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Monitoring the Catastrophic Flood With GRACE-FO
and Near-Real-Time Precipitation Data in Northern

Henan Province of China in July 2021
Cuiyu Xiao , Yulong Zhong , Wei Feng , Wei Gao, Zhonghua Wang, Min Zhong, and Bing Ji

Abstract—Zhengzhou and its surrounding areas, located in
northern Henan Province, China, receive continuous extreme rain-
fall from July 17 to July 22, 2021. Northern Henan Province
experiences extensive flash floods and urban floods, causing severe
casualties and property damage. Understanding the variation of
hydrologic features during this flood event could be valuable for
future flood emergency response work and flood risk management.
This study first demonstrates the rainstorm process based on near-
real-time precipitation data from the China Meteorological Admin-
istration Land Data Assimilation System (CLDAS-V2.0). To meet
the temporal resolution required for monitoring this short-term
flood event, reconstructed daily terrestrial water storage anomalies
(TWSAs) based on GRACE and GRACE-FO data and CLDAS-
V2.0 datasets are first introduced. The spatial and temporal evo-
lution of the reconstructed daily TWSA is analyzed in the study
area during this heavy rainfall event. We further employ a wetness
index based on the reconstructed daily TWSA for flood warnings.
Furthermore, the modeled soil moisture data and daily runoff data
are used for flood monitoring. Results show that the reconstructed
daily TWSA increases by 437.7 mm in just six days (from July
17 to July 22, 2021), with a terrestrial water storage increment of
9.4 km3. Compared with ITSG-Grace2018, the reconstructed daily
TWSA has better potential for near-real-time flood monitoring for
short-term events in a small region. The wetness index derived from
reconstructed daily TWSA is potential for flood early warning.
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I. INTRODUCTION

DUE to the combined influence of the Yellow-Huai low
vortex, the western Pacific subtropical high pressure, and

the continental high pressure [1], a continuous heavy rainfall
event occurs in Henan Province, China, from July 17 to July 23,
2021. Many areas in Henan Province suffer from rainstorms,
large rainstorms, and even extraordinary rainstorms. The dura-
tion of this rainfall is long, the amount of rainfall is copious,
and the period and area where the heavy rainfall occurs are
relatively concentrated. According to the Monthly Water Report
from the Department of Hydrology and Water Resources of
Henan, many small and medium-sized rivers in Henan Province
exceed their warning water levels, regional mega-floods occur
in the upstream of Weihe River and Jialu River, and 14 large
and medium-sized reservoirs exceed their historical highest
water levels since their construction. The northern and western
areas of Henan Province suffer from flash floods and extensive
urban floods. This flood event causes severe damage to people’s
lives and property safety. In recent decades, flood events have
occurred increasingly frequently [2], [3], [4], so monitoring the
process of the flood is expected to be essential.

The initial state of terrestrial water storage (TWS) is a signifi-
cant factor that is closely linked to the generation and magnitude
of a flood [5], [6]. TWS is the integration of soil moisture
(SM), snow, surface water, and groundwater [7], [8]. Terrestrial
water storage change (TWSC) reflects the state of accumulated
precipitation, evapotranspiration, and surface and (subsurface)
runoff [9], [10], [11]. However, it is challenging to monitor
TWS with traditional methods [12]. Terrestrial water storage
anomalies (TWSAs) derived from the Gravity Recovery and
Climate Experiment (GRACE) satellite gravity mission [13]
provide a unique means to monitor extreme hydrological events.
Chen et al. [9] assessed the 2009 exceptional Amazon flood and
interannual TWSC observed by GRACE and further confirmed
the unique role of GRACE in describing large-scale extreme
climate events. Tangdamrongsub et al. [14] studied the TWS
variations and identified flood events over the Tonlé Sap basin in
Cambodia between 2002 and 2014 using GRACE and MODIS
satellite data, demonstrating that GRACE data is an effective
tool for flood monitoring.
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GRACE data can be used not only for flood monitoring but
also for flood potential assessment. Reager and Famiglietti [5]
established a flood potential index (FPI) by applying monthly
GRACE-derived TWSA and precipitation observations from the
Global Precipitation Climatology Project at the regional scale.
FPI reflects effective storage capacity at a certain catchment
and estimates a range of allowable precipitation. Molodtsova
et al. [15] validated the efficiency of the GRACE-based FPI
for evaluating flood potential in the United States and found a
good agreement between the FPI and the observed floods. Many
scholars have widely applied this FPI to assess the flood potential
of many river basins around the world. Its performance of
indicating large-scale floods was confirmed, such as in the Niger
Basin [16], the Pearl River Basin [17], and the Yangtze River
Basin [18], [19], [20]. Sun et al. [21] analyzed the hydrological
state in Yangtze River Basin and found that FPI, calculated from
the GRACE-derived TWSA and Tropical Rainfall Measuring
Mission data, can identify flood events in the Yangtze River
Basin. However, they emphasized that for smaller region or
short-term flood events, FPI may not be reliable.

