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In contrast to the central and eastern part of High Mountain Asia
(HMA), no extensive glacier mass loss has been observed in the Kar-
akoram during previous decades. However, the potential meteorological
and glaciological causes of the so-called Karakoram Anomaly are diverse
and still under debate. This paper introduces and presents a novel gla-
cier Surface Mass Balance Model (glacierSMBM) to test whether the
characteristic regional mass balance pattern can be reproduced using
recent field, remote-sensing and reanalysis data as input. A major advan-
tage of the model setup is the implementation of the non-linear effect
of supra-glacial debris on the sub-surface ice melt. In addition to a first
assessment of the annual surface mass balance from 15t August 2010 until
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315t July 2011, a sensitivity analysis was performed to investigate the re-
sponse of Karakoram glacierstorecent climate change. Themean modelled
glacier mass balance for the Karakoram during the observation period is
-0.92 m water equivalent (w.e.) a' and corresponds to an annual melt
water contribution of ~12.66 km?. Data inaccuracies and the neglected
process of snow redistribution from adjacent slopes are probably respon-
sible for the bias in the model output. Despite the general offset between
mass gain and mass loss, the model captures the characteristic features of
the anomaly and indicates that positive glacier mass balances are mainly
restricted to the central and northeastern part of the mountain range.
From the evaluation of the sensitivity analysis, it can be concluded that
the complex glacier response in the Karakoram is not the result of a sin-
gle driver, but related to a variety of regional peculiarities such as the
favourable meteorological conditions, the extensive supra-glacial debris
and the timing of the main precipitation season.

KEYy WORDS: Glacier surface mass balance modelling, Debris-cov-
ered glaciers, Ice and snow ablation, Karakoram Anomaly.

INTRODUCTION

The Karakoram in the northwestern part of High
Mountain Asia (HMA) is one of the most extensively
glacierised areas outside the polar regions (Dyurgerov
& Meier, 2005) and has increasingly attracted attention
in recent years due to its glaciological and climatological
peculiarities. In contrast to the central and eastern Hima-
laya, where many glaciers have responded to global climate
change in the form of ice mass loss and negative length or
area changes (e.g. Bolch & aliz, 2011; Cogley, 2011; Bolch
& alii, 2012; Kaab & aliz, 2012; Cogley, 2016), expansion
of individual glaciers has repeatedly been reported from
the Karakoram based on in-situ and remote sensing obser-
vations (Hewitt, 2005; Hewitt, 2011; Rankl & aliZ, 2014).
Several satellite-based geodetic measurements provide
evidence that the glacial stability, known as Karakoram
Anomaly (Hewitt, 2005), is indeed a regional phenomenon
dating back to the 1970s (e.g. Gardelle & alz, 2012, 2013;
Kaab & aliz, 2015; Rankl & Braun, 2016; Agarwal & alz,
2017; Bolch & aliz, 2017; Zhou & alii, 2017). Investigations



on the underlying climatological, glaciological and geo-
morphological processes causing the anomalous pattern in
this remote and complex mountain terrain are hampered
by the lack and sometimes limited quality of published
observational data (Bolch & a/iz 2012). Frequent glacial
surges (Diolaiuti & aliz, 2003; Hewitt, 2007; Mayer & ali,
2011; Rankl & aliz, 2014; Quincey & aliz, 2015) and other
dynamic processes like avalanches or snow redistribution
in the accumulation zone (Hewitt, 2011) further complicate
the interpretation of glacier length, elevation and surface
mass balance changes (Paul, 2015).

Increasing winter precipitation and decreasing summer
temperatures since the beginning of meteorological records
(most of them dating back to the 1950s and 1960s) are dis-
cussed as possible causes for the Karakoram Anomaly (Ar-
cher & Fowler, 2004; Fowler & Archer, 2006; Khatak &
aliz, 2011; Bocciola & Diolaiuti, 2013; Igbal & a/zz, 2016) as
well as the extensive and thick supraglacial debris in the
ablation zone of the glaciers (Scherler & aliz, 2011; Minora
& alii, 2016). Furthermore, a recent study points out that
the Karakoram might generally respond less sensitively to
recent climate change due to a characteristic seasonal cycle:
the prevailing winter precipitation in the region coincides
with air temperatures far below freezing and accumulation
is therefore less affected by rising temperatures than the
monsoonal summer snowfall in the central and eastern Hi-
malaya, where warming may cause a transition from snow-
to rainfall (Kapnick & aliz, 2014). However, whether fa-
vourable climatic conditions or special meteorological and
geomorphological mechanisms are the dominant drivers of
the Karakoram Anomaly is still uncertain.

As long as the drivers are not better understood, pro-
jections of glacier changes in the Karakoram remain un-
certain (Bolch & a/iz, 2012). This involves the risk that the
impacts of glacial changes in the region on global mean sea
level rise (e.g. Gardelle & alzz, 2012) as well as on the re-
gional hydrological cycle (Immerzeel & aliz, 2010; Kaser &
aliz, 2010) are unconstrained. Discharge arising from snow
and glacial melt in the mountains contributes to more than
half of the annual run-off from the region and is a crucial
fresh water source for the people living in the semi-arid
valleys of the Upper Indus Basin (UIB) (Bookhagen & Bur-
bank, 2010; Immerzeel & aliZ, 2012; Soncini & alsz, 2015;
Pritchard, 2017). The fresh water is primarily used for agri-
cultural irrigation and hydropower generation downstream
of the UIB (Mirza & aliz, 2008; Qureshi & aliz, 2010; Boc-
chiola & Soncini, 2017). With an expected strong regional
population growth (Feeney & Alam, 2003; United Nations,
2015), water demand for irrigation and the maintenance of
hydroelectric power stations will further increase, but even
nowadays the supply from the Indus River cannot compen-
sate for the downstream water abstraction (Wada & a/z,
2011, 2013; Wanders & Wada, 2015).

Even though geodetic measurements based on laser al-
timetry (e.g. Kdab & aliz, 2012; Gardner & aliz, 2013; Kaib
& alii, 2015) or the differencing of digital elevation models
(e.g. Gardelle & alzi 2012, 2013; Rankl & Braun, 2016) de-
livered essential information on the extent and timeframe
of the Karakoram anomaly, they hitherto do not allow for
the estimation of region-wide annual glacier surface mass
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balances or the distinction between inter-annual changes

in accumulation and ablation due to the limited number of

satellite overflights.

Field work in remote and fragile mountain areas like
the Karakoram is costly, time-consuming and labour-inten-
sive, but nevertheless inevitable to investigate site-specific
features like high-altitude accumulation or the influence of
debris on glacial melt (e.g. Hubbard & Glasser, 2005). Clas-
sical ablation studies in the Karakoram are irregular and
restricted to the Biafao (Hewitt & a/zz, 1989; Wake, 1989),
Burche (Muhammad & Tian, 2016), Hinarche (Mayer &
aliz, 2010), Baltoro (Mayer & alii, 2006; Mihalcea & ali,
2006, 2008a) and Siachen glacier (Bhutiyani, 1999). The
available measurements are therefore too scarce to extrap-
olate the results in space and time.

Different numerical models complementing satel-
lite-based and in-situ measurements have been applied in
the Karakoram in recent years with the aim to assess the
past and future glaciological response to climate change
(e.g. Chaturvedi & alii, 2014; Kumar & aliz, 2015). How-
ever, the spatial resolution of these models is insufficient to
resolve glacier-specific processes. Studies focusing on the
modelling of cryosphere-atmosphere interactions or the
impact of debris cover on glacial melt are rare and limited
to narrow observation periods (Collier & aliz, 2013, 2015;
Minora & aliz, 2015). The only two available model applica-
tions for the region which take ablation as well as accumu-
lation processes into account were designed to investigate
climate change impacts on the UIB hydrology (Soncini &
alii, 2015; Lutz & alii, 2016). Detailed spatial evaluations
of the glacier surface mass balance and the effects of de-
bris cover on glacial melt are, however, neglected in both
studies.

Here, we present a novel and open source high-reso-
lution glacier Surface Mass Balance Model (hereafter gla-
cierSMBM), which takes the insulating as well as amplify-
ing characteristics of supraglacial debris into account. The
model is applied on a daily time step from August 2010
until July 2011 with the aim to
1 assess the annual accumulation, ablation and surface

mass balance in the Karakoram,

ii test whether the model can reproduce the characteristic
mass balance pattern in the Karakoram,

iii investigate how sensitively the glaciers respond to mod-
ifications of different meteorological and glaciological
variables,

iv and to identify and prioritise datasets and processes that
should be modified or implemented in future versions
of glacierSMBM to increase the accuracy of region-wide
mass balance calculations in the Karakoram.

