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ABSTRACT

Understanding the current Vertical Land Motion (VLM), including subsidence or uplift, is the basis for projecting
Relative Sea Level Rise (RLSR) and estimating related risks. However, in Shanghai, the impacts of the spatiotemporal
change of VLM are little known. The purpose of this study was to quantify the impact of VLM on RSLR and inves-
tigate the spatiotemporal evolution characteristics of VLM through tide gauge records, satellite altimetry observa-
tions, and Interferometric Synthetic Aperture Radar (InSAR) measurements. The calculations indicated that the RSLR
(5.67+0.58 mm/year) from 1969 to 2019 was approximately twice the SLR trend (2.44+0.28 mm/year) from 1993 to
2019. The VLM, especially subsidence, is the main driver of RSLR. Moreover, spatial and temporal patterns of VLM
are highly uneven and nonlinear. These results reveal that VLM is the main driver of RSLR. Unfortunately, previous
studies have mostly underestimated or overlooked the impact of VLM on the risks of RSLR and subsequent coastal
flooding. Thus, prevention strategies for controlling VLM are warranted to minimize the negative impact related to
the RSLR. Our research provides a theoretical basis for urban disaster prevention in Shanghai and the planning of
coastal cities worldwide.

Keywords: Relative sea level rise; Vertical land motion;
Shanghai; InSAR.

Influencia del movimiento vertical de la tierra en zonas costeras sobre el aumento relativo del nivel del mar: estudio de caso

en Shanghai, China
RESUMEN

Comprender el movimiento vertical de la tierra (VLM) actual, incluida la subsidencia y la elevacion, es la base para
proyectar el aumento relativo del nivel del mar (RLSR) y estimar los riesgos relacionados. Sin embargo, en Shanghai,
los impactos del cambio espaciotemporal del VLM son poco conocidos. El propdsito de este estudio fue cuantificar el
impacto del VLM en el RSLR e investigar las caracteristicas de evolucion espaciotemporal del VLM a través de registros
de maredgrafos, observaciones de altimetria satelital y mediciones del Radar Interferométrico de Apertura Sintética
(InSAR). Los calculos indicaron que el RSLR (5,67 + 0,58 mm/afio) de 1969 a 2019 fue aproximadamente el doble de la
tendencia del SLR (2,44 + 0,28 mm/afio) de 1993 a 2019. El VLM, especialmente la subsidencia, es el principal impulsor
del RSLR. Ademis, los patrones espaciales y temporales del VLM son altamente desiguales y no lineales. Estos resulta-
dos revelan que el VLM es el principal impulsor del RSLR. Desafortunadamente, estudios previos han subestimado o
pasado por alto, en su mayoria, el impacto de la VLM en los riesgos de RSLR y las subsiguientes inundaciones costeras.
Por lo tanto, se justifican estrategias de prevencion para controlar la VLM a fin de minimizar el impacto negativo rela-
cionado con la RSLR. Nuestra investigacion proporciona una base tedrica para la prevencion de desastres urbanos en
Shanghii y la planificacion de ciudades costeras en todo el mundo.

Palabras clave: Aumento relativo del nivel del mar;
movimiento vertical de la tierra; Shanghdi; Radar
Interferométrico de Apertura Sintética
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1. Introduction

Sea level rise is a crucial index of climate change. And it is accelerating
due to melting from the ice sheet and glaciers and the thermal expansion of
ocean water (Horton et al., 2018; Jevrejeva et al., 2016). In situ and remote
sensing data show that the rate of global sea-level rise over the past two
centuries has increased at faster rates than in the last two or three millennia
(Vermeer and Rahmstrof, 2009; Kemp et al., 2011). And the Intergovernmental
Panel on Climate Change (IPCC) highlighted that the rate of mean global Sea
Level Rise (SLR) had been up from 1.4 mm/year (1901-1990) to 3.6 mm/year
(2006-2015) (IPCC, 2019). As a result, the global mean sea level is projected
to range from 0.5 m to 1.2 m by the end of the 21st century, exacerbating flood
risks and persisting till the next century, with significant impacts on coastal
socio-economic, natural environment and ecosystems (Kopp et al., 2014).

