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Abstract: The glacier mass balance (GMB) is an important link between climate and water re-
sources and has remarkable regulatory functions in river runoff. To simulate changes of the GMB
and to analyze the recharge rates of glacier meltwater to runoff in the Manas River Basin (MRB)
during 2000-2016, MOD11C3, TRMM 3B43 and other multi-source remote sensing data were
used to drive the degree-day model. The results showed that: (1) the accuracy of the remote
sensing meteorological data can be corrected effectively by constructing the temperature and
precipitation inversion models, and the characteristics of glacial climate can be finely described
through downscaling. The average annual temperature was —7.57 °C and the annual precipitation
was 410.71 mm in the glacier area of the MRB. The zone at an altitude of about 4200 m was a
severe climate change zone, and above and below that zone, the temperature drop rates were
—0.03°C/100 m and -0.57°C/100 m, respectively, while precipitation gradients were —2.66 mm/100
m and 4.89 mm/100 m, respectively. (2) The overall GMB was negative with a cumulative GMB of
up to —9811.19 mm w.e. and the average annual GMB fluctuated between —464.85 and —632.19
mm w.e. Besides, the glacier melted slowly during 2000-2002 and 2008-2010, but rapidly for
2002-2008 and 2010-2016, while the most serious loss of the glacier occurred in 2005-2009.
Moreover, the vertical changes of the GMB increased at 244.83 mm w.e./100 m in the ablation
zone but only at 18.77 mm w.e./100 m in the accumulation zone. (3) The intraannual runoff
strongly responded to the change of the GMB especially in July and August when the loss of the
GMB accounted for 75.4% of the annual loss, and when runoff accounted for 55.1% of the annual
total. Due to differences in the annual precipitation and snow meltwater outside the glacier, the
interannual glacier meltwater recharge rates fluctuated between 19% and 31%. The recharge rate
of glacier meltwater to runoff in the MRB was close to that for other basins in the Tianshan
Mountains, which may be used as a basis to confirm the reliability of the estimated GMB results.
Furthermore, based on the present findings, it is recommended that the research community pur-
sue studies on the GMB in other alpine river basins.
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1 Introduction

Against a background of global warming, glaciers as “solid reservoirs” are being strongly
affected by climate change. While mountain glaciers located in mid-low latitudes are more
sensitive to climate change (Li et al., 2019), the glacier mass balance (GMB) is not only an
indicator of regional climate change but also the mass basis of runoff change (Naegeli et al.,
2019). Direct measurement is one of the usual methods to study specific changes of the
GMB using marking poles and snow pits. Given the complexity of glacial topography, direct
observation is very difficult and thus simulation models of the GMB may be effective; in
this context a physical model of energy balance and the degree-day model to describe the
water balance are used widely (Cascone ef al., 2019). Given the complexity and the diffi-
culty in acquiring model parameters, the energy-mass balance model is generally limited to a
single glacier using a detailed series of measured data, while the degree-day model is widely
used on a larger scale due to its simplicity and strong universality. Many studies have shown
that the degree-day model can achieve similar results as the energy-mass balance model at
the watershed-scale (Wang et al., 2019). In addition, temperature and precipitation data for
the degree-day model generally come from the surrounding meteorological stations or
auto-meteorological instruments that are laid out in the glacier area, such that spatial inter-
polation methods with temperature lapse rates and precipitation gradients are obtained.
However, such methods ignore the effect of differences in terrain on the climate (Smid ez al.,
2018). Although temperature and precipitation data are readily available by spatial interpo-
lation methods, these data are generally considered to be low in objectivity and fineness, and
this traditional method of obtaining meteorological data limits the degree of accuracy that
can be obtained in glacier mass balance simulations (Mackay et al., 2018). Meanwhile, with
application of remote sensing technology in meteorological monitoring, various kinds of
remote sensing products are used in meteorological forecasting and services. Given the good
retrieval effect with respect to snow and ice temperatures, MOD11C3 data is very suitable
for high altitude areas at middle latitudes (Song et al., 2016; Michaelides et al., 2017). Also,
precipitation data of TRMM 3B43 are widely used to recalculate the defined precipitation
information in complex geographical regions (Zhu et al., 2017; Cao et al., 2018). Therefore,
remote sensing meteorological data, such as MOD11C3 and TRMM 3B43, can provide a
new way to obtain meteorological data in alpine glacier regions and overcome the limita-
tions of the observed meteorological data. However, the lower spatial resolution of the re-
mote sensing data cannot meet the input requirements of the degree-day model, therefore, it
is necessary to improve the resolution of MOD11C3 and TRMM 3B43 data via downscaling
methods (Ezzine et al., 2017). To reflect the particular changes of the GMB, glacier melt-
water is often introduced and regarded as a product of the GMB such that it has a profound
impact on regional water resources.

