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Terrestrial Water Storage (TWS) plays an important role in regional climate and water resources manage-
ment, especially in arid regions under global change context. However, serious lack of in-situ measure-
ments in remote alpine mountains is hindering our current understanding of regional TWS change in
the Tarim River Basin (TRB), a large and typical arid endorheic area in Northwest China of Central Asia.
To solve the problem, four different hydrology products from the Gravity Recovery and Climate
Experiment (GRACE) satellite, model simulations from Global Land Data Assimilation System (GLDAS)
in conjunction with in-situ measurements, are utilized to investigate patterns and underlying causes
of TWS and its component changes. An excess of precipitation over evapotranspiration (ET) plus runoff
contributes to an increase of TWS. The phase of Total Soil Moisture (TSM) lags that of Snow Water
Equivalent (SWE), indicating a recharge from snowmelt to TSM. Increasing TWS together with decreasing
SWE resulted in an increase of subsurface water. Our results are of great value to amend basin-wide
water management and conservation strategies for the similar arid regions considering climate change.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction Groundwater Storage (GWS) variations at large basin or continen-
Terrestrial Water Storage (TWS) plays a fundamental role
within the global water, energy, and biogeochemical cycles
(Famiglietti, 2004). TWS shapes climate and controls weather
through a series of simple to complex processes and feedback
mechanisms (Shukla and Mintz, 1982; Eltahir and Bras, 1996).
However, TWS has not yet been measured with sufficient accuracy
for vast areas due to lack of large scale monitoring means (Rodell
and Famiglietti, 1999; Alsdorf et al., 2000; Lettenmaier and
Famiglietti, 2006). The Gravity Recovery and Climate Experiment
(GRACE) satellite mission was launched in March, 2002 with aims
to observe large scale TWS variations (Tapley et al., 2004a). It has
been demonstrated that seasonal and inter-annual changes in
water storage for continental-scale patterns and for large river
basins can be inferred from GRACE observations with an unprece-
dented accuracy (Tapley et al., 2004b; Ramillien et al., 2005;
Schmidt et al., 2008). With the assistance of water storage compo-
nents simulated by Global Land Data Assimilation System (GLDAS)
(Rodell et al., 2004), GRACE can serve as a robust tool to estimate
tal scales (e.g. Ramillien et al., 2008; Rodell et al., 2009;
Shamsudduha et al., 2012).

The extremely arid Tarim River Basin (TRB) in northwest China
experienced a steady rise in population since 1960, increasing the
need for irrigation. The large scale irrigation in the TRB constitutes
a major modification to the natural water balance (Li et al., 2009)
and has triggered a range of environmental problems such as soil
salinization (Brunner et al., 2007), the unproductive loss of water
resources through phreatic evaporation (Brunner et al., 2008) and
degradation of riparian ecosystems along the Tarim River
(Schilling et al., 2014). Owing to increasing water consumption
by modern oasis agricultural development, many rivers in TRB suf-
fer a declining recharge from headstreams and tributaries and
gradually lost their hydraulic connections with the main stream
of Tarim River (Zhou et al., 2012). Climate and natural environment
changes coupling with the regional continental climatic conditions
will further deteriorate local water security.

Global warming and intensifying human activities have trig-
gered precipitation and streamflow to change significantly in many
regions around the world (e.g. Yang et al., 2008, 2010, 2014; Wang
et al., 2014). There are a number of studies addressing the hydro-
meteorological processes via investigating the changing character-
istics of precipitation, runoff and air temperature in the TRB
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(e.g. Yang et al., 2011; Bothe et al., 2012; Zhou et al., 2012; Ling
et al., 2013; Shang andWang, 2013). Remote sensing together with
Chloride Method have also been used to quantitatively evaluate
the groundwater recharge rate and its distribution in analogous
arid and semiarid regions (Brunner et al., 2004). However, so far
no investigation concentrated on the vertically integrated TWS
based on GRACE data over the TRB can be found. Due to the
absence of in-situ equipment for precipitation, glacier, snowpack
monitoring, especially in mountainous and desert regions (Fig. 1),
little is known about large scale change patterns of hydrology cycle
and water resources in TRB, thus seriously restricting to formulate
sustainable water management strategies for arid region.
Investigating the variability of water storage in the TRB is funda-
mental for a profound understanding of land-atmospheric and
hydrological processes, and thus of great value for regional sustain-
able water resource management.

The objective of this work is to investigate the changing
characteristics of TWS and its components and analyze the
underlying causes of TWS variations in the TRB. A suite of GRACE
hydrology products and simulations from GLDAS Land Surface
Models (LSMs) are used to derive TWS states and fluxes. Results
from different GRACE products and GLDAS simulations are
quantitatively compared with each other as a cross-validation to
evaluate the uncertainty, as compensation for the lack of in-situ
measurements. Rainfall, snowfall, evapotranspiration (ET) and
runoff (R) from GLDAS simulations as well as in-situ measured
precipitation (P) are analyzed to identify the underlying causes of
local TWS change. Our study will be of practical merit for a
better understanding of the TRB’s hydro-climatic variability to for-
mulate sustainable water management strategies in similar arid
endorheic regions.

