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In 2024, China experiences frequent and severe hydrological extremes, including record-breaking rainfall and
widespread droughts, reflecting the intensifying impacts of climate change. The significant changes in terrestrial
water storage (TWS) caused by these extreme precipitation events require more detailed analysis to assess short-
term hydrological dynamics. Here, we first analyze precipitation anomalies (PA) and percentage of PA (PPA)
across mainland China from April to August 2024. The results reveal that PA and PPA in most regions exhibit
extreme values in different months, resulting in severe droughts, floods, and abrupt drought-to-flood transitions.
To assess the associated water storage changes, we define and apply the terrestrial water flux (TWF), the dif-
ferenceof GRACE/GRACE-FO-derived TWS anomalies in two adjacent months, as a diagnostic indicator of short-
term hydrological variability. Relative to 2002-2024, the grids with TWF percentiles within the 0-10th and 90-
100th ranges respectively account for 36.52%, 46.22%, 44.79%, and 46.48% of the total grids from April to
August in China. Additionally, 19.89% of grids have the maximum TWF value in 2024. These extremes closely
align with variations in precipitation, suggesting that intensified TWF is primarily driven by meteorological
factors rather than GRACE-FO data uncertainties. Overall, this study demonstrates the effectiveness of TWF in
capturing rapid hydrological changes under climate extremes. The findings provide critical insights into the
impacts of climate change on regional hydrological processes and offer a valuable reference for future climate
risk management and adaptation strategies at both national and global scales.

1. Introduction

Against the background of climate change, precipitation patterns
over global land are experiencing significant transformation, including
increased frequency and severity of extreme events (Fischer et al., 2021;
Zhang et al., 2021). According to the Intergovernmental Panel on
Climate Change (IPCC) Sixth Assessment Report, global temperatures in
2022 are already 1.13 °C higher than pre-industrial levels (IPCC, 2023).
This warming trend continues to rise in 2023 and 2024, making 2024
the hottest year on record (World Meteorological Organization, 2024).
Such sustained warming has amplified hydroclimatic volatility across
many regions (Shu et al., 2024). Swain et al. (2025) showed that global
average sub-seasonal (3-month) and interannual (12-month) hydro-
climate volatility have respectively increased by 31 %-66 % and 8 %-31
% since the mid-20th century. Wasko et al. (2021) pointed out that
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climate change has led to an increase in extreme rainfall, especially rare
extreme events. These findings highlight the increasing complexity and
severity of hydroclimatic extremes under the influence of climate
change.

In China, many studies have shown that the likelihood of compound
disasters has also risen while extreme heat and rainfall events are
increasing significantly (Chen et al., 2020a; China Meteorological
Administration, 2024a; Qiao et al., 2022; Wang et al., 2024a). Key
drivers of such extreme climate events operate at multiple temporal
scales, including annual modes such as El Nino, long-term anthropo-
genic influences, and changes in atmospheric aerosols (Zou et al., 2025).
In 2024, the average temperature in China reaches the highest level
since 1961, and precipitation is 10.2 % higher than the historical
average, marking the third-highest level on record (following 1998 and
2016) (Zhou, 2024). In April, southern China experienced catastrophic
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rainstorms and floods (Fig. 1b), with cumulative rainfall at many
meteorological stations setting new records (Xinhua News, 2024a).
From April to June, severe droughts occurred in North China (Fig. 1c)
and the Huanghuai region, followed by drought-to-flood transition due
to heavy rains in summer in some provinces (Zhang et al., 2025). In
August, drought conditions developed in Sichuan Province, the middle
reaches of the Yangtze River, and northwestern Heilongjiang Province
(National Climate Centre, 2024a). According to statistics, floods and
secondary disasters triggered by continuous extreme precipitation cause
a total direct economic loss of 263.04 billion in 2024. Drought disasters
resulting from less rainfall and continuous high temperatures inflicted a
direct economic loss of 8.36 billion and affected 1.21 million hectares of
crops (Ministry of Emergency Management of the People’s Republic of
China, 2025). In addition to posing serious threats to human survival
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and economic development, these disasters can also cause great harm to
the ecosystem and environment. Qin et al. (2005) revealed that the
intensification of extreme climate over the past 50 years has resulted in
accelerated glacier retreat, a decline in the regulatory and storage ca-
pacity of lakes in the middle and lower reaches of the Yangtze River,
3.56 million km? of soil and water loss across China, and agricultural
losses in the lower reaches of the Yellow River due to increased indus-
trial and agricultural water use. Yin et al. (2022) pointed out that
droughts and precipitation changes will exacerbate soil erosion and land
degradation, further deteriorating the ecological environment. The
study also projects that approximately 59.8 % of China’s population and
57.7 % of its GDP will face moderate to severe drought risks in the
future.

These extreme hydrological events can cause substantial changes in
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Fig. 1. Map of the study area and on-site photos of two severe drought and flood disasters in China in 2024. (a) Study area. The 20 selected eastern provinces are
divided into four distinct parts. Southern China: Guangxi Zhuang Autonomous Region (hereafter referred to as Guangxi), Guangdong, Yunnan, Guizhou, Hunan,
Jiangxi, Fujian, Zhejiang Provinces; Central China: Sichuan, Hubei, Anhui, Henan, Jiangsu Provinces; North China: Shaanxi, Shanxi, Hebei, Shandong Provinces;
Northeast China: Liaoning, Jilin, Heilongjiang Provinces. The red line is the boundary of selected provinces, excluding Chongqing, Shanghai, Beijing and Tianjin. (b)
Flood in Guangxi (© Visual China Group). (c) Drought in Shandong Province (photo by the authors). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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terrestrial water storage (TWS). Therefore, in-depth research and
quantification of the changes in TWS in China in 2024 are essential to
understanding the potential disaster processes and mechanisms. Since
their launch, the Gravity Recovery and Climate Experiment (GRACE)
satellite mission and its successor GRACE Follow-On (GRACE-FO) have
provided us a new method of quantifying TWS (Chen et al., 2009; Long
etal., 2013; Tapley et al., 2019). Unlike traditional ground observation,
the GRACE/GRACE-FO satellites can provide dynamic changes in global
and regional TWS by measuring changes in the earth’s gravity field,
which is an effective approach for monitoring large-scale terrestrial
water storage anomaly (TWSA) (Pan et al., 2024; Tapley et al., 2004).
With their high spatial resolution, GRACE/GRACE-FO data can be
widely used in areas where lack ground-based observation stations.
Therefore, it has an irreplaceable advantage in global TWS research
(Famiglietti and Rodell, 2013; Sun et al., 2020b). Moreover, TWSA
associated with extreme climate events can also be precisely captured by
GRACE/GRACE-FO, offering valuable insights into the hydrological
processes and mechanisms underlying disasters such as extreme pre-
cipitation, droughts, and floods (Gerdener et al., 2020; Lai et al., 2025;
Xie et al., 2022). Thus, quantifying TWSA using GRACE/GRACE-FO data
has become an essential tool in climate change research (Rodell and Li,
2023; Tapley et al., 2019; Wouters et al., 2014). TWS is a comprehensive
reflection of surface water, soil moisture, groundwater and other com-
ponents (Rodell et al., 2018). Its time derivative — TWS change (TWSC)
reflects the dynamic water flux. In this study, we calculate terrestrial
water flux (TWF), derived from the time derivative of TWSA between
two adjacent months (unit: mm/month), which emphasizes the month-
to-month fluctuations and abrupt transitions in water storage. Syed et al.
(2008) first compared the TWSC simulated by GRACE observations with
that by GLDAS, revealing the spatiotemporal variation characteristics of
TWS under extreme events. Duan et al. (2024) used TWSC as one of the
key indicators to quantify water storage loss during the extreme drought
period in the Yangtze River Basin in 2022. Additionally, many relevant
studies rely on the water balance method to estimate basin-scale
evapotranspiration across various regions (Long et al, 2014; Pan
et al., 2017; Ramillien et al., 2006; Rodell et al., 2004) and to analyze
water cycle processes (Eicker et al., 2016; Lan et al., 2016). To our best
knowledge, few studies directly focus on the dynamic characterization
of regional TWS changes by TWF and its response to climate change.

