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The Chinese inland basins (CIBs) are vulnerable to global warming and human

activities due to low precipitation and high potential evaporation. Terrestrial

water storage (TWS) is an important component of the hydrological cycle and

essential for evaluating the water resource security of the CIBs. Although some

studies have focused onwater storage trends in sub-basins of the CIBs, only few

studies have analyzed water storage trends in the CIBs as a whole. In this study,

trends and magnitudes of precipitation, TWS, and actual evapotranspiration

(AET) were detected by the rank-based non-parametric Mann–Kendall test and

trend magnitude method. Based on the hydrological budget of the closed

inland basin, the monthly series of AET were simulated and the main factors

affecting TWS changes in the CIBs and each closed basin were identified.

Results showed that both precipitation and AET significantly increased in the

CIBs. Precipitation decreased from the northwest and southeast regions to the

central region in the CIBs. Moreover, the annual TWS in the CIBs significantly

decreased mainly due to the increased AET. Approximately 60% AET increase

was attributed to increased irrigation diversions. At the basin scale, similar to the

CIBs, changes in AET were the predominant factor influencing changes in TWS

in the Tarim basin (TRB), Turpan basin (TPB), and Hexi Corridor basin (HCB).

Qiangtang Plateau basin (QPB)Qaidambasin (QDB) the increase in precipitation

contributed more than 60% increase in TWS glacier melting and irrigation

diversion.
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1 Introduction

Terrestrial water storage (TWS), which includes snow water

storage, canopy water storage, surface water storage, soil

moisture storage, and groundwater storage, comprehensively

reflects regional precipitation, runoff, evapotranspiration,

groundwater, and human activities (Scanlon et al., 2018). It is

an important variable for global hydrological cycle observation

(Liu et al., 2016; Deng and Chen, 2017). Although TWS accounts

for only 3.5% water in the global hydrological cycle, it is an

important component of the terrestrial and global water cycle

that provides important control over water, energy, and biotic

ecosystem processes (Hu et al., 2018; Chen et al., 2022), and thus

plays an important role in the global climate system (Bierkens,

2015). TWS and their components control various

hydrometeorological, ecological, and biogeochemical processes

on different spatial and temporal scales (Koster et al., 2004;

Seneviratne et al., 2010; Dong et al., 2022), and thus there is great

spatial and temporal heterogeneity in the global scale (Güntner

et al., 2007; Güntner, 2008).

In the past decades, extreme climatic events (such as

droughts and floods) and human activities (such as

groundwater extraction) have influenced TWS beyond normal

thresholds on a global scale. For example, TWS has significant

decreased due to groundwater over-exploitation in Illinois (Yeh

et al., 2006), the Central Valley (Famiglietti et al., 2011; Scanlon

et al., 2012; He et al., 2017), northern India (Xiang et al., 2016),

the Middle East (Voss et al., 2013), and northern China (Feng

et al., 2013). In addition, severe droughts in the southern U.S.

High Plains (Scanlon et al., 2012), eastern Texas (Long et al.,

2013), Brazil (Getirana, 2016), and southeastern and northern

Africa (Ramillien et al., 2014; Rodell et al., 2018) have

significantly decreased TWS, particularly groundwater storage.

On the contrary, TWS has also increased at other regions,

including the Qaidam basin (QDB) (Bibi et al., 2019; Meng

et al., 2019) and Qiangtang Plateau basin (QPB) (Liu et al., 2019;

Meng et al., 2019) in the Chinese inland basins (CIBs). However,

only few studies have examined the attributes of the underlying

factors driving these trends.

Remote sensing products, such as gravity recovery and

climate experiment (GRACE) satellite data, are widely used

to assess global hydrology. GRACE satellites have been

likened to giant weighing scales in the sky that monitor

monthly changes in mass as water storage increases or

decreases due to climate variability and human impacts

(Scanlon et al., 2018). GRACE satellites provide global

total water storage anomaly (TWSA) data since their

launch in 2002. These satellites provide a more direct

estimate than global TWSA change models derived from

monitoring the time variable gravity field (Wahr et al., 2004).