Glacier meltwater in the Tianshan Mountains plays a supporting role in oasis economic
development and ecological construction. At present, the studies of the GMB in the Tianshan
Mountains are not limited to typical glaciers (Zhang et al., 2019). To analyze the temporal
and spatial distribution patterns and changes of the GMB, many researchers have tried to
carry out simulations in regions where the GMB research is extremely scarce (Kronenberg et
al., 2016; Wang et al., 2019). The Manas River originates from the northern slopes of the
Tianshan Mountains, and its runoff plays a decisive role in agricultural development of the
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Shihezi reclamation regions in the lower reaches (Wang et al., 2017). However, changes of
the GMB are rarely discussed in the Manas River Basin (MRB). In this study, MOD11C3
and TRMM 3B43 data were used to characterize the distribution of temperature and precipi-
tation in the glacier area, and to drive the degree-day model to simulate changes of the GMB,
and calculate the recharge rates of glacier meltwater to runoff. Our findings may provide a

reference and useful information for management and utilization of water resources in the
MRB.

2 Study area

The MRB (43°27°—45°21°N, 85°01°-86°32’E), located in the southern Dzungaria Basin of
the northern Tianshan Mountains (Figure 1). The basin has a typical continental climate with
an average annual temperature of 6-6.9°C and annual precipitation of 110-200 mm (Xu et
al., 2019). According to the Concise Glacier Inventory of China, more than 800 glaciers are
distributed among the upper reaches of the Manas River, with the largest being in the Jung-
gar Basin with an area of 608.25 km? (Shi, 2009). The runoff dissipating district is below the
outlet, and the confluence area is from the outlet to altitudes of about 1500 m; the main run-
off producing area is between 1500 and 3600 m, and regions over 3600 m are covered by
snow throughout the year. The Kenswat Hydrological Station, the outlet control station of
the Manas River, is at an altitude of about 900 m (Li et al., 2012).
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Figure 1 Location of the Manas River Basin

3 Data and methods
3.1 Data

The data include mainly multi-source remote sensing data and measured meteorological and
hydrological data (Table 1). The Digital Elevation Model (DEM) was used to divide the gla-
cier area into elevation zones, in order to extract terrain factors used for inversion models of
temperature and precipitation, such as slope and aspect. MOD11C3 and TRMM 3B43 data
were used to describe the spatial distribution of temperature and precipitation in the moun-
tain area. The Normalized Difference Vegetation Index (NDVI) reflects vegetation coverage.
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Measured meteorological data were used to verify the accuracy of the inversion results and
the applicability of the inversion model. Measured hydrological data were used to analyze
the variation characteristics of runoff in the Manas River and verify the simulation accuracy
of the glacier meltwater. The data on glacier area were derived from the Second Glacier In-
ventory Dataset of China that was compiled in the middle term of our study period. Snow
density data were used to calculate the snow degree-day factors of the glacier.

Table 1 Data sources

Category Time Resolution Official website
NDVI 250 m x 250 m
MODI11C3 20002016 0.05° x 0.05° NASA (https://www.nasa.gov/)
TRMM 3B43 0.25° x 0.25°
DEM 2010 30mx 30 m  Geospatial Data Cloud (http://www.gscloud.cn/)
Temperature 2000-2016 National Meteorological Information Center (http://data.cma.cn/)

Precipitation

Scientific Data Center for Cold and Arid Regions

Glacier area 2006-2010 (http://westdc.westgis.ac.cn/)
Snow density 2014 Document (Chen et al., 2015)
Runoff 20002016 Kenswat Hydrological Station

3.2 Methods

The downscaled inversion MOD11C3 and TRMM 3B43 data were used to run the de-
gree-day model to simulate the GMB in the MRB from 2000 to 2016. First, the inversion
models between the measured and the remote sensing meteorological data were constructed
with other terrain impact factors to improve the accuracy of the temperature and precipita-
tion data for the Tianshan Mountains. Second, the temperature and precipitation inversion
data were downscaled by DEM data to a resolution of 30 m x 30 m. Then, the recalculated
meteorological data were evaluated using the Root Mean Square Error (RMSE) and coeffi-
cient of determination (R?) values. Finally, MOD11C3 and TRMM 3B43 data that met the
requirements of precision and resolution were input into the degree-day model to simulate
change of the GMB in the MRB.

3.2.1 Construction of temperature and precipitation inversion models

Climate factors play a decisive role in the change of the GMB. However, the complex geo-
graphical environment in alpine areas restricts effective long-term climate monitoring. To
describe climate characteristics objectively in the glacier area, MOD11C3 and TRMM 3B43
data were used to replace the traditional monitoring meteorological data. Due to the limita-
tions of the topography or the sensors, remote sensing meteorological products are prone to
problems such as “high-value underestimation” or “low-value overestimation” (Cao et al.,
2018), which results in specific errors in the actual meteorological values. Previous studies
have shown that the distribution patterns of temperature and precipitation are affected by
factors such as geographic location, altitude, slope, aspect and the underlying surface as re-
flected by the NDVI (Mcpartland ef al., 2019). Therefore, based on the correlation of geo-
graphic factors and the remote sensing data and the measured meteorological data, inversion
models of temperature and precipitation were constructed to improve the accuracy of



992 Journal of Geographical Sciences

MODI11C3 and TRMM 3B43.

