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ABSTRACT

Glacier coverage and behavior are heterogeneous across Tien Shan and Pamir due to a
climate gradient from west to east. Regional glacier mass balance data have previously
been calculated using GRACE and hydrological models with differing results. In this
study, in situ mass balance data of glaciers in the Tien Shan and Pamir, measured by the
glaciological method between 2004 and 2012, are spatially extrapolated to the total
glacier area by arithmetic averaging using (1) unfiltered balance data, and (2) a smooth-
ing filter to the data in a way similar to that done for GRACE data. GRACE and the
in situ data are the only methods that measure mass variations directly. A comparison of
the extrapolated unfiltered and filtered in situ data is made with the difference between
GRACE and the total water storage of the hydrological model Water Global Assessment
and Prognosis Global Hydrology Model that represents glacier mass balance. The annual
comparison between the extrapolated in situ and GRACE-related data does not fit very
well, but the comparison of mass change rates shows quite good agreement. In compari-
son with GRACE-related results from the literature, the extrapolation of the unfiltered

in situ glacier mass data performs best, especially in the Tien Shan.

INTRODUCTION

Several papers address the calculation of glacier mass
balance in high-mountain Asia (HMA) by the Gravity
Recovery and Climate Experiment (GRACE) satellites
and other sources, with differing results (e.g., Matsuo
and Heki, 2010; Jacob et al.,2012;Yao et al., 2012; Gard-
ner et al., 2013;Yi and Sun, 2014). Glacial extent and
behavior is highly variable throughout HMA. GRACE
data and in situ mass balances measurements represent
two methods of measuring mass balance directly. In situ
glacier mass balance measurements by the glaciologi-
cal method are sparse, often conducted on easy-to-reach
glaciers, and biased toward small-to-medium-sized and
debris-free glaciers (Hirabayashi et al., 2010; Gardelle et
al., 2013). It is not known whether these glaciers are
representative of the total glaciated area. Gardner et al.
(2013) and Vincent et al. (2013) found a measurement
bias towards glaciers with greater mass loss in HMA,
suggesting a spatial extrapolation to an entire moun-
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tain range is questionable. Nevertheless, this has been
done in several cases (e.g., Dyurgerov and Meier, 2005;
Cogley, 2009; WGMS, 2013) as in situ data provide high
temporal resolution (Huss et al., 2009). The aim of this
paper is to use the in situ data in combination with
GRACE global data on a regional scale. To use other
data in comparison or combination with GRACE, the
data should be preprocessed in a way similar to GRACE
(Abelen and Seitz, 2013). Therefore, a filter similar to the
GRACE smoothing filter is applied to the extrapolated
in situ mass balance data to allow the comparison of ex-
trapolated unfiltered and filtered in situ measurements
with the GRACE-derived glacier mass balances.

STUDY AREA

This study focuses on the Tien Shan and Pamir re-
gions, which form the northern end of HMA (Fig. 1).
They are located in the dry mid-latitudes, in the West-
erlies zone (Yao et al., 2012; Mdolg et al., 2014, supple-

133



ment;Y1and Sun, 2014). The Pamir is weakly influenced
by the monsoon (Dyurgerov, 2010). The Tien Shan is
the first mountain barrier for air masses from the north
and west (Aizen et al., 1997; Bolch, 2005). Both moun-
tain ranges show large vertical precipitation gradients
(Bolch, 2005; Dyurgerov, 2010) and are quite variable in
their climatic and orographic settings. This is reflected in
the distribution of glacier change (Fujita and Nuimura,
2011).The study area covers a region of about 565,200
km? (black outline in Fig. 1) with a glacier area of about
26,800 km? and about 22,000 glaciers (Randolph Gla-
cier Inventory [RGI] v4.0) (Arendt et al., 2014). The
study area, also for Tien Shan and Pamir, is calculated us-
ing the 1980 Geodetic Reference System ellipsoid and
the respective outline indicated in Figure 1.

Tien Shan

The area of the Tien Shan stretches from west to east
and covers about 374,700 km?®. Maximum elevation is
7439 m as.l. (Jengish Chokusu, Kyrgyzstan). The glaci-
ated area of the Tien Shan is 12,530 km® (Arendt et
al., 2014) (equivalent of 3.3% of corresponding study
area). There is a climate gradient from a more mild and
temperate climate in the west and north to a continen-
tal climate in the inner and eastern Tien Shan (north—

south, west—east gradients) (Dyurgerov et al., 1994;
Bolch, 2006; Dyurgerov, 2010; Hagg et al., 2013a). An-
nual precipitation is 300 mm in the inner and eastern
part (Bolch, 2006). As a result, maritime-type glaciers
with maximum precipitation during winter are locat-
ed in the west, whereas continental-type glaciers with
maximum precipitation during summer are located in
the inner and eastern parts (Bolch, 2005). Equilibrium
line altitudes (ELAs) vary between 3500 and 3600 m
a.s.l. in the western part, and are located at 4440 m a.s.l.
in the center (Solomina et al., 2004). There are surging
and debris-covered glaciers in the area (Kotlyakov et al.,
2010; Pieczonka et al., 2013); for example, 3.5% of the
total glacier area in the Big Naryn catchment, Central
Tien Shan, are debris covered (Hagg et al., 2013Db).

