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Abstract Accurately estimating the changes in glacier
mass balance and water storage in lakes and reservoirs is
critical to studying the water cycle in the inland river basin
in northwest China. We used high-resolution satellite
images to analyze the changes in water surface area of
lakes and reservoirs in Tarim Basin, and used the ICESat-
GLAS altimeter data to estimate their water level changes
and the glacier mass balance change, over the period
2003-2009. The results showed the average glacier thin-
ning in the entire basin was at a rate of 0.34 + 0.25 m w.e./
year equivalent height of water, which means that the
glacier mass balance occurred —6.8 + 1.2 km® water
equivalent over the study period. However, the mean water
level of nearby lakes decreased by 0.41 £ 0.2 m even with
the influx of glacial melt water, indicating that the lake
level declines were caused by the withdrawal of lake water
for human activities.
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Introduction

Variations in the water volume storage of inland lakes
and reservoirs reflect both the input of climate change and
human activity on terrestrial water resources (Calmant
and Seyler 2006), which is fundamental for understanding
the lakes water balance, sea level rise variations (Wisser
et al. 2013), and glacial runoff response to extreme cli-
matic events, such as abrupt changes in air temperature,
floods, snowfall, and drought (Sorg et al. 2012). Both
inland lakes and exorheic lakes, are very sensitive to
climate change (Crétaux et al. 2011). The inland arid
regions are especially sensitive to variations in water
resources with the threat of global warming (Zhang et al.
2010). Therefore, observations of water storage (mostly
area and water level) in lakes and rivers have been carried
out in most developed countries since 1993 (Alsdorf et al.
2007). Furthermore, the inland lakes are more sensitive to
variability of surface water resource utilization and
shortage. The mountain glaciers in the upstream of the
Tarim River, northwest China, are important for the water
supply of the downstream oases. These oases have already
been potentially affected by climate change (Beniston
2003), but to what extent is unclear yet (Immerzeel et al.
2010).

So far, the satellite laser ranging (SLR) techniques, with
centimeter accuracy, have become a powerful tool in
monitoring inland water resources (Lemoine et al. 2010),
especially for the non-monitored waterbodies (rivers, lakes,
reservoirs, floodplains, and wetlands) at regional and global
scales (Calmant et al. 2008). Current understanding on the
global abundance and size distribution of lakes comes from
two sources; map compilations and statistical extrapola-
tions based on abundance-size relationships (Verpoorter
et al. 2014). Water mass balance is an essential aspect of
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water management activities (Biemans et al. 2011). Lake
water level and storage variations indicate the state of the
water mass balance in an inland basin. Space-borne
altimeters (Jason-1, Envisat Radar Altimeter, RadarSat-1,
GEOSat, GFO, Jason-2, T/P, ICESat-GLAS, CryoSat, etc.)
have been successfully used to measure lakes, reservoirs,
rivers, and wetland variations in the past decade (Medina
et al. 2008; Santos da Silva et al. 2010). Due to the time
bias differences demonstrated by a robust linear fit with the
mean along-track differences in the orbits (Zelensky et al.
2006), the temporal and spatial variations in lake water
discharge and storage changes are estimated from time-
varying gravity (Landerer and Swenson 2012; Moiwo et al.
2011) and SLR satellite altimeter data (Llovel et al. 2010;
Zelensky et al. 2014).

The Geoscience Laser Altimeter System (GLAS)
onboard the Ice, Cloud, and land Elevation Satellite
(ICESat) can be applied to derive the surface elevation data
of lakes (Phan et al. 2012) and reservoirs (Song et al.
2014). The ICESat elevation measurement accuracy is only
about 5 cm (Baghdadi et al. 2011), which means that some
lakes and reservoirs could be monitored using ICESat
footprints tracks with acceptable accuracy. Although the
continuous GLAS footprint values have high frequency
autocorrelations (Abdallah et al. 2011), mean lake water
levels increased by 0.23 m/year for the 56 salt lakes and
0.27 m/year for the 50 salt lakes in the Tibetan Plateau in
recent years (Zhang et al. 2011). The GLAS-estimation of
reservoir storage and its variations in South Asia also
correlates with in situ data and radar altimetry (Zhang et al.
2014). In the past 40 years, glacier meltwater has signifi-
cantly influenced water resources in the Tarim basin (Liu