There is only one national meteorological station (Shihezi) located close to the study area.
Ideally, to achieve accuracy in the inversion models, the study range should be expanded to
include the 23 meteorological stations in the Tianshan Mountains. The monthly temperature
and precipitation regression models were established between the monthly multi-source re-
mote sensing data and the monthly measured meteorological data (Equation 1). The monthly
coefficients for the regression model are shown in Tables 2 and 3, and the RMSE and R’
values were used to evaluate the applicability of the inversion models and the accuracy of
the recalculated temperature and precipitation inversion values. The RMSE can give a
measure of the degree of dispersion between the inversion and the measured data, and R* can
reflect their correlation. Thus the smaller the RMSE and the larger the R* values are, the
stronger is the applicability of the inversion models and the higher the accuracy of the in-
version results. The monthly average temperature regression models (Table 2) show that the
RMSE values were in the range 1.15-3.06 and the R values were greater than 0.89, which
indicates that the degree of dispersion between the inversion and measured temperature val-
ues was low and their correlation was high, reflecting strong applicability and high accuracy
of the average monthly temperature inversion models in the Tianshan Mountains. From the
monthly precipitation regression models (Table 3), the RMSE values were slightly larger,
fluctuating between 3.69 and 19.69, which show that the degree of dispersion between in-
version and measured precipitation values was relatively high. The R* values were in the
range 0.71-0.88, which indicates a good correlation, thus the monthly precipitation inver-
sion models have good applicability and the precipitation inversion values can accurately
depict the actual distribution of precipitation in the mountain areas. The comprehensive
evaluation results for temperature and precipitation inversion data reflect the fact that the
inversion of remote sensing meteorological data can accurately and objectively describe the
climate characteristics in the Tianshan Mountains. The governing equation for the model is

y=A+ax +bx, +cxy +dx, +exs + fxg +gx; (1

where y is the measured temperature or precipitation, A is the intercept, x; is the latitude, x;
is the longitude, x; is the altitude, x4 is the slope, x5 is the aspect, x¢ is the NDVI, x7 is
MOD11C3 or TRMM 3B43. The terms a, b, ¢, d, e, fand g are regression coefficients.

Although it is believed that remote sensing meteorological data can objectively depict the
climate characteristics in mountainous regions, the basin-scale simulation of the GMB still
cannot meet input requirements of the degree-day model. Generally, further downscaling
methods may be used to improve the spatial resolution of remote sensing data to achieve
fine detail of the local climate (Zhang et al., 2017; Zhang et al., 2018). Therefore, based on
the inversion models of temperature and precipitation in the Tianshan Mountains, the DEM
with a resolution of 30 m x 30 m was used as the standard for downscaling to obtain the
temperature and precipitation data for each elevation zone in the study area. The detailed
methodology for downscaling is described elsewhere (Jia et al., 2011).

3.2.2 Description of the degree-day model

For glacier and snow melting, the amount of melting in a certain period is given by (Zhang
etal.,2012)
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Table 2 Coefficients and accuracy of the monthly temperature regression model

Month Regression factor coefficient Accuracy

by a b c d e f g RMSE R’
1 541 1.12 —0.64 —-0.0020 0.210 0.0110 3.89 1.57 3.06 0.89
2 56.48 -047 -0.41 -0.0040 0.260 0.0101 8.97 1.38 1.78 0.94
3 121.38 -2.05 -0.26 -0.0070 0.220 0.0130 15.43 1.22 2.88 0.95
4 143.06 -2.54 -0.11 -0.0120 0.170 0.0060 6.88 0.84 1.82 0.94
5 140.79 -231 -0.05 -0.0100 0.170 0.0043 -1.61 0.76 1.16 0.95
6 127.95 -1.80  -0.04 -0.0130 0.136 0.0080 —4.57 0.63 1.16 0.96
7 108.19 -1.36  -0.04 -0.0130 0.120 0.0120 -5.25 0.66 1.42 0.96
8 109.65 —-1.40 —-0.05 -0.0130 0.120 0.0110 -5.25 0.63 1.16 0.94
9 111.77 -1.70  -0.04 -0.0090 0.160 0.0101 -3.00 0.72 1.30 0.92
10 81.19 -1.35  -0.10 —-0.0058 0.208 0.0058 6.03 1.06 1.15 0.89
11 48.80 -0.57 -0.25 -0.0034 0.240 0.0110 9.49 1.18 1.27 0.90
12 51.62 0.26 -0.71 -0.0030 0.280 0.0120 -1449  0.62 1.52 0.90

Table 3 Coefficients and accuracy of the monthly precipitation regression model

Month Regression factor coefficient Accuracy
Iy a b c d e f g RMSE R?
1 19.27 -1.15 0.34 —0.0021 0.049 0.0036 -1.86 1.15 3.69 0.74
2 42.42 —2.33 0.68 —0.0030 0.136 —0.0020 —38.85 1.18 9.31 0.76
3 —60.87 1.32 0.04 —0.0018 —0.006 0.0105 4.37 1.03 6.75 0.81
4 158.81 -4.82 0.65 —-0.0113 0.108 0.0011 -29.9 1.64 10.33 0.85
5 63.84 —2.64 0.66 —0.0053 0.065 —0.0054 —24.15 1.31 13.20 0.85
6 —149.02 2.60 0.44 0.0095 -0.014 —0.0289 -19.10  1.01 14.41 0.88
7 —-174.73 2.97 0.47 0.0145 0.106 —0.0261 -11.22  0.97 14.33 0.83
8 —83.76 1.29 0.26 0.0113 0.072 —0.0201 -11.61 1.11 19.69 0.84
9 —25.69 1.09 —0.27 0.0001 —0.027 0.0172 —20.52 1.51 8.43 0.82
10 38.29 0.60 -0.72  —0.0034 0.038 0.0143 -8.00 091 8.42 0.85
11 60.39 -1.92 0.28 —0.0047 0.035 —0.0002 -5.51 1.12 9.08 0.78
12 —4.97 —-0.06 0.10 —0.0024 0.001 0.0007 -6.95 0.93 4.29 0.71
A=DxPDD 2)