Pamir

The area of the Pamir (including Alai Range) is
about 190,500 km?®. The highest peak is Kongur Shan,
China, at 7719 m a.s.l. The glaciated area is 14,290
km® (Arendt et al., 2014) (equivalent of 7.5% of cor-
responding study area). The topography includes high
peaks, steep slopes, and deep narrow valleys (Khromo-
va et al., 2006; Dyurgerov, 2010). Many surge-type gla-
ciers are located in the Pamir (Kotlyakov et al., 2010;
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Location and map of study area. Glaciers with mass balance measurements used in the study are

marked. Solid black line denotes the study area, dashed black line the border between Tien Shan and Pamir
(Source world map: ESRI database, source digital elevation model [Jarvis et al., 2008]).
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Gardelle et al., 2013), and about 11% of the glacier
area is debris covered (Gardelle et al., 2013). There are
dry conditions in the Pamir with a very low annual
precipitation of 100150 mm (Khromova et al., 2006;
Hagg et al., 2013a). Continentality increases from west
to east and 1s related to a shift in the precipitation max-
imum from winter to summer (Khromova et al., 2006)
with a predominance of summer precipitation peaks
(Dyurgerov, 2010). ELAs vary between 3600 and 4400
m a.s.l. (Barry, 2006).

The area between the Tien Shan and the Pamir
mountains is the humid Alai Range. It is often consid-
ered as part of the Pamir area (e.g. Dyurgerov, 2002;
Khromova et al., 2006). The glaciers are mostly valley
and compound-valley glaciers with debris-covered gla-
cier tongues (Kotlyakov et al., 2010).

METHODS AND MODELS

Analyses were carried out for the study area as a
whole and for the Pamir and Tien Shan separately. Be-
cause of the resolution of GRACE, no analysis was per-
formed in relation to the climate gradients within the
two mountain areas.

GRACE

GRACE measures the gravity of the Earth using
twin satellites following each other on the same or-
bital track and were launched in March 2002 (Tapley
et al., 2004b). Changes in gravity cause changes in the
distance of the satellites, measured by a very precise
microwave ranging system (Wahr et al., 1998). These
changes are directly related to changes in Earth’s mass
distribution. Most are related to changes in total con-
tinental water storage (TWS) compartments, moving
ocean, and atmosphere (Wahr et al., 1998; Flechtner
et al., 2010). Atmospheric pressure variations, ocean
circulation, and ocean tides are corrected during pre-
processing by background models in the GRACE data
(Flechtner et al., 2010). TWS compartments consist of
surface water, ground water, soil moisture, snow and
ice, and canopy storage. Changes in nonhydrological
compartments, for example erosion, play a negligible
role compared to hydrological changes (i.e., Jacob et
al., 2012; Schnitzer et al., 2013).

Monthly GRACE Release-05 level 3 (RLO5-L3)
data solutions from the Helmholtz Centre Potsdam,
German Research Centre for Geosciences (GFZ)
provided by GRACE Tellus, Jet Propulsion Labora-
tory (JPL), are used. Data range from October 2003 to
September 2012, representing the hydrological years
2004-2012, the study period. In total these represent

105 months due to data gaps (January and June 2011,
and May 2012). The spatial resolution of the GRACE
data is 400 km (Tapley et al., 2004a), with an approxi-
mate accuracy of 2.5 cm wee. for the total mass chang-
es (Wahr et al., 2006). Preprocessing is carried out by
GRACE Tellus, providing the data in 1° grid format.
In the preprocessing they use the GRACE data given
in spherical harmonic (Stokes) coefficients (SHC) up
to degree and order 60 and a destriping least-squares
polynomial Swenson filter (Swenson and Wahr, 2006)
to remove longitudinal stripes. An isotropic Gauss-
1an filter with a 300 km half~wavelength is applied to
smooth short wavelength contents (Wahr et al., 1998)
and to recover the set of masses on the Earth’s surface
that cause the gravity field seen by GRACE at its fly-
ing altitude (JPL,2015a). The effects of glacial isostatic
adjustment (GIA) are removed from the GRACE data
using the model of Geruo et al. (2013). The long-term
mean is subtracted from each month, and data are con-
verted into 1° grid values. The unit is millimeters of
water equivalent (w.e.). More information about the
preprocessing is given in JPL (2015b). Apart from
background model errors, the remaining GRACE sig-
nal is related to changes in TWS.