STUDY AREA

The Karakoram (34.1° - 36.9° north, 73.7° - 78.4° east)
is located in the northwest of HMA in the borderland of
Pakistan, Afghanistan, India and China (see fig. 1). It is
surrounded by other high mountain ranges like the Hin-
du Kush in the west, the Pamir in the further northwest,
the Kunlun Shan in the northeast, the Ladack Range in



the southeast and the Himalaya in the south. Although
the boundaries of the Karakoram have already been de-
fined by an international conference in 1936/1937 (Mason,
1938), the delineation of the mountain range varies essen-
tially between several glaciological studies (see fig. 1 in
Gardelle & aliz, 2012; Rankl & aliz, 2014; Minora & aliz,
2015, 2016). Depending on the selected inventory and the
defined boundaries, the number of glaciers in the region
varies between 708 and 11,986 and corresponds to a gla-
cierised area of 4,605 and 21,688 km?, respectively (see tab.
1). Following the boundary suggestions of Mason (1938),
the Karakoram comprises an area of 44,334 km?. On av-
erage, the Karakoram rises 4,685 m above sea level (a.s.l.)
and includes four 8,000-meter peaks. The glaciers cover an
elevation range from <2,500 m a.s.l. to >8,000 m a.s.l., but
80% are located between 4,000 and 5,500 m a.s.]. (Hewitt,
2011). Vast high-altitude accumulation basins cause the
formation of some of the largest glaciers outside the polar
regions, like the Siachen (~77 km), Biafo (~65 km) and Bal-
toro glacier (~61 km). In contrast, smaller valley glaciers,
cirque glaciers and hanging glaciers are more numerous.

TABLE 1 - Overview of the available glacier inventories for the Karakoram.

Source Date Glacier Glacier Area
[Range] Number [km?]
Bolch & aliz, 2012 2000-2002 ? 17,946
Dyurgerov & Meier, 1997 ? ? 16,600
ESA CCI, 2015 1998-2002 11,986 21,688
Minora & alii, 2013 2001,2010 708 4,605
Present study 2001,2010 836 7,436
Rankl & Braun, 2014 1976-2012 1,219 ?

Surge-type glaciers are another characteristic feature of
the Karakoram. The rapid, cyclic and independent advance
of individual glaciers has already been noticed several de-
cades ago (Hewitt, 1969). Even though the phenomenon
has been studied more systematically in recent years, po-
tential causes and triggers are still under debate (e.g. Di-
olaiuti & aliz, 2003; Hewitt, 2007; Copland & aliz, 2011;
Mayer & aliz, 2011; Rankl & aliz, 2014; Paul, 2015; Quincey
& alii, 2015, Round & aliz, 2016).

Thick debris and supraglacial moraines cover ~10%
of the glacier surface area in the Karakoram (Bolch & alz,
2012). While snow avalanches from steep slopes play an im-
portant role for glacier nourishment, single rockfall events,
landslides and mixed avalanches continuously transport
debris of different lithologies onto the glaciers (Hewitt,
2005, 2009, 2011; Gibson & alzz, 2016). Comprehensive in-
-situ ablation and debris thickness investigations are only
available for the Hinarche (Mayer & a/iz, 2010) and Baltoro
glacier (Mayer & aliz, 2006; Mihalcea & aliz, 2006, 2008a).
The debris thickness and grain size varies across the abla-
tion zone and increases towards the glacier terminus. Field
measurements indicate that the thickness ranges from few
mm (dust) up to several meters (Mayer & aliz, 2006, 2010),
but a debris layer of more than 40-50 cm is difficult to re-
move and measure.

Precipitation is highly variable across the mountain
range and tends to increase exponentially with altitude,
even though this is not valid for all sub-basins (e.g. Winiger
& alii, 2005; Dahri & aliz, 2016). More than 90% of the
annual precipitation above 5,000 m a.s.l. is deposited as
snow (Winiger & aliz, 2005; Maussion & aliz, 2014). At the
Biafo glacier in the central Karakoram maximum snow-
fall occurs between 4,900 m and 5400 m a.s]. (Hewitt
& aliz, 1989; Wake, 1989), but these findings may not be
representative for other accumulation areas in the region.
At four selective sites (Bagrot valley, Baltoro glacier, Biafo
glacier, Urdok glacier), information on snow accumulation
from either snow pits, ice cores or radar measurements are
available. Annual accumulation ranges from approximately
1,000 mm to 2,000 mm water equivalent (w.e.) (Hewitt &
aliz, 1989; Wake, 1989; Winiger & aliz, 2005; Hewitt, 2011;
Mayer & alii, 2014). Even though snowfall induced by in-
trusions of the South Asian Monsoon sometimes occurs
during the ablation period, the seasonal cycle in the Kar-
akoram is dominated by the west wind circulation and pre-
vailing winter precipitation (Winiger & a/zz, 2005; Book-
hagen & Burbank, 2010; Maussion & a/iz, 2014; Mayer &
aliz, 2014).

The Baltoro glacier, located in the central Karakoram,
is the only glacier in the region where glaciological, geo-
morphological and meteorological in-situ data are concur-
rently available. For this reason, data from this glacier serve
as basis for the calibration and validation of the model.

DATA AND DERIVED PARAMETERS

For the application of the distributed glacier surface
mass balance model, spatial information on the meteoro-
logical conditions and glacier surface characteristics are
necessary. A combination of in-situ measurements, remote
sensing products and reanalysis data is used to generate the
input variables and parameters for the model. The process-
ing of the base data and the generation of input datasets is
described in the following sections.

Automatic Weather Stations

The number of permanent AWS in the Karakoram has
steadily increased during the last thirty years (a compre-
hensive overview is provided by Dahri & a/z, 2016). How-
ever, most of them are located in the semi-arid valley basins
and are not representative for the entire mountain range
(Miehe & aliz, 2001; Winiger & aliz, 2005). A few addition-
al high elevation AWS were installed within the research
projects EV-K2-CNR (Bocchiola & aliz, 2011; Bocchiola &
Diolaiuti, 2013) and Culture Area Karakoram (Winiger &
aliz, 2005). Only meteorological data from eight AWSs of
the Pakistan Meteorological Department (PMD) and two
of the EV-K2-CNR project — covering an elevation range
from 1,255 m (Chilas) to 4,060 m a.s.l. (Urdukas) — are con-
sidered in this study (see tab. 2) due to obstacles in data
acquisition,
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TABLE 2 - Location of AWS in the Karakoram or adjacent regions considered in this study.

Station Location Lon [°] Lat [°] Altitude [m] Record Resolution Source
1 Askole 75.816 35.682 3,040 2004-2011 hourly EV-K2-CNR
2 Astor 74.867 35363 2,168 1980-2009 monthly PMD
3 Babusar 74.053 35.209 2,854 2006-2009 monthly PMD
4 Bunji 74.635 35.642 1,470 1980-2009 monthly PMD
5 Chillas 74.099 35.415 1,255 1980-2009 monthly PMD
6 Gilgit 74.284 35.920 1,461 1980-2009 monthly PMD
7 Gupis 73.445 36,231 2,156 1980-2009 monthly PMD
8 Hunza 74.660 36.324 2374 2007-2009 monthly PMD
9 Skardu 75.526 35.330 2,230 1993-2009 monthly PMD
10 Urdukas 76.286 35.728 4,060 2004-2011 hourly EV-K2-CNR
Field Data perature above freezing (°C) during a period of # time in-

Intensive field work was carried out on the Baltoro gla-
cier during the ablation seasons 2011 and 2013 to obtain
meteorological data and to measure ablation, debris thick-
ness and snow accumulation.

ACCUMULATION STUDIES - Individual annual precipita-
tion measurements in the Karakoram are restricted to ele-
vations below 5,000 m a.s.]. since no permanent AWSs are
installed further up. Snow pits in the accumulation zone
of the Baltoro glacier (see fig. 1) were therefore explored
at an altitude of ~6,100 m a.s.l. in summer 2013 to calcu-
late annual snowfall rates from the density of consecutive
stratigraphic firn layers. The mean annual accumulation at
this location for the period 2001-2013 is ~1,400 mm w.e.
and the standard deviation (sd) is ~250 mm.

ABLATION AND DEBRIS THICKNESS - Glacial melt rates
were obtained on the Baltoro glacier during summer 2011
(224 July - 10" August). 16 ablation stakes were drilled
into the glacier ice and distributed over a distance of ~30
km and an elevation of ~900 m (3,700 m to 4,600 m a.s.l.)
to account for the varying debris thickness and melt rates
across the ablation zone (see tab. 3). At the respective ab-
lation stake, the debris thickness was determined by exca-
vating the coarse gravel until the glacier surface, measuring
the height above the glacier surface and depositing it again.

Melting Factors

To assess the melt rate of ice and snow, melting factors
are calculated from measured ablation and interpolated
air temperature or net radiation of the High Asia Refined
Analysis (HAR) dataset (see section Reanalysis Data) over
the same period (Hock, 2003):

n
M
(1) TMF = —2=1"
n,THAt

where TMF is the temperature melting factor (m d! °C™),
M is the ice or snow melt (m) and T* is the cumulative tem-
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tervals, Az (d). For the calculation of the radiative melting
factor RMF (m d'! W' m?), T* is replaced by the cumulative
positive net radiation NR* (W m2). Ablation of bare ice
was only measured at one selective site of the Baltoro gla-
cier (stake 2, tab. 3). An ice melt of 61.5 cm and a positive
degree-day sum of 92 °C between 23 July and 7** August
2011 yield a temperature melting factor (TMF, ) of 6.7 mm
d* °C. This finding is in agreement with an 1ndependently
calibrated TMF, , of 7.1 mm d'! °C! for debris-free glaciers
in the same reglon (Lutz & aliz, 2016). TMFs for snow are
generally lower than those for ice (Hock, 2003; Zhang &
aliz, 2006; Huintjes & aliz, 2010; Soncini & aliz, 2015, 2016),
but have not been determined in the Karakoram. Accord-
ing to ratios and values found in the literature, a TMF,,
of 45 mm d*! °C* (2/3 of TMF,_) seems reasonable (Hock,
2003; Zhang & alii, 2006; Lutz & alii, 2016). A radiative
meltmg factor (RMF, ) for debris-free areas of 0.079 mm
dT W m?is adoptedI from Minora & alii (2015). Using the
same 2/3-ratio as before, the RMF,
dT W1 m?,

1s set to 0.053 mm

Remote Sensing Data

A set of different remote sensing products (SRTM
DEM, Landsat 5, MODIS Snow Cover) is explored to ob-
tain spatial information on the glacier elevation, debris
thickness distribution, temporal snow cover variability and
shift of transitional snow line altitudes.