Since TWF captures monthly-scale variations in TWSA, it allows for a
refined quantification of hydroclimatic fluctuations and offers a unique
perspective on regional water storage dynamics. This analytical
advantage is consistent with the findings of Ran et al. (2024), who
emphasized the importance of capturing high-frequency water storage
variability in understanding extreme hydrological events. As these
short-term water storage changes are often triggered by precipitation
and temperature anomalies, TWF provides an effective means of
assessing the hydrological impacts of climate change. In this context,
while 2024 is expected to be a year significantly impacted by meteo-
rological disasters, there is currently a lack of research quantifying the
changes in TWSA during this period. This study aims to use TWF to
quantify the extremeness of TWSA changes across China in 2024 and
explore its driving factors, providing theoretical support for water re-
sources management and disaster prevention and mitigation. To this
end, we analyze the precipitation anomalies (PA), TWF percentiles in
middle of 2024 relative to the whole 2002-2024 period, and the years
and months with the maximum TWF for the period. Furthermore, given
that the GRACE-FO data may contain certain inherent errors, this study
also discusses the significance and reliability of the 2024 TWF changes
within the context of these potential uncertainties.

2. Data and methods
2.1. Study area

China, located in the eastern Asia and along the western Pacific
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Ocean, is characterized by diverse climate types due to its complex
terrain and extensive span of longitude and latitude. It plays a crucial
role in global climate systems (Wu, 2023). The eastern regions of China
are affected by the East Asian monsoon (Zhang, 2015), resulting in
pronounced seasonal and regional variability in precipitation: summer
and autumn are typically wet, while spring and winter tend to be dry,
with rainfall amounts generally decreasing from south to north. Ac-
cording to the China Flood Risk Map (Zhang et al., 2000), the overall
flood loss index in the eastern monsoon region is 2.3 times higher than
that in the west, indicating a higher level of disaster impact in eastern
China. Moreover, the eastern part of China has a denser network of
meteorological observation stations, enabling access to higher-quality
and more comprehensive dataset (Han et al., 2022). Therefore, while
this study presents national-scale spatial distributions to capture broad
spatial variation patterns, the regional-scale analysis focuses on 20
provinces in eastern China, each covering an area of over 100,000 km?
(Fig. 1). These provinces are selected based on climatic conditions
(Domros and Peng, 2012), data quality (Han et al., 2022; Zhong et al.,
2023), human activities (Xie et al., 2019) and other factors, to ensure the
robustness of the analysis.

Based on the precipitation distribution observed in this study, we
adopt the climate regionalization proposed by Zheng et al. (2013) and
divide the eastern part of mainland China into four regions: southern
China, central China, North China and Northeast China.

2.2. Data

Table 1 presents the information of data used in this study, including
the temporal resolution, spatial resolution, time span, coverage area and
data acquisition sources.

2.2.1. GRACE/GRACE-FO data

In this study, we use the CSR RL06.3 Mascon Solutions (CSRM)
dataset from the Center for Space Research (CSR) at the University of
Texas to estimate changes in TWS. The CSRM has undergone compre-
hensive corrections, including the replacement of the C20 and C30 co-
efficients with satellite laser ranging, degree-1 coefficients (geocenter)
correction (Swenson et al., 2008), glacial isostatic adjustment (Peltier

Table 1
Information of datasets used in this study.

Dataset Temporal Spatial Time span Coverage Data source

area

CSRM monthly 0.25°
RL06.3

2002-2024  global https://www2.
csr.utexas.
edu/grac
e/RL0O6_masc
ons.html
https://www.
tpde.ac.cn/zh

CHM_PRE daily 0.5° 1961-2022 China
-hans/data/
e5c335d
9-cbb9-48a
6-ba35-d67dd
614bb8¢

CLDAS- daily 0.0625° 2023-2024 Asia https://data.

V2.0 cma.cn/data/
cdcdetail/data
Code/NAF
P_CLDAS2.0
_NRT.html

ERAS5- monthly 0.1° 2000-2024  China https://cds.cl

Land imate.cope
rnicus.eu/da
tasets/reanalys
is-era5-land
-monthly-mea
ns?ta
b=overview
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et al., 2018), and ellipsoid correction (Ditmar, 2018). Therefore, it does
not require additional post-processing after released. Compared to
spherical harmonic coefficient products, Mascon solutions effectively
remove north-south strip noise and signal leakage error (Scanlon et al.,
2018; Zhang and Sun, 2022). In addition, mascon gain factors already
account for latitudinal striping. GRACE-FO employs improved acceler-
ometers, which mitigate the leak in the cold gas propulsion system,
reducing potential errors in the data (Save, 2020). The CSRM dataset
provides monthly TWSA from April 2002 to June 2017 (GRACE) and
from May 2018 to August 2024 (GRACE-FO), expressed in equivalent
water height (unit: cm), with a spatial resolution of 0.25° (actual spatial
resolution is approximately 3°). Notably, the CSRM are relative to the
2004-2009 time-mean baseline (Save, 2020).

