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Abstract: Droughts have damaging impacts on human society and ecological environments. There-
fore, studying the impacts of climate variability and human activity on droughts has very important
scientific value and social significance in order to understand drought warnings and weaken the
adverse impacts of droughts. In this study, we used a combined drought index based on five Grav-
ity Recovery and Climate Experiment (GRACE) and GRACE Follow-On solutions to characterize
droughts in the Pearl River basin (PRB) and its sub-basins during 2003 and 2020. Then, we accurately
quantified the impact of climate variability and human activity on droughts in the PRB and seven
sub-basins by combining the hydrometeorological climate index and in situ human activity data. The
results show that 14 droughts were identified in the PRB, particularly the North River basin with the
most drought months (52.78%). The El Nifio-Southern Oscillation and the Indian Ocean Dipole were
found to have important impacts on droughts in the PRB. They affect the operation of the atmospheric
circulation, as well as the East Asia summer monsoon, resulting in a decrease in precipitation in the
PRB. This impact shows a significant east-west difference on the spatial scale. The middle and upper
reaches of the PRB were found to be dominated by SM, while the lower reaches were found to be
dominated by GW. Human activity was found to mainly exacerbate droughts in the PRB, but also
plays a significant role in reducing peak magnitude. The sub-basins with a higher proportion of
total water consumption experienced more droughts (more than 11), and vice versa. The Pearl River
Delta showed the highest drought intensification. Reservoir storage significantly reduces the drought
peak and severity, but the impact effect depends on its application and balance with the total water
consumption. Our study provides a reference for analyzing the drought characteristics, causes, and
impacts of sub-basins on a global scale.
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1. Introduction

A drought is a very destructive hydrometeorological disaster, which is an extreme
manifestation of the paradox between water supply and demand [1]. It can seriously
threaten the sustainable development of the social economy [2,3]. Since 2000, the number
and duration of global droughts have increased by 29%. Between 1998 and 2017, global
economic losses due to drought were high as USD 124 billion, and the number of people
affected by drought reached 1.4 billion [4]. Therefore, realizing the early warning signs
of drought is of great significance in order to reduce the adverse effects of droughts. The
premise of establishing a drought-based early warning model is to fully understand and

Water 2023, 15, 1720. https:/ /doi.org/10.3390/w15091720

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w15091720
https://doi.org/10.3390/w15091720
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-7694-2972
https://orcid.org/0000-0002-3106-0714
https://doi.org/10.3390/w15091720
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15091720?type=check_update&version=3

Water 2023, 15, 1720

2 of 20

master the formation and development mechanism of droughts, especially the impact of
various factors on droughts.

Drought research requires various hydrological data, such as data on precipitation
(PPT), soil moisture (SM), runoff, evapotranspiration (ET), etc. Although the ground
stations can directly obtain these hydrological data, the insufficient site leads to low data
coverage, and the method needs high costs [5]. Satellite remote sensing achieves all-weather
tracking and full coverage of data monitoring, but it obtains hydrological data indirectly.
Therefore, there are large uncertainties in the data [6,7]. The emergence of Gravity Recovery
and Climate Experiment (GRACE) and its Follow-On (GRACE-FO) satellites has provided
us with a geodetic approach that can be used to monitor all the terrestrial hydrological
data, including surface and subsurface data, and terrestrial water storage changes (TWSCs)
estimated by these data included the influence of natural factors and human activity [8,9].
Therefore, it has attracted significant attention among scientists from all over the world.
Moreover, some scholars have used them in terrestrial hydrological research, e.g., for the
Yangtze River basin [10,11] and the Amazon River basin [12,13], as well as in Africa [14,15]
and Australia [16,17].

A drought index is a quantitative indicator often used in drought research, and it
has the advantage of being easy to understand. Commonly used drought indices mainly
include the Palmer drought severity index (PDSI), the standardized PPT ET index (SPEI),
and the standardized PPT index (SPI) [18]. However, the above three drought indices are
only based on one or two pieces of hydrometeorological data, so it cannot fully reflect
the real situation of terrestrial hydrology [7,19,20]. The current causes of droughts are
not only natural factors, but also human activity. The traditional drought indices cannot
accurately reflect the impact of human activity, bringing great uncertainty within drought
assessments [21]. Moreover, GRACE has provided an effective solution to the above
problem. Sinha et al. [22] used GRACE TWSC data to construct a water storage deficit
index (WSDI), and applied it to drought monitoring in the Indian Continent during 2002
and 2015. Subsequently, the WSDI was used in drought research in the Yangtze River basin
and the Sao Francisco River basin, as well as China, and Turkey [7,23-25]. The WSDI has
become a preferable and effective tool for monitoring large-scale droughts.

The Pearl River basin (PRB) is the largest river system in South China and the third
longest river in China. Its annual runoff is more than 330 million m3, ranking second
in China’s river systems [26]. GRACE data were applied to successfully detect severe
drought events in the PRB in 2011 [27], and PPT, ET, runoff, and climate variability were
found to play an important role in the drought propagation [28,29]. The El Nifio-Southern
Oscillation (ENSO) alters the drought duration and severity by affecting PPT levels [30].
Except for natural factors, human activity has a certain interference effect on droughts.
Forest change has the ability to disturb regional climate states and thus contribute to
hydrological droughts. In Baker Creek and Yaak River basins, forest change has a greater
impact on droughts than climate change [31,32]. Reservoir storage also disrupts drought
duration and severity [30]. The above studies did not consider the divergence between
different sub-basins in the PRB, and precisely quantify the contribution of human activity to
droughts. In this study, we discuss the impact of climate variability and human activity on
each PRB sub-basin during the drought events from 2003 to 2021, and precisely quantified
the impact extent of human activity to drought duration and severity. We briefly introduced
the study area, data, and methods in Sections 2—4, respectively. Section 5 presents an
analysis of drought characteristics and its influencing factors in the PRB. The discussion
and conclusion are provided in Sections 6 and 7, respectively.

2. Study Area

The PRB (Figure 1), approximately located at 21° N-27° N and 102° E-116° E, covers
five provinces in South China and northeastern Vietnam, with a total area of 442,000 km?2.
The terrain is high in the northwest and low in the southeast. The region has the subtropical
monsoon climate, with a mild and rainy climate. The annual average temperature is
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14~22 °C and the annual average PPT is 1200~2200 mm. PPT distribution obviously
decreases gradually from east to west. The spatial and temporal distribution of PPT is
uneven, and more than 80% of PPT is concentrated in the rainy season [33,34]. The sub-
basins of the PRB are the Nan-Bei Pan River basin (NBPRB), the Hongliu River basin (HRB),
the Yu River basin (YRB), the West River basin (WRB), the North River basin (NRB), the
East River basin (ERB), and the Pearl River Delta (PRD).
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Figure 1. Digital elevation model of PRB.

3. Data
3.1. GRACE/GRACE-FO Data

At present, GRACE/GRACE-FO solutions are mainly published by three official
agencies, which are the Center for Space Research at the University of Texas at Austin
(CSR), the Helmholtz-Centre Potsdam-German Research Centre for Geosciences (GFZ),
and the Jet Propulsion Laboratory (JPL). GRACE/GRACE-FO solutions are divided into
spherical harmonic (SH) and Mascon solutions, and gridded TWSC data can be obtained
from them. Among them, only SH solutions require pretreatment. Firstly, first-order and
Cyp term coefficients needed to be replaced [35,36]. Then, SH coefficients were processed
using a 250 km fan filter and a P3M8 polynomial filter. Finally, the scale factor method was
used to repair the signal [37]. Since GRACE and GRACE-FO data are exactly the same,
GRACE and GRACE-FO are collectively referred to as GRACE. For convenience, three
GRACE SH solutions and two Mascon solutions are termed as CSR-SH, GFZ-SH, JPL-SH,
CSR-M, and JPL-M, respectively.

3.2. Reconstructed TWSC Data

The data gap between GRACE and GRACE-FO missions (from July 2017 to May 2018)
was filled using the dataset of reconstructed TWSC data in China based on PPT (2002-2019),
derived from the National Tibetan Plateau Data Center. The dataset was calculated using
the CSR GRACE/GRACE-FO RL06 Mascon solution, China’s daily gridded PPT real-time
analysis system (version 1.0), and CN05.1 temperature data and other datasets, according
to the PPT reconstruction model [38,39].

