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Abstract: In a changing environment, changes in terrestrial water storage (TWS) in basins have a
significant impact on potential floods and affect flood risk assessment. Therefore, we aimed to study
the impact of TWS on potential floods. In this study, we reconstructed the TWS based on precipitation
and temperature, evaluated the reconstructed TWS data based on Gravity Recovery and Climate
Experiment (GRACE)-TWS data, and analyzed and calculated the flood potential index (FPI) in
the Yangtze River Basin (YRB). The related influencing factors were analyzed based on the Global
Land Data Assimilation System (GLDAS) data and Granger’s causality test. The main conclusions
are as follows: (1) although the GRACE-TWS anomaly (GRACE-TWSA) in the YRB showed an
increasing trend for the averaged TWSA over all grids in the whole basin (i.e., 0.31 cm/a, p < 0.05),
the variable infiltration capacity-soil moisture anomalies (VIC-SMA) showed a decreasing trend
(i.e., −0.048 cm/a, p > 0.05) during April 2002–December 2019; (2) a larger relative contribution of
detrended precipitation to FPI was found in the Jialingjiang River Basin (JRB), Wujiang River Basin
(WRB), Dongting Lake Rivers Basin (DLRB), YinBin-Yichang reaches (YB-YC), and Yichang-Hukou
reaches (YC-HK), while the contribution of detrended TWS to FPI in the Poyang Lake Rivers Basin
(PLRB) was larger than that in other basins; and (3) the original and detrended soil moisture (SM)
and TWS in the YRB showed a significant positive correlation (p < 0.05), while the significant effect of
SM on TWS caused a change in FPI in the YRB and its sub-basins. This study is of great significance
for the correct understanding of the FPI and the accurate assessment of flood risk.

Keywords: GRACE-TWS; flood events; Yangtze River Basin; climate change; Granger causality analysis

1. Introduction

Floods are extremely common and widely occurring disasters that result in great
economic loss and life loss in many countries and regions worldwide [1]. A previous
study reported that floods caused more than 7 million deaths and property damage of
600 billion US Dollars worldwide during the period 1900–2019 [2]. In recent years, more
extreme precipitation has intensified the risk of flood disasters owing to climate change and
accelerating urbanization, threatening residents’ safety and properties [3]. For example,
China often suffers from many natural disasters, in which flood disasters comprise a major
part, impacting two-thirds of the country [4]. Therefore, regional flood risk assessment is a
critical issue for natural science and technology [5,6].
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Since 1980, remote sensing technology has been widely applied, particularly in envi-
ronmental science [7], engineering construction [8], planning design [9], and hydrological
science [10]. For instance, it is widely used to monitor, map, and forecast hydrological
extremes [11]. The Gravity Recovery Climate Experiment (GRACE) has been extensively
applied to evaluate terrestrial water storage (TWS) [12–14]. TWS derived from GRACE
(GRACE-TWS) with a spatial resolution of approximately 300 × 300 km2 and monthly
temporal resolution contains information on various forms of surface water (e.g., runoff,
snow water equivalent, canopy water storage), soil moisture (SM), and groundwater [11].
Originally, GRACE satellite products were widely applied to study the dynamics of TWS
at the global scale or watershed scale in hydrology research [15]. In recent years, GRACE-
TWS has also been extensively used to analyze floods [16–18]. For instance, Chen et al.
(2010) studied abnormal floods in the Amazon basin in 2009 through GRACE-TWS [16].
Moreover, GRACE observation data have been used for research in hydrometeorology
related to runoff, groundwater, evapotranspiration, glaciers, and snow cover [19–22].
In other words, the GRACE satellite fills a gap by directly obtaining information on TWS.
However, the data interruption between GRACE and GRACE-Follow On seriously affects
the application of GRACE-TWS in hydrology research over longer periods [23]. Therefore,
it is helpful to reconstruct the interrupted data between GRACE and GRACE-Follow On
for hydrological research based on GRACE data.

The flood potential index (FPI), which has been commonly applied in the evaluation
of large-scale potential floods [23,24], provides a favorable index for measuring floods
on a monthly scale in certain basins [25]. With GRACE-TWS being at a monthly scale,
the FPI derived from GRACE-TWS is also at a monthly scale instead of a daily scale, which
usually aims at flood evaluation [11]. The FPI contains information on the watershed
from precipitation and TWS, which are applied to explore water about potential water
storage [11]. The application of the FPI in large-scale basins greatly enhances the precision
of flood estimation [24]. Groundwater plays a dominant role in water supply, accounting
for almost 33% of the total withdrawals worldwide [10]. Owing to the great importance of
water to the economy and society, groundwater in many aquifers around the world (e.g.,
US High Plains-the California Central Valley and North China Plain) has been rapidly de-
pleted [26,27]. Furthermore, SM is a dominant factor affecting the amount of groundwater
in the hydrological model from the Global Land Data Assimilation System (GLDAS) [27,28].
Therefore, if floods are assessed through the FPI, the role of SM at the regional or watershed
scale needs to be taken seriously.