2.2.2. Precipitation data

The precipitation data employed in this study are sourced from the
China Hydro-Meteorology dataset (CHM_PRE), a high-resolution, long-
term, gauge-based daily gridded dataset encompassing mainland China
from 1961 to 2022 (Han et al., 2022). This dataset is constructed from
daily precipitation observations collected at 2,839 stations within and
surrounding China. Its reliability for hydrological and climate studies
has been validated using 45,992 gauge observations across China from
2015 to 2019 (Han et al., 2022). CHM_PRE offers multiple spatial res-
olutions: 0.1°, 0.25°, and 0.5°, covering the geographical extent of 18°N
— 54°N and 72°E — 136°E. This study utilizes the precipitation data with
a spatial resolution of 0.5° from 1961 to 2022, primarily for recon-
structing TWSA and calculating PA.

Due to the CHM_PRE dataset’s coverage ending in 2022, we sup-
plement the CHM_PRE dataset with data from the China Meteorological
Administration Land Data Assimilation System Version 2.0 (CLDAS-
V2.0) from 2023 to 2024, which provides hourly and daily gridded
precipitation data across the Asian region at a spatial resolution of
0.0625° x 0.0625°. The CLDAS-V2.0 products have been evaluated
against observations from over 2,400 national automatic weather sta-
tions in China (China Meteorological Administration, 2024b), demon-
strating high accuracy within the Chinese region (Sun et al., 2020a; Yang
et al.,, 2017). To ensure consistency with the CHM_PRE dataset, we
resample the daily CLDAS-V2.0 data from its original resolution of
0.0625° x 0.0625° to a 0.5° x 0.5° grid by averaging the values of 64
smaller grids (0.0625°) into one larger grid (0.5°), thereby preserving
the overall precipitation values.

2.2.3. Soil moisture data

The soil moisture data are obtained from the land component of the
fifth generation of European ReAnalysis (ERA5-Land) dataset, released
by the European Centre for Medium-Range Weather Forecasts
(ECMWF). ERA5-Land offers high-resolution global climate reanalysis
data from 1950 to the present (Munoz-Sabater, 2019). The soil moisture
component is segmented into four depth layers: 0-7 cm, 7-28 cm,
28-100 cm, and 100-289 cm. Extensive validation studies have
demonstrated the reliability of this dataset in representing soil moisture
and other hydrological variables (Munoz-Sabater et al., 2021). In this
study, we utilize monthly gridded soil moisture data from 2000 to 2024,
covering four vertical layers with a spatial resolution of 0.1°. Specif-
ically, soil moisture values in each layer are converted into equivalent
water thickness and then summed to the dataset for analysis.

2.3. Methods

2.3.1. PA and percentage of PA
PA is defined as the deviation of observed precipitation (P) from the
multi-year (1961-2024) mean precipitation (P) over the same period.

PA=P-P (€))

A negative PA with a large absolute value indicates significantly
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lower precipitation than the long-term average, suggesting potential
drought conditions. Conversely, a positive with a large absolute value
signifies higher than average precipitation, implying an increased risk of
floods.

To further quantify the degree of precipitation deviation, the per-
centage of PA (PPA) is calculated. It is an important reference indicator
for analyzing abnormal climate changes and assessing drought and flood
disasters. The calculation formula is:

PPA = % x 100% @

This standardized metric provides a clearer representation of PA and
facilitates comparisons between different regions.

2.3.2. TWSA reconstruction

Humphrey and Gudmundsson (2019) developed a climate-driven
statistical model to reconstruct the detrended and deseasonalized
GRACE TWSA using precipitation and temperature data at daily and
monthly scales. Further details about the reconstruction method and its
implementation can be found in Humphrey and Gudmundsson (2019).
Some relevant applications of the method can be referred to studies such
as the monitoring the extreme flood event in July 2021 in northern
Henan, China (Xiao et al., 2023), the quantification of drought charac-
teristics in exorheic basins in China using a novel daily drought index
(Yang et al., 2025), and the estimation of the average daily fraction of
precipitation transformed into TWS in global river basins (Zhong et al.,
2025). Given the extensive prior work of our research group on this
reconstruction method, we focus on applications in this study rather
than detailed computational steps, which are thoroughly described in
the aforementioned studies.

In this study, we utilize precipitation and temperature data to
reconstruct the TWSA over the period 2002 — 2024, with model pa-
rameters calibrated under the constraints of CSRM during the GRACE
period. This approach aims to reduce observation-specific errors asso-
ciated with GRACE-FO data and ensure that the differences in recon-
structed TWSA fluctuations between the two periods are primarily
driven by meteorological factors. Hacker and Kusche (2024) demon-
strated that multi-decadal GRACE-like reconstructions can reliably
capture both long-term trends and seasonal to sub-seasonal variability,
confirming the robustness of our method in distinguishing climate-
driven signals from observational uncertainty.

2.3.3. TWF calculation

To emphasize the short-term changes in TWSA over a two-month
period under impact of climate change, TWF is defined as the differ-
ence of TWSA between two adjacent months. However, the disconti-
nuity in TWSA is caused by missing data from the CSRM, which results
from an 11-month gap between the GRACE and GRACE-FO missions and
battery failure. Therefore, it is essential to account for the time intervals
caused by the missing CSRM data when computing TWF. Specifically, an
Interval threshold is applied to judge if the TWF estimates can be used
for analyzing in this study.

Interval;_, = time; — time;_, 3)
TWF = TWSA; — TWSA; 4 4

where time; represents the CSRM monthly time point i =2, 3, ..., 236), j
denotes the TWSA months as the Interval within the defined threshold.

We assign the “time” variable (unit: days) of CSRM data as the
representative time point (time;) and compute the difference between
adjacent time (Interval;;) using Eq. (3). According to statistics, the
median and mode of Interval are both 30.5 days, accounting for 183
TWEF estimates (77.9 % of the total 235). To maximize the inclusion of
valid data while maintaining the reliability of the estimates, a 32-day
threshold is selected for the Interval. This threshold covers 91.1 % of
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total TWF estimates. In addition, the soil moisture flux (SMF) can be also
calculated similar to TWF.

2.3.4. Calculation of normalized mean absolute deviations

The mean absolute deviation (MAD) is used to quantify the
discreteness or variability of a dataset. In this study, we apply the for-
mula to calculate the difference between the CSRM TWF (TWFsgrym) and
the reconstructed TWF (TWFggc). The calculation is expressed as:

MAD = mean(|TWFigpy, - TWFp;c|) (5)

where i is 1 or 2, respectively representing two specific periods of
GRACE/GRACE-FO.

