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Abstract: As China’s largest inland river basin and one of the world’s most arid regions, the Tarim
River Basin is home to an extremely fragile ecological environment. Therefore, monitoring the water
storage changes is critical for enhancing water resources management and improving hydrological
policies to ensure sustainable development. This study reveals the spatiotemporal changes of water
storage and its driving factors in the Tarim River Basin from 2002 to 2022, utilizing data from GRACE,
GRACE-FO (GFO), GLDAS, the glacier model, and measured hydrological data. In addition, we
validate GRACE/GFO data as a novel resource that can monitor the ecological water conveyance
(EWC) benefits effectively in the lower reaches of the basin. The results reveal that (1) the northern
Tarim River Basin has experienced a significant decline in terrestrial water storage (TWS), with an
overall deficit that appears to have accelerated in recent years. From April 2002 to December 2009, the
groundwater storage (GWS) anomaly accounted for 87.5% of the TWS anomaly, while from January
2010 to January 2020, the ice water storage (IWS) anomaly contributed 57.1% to the TWS anomaly.
(2) The TWS changes in the Tarim River Basin are primarily attributed to the changes of GWS and
IWS, and they have the highest correlation with precipitation and evapotranspiration, with grey
relation analysis (GRA) coefficients of 0.74 and 0.68, respectively, while the human factors mainly
affect GWS, with an average GRA coefficient of 0.64. (3) In assessing ecological water conveyance
(EWC) benefits, the GRACE/GFO-derived TWS anomaly in the lower reaches of the Tarim River
exhibits a good correspondence with the changes of EWC, NDVI, and groundwater levels.

Keywords: GRACE/GRACE-FO; Tarim River Basin; terrestrial water storage; groundwater storage;
ecological water conveyance

1. Introduction

Monitoring terrestrial water storage (TWS) changes is crucial for revealing the mecha-
nisms of the global water cycle [1,2], exploring the causes of water storage fluctuations [3,4],
and preventing droughts and floods [5,6]. Especially in arid regions, irrational human water
usage can lead to prolonged and accelerated artificial droughts [7], severely disrupting
ecosystems and water balance systems with irreversible effects [8,9]. The Tarim River Basin
is a typical arid region in China where extensive agricultural development since the 1950s
has resulted in excessive exploitation of groundwater and depletion of water resources [10].
This activity has led to a reduction in the flow of the Tarim River and the occurrence
of prolonged dry periods in the mainstreams and tributaries of downstream rivers [11].
Therefore, the Chinese government implemented an ecological water conveyance (EWC)
policy [12], which has cumulatively conveyed about 9.5 billion m3 of ecological water to
the lower reaches of the Tarim River by 2022. Furthermore, global warming has led to the
continued retreat of Asian glaciers. Calculations based on ICESat-1,2 show that the continu-
ous mass change of Asian glaciers from 2003 to 2019 was −28 ± 6 Gt/a [13]. Observations
from CryoSat-2 also reveal that the elevation in Asian glaciers has been on a downward

Remote Sens. 2024, 16, 4355. https://doi.org/10.3390/rs16234355 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs16234355
https://doi.org/10.3390/rs16234355
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0009-0000-0067-1574
https://orcid.org/0000-0001-5305-7017
https://doi.org/10.3390/rs16234355
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs16234355?type=check_update&version=1


Remote Sens. 2024, 16, 4355 2 of 16

trend from 2010 to 2019 [14]. Specifically, the glacier area in the Aksu Prefecture retreated
by 309.40 km2 from 1990 to 2022, with the glacier retreat rate increasing [15]. Given the
limited water resources in the Tarim River Basin, improper management of these critical
resources will severely hinder regional economic development. Therefore, monitoring TWS
changes is crucial for strengthening water resource management and achieving sustainable
development in the basin.