3.3. Traditional Drought Index

We used the two traditional drought indices, the self-calibrating PSDI (SCPDSI) and
the SPEI, to evaluate the quality of WSDIs. The SCPDSI is an upgraded version of the PDSI,
which is more suitable for drought assessment on a global scale and calculated based on
PPT, temperature, and parameters relating to soil/surface characteristics [40]. The monthly
0.5° x 0.5° global gridded SCPDSI data were taken from the Climate Research Unit at
University of East Anglia. The SPEI was estimated based on PPT and potential ET. In
our study, the monthly SPEI gridded data with a spatial solution 0.25° x 0.25° had three
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different time scales (3, 6, and 12 months). The 3-month scale represents an agricultural
drought; the 6-month scale represents a hydrological drought; and the 12-month scale
represents a hydrogeological drought [41].

3.4. In Situ Hydrometeorological Data

In situ hydrometeorological data, including PPT, soil moisture (SM), runoff, and ET,
were derived from China Global Land Surface Reanalysis Products (CMA-RA/Land).
The products were provided by the China Meteorological Administration, with a spatial
solution of 0.5° x 0.5° and monthly temporal solutions.

3.5. Groundwater Data

Since groundwater (GW) also has a certain impact on regional drought, we discussed
GW as a factor of drought. In our study, the monthly 0.25° x 0.25° GW gridded data were
taken from the Global Land Data Assimilation System 2.1 Catchment Land Surface Model,
which is obtained by subtracting soil moisture, plant canopy surface water, and snow water
equivalent from terrestrial water storage.

3.6. Climate Teleconnection

Droughts have a certain teleconnection with global climate events [42]. Climate
change in China is vulnerable to sea surface temperature anomalies in the Pacific and
Indian Oceans [43]. The ENSO is a persistent anomalous sea surface temperature in the
equatorial Pacific that affects global and regional PPT levels and water cycles, especially in
Pacific coast regions [44,45]. Previous studies [30,46] indicate that PPT and TWSC in the
PRB are mainly influenced by the ENSO. PPT in the PRB is closely related to the Indian
Ocean Dipole (IOD) [47,48]. Therefore, it is necessary to study the impact of the ENSO and
the IOD on climate change in the PRB. In our study, the monthly Nifio 3.4 index and the
Indian Ocean Dipole model index (DMI) during 2003 and 2020, respectively, were provided
by the National Oceanic and Atmospheric Administration, which has represents the state
of the ENSO and the IOD over time.

3.7. In Situ Human-Induced TWSC Data

In situ human-induced TWSC data were provided by the PRB Water Resources Bul-
letins, and the bulletins were published by the Pearl River Water Resources Commission of
the Ministry of Water Resources. These data comprise PPT, surface water, groundwater,
reservoir storage (RS), total water supply, total water consumption (TWC), etc., both in the
PRB and its sub-basins on an annual scale.

4. Methods
4.1. Data Fusion

Data fusion is mainly carried out in three steps: (1) the uncertainties of five TWSC
results of different GRACE solutions are estimated using the generalized three-cornered
hat method; (2) according to the uncertainties results, the weight of the five TWSC results
are determined; (3) the five TWSC results are fused based on the least squares method.
Technical details on the data fusion can be found in Refs. [49,50].

4.2. Natural-Induced TWSCs

To analyze the impact of human factors on the droughts in the PRB, we need to
evaluate the natural-induced TWSC (TWSC,). According to the water balance equation,
TWSC, is expressed as follows:

TWSC.=P—R—E 1)

where P is the PPT rate, E is the ET rate, and R is the runoff.
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4.3. WSDI
The expression of the WSDI is as follows [22]:

WSD;; = TWSC;; — TWSC{'™ 2)

where WSD; ; and TWSC; ; are the water storage deficit and GRACE TWSC for the jth
month in the year i, respectively; TWSC]C»lim is the climatology of TWSC for the jth month.
In our study, the climatology of TWSC was calculated by averaging each month of GRACE
TWSC data during 2003 and 2020 in the PRB, which was used as the baseline for identifying
the WSD [51]. A negative WSDI represents the drought conditions, whose magnitude
indicates the drought intensity [22].

4.4. Definition and Characteristics of Drought Event

In our study, to determine the occurrence of a drought event in the PRB, the monthly
WSDI must be less than 0 for three consecutive months. The drought duration is the number
of months during the start and end month of the drought event; the peak magnitude indi-
cates the maximum monthly WSDI during the drought event; the drought area percentage
represents the ratio of the grid area with a WSDI less than 0 to the total area of the PRB.
The drought severity (S) is expressed as [52]:

S=MxD 3)

where M is the monthly average of the WSDI during the drought event and D is the
drought duration calculated up to the current month.

4.5. SPI

The SPI is estimated based on long-term PPT data and is widely used in regional
drought research [53]. Firstly, the probability density function of gamma distribution is
used for long-term PPT data. Then, the function is converted to a normal distribution to
obtain an SPI mean value at 0. The expression is as follows:

co+ W+ Czl/\/v2
1—diW + dyW2 + d3W3

SPI =W — 4)

W—{ vV—2InP,P <05 5)
v—2In(1-"P),P >05

where P is the cumulative probability of PPT exceeding the threshold value. cy, c1, ¢2, d1,
dp, and d3 are constant, which are 2.52, 0.80, 0.01, 1.43, 0.19, and 0.0013, respectively [54].
In our study, the three different time scales of the SPI (SPI-3, SPI-6, and SPI-12) were
calculated. The above three SPIs represent meteorological drought, agricultural drought,
and hydrological drought [55].

4.6. Partial Least Squares Regression Model

The partial least squares regression model (PLSR) is a regression modeling method
that uses multiple dependent variables and multiple independent variables. It solves the
problem of multiple correlations between independent variables in the traditional least
squares regression model [56,57]. In our study, we took the WSDI as the dependent variable
and hydrogeological factors as independent variables to study the impact of different
hydrometeorological factors on droughts in the PRB.

Suppose Y and X = {Xj, Xy, - - - , X;; } are the WSDI and hydrometeorological factors,
respectively. X;(i = 1,2, - - ,n) represents different hydrometeorological factors, and n is
the number of hydrometeorological factors. The time series of Y and X; can be expressed
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as {y1,y2,- -~ ,yp} and {xj1, xpp, - - - , xjp }, and p is the length of the time series. Therefore,
X can be expressed as:
X11 v Xin
X=11 " (6)
xlgl .. xpn

Firstly, Y and X are normalized. Normalized X and Y are denoted as A and B,
respectively.

Then, the principal components of A and B are extracted, respectively [58]. Assuming
that the regression equation meets the accuracy requirements after the mth principal
component extraction and regression, the extracted principal components can basically
represent all independent variables.

Finally, the regression equation of Y with respect to { X1, Xp, - - - , X;; } can be obtained.

The variable importance of projection (VIP) from the PLSR model can accurately
quantify the impact of hydrometeorological factors on droughts. The expression of VIP is
as follows:

nf RA(Y, Ui)wlzj
VIiP = |-=1 (Gi=12--,n) ?)
Y Rd(Y,v;)
i=1

where VIP; is the VIP value of the jth hydrometeorological factor. v;(i =1,2,---,m)
represents the m principal components of Y, and wij(i =12,---,m;j=12,---,p) rep-
resents the weight of each element in the matrix after the matrix X is standardized.
Rd(Y,v;) = r*(Y,v;) and r(Y, v;) are the correlation coefficients between Y and v;, respec-
tively. When VIP is more than 0.8, the corresponding factor has a significant impact [59].

4.7. Correlation Coefficient and Delay Months

Suppose the two independent time series are x; and xp, the correlation coefficient
between the above time series is expressed as [60]:

(1)

p(T) B V011022

where p(7) is the correlation coefficient, T is the delay factor, 071 and o7, are the variance
levels of x1 and xy, respectively. 075 is the covariance of x; and x;. |p(7)| is the maximum
(lo(7)| £ 1), which means that 7 is the corresponding delay in months (|7| < 12).

