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Abstract. To quantify the ablation processes on a debris cov-1 Introduction

ered glacier, a simple distributed ablation model has been de-

veloped and applied to a selected glacier. For this purpose,

a set of field measurements was carried out to collect emP€bris covered glaciers are a prominent feature in high re-
pirical data. A morphometric analysis of the glacier surfacelief mountain ranges like the Tien Shan, the Himalayas or
enables us to capture statistically the areal distribution of tothe Karakoram. These glaciers are characterized by the pres-
pographic features that influence debris thickness and corfnce of supraglacial debris mantles in the ablation zones
sequently ablation. Remote-sensing techniques, using higihat can originate from various sources, such as thrusting
resolution satellite imagery, were used to extrapolate the irPf subglacial material, rockfall from mountain sides or aeo-
situ point measurements to the whole ablation area and t§an deposition directly onto the glacier surfaGehomacker
map and classify melt-relevant surface types. As a result2008. Several studies have concentrated on the relationship
a practically applicable method is presented that allows theetween debris cover thickness and sub-debris ice melt rates
estimation of ablation on a debris covered glacier by com-Since the fundamental contribution @trem(1959. When
bining field data and remote-sensing information. The sub-Solar radiation is present, very thin layers of debris or small
debris ice ablation accounts for about 24 % of the entire iceSingle grains absorb more heat than ice, due to their lower
ablation, while the percentage of the moraine covered are&lbedo. The transfer of this energy into the underlying ice
accounts for approximately 32% of the entire g|acierizedincreases ablation rates. Thicker supraglacial debris covers
area. Although the ice cliffs occupy only 1.7 % of the debris @Ct as a protecting carapace, which insulates the underlying
covered area, the melt amount accounts for approximatelyc€ and significantly reduces ablatio@gtrem 1959. The
12 % of the total sub-debris ablation and 2.5% of the total'eSPonse of debris covered glaciers to climate change and
ablation respectively. Our study highlights the influence of therefore the prediction of future water availability are the
debris cover on the response of the glacier terminus in a parsubject of current research (e$cherler et a.2011 Benn
ticular climate setting. Due to the fact that melt rates beyond€t al. 2012 Bolch et al, 2019. Several physically based
0.1 m of moraine cover are highly restricted, the shielding ef-models that calculate sub-debris melt rates based on mete-
fect of the debris cover dominates over the temperature an@rological variables and debris thermal properties have been

elevation dependence of the ablation in the bare ice case. developed during the recent palsii¢holson and Benr2006
Reid and Brock 2010. However, these physically based

models require a wide range of input data whose determi-
nation is difficult, time consuming and expensive, especially
for larger areas. They are important for process studies at
point locations, but the application for large glaciers or even
basin-wide calculations remains difficult. To determine the

Published by Copernicus Publications on behalf of the European Geosciences Union.



378 M. Juen et al.: Studies of debris thickness patterns in an ablation model

ablation of a whole debris covered glacier, robust concep-Table 1.1konos satellite sensor specifications.
tual approaches with empirically derived functions have been

proven to produce realistic results (eRraun et al. 200Q Satellite Sensor Band Spectral Pixel

Hagg et al.2007). number range resolution
Apart from the debris coverage, ice cliffs and supraglacial 1=Blue  445-516nm

lakes are a!so important. features of debris covered glacigrs: " , Mulii-spectral 23=_GRregn ggg—gggnm am

they are widely recognized as spots of enhanced melting '<°"°S 4:N|eR 757—853r:‘nT

(Sakai et al.2002 2000. The exposed areas of steeply in- Panchromatic Pan 526929 nm im

clined ice are normally covered with a very thin layer of dust
or sand, leading to higher absorption of shortwave radiation

due to the low albedo compared to clean ice. Supraglaciabn bare ice. To find out how the slope angles of the cliffs

lakes produce internal ablation in the conduit system thaty,q\ye stakes have been placed orthogonal to the ice surface
leads to a positive feedback process, accelerating the ablgy 1o sper and the lower part of the ice cliffs. Debris cover
tion rate olfgebns col}/en'ad glr?uel('l‘sltmley a?d B?”DZ?OE thickness was measured at each stake during the installation
Belnn etal Ol?ﬁ Fo gwmgdt € co apse(;) englacial chan-  5cess. Additionally, debris thickness along a longitudinal
nels, new ice clills and ponds are created. @rofile was measured in summer 2011 by scientists from the

