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Flood Inundation Extraction and its Impact on
Ground Subsidence Using Sentinel-1 Data: A Case
Study of the “7.20” Rainstorm Event in Henan
Province, China

Qianye Lan"”, Jie Dong"”, Shangjing Lai

Abstract—On July 20, 2021, the northern Henan Province was
hit by a historically rare, exceptionally heavy rainstorm (‘7.20”
Rainstorm Event), accompanied by severe urban flooding, flash
floods, landslides, and other multiple disasters, resulting in sig-
nificant casualties and property losses. On the other hand, the
long-term overexploitation of groundwater since the last century
has led to severe ground subsidence in the same area. We apply
the intensity information of Sentinel-1 SAR images to extract the
large-scale flood inundation area and their phase information to
measure the ground deformation. Since heavy precipitations can
recharge groundwater, the relationship between flood inundation,
groundwater level change, and ground deformation is analyzed.
The results show that the flood inundation areas are mainly dis-
tributed along the major rivers due to river overflowing, while
heavy precipitation led to the rise of groundwater levels, and there
was a significant amount of subsidence mitigation and surface uplift
across the region due to the groundwater recovery. This study
demonstrates the contribution of radar remote sensing to analyze
the mechanism of groundwater recharge and subsidence mitigation
benefited by rainstorm events and provides a technical reference
to similar circumstances.

Index Terms—Extreme precipitation events, ground deforma-
tion, InNSAR, water level change.

1. INTRODUCTION

LOODS are among the most common and devastating
F natural disasters, known for their deadly and destructive
impact [1]. While various factors can lead to floods, heavy
rainfall is the most prevalent cause. In recent years, due to global
warming, the climate in northern China has become increasingly
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warm and humid, with frequent rainstorms in summer. Around
July 20, 2021, a particularly severe rainstorm, referred to as the
“7.20” Rainstorm Event, affected the north and central parts of
Henan Province. According to the China Meteorological Ad-
ministration, the recent heavy rainfall is primarily attributed to
the abundant moisture brought by Typhoon In-fa. Influenced by
the terrain, precipitation intensified on the windward slopes. In
addition, the low stability between the subtropical high-pressure
system in the western Pacific and the continental high-pressure
system in central Henan contributed to large rainfall amounts,
concentrated rainfall periods (mainly on July 20), and high
precipitation intensity. From July 17 to 23, the average precipi-
tation in the province was 223 mm, with 285 stations reporting
measurements exceeding 500 mm. The daily rainfall at over
20 national weather stations exceeded the historical extreme
[2]. Following China’s meteorological standards, precipitation
ranging from 50 to 99.9 mm within 24 h is classified as “heavy
rain,” while precipitation between 100 and 249.9 mm is termed
“torrential rain,” and amounts exceeding 250 mm are referred
to as “extraordinary torrential rain.” According to information
from the official website of the Henan Provincial Hydrological
and Water Resources Survey and Reporting Center, from 8:00
a.m. on July 17 to 8:00 a.m. on July 24, Henan Province expe-
rienced widespread heavy to torrential rain, with the cities of
Anyang, Hebi, Xinxiang, and Jiaozuo receiving heavy rain and
torrential rain, and some areas facing extraordinary torrential
rain. The extreme precipitation unleashed widespread flooding
across many cities, resulting in a wide range of damage and
substantial disaster-related losses [3], [4].

Emergency monitoring of floods is essential for rescue and
postdisaster reconstruction. Of great importance is the identi-
fication of the spatial distribution of flooding areas. Remote
sensing technology has emerged as an indispensable tool for
disaster monitoring due to its capacity for large-scale obser-
vations. Cloud cover could prevail during flood events. Syn-
thetic aperture radar (SAR) remote sensing offers significant
advantages, such as being unaffected by weather conditions and
penetrating through clouds. This compensates for the limitations
of optical remote sensing, which struggles to observe the ground
surface in cloudy weather. Various water surface extraction and
flood detection methods have been developed by combining
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polarization, texture, coherence, and radiometric properties of
SAR images [5], [6], [7], [8], [9].

Floods, in addition to their destructive nature, can bring abun-
dant water resources, providing a significant recovery of local
groundwater in the short term under the appropriate conditions.
Most of northern Henan Province is in the North China Plain
(NCP), an area of chronic water scarcity with large regions
of overexploited groundwater. Long-term overexploitation of
groundwater has triggered ground subsidence [10], [11], [12],
which tends to weaken the city’s ability to carry natural disasters
and may have a fatal impact on buildings and infrastructures.