The GRACE-derived flood studies mentioned earlier are
based on the monthly GRACE products. But flooding as a
short-term hydrological event may be triggered only by a short
heavy rainstorm [22], [23]. Thus, flood monitoring needs data
with comprehensive areal coverage, low latency, and high spa-
tiotemporal resolution [24]. Kurtenbach et al. [25] first tried to
obtain the daily solutions based on GRACE L1B data using a
Kalman filter approach. For the first time, Gouweleeuw et al.
[26] evaluated major flood events in the Ganges–Brahmaputra
Delta in 2004 and 2007 using daily GRACE gravity field
solutions based on a Kalman filter approach. They assessed
ITSG-Grace2014 daily solutions and the GFZ RBF solutions
against daily river runoff data and found that the two daily
GRACE gravity field solutions show good agreement with river
flow, confirming the potential of the two daily solutions for
large-scale flood monitoring. However, the current publicly
released daily gravity field solutions such as ITSG-Grace2018
[27], with latency in data product processing and release of about
several months, cannot meet the near real-time monitoring for
flood events. Humphrey and Gudmundsson [28] used a statistical
model trained with GRACE data to reconstruct climate-driven
monthly and daily TWSA at a spatial resolution of 0.5◦ based
on GRACE products and meteorological forcing datasets. Based
on the statistical model used in Humphrey and Gudmundsson
[28], we introduce the reconstructed daily TWS anomalies to
study this short-duration flood in Henan Province. The latency in
obtaining daily TWSAs is shorter than daily ITSG-Grace2018
gravity field solutions. Moreover, since the ITSG-Grace2018
Kalman smoothed daily solutions are constrained within the
least square adjustment [29], the actual spatial resolution of the
daily solutions is lower than the monthly solutions (∼300 km).
The reconstructed daily TWSAs based on near-real-time precip-
itation data maybe have a higher spatial resolution.

Wetness conditions significantly influence the flood genera-
tion of a catchment [30]. European Gravity Service for Improved
Emergency Management defined a wetness index (WI) as an
effective indicator for early hydrological extremes warning [31].

The WI, which is established on daily gravity data, as a data layer,
has been incorporated into the European Commission’s Coperni-
cus Global Flood Awareness System (GloFAS) platform. In this
study, the WI calculated from the reconstructed daily TWSA is
used to evaluate the predisposition of a catchment to flooding.

Therefore, the main objectives of this study are: presenting
the catastrophic flood based on reconstructed daily TWSA and
precipitation, and exploring the reliability of WI derived from
reconstructed daily TWSA. This study begins with a description
of the study area in Section II. Section III introduces the data
and methods used in this study. In Section IV, the situation of
the “July 20 heavy rainstorm in northern Henan Province” is
presented. In addition, we demonstrate the temporal and spatial
change of daily TWSA, compare the daily river discharge with
WI, and analyze the SM state in the study area during this heavy
rainstorm event. Section V is the discussion of this study. Finally,
we draw our conclusions in Section VI.