Due to the scarcity of meteorological stations and groundwater monitoring wells, the
application of traditional technology for monitoring the water storage changes presents
significant challenges in the Tarim River Basin. However, GRACE and GFO have become
a viable and essential tool for monitoring the changes of TWS, glacier mass, and sea
level [16–18]. Previous research has demonstrated that GRACE-derived TWS is highly
correlated with annual rainfall in the Tarim River Basin [19]. Additionally, GRACE can
monitor groundwater storage (GWS) changes based on the relationship between TWS and
GWS [20]. Water balance equations [19,21], principal component analysis [22], downscaling
analysis [20,23], and other methods [24,25] have been incorporated into the hydrological
study of the Tarim River Basin. Several results indicate that the water storage in the Tarim
River Basin generally declines in the long term. It is found that the water storage changes
in the Tarim River Basin are primarily dependent on precipitation [26,27]. In addition,
it is mainly influenced by evapotranspiration in the southern Tianshan Mountains [20].
The increase in agricultural land area and population has led to the over-exploitation of
groundwater, and human factors account for over 50% of GWS change [28]. Notably, the
frequency and severity of climate extremes have increased significantly in recent years,
leading to more hydroclimatic events [29–31].

Thus, we integrate data from GRACE/GFO, glacier models, and hydrological models
to comprehensively investigate the water storage changes and driving factors in the Tarim
River Basin over the past 20 years. The main components and driving factors of water
storage changes are further identified by independent component and grey relation anal-
yses. Furthermore, EWC constitutes a critical strategy for mitigating drought conditions
within the lower reaches of the Tarim River. Current studies evaluate the EWC impacts
mainly based on the measured material, remote sensing data, and normalized difference
vegetation index (NDVI) [32–34], but these methods do not directly reflect the overall water
storage changes. While GRACE/GFO has the capability to directly monitor water storage
changes, this study examines the feasibility of GRACE/GFO in detecting the EWC impacts
in the lower reaches of Tarim River.

2. Study Area and Datasets
2.1. Study Area

The Tarim River Basin, characterized by extreme terrains such as glaciers and deserts,
is located northwest of China, surrounded by the Tianshan Mountains, Kunlun Mountains,
and Altun Mountains (see Figure 1). The primary sources of replenishment are glacier
meltwater and atmospheric precipitation [35]. The Tarim River Basin belongs to the conti-
nental warm temperate extreme arid climate, where rainfall is scarce and evaporation is
intense [36]. Moreover, the expansion of farmland and population growth have exacerbated
land desertification and river drying, resulting in the lower reaches of the Tarim River
being affected by the most severe ecological degradation of the basin [37]. Hence, the EWC
project has been carried out to alleviate the drought conditions in the lower reaches of the
Tarim River since 2000 [38].
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Figure 1. Study area and distribution of groundwater monitoring wells.

2.2. Datasets

The information, sources, and periods of the data models and datasets utilized in this
paper can be found in Table 1.

Table 1. Data models and datasets.

Category Data Information and Source Period

TWS CSR GRACE/GFO RL06.2 Mascon (https://www.csr.utexas.edu/,
accessed on 27 November 2023) [39] April 2002–December 2022

SWS GLDAS NOAH2.1 (https://hydro1.gesdisc.eosdis.nasa.gov/data/,
accessed on 25 November 2023) April 2002–December 2022

IWS
LEGOS Research Team

(https://www.sedoo.fr/theia-publication-products/, accessed on
10 November 2023) [40]

April 2002–January 2020

Precipitation ERA5—Total Precipitation (https://cds.climate.copernicus.eu/,
accessed on 18 February 2024) April 2002–December 2022

Evapotranspiration ERA5—Evaporation (https://cds.climate.copernicus.eu/, accessed
on 18 February 2024) April 2002–December 2022

Measured GWS

Dataset of Groundwater Level in the lower reaches of Tarim River
(https://data.tpdc.ac.cn/, accessed on 5 March 2024) [41] April 2002–December 2007

CERN Groundwater Data Set (https://www.scidb.cn/, accessed on
3 March 2024) [42] January 2005–December 2014

China Groundwater Level Yearbook for
Geo-Environmental Monitoring January 2018–December 2021

NDVI MOD13C2 (https://ladsweb.modaps.eosdis.nasa.gov/, accessed on
2 September 2023) April 2002–December 2022