The coarse spatial resolution of GRACE data (~100,000 km2)

may actually be beneficial when estimating changes in TWSA

at continental to global scales.

Inland basins, also referred to as endorheic basins, are

defined as regions where runoff in the basin has no direct

hydraulic connection with the ocean (Liu, 2022). Thus, inland

river basin runoff is isolated from the ocean and eventually enters

inland lakes or is absorbed by evapotranspiration. These areas are

among the most sensitive to climate change and human activities

(Huang et al., 2016; Wang et al., 2018). The CIBs are located in

the hinterland of Asia. Accurately monitoring the TWSA changes

of a large area is difficult by traditional stations. GRACE satellite

monitoring becomes a feasible solution in this case. Since the

CIBs have temperate continental climate characterized by low

precipitation and high evapotranspiration, the hydrology and

ecosystem of CIBs are sensitive to changes in precipitation, actual

evapotranspiration (AET), and TWSA. Therefore, analysis of

terrestrial TWSA variability and attribution in the CIBs is

important for water resource management, ecosystem health,

and sustainable irrigated agriculture in China. However, few

studies have focused on the variation and attribution of CIBs as a

whole. In addition, there were some inconsistent conclusions on

the TWSA trends in CIB sub-basins. Wang et al. (2020) reported

that TWSA decreased during 2002–2016 in the Hexi Corridor

basin (HCB) using one TWSA product. Cao et al. (2018) found

that the basin TWSA significantly increased during

2002–2013 using another TWSA product. Thus, opposite

results might be detected from different datasets. This study

used multiple GRACE datasets to reduce the uncertainty caused

by using only a single dataset. The hydrological budget

(hydrologic gains and losses) is effective for analysis at the

basin scale (Liu et al., 2014; Liu et al., 2016). Unlike outflow

basins, which include AET and runoff in hydrologic losses,

inland river basins include only AET. In other words, the

hydrologic budget in inland river basins can only be expressed

in terms of precipitation, AET, and TWSA. Therefore, this

method is more suitable for analyzing the TWSA variability

and its main attribution in inland river basins.

This study uses multi-source of data in the CIBs and each

closed basin to simulate the monthly AET series of each inland

basin using the hydrologic budget method, detect the

spatiotemporal characteristics of annual and monthly

precipitation, TWSA, and AET in each basin using a non-

parametric test, and identify the main attributes of TWSA

change in each closed basin using the water balance principle.

The results obtained in this study could be useful to regional

water resource management, ecosystem health, and sustainable

agricultural irrigation in China.
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2 Study area

The CIBs are located in northwest China (Figure 1), covering

2.61 × 1011 km2 area, accounting for 27% Chinese land area;

however, it takes up only 5.5% total water resource of China. It is

one of the most arid regions worldwide and includes five closed

inland basins: the Turpan basin (TPB), QDB, QPB, HCB, and

Tarim basin (TRB) (Figure 1). The terrain within the basin is

complex. The landform is mainly plateau and inland basin. The

CIBs are affected by the plateau monsoon and East Asian

monsoon climate systems. The climate is complex and

changeable. Except in Yili and Tacheng in northern CIBs,

annual precipitation in most areas is less than 200 mm. The

annual precipitation in the CIBs is 164.5 mm. The annual

precipitation of TPB, QDB, QPB, HCB, and HCB are 86.2,

147.8, 264.8, 153.3, and 112.9 mm, respectively.

3 Materials and methods

3.1 Gravity recovery and climate
experiment data

3.1.1 The RL06 spherical harmonics
The GRACE satellites, launched by National Aeronautics and

Space Administration (NASA) and Deutsches Zentrum für Luft-

und Raumfahrt in March 2002, allows us to measure large scale

TWSA trends with monthly temporal resolution. Temporal

variations in the gravity field over land are primarily due to

TWSA, which is the vertically integrated measure of

groundwater, soil moisture, snow, ice, and surface water.

This study uses data from March 2002 to February 2021

(39 months of data are missing). The gridded GRACE TWSA

data were obtained from the Center for Space Research at the

University of Texas (CSR), the Geo-Forschungs-Zentrum in

Potsdam (GFZ), and the Jet Propulsion Laboratory (JPL).