®)

5. Results
5.1. Spatiotemporal Distribution of the WSDI in the PRB

We fused the TWSC results from six GRACE solutions to improve the reliability of
TWSC results. Figure 2 shows that fused results are in good agreement with TWSC results
from six single solutions, and correlation coefficients between fused results and TWSC
results from six single solutions are larger than 0.95. The fused results (3.183 mm) offer
less uncertainty than the one of the results from six single solutions (CSR-SH, 13.596 mm;
GFZ-SH, 15.434 mm, JPL-SH, 12.711 mm; CSR-M, 33.570; JPL-M, 23.902).

Figure 3 compares the WSDI with seven traditional drought indices and presents the
corresponding scatter plots. The eight drought indices had similar change trends, and the
performance of the WSDI in detecting droughts in the PRB had a high consistency with
traditional drought indices. The WSDI had the highest correlation coefficient with the
SPEI-06 (0.6917) and the lowest score with SPI-03 (0.5318). The correlation coefficients of
SCPDSI, SPEI-03, SPEI-12, SPI-06, and SPI-12 were 0.5688, 0.5848, 06227, 0.6469, and 0.6120,
respectively. Overall, the WSDI agreed well with the SCPSDI, the SPEI, and the SPI in
drought monitoring in the PRB.
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Figure 2. The time series of TWSC results from five GRACE solutions and fused results in the PRB
during 2003-2020.
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Figure 3. The time series of WSDIs and traditional drought indices (a,c,e) and comparison scatter
plots (b,d,f) in the PRB during 2003-2020. (a,b) The WSDI and the SCPDSI; (c,d) the WSDI and SPEI-3,
SPEI-6, and SPEI-12; (e,f) the WSDI and SPI-3, SPI-6, and SPI-12.

5.2. Drought Characteristics in the PRB

In our study, the WSDI was used to monitor and characterize droughts in the PRB and
its sub-basins from 2003 to 2020 (Table 1 and Figure 4). The fourteen droughts occurred
in the PRB during the study period. Among them, the worst drought occurred from
November 2010 to July 2012, whose peak magnitude and drought severity values were
—0.6143 and —12.4149, respectively, which is also the longest one (21 months). During
this drought, the HRB was most affected (—14.6244). The seven droughts belonged to the
basin-wide one (nos. 1,2, 3, 5, 7, 8, and 11). During the seven droughts, the most severely
affected sub-basins were the WRB (12.7318), the WRB (11.4342), the HRB (14.6244), the
WRB (5.3541), the NBPRB (9.5206), the HRB (15.7994), and the ERB (6.8657). During the
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study period, the WRB and the HRB suffered the most droughts (12). In non-basin-wide
droughts, the no. 10 drought (June 2014 to August 2014) only affected two sub-basins (the
NBPRB and the YRB). Four droughts mainly occurred in the middle and upper reaches,
while three ones mainly appeared in the lower reaches. Among the droughts that occurred
in the middle and upper reaches, the most affected sub-basins were all NBPRBs, while the
ones that occurred in the lower reaches were all ERBs during the droughts. Therefore, the
NBPRB, the WRB, the HRB, and the ERB were found to be the most drought-prone. With
14 droughts, the drought duration varied across sub-basins (Figure 4b). For example, in
the no. 8 drought (November 2011 to July 2012), the YRB had the longest drought months
(12 months), followed by the NRB (19 months), the HRB (18 months), the WRB (17 months),
the ERB (16 months), the NBPRB (15 months), and the PRD (15 months).

16

-
[ S5 T N

Drought Severity
=

S N s &N

1 2 3 4 § 6 7 8 9 10 11 12 13 14
Drought Event Number

20
15

10

| |||HU" NLm

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Drought Event Number

Drought Months

B NBPRB ¥ YRB @ HRB © WRB ® NRB ¥ ERB B PRD

Figure 4. The drought severity (a) and drought months (b) of each sub-basin in the PRB during the
droughts.

Figure 5 shows that all the sub-basins experienced drought nearly or more than half the
time (43%). The NRB had the highest number of drought months (52.78%), while the ERB
and the PRD were basically in drought half the time (50.46% and 50.93%). The NRB, the ERB,
and the PRD belonged to the lower reaches. This suggests that the lower reaches are more
susceptible to droughts.

YRB NRB ERB PRD

‘B cBcBcBcBcBcB

Figure 5. The proportion of months with and without drought in each sub-basin in the PRB during
the study period. Orange: no drought; blue: drought.
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Table 1. Summary table of drought events identified by the WSDI.

. . WSDI Drought Area Percentage (%) Local
No. Time Span of Duration - Meteorological
Drought Events (Months) Pea?k Aver.age Severity Pea.lk Aver_age Cumu!atlve Data Validation
Magnitude Magnitude Magnitude Magnitude Magnitude (Y/N)
1 200307-200406 12 —1.7852 —0.9388 —11.2652 100.00 87.60 1051.15 -
2 200410-200505 8 —1.6718 —1.2597 —10.0776 100.00 99.68 797.44 Y
3 200507-200605 11 —1.6282 —0.9810 —10.7907 100.00 94.38 1038.22 Y
4 200609-200705 9 —0.9943 —0.5177 —4.6590 100.00 90.28 812.50 Y
5 200710-200805 8 —1.3530 —0.7105 —5.6841 100.00 90.43 723.45 Y
6 200901-200906 6 —0.8185 —0.3814 —2.2884 100.00 70.20 421.17 Y
7 200909-201005 9 —1.8509 —1.1458 —10.3120 100.00 97.15 874.39 Y
8 201011-201207 21 —1.7394 —0.5912 —12.4149 100.00 88.03 1848.56 Y
9 201305-201310 6 —0.6143 —0.3546 —2.1276 79.49 61.50 368.97 Y
10 201406-201408 3 —0.7469 —0.4754 —1.4262 69.18 60.63 181.90 Y
11 201504-201508 5 —1.8096 —0.8534 —4.2668 100.00 82.13 410.65 Y
12 201706201711 6 —1.0703 —0.6612 —3.9671 100.00 74.32 445.95 Y
13 201807-201809 3 —0.5566 —0.4366 —1.3099 84.81 70.24 210.71 Y
14 201911-202004 10 —1.0355 —0.4898 —4.8976 100.00 84.99 849.89 Y

5.3. Impact of Climate Variability on Droughts

Drought is closely related to hydrometeorological conditions. We selected PPT, runoff,
SM, GW, and ET as the drought-influencing factors in the PRB for analysis. Table 2 shows
that SM and GW had significant effects on the drought in the PRB, whose correlation coeffi-
cients and VIPs with the WSDI were 0.6477 and 2.4888 and 0.5607 and 1.8651, respectively.
However, the situation varied across sub-basins. The HRB, the WRB, and the YRB results
were consistent with those of the PRB. Although SM and GW still had significant effects in
the NRB, the ERB, and the PRD, and the correlation coefficients between the two and the
WSDI were less than 0.5. In the NBPRB, expect for SM and GW, ET had a significant effect
on the drought. In the upper reaches of the PRB (the NBPRB, the HRB, and Y the RB), SM
was the dominant factor in drought, while GW was the one in the lower reaches of the PRB
(the NRB, the ERB, and the PRD). In the WRB, the degree of influence of SM and GW was
found to be basically the same.

Table 2. The correlation coefficient (CC) and VIP between the WSDI and PPT, runoff, SM, GW, and
ET anomalies in the PRB.

