the natural temperature profile in the debris cover
was already reached again after several hours, maximum one

The field observations were carried out between 2007 anéi ay. Stake measurements have been conducted manually by

2008 on Diankuat and between 2008 and 2009 on Zo ‘measuring the distance between the stake tip and the debris
J psurface. The accuracy of the measurements was above 1 cm.

khito glaciers concentrating on the ice ablation on the glacier . .
9 g 9 At some stakes thermistors were used to monitor the tem-

tongues and the mapping of supra-glacial debris cover. For o : . .
g bping bra-g erature profile in the debris layer, in order to derive the ther-

the detailed observations of recent ablation conditions, net-p - . .
works of 11 stakes each were installed in addition to the stan:mal propemes qf the debris covgr. UsuaIIy.three thermlstqrs
dard mass balance stake network on the Djankuat Glacier ina vertical profile were placed in the debris cover to obtain

June 2007 (Fig. 3) and in the ablation area of the Zopkhitoa good resolution of the temperature gradient. In general, the
Glacier in June. 2008 (Fig. 4), respectively. The elevation €MPerature measurements show that for debris thicknesses

range of the sub-debris ablation network is about 250 m onOf less than 4.0 cm the.da|ly temperature cycle is fully com-
ensated during the night. The accuracy of the thermistors

both glaciers. Positions of the stakes were selected to repreQSed in the debris cover (Tiny Tag TGP 4020 data logger, in-

sent variations in debris cover thickness, elevation range an . .
9 cluding a 10K NTC external thermistor, accuraey0.2°C)

aspect. ) . : -
Installation of the stake networks and subsequent moni-> good enough to determine the established mean daily tem

; PRI —1
toring covered a period from 26/06/2007 until 27/09/2007 perature gradient, which is in the order of 1@cn™.
at the Djankuat Glacier, while thermistor information of de-

bris temperatures is available until 01/07/2007. On Zopkhito

Glacier, the stake network was installed at the end of June

2008, however, the stakes were reinstalled at the beginning

T
43°12'0"N

Djankuat Glacier

Djankuat Glacier

4
e ablation stakes

[ debris

+
T
43°11'40"N

4.2 Ablation measurements
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Table 1. Details of the sensors used on Djankuat and Zopkhito glaciers for monitoring meteorological parameters.

Sensor Variable Height above the surface (m)
Temperature and humidity Air temperature and relative 2
HMP45C Vaisala probe humidity

CS100 SETRA barometric Atmospheric pressure
pressure sensor

A100R anemometer Wind speed 25
W200P-01 wind vane Wind direction 2.5
Kipp & Zonen CRN1 Incoming and reflected solar 15
net radiometer radiation; long-wave terrestrial

and returned radiation

SR50A sonic ranging sensor Distance to the surface Variable

on a moraine ridge in the central part of the glacier tongue
for the duration of the field campaign. The full-range Camp-
bell Scientific AWS was removed in the autumn 2008 and re-
installed at a lower elevation on the glacier in spring 2009,
ensuring the coverage of meteorological conditions during
the following ablation season. All sensors employed at the
AWSs took measurements every 5s and stored information
averaged over 15 min intervals. The details are listed in Ta-
ble 1. The AWS were visited every week to adjust their posi-
tions and maintain the correct alignment of the instruments.