The spatial resolution of all three datasets is 1°.More than 300 grid

points covering the study area were chosen for estimating the values.

To reduce uncertainty, the missing data were obtained via simple

temporal interpolation using adjacent data (Andrew et al., 2017).

3.1.2 The global mascons
Mass concentration blocks (mascons) are another form of

gravity field basis function. Compared to the standard spherical

harmonic method of empirical post-processing filtering, “mascons”

eases the implementation of geophysical constraints and are a more

rigorous method (Watkins et al., 2015; Wiese et al., 2016). The JPL

mascons (JPLM) and CSR mascons (CSRM) solutions are available

at 0.5° and 0.25°. In this study, the GRACE TWSA solution was

compared for the period from 2002 to 2020.

3.2 Meteorological data

This study estimated the precipitation trend in the CIBs

from 2002 to 2020 using the China Monthly Surface

FIGURE 1
Location and distribution of each basin in the Chinese inland basins (CIBs). 1–5 represents the Turpan basin (TPB), Qaidam basin (QDB),
Qiangtang Plateau basin (QPB), Hexi Corridor basin (HCB), and Tarim basin (TRB), respectively.
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Precipitation 0.5°×0.5° Gridded Dataset V2.0 (http://data.

cma.cn/), which is a gridded dataset released by the

National Meteorological Information Center of the China

Meteorological Administration. This dataset was derived by

interpolating the observed precipitation data from

2,472 stations over China since 1961. Owing to the high

quality of this dataset, it has been widely used in the CIBs

(Zhu et al., 2015; Bueh et al., 2016; Zhang et al., 2017; Wang

et al., 2019).

3.3 Methodology

3.3.1 Monthly actual evapotranspiration
simulation

According to the hydrological budget in an inland basin, the

difference between precipitation and AET corresponds to the

variation in water storage in the basin; therefore, the monthly

AET in the basin can be simulated as (Liu, 2022):

AETi � Pi − ΔSi (1)

Where AETi, Pi, and Si are the monthly series (in mm) of AET,

precipitation, and storage change, respectively. The average

gridded precipitation and TWSA data series for each closed

basin was calculated based on each grid area weight within

the basin. The area weighting of the boundary grids was

shown by the proportion of the area within the basin boundary.

The consistency of the time series for each variable should be

considered while simulating monthly AET. Monthly AET and

precipitation are averaged within a month, calculating between

the beginning and end of the month. ΔS is the difference between
the water storage at the end and beginning of the month.

However, the TWSA data used in this study represent the

average water storage within a month. ΔS was calculated as:

Si � TWSi+1 − TWSi−1
2

(2)

where TSWAi+1 and TWSAi−1 represent water storage at the end

and beginning of the simulated month, respectively. The accuracy

of this calculation has been verified by Long et al. (2014).

3.3.2 Time series decomposition
The TWSA outputs reveal the monthly variations of total

water storage; therefore, seasonality should be first removed from

the original TWSA series to estimate TWSA trends (Andrew

et al., 2017). Precipitation and evapotranspiration data should be

processed similarly. The seasonal trend decomposition uses the

local regression to decompose the time series was proposed by

Cleveland and Cleveland (1990). In this study, local regression

was used to decompose the TWSA monthly time series. Local

regression smoothing is the key of the local regression method. It

fits the smoothed series Xj to the input time series Xj = Xtj, where

tj is the discrete sampling time series. The smoothed value for

each point j is given by the value of the polynomial at time tj
increased by j. The local regression consists of an outer and inner

loop with a sequence of smoothing operators and generates three

components from the time series:

Stotal � Slong−term + Sseasonal + Sresidual (3)

where Stotal indicates the original signal, Slong-term is the trend

signal, Sseasonal is the seasonal signal, and Sresidual is indicated as

the sub-seasonal signal and noise.