The Yangtze River Basin (YRB), spanning 19 provinces in China, is the third-largest
basin in the world, with area of 1.8 million km2 and rich natural resources [27,29]. The basin
has a large population and a developed economy that has experienced frequent and severe
floods in the past [29]. For example, the occurrence of extreme precipitation led to the floods
in 1998, resulting in the inundation of 2.1 million hectares and destruction of 5 million
houses, causing an economic loss of 20 billion US Dollars [30]. However, previous studies
have mainly paid attention to extremely hydro-meteorological events [31,32], neglecting
the impact of groundwater changes on floods and the relationship between TWS and floods.
Meanwhile, the YRB Protection Law and the economic belt construction plan in the YRB
proposed by the national government have heightened the importance of flood research
in the YRB. Therefore, this study attempted the following research: (1) to explore the
spatial-temporal features of the FPI in the YRB under the precipitation and GRACE-TWS;
(2) to explore the coupling relationship among extreme precipitation, TWS, and runoff; and
(3) to analyze the potential drivers of FPI for SM and TWS in the YRB.

2. Study Area

Major parts of the YRB are in the subtropical part of China, spanning from the eastern
to western parts of China [10]. The river rises on the Qinghai Tibet Plateau and flows into
the East China Sea (Figure 1). Due to the special biodiversity in the YRB, the World Wildlife
Fund has listed it as one of the 200 priority ecological areas in the world [10]. Located in the
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YRB, the world-famous Three Gorges Dam is regarded as playing a significant role in power
generation, runoff regulation, and shipping [27,33,34]. The lower YRB mainly has a typical
subtropical monsoon climate, in which the annual temperature is between 11.5 ◦C and
18.4 ◦C and the annual average precipitation is between 758.9 mm and 1970.4 mm, which
causes hot and rainy weather in summer and warm and moist weather in winter [10,27].
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Figure 1. Study Area and its location in the World [27]. (Sub-figures (a–c) are typical topographic
maps of the upper, middle and lower reaches of the YRB, respectively).

This study divides the YRB into 12 sub-basins according to the classification criteria
of the Ministry of Water Resources of the People’s Republic of China (e.g., Figure 1 and
Table 1). In the past, there have been many flood events in the YRB, causing serious loss
to life and property (e.g., Figure 2) [34]. The flood disaster situation in the YRB has been
alleviated only by the construction of the Three Gorges Dam [35].

Table 1. The codes and their related sub-basins in the YRB.

No. Sub-Basins Short Name

1 Upstream of Jinshajiang-Shigu USRB

2 Downstream of
Jinshajiang-Shigu DSRB

3 Minjiang River Basin MRB
4 Jialingjiang River Basin JRB
5 Wujiang River Basin WRB
6 Yibin-Yichang Reaches YB-YC
7 Dongting Lake Rivers Basin DLRB
8 Hanjiang River Basin HRB
9 Poyang Lake Rivers Basin PLRB
10 Yichang-Hukou Reaches YC-HK
11 Downstream of Hukou DHKRB
12 Taihu Lake Rivers Basin TLRB
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Figure 2. Floods records and their characteristics in the YRB during April 2002–December 2019.
(a–d) are the area (km2) affected by floods, the year of flood disaster, the duration (days) of each flood
disaster, and the severity classification of each flood disaster, respectively. The color dots represent
the flood locations in the YRB during April 2002–December 2019.).

3. Materials and Methods
3.1. Materials
3.1.1. GRACE Products

In this study, GRACE/GRACE-Follow on Release Level (RL) 06 Mascon Solutions
product at a monthly scale and 0.25◦ spatial resolution were downloaded from the Center
for Space Research (http://www2.csr.utexas.edu/grace/, accessed on 1 January 2021) [27].
The time span of product and data related to GRACE are from April 2002 to June 2017, while
the data from GRACE-Follow On are from May 2018 to December 2019. CSR global mascon
RL06 data can be applied directly without further adjustment of the scale factor, as it is not
extensively affected by leakage and measurement errors [36,37]. For some missing short-
term monthly data, the linear interpolation method was used. The raw monthly GRACE-
TWSA product took the period from January 2004 to December 2009 as a reference [27].
In addition, seasonal and trend items can be obtained through GRACE/GRACE-Follow on
RL06 Mascon TWS products.

3.1.2. Variable Infiltration Capacity (VIC)-Runoff/SM

Because SM (i.e., moisture in the layer of 0~1.9 m below the ground surface) plays
an important role in the water content underground, both the SM and runoff depth (mm)
in the VIC Model from GLDAS were also chosen for extreme runoff analysis (https://
earthdata.nasa.gov, accessed on 1 January 2021) [27]. Their time span is from April 2002 to
December 2019, and its temporal and spatial resolutions are monthly and 1◦ latitude
× 1◦ longitude, respectively. There are also many other hydrological variables, such
as evaporation and subsurface runoff, in the simulation results of the VIC model [38].
For comparison, SM was also treated by removing the averaged value from January 2004 to
December 2009, expanding the spherical harmonic coefficient, truncating the term at order
60, and recombining it into SM (i.e., SMA). Meanwhile, the runoff data for the same period
were also used to obtain anomaly values.

3.1.3. Flood Data

The flood data in Excel and Shapefile formats for open access in this study were ob-
tained from the Dartmouth Flood Observation Center (available at http://www.dartmouth.
edu/~floods/, accessed on 1 January 2021). The flood start time, flood duration, flood
location, flood-affected area, and other related information are included in the compiled

http://www2.csr.utexas.edu/grace/
https://earthdata.nasa.gov
https://earthdata.nasa.gov
http://www.dartmouth.edu/~floods/
http://www.dartmouth.edu/~floods/
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data from worldwide satellite observations and weather service reporting [27]. In this
study, the information about the floods in the YRB from 2002–2019 can be seen in Figure 2.