2. Study region

TRB is China’s largest endorheic basin with a drainage area of
1.04 � 106 km2 in Northwest China (Fig. 1). At an altitude of
Fig. 1. Location of Tarim River Basin, a typical end
800–8600 m, the basin slopes down from west to east, forming a
typical sector-like pattern from its margin to its center, where is
located the world famous Taklamakan Desert bordered by moun-
tains and Gobi. The basin has four typical ring structures from
the margin to the inside, with oasis and Gravel Gobi at the basin
margin, desert at middle of the basin and Lop Nor at east of the
basin.

The TRB has an extreme continental arid climate characterized
by hot summers and cold winters, rare precipitation and strong
evaporation. The mean annual temperature varies from 10.6 to
11.5 �C with 43.6 �C being the maximum and �27.5 �C being the
minimum. The mean annual precipitation is 116.8 mm.
Extremely uneven temporal and spatial distribution of water
resources further results in a negative influence on highly efficient
utilization of water resources. The variability and availability of
water resources is a critical factor affecting the sustainability of
regional socio-economy in the TRB, where agriculture develop-
ment is heavily dependent on irrigation (Zhang et al., 2012).

Precipitation in TRB surrounding mountains plays an important
role in recharging surface water and groundwater in downstream
oasis and desert areas. Besides, seasonal melting water from
mountain snowpack and glaciers also has a decisive effect on run-
off processes (Yang, 1981). Located in the north part of TRB (Fig. 1),
Tien Shan Mountain has shown significant regional climate change
considering its temperature, precipitation, snowpack and glacier in
global change context (Sorg et al., 2012). Almost all meteorological
stations have recorded rising temperatures since the 1970s. Mean
annual precipitation has increased in the outer (Aizen et al., 1997)
and in the eastern ranges (Tao et al., 2011), but has decreased at
higher altitudes in the inner ranges (Sorg et al., 2012). Increasing
air temperatures have resulted in a decrease in the proportion of
solid precipitation and enhanced snowmelt (Aizen et al., 1997;
Qin et al., 2006). Glacier shrinkage in Tien Shan Mountain, espe-
cially in peripheral, lower-elevation ranges near the densely popu-
lated forelands, has led to significant seasonal alterations in runoff
(Sorg et al., 2012). Precipitation, glaciers and snowpack change in
orheic area in the Arid Region of Central Asia.
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surrounding mountains of TRB have significant influences on regio-
nal runoff schemes.
3. Datasets and methods

3.1. TWS from an ensemble of GRACE products

The GRACE satellite project, jointly sponsored by NASA and the
German Aerospace Center, has been collecting data since mid-
2002. The nominal product of GRACE mission is a series of Earth
gravity fields at �30 intervals (Tapley et al., 2004b). By exploiting
the direct relationship between gravity field changes and mass
changes at the Earth’s surface, the month-to-month Earth gravity
field from GRACE is possible to detect vertically integrated TWS
changes of 2–3 cm in Equivalent Water Height (EWH) over a basin
greater than the GRACE spatial resolution of about 300 km
(Swenson et al., 2003; Wahr et al., 2004).

In this study, four different gridded GRACE hydrology products
published by the Centre for Space Research (CSR), the
GeoForschungsZentrum (GFZ), the Jet Propulsion Laboratory (JPL)
and Groupe de Recherche en Ge’odesie Spatiale (GRGS), were
employed to derive TWS variations over the TRB.

The three gridded GRACE products provided by CSR, GFZ and JPL
(hereafter referred to as CSR-, GFZ- and JPL-GRID respectively) are
based on the latest Release-05 version gravityfield coefficients (land
grid version ‘‘scsv201209”, available at ftp://podaac-ftp.jpl.nasa.-
gov/) (Swenson andWahr, 2006). CSR, GFZ, and JPL all use different
strategies to compute gravity field coefficients from the raw GRACE
observations, while using similar background models for the ocean
and the atmosphere (Chambers, 2006). Several tests have proven
that RL05 dataset is more accurate and data from CSR, GFZ and JPL
are more consistent with themselves than the previous RL04 data
(Bettadpur, 2012; Chambers and Bonin, 2012). The model (Paulson
et al., 2007) used to remove postglacial rebound signal in the RL05
data has been revised by Geruo et al. (2013). And the gaussian
smoothing applied a radius of 200 km rather than 300 kmas for land
grid version ‘‘ss201008” (Swenson and Wahr, 2006; Landerer and
Swenson, 2012). The scaling coefficients provided for each 1� bin
of the GRACE gridded data are used to compensate bias and leakage
and restore much of the energy removed by truncation, destriping
and filtering processes (Swenson and Wahr, 2006).