425250N

42°5250'N

Zopkhito Glacier

425240N
42°5240°N

+ omton taes 008 g Apart from the short term measurements conducted on the
o ot sakes 2008 glaciers, longer term meteorological data are required to un-
e ; derstand glacier response to the varying climatic conditions.
o e In the northern Caucasus, such data were obtained from the
Terskol weather station located in the main valley of the Bak-
Fig. 4. Overview of Zopkhito glacier including the mapped debris san River in 20 km from Djankuat Glacier at the elevation of
cover and the position of_ the ablation stakes in both ablation seas141 ma.s.l. The parallel measurements conducted at Ter-
sons, as well as the location of the AWS. skol and on Djankuat using the AWS in June—October 2007
showed a reasonably high correlation for the daily air temper-
ature (coefficient of determinatior? : 0.75) and a mean tem-
perature difference of 5. The position, surroundings and
observational programme at Terskol remain unchanged since
Campbell Scientific automatic weather stations (AWS) werethe start of observations in 1952 when measurements com-
installed on both glaciers between early June and early Ocmenced and it is possible to use a simple lapse rate function,
tober measuring a range of meteorological variables and disderived from the period of parallel measurements, to calcu-
tance to the surface used in the calculation of glacier melfate air temperature at the glacier in the past. Data from the
rates. Ambrolauri weather station situated 45 km south-west from
On Djankuat Glacier, two stations were installed at aboutZopkhito glacier at 544 m a.s.l. were used to characterise me-
2960 ma.s.l., one over the clear ice and another over the ddeorological conditions in the southern catchment. There was
bris covered surface (Fig. 3), close to the location where tema strong correlation between the AWS air temperature data
perature gradients in the debris cover were recorded by serom 2008-2009 and air temperature measured at Ambro-
eral thermistors. On Zopkhito Glacier, an AWS was installedlauri with a coefficient of determination of 0.74. The mean
in the upper part of the ablation zone at about 2850 m a.s.l.iemperature difference was 120 and deviations from the
just below a steep ice fall in 2008 (Fig. 4). This station was mean temperature difference were due to the frequent local
situated on clear ice. A simpler weather station (including airrainfall events (accompanied by a drop in temperature) at
temperature, humidity and wind speed sensors) was installethe glacier in the afternoon in the summer season when it

425230N

42'5230°N

4.3 Meteorological Data
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——Zopkhito b\’\ —a—catchment
3 4000

3 : ; i : 1 ; : 3000 /}j‘/
AWV 7 B R /'\//
0 i i i i i i i i ({j‘/‘
16.Jun 26.Jun 06.Jul 16.Jul 26.Jul 05.Aug  15.Aug 25.Aug 04.Sep  14.Sep 2000

Date A/A/“/‘

1500
Fig. 5. Comparison of parallel daily mean air temperature mea- 0 0s 1 15 2 25 3 35 a as

surements9C) in 2008 on both sides of the Main Caucasus Ridge: et

at Ambrolauri weather station (550 m a.s.l.) and on the Zopkhito Fig. 6. Area elevation distribution for the six glaciers in the Adyl-

Glacier (about 2700 m a.s.l.) on the southern slope and on the S
Djankuat Glacier (2960 m a.s.l.) on the northern slope. Su basin in 2000 based on Stokes et al. (2006) and the STRM 90 m

digital elevation model. The area distribution is divided into clean
ice and debris covered fractions.

Air Temperature (°C)
)—‘
&
elevation (m)

was dry (and warm) at the lowland station. The observations

showed that the southern site experienced higher cloudinesggpyis slides leaving only thin dust layers on the ice surface.
during summer due to the advection of humid air from the |, ihe flatter parts, the supra-glacial debris is composed of
Black Sea generating the observed precipitation events. A \ide variety of grain sizes, from very fine grained sand to
comparison of air temperatures during the summer of 200§, gtones. Larger boulders, however, are few. Fig. 7 shows
(Fig. 5) shows, however, that air temperatures at both site¢ne area-elevation distribution of the Zopkhito and Laboda

are rather similar if the vertical temperature gradient is ac-g|5ciers for 2006 (based on elevations from SRTM in 2000).
counted for. Airtemperatures at Djankuat Glacier were aboutrpa other glaciers in the basin have no debris cover and are
0.5°C lower than at Zopkhito at the comparable altitudes. s not included in this analysis.

