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Abstract. Ground subsidence is regarded as one of the most
common geohazards, accompanied with the rapid urban ex-
pansion in recent years. In the last 2 decades, Wuhan, lo-
cated in the alluvial Jianghan Plain, has experienced great
urban expansion with increased subsidence issues, i.e., soft
foundation subsidence and karst collapse. Here we investi-
gated subsidence rates in Wuhan with 2015-2019 Sentinel-1
synthetic aperture radar (SAR) images. We found that the
overall subsidence over the Wuhan region is significantly
correlated with the distribution of engineering geological
subregions (EGSs). We further validated the interferomet-
ric SAR (InSAR) measurements with better than 5 mm ac-
curacy by comparing with leveling measurements. Subsi-
dence centers in Qingling—Jiangdi, Houhu, Qingshan, and
Dongxihu were identified with displacement rates of approx-
imately 30 mm/yr. Our results demonstrated that the domi-
nant driving factor is ongoing construction, and the fact that
the subsidence centers shifted with construction intensities.
The Qingling—Jiangdi area in our study is a well-known site
of karst collapse. We find that the nonlinear subsidence of
this area is correlated with the seasonal rainfall.

1 Introduction

Nowadays, land subsidence has become a serious problem,
along with the rapid urban expansion (Xue et al., 2005). Land
subsidence events have been reported in major cities all over
the world (e.g., Shanghai — see Perissin et al., 2012; Beijing —
see Hu et al., 2019, and Zhou et al., 2019; Seville — see Ruiz-
Constan et al., 2017; Texas — see Kim et al., 2019; Hanoi
— see Dang et al., 2014; Jakarta — see Ng et al., 2012, and
Chaussard et al., 2013). Over 50 cities in China have been
suffering from land subsidence due to various factors (Yin et
al., 2005). The major factors causing urban land subsidence
are extensive pumping of groundwater (Xue et al., 2005; Yin
etal., 2005), ground fissures (Zhao et al., 2018), and tectonic
faults (Xue et al., 2005; Hu et al., 2019), which threat the
normal operation of urban systems and people’s daily lives.
The approximately accumulated economic losses caused by
land subsidence reached up to CNY 450-500 billion during
1949-2005 in China (Yin et al., 2005). Therefore, great ef-
forts need to be made to monitor and reduce the risks induced
by land subsidence and related issues.

As the largest city in central China, Wuhan has experi-
enced significant urban expansion in the last 2 decades (Tan
et al., 2014). The ongoing construction of high-rise build-
ings and metro lines all over the metropolitan area have in-
duced serious subsidence (Zhou et al., 2017). As a result,
the subsidence areas in Wuhan have extended remarkably. In
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recent years, more than 40 communities in Jiang’an, Jiang-
han, Qiaokou, and Wuchang districts in Wuhan have ex-
perienced ground subsidence, resulting in cracks in build-
ings and municipal roads in varying degrees (Guan et al.,
2016). Although over 300 benchmarks have been set to
understand the subsidence trends (Zhou et al., 2017), the
coverage of the benchmarks is too sparse to capture the
global picture of deformation patterns. Thus, the time se-
ries synthetic aperture radar interferometry (InSAR) tech-
niques (e.g., Bai et al., 2016; Costantini et al., 2016; Jiang
et al., 2021) making use of the stable pixels in synthetic
aperture radar (SAR) images can make up for this limitation.
High-resolution TerraSAR-X and COSMO (COnstellation of
small Satellites for the Mediterranean basin Observation)-
SkyMed SAR images are used to investigate the spatial and
temporal subsidence of the Wuhan urban area during 2009—
2010 (Bai et al., 2016), 2013-2014 (Costantini et al., 2016),
2013-2015 (Bai et al., 2019), and 2012-2019 (Jiang et al.,
2021). They found that the subsidence velocity in Houhu
area reached over —70 mm/yr and is mainly correlated with
construction activities on quaternary soft clay and carbonate
rocks areas (Costantini et al., 2016; Bai et al., 2019). Simi-
lar results were also obtained by the Envisat Advanced Syn-
thetic Aperture Radar (ASAR; 2008-2010), ALOS PALSAR
(Advanced Land Observing Satellite Phased Array type L-
band Synthetic Aperture Radar; 2007-2010), and Sentinel-
1 (2015-2019) small baseline subset (SBAS) InSAR analy-
sis (Han et al., 2020), RADARSAT-2 SBAS interferometric
SAR (InSAR) analysis from 2015-2018 (Zhang et al., 2019),
medium-resolution Sentinel-1 images persistent scatterer in-
terferometry (PSI; Benattou et al., 2018), and SBAS InSAR
(Zhou et al., 2017) analysis from 2015-2017. According to
geological investigations (Guan et al., 2016; Li et al., 2019),
the subsidence might be correlated to engineering geological
zones which are seldom studied.