3.1.4. Meteorological Data

Meteorological data (i.e., temperature and precipitation) used to reconstruct TWS are
0.5◦ latitude × 0.5◦ longitude grid data of daily surface temperature and precipitation in
China (V2.0), respectively, sourced from the China Meteorological Administration (available
at: http://www.nmic.cn/data, accessed on 1 January 2021) covering the period of January
1961 to the present, were transformed into grid data based on observation data from
meteorological stations [27]. In this study, all the grid data were interpolated to 1◦ latitude
× 1◦ longitude based on the inverse distance weighted (IDW) method to ensure the spatial
location of grid data corresponding one by one.

3.2. Method
3.2.1. Reconstruction of TWS between GRACE and GRACE-Follow On

The linear model proposed by Beven (2012) [39] was used to compensate for the
missing TWS in some months during the time series of GRACE and GRACE-Follow On.
However, the missing data between GRACE and GRACE-Follow On were obtained from
the method reported by Humphrey and Gudmundsson (2019) [40] (see Equation (1)):

TWS(t) = (TWS(t− 1)). e
−1
τ(t) + P(t), (1)

where P(t), t, τ(t), and TWS(t) are the precipitation on the tth day, daily time vector,
residence time of TWS, and TWS on the tth day, respectively.

TWS usually leaves reservoirs, rivers, or lakes by evapotranspiration, so the residence
time of TWS has a direct impact on evapotranspiration. Therefore, the residence time of the
TWS can be introduced by the method demonstrated by Humphrey and Gudmundsson
(2019) [40], as shown in Equation (2):

τ(t) = a + b.Tz(t), (2)

where a, b, and Tz(t) represent the parameters and the transformation for the daily tempera-
ture T(t), respectively.

If the temperature is less than 0 degrees centigrade, the change in temperature does
not cause the parameters of this method to be sensitive [40]; the process can be described
as follows

Tz = 1− tanh
(

T0 −mean(T0)

SD(T0)

)
(3)

T0 =

{
0, T < 0
T, T ≥ 0

(4)

where mean (T0) and SD(T0) stands for the average air temperature on the tth day and
the standard deviation of air temperature. In this study, the grid data of precipitation
and temperature were applied to reconstruct the interruption data between GRACE and
GRACE-FO.

In addition, the initial water storage can be expressed as:

TWS(0) =
mean(P)

1−mean
(

e
−1
τ(t)

) , (5)

The monthly TWS obtained from the daily TWS can be corrected based on the follow-
ing details:

anom(GRACE(tm)) = β.anom(TWS(tm)) + ε, (6)

http://www.nmic.cn/data
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where anom (), tm, β, and ε are the operator removing the seasonal cycle and linear trend,
monthly temporal resolution from averaged daily water storage time series, corrected
scaling factor, and error term, respectively. Since many types of GRACE trends are caused
by human activities, the trends in the calibrated period should be removed [39]. How-
ever, the seasonal and trend items mainly come from GRACE Mascon products based on
Equation (7), which can be seen the following:

y(t) = A1 sin(w(t− t0) + A2) + A3 sin(2w(t− t0) + A4) + A5(t− t0) + A6, (7)

where A6, A5, A4, A3, A2, and A1 are the constant item, coefficient of a linear item, semi-
annual phase, semi-annual amplitude, annual phase, and annual amplitude, respectively.
In addition, t0 stands for the referenced time, which is regarded as 1 January 2002. Here,
the error of the interpolated TWS was within 5 cm, so the corresponding results can be
used to this basin [28]. After the correction, the corresponding seasonal term trends and
linear trends are re-added to the series.

3.2.2. Derivation of FPI

The FPI can be acquired from monthly precipitation, GRACE-TWS data according to
the method developed by Reager and Famiglietti (2009) [25], and the following steps:

Sde f (t) = Smax − S(t− 1), (8)

where Sde f (t), S(t − 1), and Smax denote the maximum relative deficit of TWS, the TWS
in the previous month, and the maximum storage capacity of the TWS anomaly (TWSA),
respectively.

Subsequently, the flood potential amount (FPA) is obtained as Equation (9):

FPA(t) = Pmon(t)− Sde f (t), (9)

where the positive FPA and Pmon denote the maximum relative deficit of precipitation over
TWS when flooding might occur and monthly precipitation, respectively.

In conclusion, the FPI is acquired by the standardized FPA:

FPI =
FPA(t)

max(FPA(t))
(10)

All FPIs were less than or equal to 1. The closer the value is to 1, the greater the
possibility of flooding [25].

3.2.3. Granger Causality Analysis

Granger put forward the definition of Granger causality in 1969 [41] and expanded it
in 1980 [42]. Its definition is based on a complete information set and an occurrence time
sequence. It is agreed that j is all the information in the universe up to n period, and Yn is
all the information up to n period (t = 1 . . . n), Xn+1 is the value of X in the n + 1 period,
and Jn − Yn is all information except Y. The expression that the occurrence of Y affects the
occurrence of X is as follows:

E(Xn+1|Jn) 6= E(Xn+1|Jn −Yn), (11)

where E stands for the conditional distribution expectation. When the statistical variable F is
greater than the significant level P, there is an obvious causal relationship between the X and
Y time series. When the statistical variable F is less than the significance level P, there is no
causal relationship between the X and Y time series. Overall, before conducting the test, de-
trending, de-meaning, Augmented Dickey–Fuller (ADF) test, and general regression model
prediction are required. It indicates a necessary causal relationship between the couple
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series when the variability between the predicted data and the observed values passes the
test. In this study, the causal relationship between SMA/TWSA and FPI were investigated.