Regional sea-level rise significantly varies worldwide, mainly due to the
different situations of Vertical Land Motion (VLM) in local areas (Portner et al.,
2019), especially in coastal delta regions (Nicholls et al., 2021). The Relative
Sea Level Rise (RSLR) has been proposed to refer to the elevation difference
between mean sea level and land surface (Nicholls et al., 2021; Rovere et al.,
2016), which can be defined as the sum of local VLM and SLR. The VLM
includes subsidence or uplift, due to natural processes (e.g., Glacial Isostatic
Adjustment (GIA), sediment compaction, and tectonics) and anthropogenic
processes (e.g., groundwater extraction and land-use change) (Higgins, 2016;
Minderhoud etal., 2016; Shirzaei et al., 2021; Yuill etal., 2009). Land subsidence
has been identified as the main pattern of VLM (Dokka, 2006, Gomez et al.,
2021). Because of the rapid sediment compaction and deposit, coastal delta
regions are experiencing a faster rate of land subsidence than global SLR
(Minderhoud, 2019; Tessler et al., 2018). In addition, due to the abundance of
coastal urban deltas, rapid urbanization, and dense population of coastal cities,
RSLR is growing faster than in other regions, especially in developing Asia
(Hallegatte et al., 2013; Nicholls et al., 2021), and VLM could be the primary
driver to RSLR over the 21st century (Cao et al., 2021; Fuchs, 2010; Nicholls
etal., 2021). For example, as one of the biggest coastal cities around the world
with exceeding 11 million citizens in 2020 and an expected population of up to
nearly 36 million people by 2030 (Razvadauskas, 2019), Jakarta has shown that
the land subsidence rate is up to 60 times faster than SLR. Moreover, it has been
estimated that land subsidence could be responsible for about 88% contribution
to coastal flood risks by 2050 (Takagi et al., 2016a & b).

For many coastal cities in Asia, understanding local VLMS is important
to guide the decision-making process for coastal mitigation and adaptation
plans to address serious future threats. Over the last decade, RSLR and flood
hazards in Shanghai have received much attention. For example, by simulating
the consequence of the interaction of land subsidence, SLR, and storm surges,
Wang et al. (2012) found that Shanghai is sinking, and the maximum rate of
subsidence is 24.12 mm/year. The result stresses that severe land subsidence
is the primary driver causing RSLR and flooding risks, which will further
reduce the effectiveness of dikes by decreasing their height. Yin et al. (2013)
characterized the combined contribution of SLR and land subsidence to fluvial
flooding in the Huangpu River in Shanghai. The analysis shows that land
subsidence results in floods becoming more common than before. Cheng et al.
(2018) provided a map of RSLR behaviors over the past decades. They declares
the local land subsidence rate has been approximately 5 mm/year since 2004,
mainly causing RSLR.

To provide accurate and comprehensive measurements of VLM, more
and more studies have used space-borne methods, such as Global Navigation
Satellite System (GNSS) and Interferometric Synthetic Aperture Radar
(InSAR) (Hu et al., 2019; Yin et al., 2019; Yu et al., 2017). Among these
methods, interferomet-ric synthetic aperture radar (InNSAR) technology can
extract small deformation information of the surface, and has the characteristics
of small weather influence, large coverage area, low cost and high measurement
accuracy, which makes up for the shortcomings of traditional deformation
monitoring. It has been applied in many urban land subsidence monitoring.
For example, Yu et al. (2017) applied Differential Synthetic Aperture Radar
Interferometry (DInSAR) approach to analyze the VLM for 2015-2016. And the
highest land subsidence rate of 30 mm/year has been measured. In addition, Yin
et al. (2019) estimated coastal flood hazards evolving SLR and land subsidence
in Lingang New City in Shanghai using the DInSAR technique. The results
show that combing the contribution of land subsidence, RSLR is projected to

be 0.11 m and 0.23 m by 2030 and 2050, respectively. These rises would extend
the flooding area by nearly 6% and 15% by 2030 and 2050, separately, for 100-
year flooding.