where A is the melt water equivalent of glacier ice and snow in a certain period (mm w.e), D
is the degree-day factor of glacier ice/snow (mm/(°C -d)), and PDD is the cumulative positive
temperature in a certain period ('C), which can be obtained by (Zhang et al., 2012):

-(T,-L)

PDD = [ T.e 2 d.d, A3)

1 e
4%10
where T, ('C) is the average monthly temperature and presents a normal distribution over
the year, T, is the average yearly temperature (‘C), J is the standard deviation of the tem-
perature distribution, N, and N, are the start and end dates for the calculation and the time
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interval is N=N, — N; + 1.
The net GMB at a certain point (or altitude) (Zhang et al., 2012) is
B =P+A+f 4
where B; is the GMB (mm w.e.) in a certain period, P is glacier surface accumulation by
solid precipitation (mm w.e.) in a certain period, 4 is glacier ablation (mm w.e.), and f is
glacier meltwater refreezing rate or internal replenishment (mm w.e.) usually calculated as
10% of the amount melted (Zhang et al., 2006).

Solid precipitation can be calculated by the double critical temperature method (Van et al.,
2010)

P T<T,
T, -T
P, =L Ty <T<T, (%)
TL_TS
0 T=T,
B =P-Fs (6)

where Py and P, are the solid and liquid precipitation (mm), P is the total monthly precipita-
tion (mm), 7 is the average monthly temperature (‘C), Ts and T}, are the critical temperatures
of solid and liquid precipitation ('C), taken as —0.5°C and 2°C, respectively, and determined
according to the observation data of the Urumgqi glacier No.l in the Tianshan Mountains
(Zhang et al., 20006).

The GMB of the entire glacier is (Zhang et al., 2012)

B, = Y/BS, ()

where S is the glacier area of each glacier band (m?), and glacial elevation is divided into 20
elevation bands from 3278 m to the glacial top in 100 m band thicknesses and with the entire
glacier being calculated from all the elevation bands.

The degree-day factors, with clear spatial heterogeneity, and including the snow de-
gree-day factor (Ds) and the ice degree-day factor (D;), reflect the speed of melting of snow
and ice at unit temperature in a day. Observation snow density data were collected (Chen et
al., 2015) and then the snow density for the whole study area was obtained by the kriging
interpolation method. Finally, the snow degree-day factor for each elevation zone was
counted using Equation 8 (Muattar et al., 2016). However, the ice degree-day factor varies
according to specific conditions such as elevation, slope, aspect and shading (Zhang et al.,
2006). Therefore, the ice degree-day factor for each elevation band was computed by Equa-
tion 9 (Chen, 2014).

D, =1.1x%s (8)
Py
where Ds is the snow degree day factor (mm/(°C-d)), calculated from the snow density
(P, kg/m3) and the density of water ( p,,, kg/m?).
D, =-105.7¢9+96.84 +0.03/h — 0.8cos(w —180) + 20.3sin @ — 3447.4 9

where D; is the ice degree-day factor (mm/(‘C-d)), ¢ is the latitude (°), A is the longitude (°),
w 1s the aspect (°), and « is the slope (°).
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3.3 Accuracy verification

3.3.1 Glacier mass balance

With respect to the default for the measured or simulated data of the GMB in the MRB, his-
torical documents on the Urumqi Glacier No.l (Glacier No.l) and the Haxilegen Glacier
No.51 of the Kuytun River (Glacier No.51) during the contemporaneous period were used.
Glacier No.l is 82 km to the east and Glacier No.51 is 108 km to the west of the MRB.
These glaciers are often used as reference standards to test the reliability of the simulated
GMB values in the MRB. As one of ten reference glaciers identified by the WGMS (World
Glacier Monitoring Organization), Glacier No.1 is the longest and the most systematically
monitored glacier in China. Glacier No.51, the second reference glacier fixed-point moni-
toring site at the Tianshan Glaciological Station of China, is also a typical glacier on the
northern slope of the Tianshan Mountains and has been observed 1-2 times a year since
1998 (Wang et al., 2016). Thus the measured GMB data of the above two glaciers can pro-
vide verification for the simulated GMB values in the MRB. In addition, Wu et al. (2011)
used the degree-day model to simulate the long-series of the GMB in Glacier No.l, and
whose results are very consistent with the measured values. Therefore, it is concluded that
the accuracy of the simulated GMB in the MRB can be referred to the measured GMB val-
ues for Glaciers No.1 and No.51. The average GMB value in the MRB was —577.13 mm
w.e./a from 2000 to 2016, while Mu et al. (2019) reported an average value of —677 mm
w.e./a via observation of Glacier No.1 from 1996 to 2015. Also, Zhang et al. (2018)
achieved a simulation for the GMB of —370 mm w.e./a in Glacier No.51 based on a tem-
perature-index model from 1999 to 2015. It has been inferred that the GMB gaps may be
related to westerly precipitation that continuously decreases from west to east in the Tian-
shan Mountains. If the glacier is closer to the west of the Tianshan Mountains, it would re-
ceive more precipitation and clearly the glacier would have a greater supply, thus the glacier
deficit would be smaller; otherwise, the glacier deficit would be larger. Concurrently, the
overall temperature rises from the west to the east in the Tianshan Mountains, which would
also lead to stronger ablation of the glaciers. In general, the simulated results reflect the ba-
sic characteristics of the GMB in the MRB.

