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Abstract. Ground subsidence is regarded as one of the most common geohazards accompanied with the rapid urban expansi
in recent years. In the last two decades, Wuhan located in the alliarighan Plaifinaghan-Plaithas experienced great
15 urban expansion with increased subsidence issues, i.e. soft foundation subsidence and karst idellapsge investigated
subsidence rates in Wuhan city wB152019 Sentinell SAR images. We found that the overall subsidence ighan
region is significantly correlated with the distribution of engineering geologighategionsregiers(EGSs). We further
validated the INSAR measurements with better than 5 mm accuracy by comparitgyalithg measurements. Subsidence
centresn Qinglingjiangdi, Houhu, Qingshan and Dongxihu area were identified with displacement rates of approximately 30
20 mml/yr. Our results demonstrated that the dominant driven factor is ongoing constructions and the sudesittessleifted

with constructionmtensities. Qinglingliangdi area in our study is a w&hown site of karst collapse We find the nonlinear

subsidence of this area is correlated withdbesonal rainfalivaterlevelvariations-ofthe-Yangtze River

1 Introduction

Nowadays, land suli#ncehavehas become a serious problem along with the rapid urban expansion (Xue et al. 2005). Land
25 subsidence events have been reported in major cities all over the world (e.g. Shanghai (Perissin et al. 2012), Beging (Hu et

2019, Zhou et al. 2019%eville (RuizConsta et al. 2017), Texas (Kim et al. 2018anoi (Dang et al., 2014and Jakarta

(Ng et al. 2012, Chaussaed al. 2013)). Over 50 cities in China have been suffering from land subsidence due to various

factors (Yin et al. 2005). The major caushagtorsof urban land subsidence are extensive pumping of groundwater (Xue et

al. 2005, Yin et al. 2005), grounds§iures (Zhao et al. 2018) and tectonic faults (Xue et al. 2005, Hu et al. 2019) which threat

30 the normal operation of wurban systems and peoplebds dail



35

40

45

50

55

60

land subsidence reached up to SR billion RMB during 1949 ~ 2005 in China (Yin et al. 2005). Therefore, great efforts
needto be made to monitor and reduce theks induced byand subsidence and relatisdues

As the largest city in central China, Wuhan has experienced significant urban expansion in the last tes(dacaet al.

2014). The ongoing constructions of high rise buildings and riie&s all over the metropolitan area have induced serious
subsidence (Zhou et al. 2017). As a result, the subsidence areas in Wuhan have remarkably extended. Receastthears, mor
40 communities in Jiang'an District, Jianghan District, Qiaokou District and Wuchang District in Wuhan City have experienced
ground subsidence, resulting in cracks in buildings and municipal roads in the varying degrees (Guan et al. 2016). Althougt
over 300 benchmarks have been set to understand the subsidence trends (Zhou et al. 2017), the coverage of the benchme

are too sparse to capture the global picture of deformation patterns. Thus, thertesgyntheticapertureradarinterferometry

(INSAR) techniquege.g.Bai et al. 2016Costantini et al. 201@iang et al., 202Imaking use of the stable pixelsgynthetic
apertureradar(SAR) images can make up for this limitation. High resolufi@mraSARX and COSMGSkymed SAR images

are used to investigate the spatial and temporal subsidence of Wuhan urban area dw29jQ@@Bai et al. 2016), 2013
2014 (Costantini et al. 2016), 202815 (Bai et al. 201920122019(Jiang et al., 2021 They found the subsidence velocity

in Houhu area reached ovefOmm/yr and are mainly correlated with construction activities on quaternary soft clay and
carbonate rocks areas (Costantini et al. 2016, Bdi @049). Similar results were also obtainedtbwisatASAR (2008
2010),ALOS PALSAR(2007-2010), and Sentinell (20152019)Small baseline subset BAS) INSAR analysifHan et al.,
2020, Radarsa? SBAS-INSAR analysis from 2012018 (Zhang et al. 2019) and medium resolution Sentirielages
persistent scatteremterferometry(PS|) (Benattou et al. 2018) or SBAS1SAR (Zhou et al. 2017) analysis from 2015~2017.

According to geological investigations (Guarakt2016, Li et al. 2019), the subsidence might be correlated with engineering
geological zones which are seldom studied.
In this study, 113 Sentinle SAR images from April 2015 to September 2019 covering the Wuhan metropolitan area are

analysedwith SBAS-INSAR methodto investigate the distributienof potential risks Comparison between INSAR and

leveling measurements are conducted to validate the reliability of our measurements. We found that spatial subsidence pattert
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are correlated witdistributions of engineering geological zones in the first terrace in Wuhan city. Relationships between time

65
series subsidence and rainfall/ river level are also discussed.
2 Study area and datasets
2.1.2 The Wuhan metropolitan area
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Figure 1. (a) Topography of our study area, (b) engineering geological subregions (EGSs) over Wuharetropolitan area and
distribution of historical karst collapse Modified from Li et al., (2019 and Zheng et al., (2019 and (c) zoomed vew of the yellow
rectanglein Fig. 1(b) showingthe locations of historical karst collapses and levellingoints.
75 Wouhan, the capital city of Hubei province, plays apamant role in industry, science, education and transportation of China.