Multitemporal SAR interferometry technology has widely
been used to monitor large-scale ground deformation with
millimeter-level measurement precision [13], [14], [15], [16],
[17]. Different methods were developed, including permanent
scatterers InSAR and small baseline subset (SBAS) [18], [19].
The NCP is one of the significant subsidence areas in China, and
there have been many previous studies of NCP subsidence using
InSAR. Shi et al. found that the distributions of subsidence in
the NCP are spatially consistent with that of deep groundwater
depression cones [20]. Li et al. and Dong et al. used InSAR to
obtain the distribution of surface deformation in the Northern
Henan Plain and the whole Henan Province in 2017-2018 and
2018-2020, respectively, and analyzed the cause of subsidence
[21], [22].

Ground subsidence occurs slowly and gradually, but once it
happens, it is irreversible and difficult to control. Restrictions
on groundwater extraction and groundwater recharge are es-
sential and efficient ways to mitigate local ground subsidence
[10], [23], [24], [25]. Numerous international experiments have
been conducted to study the relationship between changes in
the groundwater level and deformation evolution [26], [27],
[28], [29], [30]. Rainstorms and floods can recharge the local
groundwater, relieving ground subsidence caused by ground-
water overexploitation.

SAR images contain intensity and phase information that can
be used to extract flood inundation and surface deformation,
respectively, and help reveal the relationship between the two.
The use of InSAR, which can measure surface deformation over
a wide range, is of interest in helping to study the mechanism
of the “7.20” Rainstorm Event and flooding impact on ground
subsidence. Therefore, we first use Sentinel-1 intensity images
to extract the flood inundation area after the event. Then, we em-
ploy the phase information to measure the surface deformation
in northern Henan from January 2020 to April 2023. Finally,
using multisource observation data, we assess the impacts of
torrential rainfall and floods on the groundwater level and surface
deformation.

II. STUDY AREA AND DATA USED
A. Study Area

The study area covers the region between 34°48'38" ~
37°01'16"E, 112°33'48" ~ 116°05'50"N, including Handan
in Hebei Province and Anyang, Hebi, Puyang, Xinxiang, and
Jiaozuo in Henan Province. With the Taihang Mountains to the
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west, the NCP takes up the entire region to the east, and the
Yellow River to the south, the terrain is overall high in the west
and low in the east.

The study area has a warm temperate continental monsoon cli-
mate with four distinct seasons and uneven seasonal distribution
of precipitation, with 80% of the yearly rainfall concentrated in
the summer months of June, July, and August. The significant
increase in rainfall during the summer months is prone to flood-
ing, which is also the flood season of the rivers in this area. The
mainrivers are shown in Fig. 1. Weihe River upstream mountains
steep, fast-flowing, and downstream through the plains, the water
flow is gentle, with low excretion capacity. During the flood
season, floods are often diverted along the Communist Canal
and other slope depressions, and flooding is frequent on both
sides of the river. Large-scale water conservancy projects, such
as the Yuecheng Reservoir in the Zhanghe River Basin, have
been constructed and have played a role in managing floods.

The study area possesses abundant groundwater resources.
The area around the Taihang Mountains in Hebi, Xinxiang, and
Jiaozuo has a high degree of karst development and contains a
large amount of karst water. Furthermore, the foothills of the
Taihang Mountains exhibit abundant fractured karst water. This
fractured karst water is replenished through direct or indirect
infiltration of atmospheric precipitation, and it demonstrates
a rapid recharge rate. Alluvial flood loose deposits primarily
cover the study area’s vast plains. The groundwater in these
areas is predominantly composed of porous water in loose rock
formations, with a widespread distribution and abundant water
quantity. As the aquifer extends from the mountainous region
toward the plains, the single-layer thickness gradually decreases,
the number of layers increases, and the particle size transitions
from coarse to fine [21]. The lack of surface water but the
abundance of groundwater in the region and its large population
has led to a major dependence on groundwater for industrial and
agricultural production. Since the mid-1980s, the scale and in-
tensity of groundwater exploitation have increased significantly,
resulting in serious overexploitation of groundwater and the
formation of regional ground subsidence funnels.

Various mineral resources are distributed in the front belt of
the Taihang Mountains, among which coal mines are the most
economically valuable minerals in Henan Province. Hebi and
Jiaozuo are famous for their coal resources.