Therefore, this study takes Shanghai, China as an example, and uses
InSAR analysis, the most advanced VLM measurement method, to study
the time series of Shanghai VLM, and discusses how VLM, especially land
subsidence, changes and affects RSLR. Then give a new view on the flood
disaster in coastal cities.

2. Materials and methodology

2.1. Study area

Shanghai is a coastal city that has 213 km of coastlines. It is located
between 30°40°~31°53” north latitude and 120°51°~122°12’ east longitude.
Shanghai is bounded by the East China Sea to the east, Jiangsu Province to the
northwest, Zhejiang Province to the southwest, Hangzhou Bay to the south,
and the Yangtze River to the north and Jiangsu Province. In addition to the hilly
landform in the southwest part of the region, most of the region is low and flat,
with an average elevation of about 4m, and the elevation of the urban area is
less than 3m, which is seriously lower than the high water level of the Huangpu
River. Shanghai is a typical subtropical monsoon climate, with relatively
humid climate and distinct four seasons. The average annual temperature is
about 15.8°C, and the average annual rainfall can reach 1191mm. The rainfall
distribution is uneven in different seasons, generally showing the characteristics
of more rainfall in spring and summer, less in autumn and winter, and the
rainfall is mostly concentrated in the flood season from May to September. At
the same time, heavy rainfall and high tide events are easy to occur during flood
season and typhoon, which will cause river basin floods and huge economic
losses (Xian et al., 2018). And the resident population was over 23 million
in 2020 from the 6th National Population Census of China, almost 1.5 times
that of 10 years ago. Urban construction is developing rapidly, including the
reconstruction of old areas, new residential areas, a large number of dense
high-rise and super-high-rise buildings, and the development and utilization of
underground space. The vigorous development of urban construction activities
in Shanghai, especially the rapid development of underground space, has a
serious impact on land subsidence. (Shen and Xu 2011). By the end of 2019,
the construction area of houses with more than eight stories has increased from
9.59x 106 m?in 1990 to 4.96 x 108 m”. In some areas, the settlement of shallow
soft soil caused by urban construction accounts for a considerable proportion
of the total settlement. Geological experts pointed out that in the current
construction boom, engineering construction activities have become the main
cause of land settlement.

Figure 1. Location of the Shanghai city

2.2. Research Method

Figure 2 illustrates the procedural steps involved in conducting InNSAR
analysis to measure local Vertical Land Motion (VLM). Firstly, the selected pairs



The influence of vertical coastal land movement on relative sea level rise: a case study of Shanghai, China 213

of Single Look Complex (SLC) SAR scenes were individually co-registered
using orbit information obtained from a 1-arc sec Shuttle Radar Topography
Mission (SRTM) Digital Elevation Model (DEM), thereby leveraging the phase
difference between the acquisitions (Farr et al., 2007). The Enhanced Spectral
Diversity (ESD) approach was employed to improve the quality of each co-
registration.

Subsequently, a series of interferograms were generated by multiplying
the reference scene with the complex conjugate of the secondary scene, utilizing
the co-registered data. The resulting interferometric phase represented the phase
difference between the two acquisition dates (Gens and Van Genderen, 1996).
During this step, the flat-earth and topographic phases were subtracted based on
the metadata information from orbital records and the 1-sec arc STRM DEM,
respectively.

To reduce inherent speckle noise and enhance interpretability, a multi-
looking operator was applied to each image. Furthermore, a Goldstein Phase
Filter, utilizing Fast Fourier Transformation (FFT), was implemented to mitigate
noise resulting from temporal and geometric decorrelation, volume scattering,
and other processing errors. Consequently, a total of 24 interferograms were
generated for the period spanning 2015 to 2020 up to this stage of the analysis.