Fig. 1 The location of Tarim
River basin and the distributions
of glaciers and lakes. The red
circles represent the ICESat
footprints located on the water
surface and the green circles
located on the glacier surface
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et al. 2006). The runoff of the Tarim River and its tribu-
taries showed an increased trend over the past decades,
which cannot be explained by precipitation alone, and
suggests a significant contribution from glacier meltwater
(Piao et al. 2010). In order to understand the relationship of
lake water mass balance and glacier meltwater variations in
the Tarim Basin, this paper presents the variations in water
levels, lake volume storage and glacier mass balance in the
entire Tarim Basin derived from GLAS data over the
period 2003-2009.

Data and methods
Study area

The Tarim Basin is the largest inland basin in China, with
an area of 1.19 x 10° km?, of which the mountainous area
(>2500 m a.s.l.) is about 350,000 km?. Tt spans about
2000 km from east to west and 800 km from north to
south, and is surrounded by the Tianshan Mountains,
Kunlun Mountains, and Altun Mountains (see Fig. 1). The
extremely arid climate makes the Tarim Basin to be the
largest desert in China (Zhao et al. 2013b) where the major
part of the basin is covered by the Taklamakan Desert.
Based on the latest Randolph Glacier Inventory (RGI 3.2)
from Global Land Ice Measurements from Space (GLIMS)
project (Raup et al. 2007a, b), these 14 285 glaciers with an
area of 21 x 10° km? exist in the surrounding mountains
of the Tarim Basin, which provide the major water source
with human activities and natural ecosystems in the lower
catchment of the basin (Qi et al. 2005). The Tarim River is
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the largest river in Tarim Basin, and composed by the Aksu
River, Yarkand River, Hotan River, and Qarqgan River. In
addition, the downstream areas of Tarim River is an
important agricultural production region (Li and Williams
2008).

GLAS data

ICESat-GLAS measurements will employ 1064-nm laser
pulses to measure the heights of the land surface, forest
area and dense cloud and 532 nm pulses for measuring the
vertical clouds and aerosols distribution (Zwally et al.
2002). Each GLAS footprint, with a diameter of ~70 m
and with an along-track spacing of 170 m, has a surface-
ranging accuracy of 10 cm (Schutz et al. 2005). The
532-nm pulse profiles have much better sensitivity than
the 1064-nm profiles for aerosol backscatter and are
available for all operation periods (Abshire et al. 2005).
GLAS data were requested and downloaded from the
National Snow and Ice Data Center (NSIDC, http://www.
nsidc.org/data/icesat/order.html), and the latest altimetry
products are Release 34. The GLAOI product is one of 15
GLAS products, where the returned waveform contains
544 bins with various peaks fitted by Gaussian curves.
GLA14 parameters, i.e., elevation, latitude, and longitude
values (Los et al. 2012), are corrected saturation elevation
due to slope and roughness (Li et al. 2012). The ICESat
satellite laser data were processed in Matlab for precise
orbit determination (POD) and for estimating station
positions.

Fig. 2 The locations of the 85°E
Urumgqi Glacier No. 1 at the i Y
source area of the Urumgqi River
and GLAS footprints on the
Bosten Lake, Tarim Basin. The
color image is combined with
Band 5, Band 4, and Band 2 of
TM/ETM data on the path/row
(143/30, 142/31, 142/30,
144/31, 144/30, 141/31, 143/31)
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Lake water level and glacier mass balance

The water levels and volumes of many lakes are routinely
monitored weekly in situ measurements and space-borne
satellite altimeters. Their time series data can be obtained
from Laboratoire d’Etudes en Géophysique et Océanogra-
phie Spatiales (LEGOS, see http://www.legos.obs-mip.ft/),
where the ERS-1/EnviSat and Jason-2 assess the lakes’
changes (Da Silva et al. 2011). The ESR-2/EnviSat, Jason-
2 satellite water level time series dataset of Bosten Lake
(42.01°N; 87.12°E) and Ayding Lake (42.66°N, 89.27°E)
in observed data range and that the online topographic
correction database system from the European Space
Agency (ESA, http://www.tethys.eaprs.cse.dmu.ac.uk/Riv
erLake/shared/main) are all present between August 2002
and 2009. Our focus is to estimate the changes in water
volume of lakes, which can be jointly done by the relative
water level and area variations (Frappart et al. 2006b) and
does not need their absolute values which are influenced by
referencing (Crétaux and Birkett 2006).