Runoff China River Sediment Bulletin 2003–2022
Water consumption Xinjiang Water Resources Bulletin 2003–2021

EWC Tarim Basin River Basin Authority 2003–2022

2.2.1. Water Storage Models

The terrestrial water storage anomaly (TWSA) is calculated by the Mascon RL06.2
model from the Center for Space Research (CSR) at the University of Texas in Austin,

https://www.csr.utexas.edu/
https://hydro1.gesdisc.eosdis.nasa.gov/data/
https://www.sedoo.fr/theia-publication-products/
https://cds.climate.copernicus.eu/
https://cds.climate.copernicus.eu/
https://data.tpdc.ac.cn/
https://www.scidb.cn/
https://ladsweb.modaps.eosdis.nasa.gov/
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with a spatial resolution of 0.25◦ × 0.25◦, which is constructed via Tikhonov and L-ribbon
regularization. The main improvements compared to the Mascon RL06 model are as
follows [39]: (1) the adoption of the new version ACH1B product for GFO accelerometer
processing and (2) optimized estimation of the low-order coefficient and elimination of some
uncertainty signals. Due to the gaps between GRACE and GFO during the observation
process, this study used the Singular Spectrum Analysis (SSA) method to fill the data
gaps [43].

For the calculation of surface water storage (SWS), this study used the NOAH v2.1
monthly land surface model from the Global Land Data Assimilation System (GLDAS
NOAH v2.1). This model provides global soil moisture storage (SMS), snow water equiva-
lent (SWE), and canopy water storage (CWS), with a spatial resolution of 0.25◦ × 0.25◦ and
monthly temporal resolution. Additionally, glacier meltwater is also one of the essential
sources of replenishment for the Tarim River Basin. This study utilized a glacier model
calculated based on DEM and ICESat, which provides global ice water storage (IWS) [40].
After post-processing, a monthly glacier model with a spatial resolution of 0.25◦ by 0.25◦

was successfully generated.

2.2.2. Measured Groundwater Data

The measured groundwater data collected in this study are from the National Tibetan
Plateau Data Center [41], the Science Data Bank [42], and the China Institute for Geo-
Environmental Monitoring. There are 169 groundwater monitoring wells in the Tarim River
Basin, and their approximate locations are shown in Figure 1. The measured groundwater
data can be converted to a measured GWS anomaly (GWSA-M) according to the following
equation [44]:

GWSA − M =
∑N

i=1 Si cos(θi)∆hi

∑N
i=1 cos(θi)

(1)

where N represents the number of grids in the study area, S represents the specific yield
for the unconfined aquifers or storativity for confined aquifers, θ represents the latitude of
each grid, and ∆h refers to the mean of groundwater level changes in each grid.

2.2.3. Natural and Human Factors Datasets

The meteorological data are derived from the ERA5 reanalysis dataset, which is
obtained by reanalyzing the fifth-generation ECMWF data with global climate observations,
providing the best estimate of the atmospheric state. In this study, the monthly scale data of
total precipitation and actual evapotranspiration are selected from the ERA5 dataset, where
the total precipitation data include rainfall and snowfall, and the total evapotranspiration
is the cumulative amount of surface evaporation (including vegetation transpiration), both
with a spatial resolution of 0.25◦ × 0.25◦.

The MOD13C2 model, a collaborative effort between the United States Geological
Survey (USGS) and the National Aeronautics and Space Administration (NASA), provides
monthly high-resolution NDVI data. Furthermore, the Xinjiang Water Resource Bulletin
documents the annual water consumption in the Tarim River Basin.