The hypsographic curve of the glaciers in the south is sim-
5 Analysis of glacier and debris cover evolution ilar to that in the Adyl-su basin, but with the lower glacier
margin about 100 m higher than in the north. Proportion
The results of the temporal evolution of the glaciers in theof glaciated area reaches its maximum in a similar eleva-
two basins are mainly based on the remote sensing analytion band while the relative area decrease with altitude starts
sis, complemented by own observations. Glaciers are locatedét about 3400 m, which is 200 m lower than in the Adyl-su
between 2300m to 4300 m in the Adyl-su basin and coverbasin. Only the lowermost 300 m of the glacier cover (from
about 21 % of the area (Djankuat glacier accounts for abou450 m to 2750 m) exhibit a significant fraction of debris
3% of the basin area). The ice cover reaches its maximung¢over, while small debris covered areas are detected up to
extent between 2900 m and 3700 m. The supra-glacial de3600 m.
bris cover in the valley is limited to the elevations between In comparison to the Adyl-su basin, the proportion of ice
2350m and 3200 m and there is no clear ice glacier surfree areas in the Zopkhito basin is considerably larger in
face within the lowest 150 m of this band (Fig. 6). Between lower elevation bands. Almost 40 % of the total area is down-
2500 m to 2800 m, the areas of debris-covered ice and cleastream of the lowest glacier tongue, while in the Adyl-su
ice are approximately the same. At higher elevations, thebasin this is only a small fraction. The elevation bands show-
supra-glacial debris cover gradually declines and disappearig the largest area in the Adyl-su basin are concentrated be-
at about 3200 m. tween 3000 m and 3400 m. In the Zopkhito basin, the dis-
In the Zopkhito basin, the extent of the supra-glacial de-tribution of these elevation bands stretches between 2100 m
bris cover is more limited. Only a small proportion of the and 2800 m.
Zopkhito Glacier tongue is covered by debris. Apart from A comparison of the debris extent on the available remote
supra-glacial moraine ridges across the middle section okensing images shows an increase of the relative debris cover
the tongue, the debris cover extends mainly over the lowerover time (Fig. 8). For the glaciers in the Adyl-su basin,
most part of the glacier. There, continuous and strong meltwhere imagery is available at intermediate dates, the supra-
ing throughout the summer increases the debris cover on thglacial debris distribution remained nearly constant at about
glacier surface by removing ice and adding intraglacial de-16 % between 1971 and 1991. Between 1991 and 2006, the
bris. The debris cover is rather thin on the steeper parts oflebris covered area started to increase noticeably reaching
the tongue, where the material usually is removed by smalR3 % within 15 years. For the Zopkhito basin glaciers, the
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2000 Fig. 8. Relative debris covered area on the glaciers of the two in-

rf// vestigated basins in the Caucasus for a time span of 35 years.

0 05 1 15 2
catchment area (km?)

1500

mass balance investigations restricted to the ablation zones

Fig. 7. Area elevation distribution for the Zopkhito and Laboda gzpg meteorological data, glacier melt was calculated for the
Glaciers based on the manually delineated glacier boundaries folrespective ablation seasons

2006 and the STRM 90 m digital elevation model. Note the differ- . .
ent scales for the area of the glaciers and the catchment (upper and AS 2 first step, ablation rates and degree day factors (DDF)
lower x-axis). were determined as a function of debris thickness for the ab-

lation season. A relationship between daily mean air tem-
peratures and the sub-debris ice melt could be established by
increase in debris cover was not so pronounced (from 6.2 %&ssuming the validity of a simple degree day approach (ab-
to 8.1 %) and due to the lack of imagery, no information waslation is linearly related to positive air temperatures; Braith-
available on the temporal pattern of change. waite 1981, 1995; Hoinkes, 1955; Hoinkes and Steinacker,
During the same period, melt on the glacier tongues ex-1975). A critical investigation of temporal variability of ab-
ceeded the compensating ice flux which resulted in area relation demonstrates that the established degree day relation
duction. For the glaciers in the Adyl-su basin (mean gIacieriS not stable over time. Compared to the first week after in-
size: 3.7 knd) this resulted in an area loss of 14.9 % for the Stallation, melt rate is generally higher if longer time spans
35 years between 1971 and 2006. In the Zopkhito basin, th@re considered. The main reason for this is probably consid-
resulting area loss was about 12.6 % for the same time Spamrable mobility of debris cover over time. After installation
The area change of the glaciers in the Zopkhito basin withinof a stake in the drill hole of the debris-covered glacier, the
a similar size class as in the Adylsu basin (these are ZOpkhit@lebris cover is reassembled as close to natural conditions as
glacier and Laboda glacier, mean area: 2.58ki® 13.3 %. possible. This is, however, only possible to a certain extent
In the Alps, changes in glacier area were also observed@nd leads to a re-organization of the debris layer over time.
during similar time periods. In th&tztal (Austrian Alps), At the same time, ongoing ice melt changes the ice bed un-
glaciers in the size class of 1-5Rnipst 11.4% between derneath the debris cover leading to the re-structuring of the
1969 and 1997 and 19.1% in the period 1969—2007 (Lamdebris cover. Therefore temporal consolidation and probably
brecht and Kuhn, 2007; Abermann et al., 2009). In Switzer-also removal of fine grained debris material by melt water
land, glaciers in the same size class lost 17.9 % between 197& Some locations leads to thinning and compaction of the
and 1999 (Paul et al., 2004). Therefore glaciers with a comdebris cover. Both processes are linked to higher melt rates

parable size lost somewhat less area in the Caucasus corfili€ t0 lesser insulation and improved heat conduction. In
pared to the glaciers in the Alps. addition, ablation records at some stakes appear to be spuri-