To compare GRACE with the extrapolated in situ
mass balance data, annual values according to the hy-
drological year are calculated as the sum of the respec-
tive months within a hydrological year (sum of months
from October previous year until September present
year represents annual value of present year). A trend
is fitted to the monthly data through linear regression,
adjusted for seasonality and insufficient ocean tides
corrections with sine and cosine waves applying peri-
ods of 1 year, 161 days,and 3.73 years (Ray et al., 2003).
Error calculation is performed for measurement and
leakage errors as suggested by GRACE Tellus for cor-
related pixels (pseudocode given in JPL, 2015b). The
linear trend of the mass variations, including standard
deviation, is obtained by least squares adjustment and
error propagation.

WGHM

It is not possible to detect changes in individual
storage compartments by GRACE alone. Therefore, all
storage compartments that influence the signal have
to be assessed by other methods or models. For this
purpose, the Water Global Assessment and Prognosis
(GAP) Global Hydrology Model (WGHM) 2.2 pro-
vided by Andreas Giintner (personal communication)
was used (D6l et al.,2003; Miiller Schmied et al.,2014).
WGHM-TWS is the sum of soil moisture, ground wa-
ter, inland waters, and snow water equivalent. Con-

ARCTIC, ANTARCTIC, AND ALPINE RESEARCH / SABINE BAUMANN / 135



1000

500

-500 |

-1000

Annual mass balance [mm w.e.]

== Ts. Tuyuksuyskiy
=B Urumgqi Glacier No.1
Keqicar Baxi
Muztag Ata
Suek Zapadny i
=& Akshiirak (No. 354)

Golubin
-0“ Abramov

-I- Mean

FIGURE
situ mass balance data in
the Tien Shan and Pamir
measured and reconstructed
(see text) between 2004 and
2012. The dashed line gives
the annual mean for the
total study area with the

2. Annual in

-1500
2004 2005 2006 2007 2008 2009

Time (hydrol. year)

tributions from ice and permafrost are not accounted
for in WGHM (Hunger and Dall, 2008), but the im-
pact of surface water and groundwater withdrawals on
water storage variations in the different compartments
are estimated (DAl et al., 2012). WGHM has a daily
temporal and 0.5° spatial resolution for the whole land
area except Antarctica (Miiller Schmied et al., 2014).
The global hydrology and water-use model WaterGAP
(including the hydrology component WGHM) was
calibrated against average river discharge at 1319 gaug-
ing stations (Miiller Schmied et al., 2014).

Data used here are from the same time period as
GRACE. The unit is millimeters of w.e. WGHM grids
were averaged over months and preprocessed in a way
similar to GRACE, to be comparable with the GRACE
data (Longuevergne et al.,2010; Abelen and Seitz, 2013).
They were converted into SHC, and a Gaussian fil-
ter with a 300 km half-wavelength was applied in the
same way as for GRACE. A destriping filter was not
used because this filter only marginally influences data
sets not affected by correlated errors (Abelen and Seitz,
2013; Farinotti et al., 2015, supplement). The mean was
subtracted from all months to resolve WGHM-TWS
anomalies. By re-converting the data into 1° grid for-
mat they are truncated at degree and order 60. A linear
trend was calculated including error propagation using
the variance—covariance matrices. Annual values are the
sum of the respective months within a hydrological year.
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standard deviation in black.
Location of the glaciers
given in Figure 1.

2010 2011 2012

In Situ Mass Balance Data

In situ mass balance data from eight glaciers were
investigated by the glaciological method in the Pamir
and Tien Shan during the study period (Fig. 2). General
information about the glaciers is given in Table 1. Six
of the measurement series are from glaciers in the Tien
Shan; Abramov and Muztag Ata Glacier are located in
the Pamir (see Fig. 1). Mass balance data from Ts. Tuy-
uksuyskiy Glacier, located in the Tien Shan, were also
included in the Pamir data because of a significant cor-
relation between Ts. Tuyuksuyskiy and Abramov Gla-
cier (Dyurgerov and Meier, 2005; Dyurgerov, 2010). For
Abramov Glacier and Akshiirak Glacier (No. 354), re-
constructed mass balance data series were used (Barand-
un et al., 2015; Kronenberg et al., 2016). All other mass
balance data were from the World Glacier Monitoring
Service (WGMS, 2013, updated and earlier issues), from
Zhang et al. (2006), and from Yao et al. (2012, supple-
ment). The spatial resolution of each value is one glacier.
For each area, at least one mass balance time series was
available covering the total study period. In several cases
the accuracy of the net mass balance was given with the
mass balance data. It ranged from 20 to 1043 mm w.e.
with a mean and standard deviation of 361 + 222 mm
w.e. If the accuracy was not available, the mean of the
accuracy of each respective year for each area was ap-
plied as an error value for the respective glacier.



TABLE 1

General information about the glaciers used for in situ glacier mass balances. Data from WGMS (2013), updated
and earlier issues.