GLACIER INVENTORY - This study draws on a glacier
inventory for the Central Karakoram National Park devel-
oped by Minora & alzi (2013) because it provides glacier
outlines for the selected modelling period. 128 additional
glaciers (2,831 km?) are included by manual editing of two
Landsat 5 images (ID 3 and 4 in tab. 4) in combination
with the DEM and high-resolution images from Google
Earth. The new inventory (see fig. 1) comprises altogeth-
er 836 glaciers, but does not contain those in the border
areas in the west, north and southeast of the mountain
range.
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FIG. 1 - Location and topography of the Karakoram in the northwestern part of High Mountain Asia. The delineation of the mountain range follows
the recommendations of the Karakoram Conference hold in 1936-1937 (Mason, 1938). All glaciers included in the inventory from 2010 are highlighted
in grey. Ablation and accumulation measurements on the Baltoro glacier during field work in 2011 and 2013 are displayed in the lower left corner.

TABLE 3 - Overview of the sub-debris ablation measurements on the Baltoro glacier between 22 July and 10t August 2011. D = debris thickness.

Stake Lon [°] Lat [°] Altitude [m] Start End Dy [em] Melt, ., [em] [iﬁ?téf}f]
1 76516 35.741 4,571 22.07. 07.08. 9.5 34.0 2.1
2 75516 35.739 4,556 23.07. 07.08. 0.0 615 4.1
3 76.490 35.741 4,502 24.07. 08.08. 35 57.0 3.8
4 76.466 35.735 4,440 24.07. 08.08. 2.2 66.2 4.4
5 76.444 35.742 4375 24.07. 08.08. 2.0 63.0 43
6 76.416 35.748 4,330 24.07. 08.08. 33 57.8 3.9
7 76399 35.742 4,293 25.07. 08.08. 8.8 534 3.8
8 76.380 35.740 4,239 25.07. 08.08. 5.0 40.1 2.8
9 76.365 35.739 4,202 25.07. 08.08. 35 65.0 4.6
10 76338 35.740 4,164 26.07. 09.08. 5.6 53.8 3.9
11 76.307 35.739 4,075 26.07. 09.08. 12.6 339 25
12 76.283 35.733 3,996 27.07. 09.08. 26.0 25.0 1.9
13 76.265 35.731 3,957 28.07. 09.08. 13.0 30.0 25
14 76.231 35.721 3,838 29.07. 10.08. 315 14.0 1.2
15 76.252 35.725 3917 29.07. 10.08. 12.0 32.0 2.9
16 76.193 35.703 3,704 30.07. 10.08. 375 11.5 1.1
141



TABLE 4 - Selection of Landsat 5 images used for the calculation of debris thickness and the determination of glacier surface characteristics.

1D Scene Path Row Acquisition Date Cloud Cover [%]
1 LT51480352010235KHC00 148 35 2010-08-23 4

2 LT51490352010290KHC00 149 35 2010-10-17 5

3 LT51480352011222KHC00 148 35 2011-08-10 8

4 LT51490352011229KHC00 149 35 2011-08-17 58

DIGITAL ELEVATION MODEL - A high-resolution digital
elevation model (DEM) for the study area is generated from
nine tiles of SRTM 1 Arc-Second Global data with a hor-
izontal resolution of ~30 m (Rabus & a/zz, 2003). The few
existing voids are filled using inverse distance weighting.

GLACIER SURFACE CHARACTERISTICS - Four Landsat 5
scenes (see tab. 4) with a spatial resolution of 30 m are pro-
cessed to obtain information on the glacier surface char-
acteristics and debris thickness distribution. All spectral
bands are converted from digital numbers into spectral ra-
diances (W m sr'! pm!) and finally into surface reflectance
(Barsi & alii, 2007; NASA, 2011). Atmospheric parameters
required for the correction of atmospheric obstructions are
calculated with the NASA Atmospheric Correction Param-
eter Tool (Barsi & aliz, 2003, 2005).

Two Landat 5 scenes (ID 1 and 2 in tab. 4) from the 23
of August and 17t of October 2010 serve for the determina-
tion of the glacier surface characteristics at the beginning of
the modelling period. Perennial snow in the accumulation
areas is discriminated from bare ice and debris by applying
a single threshold to the mean surface reflectance of the
three Landsat 5 bands in the visible light. Snow is defined
by a mean reflectance greater than 0.53 based on a manu-
al evaluation of the images. A combination of the reflec-
tance in the short-wave infrared (1,550-1,730 nm, band 5)
and in the visible spectrum (e.g. 530-600 nm, band 2) is
used to distinguish between debris cover and bare ice us-
ing the Normalised Difference Snow Index (NDSI):

(B2 — B5)

) _\pe 7o)
NDSI = 5o ¥ Be)

where B2 is the green and B5 is the shortwave infrared
band of Landsat 5. For the snow-free areas, a NDSI above
0.2 is defined as debris and below as ice based on the visual
inspection of the visible bands.

DEBRIS THICKNESS - The extent and variability of su-
praglacial rock cover makes it difficult to obtain distrib-
uted information on the debris thickness for glacier areas.
While individual in-situ debris thickness measurements
are not representative for the entire glacier area, they can
serve for the calibration of satellite imagery. This has been
proven by recent studies, which found a good correlation
between measured debris thickness and remotely sensed
surface temperature (Mihalcea & /7, 2008b). The empiri-
cal relationship between both variables has been used for
the spatial extrapolation of debris thickness over the entire
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glacier area (Mihalcea & a/zz, 2008a, 2008b; Minora & ali,
2015). Spectral radiances of the ASTER or Landsat ther-
mal infrared bands are converted into surface temperatures
using an inverted Planck function (e.g. Coll & aliz, 2010):

K.
TS_ 2

- In (Il% + 1) ®

where T is the surface temperature, K, and K, are constant
values (607.76 W m? sr'!l pm™ and 1,260.56 K, respectively;
NASA, 2011) and L, are spectral radiances. In accordance
with findings from Minora & aliz (2015), an exponential
function describes best the relationship between debris
thickness (D) and glacier surface temperature (T)). D;-mea-
surements from 16 ablation stakes distributed across the
Baltoro glacier during 2011 (see. tab. 3) and a Landsat ther-
mal infrared image (ID 3 in tab. 4) from the same period,
covering the Baltoro region and eastern Karakoram, serve
for the region-wide debris thickness calculation. Based on
the evaluation of non-linear least squares, the best-fitting
equation with a standard error (S) of 7.9 cm (S = 3.9 cm, if
two outliers are excluded) is:

Dy = exp(0.16Ts — 44.67) )

The obtained empirical relationship is not transferable
to other regions like the western part of the Karakoram due
to the lack of necessary field measurements and the varying
meteorological conditions during and before the respective
acquisition. Other studies extended the empirical approach
and introduced a surface energy-balance model with distrib-
uted meteorological and surface temperature input data to
calculate the debris thickness as a residual of energy fluxes
(Foster & aliz, 2012; Rounce & McKinney, 2014; Schauweck-
er & aliz, 2015). Here we follow the concept of Rounce and
McKinney (2014) to obtain debris thickness information for
all glaciers of the inventory. Surface temperatures in Kelvin
derived from two thermal Landsat 5 images (ID 3 and 4 in
tab. 4) in combination with hourly meteorological data from
the HAR dataset (see section Reanalysis Data) are used as
input for the steady-state surface energy balance model:

R,+LH+H-Q.,=0 )

where R is the net radiation flux (see section Global Ra-
diation), LH is the latent heat flux (assumed to be zero), H
is the sensible heat flux (see original paper) and Q is the
ground heat flux (all in W m):



ks (Ts — 273.15)

©) Qc = Gratio Dy

G, 1s a factor used to approximate the nonlinear temper-
ature variation in the debris layer. A value of 2.7 for G,
and 0.96 W m! K for the effective thermal conductivity

is adopted from Rounce & McKinney (2014) because
1nf£)rmat1on on specific debris properties like the htholog
ical composition or the fraction of air and water is highly
variable and has not been investigated in the Karakoram
up to now. The final equation for the debris thickness cal-
culation is:

Gratiokeff(Ts - 273-15)

" Dr = R, +H
n

Both approaches (Eqn 4 & 7) can hardly distinguish be-
tween debris thickness values of >0.4 m since the influence
of glacier ice on T, decreases exponentially with debris
thickness (Mihalcea & aliz, 2006; 2008a). Melt rates below
a thick debris layer are, vice versa, generally low so that the
limitation of the approach is negligible.