B. Satellite SAR Data

A total of 390 scenes of two paths (paths 40 and 113) C-band
ascending Sentinel-1 (S1) data were used, acquired between
January 2020 and April 2023. The coverage area is presented
in Fig. 1. S1 has four imaging modes; the interferometric wide
mode we used has a resolution of 5 x 20 m and a swath width
of 250 km. The repeat cycle of S1 is 12 days. Table I lists the
S1 data parameters we used for the water surface extraction and
deformation monitoring. In addition, ALOS precise digital 3-D
map (AW3D) with 30 m resolution from the Japan Aerospace
Agency was used as an external DEM data aid for processing.
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Fig. 1. Study area. (a) Geographical location and its hydrology and topography. (b) Administrative division of the study area. (c) Site of sealing the breach of the

Weihe River after it broke at 19:00 on July 22, 2021. (d) Location of flood control of the South-to-North water diversion project located at the junction of Huixian
and Weihui in Xinxiang City, on July 22, 2021. Pictures are from www.thepaper.cn.

TABLE 1
MAIN PARAMETERS OF THE S1 SAR DATASETS USED

Path Temporal Polarization 8¢
coverage No.
July 8,2021, and
s\zﬁi 13 A ugust 1, 2021 VH 6
. July 15, 2021, and
extraction 40 July 27, 2021 VH 6
January 3, 2020 —
. . \AY% 93
Deformation April 24,2023
detecti -
etection January 10, 2020 vV 297

April 17,2023

C. Groundwater Level Data

We use two types of groundwater data. The first is the ground-
water level monitoring well data for the NCP for January 2020
to December 2021 from the China Geological Survey. We used
groundwater level data with one measurement every five days.
The second is the monthly water report from the Water Resources
Department of Henan Province, which includes each month’s
change in the average groundwater level in the plains of the
province compared to the previous month, as well as the range
of changes in the average groundwater level in each city.

III. METHODOLOGY

To assess the impact of flooding on the northern part of Henan
Province, we use the intensity and phase of SAR images to obtain
the flood inundation areas and surface deformation, respectively,
with the flowchart shown in Fig. 2.

A. Flood Inundation Extraction Using SAR Intensity

Flooding area extraction is primarily water surface identi-
fication. The thresholding algorithm is a widely used and less
time-consuming technique [31], [32], [33], [34]. Considering the
advantages of thresholding, we use it to extract flood inundation
areas and refine it using a high-resolution DEM product.

Initial extraction of water bodies from a single SAR intensity
image can be done quickly using the thresholding method. Water
surfaces, especially inland ones with less wind disturbance, have
low backscatter intensity in the microwave band and show a deep
dark color in intensity images, which is distinctly different from
other features. We obtained SAR intensity images less affected
by speckle noise by multilooking and Refined Lee filtering [35].
Since the area of nonwater bodies in the region is much larger
than that of the water body, it is difficult to form an apparent
bimodal feature in the gray histogram of the processed SAR
intensity map. We take the region of interest for the water surface
of each image separately for grayscale value statistics to get the
grayscale range of the water body and take the maximum value
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Fig. 2. Flowchart of methodology.

as the segmentation threshold for the coarse extraction of the
water surface.

Due to the imaging characteristic of SAR imagery, mountain
shadows with low backscattering intensity may be mistakenly
extracted. Slope thresholds were set using external DEM infor-
mation to form a mountain mask to remove the inaccurately
extracted mountain shadows from the coarse water extraction
result. The majority analysis is applied to the classification
to improve the extraction results. We defined the transform
window size as 3 x 3. We replaced the category of the central
image element with the category of image elements that are
predominant in the transform window to remove specks.

Water surfaces were extracted separately from the images
whose dates are the closest to the storm before or after. Compar-
ing the spatial distribution of water bodies on the before and after
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Fig. 3. Temporal and spatial baselines of the two S1 paths. The red vertical

line indicates the rainstorm date July 20, 2021. The maximum spatial baseline
is 300 m, and the maximum temporal interval is 90 days.

dates, it is considered that the area of increased water surfaces
on the poststorm date is the area of flooding due to the rainstorm.