Parameter

Glacier State Lat.(°) Long.(°) Max.elevation Min.elevation Area (km®) Length (km) Year inv.
Abramov KG  39.63 71.60 4918 3659 24.1 7.8 2013
Akshiirak (No.354)" KG  41.84 78.30 4680 3750 6.4 n/a 2012
Golubin KG 4246 74.50 4350 3338 5.6 4.7 2013
Keqicar Baxi™ CN 41.81 80.17 6342 3020 83.6 25 n/a
Muztag Ata CN 38.23 75.05 5940 5235 1.0 n/a n/a
Suek Zapadny KG 41.78 77.78 4471 3944 1.1 2.2 2014
Ts. Tuyuksuyskiy KZ  43.05 77.08 4219 3483 2.3 2.6 2014
Urumgi Glacier No.1 ~ CN  43.08 86.82 4445 3752 1.6 2.1 2012

"Data from Kronenberg et al. (2016).
“Data from Xie et al. (2007).

Maximum (max.) and minimum (min.) elevation in m a.s.L., Year inv. = year of investigation.

KG = Kyrgyzstan, CN = China, KZ = Kazakhstan.

Two different methods were used to spatially in-
terpolate and extrapolate the glacier mass balance data
across the study area:

(1) arithmetic averaging of all measured mass balances
for each year, and

(2) preprocessing of all measured mass balance data
similar to WGHM-TWS, and arithmetic averaging
of the result.

Method (1): The arithmetic mean method was ap-
plied after Huss (2012). All available annual net mass
balance data from each respective year and area were
used to calculate the arithmetic mean and the standard
deviation for each year. The total error of each an-
nual value is the sum of the standard deviation and the
above mentioned accuracy (measurement error) us-
ing the rules of Gaussian error propagation. The mass
change rate over the total time period and the corre-
sponding error were calculated by arithmetic averag-
ing of the annual values.

Method (2): Analogous to the WGHM data, extrapo-
lated in situ glacier mass balances were preprocessed in a
way similar to GRACE (Abelen and Seitz, 2013), using
a comparable process to the WGHM data with the same
processing setup. They were computed over the study
area on a 1° grid and converted into SHC. A Gauss-
ian filter with a 300 km half-wavelength was applied.
The SHC were truncated at degree and order 60 and
reconverted into 1° grid format. The resulting annual
value is the mean over all grid cells in the study area.
Unfiltered error values were preprocessed in the same

way. The mass change rate and the corresponding error
were calculated as in method (1).

Assumption

The basic assumption of this approach is that both the
difference between GRACE and WGHM-TWS (fur-
ther called Diff GW) and in situ mass balance measure-
ments represent glacier mass changes. This means that
the remaining signal of GRACE minus WGHM-TWS
should only contain mass anomalies caused by glaciers.
The same assumption with its corresponding uncertain-
ties was already made by, for example, Jacob et al. (2012),
Gardner et al. (2013), and Yi and Sun (2014). Annual
data of Dift GW are the sum of the monthly values over
each hydrological year. The trend was fitted through
linear regression and adjusted for seasonality and ocean
tide, as indicated for the GRACE data (see above). Data
gaps were linearly interpolated. The uncertainty is the
standard deviations for the mass variations of the linear
trend from Diff GW obtained by error propagation.

The Nash-Sutclifte efficiency (NSE) (Nash and Sut-
cliffe, 1970) and the percent bias (PBIAS) (Moriasi et
al., 2007) were used for evaluating the agreement be-
tween the annual data of Diff GW and the extrapolated
in situ glacier data, taking Dift GW as simulated and
the extrapolated in situ data as observed. The NSE is a
normalized statistic that indicates how well the observed
data fit to the simulated. It ranges from —e to 1, where
1 is the optimal value, and values smaller than O indicate
poor performance. PBIAS measures the tendency of the
simulated data to be larger or smaller than the observed
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TABLE 2

Annual mass balance of extrapolated in situ glacier data calculated with the two different methods for (a) the
total area, (b) the Tien Shan, and (c) the Pamir. Filtered data is truncated at degree and order 60 and a Gaussian
filter of 300 km half-wavelength is applied. Negative annual values are red and positive are blue.

(a) Total study area

Year Annual mass balance (mm w.e.)
Method 2004 2005 2006 2007 2008 2009 2010 2011 2012
Unfiltered —451 —425 =729 -326 -809 102 —469 —411 -589
Error 233 144 233 447 432 188 531 255 243
Filtered -163 —154 —264 -118 —292 37 -170 —149 -213
Error 84 52 84 162 156 68 192 92 88
# MB Series 5 5 5 5 5 4 4 6 6
(b) Tien Shan

Year Annual mass balance (mm w.e.)
Method 2004 2005 2006 2007 2008 2009 2010 2011 2012
Unfiltered —374 -391 —854 —642 -923 160 —632 —-382 —557
Error 228 87 145 240 322 108 595 270 269
Filtered -112 -117 —256 -193 277 48 -190 -115 -167
Error 68 26 44 72 97 32 179 81 81
# MB Series 4 4 3 3 3 3 3 5 5
(c) Pamir

Year Annual mass balance (mm w.e.)
Method 2004 2005 2006 2007 2008 2009 2010 2011 2012
Unfiltered —347 —451 —683 207 -878 68 25 —434 —-886
Error 542 316 370 759 780 371 351 364 349
Filtered 99 -129 —195 -59 -251 19 7 —124 —253
Error 155 90 106 217 223 106 100 104 100
# MB Series 2 2 3 3 3 2 2 2 2

# MB Series = number of mass balance series.

data. The optimal value is 0; small absolute values indi-
cate accurate modeling.