To assess the relative significance of MAD compared with the fluc-
tuation of TWF¢sgry, two normalization methods are applied. The first
method is the MAD ratio (TWFyapr), which is normalized by standard
deviation (STD) of TWFcsgm. STD measures the average deviation of
data from the mean but is sensitive to extreme values. In contrast, the
interquartile range (IQR) defined as the difference between the 75th and
25th percentiles, focusing on the range of variation for the central 50 %
of the data, and is less affected by extremes. Accordingly, the scaled
MAD (TWFsmap) is normalized by IQR of TWFcsgm. The formulas are as
follows:
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2.3.5. Precipitation variability

Precipitation variability reflects the fluctuation of precipitation over
time, often measured as variance or STD. In a related study, Zhang et al.
(2024) employed STD to investigate the century-long changes in pre-
cipitation variability on global and regional scales, which was divided
into various time scales on regional scale. Additionally, daily precipi-
tation time series were detrended and deseasonalized to remove linear
trends and annual cycles. In this study, we directly calculate the STD
(STDpa) and IQR (IQRpa) of monthly PA from 2002 to 2024 to quantify
the variabilities during the GRACE and GRACE-FO periods.

3. Result
3.1. PA and PPA analysis

In 2024, extreme precipitation events occur across various regions of
China, resulting in significant fluctuations in TWS. To evaluate these
changes, we first analyze the PA and PPA across China (Fig. 2). The
findings reveal distinct regional characteristics, with pronounced de-
viations in precipitation patterns compared to historical averages,
leading to widespread flooding, droughts, and abrupt transitions be-
tween these extremes.

In southern China, PA values exhibit substantial positive anomalies

TWE _ MAD ®) in April and June, such as Hunan (102.78 mm and 145.57 mm), Jiangxi
MAPR T STD (TWFL gy ) (189.79 mm and 154.16 mm), and Zhejiang (131.17 mm and 169.40
mm) Provinces (Table 2), indicating that precipitation significantly ex-
TWF - MAD ) ceeds historical norms in these areas. According to official statistics, the
SMAP T TQR (TWF ) cumulative precipitation in South China is 40 % higher than the annual
average during the pre-flood season, and the cumulative precipitation
exceeds 500 mm in many provinces from June 2 to July 9 (China
Meteorological Administration, 2025). Conversely, in May, July and
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Fig. 2. Spatial distribution of PA and PPA from April to August 2024. Note: Precipitation data for Taiwan Province is available only from 2023 to 2024.
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Table 2
PA (mm) and PPA in 20 provinces in eastern China from April to August 2024.
PA April May June July August
PPA
Southern China Guangxi 69.07 46.28 173.58 —5.12 —18.85
41.90 % 29.16 % 59.04 % —2.74 % —5.34 %
Guangdong 351.90 18.87 24.04 32.79 20.10
176.69 % 1213 % 9.52 % 18.09 % 13.48 %
Yunnan —19.42 20.29 24.55 —-11.99 —38.99
—46.99 % 20.32 % 12.95 % —5.38 % —18.12 %
Guizhou 38.29 6.21 84.69 —59.05 —83.17
34.42 % 6.11 % 36.44 % —29.07 % —54.15 %
Hunan 102.78 —47.92 145.57 40.61 —39.37
55.17 % —21.63 % 66.50 % 32.07 % —28.79 %
Jiangxi 189.79 —57.92 154.16 —23.63 —10.64
87.14 % —22.10 % 51.61 % —12.46 % —-9.22 %
Fujian 157.01 —38.11 84.56 30.34 40.62
88.59 % —10.29 % 27.00 % 20.50 % 22.20 %
Zhejiang 131.17 —-29.14 169.40 —43.79 —60.68
95.03 % -8.23% 76.85 % —27.32% —30.56 %
Central China Sichuan 28.52 -3.83 -20.19 53.90 —87.32
42.29 % —3.95 % —13.95 % 28.47 % —53.17 %
Hubei 2.67 —57.12 23.93 44.76 -96.10
1.38 % —38.23 % -1.19% 26.48 % —65.39 %
Anhui —0.51 —25.69 52.31 30.97 —53.95
—14.83 % —28.46 % 11.23 % 13.52 % —35.94 %
Henan —17.04 —50.90 —-37.27 187.02 —47.62
—36.49 % —-71.25% —41.97 % 104.53 % —34.81 %
Jiangsu -11.75 -31.61 15.17 65.89 —15.75
—23.43 % —42.08 % 1.85% 28.36 % —10.13 %
North China Shaanxi 8.50 —25.82 —35.59 57.04 —-16.20
28.75 % —38.37 % —43.59 % 36.89 % —7.36 %
Shanxi 7.79 —13.82 —28.22 —-8.20 15.45
34.06 % —31.53 % —42.90 % —5.47 % 14.09 %
Hebei 8.90 —7.03 —26.91 19.04 89.95
48.30 % —20.28 % —36.45 % 8.91 % 69.09 %
Shandong —13.94 —18.66 —48.92 227.46 35.72
—40.28 % —37.32% —60.06 % 115.51 % 23.73 %
Northeast China Liaoning 11.36 15.05 —-35.32 175.96 57.70
53.66 % 28.03 % —35.55 % 113.63 % 55.36 %
Jilin —6.88 46.24 —-0.83 105.67 4.40
—23.98 % 88.39 % —0.63 % 60.75 % 15.21 %
Heilongjiang —4.20 17.45 56.24 —31.38 -3.77
—18.56 % 32.08 % 62.14 % —21.73 % —2.76 %

August, the PA values are small positive or negative. Combined with the
PPA, it is evident that the increases in precipitation in April and June are
more pronounced than the decreases observed in the other months, with
noteworthy examples in Guangdong and Fujian. Specifically, the PA is
351.90 mm and the PPA reaches 176.69 % in Guangdong Province
(Table 2), leading to severe flooding in April (Du et al., 2025). This
prolonged heavy rainfall is primarily associated with the influence of the
subtropical high system linked to the El Nino event in 2023 winter,
which enhances convective activity in this region (Zhang et al., 2025).

In central China, a contrasting precipitation pattern is observed. In
July, positive PA values are recorded in Sichuan (53.90 mm), Hubei
(44.76 mm), Anhui (30.97 mm), Henan (187.02 mm), and Jiangsu
(65.89 mm) Provinces (Table 2), linked to summer monsoon activity
(China Meteorological Administration, 2025). However, during the
other four months, precipitation generally falls below the historical
average averages in these provinces, indicating drought conditions
(Wang et al., 2024b). For instance, PA is —57.12 mm in Hubei Province
in May and —87.32 mm in Sichuan Province in August. Notably, Henan
Province suffers from persistent precipitation deficits from April to June,
with the PPA values of —36.49 %, —71.25 % and —41.97 %. By June 12,
meteorological drought conditions in 16 cities across Henan Province
had reached severe or higher levels (https://yjglt.henan.gov.cn/2024/
06-12/3006879.html). However, the sustained deficits are followed by
extreme rainfall in July, where the PPA reaches 104.53 % (Table 2),

causing an abrupt alternation from drought to flood (Ministry of Water
Resources of the People’s Republic of China, 2025). The average pre-
cipitation reached 117.2 mm from July 14 to 18 in Henan Province (htt
ps://ha.cma.gov.cn/xwzx/xwtt/202407/t20240718_6426724.html). In
August, the entire central region experienced relatively dry conditions,
primarily due to the abnormally strong westward extension of the sub-
tropical high and the northward shift of the westerly jet stream. These
anomalies displaced the rain belt northward, resulting in high temper-
ature and little rain in the region (China Meteorological Administration,
2025).