The 10 day 1� � 1� GRGS GRACE time series data (version RL02;
hereafter referred to as GRGS-GRID) provided by Centre National
d’Études Spatiales (CNES) (Lemoine et al., 2007; Bruinsma et al.,
2010) is available at http://grgs.omp.obs-mip.fr. This dataset is
derived from GRACE GPS and K-band range rate data and from
LAGEOS-1/2 satellite laser ranging (SLR) data (Bruinsma et al.,
2010). These gravity fields are represented by a set of normalized
spherical harmonic coefficients from degree 2 up to degree 50
using a stabilization approach without additional filtering. GRGS-
GRID products do not require additional filtering, hence no scaling
factor is applied for the GRGS-GRID data (Biancale et al., 2006;
Ramillien et al., 2008; Tregoning et al., 2008). The 10 day GRGS-
GRID solutions were converted to a monthly time series by taking
the average values in order to directly compare them with other
GRACE solutions employed here.

Missing GRACE data in CSR, GFZ, JPL (June 2003, January and
June 2011) and GRGS (January, June 2003 and January 2011) time
series were imputed (i.e., infilling of missing values) using linear
interpolation and monthly mean values.
3.2. Global land data assimilation system

We apply monthly time series soil moisture estimates from four
GLDAS simulations. GLDAS was developed corporately by the
National Aeronautics and Space Administration Goddard Space
Flight Center (NASA GSFC) and National Oceanic and
Atmospheric Administration National Centers for Environmental
Prediction (NOAA NCEP) (Rodell et al., 2004). GLDAS ingests
satellite-, radar- and ground-based observational data products,
using the state-of-the-art land surface modeling and data assimila-
tion techniques, to generate optimal fields of land surface states (e.
g., soil moisture, snow water equivalent and temperature) and
fluxes (e.g., precipitation, ET and runoff). A number of studies using
satellite-based hydrological fluxes and states observations and
other hydrology model simulations have proved the applicability
of GLDAS simulations in large scale water balance analysis (e.g.
Rodell et al., 2007; Syed et al., 2008). Time series records of Total
Soil Moisture (TSM) with a spatial resolution of 1� � 1� were
derived from the four LSMs currently run in GLDAS, those are
CLM (v. 2) (Dai et al., 2003), Mosaic (Koster and Suarez, 1992),
Noah (Ek et al., 2003), and VIC (Liang et al., 2003). The total
depth of soil column in CLM (10 layers), Mosaic (3 layers), Noah
(4 layers), and VIC (3 layers) models are 3.4 m, 3.5 m, 2.0 m, and
1.9 m, respectively. However, neither GWS nor a surface water
routing module was provided by these LSMs (Dai et al., 2003;
Rodell et al., 2004).

Snowpack over surrounding mountains of TRB plays a funda-
mental role to local water supply as a huge solid water reservoir.
Since the 1970s, almost all meteorological stations have recorded
contrasting climate-driven precipitation changes and rising tem-
peratures in these regions (Narama et al., 2010). In the second half
of the twentieth century, decrease of both maximum snow cover
thickness and snow cover duration have been observed at stations
at all altitudes in Western and Central Tien Shan (Aizen et al.,
1997). Climate-driven changes in mountain snow-melting fed
streamflow regimes have direct implications on freshwater supply,
irrigation dependent agriculture and hydropower potential. Hence,
snowfields represented as (Snow Water Equivalent) SWE from
GLDAS were used in our study to evaluate snow water storages
changes in the TRB.

In addition, rainfall and snowfall from GLDAS forcings as well as
ET and R from GLDAS simulations are also employed to evaluate
GRACE Terrestrial Water Storage Change (TWSC) (defined as the
difference in storage between any two successive periods) using
surface water balance method.

GLDAS results are compiled in GRIB and NetCDF format and can
be obtained from GES DISC at http://disc.sci.gsfc.nasa.gov/hydrol-
ogy/data-holdings. Areal value of certain quantity is calculated
from gridded data as weighted arithmetic mean, using the propor-
tions of the area of a certain grid to the total area of the study
region as weights.

3.3. In-situ measured precipitation

The precipitation data from 26 ground-based meteorological
stations from January 2003 to December 2011 are used to validate
GLDAS precipitation. The China Meteorological Data Sharing
Service System of China Meteorological Administration (CMA)
maintains stations across China with standard equipment for mon-
itoring meteorological variables (http://cdc.cma.gov.cn/).

3.4. Data processing methods

Each GRCAE 1� � 1� monthly grid represents the gravity anom-
aly (GA below), that is, the difference between the gravity for that
month (G) and the average gravity during a long term reference
period (here is 01/2003–12/2011 in our study) (G). This can be
expressed as:

GAj ¼ Gj � G ð1Þ

http://grgs.omp.obs-mip.fr
http://disc.sci.gsfc.nasa.gov/hydrology/data-holdings
http://disc.sci.gsfc.nasa.gov/hydrology/data-holdings
http://cdc.cma.gov.cn/
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where the subscript j stands for the jth month. GRACE-observed
gravity anomaly was then converted into Terrestrial Water
Storage Anomaly (TWSA) using the relationship between gravity
anomaly and TWSA (Swenson and Wahr, 2002). The four GRACE
products used here are expressed as monthly gridded TWSA.
Hence, each monthly grid represents the difference between TWS
for that month (TWSj) and the average TWS during 01/2003–12/