The Urumgqi Glacier No.1 at the source area of the the
Urumgqi River in the East Tienshan Mountains is located at
43.08°N, 86.82°E (close to Bosten Lake), see Fig. 2. The
in situ measurements of glacier mass balance data, which
can be downloaded from World Glacier Monitoring Ser-
vice (WGMS, see the website http://www.wgms.ch/gmbb.
html), is used to evaluate the reliability of the glacier mass
balance estimated by the GLAS data. (Ye et al. 2005)
demonstrate that both summer precipitation and air tem-
perature negatively correlate with glacier mass balance and
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are positively associated with glacial meltwater runoff.
This correlation also indicate the summer temperature
dominates on glacier mass balance and glacial runoff
changes in Urumgqi River (Jing et al. 2006).

Calculations of the changes in lake water level
and water storage

A time series of Landsat TM/ETM images was employed
to compare and describe the trend of lakes area changes
(Kropacek et al. 2012). The available images scenes
include no cloud covered scenes acquired by following
Landsat sensors: Thematic Mapper (TM) and Enhanced
Thematic Mapper Plus (ETM+), both with a resolution of
30 m. These mechanical optical scanners include green
bands and near infrared bands (NIR), where the normalized
difference water index (NDWI) is suitable for depicting
lake and reservoir water bodies (McFeeters 1996). The
Landsat image data were downloaded from Earth Resour-
ces Observation and Science (EROS) Center (USGS, http://
www.earthexplorer.usgs.gov/). Accuracy of the co-regis-
tration was checked on a set of independent 150 points
(RMSE = 20.1 m) for each scene, and was co-registered
on the basis of Landsat scenes for July—August 2003.

Since the GLAS footprint elevation data were very
limited, we could not directly combine the GLAS water
elevation with the Landsat image water surface level area
to calculate the water discharge in the small rivers.
Therefore, the calculation of the changes in lake water
level and water storage are as follows: (1) estimation of the
water surface area based on NDWI images (the NDWI
index ranges from —1 to 1 and the NDWI index value of
defined water surface features from O to 1.) during 2003—
2009; (2) extraction of the mean lake surface elevations
from GLA14 and GLAO1 products data; (3) establishing
the regression equation of the lake area and mean lake
water level elevation for each lake/reservoir, and then fit-
ting the water surface elevation value on the basis of the
above established relationship; and (4) computing the
increased/decreased lake water storage over the corre-
sponding time span according to the time series of the
GLAS-lake water surface elevation and lake area data
(Frappart et al. 2006b). So, the change in lake water
storage AViaes, can be estimated from the lake surface area
and the area-elevation relationship using the following
equation,

hiy1 —h
AV akes :%(Sk‘f'skﬂ + V/Sk X Sit1)s (1)
where Ay and hy; are the mean lake water levels at two
adjacent time spans, and s; and s, represent their corre-
sponding surface areas. k is the jth campaign of GLAS
footprints and the k41 GLAS data from the next campaign.
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The mean water level elevation is computed by the fol-
lowing equation,

1 n n
hj == § hj,footprint + § €overall
SAV=] =
1< 1<
= E § hj,footprint + ; E €overall s (2)
j=1 j=1

where A fooprint 18 the elevation value of jth GLAS footprint
for 18 GLAS data campaign. The variable n is the number
of the GLAS footprints on the study lakes. The variable
€overal 18 the overall accuracy for each GLAS footprint
including the GLAS track shift errors in each campaign,
co-registration bias and uncertainty errors in EGM 2008
geoid model with WGS84 project coordinates (Hirt et al.
2010; Pavlis et al. 2012).