REsuLTS

Total Study Area

The minimum balance year is 2008 with —809 mm
w.e., the maximum is 2009 with +102 mm w.e. for the
extrapolated unfiltered data and 292 mm w.e. and +37
mm w.e. for the filtered in situ data (Table 2a). The only
positive balance year (2009) shows the highest relative er-
ror value (nearly twice as much as the mass balance value).
The minimum number of glacier mass balance measure-
ments per year is four and the maximum is six. The mass
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change rate is =456 * 301 mm w.e. a™' for the extrapo-
lated unfiltered data and —165 £ 109 mm w.e. a™' for the
filtered data. Overall, the mass balance estimates from the
unprocessed data are larger in absolute value than from
the processed data (Table 2a) due to data smoothing by
the filters applied. The extrapolated in situ data show the
same sign in three of nine years compared to the annual
mass balances from Dift GW (Fig. 3, parts a and b). Dift’
GW has five positive mass balance years during the study
period. The correlation coefficient between the extrapo-
lated in situ data and Diff GW is —0.45 suggesting an anti-
correlation (Fig. 3, parts a and b). The mass change rate
of Diff GW is 202 + 53 mm w.e. a”'. By comparing the
change rates, the rate of the extrapolated filtered in situ
data fits quite well to Diff GW (Fig. 4, part a).
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FIGURE 3. Annual mass balance data of Diff GW and the extrapolated in situ glacier data separated for
method (1) (left column) and method (2) (right column). (a) and (b) The total study area; (c) and (d) the Tien
Shan; and (e) and (f) the Pamir.
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and Diff GW separated for methods (1) and (2) for (a) the total area, (b) the Tien Shan, and (c) the Pamir.

Tien Shan

The minimum balance year is 2008 with =923 mm
w.e., the maximum is 2009 with +160 mm w.e. for the
extrapolated unfiltered data and —277 mm w.e. and +48
mm w.e. for the filtered in situ data (Table 2b).The sign
and pattern of the extrapolated in situ annual data are
the same as for the total area. The error values are about
half of the mass balance values. The minimum number
of glacier mass balance measurements per year is three,
and maximum is five; that is, all six mass balance series
are not available for any one year. The extrapolated in
situ mass change rate is =511 * 252 mm w.e. a™' for
method (1) and =153 * 75 mm w.e. a™" for method (2),
showing lower error values compared to the total study
area. Comparing annual values, the sign of Dift GW
corresponds in three of nine years to the extrapolated
in situ data. Diff GW shows four positive balance years
during the study period. The correlation coefficient
between Diff GW and the extrapolated in situ data is
—0.49 and shows an anticorrelation (Fig. 3, parts ¢ and
d). The mass change rate of Diff GW is =166 + 32 mm
w.e. 2. As for the total study area, the change rate of
method (2) fits better to Dift GW (Fig. 4, part b).

Pamir

The minimum balance year is 2012 with =886 mm
w.e., the maximum is 2009 with +68 mm w.e. for the
extrapolated unfiltered data and =253 mm w.e. and +19
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mm w.e. for the filtered in situ data (Table 2¢).There are
two positive mass balance years in 2009 and 2010, both
accompanied with very high error values. In most cases,
there are two mass balance series per year available and
only for three years are there three. Mass change rate of
the extrapolated unfiltered data is =422 + 467 mm w.e.
a'and —120 £ 133 mm w.e.a™! for the filtered data. The
pattern of annual extrapolated in situ mass values is dif-
ferent compared to both other regions (see Fig. 3). The
extrapolated in situ data show the same sign in three of
nine years compared to the annual mass balances from
Dift GW (Fig. 3, parts ¢ and f). Diff GW has six positive
balance years during the study period. The correlation
coeflicient between the two data sets is —0.14 and indi-
cates no correlation. The mass change rate of Diff GW is
—36 = 21 mm w.e.a !, As for both other areas, the rate of
method (2) fits better to Diff GW (Fig. 4, part c).

The sign and pattern of the extrapolated in situ an-
nual mass balance data are the same for both methods
in each region (see Fig. 3). For both methods a more
negative rate is obvious in the Tien Shan compared to
the Pamir. In all three areas, the rate of method (2) cor-
responds better to the rate of Diftf GW.

The analysis of the annual data with NSE and
PBIAS (Table 3) shows that in all regions, there is no
relationship between Dift GW and the extrapolated
in situ glaciers. Despite the differences in the annual
values, the rate of Diff GW and the extrapolated in
situ glacier data fits reasonably well.



TABLE 3

Nash-Sutcliffe efficiency (NSE) and percent bias (PBIAS) between annual mass balance data of Diff GW and the
extrapolated in situ glacier data calculated with the two methods for the total area, the Tien Shan, and the Pamir.
The in situ glacier data are taken as observed.