TRANSITIONAL SNOW LINE ALTITUDE - A region-wide
spatial evaluation of glacier surface mass balance model
outputs is often challenged by data scarcity in high moun-
tain areas. Seasonal elevation shifts of supraglacial snow
cover are controlled by the interaction of snow accumula-
tion and ablation and therefore reflect the temporal evolu-
tion of both glacier mass balance components. Remotely
sensed transitional line altitudes (TSLAs) are explored in
this study to test the plausibility and variability of the mod-
elled mass balance results (see section Model Validation).
The MODIS Snow Cover Product (MOD10_L2) with a
spatial resolution of 500 m (Hall & a/77, 2002; Hall & Riggs,
2007) is used to create binary snow cover maps (1 = snow,
0 = no snow) for the Karakoram on a daily basis. Cloudy
pixels are neglected for further analysis and scenes with
cloud obstructions of more than 20% ate not considered at
all. Subsequently, the relation of snow vs. snow-free areas
is calculated iteratively for elevation bands of 50 m, which
were extracted from the SRTM DEM (resampled to a 500
m horizontal resolution using the mean of all 30-m pixels
within each 500-m pixel). The manual delineation of su-
praglacial snow on Landsat images confirms that the lowest
elevation band of each snow cover map with a snow-cover
fraction of >50% is suitable to define the snow line altitude.

Reanalysis Data

Daily interpolated meteorological data of the High Asia
Refined Analysis (HAR) are used and are applied for glaci-
ological studies in the Karakoram for the first time. HAR is
a new gridded meteorological dataset developed by Mauss-
ion & alii (2014). The Advanced Weather and Research
Forecasting model (WRF-ARW) was run with the out-
put of the Global Forecast System of the National Center
for Environmental Information (NCEP GFS) to generate
the HAR dataset (Maussion & aliz, 2014). It is available in

hourly and daily resolution from October 2000 until Sep-
tember 2014 and covers the entire Himalaya, Pamir and
Karakoram. The spatial resolution is 10 km for the High
Asia domain (HAR10). All necessary HAR10-variables (see
tab. 5) are reprojected into UTM43N and interpolated to
the Landsat grid with a spatial resolution of 30 m.

TABLE 5 - Variables of the High Asia Refined Analysis dataset (HAR)
used as meteorological input for glacierSMBM or the calculation of the
debris thickness distribution.

Variable Description Unit Time Step Type

hgt terrain height m - static
netrad surface net radiation ~ W m?  daily, hourly 2d
prep total precipitation mm h! daily 2d
psfc surface air pressure Pa hourly 2d
2 air temperature at 2 m K daily, hourly 2d

PRECIPITATION - The original HAR dataset overesti-
mates precipitation in the dry valley basins of the Kara-
koram as a comparison with rain gauge records from the
Askole and Urdukas AWS shows (see fig. 2). A vertical
correction is applied to account for the postulated expo-
nential increase of precipitation with altitude (Winiger &
ali, 2005). The offset between the annual HAR-precipita-
tion and the measured one at the Askole AWS (3,040 m
a.s.l.), Urdukas AWS (4,060 m a.s.l.) and the snow pit (6,100
m a.s.l.), respectively, serve for the development of eleva-
tion-dependent tuning factors. Following this approach,
the precipitation tuning factor for elevations <3,040 m
a.s.l. (Askole AWS) is 0.37, at 4,060 m a.s.l. 0.40 and for
elevations 26,100 m a.s.l. 0.97 (snow pit). The relationship
between the derived tuning factors and altitude is approx-
imated with an exponential function. A general correction
map for the modification of the daily precipitation input is
finally generated from the elevation-dependent tuning fac-
tors and the height information of the DEM.

AIR TEMPERATURE - The 10 km resolution of the HAR
dataset does not resolve the complex topography of the
Karakoram and its impacts on air temperature and pres-
sure distribution. Temperatures in the accumulation areas
are therefore generally too high and those in the valleys
too low. We calculate the elevation difference (DEM ;)
between the resampled HAR DEM and the high-resolution
SRTM DEM and use this information together with empir-
ical atmospheric lapse rates (I') to apply a vertical correc-
tion to the daily HAR temperature input (T} ,p):

Tym = Tar + (TDEMp;fy) 8

Monthly mean temperature lapse rates are obtained
from the slope of a linear regression of temperature vs.
elevation based on data of eight PMD AWS between
1,255 and 2,854 m a.s.l. in the Karakoram. Monthly lapse
rates are given priority over an annual or constant lapse
rate since the evaluation of temperature records from the
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FIG. 2 - Daily mean air temperatures measured at the Urdukas AWS (4,060 m a.s.l.) next to the Baltoro glacier during 2011 vs. interpolated daily mean
air temperatures from the HAR dataset (a). Daily global radiation detected at the Urdukas AWS vs. resampled incoming shortwave radiation of the
HAR dataset during 2011 (b). Mean monthly temperature lapse rates in the Karakoram (c) calculated from vertical gradients of eight PMD AWS for
the period 2007-2009 (the three-year range is indicated by the bars). Measured daily precipitation at the Urdukas AWS vs. corrected and interpolated

precipitation from the HAR dataset (d).

considered AWS in the Karakoram indicates that the in-
tra-annual variability of vertical temperature gradients is
higher than their inter-annual difference (see fig. 2).

GLOBAL RADIATION - In the current version of the
model, HAR net radiation is resampled to 30 m, but nei-
ther corrected for shading effects of clouds and topography
nor for varying albedo characteristics of different glacier
surfaces.

GLACIER SURFACE MASS BALANCE
MODEL & APPLICATIONS

glacierSMBM

The glacier Surface Mass Balance Model (glacierSMBM)
applied in this study consists of statistical as well as phys-
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ical components to describe the processes of glacier mass
gain and mass loss (see fig. 3). With the development of
the model in the open source language R (R Core Team,
2017), the presented approach is reproducible and can be
modified for other study areas or purposes. To import, pro-
cess and export spatial data, glacierSMBM is built upon
the R-packages sp (Pebesma & aliz, 2016), raster (Hijmans
& alii, 2016) and rgdal (Bivand & aliz, 2017).

We use distributed air temperature, net radiation and
precipitation data with a resolution of 30 m as daily mete-
orological input for glacierSMBM (see section Reanalysis
Data). Information on glacier outlines, distributed debris
thickness and the initial extent of snow, debris-free and
debris-covered ice are required in addition (see section Re-
mote Sensing Data). Using this data input, the model calcu-
lates accumulation and ablation for each day and pixel. The
initial snow mask is updated with every iteration depend-
ing on the spatial variation of the modelled snow cover.
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FIG. 3 - Setup of glacierSMBM. RMF and TMF are the radiative and temperature melting factors, respectively.

ACCUMULATION - Daily snowfall (SF) in glacierSMBM
is defined as precipitation (Preczp) at air temperatures (T, )
<1 °C (Rohrer & Braun, 1994):

0
Precip

,Tym > 1°C

) ,Tym < 1°C

5F={

The glacier mass contribution of rainfall (precipitation at
T,, >1°C)is assumed to play no major role in the Karako-
ram due to the dominance of winter precipitation (Winiger
& aliz, 2005; Maussion & alzi, 2014). Snowfall over the glacier
area is therefore the only source for accumulation (4, ~=
SF) in the model since mass input from avalanches andy wind
redistribution has not been implemented yet.

ABLATION - An enhanced degree-day model (e.g. Hock,
2003, 2005; Pellicciotti & alzz, 2005) is applied to quantify

the glacier mass loss ascribed to melted snow (Mg, ) and

debris-free ice (M)

10 Moo = {TMFSnOWT* + RMFgppyNR* Ty > 0°C
Snow 0 ’sz < 0°C

where TMF ~—and RMF, are the empirically deter-
mined temperature and raciiative melting factors for snow
(see section Melting Factors), respectively, which are taken
as constant in space and time (Hock, 1999). T* is the posi-
tive daily mean air temperature (°C) at 2 m height and NR*
is the positive net radiation (W m2). For the calculation of
debris-free ice melt (M, ), those for ice (TMF, . and RM-
F,..) replace the melting factors for snow. Ablation does
onfy occur in the model at air temperatures above freez-
ing because the complex process of percolation, retention
and refreezing of meltwater draws from the computational
power and has not been parametrised yet.

An initial surface mask (see section Glacier Surface
Characteristics) distinguishes between firn, debris-free and
debris-covered glacier areas. The extent and height of the
supraglacial snow changes with time due to the interplay of
snow accumulation (Eqn 9) and snow melt (Egn 10). Ab-
lation of debris-free (Eqn 10 with melting factors for ice)
or debris-covered glacier ice (Eqn 11-16) sets in as soon as
the overlying snow pack is completely melted and takes
place as long as a pixel is snow-free. For the quantification
of sub-debris ice melt, simple melting factors as for snow
and bare ice are not suitable due to the non-linear relation-
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FIG. 4 - Modelled and measured
sub-debris ice melt on the Bal-
toro glacier from 22" July un-
til 10t August 2011. Empirical
melt rates (black diamonds) are
obtained from ablation stake
readings at selective sites on
the glacier with varying debris
thickness. Interpolated daily
mean air temperature and net
radiation from the HAR dataset
at the position of the ablation
stakes are used as input for Eqn
11 with the configuration de-

Debris thickness [cm]

ship of debris thickness and the ice melt below (see fig. 4).
Hence, we implement and test the DADDI-Equation (Eqn
11), a novel theoretical model of glacial melt under a porous
debris layer (M, 1, ,..) developed by Evatt & alii (2015),
that has been proven to reproduce the characteristic fea-
tures of the empirical @strem curve (Dstrem, 1959):

V1 _ H1
1+v,Dp p, +e¥Pr

(11) Mgyb-Debris =

where D..is the debris thickness (see section Debris Thick-
ness) andT the other constants are defined as

_ Lvuz (Qh B qm)e_yxr

(12) =
f (1 - d))pil‘mur
U, — 2U,)e Y r
13) 1 = (Um — 2u,)
Uy
NR* T*
(14) v, = ;’8
(1 - ¢)pil‘m
ﬂ + 480_Tf3reezin
(15) = Jreezing
vy X
PaCall?
(16) B =

Up — U (2 — e¥V77)

I | scribed in tab. 6. The grey area
displays the range of modelled
ablation rates as a function of
debris thickness depending on
the varying energy input at the
different stake locations.