3.3.2 Glacier meltwater

Glacier meltwater is closely associated with changes of the GMB and can also be considered
as an indicator to test the accuracy of the simulated GMB results in data-deficient regions.
We estimated the amount of glacier meltwater and its recharge rate to river runoff each year
(Table 4) and compared the values with the recharge rate of other rivers in the northern
slopes of the Tianshan Mountains. The average recharge rate of glacier meltwater in the
Junggar endorheic drainage area was reported as 27.13% (Lan et al., 2007) and this is con-
sistent with a value of 25% for the data in the present study. The recharge rate estimated by
Yang (1987) at the Hongshanzui Hydrological Station in the MRB was 34.6%, a higher val-
ue than our results; it might be that the difference in the Hongshanzui data compared with
the data at the Kenswat Hydrological Station is due to the lower altitude of Hongshanzui and
the fact that the glacier area is relatively large (608.3 km?®). Although glacier thinning is
weaker for a lower annual temperature than currently, the total amount of glacier meltwater
is relatively large, and these influencing elements would cause a larger recharge rate of gla-
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cier meltwater. The Kuytun River and the Urumgqi River are all typical rivers supplied by ice
and snow ablation on the northern slope of the Tianshan Mountains with their contribution
rates to glacier meltwater being 29.4% (Shen et al., 2013) and 26.7%, respectively (Sun et
al., 2017), which are also similar to the recharge rates of the Manas River. In comparison,
the simulated recharge rate of the Manas River is accurate, which also means the GMB si-
mulation results are reliable.

Table 4 The GMB, glacier meltwater and recharge rates in the MRB during 2000-2016

Year ELA (m) GMB Glacier gnel}twater Rivergrur}xoff Recharge rate of
(mm.w.e.) (10° m”) (10°m”) glacier meltwater
2000 4538 —545.86 3.29 16.29 0.20
2001 4550 -566.88 2.99 14.43 0.21
2002 4530 -551.41 3.51 18.74 0.19
2003 4558 -584.20 3.22 11.05 0.29
2004 4560 -620.49 3.47 12.28 0.28
2005 4532 -575.59 3.37 13.39 0.25
2006 4588 —632.19 3.63 13.18 0.28
2007 4537 —602.90 3.68 15.47 0.24
2008 4569 —624.72 3.27 13.77 0.24
2009 4507 —-464.85 291 11.00 0.26
2010 4533 -527.05 3.36 16.62 0.20
2011 4560 -602.95 3.65 11.74 0.31
2012 4555 -597.01 3.46 12.54 0.28
2013 4553 —587.42 3.41 13.37 0.25
2014 4556 —563.95 3.21 10.65 0.30
2015 4573 —605.61 4.01 18.35 0.22
2016 4528 —558.11 3.48 15.45 0.23
Average 4549 -577.13 341 14.02 0.25
4 Results

4.1 Characteristics of temperature and precipitation

Glaciers are highly sensitive to climate change, but the complexity of glacial climate and the
difficulty of comprehensive monitoring restricts accurate meteorological studies in alpine
regions, thus in such circumstances the accuracy of the GMB simulation may be compro-
mised. Hence, the inversion models of temperature and precipitation combined with down-
scaling methods were constructed to improve dramatically the accuracy of the meteorologi-
cal data. During the period 2000-2016, the average interannual temperature of the glaciers
in the MRB was —7.57°C (Figures 2a and 2b). From the vertical changes of the GMB, the
turnover point of temperature was at an altitude of about 4200 m because the temperature
decreased at a relatively large rate of 0.57°C/100 m from the glacial terminal to 4200 m but
then at a smaller rate of 0.03°C/100 m from 4200 m to 4700 m; thereafter, there was a sharp
change between 4700 and 4800 m with a sudden drop of 1.48°C/100 m and finally a mini-
mum of —8.85°C was reached at 4800 m. The interannual average precipitation of the gla-
ciers in the MRB was 410.71 mm and this also shifted significantly at 4200 m with a maxi-
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mum of 418.25 mm,; thereafter, precipitation increased at a rate of 4.89 mm/100 m from the
glacier terminus to 4200 m but at a decreasing rate of 2.66 mm/100 m from 4200 m to 4700
m, then a minimum of 399.89 mm at 4700 m was reached and finally there was a rapid in-
crease of 5.17 mm/100 m from 4700 m to the top of the glacier (Figures 2a and 2b).