TO, quaﬂtify these melt processes on a debris covere old and Arid Regions Environmental and Engineering Re-
glacier, this study applies a distributed ablation model to a S€3earch Institute (CAREERI).

lected glacier.
3.2 Meteorological measurements

2 Study area Air temperature was measured by an automatic weather sta-

. . . . i AW AREERI. The AWS is |
Field observations have been carried out on the moraine covt-Ion (AWS) operated by C & Sis located near

. X . .~ "the glacier terminus at an elevation of 3009 ma.s.l. (Ejg.
j?;i(::] ﬁ:gﬁﬂ? Aalrjet:gngl;nr(()ﬁ);k;reggms? r:?)cr:t?wtv?/gsltr;rt:%;(il:é The respective air temperature sensor is an HMP45C, Camp-
(41.76 N, 80.1F E: Fig. 1). bell Scientific Inc., mounted 2m above the ground surface.

The glacier is situated in the Central Tien Shan, one of th Itis connected to a datalogger (CR1000, Campbell Scientific

€inc.) which provides hourl ,20103.
largest mountain ranges in Central Asia. Melt water origi- nc.) which provides hourly recordsi@n et al, 20103

nating from the glaciers in this region feeds the Tarim River3 3 Remote sensing
and is required in the surrounding lowlands for agriculture
and drinking water Klagg et al. 2007). The prevailing cli-  High-resolution images from the lkonos satellite have been
mate can be described as continental and is characterizagsed to generate a digital elevation model (DEM) from the
by low winter precipitation and convective rainfall events entire Koxkar Glacier catchment. lkonos provides panchro-
in summer Qizen et al, 1997). The glacier reaches from matic images with 1 m resolution and multispectral imagery
3060 to 6432ma.s.l. with a length of 25km and an area ofwith 4 m resolution (Tablg). A cloud-free Ikonos image was
84 kn? (Han et al, 20108). Debris thickness ranges from less acquired on 30 April 2009, 13:32 LT. The solar elevation was
than 0.01 m on the upper reach of the ablation area and 080.1° and the solar azimuth was 149.6
ice-cliff slopes to more than 3m (Figl) near the glacier An ASTER (Advanced Spaceborne Thermal Emission and
terminus Han et al, 2006 Wu and Liy 20132. According  Reflection Radiometer) Level 1B granule was processed to
to Yong et al.(2009 the glacier has an ablation zone of obtain land surface temperature (LST) following the ap-
about 30.6 krf, with 60 % of the area covered by debris. The proach byPu et al.(2006. The observation date is 10
equilibrium line altitude is 4300 ma.s.l. and the maximum April 2007, the local observation time is 13:39 and the spa-
glacier area is situated at the elevation band between 460fial resolution of the thermal infrared channel, which is used
and 4800 ma.s.|Han et al, 20103. to obtain LST, is 90 m. The ASTER scene was selected be-
cause no snow or clouds are present over the debris covered
area in the acquired image. Ikonos and ASTER images were

3 Data compilation co-registered.

3.1 Ablation measurements

) . Methods
From 10 August to 29 August 2010 a series of ablation

measurements were performed on Koxkar Glacier. Ablationg.1  Ablation model design

stakes were installed at locations with varying debris thick-

nesses and preferably horizontal surfaces. Ablation was als®o compare ablation rates of several locations and time
measured at several ice cliffs of different expositions andspans, mean degree day factors were calculated using the
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Fig. 1. (a) The location of Koxkar Glacier in western Chirh) An orthoimage of the debris covered glacier, including the position of the
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measured melt and the sum of positive degree days for the
bare ice stake and the debris covered ice staBesthwaite
1995. Daily ablation is then expressed in the degree day fac-
tor times the difference between daily mean temperature and
a threshold temperature that was set &0 The tempera-
ture data was extrapolated to higher elevations using a (lapse
rate) of —0.008°Ckm~1 (from 3000 to 3700ma.s.l.) and
—0.004°Ckm™1 (from 3700 m a.s.|. and above) respectively.
These lapse rates have been determined for the ablation sea-
son (May to September) biylan et al.(2008 on the basis