To identify high-quality pixels with reduced noise, only those with an
average coherence exceeding 0.2 were considered for subsequent analysis. Each
interferogram’s phase had to be unwrapped to establish a relationship between
the interferometric phase and the corresponding topographic height. Therefore,
the unwrapping process was carried out individually for each interferogram
using a minimum cost-flow algorithm facilitated by SNAPHU. The unwrapped
phase was then converted from radians into absolute displacements. Geocoding
was applied to all datasets to accurately determine the geographic location of
the selected high-quality pixels.

To minimize the influence of orbital errors and atmospheric delays, the
single geocoded displacement products from 2015 to 2020 were stacked in
chronological order. This stacking process facilitated the generation of a time
series depicting the line-of-sight (LOS) deformation. It is important to note that,
for the purposes of this study, the LOS deformation rate obtained through linear
fitting was excluded to focus solely on uncovering the spatial and temporal
evolution patterns of VLM.

2.3. Research Data

2.3.1. Relative sea level rise data

Tide gauge records serve as the primary data source for assessing coastal
relative sea level changes over the past century. These records measure the local
Relative Sea Level (RSL), which refers to the vertical distance between sea
level and the land where tide gauge stations are situated (Restrepo-Angel et al.,
2021). In this study, monthly RSL data from 1969 to 2019 were obtained from
the Lusi tide gauge station, the closest station to Shanghai, through the Permanent
Service for Mean Sea Level (PSMSL, https://www.psmsl.org/data/obtaining/).
The selected period was based on the availability of the longest time series data
from the Lusi tide gauge station. Harmonic analysis was applied to these data
to determine tidal constituents, significant tidal statistics, and their respective
amplitudes and phases. To account for missing data, which constituted 92% of
the dataset, interpolation was performed using harmonic analysis.

To eliminate seasonal variability from the RSL data, the climatological
monthly mean was subtracted from the monthly values. Yearly averaged records
were then calculated based on the monthly data. The least-squares linear fitting
method was employed to estimate the trend of Relative Sea Level Rise (RSLR)
using the RSL datasets spanning the period from 1969 to 2019. By considering
a 50-year timeframe, the RSLR trend was calculated based on the tide gauge
records, aiming to minimize the influence of inter-annual and decadal signals.

2.3.2. Sea Level Rise Data

In recent years, satellite altimetry data have emerged as a valuable tool
for accurately assessing absolute sea level changes in numerous coastal regions
(Nerem et al., 2018; Restrepo-Angel et al., 2021). For this study, monthly
sea level data covering the period from 1993 to 2019 were obtained from the
National Oceanic and Atmospheric Administration (NOAA) Laboratory for
Satellite Altimetry, specifically from the Yellow Sea area, which encompasses

the study region (https://www.star.nesdis.noaa.gov/socd/Isa/Seal.evelRise/).
These data are derived from the records collected by multiple satellite radar
altimeters, including TOPEX/Poseidon (T/P), Jason-1, Jason-2, and Jason-3,
ensuring a comprehensive time series spanning from 1993 to 2019.

To ensure accuracy, the seasonal variability was meticulously eliminated
from the sea level data, and the impacts of Glacial Isostatic Adjustment (GIA)
on the geoid were excluded by the NOAA Laboratory for Satellite Altimetry.
Additionally, the local Sea Level Rise (SLR) trend was determined using the
least-squares linear fitting method, providing a robust assessment of sea level
changes in the study area.

2.3.3. Vertical land motion data

To date, only a limited number of studies have examined Vertical Land
Motion (VLM) using InSAR analysis, with a focus on short time series (less
than 4 years) or specific areas within the Shanghai region (Ye et al., 2016; Yin
et al., 2015, 2019; Zhao et al., 2015, 2019). Consequently, there is a dearth
of knowledge regarding the spatiotemporal variability characteristics of VLM
in the study area. To address this research gap, the present study employed
InSAR analysis, a cutting-edge method for measuring VLM with exceptional
precision, utilizing Sentinel-1A datasets spanning the period from 2015 to 2020.