30 40

An overview of the units and values of the respective
parameters and variables is given in tab. 6 (for more details
on the derivation of the DADDI-Equation see the original
publication of Evatt & alzz, 2015).

SURFACE MAss BALANCE - The surface mass balance
(MB) is calculated for each pixel of the glacier inventory by
aggregating the daily difference between snow accumula-
tion and glacial ablation:

n
(I7) MB = Z Asnow — Msnow — Mice — Msub-Debris
d=1

Surface mass balances for the entire Karakoram and
individual glaciers are finally obtained from area averages
based on the outlines defined in the inventory.

Model Calibration

An overall calibration of the model is not feasible due
to the lack of glaciological and geodetic mass balance stud-
ies in the Karakoram. Therefore, we use simple distributed
tuning factors to fit precipitation to the few existing in-situ
observations in the accumulation zone of the Baltoro gla-
cier. Melting factors for the enhanced degree-day model
are not modified since they were investigated directly in the
field. The thermal conductivity (in Eqn 15) of supraglacial
debris depends on the lithological composition of the layer
(e.g. Conway & Rasmussen, 2000; Reid & Brock, 2010) and
is tuned to fit modelled sub-debris ice melt rates to the ones
measured on the Baltoro glacier during the ablation season
2011 (see fig. 4).



Model Validation

The number of in-situ accumulation and ablation mea-
surements in the Karakoram is not sufficient to assess the
overall accuracy of the modelled glacier surface mass bal-
ances. Furthermore, the few observations from the Baltoro
glacier were already used for the calibration of the melting
factors and debris thickness. We therefore explore two new
approaches to test the plausibility, magnitude and variabil-
ity of the model output:

1. The annual surface mass balance is calculated separately
for the upper part of the Baltoro glacier and compared
to the estimated average ice volume flow at Concordia
(see fig. 6). The maximum ice thickness at Concordia
in 4,500 m a.s.l. is ~860 m (Mayer & a/zz, 2006) and the
mean velocity obtained from feature-tracking of Land-
sat 5 images along a profile of ~2,300 m is ~90 m a.
Assuming a simple parabola for the glacier shape and
taking the ice thickness, profile length and velocity into
account, the long-term mean ice volume flow at Con-
cordia under equilibrium conditions would be ~0.1164
km?. This value serves as rough reference for the gla-
cierSMBM output above the profile.

2. Transitional snow line altitudes in the Karakoram de-
rived from MODIS imagery (see section Transitional
Snow Line Altitude) are compared with those from the
model output to evaluate the spatio-temporal shift of
the snow line, which represents the interplay of mass
build-up and loss on the glaciers.

HAR evaluation

The two HAR-variables air temperature and precipita-
tion (see tab. 5) as main drivers of the glacier mass balance
are evaluated at two pixels/locations (~4,060 m a.s.1.) in the
western and central Karakoram (Batura and Baltoro glacier,
respectively) for the available period 2001-2014 to examine
whether the modelling year represents average climatic
conditions or coincides with a meteorological extreme. De-
gree-day sums (accumulated positive air temperatures) in
°C and bare ice melt in mm w.e. are calculated for the main
ablation period (June-September) of each year. Annual ac-
cumulation is approximated from precipitation during the
main precipitation season (January-April).

Sensitivity Analysis

To analyse how sensitively the Karakoram glaciers re-
spond to input data uncertainties and future meteorologi-
cal or glaciological changes, different model configurations
and datasets are tested for the Baltoro glacier. Precipita-
tion, temperature and net radiation as main meteorological
mass balance drivers are modified since increasing precipi-
tation and rising temperatures in the UIB are projected for
the next decades (Lutz & alzz, 2014). Kapnick & aliz (2014)
argue that accumulation in the Karakoram responds less
sensitively to recent climate change because snowfall dur-
ing winter at temperatures far below zero degrees as ob-
served in the region is less affected by rising temperatures
than the monsoonal snowfall in the central and eastern

Himalaya. We shift precipitation in the sensitivity analysis
by six months in order to simulate a monsoonal precipita-
tion regime and to test whether the hypothesised timing
of precipitation has an impact on the glacier mass balance.
Summer precipitation is to a lesser extent also observed in
the Karakoram (Mayer & a/iz, 2014), but it is not clear yet
how climatic changes will affect accumulation during the
different seasons in the region. Melting factors as well as
the thermal conductivity of debris are taken as constant in
space and time, but may vary between different locations
(e.g. Hock, 2003; Gibson & aliz, 2016) and are therefore
evaluated regarding their impact on ablation. The effects of
debris thickness on glacial melt are investigated by simulat-
ing the surface mass balance of the Baltoro glacier for two
conditions: a thickness doubling and a debris-free glacier
tongue.

RESULTS

Meteorology

The mean air temperature (2001-2014) during the main
ablation season (June-September) at the Batura and Bal-
toro glacier in ~4,060 m a.s.l. derived from the HAR data-
set is 5.0 and 4.8 °C, respectively. This corresponds to a
mean degree-day sum of 676 and 654 °C and bare ice melt
of ~4,500 and ~4,400 mm (w.e.). During the modelling
period (2010 — 2011), the mean June-September air tem-
perature exceeds the multi-annual June-September average
by 0.8 and 0.6 °C (corresponding to an additional ice melt
of ~700 and ~500 mm w.e.), respectively, what is less than
the inter-annual variability (sd = 1.2 and 1.6 °C). The mean
annual precipitation (2001-2014) differs between the west-
ern Batura (1,059 mm; sd = 224 mm) and central Baltoro
glacier (721 mm; sd = 147 mm), but at both locations, the
mean accumulation difference (+47 and +26 mm) between
the modelling period and long-term average is negligible.
Accordingly, the selected glacier mass balance year rep-
resents average meteorological conditions in the region
with a slightly warmer ablation season.

Calculated monthly mean lapse rates for the Karakoram
range from 5.53 °C km™' in November to 7.6 °C km' in
February (see fig. 2). During the main ablation season
(June-September) the intra-annual variability of the lapse
rates is low (standard deviation = 0.12 °C). The calculated
mean annual lapse rate for the Karakoram is 7.2 °C km™
and matches with the vertical temperature decrease of 6.3
—7.5 °C km™! measured on the Baltoro glacier (Mihalcea &
aliz, 2006; Mayer & aliz, 2010). Distributed daily air tem-
peratures interpolated from the HAR dataset show a good
correlation with the observations at the two high-elevation
AWS Urdukas and Askole (R? = 0.86 and 0.83, respective-
ly), especially during the ablation season. However, they
underestimate the annual mean temperature by 3.27 and
3.42 °C, respectively, due to a negative bias in spring and
autumn. The region-wide mean annual air temperature
for the Karakoram (in 2011) based on the HAR dataset is
-8.3 °C, with the warmest days occuring in August (re-
gion-wide mean maximum = 9.8 °C) and the coldest
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ones in January (region-wide mean minimum = -25.7 °C).
In addition to the distinct seasonal cycle, strong lateral
temperature gradients between peaks and valleys of >40
°C 10 km™ are common during the whole year. The annual
0 °C isotherm is located at ~3,500 m (a.s.1.).

The daily incoming shortwave energy flux of the HAR
net radiation is compared with the global radiation re-
ceived at the Urdukas AWS since longwave energy fluxes
are not measured on-site. Modelled and measured values
are in good agreement (R? = 0.75). On average, global radi-
ation at the AWS is overestimated by 32.5 W m™, but high-
er discrepancies are noticeable during summer (see fig. 2).

Precipitation varies essentially across the Karakoram
and follows a clear seasonal cycle. Accumulation takes
place mainly between January and April. The corrected
and interpolated HAR dataset yields a region-wide mean
total precipitation of 520 mm for 2011. Dry valley basins
gaining less than 100 mm precipitation per year contrast
the humid alpine environment of the central Karakoram
with snow accumulation of >1.7 m w.e. a’l. A quantitative
precipitation evaluation is lacking because snowfall during
wintertime is not reliably detected at the AWS. The agree-
ment between the precipitation events of the HAR data-

set and those detected at the Urdukas and Askole AWS is
61% and 64%, respectively.

Debris Cover and Thickness

Based on the evaluation of the classified Landsat imag-
es, supraglacial debris covers 18%, bare ice 36% and snow
or firn 46% of the glacier area in the Karakoram. On the
Baltoro glacier, the fraction of debris-covered ice is larger
due to the extensively debris-covered tongue (debris = 24%,
bare ice = 34%, firn and snow = 42%). Heavily debris-cov-
ered and almost debris-free glaciers coexist across the entire
Karakoram (see fig. 5). In the Shaksgam valley, east of the
Baltoro glacier, the region-wide maximum of > 1 m debris
(South Skyang Glacier) is found. The average debris thick-
ness in the mountain range is 0.12 m. On the Baltoro glacier,
the supra-glacial layer ranges from a few mm (dust) up to
0.45 m (debris), with a mean thickness of 0.13 m. While the
debris thickness patterns derived from Eqn 4 and Eqn 7 are
similar, the empirical approach (Eqn 4) yields higher debris
thickness values of up to 1.9 m at the front of the Baltoro
glacier. The energy-balance model (Eqn 7) on the contrary
better captures debris thickness at higher elevations.