2011 (TWS). The relationship can be expressed as:

TWSAj ¼ TWSj � TWS ð2Þ

TWSAjþ1 ¼ TWSjþ1 � TWS ð3Þ
The difference of GRACE TWSA in two successive months can

represent TWSC for a given basin at a monthly interval as follows:

TWSCj ¼ TWSAjþ1 � TWSAj ð4Þ
Based on water balance equation for a closed basin, TWSCj for a

given basin can also be expressed as:

TWSCj ¼ Pjþ1 þ Pj

2
� ETjþ1 þ ETj

2
� Rjþ1 þ Rj

2
ð5Þ

Basin-scale average TWSA was estimated from scaled GRACE global
fields as weighted arithmetic mean, using the proportions of the
area of a certain grid included in the study region to the total area
of the study region as weights. And the similar weighted arithmetic
mean method was used to calculate basin-scale average results
from original gridded products.

Point scale precipitation data at a certain time point from all
stations are first interpolated into 1� � 1� gridded data using
inverse distance weighting method as:

uðxÞ ¼
PN

i¼1
wiðxÞuiPN

i¼1
wiðxÞ

; if dðx;xiÞ – 0 for all i

ui; if dðx;xiÞ ¼ 0 for all i

8><
>: ð6Þ

where wiðxÞ ¼ 1
dðx;xiÞp is a simple inverse distance weighting function

(Shepard, 1968). x denotes an interpolated (arbitrary) point, xi is an
interpolating (known) point, d is a given distance from the known xi

to the unknown point x, N is the total number of known points used
in the interpolation and p is a positive real number, called the
power parameter. Areal precipitation was then calculated from
gridded precipitation data as weighted arithmetic mean, using the
proportions of the area of a certain grid included in the study region
to the total area of the study region as weights.

Unweighted least square fitting is a basic signal processing
approach in geophysics, especially in physical geodesy. The pattern
of TWS variations is influenced by different kinds of geophysical
processes. Seasonal cycles of the hydrological components were
forced by the seasonal cycle of solar radiation, while inter-annual
variability in the hydrological cycle was controlled by atmospheric
circulation and precipitation (Eltahir and Yeh, 1999). So, TWS sig-
nal is a synthesis of signals with different periods. This approach
was used to separate TWS signals of different periods and investi-
gate the patterns and discuss the potential influences to signals of
different periods.

The equation we used to fit TWS in this approach is:

TWS ¼ Aannual cos
2p

Tannual
t þuannual

� �
þ Asemi

� cos
2p
Tsemi

t þusemi

� �
þ bt þ c; ð7Þ

where Aannual and Asemi are annual and semiannual amplitudes,
Tannual and Tsemi are periods of annual and semiannual cycles, and
Tannual ¼ Tsemi ¼ 12 months, b is the linear trend and c is a constant
term.
4. Results and discussions

4.1. Comparison between GRACE and GLDAS over the TRB

The time series of GRACE-based TWSA (GRACE TWSA) and
GLDAS simulated TSM plus SWE anomaly (GLDAS TWSA) spatially
averaged over the TRB from January 2003 to December 2011 are
shown in Fig. 2. Time series from the four GRACE products compare
favorably with each other regarding their temporal evolutions,
showing distinctive seasonal variations with water storage max-
ima generally found during the months of April to May and minima
during October to November. TWS variations estimated from dif-
ferent GRACE products are strongly correlated with each other.
The highest Pearson correlation (r = 0.91, p value < 0.0001) is
observed between GRGS-GRID and CSR-GRID derived TWSA, and
the correlation coefficients of TWSA signals derived from all differ-
ent GRACE products can generally reach 0.70 with p value less than
0.0001.

The temporal variations of GLDAS-TWSA are coherent among
the four GLDAS LSMs considering the phases of dry and wet peri-
ods (Fig. 2). The correlation coefficient between NOAH and VIC
results is 0.94. This is perhaps not surprising since soil moisture
changes are determined primarily by precipitation forcings that
are the same for all models in GLDAS (Rodell et al., 2004).
However, different amplitudes can also be found with NOAH show-
ing the weakest annual amplitude while the MOSAIC showing the
strongest (Fig. 2).