II. STUDY AREA

The flooding area boundary is generated based on the ac-
cumulated precipitation from July 16 to July 23, 2021, with
the contour method adopted in this study. The study area is in
northern Henan Province, with a longitude range of 112–115 °E
and a latitude range of 34–37 °N. It includes the regions with
severe precipitation in Zhengzhou, Jiaozuo, Xinxiang, Hebi, and
Anyang cities and its total area is ∼21582 km2. The topography
of the study area is high in the western part where Taihang
mountain is located and low in the eastern region.

It has a temperate monsoon climate with four distinct seasons
and frequency meteorological and flood disasters [32], [33],
[34], [35]. Winter is cold, while summer is hot with plenty of
sunlight and precipitation. The seasonal distribution of rainfall is
uneven and mainly concentrates in summer. The area spans three
major basins, the Yellow River Basin, the Hai River Basin, and
the Huai River Basin. There are many small and medium-sized
rivers, including the Wei River, the Communist Canal, and the
Qi River with hydrometric stations such as Hehe Station, Jixian
Station, Liuzhuang Station, Gaocheng Station, and Xinzheng
Station.

III. DATA AND METHODS

A. Data

1) GRACE Data: Monthly TWSA is from the CSR RL06
GRACE/GRACE-FO mascon solutions (CSRM) released by the
Center for Space Research (CSR) at The University of Texas
at Austin. CSRM is calculated with regularization constraints
and processed without extra smoothing spatial or empirical
de-striping or filtering [36]. The original spatial resolution of
CSR Mascon is 1° × 1° [37], and represented to 0.25° × 0.25°
for further application. This study utilizes the CSRM to perform
the time-series analysis of monthly TWSA and demonstrate
the spatial distribution of monthly TWSA in northern Henan
Province. Besides, the long-term CSRM from GRACE and
GRACE-FO are also used to calibrate and reconstruct the daily
TWSAs.
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The ITSG-Grace2018 daily solutions are also used in this
study for comparison. It is a GRACE-only gravity field solution
based on GRACE L1B RL03 data and the atmosphere and ocean
dealiasing product [27], [38]. The constrained daily solutions,
which are Kalman smoothed [29], have the full signal as the
official GRACE monthly products. The spatial resolution of
the constrained daily solutions is 1° × 1°. We compare the
ITSG-Grace2018 daily TWSA with reconstructed daily TWSA
to assess their performance in the study area.

2) CLDAS-V2.0 Data: It is the unexpected heavy rainfall that
leads to this severe flood event in Henan Province. Therefore,
precipitation data are significant for analyzing this flood event.
We use CLDAS-V2.0 near-real-time precipitation data to study
this rare rainfall event [39]. The source data of precipitation
include observations from more than 2400 national automatic
stations and ∼40000 regional automatic weather stations in
China [40]. Therefore, this product has better quality compared
with its international counterparts in the China region. It has
a higher spatial and temporal resolution with latency in data
processing and releases only about 2 days. In addition, CLDAS-
V2.0 2m temperature data is used to reconstruct daily TWSA.
The daily precipitation and 2m temperature from CLDAS-V2.0
from January 2020 to December 2021 are used. SM has an
important influence on the generation of rapid runoff and flash
floods [41]. We use CLDAS SM products to analyze the SM
condition of the study area. CLDAS-2.0 SM product has five
vertical layers (0–5, 0–10, 10–40, 40–100, and 100–200 cm)
[42], [43]. We convert the data of each of the four vertical
layers (0–10, 10–40, 40–100, and 100–200 cm) into the form
of equivalent water thickness and then added them together.

3) CGDPA Data: China Gauge-based Daily Precipitation
Analysis (CGDPA) is a gridded daily precipitation analysis over
Mainland China, developed based on the optimal interpolation
method [44]. It has a high spatial resolution of 0.25°× 0.25° with
about 2400 station observations in China [45], [46]. The daily
precipitation from CGDPA from January 2000 to December
2019 is collected for this study, considering the storage time
to equilibrium at the start of the reconstruction as mentioned
by Humphrey and Gudmundsson [28], Humphrey et al. [47]. It
is one of the fundamental data for the reconstruction of daily
TWSA.