of measured air temperature at two different AWS located
on the glacier (observation in 2003 and 2004) and the AWS
in the vicinity of the glacier described above (long-term ob-
servation).Han et al.(2008 state that the drastic change in
temperature lapse rate at an elevation of 3700 ma.s.l. is be-
cause of the transition from a broad supraglacial debris cover
in the lower parts to a debris free ice surface in the middle
and upper parts of the glacier. Ablation rates and their rela-
tion to debris thickness are determined empirically. To ob-
tain an equation that represents the connection from debris

Fig. 2. Degree day factors of individual stakes plotted againstdebriscover thickness to degree day factor, measured ablation, de-

cover thickness. The black line represents the empirical equation®iS thickness and extrapolated temperatures are taken into
used in the ablation modeR? is the coefficient of determination

andS is the standard error of the regression.

www.the-cryosphere.net/8/377/2014/
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Fig. 3. (a) Overview of the study area with glacier outlin€b) Detail of the glacier tongue. Ice cliffs and supraglacial lakes have been
mapped manually (source: orthorectified Ikonos image).

Different curve fittings were tested, but a power law re- 300
gression provides the most reliable equation because of the
asymptotic approximation to the axis. To take account of /
the fact that the degree day factor for very thin layers of de- § 250
bris cover is enhanced compared to bare ice, a linear equatimg /
is used for debris thicknesses smaller than 0.014 m, where 5
the power law regression would produce unrealistically high §
degree day factors. Considering the simplicity of the equa- g
tion, there is good agreement between the measurements ar § —
the regression equation with a coefficient of determination of £ Py

[em]

200

icl
g
\

0.92 (Fig.2). £
On 12 ice cliffs ablation was measured perpendicular § 100 ?

to the surface. Mean degree day factors for north facing 8
(0.0043 md1°C1), south facing (0.0054 md°C~1) and 2 ‘, et |— (Res0.05, 5 26.03) "
east/west facing cliffs (0.0052 md°C—1) were calculated & 50 ¢ ¢ e
and applied within the model. For supraglacial lakes the melt . /  DCT-LSTe% 876
rates at the lake bottom are estimated using the same de é 4 {R3=042 S=11.81)
gree day factor — debris cover thickness regression, but in-  © —

. " 0 2 4 6 8 10 12 14 16 18 20 22
stead of calculating the sum of positive degree days basec ASTER land surface temperature [°C]

on the air temperature record, the overlying water is assumed

to have a constant temperature ¢fGlfor the period from  Fig. 4. Debris cover thickness (DCT) vs. ASTER LST with three
1 May 2010 to 31 October 2010. This assumption is sup-different regression methodR? is the coefficient of determination
ported by the work oKin et al. (2012, who monitored the ~ andsS is the standard error of the regression.

thermal regime of a supraglacial lake during ablation sea-

son at Koxkar Glacier in 2008. One drawback of the present

model is that the lateral melting below the water surface inpose a digital elevation model (DEM) with a spatial resolu-
the ponds is not included, because the dynamic evolution ofion of 6 m was generated utilizing stereo satellite image data.
the debris mantle is not incorporated. Taking into consider-The orthorectified multispectral images in combination with
ation that lakes occupy only 0.36 % of the glacier area, thethe derived elevation model were used to detect surfaces like
error arising from this is rather small for one ablation seasonjce, water or ice cliffs semi-automatically. Because the ice