NBPRB HRB YRB WRB NRB ERB PRD

CC viP cC VIP CC viP cC VIP CcC viP cC viP CC VIP

PRB
Variance
CC VIP
WSDI vs. PPT 0.2603 0.4018
WSDI vs. runoff 0.2873  0.4896
WSDI vs. SM 0.6477 2.4888
WSDI vs. GW 0.5607 1.8651
WSDI vs. ET 0.3566 0.7543

0.1024 0.1438 0.2871 0.4897 0.1640 0.2609 0.2338 0.3969 0.1689 0.3604 0.1627 0.4018 0.1660 0.4359
0.1482 0.3012 0.2713 0.4366 02097 0.4263 0.2320 0.3906 0.1635 0.3375 0.1986 0.5984 0.1583 0.3965
0.4561 2.8542  0.6750 2.7032  0.5222 2.6439 0.5745 2.3963 0.4128 21528 0.3473 1.8299 03740 2.2119
02758 1.0434 0.5621 1.8745 0.4462 1.9302 0.5733 2.3859 0.4670 2.7546 0.4356 2.8784 0.4150 2.7229
0.3379 1.5667 0.2890 0.4955 0.2759 0.7377 0.2432 0.4294 0.7166 0.3940 0.1346 02751 0.1197 0.2265

Due to the delay in response, we calculated the maximum correlation coefficients and
the corresponding time delay months between the WSDI and PPT, runoff, SM, GW, and ET
anomalies (Figure 6). The spatial correlation distribution of PPT (Figure 6a) shows high
distribution characteristics in the middle and low distribution characteristics on both sides,
as well as high distribution characteristics in the north and low distribution characteristics
in the south. The maximum correlation coefficient was only 0.28, which means that the
direct relationship between PPT and the WSDI is not strong. The delay of PPT mainly
lasted 1~2 months in most regions (Figure 6b). The spatial distribution of correlation and
delay months of runoff was the same as that of PPT (Figure 6¢,d). This suggests that PPT
and runoff have a close relationship (CC = 0.8682). However, the correlation coefficients of
runoff were less than PPT, and the maximum one was 0.25. The correlation between SM
and the WSDI was stronger than other factors, and the spatial distribution of correlation
of SM was the same as PPT (Figure 6e). This suggests that PPT has an important impact
on SM (CC = 0.5663). The delay SM basically lasted 0 months~1 month (Figure 6f). The
correlation of GW shows a significant high distribution in the east and low distribution in
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the west (Figure 6g). This shows that the regions with greater GW impacts are concentrated
in the lower reaches, which may be related to the relatively flat terrain in the region, given
that the flat terrain is conducive to the recharge and accumulation of GW. The delay of GW
almost lasted 0 months. ET had a similar distribution with SM, attributed to SM belong the
main source of ET (CC = 0.5274). ET had a strong correlation with the WSDI in the western
regions of the NBPRB. Because the eastern NBPRB belongs to the Yunnan-Guizhou Plateau,
this region has sufficient sunshine.
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Figure 6. The spatial distribution of maximum correlation coefficients (a,c,e,g,i) and the correspond-
ing time delay months (b,d,f/h,j) between the WSDI and PPT, runoff, SM, GW, and ET anomalies.

With global warming, extreme climates occur frequently, altering the regional climate.
Therefore, we studied the teleconnection between the ENSO, the IOD, and droughts in the
PRB. The ENSO and the IOD had a positive correlation with PPT in the PRB (CC = 0.2862
and 0.2112). Yuan et al. [61] showed that the western Pacific subtropical high is stronger and
more southward in the ENSO year, so the rising movement in South China is strengthened,
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convection develops, and PPT is increased. Xiao et al. [62] indicated that when the IOD
is in a positive phase, North China and the Jiang-Huai River basin are dry and less rainy
during the flood reason, and the coastal regions of South China are rainy belts. The ENSO
has a greater correlation with PPT than the IOD. This is attributed to the PRB being closer
to the Pacific Ocean.

Figure 7 shows the maximum correlation coefficients and the corresponding time
delay months between the ENSO and PPT, SM, and the WSDI. The correlations between the
ENSO and PPT show high distribution characteristics in the west and low characteristics
in the east (Figure 7a). The strongest one occurred in the WRB (0.3334) and the weakest
one appeared in the PRD (0.1450). This shows that the ENSO has a greater impact on
PPT in the middle and upper reaches than in the lower reaches. Based on the response
time of PPT to the ENSO, the closer to the ocean, the faster the response (Figure 7b). The
correlation between SM and the ENSO shows high values in the southwest and low values
in the northeast (Figure 7c), and the maximum and minimum ones (0.3404 and 0.1737)
appeared in the WRB and the YRB, respectively. SM instantly responded to the ENSO in
most regions, and the response time in individual regions reached 11 months (Figure 7d).
The spatial distribution of SM was quite significantly different from that of PPT. This may
have been affected by human activity, such as agricultural irrigation, reservoir regulation,
human water discharge, etc. The spatial distribution of the WSDI was consistent with
that of PPT (Figure 7e). This indicates that PPT is the main meteorological factor affecting
the occurrence of drought in the PRB. The basin most affected by the ENSO was the YRB
(0.3181), while the basin with the smallest effect was the ERB (0.01). The response of
the WSDI to the ENSO was slow in the northeast and fast in the southwest (Figure 7f).
Because the ERB, the NRB, and the PRD belong to the densely populated and economically
developed regions of the PRB, human activity may be the main reason for the differences
in the responses of PPT and the WSDI to the ENSO.
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Figure 7. The spatial distribution of maximum correlation coefficients (a,c,e) and the corresponding
time delay months (b,d,f) between the ENSO index and the WSDI, PPT, and SM anomalies.

Figure 8 estimates the maximum correlation coefficients and the corresponding time
delay months between the DMI and PPT, SM, and the WSDI. Comparing Figure 8a,e, the
spatial distribution of correlations between PPT and the WSDI were similar, i.e., indicating
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the high distribution characteristics in the northeast and the low distribution characteristics
in the southwest. This explains that the impact of the IOD relates to distance in the Indian
Ocean, which is the same as that of the ENSO. The response times of PPT and the WSDI
to the IOD were significantly different (Figure 8b,f). The correlations between the DMI
and SM were high in the west and low in the east, and the low correlations were mainly
concentrated in the ERB, the NRB, and the PRD. The reason is the same as for the ENSO.
Figure 8d shows that SM responses to the IOD were faster in the east and slower in the
west.
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Figure 8. The spatial distribution of maximum correlation coefficients (a,c,e) and the corresponding
time delay months (b,d,f) between the DMI and the WSDI, PPT, and SM anomalies.

5.4. Impact of Human Activity on Droughts

Since the impact of human activity on droughts is difficult to estimate, we used
indirect methods for evaluation purposes. We used natural-induced TWSCs to monitor and
characterize the droughts in the PRB (Table Al). Figure 9 compares the characteristics of
droughts caused by natural factors and actual occurrences (drought-nature and drought-
GRACE) in the PRB and its sub-basins. Comparing Tables 1 and A1, the number of drought
natures (11) was significantly less than the number of drought GRACE indices (14) in the
PRB. This shows that three droughts were caused by human activity. Expect for the ERB,
the above situation existed in each sub-basin, and the NBPRB had the most human-induced
droughts (3). Figure 9a shows that drought duration extensions appeared in 81.82% of
droughts (9) due to human activity. The longest increase in drought duration reached
10 months (no. 8), and the average value was 4 months. The highest increase rate in
drought duration was 125% (no. 7) and the average value was 75.37%. The duration of
one drought (no. 13) was shortened by 3 months due to human activity, while there was
one drought (no. 6) whose duration did not change due to human activity. As shown
in Figure 9, due to human activity, the drought with the longest prolonged drought (18
months) occurred in the YRB. The greatest increase in the average drought duration was
found in the NBPRB and the ERB (both 6.5 months), and the smallest one was found in
the NRB (3.3 months). The drought with the greatest increase rate of the drought duration
appeared in the YRB (600.00%). The greatest average increase rate in drought duration
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was found in the NBPRB (186.31%) and the smallest one was found in the NRB (81.75%).
Across the study regions, time extension was the main effect of human activity on drought
duration, but duration was also shortened in sporadic droughts.

In the PRB (Figure 9b), the peak magnitude of 81.82% of droughts (9) increased. The
largest increase in the peak magnitude was 0.6386 (no. 5), and the maximum growth rate
was 133.89% (no. 12) and the minimum growth rate was 3.29% (no. 1). There were two
droughts with declines in the peak magnitude, and the reduction rates were 5.10% and
16.21%. However, there are large differences in the results affected by human activity
between the sub-basin and the PRB. Except for the WRB and the PRD, at least 50% of
drought peaks were weakened in the other five sub-basins. In the NBPRB and the HRB, the
peak magnitudes of 55.56% droughts were cut. Droughts with the largest peak reductions
occurred in the HRB (91.13%). The seven sub-basins were sorted in ascending order of the
average peak magnitude reduction levels, and their arrangement was as follows: the NRB
(39.29%), the HRB (37.01%), the WRB (35.37%), the NBPRB (26.71%), the ERB (26.24%),
the PRD (20.84%), and the YRB (15.13%). Combining the probability and procedures of
peak magnitude reduction, the HRB was found to be the sub-basin with the largest peak
magnitude reduction. Human activity had an effect on reducing the peak magnitude and
the ability to exacerbate them. According to statistics, the PRD had the highest probability
of the exacerbated peak magnitude (70%). The average peak magnitude intensification
levels in each sub-basin were as follows: the NBPRB (349.58%), the YRB (118.05%), the
HRB (105.75%), the WRB (36.59%), the NRB (56.20%), the ERB (53.40%), and the PRD
(140.52%). Although the average level in the NBPRB was greater than that in the PRD, only
two droughts in the NBPRB had peak magnitude intensification. In the PRD, there were
seven occurrences of this situation. Therefore, the PRD was found to be a sub-basin with
the largest peak magnitude intensification.