In part of North China, including Hebei, Shanxi and Shandong
Provinces, PA is negative or slightly positive from April to June, indi-
cating a precipitation deficit during spring and early summer (Wang
et al., 2024b). However, in July, Shandong Province experiences sub-
stantially higher-than-average precipitation, with PA and PPA respec-
tively reaching 227.46 mm and 115.51 % (Table 2), alleviating prior
drought conditions but also triggering flood disasters (Department of
Emergency Management of Shandong Province, 2025). Similarly, in
August, Hebei Province also records large positive anomalies, with PPA
reaching 69.09 %.

In Northeast China, PPA increases in Heilongjiang Province in June
(62.14 %), but turns negative in July (—21.73 %). In contrast, PPA in
Jilin and Liaoning Provinces decrease in June and increase in July. Both
provinces experience heavy rainfall in July, with PA values of 105.67
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mm and 175.96 mm (Table 2), respectively, causing serious flooding
(Ministry of Water Resources of the People’s Republic of China, 2025).
According to the Liaoning Provincial Meteorological Service, the
average precipitation was 193.4 mm, representing a 20 % increase
compared to the same period last year (158.8 mm) in July (https://In.
cma.gov.cn/xwzx/qxxw/202308/t20230804_5695338.html). From
July to August, the average precipitation reached 433.6 mm in Jilin
Province (https://news.cnjiwang.com/jwyc/202501/3915145.html).

3.2. Variations of TWSA and TWF

We analyze the spatial distribution of TWSA and soil moisture stor-
age anomaly (SMSA) in China from April to August, as shown in Fig. 3.
In terms of TWSA, the coastal areas of southern China predominantly
exhibit positive anomalies. Notably, TWSA in Hubei, Henan, and Anhui
Provinces exhibit positive-negative-positive transition over the five-
month period, which may indicate a drought flood abrupt alternation
in these regions.

The spatial distribution of SMSA and TWSA exhibits certain simi-
larities, potentially reflecting their interrelated roles within the hydro-
logical cycle. However, notable differences also exist. In July, while
TWSA in the southern coastal provinces approach zero (Fig. 3a4), SMSA
display negative anomalies (Fig. 3b4). This discrepancy may be attrib-
uted to extreme climatic events, such as typhoons, which bring heavy
precipitation and thus increases TWS (Chen et al., 2020b). Simulta-
neously, high temperatures in July likely cause elevated evaporation
rates, resulting in reduced soil moisture storage (Deng et al., 2024; Meng
et al., 2013). In June, TWSA are negative or slightly positive in regions

TWSA
(al) April
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such as eastern Sichuan, Hubei, and Henan Provinces (Fig. 3a3), likely
due to continuous drought (Fig. 2a3), high temperatures (National
Climate Centre, 2024b), and other factors that exacerbate terrestrial
water loss. Nevertheless, the declines in SMSA are not significant in
these regions (Fig. 3b3). This can be associated with anthropogenic in-
terventions, such as agricultural irrigation, which may partially offset
soil moisture depletion. In addition, uncertainties in the ERA5-Land
SMSA data may also contribute to the discrepancy (Zhang et al., 2023).

Fig. 3a6 and b6 present the cumulative distribution functions (CDFs)
of TWSA and SMSA from April to August in 2024. Both TWSA and SMSA
exhibit numerous high positive and low negative values. This indicates
that the intensity and frequency of TWS fluctuations are relatively large
during this period.

As mentioned above, TWSA in Hubei and Henan Provinces exhibit
pronounced spatial variations, with both positive and negative anoma-
lies. Therefore, the alternation between drought and flood conditions
can be intuitively observed. However, in Shandong and Jiangsu Prov-
inces, TWSA does not show significant positive or negative changes over
time, despite experiencing considerable fluctuations (Ministry of Water
Resources of the People’s Republic of China, 2025). This limitation
highlights the need for a more precise approach. To address this, TWF
can be used to discuss the changes in TWS between two adjacent
months, and to more accurately capture regional drought and flood
dynamics.

The TWF estimates from April to August 2024 are presented in Fig. 4,
which reveals diverse spatiotemporal variation patterns across China. In
the Guangdong and Fujian Provinces, the TWFy4 (89.79 and 67.42 mm/
month) and TWFjy (29.19 and 30.31 mm/month) are positive or

SMSA

(b1) April (b2) May

50°N

20°N 30°N 40°N

50°N

20°N 30°N  40°N

QX _j/"’,qf
P

wae.

80°E 90°E 100°E 110°E 120°E 130°E
(a6) CDF

April
May
June
July
August

50°N

o o 0o 00

80°E 90°E 100°E 110°E 120°E 130°E
(b6) CDF

April
May
June
July
August

® o0 00

20°N 30°N 40°N

i il

-200 -100

0

mm
100 200

~100 0 100
TWSA (mm)

-150

N _
200 S0°E 90°E 100°E110°E120°E130°E Z[50 _100 50 0 50 100 150
SMSA (mm)

mm

=75 0 75 150

Z

T

Fig. 3. Spatial distribution of TWSA, SMSA and their CDFs from April to August 2024.
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Fig. 4. Spatial distribution of TWF during May — April (TWFy,), June

slightly negative, reflecting the influence of heavy rainfall events be-
tween April and June (Liu et al., 2025). In contrast, TWF;; (—108.74 and
—91.59 mm/month) exhibit pronounced negative fluxes (Table 3),
which are consistent with a sharp decline in TWSA in July (Fig. 3a3 and
a4), underscoring significant water storage loss in these regions.

In central China, the TWFy5 exhibits negative or slightly positive in
certain local areas, such as eastern Sichuan Province and the border
regions of Hubei Province and Jiangxi, which corresponds to a reduction
in TWSA in most areas. The TWFjy indicates intensification of TWS
deficits in the central provinces. Notably, TWF;; reveals substantial
positive fluxes. For instance, the TWF;; in Hubei Province reaches
129.64 mm/month (Table 3), with a maximum grid value of 336.23
mm/month. This is primarily attributed to the TWS deficit caused by
drought in June, followed by heavy rainfall that results in a large posi-
tive TWSA in July. Together, these changes indicate a rapid transition
from drought to flood (Xinhua News, 2024b). However, the TWF,; de-
clines sharply to —93.31 mm/month. Combined with the negative TWSA
in August (Fig. 3ab), this reflects that Hubei Province experiences a
transition from flood to drought (Department of Emergency Manage-
ment of Hubei Province, 2024).