Climate change is the key to variation of the GMB, especially in the melting period (May
to September). It was observed that the changes of temperature and precipitation in the
melting period (Figures 2c and 2d) were remarkably consistent with their annual periods
(Figures 2a and 2b), thus indicating that the annual variations are deeply affected by the
changes in the melting period. During the glacial ablating period, an altitude of 4200 m is
the dividing line for changes of temperature and precipitation, the temperature lapse rate
being —0.65°C/100 m below this point but being —0.17°C/100 m above 4200 m. The mini-
mum temperature appears at an altitude of about 4800 m. The precipitation gradient below
4200 m, from 4200 m to 4800 m and from 4800 m to the top of the glacier is 5.9 mm/100 m,
—2.04 mm/100 m and 6.24 mm/100 m, respectively. Moreover, the maximum precipitation
zone lies in between 4100 and 4200 m in the MRB. In general, the meteorological inversion
models combined with the downscaling methods can improve considerably the objectivity
and performance of the MOD11C3 and TRMM 3B43 data in the MRB.
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Figure 2 Annual average temperature and annual precipitation, and monthly average temperature and precipita-
tion in the glacier ablation period for the Manas River Basin

4.2 Characteristics of the GMB change

The changes of the GMB, reflected in the sum of the glacier ablation and accumulation,
continuously appeared negative in the MRB during the study period (Table 4). The accumu-
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lated GMB was —9811.19 mm w.e. (-577.13 mm w.e./a), which is equivalent to a glacial
thinning of 11 m (ice density of 0.9 kg/m®). The minimum negative GMB was in 2009
(—464.85 mm w.e.), and the maximum negative GMB occurred in 2006 (—632.19 mm w.e.).
The interannual variations of the GMB were expressed with the multi-year anomalies and
cumulative anomalies of the GMB (Figure 3a). There were positive anomaly values during
the 7 years, which indicated that glacial ablation was weak, while the anomalies of other
years were negative implying that glacial ablation was strong. The cumulative anomalies
demonstrated that glacial ablation slowed down during 2000-2002 and during 2008-2010
with rates of 17.98 mm w.e./a and 81.18 mm w.e./a, respectively, while glacial ablation in-
tensified during 2002-2008 and 2010-2016 with rates of —29.55 mm w.e./a and —8.71 mm
w.e./a, respectively. The cumulative GMB was below the average value during 2005-2009
with the strongest ablation occurring at this stage. The cumulative anomalies attained a
minimum in 2008 (—110.08 mm w.e.) because anomalies were always below zero from 2003
to 2008. However, the continuous negative anomaly suddenly stopped in 2009, and this mu-
tation phenomenon also occurred for Glacier No.1 (Zhang et al., 2013). In terms of the in-
traannual variation of the GMB, the glacial accumulation period (October to April) lasted a
long time but was not obvious (93.18 mm w.e.); it started in October but became most ob-
vious in April of the following year when precipitation was significant (Figure 3b). Regard-
ing the other months when accumulation occurred, though their temperatures were lower
than that of April’s, the amounts of precipitation were also less resulting in an entire weak
accumulation. While the melting period was relatively short and the glacier mass loss was
serious (—670.31 mm w.e.), the glacier began to show a deficit in early May and subse-
quently extended to the negative maximum of the GMB in August, however, the glacial
melting slowed down with the drop in temperature. Within a year, the overall glacial warm-
ing and cooling processes were transformed greatly, which also made the intraannual
changes of the GMB show features of “weak accumulation with strong ablation” in the
MRB.
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Figure 3 Interannual GMB anomalies with cumulative anomalies and the monthly GMB with runoff in the
Manas River Basin

The GMB change also had significant vertical zonality because there were some differ-
ences of hydrothermal combination and degree-day factors in the elevation bands (Figure
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lation area” from “the below ablation area” was revealed. During the study period, the in-
terannual ELA positions fluctuated between 4500 and 4600 m with an average altitude of
4549 m, the highest altitude (4588 m) occurred in 2006 and the lowest altitude (4057 m)
appeared in 2009, which indicated that 2006 and 2009 were, respectively, the strongest and
the weakest years for melting of the glaciers (Table 4).

To examine how the GMB varied with increase of altitude, a linear regression model for
the ablation area, the accumulation area and the overall glacier was built (Table 5), based on
a slow accumulation rate of 18.77 mm w.e./100 m in the accumulation area (R* = 0.073) and
a rapid ablation rate of —244.83 mm w.e./100 m in the ablation area (R?> = 0.93). As to the
whole glacier, there was clear correlation between the GMB and altitude with a linear rate of
increase of 179.09 mm w.e./100 m (R* = 0.87). This relationship suggests that overall the
glacier underwent ablation in the MRB. Furthermore, the performance behavior of the gla-
cier in terms of the variation of the GMB with altitude was not a simple linear increase but
constantly tended towards the ELA (R? = 0.993), because the rise of altitude mainly im-
pacted the GMB through changing the vertical distribution of water and heat to achieve a
new balance. Besides, the variation of the degree-day factors, the slope, the aspect and the
wind also affected the performance of the GMB. Affected by these basic elements, the ver-
tical change of the GMB in the MRB initially exhibited a growth trend and then decreased
slowly (Figure 4).