3.3.3 Trend detection and identification of its
main attribution methods

The Mann–Kendall (M–K) test, one of the commonly used

time series trend tests in meteorology and hydrology (Hirsch

et al., 1982), applied for trend detection in this study. It also

rejects a few outliers and the sample does not need to follow a

certain distribution and is suitable for non-normally distributed

data (Bibi et al., 2019).

Based on the hydrological budget in inland closed basins, the

main factors causing AET and TWSA variations were identified.

Based on the water source consumed by the AET, AET variation is

attributed to alterations in precipitation and the consumption of

other water supply sources. It can be calculated as follows (Liu, 2022):

ΔAET � ΔP + ΔOthers (4)

Where ΔAET, ΔP, and ΔOthers indicate changes in AET,

precipitation, and other water supply sources (such as irrigation

from ground water and glacial melt water), respectively.

Based on the hydrological budget within a closed basin,

changes in TWSA are mainly attributable to precipitation and

AET, while changes in AET aremainly caused by precipitation and

potential evaporation. Precipitation and potential evaporation

positively and negatively contribute to AET, respectively.

Furthermore, precipitation and AET positively and negatively

affect TWSA, respectively. Increased precipitation will promote

an increase in TWSA, whereas increased AET will exacerbate the

decrease in TWSA, and vice versa. Thus, the contribution of

precipitation and other factors to TWSA changes can be semi-

quantified by analyzing the trend between AET and precipitation.

The study roadmap for the entire study is shown in Figure 2.

4 Results

4.1 Trends and spatial distribution of
terrestrial water storage anomalies in the
Chinese inland basins

The TWSA time series in CIBs derived from five GRACE

solutions are highly consistent according to Figure 3A. Overall, the

TWSA decreased significantly. Specifically, the TWSA increased

during 2002–2005, continuously declined from 2005 to 2010,

slightly increased from 2010 to 2012, then decreased during
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2012–2016, further rising in a fluctuationway. Across the entire time

scale, the TWSA of CIBs decreased significantly by 26 km3/yr.

Figures 3B–F shows the monthly series of TWSA in each sub-

basin, obtained from different GRACE solutions. The TWSA

significantly increased in the QDB and QPB, while it

significantly decreased in other sub-basins. Specifically, the

TWSA of the TPB decreased with 0.15 km3/yr fluctuations

throughout the time scale. The TWSA of the HCB briefly

increased from 2002 to 2004, declined from 2004 to 2007, and

then continuously fluctuated from 2007 to 2020. Overall, the

TWSA of HCB decreased at 0.4 km3/yr throughout the time

scale. TWSA trend in the TRB is similar to that in the CIBs,

with TWSAdecreasing at 2.9 km3/yr over the entire time scale. The

TWSA trends for QPB and QDB significantly fluctuated from

2002 to 2020, with 1.2 and 1.5 km3/yr growth rates, respectively.

Figure 4 shows the spatial distribution of TWSA trends derived

from different GRACE solutions. The spatial distribution of the five

solutions were highly consistent. It showed a significant loss of water

storage at the northwestern and southwestern CIB regions during

the study period. Water storage significantly increased in the central

and southeastern CIB regions. According to the sub-basins, TWSA

significantly increased in the northeastern QPB and the entire QDB,

while it significantly decreased in the TPB and the HCB. Moreover,

the JPLM solution-produced TWSA series deviated from the other

four solution-produced TWSAs in the CIBs (Figure 4). This finding

is also consistent with previous finding that decreasing and

increasing TWSA trends of JPLM solution are larger than those

of CSR, JPL, and GFZ globally (Scanlon et al., 2018).

Viewing the time change of the TWSA in the CIBs revealed that

the similarity between the five GRACE solutions started to decrease

from 2016 (Figure 3A). The periodic change of TWSA in sub-basins

also indicated that TWSA fluctuation increased in the five basins in

2016 for the five solutions (Figures 3B–F). Therefore, the TWSA of

GRACE were calculated according to the time for data variance and

median changes (Figure 5). From 2002 to 2007, the median GRACE

data continued to decline, while the variance increased and then

decreased. The median GRACE data began to rise but did not rise

above the originalmedian from2007 to 2011. The variance change did

not changemuch from the previous time period. ThemedianGRACE

data began to fluctuate around the initial median line from 2012 to

2016; however, the overall variancewas low. ThemedianGRACEdata

suddenly increased and reached the maximum in 2017.