B. Surface Deformation Measurement Using SAR Phase

We used GAMMA software [36] to preprocess SAR im-
ages before time series InNSAR analysis. After coregistration
and geocoding, interferogram pairs can be obtained using the
SBAS baseline connectivity idea. SBAS method maintains a
high coherence by selecting suitable spatial and temporal base-
line thresholds to form interferometric pairs. Fig. 3 shows the
interferometric pairs of the two S1 datasets. A differential in-
terferogram is obtained by removing the flat and topographic
phases from the interferogram. The phase ¢, of a pixel in the
differential interferogram can be describe as follows [13], [18]:

(bint =W {Sﬂdef + Patm + Porb + YDEM + SDnoise} (1)

where ¢q.r is the phase change caused by the displacement of the
surface target in the line-of-sight (LOS) direction during the two
acquisitions, ¢, denotes the phase of atmospheric delay, @
stands for phase generated by orbital uncertainty, ¢pgy is the
error caused by DEM inaccuracy, and ;s 1S the noise phase.
All phase components except the deformation phase contained
in the differential interferogram are removed using the StaMPS
method [37]. Slowly decorrelation filter phase (SDFP) points
are chosen during the time series InSAR analysis, whose phase
decoherence manifests more slowly over a short period [38]. The
time series deformation along the LOS is obtained on the SDFPs.
Since only ascending S1 data are available, we convert the
deformation along the LOS direction into the vertical direction
with the assumption that only vertical deformation exists.
After obtaining the flood inundation and surface deformation
using S1 datasets, a comprehensive analysis is carried out by
combining the flood inundation, the surface deformation, and
the groundwater level data to evaluate the impact of the “7.20”
Rainstorm Event and flooding on the ground subsidence.
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respectively, whose geographic locations are shown in (a). The optical image backgrounds of (b), (c), and (d) are all from Google Earth.

IV. RESULTS AND ANALYSES
A. Extraction of Flood Inundation Area

The result of flood inundation area extraction is shown in
Fig. 4. Small water bodies have been removed to highlight the
location of water changes. From July 20 to 22, 2021, Henan
Province was affected by the rainstorm and the water surface
expanded significantly, flooding approximately 546.2 km? in
the study area. The flooding area is distributed along the Weihe
River, Communist Canal, Qihe River, and Tanghe River basins.
Meanwhile, the area of the Yuecheng Reservoir increased sig-
nificantly. During the rainstorm, reservoirs were dispatched to
help control the flooding.

According to relevant information [39], since the first half
of July, there have been many rainfalls in Henan Province, the
Weihe River, the Communist Canal, the Qihe River, and other
major rivers generally rose in water level. The rainstorm of
Henan in the July 2021 period was primarily concentrated in
Xinxiang and Hebi, the time period was mainly focused on the
21st from 7:00 pm to 9:00 pm. According to the information
in the relevant reports, on the evening of July 22, 2021, the
Communist Canal not far west of the Weihe River overflowed
with floodwaters into the Weihe River. On the morning of July
23, the Hebi section of the Weihe River had burst its banks.
Nearby villages were inundated, and the water level was still
growing. The urban flooding caused by this exceptional rain-
storm has far exceeded the design capacity of the local flood
control and drainage system. Floods exceeding the guaranteed

level occurred in the Qihe River and the Communist Canal, and
floods exceeding the alert level occurred in the Weihe River. The
overflow resulted in the formation of obviously flooded areas
after heavy rainfall mainly around the Weihe River, Communist
Canal, and Qihe River, which aligns with the spatial distribution
of our extraction result.

B. Measurement of Ground Deformation

The StaMPS/SBAS time-series InSAR processing was per-
formed on the SAR images to obtain an annual average surface
deformation rate map for the period January 2020 to April 2023,
which includes the flood date of July 20,2021, as shown in Fig. 5.
The colors of the points represent their vertical deformation
rates. Red points indicate ground subsidence, while blue points
indicate land uplift. The surface subsidence area is unevenly
distributed spatially and can be mainly divided into four regions
labeled D1, D2, D3, and D4 in Fig. 5(a). There are two main fac-
tors of the ground subsidence, i.e., groundwater overexploitation
and coal mining.