Table 5 Variation of the fitting curves of the GMB with altitude in the glacier zones

Region Fitting equation Correlation
Ablation area yl =2.4483x — 10729 R>=0.927
Accumulation area y2=0.1877x — 788.3 R>=10.073

. . y3 =1.7909x — 2522.5 (linear) R>=10.873
Glacier region (whole)
y4 =-0.0014x? +13.75x — 32691 (non-linear) R?=0.993

Note: y1, y2, y3 and y4 represent the GMB in each area; x represents altitude.
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4.3 Factors influencing the GMB

Glacier meltwater, produced by the changes of the GMB, has an evident replenishment ef-
fect on river runoff in arid areas. The intraannual changes of the GMB to runoff indicate that
the strongest glacier melting (—575.63 mm w.e.) accounted for 75.4% of the total annual
amount of the GMB in July and August, while the runoff (7.73 x 10® m®) accounted for
55.1% of the total annual amount of runoff and also reached an annual peak (Figure 3b).
Though there was a strong monthly correlation between the GMB and runoff, their peak pe-
riods were not quite coincident. The peak for the GMB occurred in August but the peak for
the runoff was in July, reflecting the fact that the annual maximum precipitation supplied
runoff in July when precipitation had a mitigating effect on glacier melting such as to
weaken the glacier loss. However, the whole glacier was melting in August when the tem-
perature had risen and precipitation fell in liquid form on the glacier surface, which resulted
in more melting. Thus it is concluded that the interannual synergism of runoff to the monthly
GMB reflects the good replenishment effect of the glacial “solid reservoir.”

Most inland rivers in alpine mountains originate from the “three-elements” (glacier melt-
water, rainfall and snow) and they are all crucial replenishment sources for river runoff.
During the study period, the interannual recharge rates of glacier meltwater varied from 19%
to 31% (average value 25%), which shows a rising upward trend of glacier ablation with
intensified glacier melting. The interannual synchronicity shows that the overall correlation
coefficient between runoff and the GMB was —0.49. The key point is that the GMB greatly
altered replenishment to runoff around 2009 given that the correlation coefficient was re-
duced from —0.58 to —0.45, while the correlation coefficient between the glacier meltwater
and the runoff was reduced from 0.40 to 0.38, which implies that the regulation for the GMB
to runoff was weakened. Investigations (Zheng, 2018) on the evolution of runoff in the MRB
indicated that climate warming and humidification have become more evident since 2009,
and this would have a strong impact on river runoff in alpine mountains. The runoff is highly
dependent on climate change, as rising temperatures would cause an acceleration of the
melting of snow and increased precipitation, which together would enhance the contribu-
tions of precipitation and snow meltwater to runoff.

5 Discussion
5.1 Effects of the degree-day factors

The degree-day factors which play a decisive role in the GMB change include the snow de-
gree-day factor (D) and the ice degree-day factor (D;). It seems that D shows a rapid de-
crease at the extremes but a gradual rise in the middle whereas D; shows a decrease at the
beginning and then rises gradually (Figure 5); the maximum for the Dy (2.60 mm/(°C-d))
was at the glacial terminal while the minimum (2.21 mm/(‘C-d)) was at the top of the glacier,
with an average value of 2.44 mm/(‘C-d). Chen et al. (2015) considered that the distinct
moisture content of the snow layer causes a spatial dispersion of snow density which further
affects the Ds value. At low altitudes, snow melts rapidly under the influence of strong solar
radiation thus the snow layer has more moisture content of a higher density, while at higher
altitudes, snowcover has less moisture content of lower density under the weaker solar
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originally decreased from the glacial terminal to 4100 m and then increased vertically from

4100 m to the glacial top, ranging from 2.75 to 4.78 mm/(‘C-d) with an average value of
3.70 mm/(‘C-d), while the minimum occurred around 4100 m and the maximum was at the

top of the glacier. Zhang et al. (2006) thought that the vertical variation of the D; is related to

the glacial terrain conditions such as elevation, slope, aspect, shelter, moraine coverage and

local climate. If the glacial surface topography is more favorable to receiving solar radiation

or the climate becomes warmer and wetter, the glacier will melt more readily and the Di will

become larger. Therefore, the minimum of the D; occurred at 4100 m where the stronger

solar radiation or the drier cold climate or the greater sublimation may inhibit glacier abla-

tion. The values of the D and D; can encompass the melting ability of the glacier. Although

solar radiation is the most direct factor to affect the Dy and D;, terrain conditions can still

influence the absorption of solar radiation in addition to meteorological elements such as the

relative humidity and wind which can also impact on the D and D;.