In this study, 113 Sentinel-1 SAR images from April 2015
to September 2019, covering the Wuhan metropolitan area,
are analyzed with the SBAS InSAR method to investigate
the distribution of potential risks. Comparison between In-
SAR and leveling measurements are conducted to validate
the reliability of our measurements. We found that spatial
subsidence patterns are correlated with the distribution of en-
gineering geological zones in the first terrace in Wuhan. Re-
lationships between time series subsidence and rainfall and
river level are also discussed.

2 Study area and data sets

2.1 The Wuhan metropolitan area

Wuhan, the capital city of Hubei province, plays an impor-
tant role in industry, science, education, and transportation

in China. It is located east of the alluvial Jianghan Plain
formed by Yangtze river and its largest tributary, the Han
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River. The rivers and scattered lakes occupy one-quarter
of Wuhan’s urban area, as shown in Fig. la. Since the
launch of “The Rise of Central China” to accelerate the de-
velopment of central China, including Shanxi, Henan, An-
hui, Hubei, Hunan, and Jiangxi in 2004, Wuhan has expe-
rienced rapid economic growth and urban sprawl. The an-
nual urban expansion velocity reached 46.75 %, and the ur-
ban areas increased from 4.19 x 10*ha in 1988 to 49.29 x
10*ha in 2011 (Tan et al., 2014). Figure la shows the
built-up area in 2015 derived from 1 : 250000 national ba-
sic geographic database (https://www.webmap.cn/main.do?
method=index, last access: 23 July 2020) released by the Na-
tional Geomatics Center of China.

Our study area covers the Wuhan metropolitan area, as in-
dicated by the dashed rectangle in Fig. 1a. The terrain is low
and flat, with maximum a elevation of 240 m. Over 95 % of
our study area is covered by Quaternary layers (Deng et al.,
1991; Xu, 2016; Li et al., 2019) with diverse lithology, in-
cluding gravel, sand (coarse sand, fine sand, and silt), sub-
sand, sub-clay, clay, muck, etc. (Table S1). Moreover, the
area of burial or covered dissolution carbonate rocks (i.e.,
karst) is 1091.51 km?2, accounting for 12.85 % of the total
area of Wuhan (Tu et al., 2019; Zheng et al., 2019), as shown
in Fig. 1b. In total, 38 karst collapses (i.e., sinkholes; marked
with blue circles in Fig. 1b and c¢) were recorded in Wuhan
between 1931-2018 and were caused by anthropogenic ac-
tivities and natural forces (Tu et al., 2019). A total of 27 of
the karst collapses occurred after 2005 and only two of them
were caused by natural factors (Tu et al., 2019). Geologi-
cal investigations are conducted to understand the engineer-
ing conditions for urban construction or subsidence mech-
anisms (Li et al., 2019; Zheng et al., 2019). They divided
the metropolitan area into four engineering geological zones
(EGZs) and 13 sub-regions by considering the geomorpho-
logic characteristics, Quaternary geological characteristics
(e.g., stratum, genesis, lithology, etc.), and the engineering
geological properties of soils.