D1 with the most severe subsidence is mainly located in the
eastern part of Handan City, Hebei Province. There is a lack of
surface water resources in the urban area of Handan, and large-
scale groundwater exploitation over a long period has formed
a large groundwater level funnel around the 1970s. According
to the 2022 statistics, the shallow groundwater overdraft zone
within the city accounts for about half of the city’s area. The
continuous decline of the groundwater level tends to disrupt
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InSAR-derived surface deformation rate map. (a) Distribution of the main subsidence areas D1, D2, D3, and D4, with some details in D2, D3, and D4

shown in (b), (c), and (d). As seen on the Google Maps optical image, (b) Presence of multiple traces of mining holes. (c) Multiple mining factories. (d) Open-pit

mining sites. (e) and (f) show the distributions of major uplift areas Al and A2.

the physical and chemical environment of the land, causing
ground subsidence. The leading cause of ground subsidence can
be considered to be the long-term exploitation of groundwater.
Most of the subtle subsidence within Puyang and Anyang is also
due to this reason.

D2 is located mainly in the western part of Handan City, Hebei
Province; D3 is primarily in Hebi City, Henan Province; and D4
is mainly in Hui County, Xinxiang City. Their subsidence is
sporadically distributed and close to the foothills of the Taihang
Mountains, and the subsidence points are partly mining areas in

addition to residential areas. The central subsidence area of D2
is located near Fengfeng Mining District, a major mining area in
Handan City. Most subsidence points in D3 are located in Heshan
District and Shancheng District in the north of Hebi, where
extensive coal mining has been carried out since the last century.
Various mineral resources are located in the premountainous of
D4, and some subsidence points are located in mining areas.
Mining is also a leading cause of ground subsidence. Coal
mining destroys the stratigraphic structure and tends to cause
surface subsidence; water is pumped out of the mines during
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Deformation time series of five subsidence sample points. The black vertical
lines in (a)—(j) represent the storm date of July 20, 2021. The locations of sample
points were schematized with blue and red circles in Fig. 5, respectively.

the process, decreasing the local groundwater level. Therefore,
subsidence in areas D2, D3, and D4 could be due to mining
in addition to groundwater exploitation. The above-mentioned
conclusions can also be corroborated with researches up to 2020
[21], [22].

It can be seen that the surface uplift area is mainly distributed
in the vicinity of the Weihe River basin and the area in front of the
Taihang Mountains. As shown in Fig. 5(e), the upstream section
of Weihe River has obvious flooded areas, and the points located
around the flooded areas in Al show an uplift phenomenon.
Fig. 5(f) shows there are several faults in the A2, and the points
with uplift tendency have some spatial correlation with the
distribution of the faults, but they are still mainly distributed
in the section of the transition from the front of the Taihang
Mountains to the plains.

Typical points in the subsidence and uplift regions were
selected to observe the time series deformation trends, and the
results obtained can be seen in Fig. 6. It is noteworthy that most
of the points with uplift or subsidence trends have time series
deformation curves with significant trend-changing phenomena
near the date of the “7.20” Rainstorm Event. For about a year
after the storm date, most of the points maintained the new
deformation trend, and they showed a tendency to resume their
original trend after one year. It can be assumed that the change
in the trend is related to the rain, the effects of which diminish
over time.

C. Detection of Storm-Affected Ground Deformation Areas

To identify areas where the trend of surface deformation has
changed due to flooding, based on the time series pattern of
typical points, it is possible to illustrate the spatial characteristics
of the impact of the rainstorm and the flooding it brought by
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segmenting the time series of PS points at specific points in time
and classifying them.

Considering 20 July as the date of the storm (tgorm), We
classify the points into three classes.

1) Class I: Points with deformation rate (vg) essentially
smaller than zero before ¢ and about zero for a period
after tqom are considered to be areas where the effect
of the flooding have resulted in the alleviation of ground
subsidence.

2) Class II: Points with v, equal to zero before tgorm and
greater than zero for a period after ¢y are considered to
be areas of ground uplift due to the effects of flooding.

3) Class III: The remaining points with deformation trend
unaffected by flooding or where the main influence factor
is not flooding.

The results are shown in Fig. 7; Class III is not labeled. We
detect the points where the storm effect lasts up to six months
after tyorm as in Fig. 7(a) and the points where the storm effect
lasts up to one year after tgom as Fig. 7(b), respectively. It can
be tentatively observed that most of the point uplifts were short-
term, and the number of points where the uplift lasted for a year
has been considerably less than the number of points that lasted
for half a year.

It can be concluded that the heavy precipitation affected the
deformation trend of many subsiding points and even resulted in
land uplift. Compared with the deformation rate map obtained in
Section IV-B, a large number of nonsubsidence points produced
an uplift trend that was not initially present, and the distribution
of the uplift trend points in Fig. 5 is almost the same as the
results shown in Fig. 7, which indicates that the uplifting trend
points are the results of heavy precipitation. These points are
more often located around the mountain front area.