Except for drought duration and peak magnitude, human activity had a significant
impact on drought severity. Figure 9c shows that 90.91% of droughts experienced increased
severity in the PRB, and the average growth rate reached 163.77%. The maximum and
minimum growth rates were 397.50% (no. 12) and 16.96% (no. 6), respectively. Only one
drought occurred with reduced severity (44.65%). Only the HRB, the WRB, the NRB, and
the ERB had reduced drought severity, and there were one, one, two, and one droughts in
the sub-basins, respectively. The vast majority of droughts increased in drought severity.
Among them, the greatest increasing rate was 1928.68% (the NBPRB), while the smallest
one was 13.92% (the NRB). The seven sub-basins were sorted in ascending order of the
average level of drought severity intensification, and their arrangement was as follows:
the NBPRB (385.37%), the YRB (326.16%), the PRD (283.75%), the HRB (252.62%), the NRB
(205.59%), the WRB (151.78%), and the ERB (148.54%).

Margariti et al. [63] indicated that human activity can affect drought via water storage
and consumption. The water storage was mainly RS, while the water consumption includes
industry, agriculture, and domestic water use. In our study, the above water consump-
tions were considered as a factor, called TWC. Figure 10a shows that TWC (56.30%) was
significantly greater than RS (43.70%) during 20032013, and the greater proportion of
TWC was found in 2013 (72.04%). Since 2011, TWC shows a continuous downward trend,
which may be attributed to China’s energy conservation and emission reduction policies
implemented since 2010 [64]. However, the average proportion of TWC still reached 51.02%
during 2011-2022. TWC mainly plays a role in exacerbating the drought, so human activity
mainly aggravates droughts in the PRB, which is consistent with the analysis results shown
in Figure 9a—c.
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Figure 9. The characteristics of droughts caused by natural factors and actual occurrences in the
PRB (a—c) and its sub-basins: NBPRB (d-f), HRB (g-i), YRB (j-1), WRB (m-o0), NRB (p-1), ERB (s—u);

PRD (v—x).



Water 2023, 15, 1720

15 of 20

The purpose of RS is not only flood control and drought relief, but also water supply
and power generation, so RS has both positive and negative effects on droughts. Due to
human activity, the drought severity of no. 13 in the PRB decreased by 44.65% (Figure 9c).
This shows that RS played a role in mitigating drought in this case and offset the negation
effect of TWC. Previous studies indicate [65,66] that when terrestrial water storage is
abundant, the reservoir increases the water storage capacity, and when the drought occurs,
stored water is released to alleviate the drought. During the study period, RS showed an
increasing trend, from 23.23 billion cm? to 70.65 billion cm3. However, the drought did
not appear to significantly ease. On the one hand, this is because the proportion of RS
was always smaller than that of TWC; on the other hand, RS was not all used for drought
protection.

Figure 10f shows that the average proportion of RS in the PRD was the smallest (7.29%);
thus, drought exacerbations caused by human activity were the most severe (drought
duration, peak magnitude, and drought severity). Figure 10b,c show that the NBPRB
and the HRB had the greater proportion of RS (63.20%) and the greatest reservoir storage
(12.09 billion m3). Although there was no significant performance in terms of drought
duration and severity, the above two sub-basins were found to be the most effective in the
terms of peak magnitude reduction. This suggests that relying solely on RS to mitigate the
effects of drought is not feasible in the PRB, and various measures must be integrated to
reduce the adverse impacts of drought on the social economy.
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Figure 10. The annual RS and TWC results in the sub-basin of the PRB (a) and its sub-basins
(NBPRB, (b); HRB, (c); YRB, (d); WRB, (e); NRB, (f); ERB, (g); PRD, (h)) during 2003—-2020. The bule
and green lines represent RS and TWC as a percentage of human-induced TWSC.

6. Discussion

The PRB belongs to the Subtropical Monsoon Climate Zone, and the Indian Ocean
and the South China Sea are the main sources of water vapor transportation in the region.
Therefore, the East Asian Summer Monsoon (EASM) and the Indian Summer Monsoon
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(ISM), which originate from the Pacific and Indian Oceans, respectively, are bound to
affect climate anomalies in the PRB. Huang et al. [67] indicate that the spatiotemporal
evolution characteristics of PPT in the PRB are significantly coupled with anomalous
changes in the sea surface temperature (SST) in the Pacific and Indian Oceans at the equator.
Previous studies [68—-70] show that the ENSO affects anomalous changes in atmospheric
circulation by affecting the Walker and Hadley circulations. During the El Nifio event,
Walker circulation weakens and Hadley circulation increases, which causes the EASM to
weaken, and PPT is mainly concentrated in South China. When a positive IOD appears,
the equatorial region of the Indian Ocean is anomalously easterly, and there is an obvious
westerly response from the eastern Bay of Bengal to the Indochina Peninsula, which
strengthens the ISM. However, there is a significant westerly wind response in the western
Pacific region, which weakens the water vapor transportation from the tropical ocean.
This causes the PPT belt to recede to South China. In most cases, the ENSO and the IOD
are concomitant [53]. At this time, there is an obvious easterly response from the eastern
Bay of Bengal to the Indochina Peninsula. This hinders the northward movement of the
high-altitude easterly belt. As a result, the southwest monsoon in East Asia continues to
weaken, and the water vapor cannot be transported to North China, so a large amount of
water vapor stays in South China [68]. Therefore, during El Nifio and positive IOD events,
the PRB is prone to floods and vice versa; thus, it is prone to droughts. In our study, PPT is
more affected by the ENSO, which is consistent with the results of Huang et al. [30] and
Deng et al. [46].

With rapid increases in the population and the industrialization process, people
endlessly demand a large amount of water from nature, which breaks the water balance
in nature, disrupts the terrestrial water cycle, and increases the intensity and frequency
of extreme droughts. As shown in Figure 10, the YRB (57.56%), the WRB (81.12%), the
NRB (72.26%), and the PRD (92.71%) are all regions with a large proportion of TWC.
Therefore, the above four sub-basins experienced relatively more droughts (more than
11) during the study period. The NBPRB (36.80%) and the ERB (38.05%) were found to
have a smaller proportion of TWC, so the drought numbers in these two sub-basins were
less than 10. This shows that the TWC exacerbates droughts, which has good agreement
with the findings of Wang et al. [71] centered around the fact that irrigation projects and
agricultural production in the PRB increased the risk of droughts. In addition, RS can
change the spatiotemporal distribution of a TWSC region, which may affect the peak
magnitude, severity, and duration of droughts. Yang et al. [72] indicate that if RS is large
and the proportion of TWC is small, the droughts will be alleviated, and the opposite will
aggravate the droughts. Zhang et al. [65] suggest that RS plays a role in smoothing runoff
change, effectively reducing the drought severity, but prolonging the drought duration.

Our results comprehensively quantify the extent to which climate variability and
human activity have influenced the drought in the PRB, especially a precise quantification
of the impact of RS and TWSC on drought characteristics. We used an indirect method to
quantify the impact of human activity on droughts, which has definite uncertainty. In the
follow-up research, it is hoped that high-precision monthly human activity data can be
obtained to accurately quantify the impact of human activity on droughts.