Although the ICESat satellite altimetry has uncertainty
errors and the time delays related to the propagation of the
pulse through the atmosphere and the ionosphere over
7 years, we have reconstructed the time series of water
level or volume change based on GLAS data and lake area
change. Compared to the in situ measurements data, the
simultaneous GLAS footprints profiles of the L2B and L2C
campaign are within the 99 % confidence interval and
shown in Fig. 3. Over the period 2003-2009, we also
compute the fluctuations in the GLAS-lake mean water
level time series considering the water level seasonal trend
removed during the same time span (see Fig. 4).

Glacier mass balance estimation

The change in heights of the lake water level is determined
by the difference between the ICESat satellite orbit and the
GLAS altimeter range distance measurement (Wang et al.
2013), with the addition of various corrections that take
into account slope and roughness (Phan et al. 2014), cor-
rection for the geoid abnormal height effects on the Earth
(Wu et al. 2014a). We can apply the Gaussian-Centroid (G-
C) correction to fit the sample-weighted mean G-C offsets
for each campaign (Lisano and Schutz 2001), suggesting
that it is necessary to repeat earlier ICESat studies to
estimate mass balance and evaluate if significant biases
vary in different regions during the same campaigns (Borsa
et al. 2014). The horizontal error (2.4 + 7.3 m) and ver-
tical error (0.04 £ 0.13 m) for the ICESat-GLAS data used
are validated using similar glacier surface elevation
(Carabajal and Harding 2005), compared to those for
SRTM DEM v4.1 data.

Similar to the regional glacier mass balance, the overall
bias (including returned waveform saturation, the estab-
lished slope regression equation of slope, roughness with
centroid elevation each GLAS footprint, co-registration
bias (Nuth and Kiéb 2011) as well as the inter-campaign
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Fig. 3 a The GLAS footprints-lake water elevation profile variations in February 27, 2004 in the L2B campaign. b The GLAS footprints-lake
water elevation profile variations in May 28, 2004 in the L2C campaign
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Fig. 4 a The comparison of Bosten lake water level change estimated
by GLAS and observed measurements, where the observed time
series data from Laboratoire d’Etudes en Géophysique et Océanogra-
phie Spatiales (LEGOS) and in situ measured water level data in this
paper (Gao and Yao 2005); b the lake surface area and volume
variations of the Bosten Lake over the period of 2003-2009

bias) is firstly calculated using the elevation differences of
ICESat time series from 18 campaigns extracted on the
basis of STRM DEM elevation. Secondly, the glacier
surface cover classification and density parameter (Sgr-
ensen et al. 2011) were also computed based on GLAS
waveforms, when the instantaneous firn, snow and glacier
ice surface area from Landsat TM/ETM images containing

no cloud cover. Finally, the glacial mass balance in each
500 m altitudinal zone is calculated as (Wu et al. 2014b),

1 — _
by, = S_ (ssnow X Psnow X Ahgrow + Sfim X Pfim X Ahgiry

+ Sice X Pjce X AEice)7
3)

where m is the rth altitudinal zone with an intervals of
500 m. S,, are glacier areas at intervals of 500 m in alti-
tude. Snow density pgow, firn density pg,,, and glacier ice
density pj.. are assigned values of 350, 550, and 900 kg/
m°, respectively (Ligtenberg et al. 2011). The variables
Ahgow, Ahgim, Ahic indicate changes in elevations of snow,
firn and glacier ice in each altitudinal zone, respectively, as
estimated by GLAS waveform data. With respect to the
ablation and short-term accumulation zone changes in the
density profile, glacier mass balance is dominated by ice
ablation where the mass change is in the non-steady-state
(Ewert et al. 2012). The regional glacier mass balance b,
can be calculated by

zmjsm X by :éiisi X p; X him,
=1

t=1 i=1

by = (4)

Ll —

where S is the entire mountain glacier areas. s; is the dif-
ferent glacier-covered area in the altitudinal zone and the
area-weighted average density p; value includes glacier ice
density pjce, snow density psnow, and firn density pjp,. ¢ is
the index of the altitudinal zone, t = 1, 2, 3,..., m. i is the
number of each type of glacier surface covered, i = 1, 2,
3,..., n.