3.2.4. Standardization Method

To generate different hydrological variables in the same standard quantity, precipita-
tion, runoff, and SM were standardized as follows:

yt =
xt − xmin

xmax − xmin
(12)

where xt, yt, xmin, and xmax are the hydrological variables before and after standardization
at period t, and the minimum and maximum values in the time series, respectively.

3.2.5. Calculation of Relative Contribution

In this study, the relative contribution of precipitation and TWS can be predicted to
explore the obvious factors of FPI from precipitation and TWS. A standardized multiple lin-
ear regression model was established to obtain the relative contribution by taking the time
series of precipitation and TWS as independent variables and FPI as dependent variables.
For each sub basin in the YRB, this study adopted the averaged standardized precipitation,
TWS and FPI time series for multivariate fitting to estimate relative contribution during the
period of 2002–2019.

c =
|kv|
|kFPI |

× 100%, (13)

where kv represents the linear trend of the dependent variable from standardized pre-
cipitation and TWS. kFPI and c denote the linear trend of standardized FPI and relative
contribution, respectively.

4. Results
4.1. Characteristic of TWSA in the YRB during April 2002–December 2019

Figure 3 shows the trend of TWSA in the YRB and its sub-basins based on the Mann–
Kendall test and Sen’s slope. It was found that the TWSA in the Yichang-Yibin reaches,
Wujiang River Basin, Dongting Lake River Basin, Poyang Lake Rivers Basin, and Yichang-
Hukou reaches were in surplus; the maximum TWSA was about 5 cm, but a deficit situation
was found in the upper reaches of the Jialingjiang River Basin and Hanjiang River Basin,
in which the significant decreasing trend was approximately −1 cm (Figure 3b). More-
over, the TWSA in the middle reaches of the YRB showed an obvious increasing trend
(p < 0.05) up to 1 cm/year, while those in the upper reaches of JRB and HRB showed an
obvious decreasing trend (p < 0.05) of up to −0.5 cm/year (Figure 3b). However, although
the GRACE-TWSA in the YRB showed an increasing trend, the VIC-SMA showed a de-
creasing trend, with the change rates of 0.31 cm/year and −0.048 cm/year, respectively,
for the averaged value in the whole basin (Figure 3c). In terms of the uncertainty of the
reconstructed TWSA, the uncertainty in the middle and lower reaches of the YRB was
significantly higher than those in the upper reaches of the YRB (Figure 3d). Figure 3e shows
that the TWS in all sub-basins of the YRB was increasing, and the TWS in the YRB, Minjiang
River Basin, Jialingjiang River Basin, Wujiang River Basin, Dongting Lake Rivers Basin,
and Yichang-Hukou reaches reached a significant level (p < 0.05).

4.2. Derivation of FPI in the YRB

Figure 4 describes the major process of calculating the FPI from the GRACE-TWS in
the YRB from April 2002 to December 2019. Figure 4a shows the maximum storage capacity
(MSC) of the TWS in the YRB. This explained that the larger MSC was found in the Poyang
Lake Rivers Basin, but the smaller MSC was mainly located in the Jialingjiang River Basin.
In terms of the normalized storage deficit, while the smaller MSC was seen in the upper
reaches of the YRB, the larger MSC was concentrated in the Poyang Lake Rivers Basin,
which also signified small and large storage capacities in the upper reaches of the YRB
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and Poyang Lake Rivers Basin, respectively, in June 2002 (Figure 4b). Figure 4c shows that
the FPI in the upper reaches of the YRB, Hanjiang River Basin, and Poyang Lake Rivers
Basin was higher than that in other regions, which indicated that these regions were more
likely to experience floods during June 2002. However, as shown in Figure 4d, the flood
records only showed that there were floods in the Poyang Lake Rivers Basin and Han River
Basin, but the relevant records did not appear in the Jialingjiang River Basin during June
2002 when the abundant precipitation was concentrated in the middle and lower reaches
of the YRB rather than in the upper reaches [43].
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4c shows that the FPI in the upper reaches of the YRB, Hanjiang River Basin, and Poyang 
Lake Rivers Basin was higher than that in other regions, which indicated that these regions 
were more likely to experience floods during June 2002. However, as shown in Figure 4d, 
the flood records only showed that there were floods in the Poyang Lake Rivers Basin and 
Han River Basin, but the relevant records did not appear in the Jialingjiang River Basin 
during June 2002 when the abundant precipitation was concentrated in the middle and 
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4.3. Impacts of Major Hydrological Factors on the FPI

Figure 5 depicts the relative contributions of precipitation and TWS to the FPI in the
YRB from April 2002 to December 2019. It was found that the relative contribution of
precipitation to FPI in the Minjiang River Basin, Hanjiang River Basin, and Dongting Lake
River Basin was significantly greater than those in other sub-basins (Figure 5a). However,
those of TWS in the Poyang Lake Rivers Basin was significantly larger than that in other
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regions (i.e., 0.58) (Figure 5b); in terms of the detrended precipitation, the larger relative
contribution was found in the Jialiangjiang River Basin, Wujiang River Basin, Dongting
Lake River Basin, Yibin-Yichang reach, and Yichang-Hukou reaches, while the contribution
of detrended TWS to FPI in the Poyang Lake Rivers Basin was larger than that in other
basins during April 2002–December 2019 (Figure 5c,d). Except for Poyang Lake Rivers
Basin, the relative contribution of original and detrended precipitation to FPI in all other
sub-basins was greater than that of TWS and detrended TWS (Figure 5e,f).
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4.4. Relationship between Extremely Monthly Runoff and Other Major Monthly Hydrological Factors