7. Conclusions

In our study, a combined drought index based on GRACE and GRACE-FO solutions
was used to analyze the drought characteristics and influencing factors in the PRB and its
sub-basins during 2003 and 2020. We also combined multiple hydroclimate data, climate
indexes, and human activity data to study the impact of climate variability and human
activity on droughts. Our conclusions are as follows:

(1) Although 14 droughts occurred in the PRB, not all droughts are basin-wide. Among
them, the worst drought occurred from Nov 2010 to July 2012. There are significant
differences in the drought characteristics of each sub-basin. The NRB is the basin that
was affected by droughts for the longest durations.
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(2) The middle and upper reaches of the PRB were mainly dominated by SM, while the
lower reaches were mainly dominated by GW. The ENSO had a greater impact on
PPT in the PRB than the IOD. The impacts of the ENSO and the IOD on PPT present
significant spatial east-west differences.

(3) Inthe PRB, human activity leads to longer drought durations and more severe drought,
but can weaken the peak magnitude. The PRD is the basin most affected by human
activity. Due to TWC, the drought frequency increased. RS can play a role in reducing
the peak magnitude and drought severity, but this depends on the use of a reservoir.

Our study helps to establish a connection mechanism between climate variability,
human activity, and regional droughts, which is of great scientific value and social signifi-
cance for the realization of early warning signs of regional droughts and the assessment of
drought impacts.
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Appendix A

Table Al. Summary table of drought events identified by the WSDI based on natural TWSC.

. . WSDI Drought Area Percentage (%)
No. Time Span of Duration -
Drought Events (Months) Peak Average Severity Peak Average Cumulative
Magnitude Magnitude Magnitude Magnitude  Manitude

1 200302-200312 11 —1.7283 —0.4644 —5.1088 100.00 79.25 871.72

2 200408-200501 6 —1.0604 —0.5037 —3.0220 100.00 86.00 516.02

3 200507-200511 5 —1.4033 —0.6229 —3.1146 99.36 88.49 442 .46

4 200709-200711 3 —0.7144 —0.4736 —1.4208 100.00 84.12 252.35

5 200802-200804 3 —0.3451 —0.2004 —0.6011 98.07 79.02 237.06

6 200812-200902 3 —0.6211 —0.4518 —1.3555 100.00 97.61 292.84

7 200904-200906 3 —0.4907 —0.3164 —0.9491 78.13 67.72 203.16

8 200908-200911 4 —1.5915 —0.7640 —3.0561 98.69 86.89 347.55

9 201101-201108 8 —1.8329 —0.7901 —6.3209 100.00 80.04 640.30
10 201208-201210 3 —1.0076 —0.4514 —1.3541 95.45 73.29 219.86
11 201212-201302 3 —0.5513 —0.2662 —0.7985 99.36 79.14 237.41
12 201502-201504 3 —0.8139 —0.5444 —1.6332 98.73 87.61 262.82
13 201612-201702 3 —0.4576 —0.2658 —0.7974 98.73 80.93 242.79
14 201802-201807 6 —0.6643 —0.3944 —2.3667 99.34 73.35 440.13

References

1. Vishwakarma, B. Monitoring droughts from GRACE. Front. Environ. Sci. 2020, 8, 584690. [CrossRef]

2. Mohamed, A.; Faye, C.; Othman, A.; Abdelrady, A. Hydro-geophysical evaluation of the regional variability of Senegal’s
terrestrial water storage using time-variable gravity data. Remote Sens. 2022, 14, 4059. [CrossRef]

3.  Khan, A.A,; Zhao, Y].; Khan, J.; Rahman, G.; Rafiq, M.; Ul Moazzam, M.F. Spatial and temporal analysis of rainfall and drought
condition in Southwest Xinjiang in Northwest China, using various climate indices. Earth Syst. Environ. 2021, 5, 201-216.
[CrossRef]

4. Phoenix Net Finance. Available online: https:/ /finance.ifeng.com/c/8JQyXvqfv6e (accessed on 13 April 2023).

5. Cui, L.;; Zhang, C.; Yao, C.; Luo, Z.; Wang, X.; Li, Q. Analysis of the influencing factors of drought events based on GRACE data
under different climatic conditions: A case study in Mainland China. Water 2021, 13, 2575. [CrossRef]

6. Aghakouchak, A.; Farahmand, A.; Melton, F,; Teixeira, J.; Anderson, M.; Wardlow, B.; Hain, C. Remote sensing of drought:
Progress, challenges, and opportunities. Rev. Geophys. 2015, 53, 452-480. [CrossRef]

7. Sun, Z.; Zhu, X.; Pan, Y.; Zhang, J.; Liu, X. Drought evaluation using the GRACE terrestrial water storage deficit over the Yangtze
River Basin, China. Sci. Total Environ. 2018, 634, 727-738. [CrossRef] [PubMed]

8. Cui, L,; Zhu, C; Wu, Y;; Yao, C.; Wang, X.; An, J.; Wei, P. Natural- and human-induced influences on terrestrial water storage
change in Sichuan, Southwest China from 2003 to 2020. Remote Sens. 2022, 14, 1369. [CrossRef]

9.  Mohamed, A.; Othman, A.; Galal, W.; Abdelrady, A. Integrated geophysical approach of groundwater potential in Wadi Ranyah,
Saudi Arabia, using gravity, electrical resistivitu, and remote-sensing techniques. Remote Sens. 2023, 15, 1808. [CrossRef]

10. Long, D.; Yang, Y.; Wada, Y.; Hong, Y.; Liang, W.; Chen, Y.; Yong, B.; Hou, A.; Wei, J.; Chen, L. Deriving scaling factors using a
global hydrological model to restore GRACE total water storage changes for China’s Yangtze River basin. Remote Sens. Environ.
2015, 168, 177-193. [CrossRef]

11.  Zhang, Z.; Chao, B.; Chen, J.; Wilson, C. Terrestrial water storage anomalies of Yangtze River basin drought observed by GRACE
and connection with ENSO. Glob. Planet. Change 2015, 126, 35-45. [CrossRef]

12. Chen, J.; Wilson, C.; Tapley, B.; Yang, Z.; Niu, G. 2005 drought event in the Amazon River basin as measured by GRACE and
estimated by climate models. J. Geophys Res. 2009, 114, B05404. [CrossRef]

13.  Cui, L.; Yin, M,; Huang, Z.; Yao, C.; Wang, X.; Lin, X. The drought events over the Amazon River basin from 2003 to 2020 detected
by GRACE/GRACE-FO and Swarm satellites. Remote Sens. 2022, 14, 2887. [CrossRef]

14. Ahmed, M,; Sultan, M.; Wahr, J.; Yan, E. The use of GRACE data to monitor natural and anthropogenic induced variations in
water availability across Africa. Earth Sic. Rev. 2014, 136, 289-300. [CrossRef]

15. Awange, J.; Khandu, K.; Schumacher, M.; Forootan, E.; Heck, B. Exploring hydro-meteorological drought patterns over the
Greater Horn of Africa (1979-2014) using remote sensing and reanalysis produces. Adv. Water Res. 2016, 94, 45-59. [CrossRef]

16. Xie, Z.; Huete, A.; Restrepo-Coupe, N.; Ma, X.; Devadas, R.; Caprarelli, G. Spatial partitioning and temporal evolution of
Australia’s total water storage under extreme hydroclimatic impacts. Remote Sens. Environ. 2016, 183, 43-52. [CrossRef]

17.  Wang, W.; Shen, Y.; Wang, F; Li, W. Two severe prolonged hydrological droughts analysis over Mainland Australia using GRACE

satellite data. Remote Sens. 2021, 13, 1432. [CrossRef]


https://doi.org/10.3389/fenvs.2020.584690
https://doi.org/10.3390/rs14164059
https://doi.org/10.1007/s41748-021-00226-5
https://finance.ifeng.com/c/8JQyXvqfv66
https://doi.org/10.3390/w13182575
https://doi.org/10.1002/2014RG000456
https://doi.org/10.1016/j.scitotenv.2018.03.292
https://www.ncbi.nlm.nih.gov/pubmed/29649717
https://doi.org/10.3390/rs14061369
https://doi.org/10.3390/rs15071808
https://doi.org/10.1016/j.rse.2015.07.003
https://doi.org/10.1016/j.gloplacha.2015.01.002
https://doi.org/10.1029/2008JB006056
https://doi.org/10.3390/rs14122887
https://doi.org/10.1016/j.earscirev.2014.05.009
https://doi.org/10.1016/j.advwatres.2016.04.005
https://doi.org/10.1016/j.rse.2016.05.017
https://doi.org/10.3390/rs13081432