In Shandong and Hebei Provinces, TWSA remains largely positive in
April and May, with corresponding TWFys of 7.14 and 12.74 mm/
month. However, due to reduced precipitation in June (Fig. 2a3),
TWF;m (—54.76 and —29.22 mm/month) turn negative. Subsequently,
TWF;; (60.19 and —6.51 mm/month) and TWF,; (—15.50 and 61.29
mm/month) increase from south to north (Table 3), indicating that
Shandong and Hebei Provinces successively undergo a transition from
drought to flood (Department of Emergency Management of Shandong
Province, 2025; Hebei Meteorological Service, 2025).

In Northeast China, particularly in western Heilongjiang Province,

0

100 200

— May (TWPF;yp), and July- June (TWFy;), August — July (TWF,j) in 2024.

Table 3
TWF (mm) in 20 provinces in eastern China from April to August 2024.
TWFpa TWim TWF;; TWFay
Southern China Guangxi 49.37 77.04 —53.95 -3.15
Guangdong 89.79 29.19 —108.74 18.47
Yunnan —3.96 40.96 -3.29 5.83
Guizhou 5.88 66.12 —0.44 —34.67
Hunan 5.18 26.56 —24.58 —-17.64
Jiangxi —38.59 —45.79 92.70 —97.56
Fujian 67.42 30.31 —91.59 —5.57
Zhejiang 33.77 8.56 —55.68 —46.49
Central China Sichuan —9.96 12.93 46.14 —46.09
Hubei —31.78 —58.52 129.64 —93.31
Anhui —19.92 —51.94 114.50 —119.46
Henan —55.96 —97.31 93.68 23.09
Jiangsu —0.44 -22.18 91.73 —85.20
North China Shaanxi —6.27 —5.08 14.09 —4.67
Shanxi -32.13 -23.55 —-34.75 95.91
Hebei 12.74 —29.22 —6.51 61.29
Shandong 7.14 —54.76 60.19 —15.50
Northeast China Liaoning 2.20 3.37 8.79 91.62
Jilin —15.91 26.16 —6.75 90.51
Heilongjiang —48.98 33.24 -23.95 13.79

TWFya is markedly negative, with a maximum grid value of —237.27
mm/month. This results from a sudden transition in TWSA, which
changes from positive in April to negative in May (Fig. 3al and a2),
highlighting the severe drought risks in May. As local climate conditions
slightly moderate, TWFj)y; in western Heilongjiang Province turns posi-
tive, indicating a partial alleviation of drought stress in June. Mean-
while, the TWF,; in Liaoning and Jilin Provinces reach 91.62 and 90.51
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mm/month (Table 3), respectively, primarily driven by the heavy
rainfall in August.

In summary, the analysis of TWF provides critical insights into the
spatiotemporal dynamics of extreme hydrological events and transitions
between drought and flood conditions in 2024. These results demon-
strate that TWF is an important indicator for capturing TWS variations
and for assessing the processes and impacts of hydrological extremes
across China.

3.3. The percentages and maximum of TWF

To better highlight the extreme characteristics of TWSA changes in
2024, we calculate the percentiles of TWF and |TWF]| (i.e., the absolute
value of TWF) for four different periods in the historical record
(2002-2024). Fig. 5a presents the spatial distribution of TWF percen-
tiles. Across most regions of China, TWF values fall within the extreme
percentile ranges (either below the 10th or above the 90th percentile)
during these four periods. Statistically, 36.52 %, 46.22 %, 44.79 %, and
46.48 % of grids all into these categories for their respective periods
(Fig. 5cl). This suggests that the intensity of TWSA variations observed
in 2024 is historically elevated. To further identify where these histor-
ically high TWSA fluctuations occur, we analyze the spatial distribution

TWF percentiles
(al) May - April

|TWF| percentiles
(bl) May - April
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of |TWF| percentiles (80th — 100th), which captures the magnitude of
TWSA changes (Fig. 5b). Regions exhibiting significant changes in
TWSA in 2024 include Guangdong, eastern Guangxi, eastern Sichuan,
Hubei, Anhui, Henan, northern North China, Liaoning, Jilin, and
northern and western Heilongjiang.

Additionally, we analyze the years and months in which the
maximum values of |[TWF|, |PA| and |SMF| occur during the 2002-2024
period (Fig. 6). The results reveal a notable similarity of |PA| and |TWF|
maximum in the past six years, with 55.97 % and 74.84 % of the grids
reaching their peak values during this period. Moreover, the proportion
of grid with the maximum |TWF| has shown an increasing trend over the
past six years, with 2024 (19.89 %), 2023 (18.38 %), and 2020 (12.01
%) being the top three years. A similar pattern is observed for |PA|,
where 2024 (18.77 %), 2020 (10.66 %), and 2023 (8.76 %) also
represent the peak years. These findings indicate that hydrological and
precipitation anomalies have become more extreme in recent years,
particularly in 2024.

In terms of spatial distribution, the years with the maximum values
of [TWF| and |PA| in regions such as Jiangxi, Hubei, and Anhui Prov-
inces are mostly concentrated in 2019-2021. In contrast, maximum
values in northwest China are primarily concentrated in 2022-2024.
Differences are also observed in the statistics of months with the
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maximum values. The high proportions for |[TWF| and |PA| are
concentrated from June to September, accounting for 46.40 % and
90.72 % of the total grids. However, |TWF]| also exhibits a relatively high
proportion in winter (January, February, and December), accounting for
23.34 %, whereas |PA| is only 1.20 %.

The Fig. 6a2 show that regions with maximum |TWF| values in
winter are primarily located in western high-altitude regions and
northern high-latitude areas. This pattern is largely due to China’s
geographical location, which determines its precipitation character-
istics—rainfall is concentrated in summer, with limited precipitation in
the northwest. Furthermore, low temperatures in winter result in shorter
precipitation retention times in these regions, making snowfall anoma-
lies a more significant contributor to changes in TWS. This explains the
spatial difference in the monthly maximum values of |PA| and |TWF|.

There is a notable spatial consistency between |SMF| and |PA|,
particularly in regions such as Hubei Province, Anhui Province, North
China, Jilin Province, and southeastern Heilongjiang Province. These
regions exhibit either consistency or lag in the distribution of months
with maximum values, which may reflect differences in various hydro-
logical processes responding to climate change. Statistically, the high
monthly proportions of |SMF| are concentrated between June and
October, while the top years are 2020, 2022, and 2024. Overall, the
consistency between |[SMF| and |[TWF| is weaker than that between |
TWF| and |PA]|.