ous. At one location with an initial debris thickness of 12 cm,
for example, the degree day factor (melt per degree of pos-
6 Characteristics of sub-debris ice melt itive meain daily air temperature: DD) in 2008 varied from
0.26 mm/DD to 0.84 mm/DD, a value close to the one for
It is important to note that the study will not determine the to- clean ice conditions. This is very probably due to a total
tal mass balance in the basins, because the existing data baggnoval of debris cover by water flow or slumping. Such ob-
does not allow such calculations. Instead, the ice melt will beServations demonstrate that ablation measurements need to
compared for individual elevation bands and thus the generdpe carefully analysed, if they are used for quantifying sub-
conditions for melt water generation, including the local me- debris melt conditions.
teorological situation and the influence of the supra-glacial Due to the reasons discussed above, we decided to use only
debris cover are analysed. Based on the field work, suba sub-sample of all measurements which was selected by a
debris ablation was analysed in detail. In connection withquality check of all the ablation measurements. First, the
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Fig. 9. Degree day factor versus debris thicknesses for the stakes ] )
with approved ablation measurements on the Zopkhito Glacier durfig- 10. Degree day factors from different regions (Southern In-

ing the observation periods. The maximum ablation is reached fo/Ichek, Hagg et al., 2008, Baltoro; Mihalcea et al., 2006; Maliy
very thin debris layers. Aktru, Mayer et al., 2011), including the manually derived degree

day functions for Djankuat glacier and Zopkhito glacier.

measurements were checked for temporal stability. Frequelgared to the conditions at Zopkhito glacier. However, sub-

observations of ablation especially during the first phase ofjepyris melt varies considerably depending on the local debris

the measurements in both seasons allowed us to calculajgyer conditions (grain size, grain size distribution, humidity,

melt rates for short time periods (between half a day and &tc). Based on our stake observations, however, the strong

few days). Only ablation measurements which show stablgeqyction of ice melt for debris layer thicknesses between

conditions over several observation periods are selected foy o and 10 cm, compared to thicker debris covers seems

further analysis. In addition, photographs of stakes for dif-\ye|| documented for both glaciers.

ferent_ dates were checked for stability of thg debris cover. |y order to include physical properties of the debris layer

The finally selected measurements of ablation and consepn melt calculations, a simple approach based on conduction

quently degree day factors as a function of debris thicknesgs the major process of heat transfer from the surface to the

are displayed in Fig. 9. The remaining variability of the jce is used. Furthermore, under the assumption of uniform

DDFs is due to local changes in debris cover compositiongepyis conditions over larger areas (similar grain size distri-

(€.g. grain size, stratigraphy, water content) and is in the orytion, similar lithology, similar water content), heat transfer

der of 1 mm/DD. is governed by thermal resistance. For daily observations,
Because the degree day factors as a function of debria linear vertical temperature gradient within the debris col-

thickness are characteristic for specific sites, this relationshiumn can be expected (Nicholson and Benn, 2006) and it can

is shown in Fig. 10 for several investigated regions. Such &e assumed that energy transferred through the debris cover

comparison provides information about the effect of debrisdepends on the temperature gradidfitdzand its thermal

cover on ice melt in different regions. Even if the extent resistance R only (Nakawo and Takahashi, 1982):

of glaciation varies between the regions, local ablation rates 1dT

and thus melt water production can be evaluated. Glacie,, = = —, 1)

melt is stronger compared to clear ice melt for a very thin R dz

debris cover on both Djankuat and Zopkhito Glaciers. Sim-where thermal resistance of the debris cover is defined as a

ilar observations were made in other, longer measurementsatio between surface temperatuigand ablation rate in

(e.g. Mihalcea et al., 2006; Konovalov, 2000). After a maxi- dependence of latent heat of fusidg and ice densityp;,

mum in melt, the melt rate decreases and reaches the sanifethe mean ice surface temperature is assumed to be at the

magnitude as for clear ice at the critical debris thicknessfreezing point

of about 2cm for Zopkhito glacier and 3 cm for Djankuat

glacier. The melt rate continues to decrease rapidly with in-R = —s (2)

creasing debris thickness, so that about 50 % of the clear ice Ls-pi-a

value is reached at debris thicknesses of about 6 cm at Zop-rom the observed temperature gradients in the debris cover,

khito glacier and 10 cm at Djankuat glacier (Fig. 10). This a mean daily surface temperature can be inferred which is

thickness for a 50 % melt reduction is somewhat lower thanused together with the recorded ablation values at the same

previously derived values from ablation modelling (Bozhin- position to calculate thermal resistance. As this is done at

skiy et al., 1986). In general ice melt is stronger at Djankuatlocations with different debris thicknesses, a function for the

glacier for debris thicknesses between 2 and 13 cm, comthermal resistance in relation to the thickness of the debris
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Table 2. Thermal conductivity for different rock types (Gupta, %