4) GLDAS Data: Global Land Data Assimilation System
Version 2 (GLDAS-2.2) Catchment Land Surface Model
(CLSM) is also used to analyze the daily SM condition. GLDAS-
2.2 CLSM daily data is the new product in the Goddard Earth
Sciences Data and Information Services Center archive with a
spatial resolution of 0.25° × 0.25°. The total terrestrial water
anomaly observation from the GRACE mission was assimilated
into Catchment Land Surface Model [48]. The model simula-
tions are forced with the meteorological analysis fields from
the operational European Centre for Medium-Range Weather
Forecasts (ECMWF) Integrated Forecasting System. But the
meteorological forcing fields are excluded in the GLDAS-2.2
daily product because of the data agreement with ECMWF.
Moreover, the GLDAS-2.2 CLSM product divides the soil layer
into three layers, and we sum them up in the same way as the
CLDAS-2.0 product.

Fig. 1. Map of the study area. The thick black line is the study area boundary
defined in this study. The bottom map shows the topographic relief with the
spatial distribution of accumulated rainfall from 16 to 23 July superimposed on
the top layer. The blue line curves the major rivers in this region, and the red
triangles represent the location of hydrometric stations.

5) Runoff Data: Daily runoff data of the five typical hy-
drometric stations is collected from the Information Center,
Ministry of Water Resources, China. The locations of these five
hydrometric stations are shown in Fig. 1.

6) Temperature Data: We use the daily temperature data
from the CN05.1 dataset to reconstruct daily TWSA. The
CN05.1 dataset, constructed by the “anomaly approach” during
the interpolation, is a gridded daily observation dataset based
on over 2400 gauge stations in China [49]. The spatial coverage
is 69.75 °E–140.25 °E, 14.75 °N–55.25 °N. It includes four
variables: daily mean, minimum and maximum temperature, and
daily precipitation. This dataset can be used to detect and moni-
tor climate change and has potential applications in agriculture,
hydrology [50], and ecology.

Table I is an overview of all the datasets mentioned earlier.

B. Methods

1) GARCE-TWSA Reconstruction: Humphrey and Gud-
mundsson [28] proposed a linear statistical model from basic
principles of hydrological modeling to describe approximately
the temporal evolution of the storage. The model can be formu-
lated as follows:

TWS(t) = (TWS(t− 1))e−1/τ(t) + P (t) (1)

where t, TWS(t), and P(t) represent the daily time vector, the
storage, and the precipitation input in the tth day, respectively.
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TABLE I
SUMMARY OF THE DATASETS USED IN THIS STUDY

And τ (t) is the residence time of the water store. Small (large)
values of the residence time indicate that the input water leaves
the catchment quickly (slowly) owing to runoff or evapotranspi-
ration. It is temperature-dependent, which can be expressed by
the following equation:

τ(t) = a+ b · Tz(t) (2)

where a and b are the positive-calibrated model parameters, and
TZ(t) is the transformed original de-trended daily air tempera-
ture.

The modeled daily TWS is further averaged to GRACE
“month,” then the reconstructed parameters are calibrated be-
tween deseasonalized and detrended GRACE TWS and modeled
TWS, such that

TWSGRACE = β · TWSREC + ε (3)

where β is the calibrated parameter, and ε represents the er-
ror term. The TWSGRACE and TWSREC are detrended and
deseasonalized. In this study, the calibrated period is January
2003 to December 2020. The daily TWSA can be reconstructed
with near-real-time precipitation and temperature data when
calibrated parameters are obtained.

More details about the reconstructed method are recom-
mended to refer to Humphrey and Gudmundsson [28]. The reso-
lution of reconstructed daily TWSAs in this study is presented as
0.5° × 0.5°, considering the different resolutions of input data.