The engineering geological map of Wuhan metropolitan
area is shown in Fig. 1b. The four EGZs are first terrace EGZ,
second terrace EGZ, wavy hillocky EGZ, and denuded hilly
EGZ, which account for approximately 30.27 %, 4.39 %,
60.09 %, and 4.71 % of the Wuhan metropolitan area. The
detailed description of 13 engineering geological subregions
(EGSs) is given in Table S1. We should note that soft soil
is a general term for muck and muck soil. It has the char-
acteristics of high water content, large void ratio, high com-
pressibility, low shear strength, poor bearing capacity, small
consolidation coefficient, long consolidation time, poor wa-
ter permeability, etc. The thickness of soft soil in the first
terrace generally ranges from 1-18.5m, and the maximum
value reaches 37 m, while the thicknesses of soft soils is rel-
atively low in the other EGSs ranging from 1-15 m (Wuhan
Bureau of Natural Resources and Planning, 2018).
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Figure 1. (a) Topography of our study area. (b) Engineering geological subregions (EGSs) over the Wuhan metropolitan area, and the
distribution of historical karst collapse. (Modified from Li et al., 2019, and Zheng et al., 2019.) (¢) Magnified view of the yellow rectangle in
(b), showing the locations of historical karst collapses and leveling points.

2.2 Data sets

The Sentinel-1 satellite constellation conducted by the Eu-
ropean Space Agency (ESA) is composed of Sentinel-1A
(launched on 3 April 2014) and Sentinel-1B (launched on
25 April 2016). It is the first sensor utilizing the interfero-
metric wide (IW) swath mode as the main acquisition mode
characterized by 5 x 20m resolution, with a swath width
of 250 km. There were 113 ascending track Sentinel-1A ITW
SAR images acquired between 11 April 2015 and 29 Septem-
ber 2019, as shown in Fig. 2. The ALOS World 3D 30m
(AW3D30) digital surface model (DSM) released by the
Japan Aerospace Exploration Agency (JAXA; Takaku et al.,
2016) is used for co-registration, differential interferogram
generation, and geocoding. Measurements from 38 level-
ing points (marked with triangles in Fig. 1b), obtained on
10 September 2016, 10 March 2017, 10 October 2017, and
10 May 2018, are used to validate our InSAR measurements.

3 Time series Sentinel-1 SAR interferometry analysis
3.1 Interferometric processing

Due to the significant variations in Doppler centroid fre-
quency in the burst, high-level co-registration accuracy with
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Figure 2. Graph of the temporal network used for InSAR time series
analysis.

better than 0.001 pixels are required for the interferomet-
ric analysis (Jiang, 2020). In our study, the image obtained
on 26 November 2017 was selected as the primary image.
A graphics processing unit (GPU)-accelerated interferomet-
ric SAR processor (Yu et al., 2019) was used to process the
Sentinel-1 data set. An AW3D30 DSM and Sentinels’ Precise
Orbit Determination (POD) service were first used for ge-
ometric co-registration between consecutive bursts. Then, a
network-based enhanced spectral diversity approach was em-
ployed to estimate time series azimuth shifts (Jiang, 2020).
Burst de-ramping, re-ramping, and resampling were then car-
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Figure 4. Subsidence rate over Wuhan metropolitan area between
2015 and 2019. The boundaries of the first terrace EGZ and second
terrace EGZ are indicated by gray lines. The background is hill-
shaded AW3D30 DSM.

ried out to resample bursts. Individual bursts can then be
merged into seamless single look complexes (SLCs). Images
with a temporal baseline of less than 60d are combined to
generate 368 differential interferograms, as shown in Fig. 2.

3.2 Time series displacement retrieval

The SBAS InSAR makes use of point-like targets, which re-
tain high level of coherence over a long temporal period, or
slow decorrelated pixels, which will remain coherent in a
short period (Hooper, 2008; Jiang and Guarnieri, 2020). Am-
plitude dispersion value was used to initially select the candi-
dates that can be used to extract useful signals (Ferretti et al.,
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2001). Phase stability analysis was performed on these candi-
dates first. The final pixels used for the displacement rate es-
timation were determined by a temporal coherence threshold
with 0.3. Then, 3D phase unwrapping was further performed
to retrieve continuous phase in the spatial and temporal di-
mension (Hooper and Zebker, 2007). Generally, there are or-
bital phase ramps, digital elevation model (DEM) residual
phase, atmospheric phase, and deformation phase signals in
the unwrapped phase. In this paper, the phase ramps were es-
timated with a bilinear model (Shi et al., 2016). The DEM
residual phase was estimated by the linear relationship be-
tween topographic error and baseline. Temporally high-pass
and spatially low-pass filters were employed to remove the
atmospheric phase. Once sources of errors are mitigated, the
subsidence rate and time series displacement history were re-
trieved by a least-squares adjustment. We converted the LOS
(line of sight) displacement to the vertical direction by means
of dividing by the cosine of the incidence angle, as Zhou et
al. (2017) did in a previous study. The workflow of our study
is given in Fig. 3.