2003) and the derived thermal resistance for a 10 cm thick layer

of the respective material. g ]

10 1

debris thickness (cm)

rock Thermal Thermal resistance
COndUCtiVity (K rn2 W_l) Djankuat, this study L
(W mil Kil) (fOr 10cm 57 ) — @ - Zopkhito, this study |
. . ---A--- Baltoro
debris thickness) " - Mally Aktru
0

Granite 3.32 0.0301 0 0.02 0.04 006 008 0.1 0.12 0.14 0.16
Basalt 209 00478 thermal resistance (°C m%W)
Slate 2.09 0.0478 . . . .
Limestone 200 0.0500 Fig. 11. Thermal resistance for the glaciers in the Caucasus and
Quartz Sandstone 5 02 0 0199 Altai and compared with results from former field measurements in

the Karakoram.

7 Model simulations of sub-debris ablation
layer can be deduced. One basic assumption for this ap-

proach is a characteristic and constant debris compositio®ne of the major goals of this study is to show that a sim-
across the glacier. Even though the debris composition showple approach is suitable for providing reliable estimates of
some variability, it is possible to choose measurement locamelt water generation in basins with poor data availability.
tions which are representative of the mean conditions of aFrequently, daily air temperature is either measured close to
certain debris cover thickness. glaciers or can be obtained from local meteorological stations
The accuracy of the thermistors used in the experimentsn the vicinity. Also precipitation (cumulative values for pe-
is £0.2°C, while daily ablation can be determined with riods of weeks and months) can be derived from station data
an accuracy of less than 1cm. Using a mean daily verti-in the region. Both air temperature and radiation budget in-
cal temperature gradient in the debris cover, the resultindluence the sub-debris ice melt and it would be desirable to
mean uncertainty for the derived thermal resistaneed<92 use an energy balance model for the calculation of ice melt.
(Km2W~1). This value is in the same order as thermal re- In most situations, however, the required input data are not
sistance for very thin debris cover (less than a few cm). available, especially at high temporal resolution which is re-
Thermal resistance of the debris cover has been calculatequired for energy balance models. This is the major motiva-
as an independent parameter, in order to allow a comparisotion for adapting a simple degree day model to determine the
between different regions. This parameter is independent ofumulated ice melt across the ablation zone of debris covered
the glacier area-elevation distribution and thus general masglaciers with a poor data coverage.
balance and topographical conditions. Therefore, local abla- The temporal development of glacier change and the influ-
tion conditions can be compared between different meteoroence of the debris cover can only be described with a combi-
logical situations, surface geometry and supra-glacial debrigation of an appropriate mass balance model (including the
properties. effect of supra-glacial debris) and an associated model of
Thermal resistance is known for different rock types basedglacier evolution. One of the key components is the treat-
on their thermal conductivity (Table 2, Gupta, 2003). Ther- ment of mass loss from the ablation zone and, in the case of
mal resistance of a debris layer, however, is a combination oflebris covered glaciers, the implementation of the sub-debris
properties of the rock, the air filling void space and water sit-melt mechanisms. Field measurements can only be carried
uated especially in the lower parts of the debris layer (Brockout on a finite number of sample glaciers and transition from
et al., 2007). The thermal resistance of air (3.85KW?! local field results to calculations for larger areas requires the
for a 10 cm layer, Young, 1992) is much larger than for typi- usage of the above mentioned models.
cal rock types and water (thermal resistance of a 10 cm water One major issue when discussing variations in glacier wa-
layer: 0.19 K n¥ W—1) shows somewhat higher values. Vari- ter resources is their relevance to the water supply for hy-
ability of thermal resistance across several regions (Fig. 11§ropower or irrigation. Any hydrological model for run-off
is of the same order as variability between different rockssimulation in glacierized catchments requires input from ab-
(Table 2). The considerable difference between Djankuafation models for prognostic calculations into the future. A
glacier and other regions is probably due to a different grainnumber of hydrological models already exist which include
size distribution (air content) and water saturation. glacier mass balance routines (e.g. HBV-ETH see Braun and
Aellen, 1990, or OEZ, see Kuhn and Batlogg, 1998). There
is, however, no adequate treatment of debris-covered glaciers
in such models.
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7.1 The ablation model 700