3. Methodology
3.1. Estimation of GWS Change

The TWS is mainly constituted by GWS and SWS. Furthermore, SWS anomaly (SWSA)
encompasses the anomalies of SMS, SWE, and CWS, thereby facilitating the computation
of GWS anomaly (GWSA). In addition, this paper separates IWS anomaly (IWSA) to derive
new GWSA (GWSA-SI) [45],

SWSA = SMSA + SWEA + CWSA (2)

GWSA = TWSA − SWSA (3)
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GWSA − SI = TWSA − SWSA − IWSA (4)

Meanwhile, the instantaneous water storage changes can be obtained from water
storage anomalies, taking the instantaneous TWS change (TWSC) as an example:

TWSCj =
TWSAj+1 − TWSAj−1

2
(5)

where j denotes the month. The remaining instantaneous GWS change (GWSC) and
instantaneous IWS change (IWSC) can be obtained from Equation (5).

3.2. Independent Component Analysis (ICA)

The TWSA is comprehensively affected by various periodic signals and long-term
trends, which theoretically belong to a mixed signal composed of several independent signal
sources. The ICA is an effective signal processing technique for blind source separation,
which can separate the mixed signal into multiple independent signal sources based on the
maximization of high-order statistics [46].

Based on the information of TWSA in GRACE/GFO, a data matrix X of size m × n
can be constructed, where m is the total number of months and n is the number of grids.
Through principal component analysis (PCA), we obtain the orthogonal matrix P and the
orthogonal eigenvectors E,

Xm×n = Pn×mET
n×m (6)

To separate the mutually independent components as much as possible, an orthogonal
rotation matrix is introduced to rotate the principal component (PC) matrix to obtain the
ICA decomposition results:

Xm×n = Pn×rWr×rWT
r×rET

n×m = Sm×r AT
r×n (7)

where S and A represent the independent temporal components and spatial patterns,
respectively [47], and r is the number of time series or spatial features (r < n).

3.3. Drought Index from GRACE/GFO

GRACE-DSI is a drought index from GRACE/GFO-derived TWS, as follows:

GRACE − DSIi,j =
TWSAi,j − TWSAj

σj
(8)

where i and j represent the year and month, respectively, TWSAj and σj represent the mean
and standard deviation of the detrended TWSA in month j, respectively. The drought index
is divided into six drought categories (see Table 2) [48].

Table 2. Grading criteria for drought.

Drought Category GRACE-DSI Value

Exceptional drought ≤−2.00
Extreme drought −1.99 to −1.60
Severe drought −1.59 to −1.30

Moderate drought −1.29 to −0.80
Abnormally dry −0.79 to −0.50
Normal or wet ≥−0.49

4. Results
4.1. Spatial and Temporal Changes of Water Storage and NDVI

Figure 2 illustrates the spatial changes of TWSA, IWSA, SWSA, and NDVI in the Tarim
River Basin. Specifically, Figure 2a depicts a notable reduction in TWSA in the northern
part of the basin. This reduction is primarily due to the diminished glacier mass as a
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consequence of global warming, as evidenced in Figure 2b, which shows a significant
decrease in IWSA in the Tianshan Mountains [49,50]. Concurrently, a substantial volume
of glacier meltwater contributes to surface runoff in the surrounding regions [51], thereby
increasing the surface water area [52,53], which in turn leads to an increase of SWSA in
the northern Tarim River Basin (Figure 2c). Meanwhile, the NDVI results indicate that
the farmland area in the Tarim River Basin has been continuously expanding, mainly
concentrated in the northern and western basins (see Figure 2d). As the SWS cannot satisfy
the growing water demand, groundwater has become a significant source of agricultural
irrigation [45,54].
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The temporal changes of SWSA, IWSA, GWSA-SI, and TWSA in the Tarim River Basin
are shown in Figure 3, and the statistical data are presented in Table 3. The contribution rate
is calculated by dividing the trend of each water storage anomaly by the trend of TWSA,
and their root mean square error (RMSE) and correlation coefficient (CC) are also counted
in Table 3. This study divides the periods with January 2010 as the boundary. Figure 3 and
Table 3 show that TWSA exhibited a severe declining trend at a rate of −0.48 ± 0.13 cm/a
from April 2002 to December 2009. During this period, SWSA and GWSA-SI decreased
at rates of −0.12 ± 0.04 cm/a and −0.42 ± 0.10 cm/a, respectively, contributing 25.0%
and 87.5% to the decline of TWSA. Subsequently, from January 2010 to January 2020, the
contribution of IWSA to TWSA increased by almost 70.0% compared to that from April 2002
to December 2009. Meanwhile, the rate of GWSA-SI decline recovered to −0.17 ± 0.07 cm/a
and contributed 48.6% to the TWSA.