Uncertainty and errors

Validation of GLAS footprints-estimated lake level data-
sets suggests a statistical methodology for estimating the
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instantaneous water level of GLAS footprint data com-
pared to water level historical record in situ measurements.
In this study, GLAS altimetry measurements and gauge
level recorded for Bosten Lake water level were compared.
The time series of gauge level data and the ERS-2 and
ENVISAT satellite altimetry data are illustrated in Fig. 4.
The Root-Mean-Square-Error (RMSE) and standard devi-
ation of Bosten Lake were calculated using ENVISAT and
ERS-2 measurements (Frappart et al. 2006a). In order to
measuring the quality of geospatial data, the statistic
variable RMSE, is used to evaluate the GLAS footprint
elevation change along the ICESat orbital track:

1 n
RMSE, = ; Z (Zfootprims,i - Zsitu,i)za (5)

Where Zioorprinis,i 18 the elevation of the ith estimated GLAS
footprints in the any GLAS campaign dataset (m), Zsje,; 1S
the elevation of the ith check point in the independent
source with higher accuracy (m), n is the number of foot-
prints being compared and i = 1, 2, 3, ..., n. The relative
bias (Ep;as) 18 estimated as follows (Liu et al. 2011):

1 - X; footprints — Xj situ
By = — 3 ~1dootprints = Tt 30 (6)
m =i Xj footprints

where m is the total number of GLAS footprints elevation
profile, X; footprints the GLAS-estimated elevation of lake
water level and x; s, the observed value of lake water level.

The uncertain error of lake water storage change cal-
culated by GLAS data can be estimated by the following
equation (Frappart et al. 2006b),

5V =" 8s; x ohy, (7)
j=1

where 0V is the error of the water storage change (4V), ds; is
the error of lake surface area change in the jth time span,
and d#; is the uncertainty error of lake water level change in
the jth inter-campaign span, including the floating ice and
waves on the lake water surface elevation profiles (the red
circles shown in Fig. 3). The blue error bars show the water
level fluctuations within the 99 % confidence interval and
the red line is the GLAS data in vertical uncertainty.

Results and discussions
GLAS water level/elevation uncertainties

Comparing of in situ measurements (in blue circles) and
GLAS-derived water level time series for Bosten Lake
(Fig. 4a), demonstrates the two sets of lake water level
variations (in situ measurements in blue, GLAS in black)
are consistent, where their Pearson’ correlation coefficient
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is 0.96. The Bosten water level variation curve derived by
GLAS data decreased by 2.31 & 0.15 m while its in situ
measurements data showed the water level decreased by
2.68 £ 0.20 m over the period of 2003-2009, which
implies that the corresponding lake water storage decreased
by 3.33 + 0.25 km®. The difference between the water
level derived from the GLAS data and in situ measurement
data was 0.37 m, where the systematic errors are within the
99 % confidence level. Moreover, the two time series L2B
and L2C from near the middle of Bosten Lake have a mean
periodic amplitude in the range of approximately £0.15 m
from peak to peak (Fig. 3a, b). The L2B elevation profile on
February 27, 2004 is affected by floating ice, so the pulse
peak bias is larger than the L2C campaign profile on May
28, 2004. In summary, GLAS footprint elevations from the
ascending/descending track are significantly influenced by
seasonal or extreme snowfall as well as melting ice during
the freeze/thaw period when the uncertainty error of lake
water surface fluctuations (6/; gootpring) are within 0.15 m,
in addition to the systematic error and co-registration bias of
GLAS footprint data.

Lake water level and water storage changes

Figure 5 displays the water level variations of the Bosten
and Ayding Lakes. The figure clearly shows that the water
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Fig. 5 The water level changes of the Bosten Lake (a) and Ayding
Lake (b) estimated by GLAS and observed data over the period of
2003-2009
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2003

level of the Bosten Lake in October 2009 decreased by
2.68 = 0.10 m compared to February 2003. However, the
water level of the Ayding Lake increased in the period of
2003-2006, and decreased after 2006. The RMSE

0.8 Tarim Basin
E 04 -
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Fig. 6 The area-weighted average relative height variations of lakes
in the Tarim Basin, China, over the period of 2003-2009
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Fig. 7 The variations of the observed and GLAS-derived surface
mass balance of the Glacier No. 1 at the source area of the Urumqi
River during 2003-2009

difference between in situ observations and GLAS
altimetry-derived lake mean water levels are 0.10 m and
0.12 m for the Bosten and Ayding Lake over the period of
2003-2009.