4 Results
4.1 Mean subsidence velocity map

Figure 4 shows the subsidence rate derived from the Sentinel-
1 SAR data. Given the dense artificial objects with stable
backscattering signals over long time periods over urban
scenarios, a total of 8628 652 coherent pixels are selected.
The maximum displacement rate is about 40 mm/yr. There
are many factors (e.g., city constructions, karst landforms,
and soft soils) that cause ground subsidence in Wuhan. We
can notice that the positions of subsidence in the Wuhan
metropolitan area are mainly distributed within EGSs that
are composed of compressible soft soils in the first and sec-
ond terrace (shown in Fig. 1b). We find the new localized

https://doi.org/10.5194/nhess-21-2285-2021
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subsidence centers have emerged and old subsidence cen-
ters identified by previous studies have stabilized with the
decreased displacement rate. For example, the uplift areas on
the right bank of Yangtze river and the subsidence center in
the Jianghan and Qiaokou district caused by construction of
metro lines 1 and 2 during 2009-2010 (Bai et al., 2016) have
almost stabilized in this study. Localized subsidence centers
in Jiang’an, Qingshan, Hongshan, Wuchang, Hanyang, and
Dongxihu are identified, which are mostly caused by intense
anthropogenic activities, such as construction of metro lines
and new buildings (Bai et al., 2019).

4.2 Comparison between InSAR and leveling
measurements

To quantify the results, we further compared InSAR with
leveling measurements. We divided the leveling data into
three time periods and compared them with InSAR data mea-
sured at closest dates (as shown in Fig. 5). The leveling
points are mainly distributed in the wavy hillocky EGZ (as
shown in Fig. 1c), with low displacement rates which agree
with InSAR measurements. The mean, root mean square er-
ror (RMSE), and median of the difference between InSAR
and leveling measurements indicated that our InSAR re-
sults reached millimeter accuracy. The statistical metrics in
Fig. 5a, which are slightly larger than these in Fig. 5b and c,
might be caused by longer time coverage of InNSAR than by
leveling.

4.3 Qingling-Jiangdi area

Karst collapse is listed as one of the most serious geologi-
cal disasters in Wuhan (Wuhan Bureau of Natural Resources
and Planning, 2018). With the intensive anthropogenic ac-
tivities in recent years, the occurrence of karst collapse or
sinkholes in Wuhan has dramatically increased (Zheng et al.,
2019). Figure 6a gives the subsidence rate over the Qingling—
Jiangdi area including the town of Qingling in the Hongshan
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district, the town of Jiangdi in the Hanyang district, and Bais-
hazhou and Zhangjiawan in Wuchang district. In contrast
with Fig. 6b, 23 of the aforementioned 38 historical karst col-
lapses occurred in this area. The subsidence is identified at
all the EGSs in the first terrace and the second terrace lacus-
trine EGS. The deformation of QL1 was correlated with karst
subsidence (Bai et al., 2016), with maximum subsidence rate
of 15 mm/yr. Anthropogenic activities are the main cause of
subsidence in the Qingling—Jiangdi area, e.g., QL2, QL3 and
QLA4. Figure 6¢ and d are the optical images covering point
QL3, obtained on 16 August 2013 and 9 December 2017,
respectively. Construction of the metro line 6 depot (QL3)
induced serious deformation, with subsidence velocity over
—30mm/yr. The accumulative deformations of QL2, QL3,
and QL4 reached over 160 mm from April 2015 to Septem-
ber 2019, as shown in Fig. 7.