Table 1. Sentinel-1A data in ascending orbit, frame 97 and path 171

Year Acquisition dates

2015 1 Aug, 29 Nov

2016 12 Jan, 4 Mar, 15 May, 19 Aug, 18 Oct, 17 Dec
2017 3 Feb, 4 Apr, 27 June, 7 Sep, 18 Nov
2018 17 Jan, 18 Mar, 29 May, 9 Aug, 25 Nov
2019 24 Jan, 13 Mar, 24 May, 4 Aug, 15 Oct, 26 Dec
2020 31, Jan

The SAR scenes captured by the Sentinel-1A satellite were obtained
from the Alaska Satellite Facility Distributed Active Archive Center, which
processes Copernicus Sentinel data on behalf of the European Space Agency
(ASF DAAC, https://search.asf.alaska.edu), covering the period from August
2015 to January 2020. Although both ascending and descending orbits were
available for Sentinel-1A, this study focused exclusively on 25 scenes from
the ascending orbit track. This selection was made because the ascending orbit
track provided a longer time series dataset for the study area, as demonstrated
by Potin et al., 2016 (Table 1). The generation of interferograms and subsequent
phase unwrapping were performed using the Sentinel Application Platform
(SNAP) software and the Statistical-Cost Network-Flow Algorithm for Phase
Unwrapping (SNAPHU) algorithm, respectively (Chen & Zebker, 2001, 2002).

Figure 2. Flow diagram of InSAR analysis
(modified from Gomez et al., 2021; Li et al., 2018)
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3. Results

3.1 Sea level rise and Relative sea level rise

Monthly sea level change data were collected from multiple satellite
radar altimeters from 1993-2019, which indicates an increasing trend of about
2.4440.28 mm/year for the offshore area of Shanghai (Fig. 3). The absolute sea
level rise is mainly caused by natural factors such as melting of glaciers and ice
sheets and thermal expansion of temperature.

Figure 3. Time series of sea level rise from 1993 to 2019. Sea level rise plot
generated by Matlab 2021a (https:/www.mathworks.com/products/matlab.html)

Relative sea level change is a general term for the rise (or fall) of sea level
relative to the land surface (or underlying primordial sedimentary surface).
This movement can be the rise and fall of the sea level itself, the rise and
fall of the land surface or the underlying sediment surface, or both occur at
different magnitudes. Hence, relative sea level rise (RSLR) is the result of the
joint action of natural and human factors (Fig. 4), the main factors are climate,
ocean, geological environment, resource exploitation, man-made engineering
construction, etc., which induces a series of resource, environmental, economic
and social problems and risks, endangering the urbanization construction and
economic and social development of coastal areas. However, monthly relative
sea level data were obtained from the Lusi tide gauge station from 1969 to 2019,
and the results show 5.67+0.58 mm/year trend for RSLR (Fig. 5). The trend
value of RSLR in Shanghai is twice faster than SLR. This means that SLR,
induced by the melting of glaciers and ice sheets as climate change, represents
less than half of the contribution for RSLR. Hence, what can be concluded from
this result is that significant differences between RSLR and SLR are most likely
owing to the impact of local Vertical land motion (VLM) on the RLSR (Abidin
etal., 2011; Eggleston & Pope, 2013; Ingebritsen and Galloway, 2014).

150
N=1288
Trend = 2.44 £ 0.28

100

50

Change in Sea Level (mm)

Sea level rise
Fitted line

-100
1995 2000 2005 2010 2015 2020
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Figure 4. Diagram of relative sea level rise and its effects
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Figure 5. (a)Time series of relative sea level rise from 1969-2019. Blue dashed
line, and solid line separately refers to the monthly and yearly relative sea level
change. (b) Linear fit of relative sea level rise trends for 1969-2019. Relative sea
level rise plots generated by Matlab, 202 1a (https://www.mathworks.com/products/
matlab.html)

3.2 Vertical land motion

This study applied the InNSAR analysis technique to measure the VLM
from 2015-2020 based on the Sentinel-1A ascending orbit track datasets.
The deformation map was generated and shown in Figure 5. The scale of
displacements corresponds to LOS in units of the centimeter.