For subsidence points, most were mitigated to varying de-
grees. However, there are many points in the subsidence area,
especially in the severe subsidence area, such as the dark purple
points in D1 in Fig. 7(a), that are not visibly affected, or where
the effect is maintained for a short period of time and the original
rate of subsidence is quickly resumed, as shown in Fig. 6(g). We
can consider three main reasons as follows.

1) The mine has destroyed the local soil and water conserva-
tion capacity, and the short-term heavy precipitation had
caused less recharge to the aquifer.

2) The long period of subsidence area’s soil has been com-
pacted before the rainstorm, which has formed permanent
subsidence that can hardly be recovered.

3) Soils take longer to respond to groundwater recharge.
Since the storm has been more than two years to date,
we focus on its short-term apparent response to the storm.

D. Relationship Between Groundwater Change and Ground
Deformation

Rainfall is the form of precipitation that recharges groundwa-
ter the most. Once the rainwater reaches the ground, one portion
becomes surface runoff and the other contains groundwater
infiltration recharge. Since surface water infiltration needs to
go through the process of soil water saturation before it can



2934

37°

36°

35°

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

5
A :‘8
=
;77 ®Class I
ot e Class I
;( M Floodingarea |9
I3 The NCP

Fig. 7.

Distribution of points of surface uplift due to the impact of heavy rainfall and flooding. (a) Points where the affected uplift effect lasted for half a year.

(b) Points where the affected uplift effect lasted for one year. (c), (d), and (e) are the corresponding zoomed-in maps of D4. (c) Deformation rate extraction result.
(d) Extraction result of the affected points within six months of the storm. (e) Extraction result of the affected points within one year of the storm.

be converted into groundwater, there is a response time for the
groundwater level [40].

We selected relevant groundwater wells and observed the
relationship between the time series trends of groundwater level,
precipitation, and deformation time series, as shown in Fig. 8.
Groundwater level data were measured every five days. Within
less than five days, groundwater levels responded to heavy
precipitation with a sharp rise, and the increasing trend stayed
in place for anywhere from two to four months, lasting until
November 2021. To Henan Province’s official water monthly
report data as a verification, if January 2020 as a reference
level for comparison, the whole plain area of Henan Province
in early August 2021 average groundwater level relative to the
previous month’s rose by 1.83 m, and the groundwater level
in Hebi City alone rises to 5.45 m. The average water level
for the entire Henan Province stopped increasing continuously
in early November 2021, some cities’ water levels continued
rising until early December. The average water level in Henan
Province after ¢y, Was higher than it before ¢, and has not
yet dropped back to the lowest prestorm level until April 2023,
although they both show a seasonal decrease trend. It suggests
that there was significant groundwater recharge from the “7.20”
Rainstorm Event.

The deformation trend of the subsidence points also changed
drastically before and after the rainstorm date. The degree of
subsidence decelerations varied after the rainstorm, with most

of the points in the outer rim of the D1 subsidence funnel and D4
remaining decelerated for more than one year, and no apparent
points in D2 and D3 being mitigated due to the poor soil and
water capacity of the land, which is mainly caused by mining.

There is also significant subsidence deceleration or land uplift
around some points in the center of D1 and the transition zone
from the Taihang Mountains to the plains, with no flooding.
These locations do not have rainwater accumulation but still
can recharge groundwater through precipitation, in particular,
the aquifer in front of the mountain has good permeability and
surface rainwater can quickly infiltrate to replenish the aquifer.
In addition, groundwater is interconnected, and groundwater
recharged from neighboring areas can circulate. These allow
points around nonflooded areas to cause surface uplift through
groundwater recovery.

Regardless of the duration of mitigation, the trend-turning
node is the date of the rainstorm. Overall, precipitation, ground-
water levels, and surface deformation trends positively correlate.
Groundwater recharge brought by heavy rainfall causes surface
uplift, alleviating extensive ground subsidence.

V. DISCUSSION

We focus on the effects of the heavy rainfall on ground
subsidence in the “7.20” Rainstorm Event and find that the
groundwater recovery by the rainstorm and floods it brought had
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Fig. 8.

Comparison of temporal trends in precipitation, groundwater level, and deformation time series. (a) Average groundwater level in the plains of the entire

Henan Province superimposed on Fig. 6(a) and (f). (b), (c), and (d) Average monthly precipitation and five-day groundwater measurements at the sites in Jiaozuo,

Hebi, and Xinxiang from September 2020 to November 2021, respectively.

affected surface deformation, leading to subsidence deceleration
or even land uplift.