77°E

36°N

- ﬁf Lt‘;‘_&{{&

>05m ‘\

Debris thickness

35°N

S = South-Skyang Glacier
U = Urdukas

s Weather Stations| | 0 25 50 75 km
e Ablati
- ion Stikes T "
74°E ZE0F = =

FIG. 5 - Spatial distribution of debris thickness in the Karakoram calculated from land surface temperatures using the energy-balance model described
in Eqn 7. The locations of in-situ debris measurements on the Baltoro glacier are displayed in the lower left box.
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TABLE 6 - Variables and parameters used in Eqn (11-16) to calculate sub-debris ice melt. The data sources are: 1 = High Asia
Refined Analysis dataset (Maussion & aliz, 2014), 2 = present study, 3 = Conway & Rasmussen (2000), 4 = values taken from Evatt
& aliz (2015) and Nicholson & Benn (2006). The last seven paramters are non-site specific values.

Name Description Value Unit Reference

NR* net radiation variable W m?2 1,2

T+ air temperature variable °C 1,2
D, debris thickness variable m 2

k thermal conductivity 13 W m?K? 2,3
ay saturated humidity level variable kg m? 2
q, measured humidity level 0.6g,, kg m? 2
P, air densitiy variable kg m? 2
u wind speed 1.8 ms! 2
X, measurement height 2 m 2
X, surface roughness height 0.01 m 4
U friction velocity 0.16 ms! 4
u, slip velocity =u* ms! 4
D volume fraction of debris in ice 0.01 4
v windspeed attenuation constant 235 4
c, specific heat capacity of air 1000 JTkeg! K1 4
. latent heat of melting ice 334 x 10° Tkg'! 4
" latent heat of evaporation 2.5 x 10° T kg 4
freeing water freezing temperature 273.15 K 4
€ thermal emissivity 0.95 4
P, ice density 900 kg m? 4
o Stefan-Boltzmann constant 5.67x 108 Wm? K* 4

TABLE 7 - Output of the glacier surface mass balance model applied for the Baltoro region and entire Karakoram from August 2010 until July 2011.
Acc = accumulation, Abl = ablation, M. = debris-free ice melt, Mgy, = sub-debris ice melt, My = firn melt, Mg = snowmelt, MB = mass balance,

ELA = equilibrium line altitude, AAR = accumulation area ratio.

Acc[m]  Abl[m] Myp[%]  Mgp[%]  My[%] M [%] MB[m]  ELA[m]  AAR
Baltoro 0.86 1.04 444 234 6.0 262 0.18 5,145 0.50
Karakoram 0.79 171 55.7 18.9 6.6 189 0.92 5,145 0.43

Glacier Surface Mass Balance

During the evaluation period from 1% August 2010 un-
til 315t July 2011, modelled ablation and accumulation on
the Baltoro glacier varies considerably in space (see fig. 6)
and time (see fig. 7). Ablation occurs mainly between April
and September, whereas accumulation takes place mostly
between January and May. Maximum snow deposits on the
Baltoro glacier exceeding 1.5 m w.e. are found in the upper
accumulation areas. Glacier mass loss across the ablation
zone depends on the surface cover. Ice melt rates of up to
8 m w.e. al are characteristic of the lower and almost de-
bris-free parts of the tributary glaciers. In contrast, sub-de-
bris ice melt close to the heavily debris-covered snout is
reduced to less than 1.2 m w.e. a’l. The difference between

the mean annual accumulation (0.86 m w.e. a’!) and abla-
tion (1.04 m a!) results in a slightly negative surface mass
balance for the Baltoro glacier of -0.18 m w.e. a™ (see tab. 7).
This corresponds to a fresh water storage in winter of 0.54
km? and a melt water release in summer of 0.66 km’. A
good agreement between the modelled surface mass bal-
ance above the Concordia profile and the estimated long-
term mean ice volume flow at the profile (0.1207 vs. 0.1164
km?) confirms that the dominant accumulation and abla-
tion processes can, at least for the Baltoro region, be re-
produced with glacierSMBM. Although the temporal evo-
lution of mass gain and loss in the Karakoram follows the
same pattern as outlined before, the modelled region-wide
glacier surface mass balances vary across the mountain

range and are on average more negative (-0.92 m w.e. a’l,
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FIG. 6 - Modelled surface mass balances from 15 August 2010 until 31% July 2011 for all Karakoram glaciers included in the inventory. The spatial mass
balance pattern of the Baltoro glacier is highlighted in more detail in the lower left box.

see tab. 7). Glaciers with stable or positive annual mass
balances are located, with only few exceptions, in the cen-
tral and northeastern Karakoram, whereas negative mass
balances are typical for the southern and western part (see
fig. 8). Most glaciers with a distinct negative mass balance
(-2 to -8 m a! wie.) are relatively small in size (0.25 - <15
km?), are on average located below 5,500 m a.s.l., advance
in some cases down to elevations of <2,500 m (a.s.l.) and
have a low AAR (<0.2). While glaciers with a mean eleva-
tion above 5,500 m a.s.l. have on average a positive mod-
elled surface mass balance (0.62 m w.e.), the mass balance
of those below is clearly negative (-1.43 m w.e.). At altitudes,
where the annual mean air temperature is about 10 °C,
modelled ice melt rates of up to 15 m w.e. a’! can be reached
in the western Karakoram. The highest accumulation rates
of up to 1.7 m w.e. a' are found between 6,000 and 7,000
m a.s.l. in the central Karakoram. During the whole model-
ling period, snow in the order of 5.89 km’ (w.e.) is accumu-
lated over the glaciated area in the Karakoram, while the
glacial melt water contribution during the ablation season
is 12.66 km?. The number of ablation and accumulation
days is similar (196 vs. 227).
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Transitional snow line altitudes

Transitional snow line altitudes (TSLAs) derived from
the MODIS Snow Cover Product for the entire Karako-
ram follow a clear seasonal cycle (see Fig. 9). Between No-
vember and March, the TSLA reaches its minimum and
falls below 3,700 m (a.s.l.). From then on, it rises steadily
and reaches a maximum elevation of 5,400 + 200 m at
the end of August. The seasonal cycle and timing of the
highest annual TSLAs can be reproduced with the model,
but this does not hold true for the onset of the supragla-
cial snow melt as well as the downward propagation of
the snow cover after the ablation season. The modelled
beginning of snowmelt lags several weeks behind the ob-
served onset.

Sensitivity Analysis

Modified meteorological and glaciological conditions
affect the modelled surface mass balance of the Baltoro
glacier in various ways (see tab. 8). Snow accumulation in
the upper parts of the glacier is obviously linked to changes
in precipitation. A 10% increase or decrease of solid pre-
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cipitation results in a mean accumulation change of plus
and minus 10%, respectively. Stronger changes are ob-
served when an intensified monsoonal influence, simulated
by a six-month precipitation shift towards a culmination
during the ablation season, is assumed. In this case, the
glacier-wide accumulation is reduced by 23%. Even though
snowfall in glacierSMBM is defined as precipitation at tem-
peratures <1 °C (Eqn 9), modifications of air temperature
have almost no effect on the amount of accumulation.
However, when precipitation is shifted in time and the
main snowfall events coincide with the ablation period,
it reacts very sensitive to rising temperature, leading to a
mean accumulation decrease of 30%.

Air temperature and debris thickness are the domi-
nant controls on ablation on the Baltoro glacier. A tem-
perature increase of 2 K yields on average a 44% higher
ablation, while a decrease of 2 K leads to a drop of 35%.
The strong relationship as well as the minor impact of
changes in net radiation are attributed to the setup of the
enhanced degree-day model with air temperature as main
predictor for snow and ice melt (Eqn 10). In contrast to
snow and debris-free ice, debris-covered ice reacts more
sensitively to variations in net radiation. Based on the sen-
sitivity test where debris was excluded, the debris layer
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on the Baltoro glacier reduces ablation by ~35%. Similar
results are obtained when the empirically derived debris
thickness distribution serves as an input dataset. A dou-
bling of the debris thickness has a weaker impact due to
the exponential decrease of melt rates with increasing
thickness (see fig. 4). Besides air temperature, net radi-
ation and debris thickness, the often-unknown thermal
properties of the debris layer have a noticeable effect on
the sub-debris ice melt.

The modelled surface mass balance of the Baltoro gla-
cier responds most sensitively to variations in air tempera-
ture, the absence of supra-glacial debris and the shift of
precipitation towards a maximum during the main ablation
season. In consequence, climatic conditions (a monsoon-
al precipitation regime in combination with increasing air
temperatures) as observed in the central and eastern Hima-
laya (e.g. Kapnick & /77, 2014) would lower the ELA and
decrease the AAR considerably, resulting in a pronounced

negative mass balance of -0.91 m w.e. a’l.



TABLE 8 - Sensitivity tests performed by using modified meteorological and glaciological data as input for glacierSBMB. Precip, ., = precipitation

increase/decrease of 10 %, Precip ., = precipitation input shifted by 6 months, T2m

radiation increase/decrease of 20 \W TMF
radiative melting factors by 10%, D

+10

em irica

o, = increase/decrease of the temperature melting factors by 10%, RMF
| = empirically derived debris thickness (Eqn 4), DT

= air temperature increase/decrease of 2 K, NetRad,,, = net

1ncrease/decrease of the

= debris thlcknessué{oubled DT = no debris

+2K

+100% -100%

cover considered, k, ¢ = thermal conducnvlty of the debris layer increased by 0.5 W m™ Kt k0 ¢ = thermal conductivity of the debris layer decreased by
0.5 W m™ K, Precipy ;;, & T2m . = precipitation shifted by 6 months while air temperature is increased by 2K. The three most influential parameters

on the mass balance variables are underlined.