Figure 6. The map of VLM from 2015-2020 using the InSAR analysis technique
on Sentinel-1A data sets.

In the study area, the InSAR analysis results reveal a wide range between
-3 cm and -0.19 cm of VLM in Shanghai (Fig. 5). The largest VLM during
the 2015-2020 period is up to -3 cm in the northeastern area of Shanghai.
In contrast, in south Shanghai, the land displacements show slight uplift or
subsidence (Fig. 5a). It is worth highlighting that the values of the VLM in the
study area unevenly distribute on the spatial change pattern, The VLM in the
western area of the Huangpu River shows severe subsidence between 2.5 cm
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and 3 cm. On the east part of the Huangpu River, land subsidence decreases to
less than 2.5 cm, and a slight uplift or sink can be observed in the southwestern
coastline. and land subsidence increases in the northern direction. The time
series of LOS displacements for selected three locations show high nonlinear
evolution characteristics (Fig. 5b). These displacements of sites exhibit apparent
fluctuations during the 2015-2018 period and have become stable since 2018.

4. Discussion

4.1 The contribution of two components to relative sea level rise

Since VLM and SLR are the main components of RSLR, understanding
the quantitative contribution of these two parts is essential to projecting the
RSLR scenarios and potential coastal flood risks in the future. However, even
though existing studies in Shanghai highlighted the significance of RSLR,
the quantitative assessment of contribution from RSLR and SLR has not
been conducted (Wang et al., 1995; Chen, 1991; Yan et al., 2016). This study
calculated the long-term trends of RSLR and SLR through tide gauge records
and satellite altimetry observations, respectively. The rate of RSLR in Shanghai
is 5.67+0.58 mm/year from 1969 to 2019, which is over twice faster than the
SLR rate of 2.44+0.28 mm/year during 1993-2019. This means that SLR,
induced by the melting of glaciers and ice sheets as climate change, represents
less than half of the contribution for RSLR, and in contrast, VLM is the main
driver of RSLR. Unfortunately, previous studies mostly underestimated or even
overlooked the impact of VLM on risks of RSLR and subsequential coastal
flooding (Lv et al., 2021; Wang et al., 2018; Yin et al., 2021). We believe our
results fill a gap in the quantitative analysis of SLR and VLM contributions,
which reveal the evidence that RSLR is much more affected by VLM than SLR.
Therefore, if VLM can be controlled or stopped through local measures, RSLR
will be reduced, mitigating the harm of coastal flooding.

4.2 Evolution characteristics of vertical land motion

In Shanghai, the main pattern of VLM over the 2015-2020 period
shows subsidence in most areas. Still, only a tiny space showed slight uplift in
the southwest, most likely due to the impacts of GIA and artificial recharge to
ground acquire (Peltier et al., 2015; Zhang et al., 2015). For the VLM time series
of 6 years, natural-induced deformation (e.g., GIA, sediment compaction, and
tectonics) is assumed negligible because the ground change by natural processes
can only be measured in the long-term period in the Holocene era (Shirzaei
and Biirgmann, 2018; Xue et al., 2005). Additionally, there are no localized
characteristics with the rapid and sudden settlement rate due to the contemporary
depletion of aquifers and reservoirs, and earthquakes. Thus, this study indicates
anthropogenic activities as the main factor for local VLM from 2015-2020.