There are some limitations due to the inherent characteristics
of the S1 data. In the process of flood inundation area extraction
using SAR intensity images, the identified flood inundation ex-
tent may not be the maximum extent due to the long-time interval
(12 days) of S1 data. The current booming SAR small-satellite
constellation, which is capable of acquiring postdisaster images
in atimely and high-frequency manner, can extract the process of
flood growth and recession, which is even more helpful for dis-
aster prevention and mitigation, postdisaster reconstruction and
analysis of the ground subsidence and groundwater response.

The data acquisition time used in the InSAR deformation ex-
traction spans before and after the flood inundation. Since water
surfaces are noncoherent targets, flooding can cause inundated
InSAR measurements to lose coherence over the inundation time
period, and increased soil moisture may trigger more severe
nonzero closure phases, potentially leading to biases in defor-
mation estimates [41], [42].

The local soil conditions are an essential factor in storm flood-
ing, affecting surface deformation. Differences in soil conditions
can affect the process in the following ways. i) Storm flooding
infiltration needs a process of surface soil water saturation, and
the infiltration rate relates to soil porosity and other factors [43].
Thus, the rate of groundwater recovery from storm flooding
varies. ii) After the groundwater level rises, the deformation of
the sand layer is basically without hysteresis while the clayey soil
layer’s deformation hysteresis is evident [44]. The water-bearing
sands become increasingly fine-grained from the mountain front
to the plains [21]; therefore, the mountain front area has a shorter
response to groundwater recharge due to heavy rainfall as well
as surface uplift, which is shown as the number of points of the
uplifted area is more distributed in the mountain front.

However, as with ground subsidence, unanticipated ground
uplift can have as significant an impact on surface cities and
economies as ground subsidence, resulting in many secondary
disasters. The effect of storm flooding on ground deformation
is a factor to be considered. Meanwhile, the trend of droughts
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and floods in China has changed in recent years; there has been
a flooding shift trend from south to north, with more frequent
rainstorms in north China. From July 29 to August 1,2023, under
the influence of Super Typhoon Doksuri, Beijing—Tianjin—Hebei
region in China experienced exceptionally heavy rainfall, with
the amount of precipitation in Beijing reaching the largest in the
140-year history of instrumental measurement records. Water
scarcity and groundwater overexploitation in the northern part
of the NCP are more severe than in its southern region, where
several large-scale ground subsidence funnels exist. Similar to
the *7.20” Rainstorm Event, the flood brought by the rainstorm
in 2023 may have a similar impact on the groundwater recovery
and subsidence mitigation in cities, such as Beijing and the
potential impact of surface uplift on urban transportation and
building safety needs to be taken into account in the postdisaster
remediation work.

VI. CONCLUSION

This study used SAR data’s intensity and phase information
to identify flood inundation and measure time series deforma-
tion, respectively. Taking the “7.20” Rainstorm Event in Henan
Province, China, as an example, we employed the Sentinel-1 data
to obtain the flood inundation area and three years’ deformation
around the rainstorm’s date, and then analyzed the mechanism
between groundwater recharge and subsidence mitigation under
the influence of the storm event in conjunction with groundwater
level changes. The main conclusions are as follows.

1) The water surface increased considerably at approxi-
mately 546.2 km? after the rain, and the flooded area was
mainly distributed in the central part of the basins of the
Communist Canal, Weihe River, and Qihe River, as well
as in the northern part of the Yuecheng Reservoir area
increased significantly.

2) The subsidence funnels, mainly caused by long-term
groundwater overexploitation and subsurface resource
mining, are distributed in the Shancheng District and
Heshan District of Hebi City, Hui County of Xinxiang
City, and the northern part of Anyang City connecting
to Handan City. From January 2020 to April 2023, the
maximum vertical subsidence rate was about 167.7 mm/yr.

3) The “7.20” Rainstorm Event recharged the aquifer, and the
groundwater level less than five days after the rainstorm
time began to rise sharply. The Groundwater recovery
leads to a widespread phenomenon of subsidence decel-
eration or even land uplift around the flooded areas and in
mountain front areas.

This study provides a valuable technical reference for similar

scenes, such as the 2023 heavy rain event in China’s Beijing—
Tianjin—Hebei region with severe land subsidence.
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