It is located eastern of the alluvial Jianghan Plain formed by Yangtze River and its largest tributary, the Han RiversThe ri
scattered | akes madcyngbywateods shdntif.o @s 3Jirhae t@alheal auncl
Ce nt rteeatcelediei the dedelopment of cenBhinaincluding Shanxi, Henan, Anhui, Hubei, Hunan, and Jiangxi

and

of
in 2004, Wuhan has experienced rapid economic growth and urban sprawl. The annual urban expansion velocity reache

3



80

85

90

95

100

105

110

46.75%, and the urban areas increased from 4.1%hd0n 1988 to 49.29X10ha in 2011 (Tan et al. 2014). Fig. 1(a) shows

the  builtup area n 2015 derived  from 1:250,000  national basic  geographic  database
(http://webmap.cn/main.do?method=index) released by the National Geo@ewiteof China.

Our study area covers the Wuhan metropolitan area as indicated by the dashed rectangle )n Hig tef@ain is low and

flat with maximum elevation of 240 m. Over 95% of our study area are covered by Quaternary layers (Deng et al. 1991, Xu
2016, Li et al. 2019) with diverse lithology, including gravel, sand (coarse sand, fine sand, signdigoibclay, clay, muck

etc. (Table S1). Moreover, the aseaf burial or covered dissolution carbonate rocks (a.k.a Karst)s 1091.51 km,
accouning for 12.85% of the total area of Wuhan (Tu et al. 2019, Zheng et al. 2019) as showrlilib}-ighirty-eight karst
collapses (a.k.a sinkholes) marked with blue circles in Klg.and (c)were recorded in Wuhan between 193118 caused

by anthropogenic activities and natural forces (Tu et al. 2019). Tveengn of the karst collapsaszoccurred after @05

and only two of them are caused by natural factors (Tu et al. 2019). Geological investigations are conducted to urglerstand tr
engineering conditions for urban construction or subsidence mechanisms (Li et al. 2019, Zheng et al. 2019). They divided the
metropolitan area into 4 engineering geologizahes (EGZs) and 13 stdegions by considering the geomorphologic
characteristics, Quaternary geological characteristics (e.g. stratum, genesis, lithology, etc.) and engineering geologica
properties of soils

The engineering geological map of Wuhan metropolitan area is shown i{IlbigThe 4 EGZs are first terrace EGZ, second
terrace EGZ, wavy hillocky EGZ, denuded hilly EGZ, which accetortapproximately 30.27%, 4.39%, 60.09% and 4.71%

of the area ofWuhan metropolitan area. The detailed description of 13 engineering geologicagsuis (EGSsireis given

in Table S1. We should note that soft soil is a general term of muck and muck soil. It has characteristics of high eveter cont
large void ratio, high compressibility, low shear strength, poor bearing capacity, small consolidation coefficient, long
consolidation time and poor water permeability etc. The thickness of soft soil in the first terrace generally ranged4&&m 1 ~

m and the maximum value reaches 37 m while the thicknesses of sofirsmilelatively low in the other EGSs rangingifio

1~ 15 m (Wuhan Bureau of Natural Resources and Planning 2018).

2.2 Datasets

The Sentinell satellite constellation conducted by theropean Space Agen{iSA) arecomposed of SentindlA launched
on 3 April 2014 and SentindlB launched on 25 April 2016. It is the first sensor utilizing the Interferometric Wide swath (IW)
Mode as the main acquisition mode characterized by 5 by 20 meters resolution with swath width of 250dgvedhg
track Sentinel1A IW SAR imagesetweenl 1" April 2015 and 29' Septembe019 wereacquired as shown in Fig. Zhe
ALOS World 3D 30 m (AW3D30) DSM releagdy the Japan Aerospace Exploration Age(@4XA) (Takakuet al.2016)
are used for coegistration, differential interferogram generation and geocodepsurements from 3@velling points
marked with triangles in Fidl(b) obtained at 10September 201d,0" March 2017, 19 October 2017 and ¥OMay 2018

are usedo validate our INSARmeasurements.


https://en.wikipedia.org/wiki/European_Space_Agency
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Figure 2: Graph of the temporal network used for INSAR time series analysis.

3 Time-series Sentinell SAR interferometry analysis

23.1. Interferomeric processing

Due to the significant variations of Doppler centroid frequency in the, tigétlevelco-registration accuracyith better than
0.001 pixels are required for thgerferomerianalysis (Jiang, 2020 our study, the image obtained at'2Blovember 2017

was selectedsthe primary image A GPU accelerated interferometric SARcesso(Yu et al., 201Pwasused to process
the Sentinell datasetir-eurstudy—An AW3D DSM andSentinels Precise Orbit Determination (POD) servieege first
used for geometric eregistration between consecutibarsts. Then, a netwofased enhanced spectral diversity approach
was employed to estimate time series azimuth shifts (Jiang, 2020). Bueshgieg, reramping and resample wefieathy
thencarried out to resample bursts. Individual burstskestihen be merged into seamless SLCs. Imagessaitiitemporal
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baseline{<-60-days)-and-perpendicular-baselines{<-50[ksn)than 60 dayare combined to generate 368 differential

interforgrams as shown in Fig. 2.