In the following analysis, we use the arithmetic mean of 4
GRACE-derived TWSA and 4 GLDAS-simulated (Total Soil
Moisture Anomaly) TSMA and (Snow Water Equivalent Anomaly)
SWEA. The standard deviation of water storage from different
GRACE products and model simulations are employed to estimate
the uncertainty of the final results.
4.2. Changes of TWSA storage components

Fig. 3 shows the temporal evolution of the mean GRACE TWSA,
GLDAS TSMA and SWEA, and TWSA–TSMA–SWEA together with
the standard deviation. TWSA, TSMA and SWEA exhibit significant
seasonal variability. SWEA estimates, though limited in its geo-
graphic extent in mountain regions, contribute significantly to
the averaged TWSA estimates by the virtue of the larger magnitude
of snow water storage. On the other hand, TSMA estimates have a
contrasting feature of a wider spatial extent but smaller
magnitudes. Furthermore, peak TSMA storage lags that of SWEA,
indicating the contribution of snowmelt to soil moisture recharge.
SWEA exhibits a rapid increase during 2003–2005 while a decrease
during 2005–2011 and thus results in an opposite trend in TWSA–
TSMA–SWEA, i.e., a decrease during 2003–2005 and an increase
during 2005–2011.
4.2.1. Intra-annual variability
The mean seasonal cycle of TWSA and its storage components is

shown in Fig. 4. GLDAS SWEA peaks in April and reaches the lowest
value in September with a seasonal amplitude of 45.1 ± 9.2 mm.
Depending on the recharge of snowmelt from SWE, the phase of
TSMA lags SWEA of 3–4 months. The relatively more abundant
rainfall in July also contributes to more recharge thus higher mag-
nitude to TSMA in July. The seasonal amplitude of TSMA is
17.7 ± 13.7 mm, about one third of that of SWEA. As an arid region
featuring several different kinds of geomorphic types, the depth of
unsaturated soil layer ranges from 3 m in riparian region to
50 m in desert and gobi region in the TRB (Dong and Deng,
2005). However, GLDAS models can simulate a depth of at most
3.5 m (Mosaic). Under-representation of TSM in areas with thick



Fig. 2. Time series of TWSA from four different GRACE hydrology products and TSMA plus SWEA from four GLDAS LSMs.

Fig. 3. (a) Monthly values of GRACE TWSA, GLDAS TSMA and GLDAS SWEA. (b) Monthly mean values of TWSA–TSMA–SWEA derived from all GRACE and GLDAS estimations,
along with the error bars showing the uncertainty.

Fig. 4. Water storage seasonal cycle over the period 2003–2011 for GRACE TWSA, GLDAS TSMA and GLDAS SWEA. Together shown are GLDAS TSMA + SWEA and TWSA–
TSMA–SWEA, an approximation of GWSA.
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unsaturated zones can result in underestimation of the seasonal
amplitude of TSMA.

GRACE TWSA peaks in April and July individually. The seasonal
amplitude of GRACE TWSA is 39.6 ± 9.0 mm. The two peaks in
GRACE TWSA can be attributed to peak value of SWE in April and
that of rainfall in July respectively. As an enclosed endorheic basin,
a large amount of surface and sub-surface water originates from
melting water of snow cover and glacier.

Assuming there are little or no other factors resulting in the
gravity change in this region except water storage variations,
TWSA–TSMA–SWEA can be regarded as a valuable reference to
investigate Groundwater Storage Anomaly (GWSA). As shown in
Fig. 4, the seasonal amplitude of GWSA in the TRB is
31.6 ± 8.1 mm. GWSA increases during May to July and peaks in
July due to abundant recharge from snowmelt and precipitation
in summer.

4.2.2. Inter-annual variability
Inter-annual variability of GRACE TWSA and GLDAS TSMA

+ SWEA has been analyzed by subtracting annual, semiannual



Fig. 5. Inter-annual variations of TWSA from GRACE and GLDAS after removing
annual, semiannual and trend signals using an unweighted least square fit.
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and trend signals calculated using an unweighted least square fit
(Fig. 5). A good agreement with a correlation coefficient of 0.61
(p < 0.0001) is found between GRACE and GLDAS. The least square
fitted annual and semiannual fluctuation of GRACE TWSA and
GLDAS TSMA + SWEA matches well with each other in term of
the amplitude and phase (not shown).

Improved correlation between GRACE and GLDAS after remov-
ing the seasonal and trend signals indicates that GLDAS can effec-
tively simulate the inter-annual variability of TWS in spite of its
exclusion of surface and groundwater terms. Thus inter-annual
Fig. 6. Time series of monthly (a) observed precipitation, GLDAS-based rainfall, snowfall;
(GRACE) Terrestrial Water Storage Anomaly (TWSA), along with their average (e) monthl
the linear trend.
variability of TWS variation in the TRB region is mainly caused
by TSM and SWE. And groundwater and surface water have no sig-
nificant contribution to TWS inter-annual variability.

It is also revealed from Fig. 5 that the TRB region exhibits a
nearly two year alternation of relatively dry and wet periods. It
also corresponds well with the flood and drought condition as
measured by yearly rainfall in Fig. 7(b), for instance, the continu-
ous drought during 2007–2008 and the dramatic flooding in 2010.
4.2.3. Increasing GWS from increasing melting water
The changing rate of TWSA, TSMA, SWEA and GWSA in

our study period are 1.6 ± 0.6 mm/year, 0.2 ± 1.0 mm/year,
�5.5 ± 1.7 mm/year and 6.9 ± 2.2 mm/year (Fig. 3). Since GWSA is
estimated by subtracting TSMA + SWEA from TWSA, the calculated
increase in GWSA can be mainly attributed to the decrease of
SWEA.