The mapping and area calculations of supraglacial lakeg|iff area is measured in the horizontal projection from an or-
and steep ice cliffs were carried out with the stereo imagethophoto, the actual area of the cliffs was determined using
data provided by the Ikonos product (Fi§). For this pur- 3 standard slope angle of4&ccording tHan et al (20100,
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Fig. 5. (a) Debris cover thickness distribution derived from LST for the exponential regression (coefficients as in fyDifference in
DCT for the linear regression through the origin relative to the exponential regre&si@ifference in DCT for the power law regression
relative to the exponential regression.

which represents a reasonable mean value for the observed The resulting debris cover thickness distribution maps are
cliff slopes. During the observation period in the ablation shown in Fig.5. The exponential regression leads to very
season 2010 no change in inclination was determined. Théhick debris covers for high temperatures, but when com-
slope angle of the observed cliffs was in betweef d0d pared to debris cover thickness froviu and Liu (2012
50° and fits well with the determined mean value. In the case(Fig. 6) it seems to be the most realistic and therefore is
of the ice cliffs a combination of the slope, derived from the used as the default choice in the following figures. The debris
DEM, and a greyscale filter applied to the panchromatic im-cover thickness at the bottom of the lakes was also taken from
age, yields the best result. Unfortunately a large number othis map. The patterns of the three debris cover thickness dis-
ice cliffs are not recognized by this approach because of theitributions are very similar, although the resulting thicknesses
small size. The method is limited to features that are largeriffer, especially in the tongue area where the highest values
than the pixel size of the DEM derived from IKONOS data. can be found.
Therefore these features were picked manually with the aid The total debris cover volume can now be calculated by
of the semi-automatic method. accumulating the pixel values of the entire debris covered

For the lake detection the normalized difference water in-area of the corresponding map (F&j.
dex (NDWI) developed byHuggel et al.(2002 was used.
Two spectral channels with maximum reflectance difference ) ]
for water (blue and near-infrared channels) were utilized. ° Results and discussion

To estimate debris cover thickness from thermal satel- o
o o . 5.1 Areal distribution of features
lite imagery an empirical approach was usédihalcea
etal.(2008 showed the strong correlation between ASTER-1hg 46| distribution of the features that are relevant for
derived LST and debris thickness. To obtain a map of debrigpe apation model are summarized in TaBleThe statis-
thickness distribution we investigated the relation t.)etweentiC shows that more than 32 % of the entire glacierized area
those two parameters (Fig). Unfortunately, our data did not - 5 covered with debris. The areas of ice cliffs occupy 1.70 %,

reveal a significant correlation. To find out how sensitively i1 area of the supraglacial lakes 0.36 % of the debris covered
the model responds to different debris patterns the three dif o5

ferent regressions ((a) an exponential regression (b) a linear
regression through the origin and (c) a power law regression)
shown in Fig. 4 were tested. The ASTER image was resam-
pled to a pixel size of 10m 10 m so that the ablation model

is able to resolve small features like ice cliffs.

www.the-cryosphere.net/8/377/2014/ The Cryosphere, 8, 31386, 2014
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Table 2. Horizontally projected area of the melt-relevant surface
types on Koxkar Glacier derived from satellite imagery mapping.

li: Feature area

- Entire glacierized area  65.60 Km

2 Debris covered area 21.17 Km

,2 Cliffs 0.36 kn?

e Supraglacial lakes 0.08 Km

s

=

Eua cliffs on Lirung Glacier are beside supraglacial ponds, where

cliff retreat rates are higher.

5.3 Influence of debris cover on the response of the
L 500 Tsm glacier terminus

Fig. 6. Distribution of debris cover thickness on the terminus of ) .
Koxkar Glacier derived from multi-frequency ground penetrating !t i stated by several authors that debris covered glaciers
radar. Redrawn frondVu and Liu(2012). respond differently to climate change than bare ice glaciers
(Bolch et al, 2008 Sorg et al.2012 Scherler et a).2011).
During years of negative mass balance the position of the ter-
5.2 Role of the spatial distribution of debris thickness minus region remains stable while the debris covered parts
patterns react by surface lowering. This downwasting behaviour is
also reported for Koxkar GlacieP{eczonka et al.2013.
In Fig. 7 the modelled ice ablation for the time span of 1 The significant difference in the terminus evolution is related
May 2010 to 31 October 2010 is shown. This period coversto the facts that debris cover is present and the decreasing ice
the entire ablation season; before and after this time periodlow velocity due to reduction of ice thickness and surface

no temperatures above’ Q@ were measured at the AWS. gradient Benn et al. 2012. The ablation model allows us
The comparison of total ice melt of the different debris to compare melt rates of the debris covered Koxkar Glacier
thickness regressions is shown in Fdg. with the ablation if no debris were present on the glacier sur-