Simultaneously, the variance reached the maximum. Then, the

median data continuously decreased from 2018 to 2020. The

median GRACE data was lower than the initial median value

since 2019, and the variance decreased gradually.

4.2 Trends and spatial distribution of
precipitation and actual
evapotranspiration simulation in the
Chinese inland basins

Figure 6 indicates the spatial distribution of precipitation

trends in the CIBs from 2002 to 2020. Macroscopically,

precipitation increased in the northeast, northwest and

FIGURE 2
The study roadmap.
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southeast edges of the CIBs, while it decreased in the inner

regions of the basin.

Precipitation significantly increased in the northern part of

the HCB, the eastern edge of the southwestern margin of the

QDB, the central-eastern part of the QPB, the central-western

and northwestern marginal regions of the TRB, and the

southwestern part of the TPB; however, it significantly

decreased in the central-eastern part of the HCB, the central

and southwestern marginal regions of the QPB, the central and

southeastern part of TRB, and the eastern marginal regions of the

TPB. Furthermore, it did not change significantly in the

remaining regions.

Overall, the annual precipitation significantly increased in

the CIBs (11.1 mm/10a), as well as all sub-basins except the QPB

(4.5 mm/10a). The increase was the highest in the HCB (9.7 mm/

10a). The TRB, QDB, HCB, QPB, and TPB contributed

approximately 40%, 30%, 20%, 8%, and 2% precipitation,

respectively.

Monthly AETs were simulated using precipitation data

and average monthly series of five GRACE products according

to the methodology of the hydrological budget (Figure 7).

Overall, the annual AET significantly increased in the CIBs

(20.3 mm/10a), as well as all sub-basins except the QPB

(3.6 mm/10a) and QDB (21 mm/10a). The increase was the

highest in the HCB (29.5 mm/10a). Since the increase in

precipitation is less than that in AET, combined with the

principle of water balance, precipitation in the CIBs was

insufficient to meet the demand from the AET during this

period.

4.3 The main attribution of the terrestrial
water storage anomalies and actual
evapotranspiration trends in the Chinese
inland basins

Figure 8 shows the TWSA, precipitation and AET M–K

significance and trends for the whole CIBs and each closed basin.

This study reports that the precipitation and TWSA of the whole

CIBs significantly increased and decreased, respectively (9 and

11 mm/10a, respectively). Based on the water balance of the

closed basin, quantifying the magnitude of the changes in

precipitation and TWSA showed that the decreased TWSA of

the whole CIBs was mainly due to AET increase. The main

factors affecting changes in AET changes were analyzed based on

the attribution identification method described in Section 3.3.3.

FIGURE 3
Total water storage anomaly (TWSA) trends and Gravity recovery and climate experiment (GRACE) product trend ranges in the Chinese inland
basins (CIBs) and its sub-basins. (A) The comparison of deseasonalized TWSA in the CIBs; (B–F) the TWSA trend range in the Turpan Basin, Hexi
Corridor Basin, Tarim Basin, Qiangtang Basin, and Qaidam Basin, respectively. The black dashed lines indicate their linear trends.
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FIGURE 4
The spatial pattern of total water storage anomaly (TWSA) trends (left) and significant (right) derived from different Gravity recovery and climate
experiment (GRACE) solution: TWSA trends and significant are calculated using M–K. (A,F) indicate the GRACE resolution of RL06 spherical
harmonics from the Center for Space Research at the University of Texas (CSR). (B,G) indicate the GRACE resolution of RL06 spherical harmonics
from the Geo-Forschungs-Zentrum in Potsdam (GFZ). (C,H) indicate the GRACE resolution of RL06 spherical harmonics from the Jet
Propulsion Laboratory (JPL). (D,I) indicate the GRACE resolution of mass concentration blocks (mascons) from the JPL. (E,J) indicate the GRACE
resolution of mass concentration blocks (mascons) from the CSR.
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Additionally, the contribution of precipitation and other water

sources to changes in the AET were semi-quantified by

comparing the trend magnitudes of AET and precipitation.