2) Wetness Index: The WI [31] is calculated based on the
reconstructed daily TWSA (TWSAtot), expressing in equivalent
water thickness. TWSAtot can be decomposed into the trend term
(TWSAtrend), the mean seasonal cycle (TWSAseas) and the in-
terannual and subseasonal variation (TWSAinterannual+subseas)

TWSAtot = TWSAtrend + TWSAseas

+ TWSAinterannual+subseas. (4)

WI represents the departure of TWSAtot from the TWSAseas

after removing TWSAtrend, expressing in dimensionless unit

WI =
D

S
=

TWSAinterannual+subseas

S
. (5)

D equals interannual variation plus subseasonal terms, and S is
standard deviation, a measure of the variation of D.

In fact, we can obtain the TWSAinterannual+subseas term from
the reconstruction model directly in this study.

IV. RESULTS

A. Rainstorm Situation

To understand the process of rainfall, the CLDAS-V2.0 near-
real-time precipitation data is used to draw the daily rainfall
distribution map. As shown in Fig. 2, heavy rain (25–50 mm)
and rainstorms (50–100 mm) occur in the study area, with some
regions experiencing large rainstorms (100–250 mm) on July
18. On July 19, most areas in Henan Province receive daily
precipitation of over 25 mm, and western Zhengzhou City and
southwestern Pingdingshan City suffer extraordinary rainstorms
(250–400 mm), with an average rainfall of 95.7 mm in the study
area. The daily average rainfall on July 19 is as high as 199 mm
(4.3 km3, about the water volume of 307 the West Lake, a famous
lake in China) in the study area. On July 20, the rainstorm
intensity increases, with the area whose daily precipitation is
over 100 mm exceeding 45000 km2. The rainstorm center is
in the western part of Zhengzhou City on that day, reaching
the level of an extraordinary rainstorm. On the next day, the
rainstorm center moves northward. The daily rainfall in some
areas of Xinxiang City, Hebi City, and Anyang City even exceeds
400 mm, with a mean daily rainfall of 174.5 mm in the study area.
On July 22, the rainfall extent and amount in Henan Province
decrease remarkably, indicating that this continuous rainstorm
event reached its end, with a mean daily rainfall of 31.9 mm in
the study area.
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Fig. 2. Daily rainfall distribution map in Henan province from July 17 to July 22, 2021. (a) July 17, 2021. (b) July 18, 2021. (c) July 19, 2021. (d) July 20, 2021.
(e) July 21, 2021. (f) July 22, 2021.

B. Temporal and Spatial Variations of TWSA

Fig. 3 shows the spatial distribution of reconstructed daily
TWSA and ITSG-Grace2018 daily TWSA during the storm.
Reconstructed daily TWSA exhibits similar spatial distribution
to that of precipitation. The daily TWSAs of grid cells in the
study area relative to the mean value between 2004 and 2009 are
at a low positive or even negative value on July 16 (not shown),
while the variability of TWSA increases significantly from the
south to the north of the study area as the rainstorm center moved
north. TWSA in several grids exceeds 300 mm (Fig. 3). Fig. 3(e)
and (f) show the spatial distribution of TWSA on July 26 and
July 31. It can be seen that TWSA in most grids of the study area
remains a high positive value after the rainstorm. Compared with
the reconstructed daily TWSA, ITSG-Grace2018 daily solutions
do not characterize the spatial variability of TWSA well during
this rainstorm event.

The reconstructed daily TWSA rises by 437.7 mm with a
water storage gain of 9.4 km3 from July 17 to July 22. It reaches
its maximum value of 475.6 mm on July 22 (Fig. 4), which is also
the maximum value in the study area since April 2002. However,
ITSG-Grace2018 daily TWSA shows a smaller variation and
cannot reflect the actual TWS changes well during this heavy
rainfall event. The time series of reconstructed daily TWSA and
SM of two products from June to August of the last five years are
also analyzed (Fig. 5). Obviously, both the daily TWSA and SM
after 16 July 2021 are significantly higher than those in previous
years, reflecting the large magnitude of the impact caused by
this rainstorm.