Index Total study area Tien Shan Pamir
Method NSE PBIAS NSE PBIAS NSE PBIAS
Unfiltered —4.65 100 -3.76 100 -2.35 101
Filtered -9.53 100 —8.59 99 —8.41 105

Diff GW = the difference between GRACE (Gravity Recovery and Climate Experiment) and WGHM-TWS (the sum of soil moisture, groundwater, inland
waters, and snow water equivalent in the Water Global Assessment and Prognosis Global Hydrology Model).

DiscussioN

The acquisition dates of glacier outlines range be-
tween 1959 and 1980, but a high number of outlines
are undated. An area change assessment would not have
been possible with this data set because no multitem-
poral information is stored in RGI, but it is available
from the Global Land Ice Measurements from Space
(GLIMS) platform. This database is still incomplete for
the study area, and currently there is also no multitem-
poral information available. Therefore, no area change
assessment is undertaken, and the same glacier area is
applied for every year to calculate glacier mass balance.
Furthermore, annual areal data would have been useful
for the conversion of the specific unit (mm w.e. a™) to
Gt a™'. Dyurgerov (2010) found a weighted area change
rate of =0.37% a™' in the Tien Shan from 1964 to 2004
and an area change rate of 0.88% a™ in the Pamir from
1991 to 2006.This error from omitting adjusted area in-
formation seems very small compared to the interpola-
tion and extrapolation error of the in situ mass balances,
and it is ignored in the error calculation.

Another error source might be the small size of the
Pamir area. It is quite close to the minimum resolu-
tion of GRACE and therefore could contribute to
the high uncertainty value in the GRACE data. As
the area increases, leakage decreases (cf. Swenson and
Wahr, 2002). A larger area would have resulted in low-
er error values concerning leakage. In other publica-
tions using GRACE, the Pamir is not taken as single
area but as combination of, for example, Pamir, Hindu
Kush, and Karakoram (Yi and Sun, 2014). Neverthe-
less, neighboring glacier areas are not included in the
current study because the lack of in situ mass balance
measurements would have increased the uncertainty of
the in situ data. In the future, data from the GRACE
Follow-on mission, planned for launch in 2017, could
be used as this might have a higher spatial resolution
(JPL, 2015¢).

To prove the main assumption of the working hy-
pothesis that Diff GW captures most of the mass signal
except from glaciers, Diff GW was calculated for a part
of the Sahara desert (20.5°-28.5°N, 7.5°-16.5°E). The
area covers about 434,000 km?, which is slightly smaller
than the total study area.This area was chosen due to the
high probability of the absence of unmodeled processes
in WGHM and its high correlation coeflicient between
GRACE and WGHM-TWS (Abelen and Seitz, 2013).
The mass change rate of Diff GW is very low with 9 *
24 mm w.e.a™', suggesting the application of Diff GW is
reasonable (cf. Farinotti et al., 2015).

As it is difficult to assess the accuracy of hydrologi-
cal models in many studies (e.g., Jacob et al., 2012;
Yi and Sun, 2014), the mean and standard deviation
of two or more models were used. This method il-
lustrates the variability of possible results, but not the
accuracy of the respective models and so only one
model is used in the current study. DIl et al. (2003)
reported good model results from WGHM 2.1d with
respect to interannual variability for the Amu Darya
basin (draining from Pamir), but not for Syr Darya
(draining from Tien Shan) (Fig. 1) and most basins
in Africa north of the equator (including the part of
the Sahara chosen for validation). In WGHM 2.1f,
the groundwater recharge algorithm is modified so
that an unbiased estimate of groundwater recharge
in semiarid areas is obtained (Doll and Fiedler, 2008).
But in (semi-)arid, mountainous, and Asian Mon-
soon regions, groundwater recharge accounts for a
lower fraction of total runoff, which makes these
regions particularly vulnerable to seasonal and in-
terannual precipitation variability (D&ll and Fiedler,
2008). Therefore, in semiarid and arid regions, this
model modification probably leads to an underesti-
mation of runoft generation (D6ll and Fiedler, 2008),
and, additionally, there are large uncertainties in the
precipitation and climate input data (D6l and Fie-
dler, 2008; Miiller Schmied et al., 2014). Nonethe-
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less, these modifications result in improvements for
semiarid and snow-dominated regions (Hunger and
Doll, 2008; Werth and Giintner, 2010) compared to
older model versions. The Indus basin is the closest
large river basin to the study area and is dominated by
snow storage in the northern mountain area and high
evaporation rates in the desert region of the lower
Indus (Werth and Giintner, 2010). These two param-
eters show the highest sensitivity in this region and a
sensitivity analysis for 2008 was undertaken resulting
in a root mean square error for WGHM-TWS 2.1f of
about 28 mm w.e. in this area (Werth and Giintner,
2010). Muller Schmied et al. (2014) compared, ob-
served, and simulated (with WGHM 2.2) discharge
data separately for, among others, several calibration
basins. The basins that are part of this study area have
a NSE lower than 0.5.