23.2. Time series displacementetrieval

The SBASINSAR makes use of pottike targets which remain high level of coherence over a long temporal period or slow
decorrelated pixels which will remain coherent in a short period (Hooper 2808 and Guarnieri 2020Amplitude
dispersion valués-wasused to initially select the candidates that can be used to extract useful signals (Ferretti et al. 2001).
Phase stability analysis was firstly performed on these candidates. The final pixels used for the displamssgntation

were determined btemporal coherence threshold with 0.3. Then, 3D phase unwrappirgurther performed to retrieve
continuous phase in the spatial and temporal dimension (Hooper and Zebker 2007). Generally, there are orbital phase ramp
DEM residualard, atmospheric phase and deformation phase signals in the unwrapped phase. In this paper, the phase ramf
were estimated with a bilinear model (Shi et al. 2016). DB residualphasewas estimated by the linear relationship
between topographic error and blise. Temporally higipass and spatiallylopass yl ters were empl c
atmospheric phase. Once sources of errors are mitigatedutisedenceaate and timeseries displacement history were
retrieved by a leastquares adjustment. We coneetthe LOS displacement to the vertical direction by means of dividing by

the cosine of the incidence angle Zhouwet al. (2017) did in previous studyThe workflow of ou study was given in Fig. 3.
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Figure 3: Workflow of our study.
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Figure 34: Subsidencerate over Wuhan metropolitan areabetween2015and 2019.The boundaries of the first terrace EGZ and

second terrace EGZare indicated by grey lines.The background is hillshaded AW3D DSM.-Sentirel2-image—acquired-at-&h;
Docombor20dy,

4 Results
4.1 Mean subsidence velocity map

Figure3-4 shows the subsidencatederived from the Sentindl SAR data. Givetthe dense mammade objects with stable
backscattering signals over long time perioder urban scenarios, a total of 8,628,652 coherent pixels are sel&ébted.

maximum displacementteis about4d0 mm/yr.There are many factors (e.g. city constructions, karst landforms and soft soils)

that cause ground subsidence in Wuhan. We can notidd¢hadsitions of subsidence\iuhanmetropolitan area are mainly
distributed within EGSs that are composed of compressible soft soils in the first and second terrace shod(b)n \Fig.
find the new localized subsidencentreshave emerged and old lmidencecentresidentified by previous studies have

stabilized with decreased displacement rate. For example, the uplift areas in the right bank of Yangtze River anditice subside
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centreat Jianghan and Qiaokou district caused by construction of medoliand 2 during 208810 (Bai et al. 2016) have

almost stabilized in this study. Localized subsidecertresi n Ji angdan, Qi ngshan, Hongsh
Dongxihu are identified which mostly cause by the inteargropogenic activities, su@s construction of metro lines and

new buildings (Baet al.2019)

4.2 Comparison between INSAR and levding measurements

Figure 45: INSAR measurementsversuslevelling measurements (a) INSAR (20160827~20170309) {evelling (20160910~20170310)
(b) INSAR (20170309~ 20171009) Jsvelling (20170309 ~ 20171010) (c) INSAR (20171009 ~ 20180513Jvslling (20171010~
20180510)

To quantify the results, wiirther compared InSAR wittevelling measurements. We dividéhe levelling data into 3 time

periods and comparckthem with INSAR data measured at closest dates as shown4b.Hige levelling points are mainly

distributed in the Wavy hillocky EGZAs shown in Fig. 1(cwith low displacement ratesshich agree with InSAR

measurements The mean, root na square error (RMSE) and median of the difference between InSAR\agiting
measurements indicated our INSAR results reaatifidhetre accuracy. The statistical metrics in F§(a) which are slightly

larger than these in F§gd5(b) and (c) might be caused by longer time coverage of InSARdkakting.

4.3 Qingling-Jiangdi area

Karst collapse is lisd asone of the most serious geological disasters in Wuhan (Wuhan Bureau of Natural Resources and
Planning 2018)With the intensie anthropogenic activities in recent years, the occurrence of karst collapses or sinkholes in
Wuhan has dramaticallincreased (Zhengt al 2019). Fig.56(a) gives the subsidengate overQingling-Jiangdi area
including Qingling town in Hongshan distridiangdi town in Hangyang district and Baishazhou and Zhangjiawan in Wuhcan
district. In contrast with Figs6(b), 23 of the aforementioned 38 historical karst collapses occur in this area. The subsidence is

identified at all the EGSs in the first tereaand the econd terrace lacustrine EGBhe deformation of QL1 was correlated

with karst subsidence (Bat al.2016) with maximumsubsidence rate of 15 mm/yAnthropogenic activities are the main
cause of subsiding in Qinglingjangdiarea, e.g. QL2, QL3 and QL4. Fig5(c) and (d) are the optical images covering point
QL3 obtained at 1'5August, 2013 and"™®December, 2017 respectively. Constructiofimetro line 6 depot (QL3) induced
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