Snow and glaciers play an important role in stream flow
regimes in arid regions with little summer precipitation.
Maximum snow cover thickness has decreased by approximately
0.1 m and snow cover duration by 9 days between 1940 and
1991 in inner ranges of Tien Shan (Aizen et al., 1997). Analyses
based on MODIS data for the period 2000–2007 confirm that the
decrease in snow cover duration is persisting and that snowmelt
now occurs earlier (Khalsa and Aizen, 2008). Intensified snow melt
in regions surrounding the TRB may strongly affect the quantity
(b) evapotranspiration, (c) runoff and (d) Gravity Recovery and Climate Experiment
y and (f) seasonal values for 2003–2011 in Tarim River Basin, the dashed lines show



Fig. 7. (a) Comparison of Terrestrial Water Storage Change (TWSC) derived from Gravity Recovery and Climate Experiment (GRACE) with that derived from
hydro-meteorological fluxes at monthly time scale; (b) yearly values of hydro-meteorological variables, GRCAE-derived and fluxes-derived TWSC.

Table 1
Definitions of abbreviations of hydrological quantities appeared in our study.

Abbreviations Definitions Unit

P Precipitation mm/month
ET Evapotranspiration mm/month
R Runoff mm/month
TWS Terrestrial Water Storage mm
TWSA Terrestrial Water Storage Anomaly, defined as

the time-variable residual water content
relative to the long term mean water content
during 2003–2011

mm

TWSC Terrestrial Water Storage Change, the
changing rate of TWS between two successive
months

mm/month

SWE Snow Water Equivalent mm
SWEA Snow Water Equivalent Anomaly mm
TSM Total Soil Moisture mm
TSMA Total Soil Moisture Anomaly mm
GWS Groundwater Storage mm
GWSA Groundwater Storage Anomaly mm

336 T. Yang et al. / Journal of Hydrology 529 (2015) 330–339
and seasonal distribution of local runoff and increasing runoff has
been observed in Tarim River in the past decades (Tao et al., 2011).

Increasing snow/ice melting water draining into the TRB may be
the underlying cause of TWSA and GWSA increasing in our study.
Lutz et al. (2014) project a consistent runoff increase in High Asia
Mountains due to increasing glacier melt and precipitation. Since
groundwater decrease have been observed in agriculture domi-
nated mountain front regions (e.g. Li et al., 2009), our results indi-
cate that melting snow and ice mainly recharge groundwater in
inner-basin desert regions. Chen et al. (2012) analyzed the cause
of the newly formed lakes in the Taklamakan Desert. Using the iso-
topic composition of water samples collected from the new lakes in
the desert as tracers, together with data from remote sensing, local
weather stations and stream gauges, Chen et al. (2012) inferred
that the new lakes may originate from increased recharge of
groundwater from meltwater in the nearby mountains. Here, our
analysis based on GRACE and GLDAS results gives the similar infer-
ence as Chen et al. (2012) and further provides an estimate of GWS
increasing trend.

However, shrinkage of ice and snow reserves may have a signif-
icant impact on the regional climate change and the sustainable
development of water resources in the TRB. Intensified glacier melt
in regions surrounding the TRB may strongly affect the quantity
and seasonal distribution of local runoff. Our study calls attention
to the formulation of new water management strategies consider-
ing water resources redistribution among different natural water
reservoir. It also calls attention to the study of detection and uti-
lization of groundwater resources in desert region (see Table 1).
4.3. Water balance and storage fluxes analysis

Fig. 6 shows time series of in-situ measured precipitation,
GLDAS rainfall, snowfall, ET, R and GRACE TWSA at different time
scales. The amplitudes are generally high in summer (June–
August) and low in winter (December–January) except for GLDAS
snowfall (see Fig. 6(a)–(f)). The fluctuations of the states/fluxes
terms, as measured by the minima, maxima and mean values,
along with the corresponding trends of the monthly, seasonal
and annual time series are listed in Table 2.

GLDAS merges the strengths of both in-situ and space-borne
observations and model simulations with the goal of maximizing
spatial temporal coverage, consistency, resolution and accuracy
(Rodell et al., 2004). The in-situ observed precipitation and
GLDAS-based rainfall coincide well with each other considering
the maxima, minima and mean values at different time scales
(Table 2 and Fig. 6(a)). However, it should be noted that there were
no snowfall records in the meteorological dataset from any CMA
station in the study region during 2003–2011. This seems to be
at variance with historical records (e.g. the snowfall event in the
TRB in 2008) and can possibly be attributed to instrument failures,
measurement drift or other problems. On the other hand, GLDAS
snowfall mainly occurs in the South and North Slope of Kunlun
Mountains (not shown). However, as shown in Fig. 1, there is no
CMA station in the mountain regions and this could result in the
absence of snowfall measurement.