The increase in precipitation in the CIB accounted for 40%

AET, indicating that the increasing consumption of other

water sources was the dominant factor for increasing the AET

in the CIB. This increased consumption, which might be mainly

due to irrigation diversion from ground water and glacial melt

runoff, explained 60% AET increase. This increased

consumption may be due to a combination of mechanisms

including increased evaporation rates due to rising

temperatures and increased irrigation diversion from ground

water and glacial melt runoff, thus increasing AET. Interestingly,

60% AET increase was due to the increased precipitation and the

FIGURE 5
Trends of Gravity recovery and climate experiment (GRACE) total water storage anomaly (TWSA) data by time variance and median. Red line
indicated median of initial month data.

FIGURE 6
The spatial pattern of (A) M–K trends and precipitation significance (B) in the Chinese inland basins (CIBs).
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rest might be influenced by the glacial melting and river irrigation

in the basin.

The changes in AET primarily influenced the changes in

TWSA in each closed basin, similar to that in the CIBs. Among

them, the increased AET of the HCB, TRB, and TPB primarily

decreases the TWSA in the basin. Precipitation remains the main

reason for the increased AET in HCB (>60%). In the TRB and

TPB, the proportion of precipitation increase contributing to

AET increase was <20%. This indicates that increased

precipitation had made a relatively small contribution to the

AET increase. The glacier melting and irrigation diversion caused

by enhanced evaporation rates played a dominant role in AET

increase. In the QPB and QDB, AET reduction in the basins

increased TWSA. More than 50% AET decrease in the QDB is

caused by precipitation. This indicates that increased

precipitation had made a relatively small contribution to the

AET decrease. The decrease in the consumption of other water

sources caused by weakened evaporation rates played a dominant

role in AET decrease.

5 Discussion

5.1 Comparison with previous study
results

Although few studies have focused on the whole CIBs, some

studies have focused on the attribution of TWSA changes in the

CIB sub-basins. These results were verified with those of this

study.

The significantly increased TWSA in the QDB and QPB was

verified with the results of previous studies (Bibi et al., 2019; Liu

et al., 2019; Meng et al., 2019). However, the main reasons

attributed to this trend differed from those identified in

previous studies. Previous studies believed that the TWSA

increased in QDB primarily due to the increase of

precipitation, while the TWSA of QPB was dominated by

decreased AET. In this study, TWSA increase in the QDB is

mainly due to the decrease of AET, while the increase of TWS in

the QPB is mainly due to the increase of AET. One of the reasons

for the different results is that previous studies analyzed relatively

short TWSA time series (5–8 years), while this study focused on

the whole 19-year time series analysis.

The significantly decreased TWSA in the TRB has also been

confirmed by previous studies (Wang et al., 2021; Zuo et al.,

2021). Increased AET is also the main factor influencing changes

in the TWSA. However, previous studies have considered that

temperature is the main reason for the increase in AET, while the

increase of AET in this study was mainly due to the increase of

water consumption caused by human activities and glacier

retreat. Human activities were considered in this study as an

factor affecting AET.

FIGURE 7
The deseasonalized series of actual evapotranspiration (AET)
in the Chinese inland basins (CIBs) and each sub-basin. The results
were calculated based on water balance combined with five
Gravity recovery and climate experiment (GRACE) solutions
and precipitation data. TRB, TPB, QDB, QPB, and HCB indicates
Tarim Basin, Turpan Basin, Qaidam Basin, Qiangtang Basin, and
Hexi Corridor Basin, respectively.