The driving factors of extreme runoff (i.e., the monthly runoff was ranked from smallest
to largest, and if the specific runoff was at a value above the three-quarter percentile, it was
identified as Runoff ≥ 75%.) from the VIC model in each grid of the YRB were analyzed
(e.g., Figure 6). First, the runoff, precipitation, and TWSA were standardized from small
to large, and then the precipitation and TWSA under different cases were extracted at
the periods of extreme runoff (i.e., Runoff ≥ 75%). When the runoff was greater than, or,
in extreme cases, the precipitation was greater than or equal to 75%, the precipitation and
TWSA were greater than or equal to 75% (i.e., Case 1); when the runoff was greater than or
equal to 75%, the precipitation was greater than or equal to 75%, but the TWSA was less
than 75% (i.e., Case 2); when the runoff was greater than or equal to 75%, the precipitation
was less than 75%, but the TWSA was greater than or equal to 75% (i.e., Case 3). When the
runoff was greater than or equal to 75%, both the precipitation and TWSA were less than
75% (i.e., Case 4). For Case 1, the eligible grids were mainly distributed in the Hanjiang
River Basin and Yichang-Hukou reach, respectively (Figure 6a); for Case 2, the eligible
grids were mainly concentrated in the Poyang Lake Rivers Basin, Wujiang River Basin,
and Minjiang River Basin, respectively (Figure 6b); in Case 3, the eligible points were
mainly located in the Wujiang River Basin, Dongting Lake Rivers Basin, and Minjiang River
Basin, respectively (Figure 6c); and in Case 4, the eligible grids were mainly located in the
Hanjiang River Basin and Jialingjiang River Basin (Figure 6d). In summary, the extreme
runoff in the Minjiang River Basin was 100% consistent with Case 1, followed by the
Hanjiang River Basin and the main stream below Hukou; the extreme runoff in the Poyang
Lake Rivers Basin and the upstream of Jinshajiang-Shigu were mainly consistent with
Case 2; the extreme runoff in Dongting Lake Rivers Basin and the Hanjiang River Basin
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were mainly consistent with Case 3, and it is worth noting that there were few extreme
runoff basins in line with Case 4 (Figure 6e).
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Figure 6. Percentage of extreme runoff (i.e., runoff ≥ 75%) falling in these four kinds of Case
for the combination between precipitation and TWSA in the YRB and its sub-basins during April
2002–December 2019.

To further explore the relationship between runoff, TWSA, precipitation, and FPI,
all the differences between the runoff and precipitation percentiles were compared with
zero. We studied the events when the other mainly hydrological factors (precipitation,
TWSA, runoff, and FPI) were higher or lower than the median when the runoff percentile
exceeded the precipitation percentile (i.e., Figure 7). It was found that there were a few grid
points of other main hydrological elements that were greater than or equal to the median,
and they were mainly located in the upstream of Jinshajiang-Shigu and downstream
of Jinshajiang-Shigu when the runoff percentile exceeded or equaled the precipitation
percentile (i.e., Figure 7a–d). On the contrary, the grid points of other main hydrological
elements less than the median were rich and mainly concentrated in the middle and lower
reaches of the YRB when runoff exceeded or equaled the precipitation (i.e., Figure 7e–h).
The grid points of other main hydrological factors greater than or equal to the median
were few and were mainly concentrated in the Jialingjiang River Basin when the runoff
was less than the precipitation (i.e., Figure 7i–l). In contrast, the grid points of other main
hydrological factors less than the median were almost in the YRB when the runoff was less
than the precipitation (i.e., Figure 7m–p).

Furthermore, we studied the relationship among runoff, precipitation, TWSA, and FPI
in the whole YRB and its sub-basins (Figure 8). The grids were mainly located in the
Poyang Lake Rivers basin, upstream of Jinshajiang-Shigu-downstream of Jinshajiang-Shigu,
Dongting Lake River Basin, Jialingjiang River Basin, and Minjiang River Basin when the
average runoff was greater than the average precipitation, and the main hydrological factors
were greater than the median (Figure 8a). When runoff was greater than precipitation and
other major hydrological factors were less than or equal to the median, it was performed
in all sub-basins, and TWS occupied a dominant position in all sub-basins (Figure 8b).
However, the main hydrological factors in the grids larger than the median were majorly
located in the Hanjiang River basin and Jialingjiang River Basin when the runoff was
less than the precipitation (Figure 8c). The grid points of other main hydrological factors
less than the median were reflected in all sub-basins of the YRB, among which TWS was
the most obvious, followed by the FPI when the runoff was less than the precipitation
(Figure 8d).
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4.5. Impacts of SM on TWSA in the YRB

The SM anomalies from the VIC using the SM were estimated, and the relative con-
tributions of SM and precipitation on GRACE-TWSA were evaluated from April 2002 to
December 2019 (Figure 9). It was found that the contribution of precipitation to TWSA
in the middle and lower reaches of the YRB was significantly greater than that of the
SMA, and the relative contribution of SMA to TWSA in the upper reaches of the YRB was
significantly greater than that of the precipitation for the original precipitation and SMA
(Figure 9a,b). However, the change in relative contribution in spatial distribution was not
obvious, but there were some differences in some grids for detrended precipitation and
SMA (Figure 9c,d). The relative contribution of precipitation to GRACE-TWSA in the up-
stream of Jinshajiang-Shigu Wujiang River Basin, Dongting Lake Rivers Basin, and Yichang-
Hukou reaches was significantly higher than that of SMA, whereas, in the downstream of
Jinshajiang-Shigu, Yibin-Yichang Reaches, Jialingjiang River Basin, Hanjiang River Basin,
Poyang Lake Rivers Basin, and Minjiang River Basin, the relative contribution of SMA to
GRACE-TWSA was significantly higher than that of precipitation (Figure 9e,f). Among all
the sub-basins, precipitation in the Wujiang River Basin had the largest contribution to the
TWSA, which was close to 1 (Figure 9e,f).