In view of Fig. 5, it is interesting that Ayding Lake
water levels have greater seasonal fluctuations than in
Bosten Lake. The lake water surface area of Aiding Lake
decreased by approximately 50 km? compared to 2003, and
correspondingly the GLAS-estimated lake water level
decreased by 1.04 £ 0.3 m over the same time span. As a
whole, the area-averaged water level height in the Tarim
Basin also decreased by 0.41 = 0.2 m (in Fig. 6) and
correspondingly the lake water storage decreased by
13.85 & 6.2 km® w.e. compared to 2003. If the lakes water
level and water storage continue to decline, some small
lake may disappear, especially if the interactions between
water withdrawal of human activity and lake recharge from
precipitation and glacial meltwater are not balanced.

Glacier mass balance changes

Only one glacier in the East Tienshan Mountains is rou-
tinely observed, i.e., the Urumqi Glacier No. 1 at the
upstream area of the Urumgqi River. Although the glacier is
not within the Tarim Basin, it is located near the boundary
of the basin and in the upper catchment of the Bosten Lake.
Therefore, its mass balance observation results may verify
the glacier mass balance derived by the GLAS data. Fig-
ure 7 shows the GLAS-derived mass balance variations of
the glaciers within 100 km from the Urumqi Glacier No.1
and the observed mass balance variations of the Urumgqi
Glacier No.l. Both variations are similar and highly
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Fig. 9 The variations of the GLAS-derived mass balance of the
glaciers in Sections 1, 2, 3, 4 over the period of 2003-2009

positively related (their multiple correlation coefficient is
0.75). This similarity indicates that the GLAS-derived
mass balance is reliable.

Figures 8 and 9 present the GLAS-derived mass balance
of the glaciers in 4 regions of the Tarim Basin over the
period of 2003-2009. The cumulative glacier mass balance
in the eastern Tarim Basin including Tienshan and Altun
mountains is larger while smaller in the Kunlun Mountains
in the western Tarim Basin. In the entire basin, the area-
weighted average glacier thinning thickness was at a rate of
0.34 £ 025 m w.e./year, which 1is equivalent to
6.8 + 1.2 km® w.e. over the period 2003-2009.

Precipitation and evaporation

For hydrological storage changes (Do6ll et al. 2003), most
of the word’s catchment basins are in the WaterGap Global
Hydrological Model (WGHM). As is known to all, the
terrestrial water storage change of inland river basin
depends on the net effect of precipitation (P) and evapo-
ration (E), so P-E value has not only dominated the water
mass change but also influenced on the land surface runoff
change (Llovel et al. 2011). The inter-annual precipitation,
evaporation, and P-E value variation of the entire basin,
are shown in Fig. 10.

As Tarim river basin is located in an arid region, some
of the small rivers are independent catchment and river
stream disappeared into the desert. Thus, we have to use
average annual runoff, evaporation and precipitation in this
study. The annual surface runoff time series over
2003-2009 are well correlated to P-E curve, with Pear-
son’s correlation coefficient of 0.81 at the significance level
a < 0.01, compared Figs. 10d and 11. It was observed that
the P-E in Tarim River showed an increasing tendency, but
there was a subtle decrease in evaporation fluctuations on
the mountain regions. However, the total water mass
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Fig. 10 Trend curves of annual mean temperature (a), annual
precipitation (b), annual evaporation (c), and annual P-E value
(d) in the entire Tarim Basin, 2003-2009. The NCEP/NCAR
Reanalysis datasets of annual precipitation and evaporation are from
National Oceanic and Atmospheric Administration Earth System
Research Laboratory Physical Sciences Division (NOAA/ESRL PSD,
see the website http://www.esrl.noaa.gov/psd/data/reanalysis/index.
html), and these netCDF4-classic format data files are available for
climatic anomalies analysis in the basin

storage from P-E value was actually increasing during
2003-2009, and increased by at least 10 mm water
equivalent in entire basin. Hence, the spatial difference in
entire basin might be due to the effect by regional climatic
anomalies (in Fig. 12).