In summary, the study area is part of regions that are dif~
ficult to model (e.g., snow-dominated, arid, mountainous)
and shows low validation results compared to observed
data. Additionally, glaciers are not included in WGHM
modeling. Therefore, the uncertainty for the study area is
expected to be larger than 28 mm w.e. as calculated for the
Indus basin in 2008. Compared to the change rate of 31
mm w.e. a”' of WGHM-TWS, this uncertainty would re-
sult in 90% of the calculated value if the time period is the
same. Hence, the uncertainty of WGHM-TWS is probably
larger than 90% and thus one of the largest factors of un-
certainty in the whole calculation.

In Situ Mass Balance Data

In situ mass balance data is sparse in the study area,
especially in the Pamir. As indicated in Table 2¢, annu-
al mass balance has been calculated over only six years
with two mass balance series. These two series are from
Abramov Glacier and T's. Tuyuksuyskiy Glacier, which is
similar to Abramov Glacier. Both are more representa-
tive of west Pamir. Due to the climate gradient, glaciers
in east Pamir are very different and, thus, are omitted
from the extrapolation (cf. Dyurgerov, 2010). Addition-
ally, in years with three balance series, too much weight
is given to the western glaciers, and the results in this
area can change remarkably by adding or omitting sin-
gle balance series. In all cases shown here, the error value
for the Pamir is larger than the respective mass change
rate. Two or three measurement series per year are not
a reliable data basis for regional extrapolations and are
probably the main reason for the high error values.

Gardelle et al. (2013) found no difference concerning
glacier mass balance using DEM differentiation between
debris-covered and debris-free areas in the same altitude
range and also between surge-type and nonsurge-type
glaciers in the Pamir. Kiib et al. (2015) calculated glacier
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volume changes using the Ice, Cloud, and Land Eleva-
tion Satellite. Their volume change for the Pamir seems
especially uncertain due to the heterogeneous behavior
of individual glaciers, for example, from glacier surges.
In the Tien Shan, debris-covered glaciers behave differ-
ently (Pieczonka et al., 2013). Pieczonka et al. (2013)
measured the highest mass loss rates for debris-covered
glaciers; however, the number of debris-covered glaciers
in the area is quite low. Hence, no error was assumed
due to omitting debris cover in the extrapolation (cf.
Farinotti et al., 2015, supplement).

Applying the arithmetic average of the mean specific
mass balance of the measured glaciers to all unmeasured
ones in the study area is a very simple method and ac-
counts for the limited data basis (Huss, 2012). By apply-
ing this method, differences in glacier size, hypsometry,
exposure, and geographic location are not accounted for
(Huss, 2012). The mass balance of a few monitored gla-
ciers should represent an entire mountain range (Huss,
2012).This is quite uncertain and makes the error of the
extrapolated in situ measurements larger than indicated.
Furthermore, in situ data are not always measured ac-
cording to the hydrological year, that is, measurements
according to the stratigraphic and fixed date system ei-
ther are mixed or neither date nor system is indicated
(cf.WGMS, 2013, updated and earlier issues). The strati-
graphic, measurement period, and fixed data net and
winter balance of Silvrettagletscher, Switzerland, were
calculated by Huss et al. (2009) for three years. The net
balance ranged between 82% and 114% from the mean
of all three methods for each year. These values can be
assumed as additional error values for the extrapolated
in situ data in the current study that was not measured
in the time frame of the hydrological year.

Comparison with Previous Studies on
Mass Balance in the Pamir and Tien
Shan Area

Comparison of the annual values for the GRACE
and extrapolated in situ data is slightly anticorrelated
or shows no correlation (Fig. 3). Therefore, the annual
values are compared with data from the literature to
prove values and pattern. For the GRACE data, there is
only one annual data set from the Pamir with which to
compare but only the pattern without values was given
(Y1 and Sun, 2014). The pattern of the Pamir data from
this study shows a good agreement with data from Yi
and Sun (2014); that 1s, the patterns of the annual cycle
correspond except for 2009.The extrapolated unfiltered
in situ data are compared with regional data from the
Tien Shan from the Mass Balance Bulletin (WGMS,
2013) (available until 2011), which is the main source
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FIGURE 5.

Mass change rate [Gt/a]

Comparison between mass change rates of the current and of three previous studies in Gt a™. Data

from Tien Shan are given in red and from Pamir in blue. Triangles denote values of Tien Shan, circles values of
Pamir with corresponding error range. Due to the different settings (see text), extrapolated in situ mass change
rates are recalculated for the comparison with (a) Jacob et al. (2012), (b) Yi and Sun (2014), and (c) Farinotti et
al. (2015). In addition to GRACE-related data, Farinotti et al. (2015) published a mass change rate based on in

situ glacier mass balance data, both for Tien Shan.

of the annual in situ values for this study. Not surprising,
both extrapolations show a good agreement except for
2011. As far as the data could be compared, the annual
GRACE as the extrapolated in situ data are at least cor-
rect in their pattern and there is no explanation for the
unsatistying matching between the annual values.