Acc[Am] ~ Abl[Am]  Mpp[Am] Mgy[Am]  Mp[Am]  Mg[Am]  MB[Am] ELA[Am]  AAR[A]
Reference 0.86 1.04 0.46 0.24 0.06 0.27 -0.18 5,145 0.50
Precip, ., 0.09 0.00 0.01 0.00 0.00 0.02 0.08 10 0.02
Precip 40, -0.09 0.00 0.01 0.01 0.00 -0.01 -0.08 40 -0.02
Precip,; 020 0.02 0.04 0.03 0.01 007 0.18 100 005
T2m, 001 0.46 025 0.06 0.08 01 -0.49 170 012
T2m 0.00 -0.36 -0.18 -0.04 -0.04 -0.09 036 -160 011
NetRad 0.00 0.07 0.02 0.05 0.01 0.01 0.08 30 0.01
NetRad,zow 0.00 -0.07 -0.02 -0.04 0.00 -0.01 0.07 -10 0.01
TMFHO% 0.00 0.06 0.05 0.01 0.01 0.01 -0.06 30 -0.01
TMF,IO% 0.00 -0.06 -0.04 0.00 0.00 -0.01 0.06 -10 0.01
RMF+1()% 0.00 0.01 0.01 0.00 0.00 0.01 -0.02 0 -0.01
RMF 0.00 0.01 0.01 0.00 0.00 0.00 0.02 0 0.00
DT, 0.00 0.02 0.00 0.03 0.00 0.00 -0.03 0 0.00
DT, 000, 0.00 0.08 0.00 007 0.00 0.00 0.08 0 0.00
DT 00, 0.00 057 0.82 -024 0.00 0.00 057 0 0.01
ko,s 0.00 -0.06 0.00 -0.05 0.00 0.00 0.05 0 0.00
k1.8 0.00 0.04 0.00 0.04 0.00 0.00 -0.04 0 0.00
Precip,  &T2m 026 0.47 0.34 0.09 0.07 0.02 073 335 0.17
DISCUSSION characterised by area-wide negative mass balances in the

Glacier Surface Mass Balance

The introduced glacier Surface Mass Balance Model
(glacierSMBM) delivers plausible accumulation and abla-
tion results for the Baltoro glacier in the central Karakoram
during the observation period from August 2010 until July
2011. Maximum annual melt rates of 7-8 m w.e. a' at the
tongue of the debris-free tributaries of the glacier are in
the same order as independent ablation measurements
from the Biafo (5-7 m w.e. a’!) and Baturo glacier (~9 m w.e.
a’l) (Hewitt & alii, 1989). Modelled snow deposits of up
to 1.5 w.e. a! fall in the range of published accumulation
values (~1-2 m w.e. a’!) from different areas of the Kara-
koram (Hewitt & aliz, 1989; Winiger & aliz, 2005; Mayer &
aliz, 2014). The agreement between the modelled seasonal
evolution of the glacier mass balance (fig. 7) and the meteo-
rological and glaciological observations (dominating winter
precipitation and strong melting during August and Sep-
tember) indicate that the model captures the most relevant
accumulation and ablation processes of the Baltoro glacier.
However, this does not hold true for avalanche-fed glaciers
of the so-called Turkestan-Type (Hewitt, 2011), which are

model output and are lacking an “accumulation zone” as
normally understood. The imbalance between mass gain
and mass loss probably stems from to the lack of snow re-
distribution.

Compared to the Baltoro glacier, the modelled surface
mass balance for the Karakoram under average meteorolog-
ical conditions (see section Meteorology) is more negative
(-0.92 m w.e. a') and does not match the region-wide aver-
ages (-0.10 to + 0.11 m w.e. a™') derived from satellite-based
geodetic measurements (e.g. Gardelle & a/zz, 2012; Kaab &
aliz, 2015). Albeit these studies cover multi-annual obser-
vation periods and focus on different regions of the moun-
tain range, the large offset hints that accumulation in the
Karakoram might be underestimated and ablation close to
the glacier snout overestimated. Despite these absolute dif-
ferences, the model is able to reproduce the general pattern
of the Karakoram Anomaly. Stable or positive mass bal-
ances are found in the central and northeastern part of the
mountain range and contrast the widespread mass loss in
the southern and western valleys (see fig. 8). Evidence from
other studies also suggest that the Karakoram is located at
the southwestern edge rather than in the centre of the mass
balance anomaly, stretching from the western Kunlun Shan
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towards the Pamir (Gardelle & a/iz, 2012, 2013; Kaab &
aliz, 2015; Lin & aliz, 2017). Region-wide geodetic measure-
ments between 1973/74 and 2000 reveal a zonal trend of
decreasing negative mass balances from west to east (Zhou
& alii, 2017). Besides the geographical location, the mod-
elled mass balances are mainly influenced by the size and
elevation-coverage of the glaciers. Out of all glaciers with
a pronounced modelled negative mass balance (-2 — -8 m
w.e.), 50% are smaller than 6 km? and 100% are on average
located below 5,500 m (a.s.l.). Findings by Qureshi & a/zi
(2017) reveal a similar pattern. The authors used different
satellite products to examine glacier changes in the Hunza
basin (western Karakoram) and found out that extensive
area loss is especially characteristic for glaciers small in size
or located below (5,500 m a.s.l.). Glaciers of less than a few
km? respond very sensitively to rising temperatures, as a
recent study from the European Alps emphasizes (Huss &
Fischer, 2016). In the Karakoram, small glaciers have ex-
perienced little scientific attention, albeit they might con-
tradict the postulated general mass balance anomaly in the
region.

By evaluating the results of the sensitivity analysis, two
characteristic glaciological and climatological features pro-
moting stable mass balances in the Karakoram become ap-
parent:

Extensive and thick debris (> 4-5 cm) reduces the an-
nual ice melt rate by ~35% and contributes to the conser-
vation of glacier ice in the lower ablation zone. A similar
mass-conserving effect due to the isolating character of
debris was found by Collier & a/z7 (2015) and Minora & alii
(2015). The magnitude of the average ice melt rate across
the debris-covered ablation zone might be slightly under-
estimated in glacierSMBM since the observed amplifying
effects of supraglacial lakes and ice cliffs on glacial melt
(e.g. Sakai, 2000, 2002; Tedesco & aliz, 2012; Juen & aliz,
2014; Brun & aliz, 2016) are not considered. Based on the
investigation of selected ice cliffs on the Lirung glacier in
the Nepalese Himalaya, Brun & a/zz (2016) conclude that
the mass loss of exposed ice cliffs can be six times higher
than the average melt rate across the debris-covered abla-
tion zone. However, since ice cliffs only occupy small ar-
eas (e.g. ~1-2%) of debris-covered glaciers and contribute
marginally (e.g. ~2.5%) to the total annual ablation (Juen
& alii, 2014), it seems unlikely that the enhanced melting
of ice cliffs equals the mass conserving effect of thick and
isolating debris as hypothesised by Gardelle & aliz (2012).

Snowfall accumulated mainly during winter and spring
as observed on the Baltoro glacier (see fig. 7) and in the
Karakoram in general responds less sensitively to rising
temperatures than snow falling in summer (see tab. 8). An
average increase of air temperature by +2K has almost no
effect on the modelled annual accumulation of the Baltoro
glacier, whereas in a monsoonal precipitation regime the
same warming leads to a reduction in snowfall of ~30%.
These findings support the conclusion of Kapnick & alii
(2014) that the characteristic seasonal cycle with dom-
inating winter precipitation is — besides decreasing sum-
mer temperatures and increasing winter precipitation (e.g.
Archer & Fowler, 2004; Fowler & Archer, 2006; Bocciola
& Diolaiuti, 2013) — one of the main meteorological driv-
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ers of the Karakoram Anomaly. Fowler & Archer (2006)
discuss increasing cloud cover as a potential cause for the
observed decreasing summer temperatures. Furthermore,
they point out that warming may occur predominantly in
higher elevations (> 2,500 m a.s.l.) where almost no long-
term AWS-records are available.

The sensitivity analysis not only highlights potential
causes for the observed stable mass balance in the Kar-
akoram, but also reveals that the glaciers in the region
might respond very sensitively to climatic and glaciologi-
cal changes; especially to variations in debris thickness,
air temperature, radiative forcing, snowfall and the timing
of the prevailing precipitation season. Thus, it should be
questioned whether the debris-covered glaciers in the Kar-
akoram are as resistant to climatic changes as previously
assumed.

Model Limitations and Data Uncertainties

The spatial and temporal interpretation of the modelled
region-wide surface mass balances is hampered by the pres-
ence of data uncertainties, the lack of observational data
for calibration and validation as well as the non-consider-
ation of glaciological processes like snow redistribution or
the melt contribution of supraglacial ice cliffs and ponds.