4. Discussion
4.1. Uncertainties in TWF estimations

The GRACE/GRACE-FO mission estimates the changes of TWS by
monitoring dynamic variations in the earth’s gravity field. Before
generating the gravity field data products used in this study, the original
GRACE/GRACE-FO data undergo processing to reduce measurement
errors and noise. However, this process faces many challenges. First,
signal leakage and stripe noise may occur during the inversion of gravity
field data (Swenson and Wahr, 2006). Although CSRM data are widely
used in hydrological research, their inherent errors and uncertainties

10

still need to be considered. In this study, TWSA is used to calculate TWF,
which may transfer inherent errors to TWF, resulting in reduced accu-
racy of the results. We discuss the impact of the inherent errors on the
TWF changes in detail in Section 4.2.

Second, as mentioned earlier, an 11-month data gap exists between
the GRACE and GRACE-FO missions. The 32-day threshold is deter-
mined based on statistical results to limit the time interval of CSRM
when calculating TWF, which also may introduce additional un-
certainties on TWF and further affect our results. In addition, the data
coverage of GRACE satellites, launched in 2002, spans only from 2002 to
the present. This temporal limitation hinders long-term estimates over
past multi-decadal timescales. In the future, we can attempt to recon-
struct data to fill the gaps in the past and supplement the data for missing
months (Humphrey and Gudmundsson, 2019; Li et al., 2023). This will
allow us to quantify the characteristics of TWF changes in a longer time
series and improve the reliability of the estimates.

Furthermore, monthly TWSA and SMSA are both monthly mean
data, while TWF and SMF are the differences of TWSA and SMSA in two
adjacent months, respectively. However, PA is the anomaly value
calculated from the monthly cumulative precipitation and quantifies the
deviation of each monthly precipitation from the average monthly
precipitation of the same period. In contrast, TWSA reflects the devia-
tion from the long-term mean. These discrepancies will introduce
certain uncertainties in the results when comparing the spatial distri-
bution of the maximum values (Fig. 6).

4.2. A conservative assessment of TWF variation in 2024 considering
potential GRACE-FO errors

Although the GRACE-FO mission has made significant advancements
in data quality and scientific applications compared to the GRACE
mission (Kornfeld et al., 2019), it is still affected by various factors that
can introduce data errors. These include the solar activity cycle
(Landerer et al., 2020; Park et al., 2023), attitude and orbit control
system leakage (Cossavella et al., 2022), accelerometer calibration error
(McCullough et al., 2020), etc. To analyze the possible increased errors
contributing to GRACE-FO TWSA and further to TWF estimates in 2024,
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we adjust the TWF values during GRACE-FO by + 2 cm (adding 2 cm
when TWF < 0 and subtracting 2 cm when TWF > 0), then recalculate
the TWF and |[TWF| percentiles for 2002-2024 in four different periods,
ie. TWFnma, TWFEj\, TWEj3 and TWEFaj.

The results indicate that TWF and |TWF| percentiles have small grids
percentage change after the 2 cm error adjustment (Fig. 7). The per-
centage of grids within the extreme percentile ranges of TWF (0-10th
and 90-100th) and |[TWF| (80-100th) have mostly decreased. Specif-
ically, TWF percentiles in the four periods respectively decrease by
12.82 %, 12.30 %, 9.28 %, and 13.26 %, within these extreme percentile
ranges. And |TWF| percentiles respectively decrease 12.58 %, 12.56 %,
8.71 % and 12.37 %. From a spatial distribution perspective, the regions
exhibiting significant changes before and after error adjustment are
predominantly located in western China, including Xinjiang Uygur
Autonomous Region, Xizang Autonomous Region, and Qinghai Prov-
ince, although these areas are not the primary focus of this study. In
conclusion, the possible increased errors of GRACE-FO TWSA have a
limited impact on overall TWF estimates, and will not alter our
conclusions.

4.3. Intensified variability in TWF driven by precipitation

As shown in Fig. 8b, the STD of TWFcsrym (STDTwr) is greater in the
GRACE-FO period than in the GRACE period for 19 of the 20 selected
provinces, except for Shandong Province. The IQR of TWFcsgm (IQRTwE)
shows a similar pattern (Fig. 8d), being larger in the GRACE-FO period
for 16 provinces. These suggest that TWF fluctuations are generally
more pronounced in the GRACE-FO period. Therefore, we suppose the
primary driver of the differences in TWF variability is precipitation
changes between the two periods.

To demonstrate this speculation, this study first reconstructs the
TWSA from 2002 to 2024 using the precipitation and temperature data,
with the CSRM in the GRACE period serving as a constraint for cali-
bration. Since TWFgg is calibrated using TWSA in the GRACE period,
the errors associated with the GRACE-FO satellites are excluded. It helps
to reduce reconstruction biases caused by differences in the quality of
satellite observation data and minimize the comparison bias caused by
differences in the changes in the original signal between the two periods
(Hacker and Kusche, 2024). The contribution of precipitation can then
be assessed by comparing the normalized MAD between TWFggc and
TWFcsrm (i.e. TWFyapr and TWFgyap) in the two periods.

As shown in Fig. 8a, TWFpapr in the GRACE period is smaller for 9
provinces (Guangxi, Guizhou, Hunan, Sichuan, Zhejiang, Shaanxi,

TWEF percentiles
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Shanxi, Shandong, and Heilongjiang Provinces) than the values in the
GRACE-FO period. Additionally, TWFyapr in the two periods only
exhibit slight differences. Except for Sichuan Province (0.13), the dif-
ferences of TWFyapr in the other provinces range from 0.02 to 0.09.
TWFgmap (Fig. 8c) differs from TWFyapg: it is larger in the GRACE-FO
period for 10 provinces, and the range of differences between the two
periods is relatively wider (0.01-0.21). Importantly, 9 provinces
(Guangxi, Jiangxi, Fujian, Sichuan, Hubei, Henan, Shanxi, Hebei, and
Heilongjiang Provinces) exhibit consistent the period to period ranking
for both TWFgyap and TWFyapr, confirming the robustness of our
normalized MAD metrics. Nevertheless, TWFgyap still effectively re-
flects the explanatory power of precipitation for TWF fluctuations.
Combined with the STDwr (Fig. 8b) and IQRtwr (Fig. 8d), these indi-
cate that the MAD between the TWFggc and the TWFcggy is generally
greater in the GRACE-FO period, which can partially explain the
contribution of precipitation to the increased TWF variability.

Then, we compare the PA fluctuations between the two periods for
each province (Fig. 8b and d). For most provinces, both STDp and IQRpa
are larger in the GRACE-FO period, which are consistent with the
STDtwr and IQRrwr. This consistency suggests that the widespread
intensification of TWF fluctuations may be jointly driven by enhanced
seasonal precipitation variability and more frequent extreme precipita-
tion events. However, STDp, is smaller in the GRACE-FO period, con-
trasting with the STDrwr in Guangxi and Fujian Provinces. By examining
the PA time series for these provinces (not shown), we find that some
large PA values occur in the GRACE period, and the missing TWF data
fails to reflect the corresponding TWS changes driven by extreme pre-
cipitation. Thus, the STDrwr is likely underestimated in the GRACE
period.