Additionally, this study found that the trend of TWSA reached −0.70 ± 0.31 cm/a
during the period from 2020 to 2022, which tended to accelerate the loss of TWSA compared
to the preceding two periods. The results indicate that TWSA in the Tarim River Basin
has been declining for a long time, and the deficit rate of TWSA has accelerated in recent
years. The decline of TWSA is closely related to the decrease of GWSA-SI, with a CC of
more than 0.85 in Table 3. After 2010, the reduction of TWSA was mainly affected by the
decline of IWSA, which led to a large amount of glacier meltwater flowing into the rivers.
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According to the China River Sediment Bulletin, the mean annual runoff of the Kaidu
River, Aksu River, Yarkant River, Yurungkax River, and the mainstream of the Tarim River
increased by 32.0%, 18.6%, 7.2%, 25.9%, and 45.4%, respectively, from 2010−2022 compared
to 2003−2009. This suggests that glacier ablation contributed to the increase of SWSA.
Notably, from 2020 to 2022, the runoff of the above rivers increased by 52.2~132.1%, which
provided a basis for the accelerated ablation of glaciers.
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Table 3. Statistical results of the time series of water storage components.

Components
April 2002–December 2009 January 2010–January 2020 February

2020–December 2022

Trend
/cm·a−1

Contribution
Rate CC Trend

/cm·a−1
Contribution

Rate CC Trend
/cm·a−1

TWSA −0.48 ± 0.13 / / −0.35 ± 0.06 / / −0.70 ± 0.31
SWSA −0.12 ± 0.04 25.0% 0.72 0.02 ± 0.03 −5.7% −0.03 0.17 ± 0.09
IWSA 0.06 ± 0.01 −12.5% 0.12 −0.20 ± 0.01 57.1% 0.68 /

GWSA-SI −0.42 ± 0.10 87.5% 0.96 −0.17 ± 0.07 48.6% 0.85 /

4.2. Comparative Analysis of Multi-Source GWSA

The depletion and recharge of GWSA in the Tarim River Basin is an important factor
affecting TWSA, but there is uncertainty in the estimated GWSA based on GRACE/GFO.
Therefore, this study introduces multiple measured GWSA (GWSA-M) for comparative
analysis with the GRACE/GFO-derived GWSA. Figure 4 shows the temporal changes and
trends of GWSA, GWSA-SI, and GWSA-M. In Figure 4a, GWSA-M declined at a rate of
−0.23 ± 0.43 cm/a during the period from June 2018 to January 2020, and both GWSA and
GWSA-SI also exhibited declining trends, with GWSA-SI decreasing approximately 31%
slower than GWSA. For the long period from June 2018 to December 2021, the declining
trend of GWSA reached−1.08 ± 0.34 cm/a, while the declining trend of GWSA-M reached
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−0.34 ± 0.11 cm/a. This result suggests that the decline of GWSA would be overestimated
were IWSA not accounted for in the analysis.
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Furthermore, we also introduce other measured groundwater data for comparative
analysis. As shown in Figure 4b,c, GWSA and GWSA-M in the lower reaches of the
Tarim River showed decreasing trends, and their RMSE reached 0.94 cm. GWSA and
GWSA-M in the Aksu Prefecture continued to decline at rates of −0.52 ± 0.23 cm/a and
−0.17 ± 0.09 cm/a, respectively. The lower levels of GWSA and GWSA-M in the Hotan
Prefecture were concentrated in 2010. The above analysis reveals that the GRACE/GFO-
derived GWSA is consistent with the GWSA-M.