Even though the importance of avalanches for gla-
cier nourishment in the Karakoram has been outlined by
Hewitt (2005, 2011), the quantitative mass contribution
ascribed to redistributed snow has not been further in-
vestigated yet. The modelled area-wide negative mass bal-
ance of numerous small glaciers indicate that they could
probably not withstand strong melting without the addi-
tional mass input from adjacent slopes. Laha & a/z7 (2017)
evaluated the impact of avalanching on the mass balance
of four Himalayan glaciers (area: 2.4 — 19.0 km?) and cal-
culated that the contribution can account for up to 1.8 m
w.e. al. For further mass balance studies in HMA, im-
plementing the processes of gravitational mass movement
(e.g. Bernhardt & Schulz, 2010) and snow redistribution
by wind (e.g. Warscher & a/iz, 2013) is necessary. The con-
sideration of snowmelt induced by short- and longwave
radiation at air temperatures below freezing may help to
minimise the gap between the observed and modelled on-
set of ablation. However, the delayed upward-shift of the
TSLA could be also ascribed to the negative temperature
bias during spring or an overestimation of accumulation
in the valley bottoms. Enhanced melting due to exposed
ice cliffs and supraglacial ponds may compensate for the
effects of thick and isolating debris and has been men-
tioned as a possible cause that could explain the observed
similar area-wide melt rates of debris-free and debris-cov-
ered glaciers (Gardelle & a/zz, 2012). To test this hypoth-
esis, a parametrisation of small-scale features across the
debris-covered ablation zone is required. Recently devel-
oped methods to quantify melt resulting from ice cliffs
(Juen & alii, 2014; Reid & Brock, 2014; Steiner & ali,
2015; Buri & aliz, 2016; Brun & aliz, 2016) and meltwater
ponds (Tedesco & aliz, 2012; Juen & aliz, 2014) should be
further explored for this purpose.

In addition to the glaciological processes not being



implemented in the model, uncertainties are introduced
by the applied datasets. The original validation of the me-
teorological HAR dataset focuses rather on the Tibetan
Plateau than on the western part of High Mountain Asia
(see fig. 1 in Maussion & a/iz, 2014). Therefore, the over-
all accuracy of the dataset in the Karakoram remains un-
certain. The horizontal HAR-resolution of 10 km is much
higher than the pixel size of gridded datasets provided
from general circulation models, but is still not sufficient to
resolve the precipitation, temperature, pressure and radia-
tion distribution in a complex terrain like the Karakoram.
Different methods of varying complexity were applied to
interpolate the meteorological variables to a spatial reso-
lution of 30 m. While interpolated HAR air temperatures
are in good agreement with measurements from the Urdu-
kas and Askole AWS (see fig. 2), there is the need to fur-
ther improve the accuracy of distributed net radiation and
precipitation in the region. This can be achieved either by
advanced statistical downscaling or by the use of a phys-
ical high-resolution meso-scale atmospheric model that
considers the complex topography and incorporates feed-
backs from glacier mass balance changes to the atmosphere
(Collier & aliz, 2013).

In addition to the mass contribution of avalanches, to-
pographic shading from steep slopes and cliffs rising more
than several hundred meters above the valley floor support
the existence of small and medium-size glaciers (e.g. Wag-
non & alii, 2007; Huss & Fischer, 2016). Shading plays prob-
ably a minor role in the wide valleys of the Biafo, Hispar
and Baltoro glacier, but it must be assumed that the mass
balance of glaciers in the narrow and deeply-incised valleys
of the Karakoram is considerably altered by the reduced
energy input due to the shielding of incoming short-wave
radiation. Hence, short- and longwave downward radia-
tion should be corrected for shading effects and cloudiness
in future modelling approaches (e.g. Senese & aliz, 2016).
Gridded precipitation data, which are a prerequisite for the
quantification of region-wide snow accumulation, are still
prone to significant errors and are not able to reproduce the
orographically influenced vertical and lateral variability in
the Karakoram (Dahri & a/77, 2016). With respect to further
investigations of the drivers of the Karakoram Anomaly,
the development of an accurate, distributed precipitation
dataset for the region, along with high-elevation accumula-
tion studies is pressing. Accumulation studies as conducted
by Mayer & alii (2014) are not only valuable for the under-
standing of seasonal precipitation patterns and detection
of longterm trends, but also for the determination of the
thickness of the firn layer. Such information is needed for
the projection of long-term glacier changes. In addition to
emerging englacial debris, an upward-shift of the ELA is
associated with higher melt rates since the underlying ice
has a lower albedo than the snow or firn above.

Melting factors for snow and ice obtained from ablation
stake readings on the Baltoro glacier are in the same order
as those published by Lutz & aliz (2016) and were — due
to the absence of concurrent measurements in other parts
of the mountain range — taken as constant in space and
time. However, it is likely that the melting factors vary re-
gionally since the amount of melted snow or ice does not

only depend on the incoming energy fluxes, but also on
further meteorological variables (e.g. relative humdity and
windspeed) and the physical properties (e.g. density and al-
bedeo) of ice or snow. High wind speeds and a low relative
humidity for example cause a higher saturation deficit and
favour sublimation, which in turn consumes more energy
and leads to a lower ablation rate than the melting of snow
and ice (e.g. Hock, 2003). The variability of wind speed,
relative humidity and glacier albedo has so far not been
further investigated in the Karakoram. To validate whether
the modelled maximum ice melt rates of up to 15 m w.e. a’!
at the lowest and debris-free glacier tongues are real or the
result of biased melting factors, remains a subject for future
ablation studies.

One of the main improvements in glacierSMBM against
other mass balance models is the implementation of the
non-linear debris effect on sub-surface ice melt. In order to
model sub-debris ice melt rates, information on the thick-
ness and properties of the layer are essential. The debris
thickness datasets obtained from remotely-sensed land
surface temperatures are promising. They deliver plausible
values for the Baltoro glacier and capture the spatial debris
variability in the Karakoram. A reliable validation would,
however, require a denser network of ablation stakes or
other spatial information regarding the debris thickness
(e.g. from ground-penetrating radar; McCarthy & alz,
2017) to account for the sub-pixel variability. More impor-
tant than the further improvement of the debris thickness
datasets seems the investigation of the thermal properties
and albedo of the debris layer. Both variables were treated
homogeneously across the ablation zone. Lithological units
of debris on the Baltoro glacier as identified on satellite
imagery by Gibson & a/ii (2016) could help to distribute
thermal conductivities depending on the rock type. Gla-
cier-wide surface albedos can be derived from optical sat-
ellite data (e.g. Sentinel-2 and Landsat 8) as demonstrated
by Neageli & alii (2017).

For future mass balance studies, the missing small
and medium-size glaciers in the west, north and southeast
should be also included in the inventory. They are already
available in some inventories (see tab. 1), but the provided
outlines incorporate processing artefacts like nunataks and
steep ice-free slopes. Plateaus and slopes above the glacier
trunks are an important source for avalanches (e.g. Hewitt,
2011), but they do not belong to the accumulation area
where glacier ice is formed. Thus, an inventory, which dis-
tinguishes between glacier outlines, rock surfaces and po-
tential source regions for avalanches and snowdrift, would
be favourable.

CONCLUSION

In this study, we present a new open-source high-reso-
lution glacier Surface Mass Balance Model (glacierSMBM)
which takes the non-linear effect of supra-glacial debris on
sub-surface ice melt into account. Data from field measure-
ments, remote-sensing observations and climate reanalysis
are used as input to test the applicability and limitations of
the model in the Karakoram. Accumulation and ablation
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rates are calculated at daily timesteps from 1% August 2010
until 315 July 2011 for each glacier in the inventory. For the
Baltoro glacier in the central part of the mountain range,
where most of the data for the calibration were obtained,
the model yields a slightly negative surface mass balance of
-0.18 m w.e. al. The modelled ablation and accumulation
rates are in the order of independent measurements from
glaciers nearby and correspond to a fresh water storage
during winter of 0.54 km® and a melt water release during
the ablation season of 0.66 km?. For the entire Karakoram,
the modelled surface mass balance is more negative (-0.92
m w.e. a’) and associated with an annual melt water con-
tribution of 12.66 km?. Despite the neglected process of
snow redistribution, the model reproduces the character-
istic features of the Karakoram Anomaly and emphasises
that stable and positive mass balances are rather typical
for the central and northeastern part than for the entire
mountain range. Results from the sensitivity analysis indi-
cate that the melt-reducing effect of thick debris as well
as the timing of the dominant precipitation season are, in
addition to the observed decreasing summer temperatures
and increasing winter precipitation, important factors pro-
moting stable mass balances in the region. However, since
the sensitivity analysis also reveals a distinct mass balance
response to variations in air temperature, precipitation,
debris thickness etc., the common image of the Karako-
ram as a mountain range being resistant to recent climate
changes should be challenged. For a more sound and de-
tailed regional analysis of the drivers of the Karakoram
Anomaly, the modification of the input datasets as well as
the implementation of further glaciological processes into
glacierSMBM is necessary. Snow redistribution in the ac-
cumulation area along with enhanced melting ascribed to
small-scale features like exposed ice cliffs and supraglacial
melt water ponds across the ablation zone are assumed to
be the most relevant processes not considered in the model
so far. Regarding the gridded input datasets, increasing
the accuracy of precipitation and determining the glacier
surface albedo and thermal properties are probably the
most urgent objectives. An intensification and expansion
of in-situ accumulation and ablation studies on different
glaciers in this remote environment is required to allow for
a proper calibration and validation of the applied datasets
and obtained model results. With the realisation of the
outlined modifications, the observation period can be ex-
tended to compare the model output with multi-annual
geodetic mass balance measurements and to simulate the
future response of Karakoram glaciers to recent climate
change.
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