FIGURE 8
Significance (left) and trend (right) of total water storage
anomaly (TWSA), precipitation and actual evapotranspiration (AET)
M–K in the Chinese inland basins (CIBs) and each closed basin. The
left side indicates the significance statistic obtained after M–K
calculation, the right side indicates the magnitude of change
obtained from M–K calculation. The red dashed line indicates the
cut-off line of significance. TRB, TPB, QDB, QPB, and HCB
indicates Tarim Basin, Turpan Basin, Qaidam Basin, Qiangtang
Basin, and Hexi Corridor Basin, respectively.
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5.2 Data uncertainty analyses

Due to the lack of actual measurement data for validation,

determining the product more suitable for the CIBs is difficult;

however, the correlation coefficient between the time series of the

five data sets in the first 15 years is >0.87 (Figure 3A). Moreover,

the five data sets are consistent according to the spatial distributionmap

(Figure 4). Interestingly, differences between the solutions were detected

when processing the five GRACE solutions (Figure 4). There was large

data fluctuation in different basins around 2017 (Figure 3). The

following attempts were made to explain this phenomenon.

For the differences of the five solutions, the overall

performance of the five solutions in the five basins was first

analyzed, and the variance of the tertiary solutions processed by

the first three institutions was statistically significantly smaller

than that of the last two mascons. Considering that the spherical

harmonic coefficient method removes some real geophysical

signals when smoothing through the empirical smoothing

function while processing the noise of the GRACE data signal,

the entire amplitude and variance of the data will be smaller than

that of the mascons method, which applies a priori knowledge

(Zhang et al., 2019). This can be corresponded to the results in

Figure 4, where the results of the first three products solved by the

spherical harmonic coefficient method are similar. The range of

trend of the last two products is significantly larger than that of

the first three. Therefore, using these two GRACE solutions to

integrate the analysis will not only increase the overall

information, but also cause errors in the final analysis results.

TheGRACE satellite started functioning in April 2002 (Figure 5).

The median value of that year was used as the starting reference and

data stability is increasing over time. From 2012 to 2016, the median

data fluctuated in the initial median line, probably because the

GRACE satellite data was more volatile than those of the previous

years as the satellite service life increased. The satellite data quality

fluctuation increased and reached the current maximum in

2017 because the satellite terminated the data in June 2017. Then,

the GRACE-FO satellite took over the GRACE satellite mission and

continued to transmit data from June 2018. Themedian data value in

2018was slightly higher than the initialmedian value, but themedian

data value immediately dropped below the initial median value in the

following 2 years, indicating that the quality of GRACE-FO satellite

data has been improving except for the first year.

Although the average sequence of five TWSA was used in this

study to reduce the uncertainty caused by a single solution, studies

on water resources research should consider a depth study of the

inversion of TWSA of GRACE. When simulating AET monthly

series,ΔS indicates the change ofmonthly water storage, that is, the

difference of water storage between the end and beginning of the

month. However, the TWSA of GRACE is the intra-month water

storage. In this study, the difference between the TWSA of the

previous month and the next month is used to represent the

monthly water storage variability within the basin, which increases

the uncertainty of the experiment to some extent.

6 Conclusion

Trends of annual and monthly precipitation, TWSA, and

AET were detected at each basin by the M–K test. The main

attribution of TWSA variability for the CIBs and each of its

closed basins was identified.

Annual precipitation in the CIBs increased from 2002 to

2020. It generally increased at the eastern, northwestern and

southeastern regions of the CIBs, while decreasing in the central

regions of the basin. It also increased in each sub-basin. The

increase was significant in all sub-basins except the QPB. The

magnitude of increase was highest in the HCB. The TRB received

the most precipitation with a weight of 40%, while the TPB

received the least.

The TWSA and AET showed significantly decreased and

increased in the CIBs and most of its sub-basins, respectively.

TWSA increased in the QPB and QDB. TWSA decreased in the

CIBs primarily due to the increased AET. Precipitation caused

more than 50% increased AET. Similar to that in the CIBs, AET

change was the main factor driving TWSA change in each

closed basin. In particular, the increased AET in the HCB, TRB,

and TPB was the main factor for the decreased TWSA in these

basins. The increased AET in the HCB was mainly due to

precipitation. However, melting glaciers and irrigation

diversion primarily caused the increased AET in the TRB

and TPB. Interestingly, AET reduction in the QPB and QDB

decreased TWSA. More than 50% AET reduction in the QDB

was caused by precipitation, while more than 70% AET

reduction in the QPB was caused by the decreased

consumption of other water resources.
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