5. Discussion
5.1. Independent Component Analysis of TWSA

To further confirm the main components affecting TWSA and the reasons for the
accelerated depletion of TWSA in recent years, we employ the ICA method to decompose
TWSA into independent components (ICs). The cumulative contribution rate of the first four
ICs reaches 90.8%, which contains the primary information of TWSA. The spatiotemporal
results of the ICs in Figure 5 demonstrate that IC1 exhibits an annual periodic signal
primarily distributed in the Tianshan Mountains region. The CC between IC1 and GWSA-SI
reaches its peak value of 0.70 between 2002 and 2009. After 2010, the CC between IC1 and
IWSA is highest, at 0.69. This indicates that IC1 includes the signals of early groundwater
depletion and late glacier mass loss in the Tianshan Mountains region. The IC2 signal
is mainly concentrated in the Kunlun Mountains region, and its temporal components
exhibit the highest CC with IWSA before and after 2010. This indicates that IC2 mainly
contains the signals of glacier mass changes in the Kunlun Mountains region. The IC3
signal is located in the northern Tarim River Basin, and it is observed that the trend of IC3 is
generally opposite to IC1. This suggests that IC3 represents the signal of glacier meltwater



Remote Sens. 2024, 16, 4355 9 of 16

replenishment in the Tianshan Mountains. While IC4 represents other signals with a long
periodicity, it covers a large part of the basin, including the desert area.
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The detailed ICA results confirm that the changes of groundwater storage and glacier
mass are the main components of TWSA in the Tarim River Basin. Comparing the spa-
tiotemporal components of IC1 and IC3, it is found that the difference in trends is more
significant during the 2019−2022 period, and the contribution rate of the IC1 signal is much
higher than that of IC3. Consequently, the accelerated melting of glaciers in the Tianshan
Mountains region is a significant contributing factor to the accelerated depletion of TWSA
in recent years.

5.2. Relationship Analysis Between Driving Factors and Water Storage Changes

The TWS changes in the Tarim River Basin are mainly attributed to the GWS and IWS
changes, which are influenced by multiple driving factors. Therefore, the grey relation
analysis (GRA) method investigates the correlation between various driving factors and
GWSC/IWSC [55,56]. The associated factors include precipitation, evapotranspiration,
NDVI, and water consumption. To unify the time scales of the datasets and eliminate their
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unit effects, all data are converted to an annual scale and normalized by the max/min
normalization approach.

As illustrated in Table 4, the results of the GRA indicate that the GRA coefficients
between GWSC and annual precipitation are the most significant, with a maximum value
of 0.74. Furthermore, the GRA coefficients between GWSC and human factors (NDVI and
water consumption) are significantly higher than the GRA coefficients between IWSC and
human factors. The factor most correlated with IWSC is annual evapotranspiration, and
the GRA coefficients between IWSC and human factors are less than 0.60. These results
indicate that GWSC is influenced by a combination of natural and human factors, while
IWSC is mainly associated with natural factors.

Table 4. Grey relation analysis between natural/human factors and GWSC/IWSC.

Factors
GWSC IWSC

GRA Coefficients Rank GRA Coefficients Rank

Annual precipitation 0.74 1 0.65 2
Annual evapotranspiration 0.66 2 0.68 1

NDVI 0.63 4 0.55 3
Annual water consumption 0.64 3 0.53 4

To further investigate the impact of various driving factors on GWSC and IWSC, this
study collected the annual changes in the above data (Figure 6). Figure 6a illustrates that
GWSC exhibited notable declines during 2006−2009 and 2013−2014, and IWSC exhibited
a consistent decline from 2003 to 2019. Regarding natural factors, Figure 6b shows that
precipitation from 2006 to 2009 decreased by 7~21% compared to the entire period, and
precipitation from 2013 to 2014 also decreased by 7~12% compared to the whole period.
Additionally, evapotranspiration increased at a rate of 0.02 ± 0.07 mm/a from 2003 to 2019.
These changes have resulted in a decrease in natural water inflows.
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In terms of anthropogenic influences, the period from 2003 to 2019 witnessed a 13.1%
increase in the NDVI and a 15.8% increase in water consumption. Notably, the periods
of notable declines in GWSC (shaded in Figure 6c) coincided with rapid growth in water
consumption, while NDVI reached a local peak. In contrast, GWSA showed two significant
increases after 2014, where the first increase was influenced by the increase of glacier
meltwater and precipitation, while the second increase was related to the glacier meltwater
increase and human water consumption further decreased. Concerning long-term changes
of human factors, their impacts on GWSC in the basin are gradually increasing. Therefore,
it can be argued that GWSC is easily subject to significant depletion due to short-term
effects, such as unexpected decreases in precipitation and rapid increases in human water
consumption. In addition, the decline of IWSC is associated with the long-term increase of
evapotranspiration, which tends to accelerate glacial melt.