After the heavy rainstorm, the value of TWSA is much higher
than that of SMSA (Fig. 4). To trace this different performance,
the other two components in TWS are analyzed. The in-situ
groundwater table data from the monthly groundwater status
report (MGSR) published by Hydrological and Water Resources
Monitoring and Forecasting Centre, Ministry of Water Re-
sources, China (MGSR-MWR), is further collected (Fig. 6).
Since the groundwater table data published by MGSR-MWR
is only a monthly mean value, they do not show a clear increase
in groundwater level from June to July. However, the monthly
average groundwater level increases in August compared with
July. It indicates the process of groundwater recharge from SM.
Moreover, urban flooding in the study area is severe during flood
period, which leads to significant increase in surface water that
is not included in SMSA. And there are uncertainties in the
reconstructed TWSA and SM data. These factors may partly
explain the difference between TWSA and SMSA after this flood
(Fig. 4).

The spatial distribution of monthly TWSA of CSRM from
June to August for 2020 and 2021 is presented in Fig. 7. It is
shown that the TWSA in and around the study area is surplus in
July and August 2021. The average rainfall of Henan Province
in July 2021 is 90% more than the average value of the same
period in past years. The monthly TWSA from CSRM in the
study area reaches 127.5 mm in July 2021, which is 136.2 mm
higher than the same month last year. In addition, the TWSA
from CSRM in July 2021 is 151.8 mm higher than in June 2021,
while the TWSA in July 2020 is 91.5 mm higher than in June
2020. The TWSA continues to rise in August and stays in high
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Fig. 3. Spatial distribution of reconstructed daily TWSA (0.5° × 0.5°). (a) July 19, 2021. (b) July 20, 2021. (c) July 21, 2021. (d) July 22, 2021. (e) July 26,
2021. (f) July 31, 2021. And ITSG-Grace2018 daily TWSA (1° × 1°) in July with the seasonal cycle and the linear trend removed. (a) July 19, 2021. (b) July 20,
2021. (c) July 21, 2021. (d) July 22, 2021. (e) July 26, 2021. (f) July 31, 2021.

Fig. 4. Comparison of time series of de-trended and deseasonalized reconstructed daily TWSA, ITSG-Grace2018 daily TWSA, SM derived from CLDAS-V2.0
data and difference between TWSA and SMSA in the study area in July 2021. The starting points are set to 0 for comparison.
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Fig. 5. Time series of reconstructed daily TWSA, SM derived from CLDAS-V2.0 data with part of the data missing and GLDAS V2.2 data from June to August
of last five years. The pink shades represent the period from 17 July to 22 July. The starting points are all set to 0 for better viewing.

Fig. 6. Depth of groundwater table obtained from three groundwater monitoring wells. It should be noted that No.2 of Erqi District, Zhengzhou is a fissure water
well. The mean of January to December 2021 is removed from the depth of groundwater table. Y-axis is reversed for better viewing.

value until December (Fig. 8). We compare the accumulated
precipitation from July to December for each year from 2012 to
2021 in Fig. 9(a). The accumulated precipitation from July to
December is obviously higher in 2021 than in other years, which
has led to the high value of TWSA in the study area [Fig. 9(b)].

The TWSA from JPL Mascon, GSFC Mascon, CSR Level-3,
JPL Level-3, GFZ Level-3, and ITSG-Grace2018 daily solutions
are also compared in Fig. 8. However, these products cannot
capture the increase of TWSA caused by the heavy rainfall in
July. Generally, GRACE data is considered suitable only for
basins larger than 200000 km2 [51]. Besides, Kunstmann et al.
[52] demonstrated that besides spatial resolution, the signal

is also a key factor affecting the application of GRACE to
small basins. Fig. 10 presents the ground track of GRACE-FO
satellites during July 2021. We find the satellites pass over the
study area just 5 times within a month. The period is so short that
rapid earth gravity-field variations cannot be adequately sampled
[53]. What is more, the satellites pass over the study area only
once after the heavy rainstorm in July. The other four crossings
are prior to the occurrence or at the onset of the heavy rainfall.
These may explain why the monthly TWSAs from different so-
lutions cannot capture the flood-induced TWSA. Therefore, the
reconstructed daily TWSA based on near-real-time precipitation
data is introduced to analyze this flood event.
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Fig. 7. Spatial distribution of monthly TWSA of CSR Mascon with the seasonal cycle and the linear trend are removed from June to August for 2020 and 2021.
(a) June 2020. (b) June 2021. (c) July 2020. (d) July 2021. (e) August 2020. (f) August 2021.
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Fig. 8. Time series of monthly/daily TWSA of seven GRACE products and reconstructed monthly/ daily TWSA in the study area during 2021.