4.4 Houhu area

Houhu area was originally a lake or lake beach with under-
lying layers composed of highly compacted muck or muck
soil, with a thickness ranging from 10 to 30 m (Sun et al.,
2019). Due to activities such as ponds filling and the con-
struction of embankments, the surface was covered by soft
artificial fill. Serious subsidence has occurred in this area due
to the urban development in recent years (Wuhan Bureau of
Natural Resources and Planning, 2018). Long-term analysis
of high-resolution COSMO-SkyMed SAR images indicated
that the Houhu area experienced serious subsidence from
2012 to 2019, with a maximum rate of 100 mm/yr (Jiang et
al., 2021). Cracks shown in Fig. Sla are very widely iden-
tified in newly constructed buildings in the Houhu area. The
subsidence of the Houhu area, located in the Jiang’an district,
is very subtle during 2009-2010, with a subsidence rate of
—5-5mm/yr (Bai et al., 2016), while a maximum subsidence
rate of 86 mm/yr (centered at longitude 114.30° and latitude
30.6°) was detected in 2013-2015 due to the construction of
metro line 3 (Bai et al., 2019). However, the current veloc-
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Figure 6. (a) Subsidence velocity of the Jiangdi—Qingling area during 2015-2019. The rectangle represents the location of panels (c) and
(d). Panel (b) is the corresponding EGS map. The legend is the same as in Fig. 1b, while the gray circles are the historical karst collapses.
The distribution of metro lines is freely available from © OpenStreetMap (2021; distributed under the Open Data Commons Open Database
License (ODbL) v1.0.). Panels (c) and (d) are © Google Earth™ images covering point QL3, acquired in August 2013 and December 2019.

ity decreased to ~ 10 mm/yr during 2015-2019, indicated by
HH3, and a new subsidence center, where HH1 is located,
with a displacement velocity of ~ 30 mm/yr was identified,
which coincided with a previous study by Han et al. (2020;
as shown in Fig. 8a). The localized subsidence centers shift
with the urbanization progress. Figure 8c and d show the
© Google Earth™ images acquired in April 2012 and Oc-
tober 2019. The white polygons indicate the newly built-up
areas with a maximum subsidence velocity of 20-30 mm/yr.
The accumulative subsidence of HH1-HH4 is given in Fig. 9.
The subsidence trends are all nonlinear, which might closely
correlate with the construction activities in the surrounding
areas. The most serious accumulative subsidence occurred at
HHI1, which exceeded 100 mm during April 2015 to Septem-
ber 2019.
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4.5 Qingshan area

The subsidence rate and corresponding EGS map over the
Qingshan area are shown in Fig. 10a and b. The maximum
subsidence rate in this area reached over 20 mm/yr. It is clear
that the subsidence is mainly distributed in the EGSs covered
by muck soil or soft clay. The subsidence center located in
QS1 agrees with a previous study that used RADARSAT-2
images from 2015 to 2018 (Zhang et al., 2019). The subsi-
dence center (QS2) detected in our study is also identified
from the results with TerraSAR-X data sets during 2013—
2015 (Bai et al., 2019). Field investigations identified cracks
in buildings in this area (as shown in Fig. S1b). Figure 10c
and d show the © Google Earth™ images of QS2 acquired
in July 2014 and October 2019, respectively, in which the
white rectangles highlight the newly constructed areas. The

Nat. Hazards Earth Syst. Sci., 21, 2285-2297, 2021
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Figure 10. (a) Subsidence velocity of the Qingshan area. The rectangle represents the location of panels (c) and (d). Panel (b) is the
corresponding EGS map. The legend is the same as in Fig. 1b. Panels (¢) and (d) are © Google Earth™ images covering point QS2, acquired
in July 2014 and October 2019. The white rectangles show the newly built-up areas.

construction activities in the surrounding areas of QS2 might
induce the subsidence, which is also the same for QS1 in
Fig. S2a and b. The accumulative subsidence in QS1 and QS2
presents significant nonlinear subsidence trends in Fig. 11.
The subsidence rate might be affected by the construction
intensities. Meanwhile, we also notice that burial carbonatite
EGSs can be found over the Qingshan area, which are mainly
composed of dolomitic limestone and argillaceous limestone,
with a high content of magnesium carbonate and argillaceous
limestone, and are difficult to dissolve (Xu, 2016). The subsi-
dence rate is around 5 mm/yr. Meanwhile, the susceptibility
of karst collapse is considered to be low (Wuhan Bureau of
Natural Resources and Planning, 2018).