5.3. Revealing the Feasibility of EWC Benefits Through GRACE/GFO Data

Statistically, the EWC project has been implemented 23 times from 2000 to 2022 and
cumulatively conveyed about 9.5 billion m3 of ecological water to the lower reaches of
the Tarim River, resulting in the migration of TWS. This volume of EWC is considerable
for the small area of the lower reaches of the Tarim River, which provides the possibility
for GRACE/GFO detection. Therefore, this study applies GRACE/GFO data in the lower
reaches of the Tarim River to assess the viability of monitoring EWC benefits. Due to the
spatial resolution limitations of GRACE/GFO and the specific location of the ecological
water source, we designate the study area within the red frame in Figure 1 as the lower
reaches of the Tarim River, with a grid size of 1.8◦ × 1.3◦.

Figure 7 shows the temporal changes of TWSA, GRACE-DSI, NDVI, and EWC in the
lower reaches of the Tarim River, where the EWC represents the monthly average value of
each EWC. According to the volume of EWC, the interval from 2007 to 2015 is regarded as
the lower EWC period, while the remaining period is regarded as the normal EWC period.
During the lower EWC period, TWSA exhibited a declining trend, intensifying the aridity
of the lower reaches of Tarim River. In particular, the significant decline of EWC from
2007 to 2009 resulted in a TWSA decline rate of −0.62 ± 0.19 cm/a. This led to the basin
experiencing the most severe drought in the last 20 years by the end of 2009. Meanwhile,
the areas of surface water, seasonal water, and permanent water all reached local minima in
2009 [57]. In contrast, during the normal EWC period, the increased frequency of EWC and
the changes of the EWC approach led to a significant increase in EWC volume. Compared
to the lower EWC period, the average EWC and NDVI trend in the normal EWC period
increased by 59.0% and 60.0%, respectively.

In addition, Figure 7a marks the temporal node of exceptional drought, extreme
drought, and severe drought events corresponding to the drought index. Evidently, these
drought events mainly occurred during 2009−2010 and 2014−2015, coinciding with signifi-
cant deficits of EWC. Meanwhile, according to the drought frequency statistics in Figure 7c,
the drought severity during the normal EWC period had improved significantly compared
to the lower EWC period. The frequencies of exceptional drought, extreme drought, severe
drought, moderate drought, and abnormally dry conditions decreased by 2.0%, 5.7%, 3.1%,
11.1%, and 8.7% respectively, indicating a 30.6% reduction in the total frequency of drought
conditions in the lower reaches of the Tarim River.

From a water balance perspective, this study formulates the water balance equa-
tion for the lower reaches of the Tarim River based on precipitation (P), evapotranspi-
ration (E), and EWC. The annual TWSC, net precipitation (P − E), water balance result
(P − E + EWC), and runoff are shown in Figure 8. It is observed that evapotranspiration
consistently exceeds precipitation in the lower reaches of the Tarim River, while the im-
plementation of EWC could effectively alleviate the local water shortage. Comparative
analysis reveals that compared to net precipitation, the water balance result is 36.6% lower
in RMSE with TWSC and 24.8% higher in CC with TWSC, which reveals that TWSC contains
the impacts of EWC. Combined with the measured runoff of the Tarim River mainstream
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(Figure 8), it becomes evident that the temporal changes of the runoff and water balance
result have a strong consistency, with a CC of 0.66, and the CC between the runoff and EWC
reaches 0.68. This suggests that the EWC change is closely associated with the runoff of the
Tarim River mainstream.
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Figure 9a shows the temporal changes of GRACE/GFO-derived GWSA and EWC.
During the lower EWC period, the annual mean GWSA reduced by 0.91 cm compared to
2003−2006. Subsequently, the annual mean GWSA shows a reduction, reaching a value of
0.35 cm between 2016 and 2022. In particular, two local minima in GWSA were observed
in the 2009−2010 and 2014−2015 periods. These phenomena can be attributed to the
extremely low EWC in 2009 and 2014, coupled with the lagged response of GWSA to reflect
the implementation of EWC in the latter halves of 2010 and 2015 [58,59].