600

===-=debris melt
mean melt
ice melt

In our approach, ablation is calculated for 50 m elevation
bands, with an appropriate degree day sDgfor the indi-

vidual bands. The total glacier aréaand the supraglacial \
debris cover aredy need to be distributed on the elevation
bands together with the mean debris thicknkedsr a cor- 20

rect melt calculation (Mayer et al., 2011). The required areas """"""
are determined from field investigations and glacier mapping 0 ? aSE —
using remote sensing. The debris thickness is extrapolated R ER IR I
from field measurements, which is only justified for small L ‘ L
basins with similar glacier morphology. Finally, ablation is 7 debrs met
determined on the basis of the glacier maps, debris distribu- wemet
tion and the degree day functions:

A—A . A
a=¥Dsdf(|)+Xstdd (h) 3)

melt (cm)

300

melt (cm)

For clear ice and debris cover ablation, the simple and widely R N T -0 \
accepted degree day approach (e.g. Braithwaite, 1995) is b T T
used because the energy balance terms change strongly e w0 w0 0 w0 w0

across debris covered glaciers and measurements are usu-

ally not available in remote basins. The degree day factolrig. 12. Model results of net ablation for the two glacier basins
for ice di(i) and the degree day factors function in depen-and the sample year 2006&) Northern test basitb) Southern test
dence off different debris thicknesség(h) are calculated basin, based on a degree day approach and including the effect of
from the field data. The degree day factor function in depen-supra-glacial debris. For the sub-debris melt, the specific condi-
dence of debris thickness cannot be derived as a single aniipns documented by our field measurements are used for the entire
at the same time easy to use mathematical function. Therdiasin. Temperature information is provided by the glacier AWS on
fore, we delineate the function manually as a best fit to thethe Djankuat_GIacier_and awegtherstation at Ambrolauri in Georgia
stake measurements (Fig. 10). The comparison of the staki@" the Zopkhito basin respectively.
measurements with the corresponding values of the manually

derived function shows, however, good correlation. For Zop- ) ) o o
khito glacier, the coefficient of determinatior?{ is 0.8, for glaciers with measured debris thicknesses. For the glaciers in

Djankuat glacier it is 0.96. This analysis shows that the mod-the Adyl-su basin, the thickness measurements on Djankuat
elled degree day functions are suitable to calculate sub-debri§lacier from 2008 could be complemented by detailed de-

melt for the observed range of debris thicknesses. bris mapping on this glacier in earlier years (Popovnin and
Information on distribution of debris thickness with alti- R0Zova, 2002). In the Zopkhito basin, the measurements of

tude is required for this calculation. A wide range of ob- 2008 and 2009 have been the only ground truth source.

servations on different glaciers shows that in general debris N our experiments, the winter snow pack is assumed to be
thickness increases with decreasing altitude. For individuavenly distributed over the ablation area and is melted first
glaciers, a mean debris thickness function with elevation cartising & mean degree day factor for snow (0.54 cm/DD, mean
be derived and included in the calculations. The Summa_Va.Iue for similar conditions in HOCk, 2003) The amount of
tion of the resulting mean ablation rate for the individual Snow on the glacier at the end of the winter is derived from
elevation bands gives the total ablation for the entire abla-Precipitation temperature records, which allow discrimina-
tion zone. The debris cover thickness for the glaciers in thelion between liquid and solid precipitation. As we are only
region was extrapo|ated from the local thickness measurei.nterested in the effect of the debris cover on the ice ablation,
ments, assuming similar thickness/elevation distributions orinean values for the end of the winter snow pack are used
the neighbouring g|aciers_ As geo|ogica| and hypsometricfor CalCUlating snow melt and the start of ice ablation. Sum-
conditions are similar at individual glaciers in the respective Mer snow events are very rare on the glacier tongues in both
basins, this assumption is justified. For larger basins, théegions and are thus not included in the model experiments.
relation between debris thickness and elevation needs to be

determined for smaller, consistent units. The spatial debris/.2 Model results

cover distribution for all glaciers is based on classification

of optical remote sensing images. The debris thickness i88ased on this melt model, the net ablation during one sam-
then assigned to mapped debris cover according to the corrgsle year (2008) was calculated for the two regions north and
sponding elevation difference from the glacier snout as on thesouth of the Main Ridge. The results are shown in Fig. 12.
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Table 3. Results from sensitivity experiments of the ablation model for the Adyl-su basin. In experiment 1 the natural debris thickness
distribution is varied across the glacier. For experiment 2 the natural debris cover is used, but the thickness is set to constant values. In
experiment 3 the winter snow cover is changed#80 %. In addition to the resulting melt volume also the relation to the ablation for a
debris free glacier is presented.