TWSC derived from the GRACE observations and that derived
from GLDAS storage fluxes of P, ET and R (hereafter referred to as
flux-derived TWSC) are shown in Fig. 7. There are favorable agree-
ments between the GRACE-derived and flux-derived TWSC (Fig. 7
(a)). The correlation coefficient between GRACE TWSC and GLDAS
P–ET–R is 0.66 with p < 0.0001. Fig. 8 illustrates the water balance
considering the input (P), outputs (ET and R), GRACE TWSC (the
difference of TWSA at the end and TWSA at the beginning of each
time period) and GLDAS TWSC (P–ET–R) for each specific time per-
iod, with uncertainties estimated as standard deviation of different
GRACE and GLDAS results. For 2003–2011, GRACE TWSC corre-
sponds well with GLDAS TWSC. This indicates that water balance
in the TRB can be closed successfully using GRACE TWSC and
GLDAS P–ET–R, further indicates that GRACE and GLDAS results
can be used in water balance analysis in our study region.
However, GLDAS TWSC is larger than GRACE TWSC for 2003–2005
and smaller than GRACE TWSC for 2006–2008 and 2009–2011.
The relative uncertainties of GLDAS TWSC are generally larger than
that of GRACE TWSC and can mainly be attributed to the large
uncertainties of R. Hence, though GLDAS has been proved to be
robust in long term large scale terrestrial water balance analysis,
the discrepancy among GLDAS LSMs should be reconciled in order
to provide results with low uncertainty, especially in regional scale
ungauged areas.

Also shown in Fig. 7(a) is the flux-derived storage change which
employed the in-situ measured precipitation data instead of



Table 2
Statistical properties of the hydro-meteorological variables used in water storage
analysis in Tarim River Basin.

Storage variable (mm) Min Max Mean Trend

Monthly value
obsP 0.1 31.9 5.8 0
modRain 0.1 29.2 5.6 0
modSnow 0.5 57.2 11.6 �0.1
modP 2.4 59.4 17.0 �0.1
modET 2.3 26.8 10.7 0
modR 0.6 34.6 6.0 0
GRACE TWSA �46.7 38.5 0 0.1

Seasonal value
obsP 0.7 59.0 17.9 0
modRain 0.6 58.6 16.0 0.3
modSnow 6.4 86.7 34.8 �0.7
modP 21.0 95.4 50.9 �0.4
modET 11.1 64.7 32.2 0.1
modR 2.5 80.7 18.0 0.1
GRACE TWSA �38.8 32.9 0 0.4

Yearly value
obsP 44.1 113.7 71.5 �1.4
modRain 42.1 104.7 64.1 3.4
modSnow 104.3 188.5 139.4 �8.3
modP 166.3 272.2 203.5 �4.8
modET 107.9 154.6 128.8 0.5
modR 40.3 111.4 72.0 1.4
GRACE TWSA �16.1 14.3 0 1.6

Abbreviations: obsP, in-situ observed precipitation; modRain, GLDAS-based rainfall;
modSnow, GLDAS-based snowfall; modP, GLDAS-based precipitation, i.e. the sum-
mation of GLDAS rainfall and snowfall; modET, GLDAS-based evapotranspiration;
modR, GLDAS-based runoff; and GRACE TWSA, GRACE derived terrestrial water
storage anomaly.
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GLDAS precipitation as the summation of rainfall and snowfall. The
time series shows distinct discrepancy with GRACE-derived water
storage, with negative water storage change occurs almost at all
months. Negative water storage change at all months indicates a
successive excess of ET + R over P, which would result in water
storage decline in the study period. However, TWSA shows an
increasing trend of 1.6 ± 0.6 mm/year during 2003–2011. Hence,
though lack of in-situ measurements, it is of great necessity to
involve snowfall from GLDAS in the equation in order to close
the water budget in the TRB. The negative trend of TWSC could
be attributed to the decrease of precipitation and the increase of
ET and R (Table 2). Despite the negative TWSC trend, P is still larger
than ET + R, hence the surplus P still added water to the study area
Fig. 8. Box scheme of water balance for different time periods. P, ET and R is the summat
ET–R. GRACE TWSC is calculated as the difference between TWSA at the end and TWSA
deviation of different GRACE and GLDAS results and the relative uncertainties is shown
and the TWSA exhibited an increase during the study period
(Figs. 6(d) and 8(a), Table 2).

Table 3 shows the correlation between GRACE-derived TWSC
and GLDAS-based hydrological variables. The correlations between
modP and modET and modR were a little poor which is beyond our
conventional expectation. However, as shown in Fig. 6(a) and (e),
snowfall in winter accounts for a significant part in the GLDAS pre-
cipitation. With the spring coming, the increasing snowmelt water
acts as a main source of ET and R. Hence, the correlations between
modP and modET and modR can be obviously improved by
employing a time lag of 3 months or 1 season in the time series
(Table 3). Table 3 also indicates that GRACE TWSC correlates well
with P, ET and R, suggesting that these storage fluxes are the main
drivers of TWS change in the TRB.