5.2 Spatial distribution of the GMB and recharge rates of glacier meltwater to runoff

To explore the distribution patterns of GMB in the Tianshan Mountains, the values for the
GMB in the MRB for the east and west branches of Glacier No.l and Glacier No.51 were
compared for the same period. Zhang et al. (2018) simulated the GMB of Glacier No.51
where it reached —370 mm w.e./a from 1999 to 2015. Also Zhang (2014) used the measured
data to conclude that the GMB was —582 mm w.e./a in the west branch and —485 mm w.e./a
in the east branch of Glacier No.1 from 1990 to 2010. In the corresponding periods, the
GMB of the MRB was —577.13 mm w.e./a. By comparing the GMB values for the above
glaciers, it was revealed that the glacial negative state was intensified from west to east in
the Tianshan Mountains at that time. Zhang et al. (2018) surmised that the primary reason
for differences in the GMB values in the above glaciers was the influence of westerly winds,
especially during the glacier melting period, while precipitation declined from the west to
the east so that the spatial distribution of the GMB decreased from the west to the east in the
Tianshan Mountains. Moreover, the spatial distribution of the GMB was also restricted by
the diverse topographies and geomorphologies, which made the GMB vary locally given the
different values in the east and the west branches of Glacier No.1. In general, to comprehen-
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sively analyze the spatial distribution of the GMB, attention should be paid not only to the
direct effects of climate change, but, also, differences caused by indirect factors such as to-
pography should be taken into account.

Glacier meltwater plays a decisive role in regulation and replenishment of rivers and there
are clear differences on recharge rates of glacier meltwater to runoff in arid basins. During
the study period, the annual recharge rates of glacier meltwater to runoff fluctuated between
19% and 31% in the MRB, while recharge rates ranged from 32.8%-38.5% in the Tarim
Inner-flow Basin, 12.01%-11.4% in the Turpan-Hami endorheic drainage and 16.9%-13.7%
in the Yili River Basin (Yang, 1987; Shen et al., 2013). As the production of the glacier
changes, the distinct spatial distribution of recharge rates reflects the fact that if the negative
GMB is further enhanced or the glacier area dramatically retreats, the glacier melting will be
stronger and the recharge rate will rise continuously, otherwise, it will decrease. Moreover,
the recharge rate is also affected by precipitation and snow meltwater outside of the glacier.
The recharge rate of glacier meltwater to runoff is 27.1% in the Junggar endorheic drainage
area, 29.4% in the Kuytun River Basin (Shen et al., 2013), 34.6% in the MRB (Yang, 1987),
26.7% in the Urumgqi River Basin (Sun et al., 2017) and 37.6% in the Baiyang River Basin
(Liet al., 2011), reflecting an overall upward trend from the west to the east in the Tianshan
Mountains, however, the upward trend is not simply rising but actually fluctuating. Given
that the negative value of the GMB continues to rise from the west to the east in the
Tianshan Mountains, it is concluded that the recharge rate of glacier meltwater to runoff is
not only affected by the GMB change but also by precipitation and snow meltwater from
outside of the glacier.

6 Conclusions

(1) Based on the multi-source remote sensing data, inversion models of temperature and
precipitation in the Tianshan Mountains were established. Using downscaling methods, the
vertical characteristics of temperature and precipitation in the MRB were analyzed. It was
shown that the lapse rate of temperature was —0.57°C/100 m and —0.03°C/100 m below and
above 4200 m, respectively, while the precipitation gradient was 4.89 mm/100 m below
4200 m, 2.66 mm/100 m from 4200 m to 4700 m and 5.17 mm/100 m above 4700 m, re-
spectively; besides the maximum precipitation zone lay at altitudes between 4100 m and
4200 m. Based on the analysis, the inversion of remote sensing meteorological data can
faithfully depict the spatial distribution details of temperature and precipitation in an alpine
glacier area.

(2) Multi-source remote sensing data were used to drive the degree-day model to simulate
the GMB in the MRB. During the study period, the interannual changes of the GMB main-
tained continuous negative states while the annual GMB varied from —464.85 mm w.e./a to
—632.19 mm w.e./a and the cumulative GMB was up to —9811.19 mm w.e., with the ELA
varying from 4057 m to 4588 m. Besides, the glacier melting slowed down during
2000-2002 and 2008-2010 but intensified for 2002—-2008 and 2010-2016, while the strong-
est glacier ablation was during 2005-2009. However, the intraannual changes of the GMB
showed that the strongest glacier accumulation occurred in April when precipitation had
clearly increased, but the strongest glacier ablation occurred in August when the temperature
rose dramatically.
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(3) During the study period, river runoff responded strongly to change of the GMB. The
most serious intraannual GMB loss reached —575.63 mm w.e. in July and August, accounting
for 75.4% of the annual change, which made the runoff account for 55.1% of the annual
GMB loss. Besides, the interannual glacier meltwater fluctuated between 19% and 31%,
which may have been caused by the differences in precipitation and snow meltwater outside
of the glaciers in the MRB.

Above all, there was a small constraint deficiency in the defaults for multi-period glacier
area data, so that the changes of glacier area in calculating the GMB were somewhat com-
promised. As some researchers have indicated, ignoring the changes of area of the glacier
would lead to a certain deviation in the GMB estimation, especially for the current global
climate warming scenario, which may overestimate the loss of the GMB (Wang et al., 2011).
Thus we aim to clarify the effect of different glacier areas on changes of the GMB in future
studies.
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