Fig. 9. Accumulated precipitation and TWSA from CSRM with the seasonal cycle and the linear trend removed from July to December for each year from 2012
to 2021. (a) Accumulated precipitation. (b) TWSA.

Fig. 10. Ground track of GRACE-FO satellites during July 2021.

V. DISCUSSION

The SM conditions before the rainfall event will influence the
flood magnitude and duration [53], [54]. The drier the catchment
is, the greater the water storage capacity will be. Thus, the
likelihood of flooding will be lower. On the contrary, the wetter
the catchment is, the smaller the water storage capacity will
become, and the more likely the flood will occur [55]. Therefore,
the preceding soil wetness state should not be ignored. We use
the SM data from CLDAS-V2.0 to analyze the SM conditions. A
smaller rainfall occurs in the study area on July 11 (Fig. 11). Due
to this smaller rainfall, the SM increases and reaches 38.0 mm
on July 12. It is 20.0th percentile on July 16 (the day before
the extreme rainstorm) among the daily SM from April 1, 2017
to July 16, 2021. The preceding rainfall lowers the ability of
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Fig. 11. Time series of SM from CLDAS V2.0, accumulated precipitation (AccP), and daily mean precipitation from CLDAS-V2.0.

the soil layers to store water in the study area and increases
the risk of the subsequent flood event. With the occurrence
of this violent rainstorm from July 17, SM rises rapidly and
reaches the maximum on July 22, which is also the maximum
for April 2017 to July 2021. When the soil is already saturated,
it cannot store additional water. If it continues to rain, rainfall
cannot infiltrate into saturated soil, leading to higher runoff and
eventually causing flooding.

Fig. 12 depicts the flood and WI calculated with reconstructed
daily TWSA and ITSG-Grace2018 daily TWSA dynamics in
detail. The WIs in Xinxiang, Hebi, and Zhengzhou are extracted
based on reconstructed daily TWSA from 0.5° lon-lat grid and
ITSG-Grace2018 daily TWSA from 1° lon-lat grid, and then
we compare them with the daily runoff from the hydrological
stations. Due to the limited resolution of these two TWSAs,
the extracted time series for different cities may contain some
uncertainty. However, as the actual resolution of precipitation
data used here is higher than that of GRACE/GRACE-FO data,
the actual resolution of reconstructed TWSA may be higher. In
fact, the WIs in different cities indeed show some interesting
and specific performance.

We assume that the threshold of WI is 2 as Jäggi et al. [31]. If
the WI exceeds the threshold, it indicates the catchment closing
to storage saturation. At this time, attention should be given
to the risk of flooding in the basin. The WI calculated with re-
constructed daily TWSA of Xinxiang exceeds the threshold 2 on
July 20, while the river discharge measured by Jixian hydrologi-
cal station and Hehe hydrological station exceeds the dependable
flows on July 23 and July 24, respectively [Fig. 12(a)]. This
WI based on reconstructed daily TWSA warns of flooding three
days in advance. The day WI calculated with reconstructed daily
TWSA in Hebi exceeds the assumed threshold is prior to the
day the dependable flow is over at the Liuzhuang hydrological
station of 2 days. Notably, the river discharge measured by
Liuzhuang hydrological station has two peaks and the second
peak is greater than the first. It is possibly due to different types of

runoffs. Runoff formed by different components produces flow
at different rates. But the WIs calculated with ITSG-Grace2018
daily TWSA in Xinxiang, Hebi, and Zhengzhou have never
exceeded the assumed threshold in July 2021.