To ensure the reliability of the GRACE/GFO data, this study also introduces measured
groundwater data from the lower reaches of the Tarim River for comparison analysis.
In particular, Figure 9b illustrates the annual changes of measured groundwater depth
within the Yingsu and Alagan regions [60]. The findings revealed that both GWSA and
measured groundwater data exhibited local minima in 2009−2010 and 2014−2015, which
also coincides with the results of the literature [59] on measured groundwater data in the
lower reaches of the Tarim River. Regarding long-term changes, the measured groundwater
data show an increasing trend after 2010, and the GRACE/GFO-derived GWSA trend
also increased by 0.20 cm/a after 2010 compared to the pre-2010 period. Therefore, the
GRACE/GFO-derived TWSA in the lower reaches of the Tarim River has a good corre-
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spondence with the changes of EWC, NDVI, and measured groundwater, which indicates
GRACE/GFO can effectively detect the impacts of EWC.
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6. Conclusions

This study analyzes the spatiotemporal changes of water storage and its driving factors
in the Tarim River Basin based on multi-source hydrological data. In addition, we explore
the feasibility of evaluating the regional EWC benefit based on GRACE/GFO satellite
gravity observations, which provides a reference for subsequent research to evaluate EWH
benefit. The main conclusions are as follows.

(1) Spatial analysis reveals a significant depletion of TWSA and IWSA in the northern
Tarim River Basin, while SWSA was stable overall and NDVI continued to increase.
Temporal analysis indicates that the basin has exhibited a long-term TWSA deficit,
which appears to have accelerated in recent years. Among the water storage compo-
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nents, GWSA contributes over 50% to TWSA on average, and the contribution of IWSA
to TWSA has increased significantly since 2010. In addition, the ICA results suggest
that the changes of groundwater storage and glacier mass are the main components
of TWSA in the basin and show that the accelerated glacier melting in the Tianshan
Mountains identified as a key driver of TWSA depletion in recent years.

(2) The TWS change in the Tarim River Basin is primarily attributed to the changes of
GWS and IWS. The driving factor analysis reveals that GWSC and IWSC exhibit the
strongest correlations with precipitation and evapotranspiration, with grey relation
analysis (GRA) coefficients of 0.74 and 0.68, respectively. Human factors, including the
NDVI and water consumption, mainly affect GWSC, with an average GRA coefficient
of 0.64. It is plausible to suggest that GWSC is particularly susceptible to substantial
depletion due to short-term fluctuations, such as abrupt reductions in precipitation
and rapid increases in human water consumption. In addition, the decline of IWSC is
associated with the long-term increase of evapotranspiration.

(3) During the lower EWC period from 2007 to 2015, GRACE/GFO-derived TWSA
showed a marked decline in the lower reaches of the Tarim River. In contrast, during
the normal EWC periods from 2002 to 2006 and 2016 to 2022, there was a significant
increase in both EWC and the NDVI, resulting in a 30.6% reduction in drought
frequency. Additionally, the integration of EWC data led to a 36.6% reduction in the
RMSE between the water balance result and TWSC and a 24.8% enhancement in their
CC. Furthermore, GRACE/GFO-derived GWSA shows a good correspondence with
the measured groundwater data. Therefore, we demonstrate the feasibility of using
GRACE/GFO to effectively reveal the benefits of EWC in the lower reaches of the
Tarim River.
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