Remote Sens. 2022, 14, 3082 12 of 18Remote Sens. 2022, 14, x FOR PEER REVIEW 12 of 19 
 

 

 
Figure 8. Different cases for the percentile of runoff, precipitation, FPI and TWSA compared to 50% 
for the positive and negative value of runoff minus precipitation in the YRB during April 2002–
December 2019. ((a–d) are the cases for the percentile of runoff minus precipitation no less than 0 
and factors no less than 50, the percentile of runoff minus precipitation no less than 0 and factors 
less than 50, the percentile of runoff minus precipitation less than 0 and factors no less than 50, and 
the percentile of runoff minus precipitation less than 0 and factors less than 50, respectively). 

4.5. Impacts of SM on TWSA in the YRB 
The SM anomalies from the VIC using the SM were estimated, and the relative con-

tributions of SM and precipitation on GRACE-TWSA were evaluated from April 2002 to 
December 2019 (Figure 9). It was found that the contribution of precipitation to TWSA in 
the middle and lower reaches of the YRB was significantly greater than that of the SMA, 
and the relative contribution of SMA to TWSA in the upper reaches of the YRB was sig-
nificantly greater than that of the precipitation for the original precipitation and SMA 
(Figure 9a,b). However, the change in relative contribution in spatial distribution was not 
obvious, but there were some differences in some grids for detrended precipitation and 
SMA (Figure 9c,d). The relative contribution of precipitation to GRACE-TWSA in the up-
stream of Jinshajiang-Shigu Wujiang River Basin, Dongting Lake Rivers Basin, and Yi-
chang-Hukou reaches was significantly higher than that of SMA, whereas, in the down-
stream of Jinshajiang-Shigu, Yibin-Yichang Reaches, Jialingjiang River Basin, Hanjiang 
River Basin, Poyang Lake Rivers Basin, and Minjiang River Basin, the relative contribution 
of SMA to GRACE-TWSA was significantly higher than that of precipitation (Figure 9e,f). 
Among all the sub-basins, precipitation in the Wujiang River Basin had the largest contri-
bution to the TWSA, which was close to 1 (Figure 9e,f). 

Figure 8. Different cases for the percentile of runoff, precipitation, FPI and TWSA compared to
50% for the positive and negative value of runoff minus precipitation in the YRB during April 2002–
December 2019. ((a–d) are the cases for the percentile of runoff minus precipitation no less than 0 and
factors no less than 50, the percentile of runoff minus precipitation no less than 0 and factors less
than 50, the percentile of runoff minus precipitation less than 0 and factors no less than 50, and the
percentile of runoff minus precipitation less than 0 and factors less than 50, respectively).

Remote Sens. 2022, 14, x FOR PEER REVIEW 13 of 19 
 

 

 
Figure 9. Relative contribution of original and de-trended precipitation and VIC-SMA on GRACE-
TWSA in the YRB during April 2002–December 2019. 

The relationship between the VIC-SMA and GRACE-TWSA in the YRB and its sub-
basins was analyzed from April 2002 to December 2019 (Figure 10). SMA and TWSA in 
all sub-basins showed a significant positive correlation (p < 0.05), including the original 
time series and detrended time series. For the original time series, the correlation coeffi-
cient of SMA and TWSA in the downstream of Jinshajiang-Shigu was the highest, reaching 
0.89 (Figure 10c) and the lowest, 0.25, in the Wujiang River Basin (Figure 10f); however, 
Figure 11 shows the relationship between SMA and FPI in the YRB; the strongest correla-
tion was found in the Poyang Lake Rive basin, which reached 0.78, as shown in Figure 
11l); the poorest correlation was explored in the Taihu Lake River Basin, which was ap-
proximately 0.45 (Figure 11m). Therefore, due to the close correlation between the TWSA 
and SMA, the change in SM can lead to significant changes in the TWSA and FPI. 

 
Figure 10. Kernel plot between standard GRACE-TWSA and VIC-GWSA in the sub-basins of YRB 
during April 2002–December 2019. 

Figure 9. Relative contribution of original and de-trended precipitation and VIC-SMA on GRACE-
TWSA in the YRB during April 2002–December 2019.

The relationship between the VIC-SMA and GRACE-TWSA in the YRB and its sub-
basins was analyzed from April 2002 to December 2019 (Figure 10). SMA and TWSA in all
sub-basins showed a significant positive correlation (p < 0.05), including the original time
series and detrended time series. For the original time series, the correlation coefficient
of SMA and TWSA in the downstream of Jinshajiang-Shigu was the highest, reaching
0.89 (Figure 10c) and the lowest, 0.25, in the Wujiang River Basin (Figure 10f); however,
Figure 11 shows the relationship between SMA and FPI in the YRB; the strongest correlation
was found in the Poyang Lake Rive basin, which reached 0.78, as shown in Figure 11l);
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the poorest correlation was explored in the Taihu Lake River Basin, which was approxi-
mately 0.45 (Figure 11m). Therefore, due to the close correlation between the TWSA and
SMA, the change in SM can lead to significant changes in the TWSA and FPI.
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2002–December 2019.