Water 2023, 15, 1720 19 of 20

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Cui, L.; Zhang, C.; Luo, Z.; Wang, X,; Li, Q.; Liu, L. Using the local drought data and GRACE/GRACE-FO data to characterize the
drought events in Mainland China from 2002 to 2020. Appl. Sci. 2021, 11, 9594. [CrossRef]

Rodell, M.; Famiglietti, ]. An analysis of terrestrial water storage variations in Illinois with implications for the Gravity Recovery
and Climate Experiment (GRACE). Water Resour. Res. 2001, 37, 1327-1339. [CrossRef]

Rodell, M.; Velicogna, I.; Famiglietti, J. Satellite-based estimates of groundwater depletion in India. Nature 2009, 460, 999-1002.
[CrossRef]

Zhang, X.; Hao, Z.; Singh, V.; Zhang, Y.; Feng, S.; Xu, Y.; Hao, F. Drought propagation under global warning: Characeristics,
approaches, processes, and controllong factors. Sci. Total Environ. 2022, 838, 156021. [CrossRef]

Sinha, D.; Syed, T.; Famiglietti, ].; Reager, J.; Thomas, R. Chaeacterizing drought in Indian using GRACE observations of terrestrial
water storage deficit. J. Hydrometeorol. 2017, 18, 381-396. [CrossRef]

Parades-Trejo, F.; Barbosa, H.; Govannettgne, J.; Kumar, T.; Thaur, M.; Buriti, C.; Uzcategui-Briceno, C. Drought assessment in the
Sao Francisco River basin using satellite-based and ground-based indices. Remote Sens. 2021, 13, 3921. [CrossRef]

Deng, S.; Liu, S.; Mo, X. Assessment and attribution of China’s droughts using an integrated drought index derived from GRACE
and GRACE-FO data. J. Hydrol. 2021, 603, 127170. [CrossRef]

Khorrami, B.; Gunduz, O. Detection and analysis of drought over Turkey with remote sensing and model-based drought indices.
Geocarto Int. 2022, 37, 12171-12193. [CrossRef]

Niu, J. Precipitation in the Pearl River basin, South China: Scaling, regional patterns, and influence of large-scale climate
anomalies. Stochastic Environ. Res. Risk. Assess. 2013, 27, 1253-1268. [CrossRef]

Luo, Z.; Yao, C.; Li, Q.; Huang, Z. Terrestrial water storage changes over the Pearl River basin from GRACE and connection with
Pacific climate variability. Geod. Geodyn. 2016, 7, 171-179. [CrossRef]

Cui, W,; Chen, J.; Wu, Y.; Wu, Y. An overview of water resources management of the Pearl River. Water Sci. Technol. Water Supply
2007, 7, 101-113. [CrossRef]

Han, Z.; Huang, S.; Huang, Q.; Leng, G.; Wang, H.; Bai, Q.; Zhao, J.; Ma, L.; Wang, L.; Du, M. Propagation dynamics from
meteorological to groundwater drought and their possible influence factors. J. Hydrol. 2019, 578, 124102. [CrossRef]

Huang, Z.; Jiao, J.; Luo, X.; Pan, Y,; Jin, T. Drought and flood characterization and connection to climate variability in the Pearl
River basin in Southern China using long-term GRACE and reanalysis data. J. Clim. 2021, 34, 2053-2078. [CrossRef]

Zhang, M.; Wei, X. The effects of cumulative forest disturbance on streamflow in a large watershed in the central interior of
British Columbia, Canada. Hydrol. Earth Syst. Sci. 2012, 16, 2021-2034. [CrossRef]

Aryal, Y.; Zhu, ]. Effect of watershed disturbance on seasonal hydrological drought: An improved double mass curve (IDMC)
technique. J. Hydrol. 2020, 585, 124746. [CrossRef]

Zhang, Q.; Xu, C.; Becker, S.; Zhang, Z.; Chen, Y.; Coulibaly, M. Trends and abrupt changes of precipitation maxima in the Pearl
River basin, China. Atmos. Sci. Lett. 2009, 10, 132-144.

Yang, T.; Shao, Q.; Hao, Z.; Chen, X.; Zhang, Z.; Xu, C. Regional frequency analysis and spatio-temporal pattern characterization
of rainfall extremes in the Pearl River basin, China. ]. Hydrol. 2010, 380, 386-405. [CrossRef]

Swenson, S.; Chambers, D.; Whar, ]. Estimating geocenter variations form a combination of GRACE and ocean model output. J.
Geophys. Res. Solid Earth. 2008, 113, 194-205.

Cheng, M.; Tapley, B. Variations in the Earth’s oblateness during the past 28 years. J. Geophys. Res. 2004, 109, B09402. [CrossRef]
Cui, L.; Song, Z.; Luo, Z.; Zhong, B.; Wang, X.; Zou, Z. Comparison of terrestrial water storage changes derived from
GRACE/GRACE-FO and Swarm: A case study in the Amazon River Basin. Water 2020, 12, 3128. [CrossRef]

Zhong, Y.L.; Feng, W.; Zhong, M.; Ming, Z.T. Dataset of Reconstructed Terrestrial Water Storage in China Based on Precipitation
(2002-2019); National Tibetan Plateau Data Center: Beijing, China, 2020.

Zhong, Y.; Feng, W.; Humphrey, V.; Zhong, M. Human-Induced and Climate-Driven Contributions to Water Storage Variations in
the Haihe River Basin, China. Remote Sens. 2019, 11, 3050. [CrossRef]

Van der Schrier, G.; Barichivich, J.; Briffa, K.; Jones, P. A scPDSI-based global data set of dry and wet spells for 1901-2009. .
Geophys. Res. Atmos. 2013, 118, 4025-4048. [CrossRef]

Mishra, A.; Singh, V. A review of drought concepts. J. Hydrol. 2010, 391, 202-216. [CrossRef]

Bazrkar, M.; Eslamian, F. Ocean oscillation and drought indices: Application, Ch, 8. In Handbook of Drought and Water Scarcity, Vol.
1: Principles of Drought and Water Scarcity; Eslamian, S., Eslamian, F.,, Eds.; Francis and Taylor: Abingdon, UK; CRC Press: Boca
Raton, FL, USA, 2017; pp. 127-136.

Qian, W. Global Climate System; Peking Unversity Press: Beijing, China, 2009; pp. 45-50. (In Chinese)

Zhou, T; Yu, R;; Li, H.; Wang, B. Ocean forcing to changes in global monsoon precipitation over the recent half-century. J. Clim.
2008, 21, 3833-3852. [CrossRef]

Cayan, D.; Redmond, K.; Riddle, L. ENSO and hydrologic extremes in the western United States. J.Clim. 2010, 12, 2881-2893.
[CrossRef]

Deng, S.; Chen, T,; Yang, N.; Qu, L.; Li, M.; Chen, D. Spatial and temporal distribution of rainfall and drought characteristics
acorss the Pearl River basin. Sci. Total Environ. 2018, 619-620, 28—-41. [CrossRef] [PubMed]

Meyers, G.; Mcintosh, P; Pigot, L.; Pook, M. The years of EI Nifio, La Nifia, and Interactions with the Tropical Indian Ocean. J.
Clim. 2007, 20, 2872-2880. [CrossRef]


https://doi.org/10.3390/app11209594
https://doi.org/10.1029/2000WR900306
https://doi.org/10.1038/nature08238
https://doi.org/10.1016/j.scitotenv.2022.156021
https://doi.org/10.1175/JHM-D-16-0047.1
https://doi.org/10.3390/rs13193921
https://doi.org/10.1016/j.jhydrol.2021.127170
https://doi.org/10.1080/10106049.2022.2066197
https://doi.org/10.1007/s00477-012-0661-2
https://doi.org/10.1016/j.geog.2016.04.008
https://doi.org/10.2166/ws.2007.045
https://doi.org/10.1016/j.jhydrol.2019.124102
https://doi.org/10.1175/JCLI-D-20-0332.1
https://doi.org/10.5194/hess-16-2021-2012
https://doi.org/10.1016/j.jhydrol.2020.124746
https://doi.org/10.1016/j.jhydrol.2009.11.013
https://doi.org/10.1029/2004JB003028
https://doi.org/10.3390/w12113128
https://doi.org/10.3390/rs11243050
https://doi.org/10.1002/jgrd.50355
https://doi.org/10.1016/j.jhydrol.2010.07.012
https://doi.org/10.1175/2008JCLI2067.1
https://doi.org/10.1175/1520-0442(1999)012&lt;2881:EAHEIT&gt;2.0.CO;2
https://doi.org/10.1016/j.scitotenv.2017.10.339
https://www.ncbi.nlm.nih.gov/pubmed/29136532
https://doi.org/10.1175/JCLI4152.1