The bare ice ablation and the ice cliff ablation are the samdace. Figured shows the direct comparison of melt rates in-
for all of the three regressions due to the model structurecluding a zoomed section of the glacier terminus. It becomes
The features are all in the same location and their degree daguite clear why debris covered glaciers respond differently
factors are constant. Therefore the only difference in total icein a particular climate setting. While the melt amount on the
ablation arises from debris cover thickness that has an effedbare ice glacier reaches values of approximately 8 m in one
on the sub-debris ice ablation. The sub-debris ice ablatiorablation season, the ablation on the debris covered glacier al-
accounts for 33 % in the case of the exponential regressionnost comes to a standstill. The ice cliffs are the exception and
for 17 % in the case of the linear regression and for 21 % incan easily be spotted as melt hotspots with values up to 8.5m
the case of the power law regression of the entire ice ablationmelt on the debris covered tongue. For the supraglacial lake
Although the ice cliffs are relatively small in area (1.7 % of grounds a slightly inferior ablation can be observed when
the debris covered area) the melt amount accounts for 7-16 %ompared with the surrounding subdebris melt. Another im-
of the total sub-debris ablation and 2—3 % of the total ablationportant point is the melt gradient: the modelled ablation on
respectively (Tabl@). the bare ice tongue exhibits the temperature and elevation

These results are not in line with the findingsSatkai etal.  dependence of the melt rates. In the case of the debris cov-
(1998, who state that the ice cliff melt amount reaches 69 %ered glacier this effect is not present. Due to the fact that
of the total ablation at the debris covered area, although theéhe curve in Fig. 2 levels out beyond 0.1 m, no significant
area of ice cliffs occupies less than 2% of the debris cov-changes in ablation are observable along the lower tongue
ered area on Lirung Glacier in Nepal. Despite the analogyprofile (Fig. 10). At lower elevations, the increasing debris
in the fraction of ice cliffs of the debris covered area, the thickness compensates for the higher temperature.
ice cliff melt amount differs significantly. The discrepancy In Fig. 10 the longitudinal section A—A(Fig. 1) of the
could be explained by the fact th&akai et al(1998 used tongue of Koxkar Glacier is presented. The DEM is shown
an average melt rate for the entire debris covered area ands a solid green line, and the ablations of the bare ice glacier
therefore did not account for the spatial distribution of debrisand the debris covered glacier are displayed as a red line
thickness. However, variations may also arise due to climaticand black line respectively. In the higher parts, where de-
differences between the sites and the fact that many of the icbris cover thickness is rather small, the differences are not as

The Cryosphere, 8, 377386, 2014 www.the-cryosphere.net/8/377/2014/
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Fig. 7. (a) Distribution of calculated total ice ablation for the exponential regression during the time span of 1 May 2010 to 31 October 2010.
(b) Difference in ablation for the linear regression through the origin relative to the exponential regrégdfierence in ablation for the
power law regression relative to the exponential regression.

Table 3. Percentage of ice cliff melt of total ablation and sub-debris ablation respectively.