Moreover, the Granger causality test was also used to study the causal relationship
between SMA and TWSA/FPI (Tables 2 and 3). The results showed that, except for
upstream of Jinshajiang-Shigu-downstream of Jinshajiang-Shigu and Hanjiang River Basin,
SMA in most sub-basins of the YRB was increasing, and except for Yichang-Hukou reaches,
the causality between the SMA and TWSA was obvious (p < 0.05) in the whole YRB and
other sub-basins at multiple lag times (Table 2), and there was a significant relationship
between SMA and FPI in the YRB on different lag time scales (Table 3). In conclusion,
our study found that the significant effect of SMA on TWSA affected the change in FPI in
the YRB.
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Table 2. Granger’s Causality test between VIC-SMA and GRACE-TWSA in the YRB and its sub-basins
at the lags of 1–6 months.

Sub-Basin
Lag Month-1 Lag Month-2 Lag Month-3 Lag Month-4 Lag Month-5 Lag Month-6

F P F P F P F P F P F P

YRB 3.81 3.89 11.94 3.04 14.27 2.65 14.27 2.65 14.27 2.65 14.27 2.65
USRB 6.71 3.89 8.89 3.04 8.89 3.04 8.13 2.42 8.11 2.26 8.11 2.26
DSRB 47.85 3.89 17.19 3.89 10.40 3.04 12.94 3.89 8.87 3.89 8.70 3.89
MRB 2.78 3.89 59.36 3.04 44.43 2.65 44.43 2.65 43.03 2.65 41.46 2.65
JRB 1.20 3.89 13.07 3.04 13.07 3.04 5.41 3.04 4.97 2.26 7.23 2.26

WRB 21.22 3.89 0.77 3.89 0.77 3.89 4.46 2.42 1.44 3.89 5.11 2.14
DLRB 1.36 3.89 8.59 3.04 10.63 2.65 10.63 2.65 10.63 2.65 10.63 2.65
HRB 7.10 3.89 6.19 3.89 6.19 3.89 6.19 3.89 6.19 3.89 6.19 3.89

YB-YC 7.98 3.89 20.90 3.04 18.34 2.65 13.60 2.42 9.97 2.26 7.66 2.14
YC-HK 2.46 3.89 3.71 3.89 3.71 3.89 3.71 3.89 3.71 3.89 3.71 3.89
DHKRB 2.62 3.89 17.24 3.04 35.06 3.89 29.03 3.89 29.03 3.89 14.62 3.89

PLRB 4.40 3.89 0.93 3.89 0.93 3.89 0.93 3.89 0.93 3.89 0.93 3.89
TLRB 6.81 3.89 5.81 3.04 9.63 3.89 9.63 3.89 9.63 3.89 6.40 3.89

Table 3. Granger’s Causality test between SMA and FPI in the YRB and its sub-basins at the lags of
1–6 months.

Sub-Basin
Lag Month-1 Lag Month-2 Lag Month-3 Lag Month-4 Lag Month-5 Lag Month-6

F P F P F P F P F P F P

YRB 42.96 3.89 36.92 3.04 10.07 2.65 5.58 2.42 4.56 3.04 4.56 3.04
USRB 28.91 3.89 32.16 3.04 17.62 2.65 16.39 2.42 14.89 2.26 8.53 2.26
DSRB 117.21 3.89 30.21 3.04 8.43 2.65 3.62 3.89 9.56 2.26 9.36 2.14
MRB 96.42 3.89 53.89 3.04 14.34 2.65 6.34 3.04 3.30 3.04 4.81 2.14
JRB 12.10 3.89 35.20 3.04 7.22 2.65 0.65 3.89 0.17 3.89 0.17 3.89

WRB 1.11 3.89 9.66 3.04 5.53 2.65 5.80 3.89 5.55 3.04 5.55 3.04
DLRB 0.32 3.89 11.48 3.04 7.80 2.65 6.08 3.89 6.08 3.89 6.08 3.89
HRB 2.59 3.89 4.27 3.04 3.84 3.89 4.80 3.04 5.54 2.65 5.54 2.65

YB-YC 20.93 3.89 43.98 3.04 13.41 2.65 7.55 2.65 7.55 2.65 7.55 2.65
YC-HK 0.88 3.89 9.05 3.04 7.39 2.65 4.95 3.89 1.60 3.89 1.60 3.89
DHKRB 1.78 3.89 6.68 3.89 6.90 3.04 6.38 2.65 5.82 2.65 4.54 3.89

PLRB 5.38 3.89 11.61 3.04 11.56 3.89 2.39 3.89 2.39 3.89 2.39 3.89
TLRB 0.25 3.89 0.25 3.89 5.70 3.89 6.75 2.65 6.75 2.65 4.92 2.65

5. Discussion
5.1. Why Do TWSA and SMA Increase in the YRB and Its Most Sub-Basins?

For the average of the whole YRB, the TWSA and SMA show an increasing trend [10,28].
However, trends in the TWSA and SMA are affected by many factors, including climate
change, land use and cover change, and human activities [10,44]. The increasing trend
of different types of precipitation in the YRB is closely related to the changing trend of
groundwater, which indicates that the precipitation in the YRB plays a critical role in
groundwater reserves, as the impact of climate change on groundwater can be reflected
by the change in precipitation [45]. In addition, the water-retaining design of the dam
intercepts a large amount of runoff, thus increasing the TWSA in the middle and upper
reaches of the YRB [10,29]. Although the runoff regulated by the dam reduces the runoff in
the flood season of the middle and lower reaches, it also increases the land water storage in
the dry season of the middle and lower reaches [44].