4.6 Dongxihu area
The subsidence rate over the Dongxihu area is shown in

Fig. 12, where displacements are mainly distributed over the
first terrace lacustrine EGS and first terrace alluvial EGS with
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the corresponding EGS map, and the legend is the same as in Fig. 1b. Panels (c¢) and (d) are © Google Earth™ images of points D1 and D2,
acquired in August 2017 and December 2017. The white polygons mark the changes over this period.

flat terrain. The maximum displacement is up to ~ 30 mm/yr.
The subsidence of the carbonatite EGSs in this area was less
than 10 mm/yr. The accumulative subsidence of D1 and D2
shows nonlinear displacement behaviors and reaches approx-
imately 80 mm between 2015 and 2019 (Fig. 13). The ongo-
ing construction, together with the artificial loading, is re-
sponsible for subsidence over this region. Figure 12¢ and d
show the © Google Earth™ images covering D1 and D2 ac-
quired on August 2017 and December 2017. We labeled the
ground changes over this period with white polygons. We
can see that three land cover conversions occur in the sur-
rounding area of D1 and D2. The acceleration occurring in
D1 and D2 after January 2017 might correspond to the land
conversions in Fig. 12c and d.
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5 Discussion
5.1 Groundwater-pumping-induced subsidence

Uneven settlements caused by excessive pumping of ground-
water are a common phenomenon in rapidly developing
cities (Chaussard et al., 2013; Wuhan Bureau of Natural Re-
sources and Planning, 2018). Thus, the groundwater extrac-
tions have been restricted in Wuhan since 2013 (Chen, 2016).
However, the dewatering process is generally carried out dur-
ing the construction of deep foundation pits (Li et al., 2013;
Cui et al., 2018). As a result, the groundwater level might
gradually decline in the surrounding areas, and subsidence
occurs in the meantime. During 2014, there were approxi-
mately 10473 building sites and 539 municipal infrastruc-
ture construction sites in Wuhan (Xu, 2016). As shown in
Figs. 6, 8, 10, and 12, subsidence caused by construction ac-
tivities is widely distributed in Wuhan. Taking QS1 as an ex-
ample, it is about 150 m away from the Baoye Center, which
has been constructed since November 2015 (Fig. S2a). Signs
of construction were observed from the optical image ac-
quired in February 2016 (Fig. S2b). Acceleration from the
time series subsidence was also observed in Fig. 11. Similar
behavior can also be observed for QS2, which is about 500 m
away from the Shisan—Jiefang and Shisi—Jiefang. Based on
our interpretation of the optical image acquired in May 2017
(Fig. S2c), the housing demolition is almost finished. Con-
struction started in May 2018 and buildings are identified
at Shisan—Jiefang from the optical image acquired in Octo-
ber 2018 (Fig. S2d). Accelerations can be clearly observed
by InSAR measurements (Fig. 11) during the deep founda-
tion pit dewatering. Meanwhile, the first terrace and second
terrace EGSs are composed of typical binary structural stra-
tums (Table S1), which are soft clay or muck soil in the up-
per part and sandy soil or sandy gravel in the lower part. The
groundwater level is highly correlated with the river levels of
the Yangtze or Han rivers, especially in the first terrace (Li et
al., 2013; Chen, 2016). Water-level-correlated displacement
was also observed in the first terrace in previous studies using
TerraSAR-X data (Bai et al., 2016).