Exponential  Linear regression  Power law
regression through the origin  regression

Ice cliff ablation
of the total ablation

Ice cliff ablation of the
0, 0, 0,
total sub debris ice ablation 6.57% 15.62% 12.35%

2.19% 2.71% 2.59%

manifest as in the lower parts, where subdebris ablation al-
most ceases. Figut) also exhibits the influence of the ice
cliffs, where the ablation reaches values beyond the bare ice

El case.
80 mexponential || The substantial differences between a debris covered and
70 regression | | a debris free glacier become evident when looking at the to-
E 60 ainear regression| tal ablatio_n amount. Whereas for the debris covered glacier
e throughthe || the total ice ablation is in the range of 68-84.0° m3
= 40 T || (84 x 10° m?3 for the exponential regression, &810° m® for
§ 30 'f;g‘f:srs'ifx: n the linear regression through the origin andx710° m? for
< e the power law regression), the ice melt at the debris free

glacier would be 15& 10°m3. Thus, it becomes clear how
important the consideration of debris cover in predictions of
future melt water availability really is. Our presented results
do not support the statement iK&ab et al.(2012) that the

Fig. 8. Sum of ablation for the time span of 1 May 2010 to 31 Oc- insulating effect of debris layers with thicknesses exceeding
tober 2010 for different debris cover thickness regressions. a critical thickness acts on local scales of intact covers, but
not in general on the spatial scale of entire glacier tongues.

total ice ablation sub-debris ice ablation ice cliff ablation

www.the-cryosphere.net/8/377/2014/ The Cryosphere, 8, 373386, 2014
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Fig. 9. Distribution of ice ablation for the time span of 1 May 2010 to 31 October 2010, including a zoomed section of the teaiinus.
Debris covered Koxkar Glacier using the exponential regreséiggblation if no debris were present on the glacier surface.
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Fig. 10.DEM (green line), ice ablation (red line) and subdebris ab-
lation (black line) along the profile AZAFig. 1) for the exponential
regression of debris cover thickness.

The Cryosphere, 8, 377386 2014

6 Conclusions and outlook

The exponential regression of debris cover thickness ap-
pears to be the most realistic when compared to the multi-
frequency ground penetrating radar measurements ¥kom
and Liu (2012, who have been able to derive a map of de-
bris cover thickness in the lowest part of the glacier terminus
(Fig. 6).

The results regarding ablation indicate that melt on ice
cliffs plays a significant role but not as substantial as stated
by Sakai et al(1998.

Our study highlights the influence of debris cover on the
response of the glacier terminus in a particular climate set-
ting. Due to the fact that melt rates are highly restricted, the
shielding effect of the debris cover dominates over the tem-
perature and elevation dependence of the ablation in the bare
ice case. In addition, the reduced melt rates highlight the seri-
ous implications with regard to runoff modelling from debris
covered glaciers. The comparison of total ablation amount
from a debiris free and a debris covered glacier underlines the
importance of including debris cover in discharge modelling.

The representation of debris covered glacier parts in hy-
drological models is still an unsolved problem. By imple-
menting the presented ablation model in a conceptual runoff

www.the-cryosphere.net/8/377/2014/
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model, an improved version of the HBV-ETH mod&idyr the Koxkar Baxi Glacier, Tianshan, J. Glaciology and Geocry-
et al, in preparatiohcapable of reproducing runoff from de-  ology, 30, 967-975, 2008.
bris covered glaciers will be created. Moreover, runoff sce-Han, H., Liu, S., Wang, J., Wang, Q., and Xie, C.: Glacial runoff
narios for changing climate and glaciation conditions can be characteristics of the Koxkar Glacier, Tuomuer-Khan Tengri
realised after the calibration of the model has been completed 2"605“”(;‘;‘2‘ ;)irg%es, China, Environmental Earth Sciences, 61,
for current Cpndltlpns. Result; from reglon.al and local cli- Han, H., Wang, J., Wei, J., and Liu, S.: Backwasting rate on debris-
mate modelling .WIH Serve. as input for the |mprqved HBV- covered Koxkar glacier, Tuomuer mountain, China, J. Glaciol.,
ETH modell version, a_IIowmg the mpdel to run with the out- 56, 287-296, 2010b.
put of sophisticated climate modelling. Huggel, C., Kaab, A., Haeberli, W., Teysseire, P., and Paul, F.: Re-
mote sensing based assessment of hazards from glacier lake out-
bursts: a case study in the Swiss Alps, Can. Geotech. J., 39, 316—
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