Perhaps because trends in land use and vegetation in recent decades have led to
increased groundwater storage in China [10,30]. In details, the great floods in the YRB in
1998 reminded humans of the importance of ecological conservation [45]. Subsequently,
nationwide ecological conservation and afforestation programs began to be implemented
and the vegetation cover in China increased significantly in the following decades, while the



Remote Sens. 2022, 14, 3082 15 of 18

increase in organic matter due to more vegetation litter increased precipitation infiltration
into the soil to some extent, which in turn led to an increase in groundwater storage [10,46].
As a typical region in the subtropical monsoon zone, its soils do not have a thick envelope
and are more prone to saturated runoff rather than hyper-infiltrated runoff after heavy
precipitation [10,47]. Therefore, TWS and SM were considered as the major factors of floods
in the middle reaches of YRB.

5.2. Why Is the Spatial Distribution of Higher Flood Frequency Areas Inconsistent with
Smaller MSC?

From the above study, it can be seen that the smaller MSC was mainly concentrated in
the upper reaches of the YRB, while the higher flood frequency was mainly concentrated in
the middle and lower reaches of the YRB. As the flood information confirms, the recent
flood events with longer duration and higher intensity were mainly concentrated in the
middle and lower reaches of the YRB (see Figure 2), which was also consistent with the
result of Xiong et al. [47]. Despite the larger FPI in the upper Yangtze River, there were
no significant flood events for the Mountainous terrain with large altitude differences.
However, there were flood events in the middle and lower Yangtze River, which were
more consistent with the FPI in the middle and lower reaches, which was related to the
plains terrain and water storage deficit in the local region [10]. In addition, for the YRB
in the monsoon region, in which the floods were closely related to precipitation, many
stations with significant (p < 0.05) increases in precipitation extremes were concentrated in
the middle and lower reaches of the YRB during 1961–2019 [29]. Meanwhile, the change
in the teleconnection index (i.e., Niño 3.4 index) affected the change in precipitation to
a certain extent, which may cause flood events [33]. For example, Xiao et al. (2017)
reported that precipitation extremes were prone to decrease in the central part of China
for the annual positive ENSO but increased in the eastern part of China in the following
year [46]. Moreover, Miao et al. (2019) also pointed out that when the current year was
in the El Niño stage, the frequency of rainy days and extreme precipitation events in
Southeast China was higher in the following year [47]. The physical mechanism of ENSO
precipitation dependence is related to the modulation effect of ENSO on a large-scale
circulation model [29,33,48]. In addition, other teleconnection indices (e.g., North Atlantic
Oscillation, Atlantic Multi-decadal Oscillation, and Pacific Decadal Oscillation) could also
affect precipitation in the YRB [49,50]. In addition, from the perspective of topography
and geographical location, the middle-lower reaches of the YRB were close to the coast,
resulting in a strong Pacific monsoon and relatively abundant average annual precipitation,
while the upper reaches of the YRB were far away from the Pacific Ocean, leading to a
relatively weak Pacific monsoon and low average annual precipitation [51]. The middle-
upper reaches of the YRB have higher altitude, more undulating terrain, and deep valleys,
resulting in unobstructed and easy runoff. In contrast, the low terrain was distributed in the
middle-lower reaches of the YRB, suffering from slow runoff velocity and poor drainage,
which are more likely to cause floods [33,46].

6. Conclusions

This study reconstructed the TWSA based on precipitation and temperature, evaluated
the reconstructed TWSA data based on GRACE-TWSA data, analyzed and calculated the
FPI in the YRB based on the reconstructed TWSA, and analyzed the related influencing
factors of FPI based on the GLDAS data and Granger’s causality test. The main conclusions
are as follows.

(1) The TWSA in the middle reaches of the YRB showed an obvious increasing trend
(p < 0.05), while those in the upper reaches of the Jialingjiang River Basin and Hanjiang
River Basin showed an obvious decreasing trend (p < 0.05). However, although the
GRACE-TWSA in the YRB showed an increasing trend for the averaged TWSA over
all grids in the whole basin, the VIC-SMA showed a decreasing trend (p < 0.05).
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(2) The relative contribution of precipitation to FPI in the Minjiang River Basin, Hanjiang
River Basin, and Dongting Lake River Basin was significantly greater than that in
other sub-basins; however, the contribution of TWSA to Poyang Lake Rivers Basin
was significantly larger than that in other regions, and the larger relative contribution
of detrended precipitation of FPI was found in the Jialingjiang River Basin, Wujiang
River Basin, Dongting Lake River Basin, Yibin-Yichang, and Yichang-Hukou, while
the contribution of detrended TWSA to FPI in the Poyang Lake Rivers Basin was
larger than that in other basins during April 2002–December 2019.

(3) The contribution of precipitation to the TWSA in the middle-lower reaches of the YRB
was significantly greater than that of the SMA, and the relative contribution of the
original SMA to TWSA in the upper reaches of the YRB was significantly greater than
that of the original precipitation, and the original and detrended SMA and TWSA
in the YRB showed a significant positive correlation (p < 0.05), while the significant
effect of SM on TWS affected the change in FPI in the YRB and most of its sub-basins.
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