According to Figs. 9 and 11, the fluctuations of GLAS-
regional glacier mass balance and surface runoff were in
the opposite. When the regional glacier mass loss is larger,
the glacial runoff is larger, especially in 2005-2006. In
view of Figs. 10b and 11, both of precipitation and P-E
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Fig. 11 The annual surface runoff variations in the entire Tarim
Basin, 2003-2009, from WaterGAP (Water-Global Analysis and
Prognosis) model developed at the Center for Environmental Systems
Research, University of Kasse, and the other available components of
the hydrological cycle at URL: https://www.uni-frankfurt.de/
45218063/WaterGAP

change play an important role at the seasonal and annual
scales (Kundzewicz et al. 2015), rather than temperature
change. Due to the limited data of climatic change and
GLAS-glacier mass balance, we could not further study the
mechanism of climatic anomalies affecting the surface
runoff (Hao et al. 2008) and an indistinctive trend of river
discharge (Yaning et al. 2009).

In view of Figs. 9 and 11, it was interesting to note that
both of annual temperature and precipitation showed an
obvious tendency of increase during 2003-2009. Compar-
isons of 33 weather station climatic anomalies seem that

Fig. 12 The spatial distribution 75°E
1

the annual mean temperature increase dominated the gla-
cier mass loss, and are consistent with regional GLAS-
glacier mass balance (in Fig. 12). Furthermore, the East
Tienshan Mountains glacier thinning height is largest in
Tarim Basin on account of annual mean temperature
increased by 0.8 °C compared to 2003; and the West
Kunlun Mountains glacier mass thinning height is less. The
reason is that the P-E in West Kunlun Mountains has
shown a slightly positive trend and accordingly the regio-
nal glacier mass balance is less although the mean annual
temperature is continually increasing variations.

Effect of glacier mass loss on glacial meltwater
and lake water storage

In inland river basins, changes in glacier mass balance not
only influence glacier meltwater, but can also affect the
“close lake”. In the Tarim Basin, the glacier runoff
accounts for at least 41.5 % of the total river runoff (Gao
et al. 2010). This amount suggest that runoff changes in
this basin should be significantly affected by glacier melt,
especially in climatic anomalies (Werth and Giintner
2010). A recent study revealed that streamflows in the
Aksu River and the Yarkant River have significantly
(P < 0.05) increased (Chen et al. 2006). This increased
trend might be the result of the recent glacier mass loss. It
was estimated that total glacial meltwater runoff increased
by 14.3 % in the inland river basins in northwest China
with a temperature rise of 0.03 °C/year (Ersi et al. 2010).
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Usually, glacier mass loss accurate acceralte and increased
river runoff can lead to an increase in water storage in the
“close lakes.” However, our study showed that the water
storage of lakes in the Tarim Basin generally decreased.
This difference is largely caused by the consumption of
water resources by the human activities (Gao and Yao
2005) (land use, oases area expansion, population growth,
river damming, industrial water consumption and agricul-
tural irrigation, etc.), except ecological condition (Zhao
et al. 2013a) and global climate change (Karthe et al.
2015).

Conclusions

The study of water resources has drawn much attention,
especially in arid regions. Multiple global space-borne
satellites provide a useful method for this study. In the
Tarim Basin, the shortage of water resources is a serious
handicap social, economic, and environmental develop-
ment. Glaciers in the high mountains around the basin
function as “solid reservoirs.” However, their mass bal-
ance change and effect on the water resources are not clear.
In this paper, we used the GLAS data and high-resolution
satellite images to estimate the changes of glaciers and
lakes in the Tarim Basin. Comparing the GLAS-derived
mass balance and lake water levels with observational data,
we determined the derived datasets are reliable. Through
comprehensive computations and analyses, we revealed
that the rate of the glacier mass loss differs spatially where
the Tienshan and Altun Mountains to the east of the Tarim
Basin are melting faster than the Kunlun Mountains to the
west of the basin. The area-weighted average glacier
thinning occurred at a rate of 0.34 £ 0.25 m w.e./year over
the period 2003-2009. However, the mean water level of
lakes decreased by 0.41 + 0.25 m compared to 2003. This
water level decrease implies water consumption by human
activities and agricultural irrigation in the oases of the
basin. Therefore, it is urgent to study of the effects of
glacial meltwater runoff changes under global warming on
water resources in order to sustainably develop water
resources in arid central Asia.
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