Water 2023, 15, 1720 20 0f 20

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Hu, B.; Nan, X; Gao, B. Application of industrial wireless technology in control system of current meter verification vehicle. J.
China Hydrol. 2017, 37, 12-21. (In Chinese)

Long, D.; Pan, Y.; Zhou, J.; Chen, Y,; Hou, X.; Hong, Y.; Scanlon, B.; Longuevergne, L. Global analysis of spatiotemporal variability
in merged total water storage changes using multiple GRACE products and global hydrological models. Remote Sens. Environ.
2017, 192, 198-216. [CrossRef]

Cui, L,; Luo, C.; Yao, C.; Zou, Z.; Wu, G.; Li, Q.; Wang, X. The influence of climate change on forest fires in Yunnan province,
Southwest China detected by GRACE satellites. Remote Sens. 2022, 14, 712. [CrossRef]

Thomas, A.; Reager, ]J.; Famiglietti, J.; Rodell, M. A GRACE-based water storage deficit approach for hydrological drought
characterization. Geophys. Res. Lett. 2014, 41, 1537-1545. [CrossRef]

Cui, L.; He, M.; Zou, Z.; Yao, C.; Wang, S.; An, J.; Wang, X. The influence of climate change on droughts and floods in the Yangtze
River basin from 2003 to 2020. Sensors 2022, 22, 8178. [CrossRef]

McKee, T.; Doesken, N.; Kleist, J. The relationship of drought frequency and duration to time scales. In Proceedings of the 8th
Conference on Applied Climatology, Anaheim, CA, USA, 17-22 January 1993; pp. 179-184.

Vicente-Serrano, S. Differences in spatial patterns of drought on different time scales: An analysis of the Iberian Peninsula. Water
Resour. Manag. 2006, 20, 37-60. [CrossRef]

Mcroberts, D.; Nielsengammon, J. The use of a high-resolution standardized precipitation index for drought monitoring and
assessment. J. Appl. Meteorol. Climatol. 2012, 51, 68-83. [CrossRef]

Abdi, H. Partial least square regression (PLS regression). In Encyclopedia of Measurement and Statistics; Salkind, N.J., Ed.; Sage
Publications: Thousand Oaks, CA, USA, 2007.

Yan, B.,; Fang, N.; Zhang, P.C.; Shi, Z. Impacts of land use change on watershed streamflow and sediment yield: An assessment
using hydrologic modelling and partial least squares regression. J. Hydrol. 2013, 484, 26-37. [CrossRef]

Hu, Z.; Zhang, Z.; Sang, Y.; Qian, J.; Feng, W.; Chen, X.; Zhou, Q. Temporal and spatial variations in the terrestrial water storage
acorss Central Asia based on multiple satellite datasets and global hydrological models. J. Hydrol. 2021, 596, 126013. [CrossRef]
Woldesenbet, T.A.; Elagib, N.A.; Ribbe, L.; Heinrich, J. Hydrological responses to land use/cover changes in the source region of
the Upper Blue Nile Basin, Ethiopia. Sci. Total Environ. 2017, 575, 724-741. [CrossRef]

Cui, L.; Zhu, C.; Zou, Z,; Yao, C.; Zhang, C.; Li, Y. The spatiotemporal characteristics of wildfires across Australia and their
connection to extreme climate based on a combined hydrological drought index. Fire 2023, 6, 42. [CrossRef]

Yuan, L.; He, J. Different impact if two types of ENSO on winter rainfall over South China. J. Arid Meteorol. 2013, 31, 24-31. (In
Chinese)

Xiao, Y.; Zhang, Z.; He, J. Progresses in the studies on Indian ocean dipoles. ]. Tropical Meteorol. 2009, 25, 621-627. (In Chinese)
Margariti, J.; Rangecroft, S.; Parry, S.; Wendt, D.; Van Loon, A. Anthropogenic activities alter drought termination. Elementa 2019,
7,1-30. [CrossRef]

Comprehensive Work Plan for Energy Saving and Emission Reduction. Available online: http:/ /www.gov.cn/zhengce/content/
2011-01/24/content_5670202.htm?trs=1 (accessed on 5 March 2023).

Zhang, R.; Chen, X.; Zhang, Z.; Shi, P. Evolution of hydrological drought under the regulation of two reservoirs in the headwater
basin of the Huaihe River, China. Stoch. Environ. Res. Risk Assess 2015, 29, 487-499. [CrossRef]

Wu, J.; Liu, Z.; Yao, H. Impacts of reservoir operations on multi-scale correlations between hydrological drought and meteorologi-
cal drought. J. Hydrol. 2018, 563, 726-736. [CrossRef]

Huang, C.; Zhang, Q.; Xiao, M. Influences of ENSO, NAO, IOD and PDO on precipitation regimes in the Pearl River basin. Acta
Sci. Nat. Univ. Sunyatseni 2016, 55, 134-142. (In Chinese)

Min, X.; Zhang, M. Numerical simulation of the Indian Ocean Dipole influence on climate variations over East Asian Monsoon
region during equator east pacific SSTA. J. Trop. Meteorol. 2004, 20, 375-382. (In Chinese)

Jia, L.; Zhou, S. The effect of Indian Ocean SST anomaly on Indian Monsoon and summer precipitation over Tibetan Plateau.
Plateau Meteorol. 2003, 22, 132-137. (In Chinese)

Zhang, Q.; Li, J.; Singh, V.; Xu, C.; Deng, ]. Influence of ENSO on precipitation in the East River basin, south China. |. Geophys. Res
Atmos. 2013, 118, 2207-2219. [CrossRef]

Climate change enhances the severity and variability of drought in the Pearl River basin in South China in the 21st century.
Agricul. Forest Meteorol. 2018, 249, 149-162. [CrossRef]

Yang, X.; Zhang, M.; He, X.; Ren, L.; Pan, M,; Yu, X.; Wei, Z.; Sheffield, J. Contrasting influences of human activities on hydrological
drought regimes over China based on high-resolution simulations. Water Resour. Res. 2020, 56, e2019WR025843. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.rse.2017.02.011
https://doi.org/10.3390/rs14030712
https://doi.org/10.1002/2014GL059323
https://doi.org/10.3390/s22218178
https://doi.org/10.1007/s11269-006-2974-8
https://doi.org/10.1175/JAMC-D-10-05015.1
https://doi.org/10.1016/j.jhydrol.2013.01.008
https://doi.org/10.1016/j.jhydrol.2021.126013
https://doi.org/10.1016/j.scitotenv.2016.09.124
https://doi.org/10.3390/fire6020042
https://doi.org/10.1525/elementa.365
http://www.gov.cn/zhengce/content/2011-01/24/content_5670202.htm?trs=1
http://www.gov.cn/zhengce/content/2011-01/24/content_5670202.htm?trs=1
https://doi.org/10.1007/s00477-014-0987-z
https://doi.org/10.1016/j.jhydrol.2018.06.053
https://doi.org/10.1002/jgrd.50279
https://doi.org/10.1016/j.agrformet.2017.12.077
https://doi.org/10.1029/2019WR025843

	Introduction 
	Study Area 
	Data 
	GRACE/GRACE-FO Data 
	Reconstructed TWSC Data 
	Traditional Drought Index 
	In Situ Hydrometeorological Data 
	Groundwater Data 
	Climate Teleconnection 
	In Situ Human-Induced TWSC Data 

	Methods 
	Data Fusion 
	Natural-Induced TWSCs 
	WSDI 
	Definition and Characteristics of Drought Event 
	SPI 
	Partial Least Squares Regression Model 
	Correlation Coefficient and Delay Months 

	Results 
	Spatiotemporal Distribution of the WSDI in the PRB 
	Drought Characteristics in the PRB 
	Impact of Climate Variability on Droughts 
	Impact of Human Activity on Droughts 

	Discussion 
	Conclusions 
	Appendix A
	References