experiment 1

real debris rea-10% real +10 % real +20 %
total melt volume (rﬁ) 2773602 2810788 2763769 2738032
clean glacier ratio (%) 73.7 74.7 73.4 72.7

experiment 2

real debris 2cm debris 5cmdebris  10cmdebris  15cm debris
total melt volume () 2773602 3348247 2909847 2734487 2646808
clean glacier ratio (%) 73.7 88.9 77.3 72.6 70.3

experiment 3

initial snow  initial —20% initial +20 %
total melt volume (M) 2773602 4265021 1847831
clean glacier ratio (%) 73.7 77.9 70.4

Table 4. Results from sensitivity experiments of the ablation model for the Zopkhito basin. The experiments are identical to the ones in
Table 3.

experiment 1

real debris rea-10% real +10 % real +20 %
total melt volume (M) 17876838 1604183 17771961 17323313
clean glacier ratio (%) 73.7 76.7 73.2 71.4

experiment 2

real debris 2cm debris 5cmdebris  10cmdebris  15cm debris
total melt volume (rﬁ) 17876838 25743291 19417301 16 886 905 15305407
clean glacier ratio (%) 73.7 106.1 80.0 69.6 63.1

experiment 3

initial snow initial —20% initial +20 %
total melt volume (M) 17876838 29605310 9882082
clean glacier ratio (%) 73.7 77.7 69.5

For both regions, the calculated equilibrium line altitude in the north and south-east/south/south-west in the south)
(ELA) is in the same range, but lower in the south (aboutand a difference in the precipitation regime with large ac-
3100 m in the Zopkhito basin) than in the north (3300 m in cumulation amounts on the northern slopes of the Caucasus
the Adyl-su basin). The clean ice ablation, however, shows dPopovnin, 1999). Compared to the northern glaciers, the
larger gradient in the north. One possible reason could be théower limit of the glaciers in the Zopkhito region is about
observed higher cloudiness on the southern slope of the Cau50 m higher, while the total clear ice ablation at 2450 m el-
casus which results in smaller values of the incoming shortevation is 120 cm or 20 % less for the sample year.