In Shandong Province, the STDpp is significantly higher in the
GRACE-FO period, while the STDwr exhibits the opposite trend. This
suggests that TWS fluctuates more dramatically in Shandong Province in
the GRACE period. Based on the TWSA time series for the province (not
shown), we attribute this phenomenon to differences in the frequency
and intensity of extreme climate events between the two periods. During
the GRACE period, Shandong Province has experienced fewer but more
intense extreme events, such as the severe drought in 2002 (Zhang et al.,
2004) and the catastrophic flood in 2012 (Qiu et al., 2022). These high-
intensity events cause substantial deviations in TWS from its mean state,
leading to higher STDrwr during the GRACE period. In contrast, fluc-
tuations in TWS occur more frequently, but their amplitudes are rela-
tively smaller, resulting in a lower STDrwr in the GRACE-FO period.
After removing the influence of extremes, IQRtwr becomes larger
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Fig. 7. The percentage of grids of TWF and |[TWF| percentiles before and after the 2 cm error adjustment for four different periods from April to August in 2024.

11



Y. Zhong et al.

(a) TWFuabr
Heilongjiang
Jilin
Liaoning
Shandong
Hebei
Shanxi
Jiangsu
Henan
Shaanxi
Zhejiang
Anhui
Hubei
Sichuan
Fujian
Jiangxi
Hunan
Guizhou
Yunnan
Guangdong

Guangxi
0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.

o]

(c) TWFsmap
Heilongjiang
Jilin
Liaoning
Shandong
Hebei
Shanxi
Jiangsu
Henan
Shaanxi
Zhejiang
Anhui
Hubei
Sichuan
Fujian
Jiangxi
Hunan
Guizhou
Yunnan
Guangdong
Guangxi

0.0 0.1 0.2 03 04 0.5 0.6 0.7 0.8

International Journal of Applied Earth Observation and Geoinformation 144 (2025) 104875

Heilongjiang
Jilin
Liaoning
Shandong
Hebei
Shanxi
Jiangsu
Henan
Shaanxi
Zhejiang
Anhui
Hubei
Sichuan
Fujian
Jiangxi A
Hunan
Guizhou
Yunnan
Guangdong

Guangxi
0 20 40 60 80 100 120

Heilongjiang
Jilin A
Liaoning
Shandong
Hebei
Shanxi
Jiangsu
Henan
Shaanxi
Zhejiang
Anhui
Hubei
Sichuan
Fujian 1
Jiangxi
Hunan A
Guizhou
Yunnan
Guangdong

Guangxi
0 20 40 60 80 100 120

BN GRACE W GRACE-FO IQR (mm)
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STDpa and IQRpa have been respectively moved 30 mm to the right. (a) TWFyapr. (b) STDrwr and STDpa. (¢) TWFsyap. (d) IQRtwr and IQRpa.

relative to STDwg, with IQRtwr being even greater in the GRACE-FO
period. This indicates that the variability of TWF after removing
extreme values is more intense in the GRACE-FO period, leading to a
wider range of stable TWF fluctuations. Additionally, climate change
and human activities, particularly groundwater extraction, are crucial
factors influencing TWS variations. These factors have different impacts
on TWSA in Shandong Province in the two periods, further contributing
to the differences in TWF variability.

4.4. Comparison with global regions with the same latitude

As a key driver of disaster risks, climate change has inflicted sub-
stantial losses on nations worldwide (World Meteorological Organiza-
tion, 2024). Thus, enhancing disaster risk prediction, planning, and
resilience building is critical for global sustainability (United Nations,
2015). This study employs TWF as an indicator to quantify extreme
climate change, which has been effectively verified in China.
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Subsequently, we take the contiguous United States as a representative
case outside China for comparative analysis to provide a global
perspective on the effectiveness of TWF applications. As shown in Fig. 9,
the year and month with the maximum value of |TWF]| in the contiguous
United States aligns with the conclusions in China: 66.82 % of grid
maxima occur within the past six years, exhibiting an upward trend. The
top three years with the highest proportions are 2021 (15.98 %), 2023
(13.88 %), and 2024 (12.88 %). Specifically, the 2021 southwestern U.S.
drought (Mankin et al., 2021), the alternating drought-flood events in
western states (e.g., California and Nevada) during 2022-2023 (Smith,
2024) and the 2024 tornado-induced TWSA changes (Smith, 2025) all
corresponded to extreme TWF signals. These findings validate the uni-
versality of TWF across diverse climatic zones. Future research can
expand to global scales by integrating regional disaster databases with
socioeconomic metrics, thereby providing scientific support for national
disaster risk reduction policies.

5. Conclusion

In 2024, China experiences frequent and severe extreme hydrologi-
cal events, leading to significant changes in TWSA. To analyze these
changes, this study defines TWF based on GRACE/GRACE-FO data,
enabling quantification of monthly-scale TWSA fluctuations from April
to August 2024. By integrating TWF with precipitation data, we further
investigate the underlying driving mechanisms behind the increased
variability of TWEF.

This study shows pronounced spatiotemporal variations in TWSA
across China in 2024, which are similar to the changes in PA and PPA.
This indicates that change in precipitation pattern is a predominant
factor affecting the changes in TWSA. From a long-term perspective
(2002-2024), 36.52 %, 46.22 %, 44.79 %, and 46.48 % of grids fall into
the extreme TWF percentile ranges (below the 10th or above the 90th) in
the four periods (May — April, June — May, July — June, and August —
July). And 74.84 % of grids reach their maximum |TWF| during
2019-2024, of which 19.89 % are observed in 2024. These results
confirm that TWF is historically extreme in most parts of China in 2024,
further emphasizing the severity of hydrological fluctuations. Further
investigation of the drivers behind these extremes indicates that STDpy,
IQRpp, STDrwr and IQRrwr are more pronounced in the GRACE-FO
period, suggesting that the intensification of TWF fluctuations is pri-
marily driven by increased precipitation variability.

This study provides robust observational evidence of intensifying
hydrological extremes in China under climate change. It emphasizes the
severity of extreme hydrological events in China in 2024 and demon-
strates the utility of TWF in capturing short-term hydroclimatic fluctu-
ations and in assessing regional water storage responses. However,
limitations remain, including uncertainties in TWF estimates derived
from GRACE/GRACE-FO data due to data gaps and signal noise. Future
studies should integrate multi-source datasets to enhance data recon-
struction and extend the analysis to other climate-sensitive regions to
better understand the broader implications of hydroclimatic extremes
on water resources.
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