4.4. Uncertainty analysis

Four different GRACE TWS products and four set of GLDAS LSMs
outputs were used in our study. The reliability of GRACE and
GLDAS to reveal large scale TWSC have been demonstrated in sev-
eral regions where intense surface water, soil moisture and
groundwater measurements exist. Syed et al. (2008) demonstrate
that GLDAS can perform reasonably in capturing the global spatial
patterns of observed storage changes at seasonal timescales. The
study by Rodell et al. (2007) indicates that the GRACE–GLDAS esti-
mates compared favorably with the well based time series for the
Mississippi River basin and the two sub-basins that are larger than
900,000 km2. Groundwater storage changes derived from GRACE
TWS and GLDAS TSM correspond well to in situ borehole records
in the Bengal Basin (Shamsudduha et al., 2012). Because of the lack
of large scale in-situ soil moisture measurements, GLDAS-
simulated soil moisture have been widely used in GRACE-related
terrestrial water balance study (e.g. Ramillien et al., 2008; Rodell
et al., 2009; Shamsudduha et al., 2012). All these studies demon-
strated the applicability of GLDAS in large scale water balance
analysis.

The correlation coefficients and standard deviation of different
GRACE products and of different GLDAS results were further used
to analyze the reliability of GRACE and GLDAS quantitatively.
Though no in-situ measurements could be found to validate
GRACE observations and GLDAS simulations, the coherence among
different GLDAS products and different GLDAS outputs in our study
region makes it more convincible that GRACE and GLDAS can be
used here with a low uncertainty. The mean standard deviation
ion of each quantity during the specific time period. GLDAS TWSC is calculated as P–
at the beginning of each time period. The uncertainties were estimated as standard
in the parentheses (unit: mm).



Table 3
Correlation coefficients between GRACE-derived TWSC and GLDAS-based hydrolog-
ical variables.

Correlation coefficients modP modE modR GRACE TWSC

Monthly value
modP 1.00
modET 0.35 (0.51)a 1.00
modR 0.08 (0.47) 0.73 1.00
GRACE TWSC 0.55 �0.52 �0.75 1.00

Seasonal value
modP 1.00
modET 0.27 [0.68]b 1.00
modR 0.06 [0.49] 0.78 1.00
GRACE TWSC 0.42 �0.70 �0.80 1.00

Yearly value
modP 1.00
modET 0.75 1.00
modR 0.54 0.52 1.00
GRACE TWSC 0.40 �0.84 �0.85 1.00

a Values within parentheses are correlation coefficients with a lag of 3 month.
b Values within square brackets are correlation coefficients with a lag of 1 season.
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is 7.2 mm among GRACE TWSA from different GRACE products,
and 13.4 mm among GLDAS TSMA + SWEA from different LSMs,
within the detectability of GRACE of �1.0–1.5 cm equivalent water
height (Wahr et al., 2004). According to previous studies and
uncertainty analysis in our study, our results are reliable based
on GRACE and GLDAS products.
5. Conclusions

The changing characteristics of TWS and its components and
the driving factors are investigated based on GRACE hydrology
products and GLDAS model simulations, together with in-situ mea-
sured precipitation data.

Considering the mean seasonal cycle of TWS and its compo-
nents, GLDAS SWEA peaks in April and reaches the lowest value
in September with an amplitude of 45.1 ± 9.2 mm. Depending on
the recharge of snowmelt from SWE, the phase of TSMA lags
SWEA of 3–4 months. The seasonal amplitude of TWSA–TSMA–
SWEA in the TRB region is 31.6 ± 8.1 mm.

As to TWS inter-annual variability, a good agreement is found
between GRACE TWSA and GLDAS TSMA + SWEA, indicating that
GLDAS can effectively simulate the inter-annual variability of
TWS in spite of its exclusion of surface and groundwater terms
and inter-annual variability of TWS in the TRB region is mainly
caused by TSM and SWE changes. In addition, TWS inter-annual
variability corresponds well with the flood and drought condition
as measured by yearly rainfall.

Increasing TWSA in conjunction with decreasing SWEA resulted
in an increase of subsurface water. Melting water from decreasing
SWEA are mainly from surrounding mountains and recharge GWS
in inner-basin desert region. This inference corresponds well to
previous study using isotopic method. And we further give an esti-
mate of GWS increasing trend of 6.9 ± 2.2 mm/year. The increasing
recharge to GWS from SWE melting leads to an increase in GWS
and may contribute a lot to the relief of water crisis of water-
depended agriculture.

Analysis of water balance indicates that water balance in the
TRB can be closed successfully using GRACE TWSC and GLDAS
P–ET–R and P decrease and ET + R increase result in a decrease of
TWSC. However, an excess of P over ET + R still adds water to the
TWS and contributes to an increase of TWSA time series. GRACE
TWSC correlates well with P, ET and R, suggesting that these stor-
age fluxes are the main drivers of TWS change in the TRB. No
snowfall record can be found from in-situ observations. However,
it is of great necessity to include GLDAS snowfall in order to close
the water budget in the TRB. It further indicates that it is of great
value to involve snowfall frommultiple data sources, such as satel-
lite observations, radar measurements, and reanalysis datasets, in
order to compensate the inability of in-situ measurement systems
to capture snowfall records while doing hydrologic research in
such mountainous regions.
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