wave radiation and, therefore, lower air temperature under | hoth regions, debris cover strongly influences total melt.
otherwise similar meteorological conditions. Another reasonThe aplation-elevation function is determined by debris dis-
could be the different aspect of the glaciers, where the southyipution and thickness. For both examples, the effect of
facing glaciers receive more energy but also more precipitathe debris cover declines strongly above about 2850 m due
tion. This radiation conditions, however, do not result in a g very little debris cover at higher elevations. In total, ice
lower position of the glacier terminus. This effect is proba- melt is reduced by about 26 % due to the debris cover in both
bly linked to the mean orientation of the glaciers (north-westpasins.  However, distribution of melt characteristics with
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altitude is rather different, with a more gradual decrease ofshow only a minor effect. These differences in ice melt sen-
debris cover in the northern basin. sitivity to debris thickness variations can be explained by the
For both regions the total amount of melt water was observed debris thickness distribution in the basins and the
determined for the ablation season 2008, resulting incharacteristic degree day functions for the two basins.
2.77x 10° m? for the Zopkhito basin and 17.8810° m? for A variation in winter accumulatiordf 20 %) has a strong
the Adyl-su basin. This corresponds to additional 56 mmeffect on the total melt water production, but the effect on the
discharge in the Zopkhito basin and 180 mm in the Adyl-surole of the debris cover for ice melt is restricted (about 4 %).
basin. Unfortunately mass balance measurements are only
available for Djankuat glacier. Therefore, a direct compar-
ison is only possible for this glacier. In the mass balance8 Discussion and conclusions
year 2007/08, Djankuat glacier had a positive mass balance
of 100mm. The mean ice melt across the ablation area wadhis study compares the conditions of glacier melt on both
2470 mm which was more than compensated by the large acsides of the main divide of the Caucasus Range. In both re-
cumulation amounts. If the mean ablation of the model resuligions, debris cover has a moderate effect on the melt water
for 2008 is scaled with the ablation area of Djankuat glacier,production. The altitudes below 2800 m a.s.I. are affected by
the ice melt results in 2580 mm, which is in a good agree-an increasing debris cover in thickness and in areal extent.
ment with the measurements. In the case of a debris-fredhis trend will continue if the climate evolves along the cur-
glacier, ice melt would be enhanced by 26.3 %, resulting inrent trends due to continuous strong ice melt and accumula-
a mean ice melt of 3345 mm in the ablation area and an estion of supra-glacial debris on the glacier tongues. Therefore
timated mass balance ef290 mm. This compares well to any investigation of glacier melt in this region needs to take
results by Pelto (2000), who identified that annual ablationdebris cover into account.
was significantly reduced by 25-30 % on debris-covered ice, A comparison of derived degree day factors as a func-
with summer ablation (once all snow cover has been lost}ion of supraglacial debris thickness for different glaciated
30-40 % less under debris-covered regions. regions (Fig. 10) shows that the measurements in the Cau-
In order to assess the significance of these results, addicasus provide factors in a similar range as in the Karako-
tional experiments have been performed with different pa-ram (Mihalcea et al., 2006) and the Tian Shan (Hagg et al.,
rameter sets (Tables 3 and 4). Compared to the results fo2008). For thin debris layers, however, the variation of the
the actual debris cover thickness, a thickness change of 10 %&ctors is large and between the regions, melt rates can vary
results in rather small variations (up to 1 %) of the effect of by a factor three. This is mainly due to geographical con-
the debris cover on ice melt for the Zopkhito basin. A 10 % ditions (latitude, elevation), local geology (defining debris
increase of the debris cover thickness reduces the ice mefiurface albedo and thermal resistance) and meteorological
by about 10 000 iy or 0.35 %, while a corresponding thick- conditions (cloudiness). In the Caucasus, the relation be-
ness decrease enhances ice melt by 37 0@m1.3%. In  tween degree day factors and debris thickness is similar in
the Adyl-su basin, the effect of thickness change is higherthe northern and the southern parts as documented by our
If the debris cover thickness is reduced, the influence of thenvestigations.
debris cover on ice melt increases by 3%. The melt water Ice ablation will be smaller at the Djankuat Glacier in the
production is 1.8< 10° m3, or 10 % higher. For an increase Caucasus for a given debris surface temperature, compared to
of the debris thickness of 10 %, the reduction of melt watersimilar ablation values at the Baltoro Glacier and the Maliy
production is 105 000 & or 0.6 %. This strong difference in  Aktru Glaciers (Fig. 11). For the Zopkhito Glacier, thermal
sensitivity is due to the fact that the mean debris thickness ofesistance is smaller than for the Djankuat Glacier and just
about 8 cm in the Adyl-su basin is close to the strong slope ofslightly higher than for the Baltoro and Maliy Aktru Glaciers.
the derived degree day function (Fig. 10), resulting in strongGiven the mean uncertainty of thermal resistance of 0.02
changes for small debris thickness changes. For a similatk m? W—1), the results for Zopkhito glacier are significantly
mean debris thickness in the Zopkhito basin the corresponddifferent from those for Djankuat glacier. This difference
ing degree day function is already rather flat and ablation isn thermal resistance is probably due to different geological
less sensitive to thickness changes. This is also confirmedonditions in the two basins. Melting is thus enhanced on the
by experiments with constant debris thicknesses across théopkhito Glacier in comparison to its northern counterpart
glaciers. The variation of the debris cover thickness betweerfor the same boundary conditions and glaciers in the Adyl-su
5cm and 15 cm for the Zopkhito basin produces only moder-basin are less sensitive to changes in the debris cover.
ate changes in the total melt water production, while the vari- On the other hand, the degree day factors in dependence of
ation between 5cm and 2 cm increases the ice melt considdebris thickness for Djankuat and Baltoro glaciers (Fig. 10)
erably more. In the Adyl-su basin, the corresponding experi-are rather similar. This is probably due to the large altitude
ments show that the melt water production for a mean debrisand thus mean air temperature difference between the two
thickness of 2cm is higher than for clear glaciers (106 %),glaciers which, to a certain extent, compensates the physical
while changes in debris thickness between 10 cm and 15 crproperty differences of the debris cover. The observations
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