It seems that the warning of WI calculated with reconstructed
daily TWSA in Zhengzhou fails to work [Fig. 12(c)]. The WI of
Zhengzhou exceeds the assumed threshold on July 20, while the
peaks of the two runoffs occur on July 20 and 21, respectively.
We consider that this situation may be related to the duration
of rainfall excess and the travel time of runoff. Moreover, the
overestimate of residence time during the flood period, the
catchment area, and the location of the hydrometric stations may
be the factors contributing to this situation. Gaocheng hydro-
metric station is on the upper reaches of the Ying River, while
Xinzheng hydrometric station is located at the lower reaches
of the Shuangji River (Fig. 1). Therefore, peak values of two
flood hydrographs do not appear on the same day. Zhengzhou
receives nearly six times as much rainfall on July 19 as on July
18 (Fig. 11). On July 19 the daily precipitation is 166.9 mm and
on July 20 it increases to 280.8 mm. The rainfall intensity is so
astonishing that the SM increases rapidly. The rate of infiltration
decreases as the SM increases. When the precipitation is greater
than the soil’s infiltration capacity, some of the precipitation
cannot afford the time to infiltrate and directly lead to infiltration
excess overland flow [54]. As we can see in Fig. 12(c), both flood
hydrographs rise and fall rapidly with high peak values. It can
be inferred that the duration of rainfall excess and travel is short.
These factors limit the potential of WI for flood early warning
in Zhengzhou.

In the previous section, we point out the possible reasons
why TWSA is higher than SMSA and decrease more slowly
than river discharge and SMSA after the rainstorm. As the TWS
is the summation of all land water, including surface water,
SM, groundwater, etc. The changes in SM and groundwater are
more slowly than surface water. Thus, TWS does not decline as
quickly as the conventional flood indicators (e.g., stream flow),
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Fig. 12. WI from reconstructed daily TWSA and ITSG-Grace2018 daily
TWSA and river discharge measured by hydrometric stations in the study area.
The dotted lines represent the dependable flows set by the hydrometric station.
(a) Xinxiang. (b) Hebi. (c) Zhengzhou.

and it is difficult to locate the terminate time of flood events based
on the TWSA. In addition, the flood warning indexes such as
FPI and WI, which are highly correlated with changes in TWS,
also cannot reflect the recession of the flood.

Furthermore, the parameters for residence time are calibrated
using the long-term precipitation and monthly GRACE TWSA
data. This might result in the overestimate of residence time
during the catastrophic flood event, during which water tends
to leave the region more quickly. These factors limit the poten-
tial of reconstructed TWSA for flood monitoring in the study
area. In future studies, hydrological variables could be added
in (2) in this manuscript, e.g., precipitation or SM, to better
characterize the residence time. Moreover, using the flood period
as the calibration period may be a good idea when there are
enough historical flood events to use for calibrating in the study
area.

VI. CONCLUSION

In this study, we use CLDAS-V2.0 near-real-time precipita-
tion product to analyze the heavy rainstorm process in Henan
Province, China in July 2021. The reconstructed daily TWSAs
based on CSRM, CLDAS-V2.0 near-real-time precipitation and
temperature data, and historical daily precipitation and tempera-
ture data are used to study the dynamic changes of TWSA before
and after the heavy rainfall in the study area.

The SM data from CLDAS-V2.0 and GLDAS V2.2 datasets
are utilized to evaluate the wetness conditions of the study area
and the risk of flooding. Additionally, we also compare the
GRACE-derived WI with daily river discharge from hydrolog-
ical stations to assess the potential of the WI in the early flood
warnings. We summarize the following conclusions.

1) The reconstructed daily TWSA significantly increases due
to the heavy rainfall. It rises by 437.7 mm from July 17 to
July 22, 2021, with a water storage increment of 9.4 km3.

2) Compared with ITSG-Grace2018 daily solutions, the re-
constructed daily TWSA better reflects the dramatic in-
crease of daily TWSA caused by the extreme rainfall.

3) The reconstructed daily TWSA shows a good performance
in monitoring this short-term flood event and the daily
reconstructed-based WI has the potential for early flood
warning.
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