For further evaluation of the results, the mass change
rates of this study are compared with three previous
studies using GRACE in the same area (Fig. 5). The
extrapolated in situ mass balance data had to be recal-
culated according to the setting used in the respective
studies and converted to Gt a™' by multiplication with
the glacier area. Jacob et al. (2012) used University of
Texas Center for Space Research (CSR) GRACE
RLO4 data from January 2003 to December 2010,
which corresponds roughly to the hydrological years
2003-2010. They applied a Gaussian filter with a 350
km half-wavelength and truncated the SHC at degree
and order 60. Their Tien Shan area corresponds to the
area used here, but the Pamir area is larger and includes
the Kunlun Shan and Karakoram (Kiib et al., 2015).
Therefore, there is limited comparability with this data
set because of the different change rates (more balanced
or slightly positive at least during 2003—-2008) in these

two additional regions (Kidib et al., 2015). Their result
is =5 * 6 Gt a™ for the Tien Shan and =1 = 5 Gt a™ for
the Pamir area. The extrapolated unfiltered in situ mass
change rate (-5.44 £ 2.70 Gt a™') fits quite well to their
result for the Tien Shan and the filtered rate (—1.25 *
1.82 Gt a™) to their result for the Pamir (Fig. 5, part a),
despite the different glacier areas of the Pamir. GRACE
RLO4 data overestimate the glacier melt rate in these
two regions compared to GRACE RLO05 (Yi and Sun,
2014).The overestimation of about 30% (estimated after
data comparison fromYi and Sun [2014]) would reduce
the results from Jacob et al. (2012) to =3.5 + 4.2 Gt a™
for the Tien Shan and —0.7 + 3.5 Gt a™" for the Pamir
area but would not change the result of the comparison
with the extrapolated in situ data.

Yi and Sun (2014) used CSR GRACE RLO5 data
from January 2003 to December 2012, approximately
corresponding to the hydrological years 2003-2012.
They used the same preprocessing setup as the current
study. Their Tien Shan area corresponds roughly to the
area used here, but the Pamir area is also larger and in-
cludes the Hindu Kush and Karakoram. Their results are
—8.41 + 2.41 Gt a™" for the Tien Shan and —6.10 + 2.48
Gt a™! for the Pamir area. The extrapolated unfiltered in
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situ mass change rates fit better to their result for both
areas with —5.78 * 3.31 Gt a™! for the Tien Shan and
—5.57 £ 6.96 Gt a™' for the Pamir (Fig. 5, part b).

Farinotti et al. (2015) used an ensemble approach of
different GRACE solutions and processing methods for
the Tien Shan.Their Tien Shan area corresponds rough-
ly to the area used here. Their GRACE period ranges
from January 2003 to December 2009, approximately
corresponding to the hydrological years 2003-2009.
They also used an ensemble approach to calculate gla-
cier mass balance based on in situ data. For comparison,
an ensemble approach is used to calculate the extrapo-
lated filtered in situ data, that is, the mean of three differ-
ent processing setups for the same time frame. Process-
ing setups are:

* a Gaussian filter with a 350 km half~wavelength,
SHC until degree and order 60,

* a Gaussian filter with a 300 km half-wavelength,
SHC until degree and order 60,

* a Gaussian filter with a 400 km half~wavelength,
SHC until degree and order 50.

The result from Farinotti et al. (2015) for the ensem-
ble GRACE data is 6.6 * 4.0 Gt a! and —6.2 + 2.8
Gt a™! for the ensemble in situ data. The result from the
extrapolated unfiltered in situ data with —5.44 + 2.69
Gt a™ fits quite well to their results (Fig. 5, part ).

When comparing our results with results from previ-
ous studies, extrapolation of the unfiltered in situ data
fits better for all cases in the Tien Shan and for two of
three cases in the Pamir.

CONCLUSION

In this study a methodology is presented to com-
pare the in situ glacier mass balance data measured by
the glaciological method with mass balance data de-
rived by GRACE and WGHM-TWS. The in situ data
are averaged arithmetically (1) taken as they are, and
(2) preprocessed with the same smoothing filter as the
GRACE and WGHM-TWS data. In the comparison of
the resulting glacier mass balances, the extrapolated in
situ data and GRACE minus WGHM-TWS (Dift GW)
do not agree very well on an annual basis. Comparing
the mass change rates, the extrapolated filtered in situ
data fit quite well to Dift GW. In a further comparison
with data from literature, the extrapolated unfiltered in
situ data perform well. In conclusion, the extrapolation
of the unfiltered in situ data shows better results com-
pared with GRACE-derived results.

More in situ measurements, especially in the Pamir,
would be necessary to strengthen the reliability of the re-
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sults for the study area. Additionally, the methodology pre-
sented in this study could be applied to other regions with
denser glacier measurements to confirm the result from
this area—for example, to Iceland (cf. Gardner et al., 2013).
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