5.2 Impact factors of karst subsidence

Natural factors (e.g., groundwater level variations and ex-
treme rainfall) and anthropogenic activities will cause karst
collapse (Wang et al., 2020; Tu et al., 2019). The ground-
water level variations induced by river level or rainfall may
create negative pressure in fissures near the bedrock surface
of the karst caves. In general, the groundwater in the karst
area can be divided into perched water, pore-confined wa-
ter, fracture karst water, and fracture water from the top to
the bottom layers (Wang et al., 2020). The perched water
and pore-confined water are directly connected with the river
level (Tu et al., 2019). In statistics, karst collapse directly
induced by pumping of groundwater has not occurred since
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2001 due to the strict control by the government (Xu, 2016).
However, anthropogenic engineering activities, e.g., founda-
tion engineering or drilling, frequently cause karst collapse
to occur (Zheng et al., 2019). Also, the karst collapses are
closely correlated with the Yangtze or Han rivers’ water level
fluctuation (Chen, 2016).

QL1, in the Qingling—Jiangdi area, and HH1, in the Houhu
area, are located in carbonatite EGSs in this study. To analyze
the impact of water level or rainfall, we removed the linear
displacement components from both points. The nonlinear
part of the time series subsidence, together with the rainfall
and water level, are depicted in Fig. 14. It can be seen, from
Fig. 14b, that the river level is correlated with the rainfall
to some extent. Although a large variation in water level oc-
curred during April 2015 and March 2013, QL1 is almost
stable during this period, as we can infer from Fig. 7. Optical
images from July 2015 to December 2017 (Fig. S3) indicated
that the land conversions during this period can almost be ne-
glected. The extremely rainfall in July 2016 might have trig-
gered the initial acceleration. Since then, the nonlinear sub-
sidence of QL1 has been highly correlated with the rainfall.
Although river level might also be correlated with karst sub-
sidence (Fig. 14), rainfall might play a dominant role in QL1.
Moreover, it is worth noting that there are lags between sub-
sidence and rainfall, which caused rainfall seepages. On the
contrary, the interaction between rainfall/river level changes
and subsidence is not remarkable at point HH1. We found
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that the dissolution degree of the bedrock of the karst caves
at Qingling—Jiangdi is high, while it is low for Houhu and
Qingshan (Xu, 2016). The subsidence of HH1 was caused
mostly by the deep foundation pit dewatering. Construction
activities were observed at the area marked by the red rect-
angle located extremely near HH1 during February 2016 and
December 2017 in Fig. S4. Although we do not know the
exact date of the construction activities, acceleration, which
was almost in pace with the construction, was observed at
HHI1.

6 Conclusions

We obtained the subsidence rate map over the Wuhan region
from Sentinel-1 imagery acquired from 2015 to 2019. Our
results were validated with leveling measurements with an
accuracy better than 5 mm, indicating that InSAR is an effec-
tive tool for monitoring ground subsidence with dense mea-
surement points in urban areas. Our study revealed that the
overall subsidence trends agree well with the distribution of
EGSs covered by soft soils. Rapid urban development is the
dominant impact factor of subsidence. The dewatering pro-
cess of deep foundation pits and the corresponding consol-
idation lead to serious subsidence, e.g., Qingling—Jiangdi in
Fig. 6, Houhu in Fig.8, and Qingshan in Fig. 10. The sub-
sidence centers shift with the intensity of urban construc-
tions. Furthermore, we found that Qingling—Jiangdi, located
in the first terrace, is suffering from karst subsidence with
a velocity from 20 to 30 mm/yr, which brings great threats
to peoples’ daily lives. Based on comparison with precipi-
tation and water level data, the karst subsidence might have
been triggered by the extreme rainfall in July 2016, and the
nonlinear characteristic subsidence is highly correlated with
the rainfall with lags since then. Nowadays, the advent of the
European Space Agency’s Copernicus program and the up-
coming NASA-ISRO (Indian Space Research Organization)
SAR mission provides unprecedented opportunities for con-
tinuous radar mapping of the Earth, with enhanced revisit fre-
quency, which will help us understand the underlying driving
factors and detect anomalies in subsidence as a result of ur-
ban sprawl. Automatic near-real-time InSAR processing and
anomaly detecting methods should be developed to identify
the potential risks in a timely manner.

Data availability. The Copernicus Sentinel-1 data are provided by
European Space Agency (ESA) through the Alaska Satellite Facility
(ASF). The precipitation data are provided by the China Meteoro-
logical Data Service Center. The water level data of Yangtze river is
collected from the Hefei flood and drought information network.
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