The map of VLM reveals the uneven distribution in the study area (Fig.
6). The wide range of displacements is approximately between —4 cm and 1.7
cm. Almost certainly, this pattern is induced by the impacts of groundwater
overdraft and additional load from building construction (Chai et al., 2004; Xu
et al., 2016). The VLM settlement in the west of the Huangpu River is higher
than that in the east of the Huangpu River. This uneven distribution of VLM
values relates to the uneven distribution of residents and human activities and
urbanization. Specifically, the west side of the Huangpu River, called the Puxi
Area, has developed over hundreds of years, and citizens and infrastructures
are intensely concentrated there. In contrast, to meet the increasing demand for
land and natural resources by rapid urbanization, Pudong New Area, located in
the eastern Huangpu River, has only seen rapid development in a few decades.
Thus, human activities in Pudong New Area are less than those in Puxi Area,
and the VLM in the former was relatively lighter than the latter. The Lingang
New Area, located in the southeastern part of Shanghai along the coastline,
has been planned for development in recent years. As the newest developing
area, Lingang New Area is experiencing the slightest subsidence compared
with other parts.

The time series of displacements for selected three locations show
high nonlinear evolution characteristics (Fig. 7). These displacements exhibit
apparent fluctuations during the 2015-2018 period and become likely stable
since 2018, probably thanks to the local government introducing a series of
policies for groundwater extraction controlling and construction standards
(Wangetal., 2012; Xu et al., 2012; Ye et al., 2016). However, in recent memory
of studies in Shanghai, the rates of VLM were assumed linear and would

continue to the future scenarios by 2050 and 2100 (Wang et al., 2018; Yin et
al., 2013, 2020, 2021). This kind of assumption based on no significant change
in groundwater exploitation overlooked the temporal evolution pattern due
to land subsidence controlling measures in VLM, leading to VLM scenarios
would be overrated or underrated. Indeed, a range of evidence reveals that the
proper strategies for groundwater extraction and building construction can
positively control and even stop local land subsidence. For example, in Japan,
land subsidence became a significant problem during the 20th century due to
excessive groundwater withdrawal. To combat this issue, a series of controlling
measures were implemented, including groundwater pumping control, surface
water development, and groundwater recharge to manage the water resources
more effectively and prevent excessive extraction of groundwater (Cao et al.,
2021; Esteban et al., 2020). As a result, the subsidence condition in Japan has
been almost halted. Similarly, the Netherlands and the United States have also
dealt with land subsidence and implemented measures to mitigate its effects
successfully. (Holzer and Johnson, 1985; Koster et al., 2018).

Figure 7. Time series of LOS displacements (cm) at selected control points for the
2015-2020 period.

Previous studies applying linear extrapolation method to estimate land
subsidence scenarios likely overestimated the future VLM conditions. As the
major contribution to RSLR and coastal flood hazards, land subsidence rate
could be retarded and even totally stopped as long as implementing effective
controlling strategies by local decision-making, which would further decrease
the potential threat from RSLR and coastal flooding. This result might provide
some reference basic information for policy planning and relieve the public
anxious emotion about future unpredictable risks. Furthermore, it would provide
a new perspective of planning countermeasures to future coastal hazards from
costly engineering constructions to applying practical effective groundwater
management and water resources arrangement, which would reduce the local
economic pressure and benefit city development.

4.3 Risk and its management

The composite flood disaster is a typical multi-disaster event caused by
typhoon, storm surge, astronomical tide, heavy rainfall, sea level rise and land
subsidence. Under the background of climate change and rapid urbanization in
the past few decades, flood disasters caused by typhoon storm surge, extreme
rainfall and relative sea level rise have become the most common and most
serious natural disasters in coastal cities (Adelekan, 2010; Fang et al., 2017;
Du et al., 2019). Coastal cities are extremely sensitive to sea level rise, and sea
level rise and changes in coastal water depth will increase the risk of coastal
flooding, while land subsidence caused by rapid urbanization will cause relative
sea level rise, resulting in the “amplification effect” of flood disaster (Wang et
al., 2018). As one of the global financial centers and the largest city in China,
Shanghai is also one of the megacities with the highest risk of coastal flooding
in the world (Balica et al., 2012; Ridder et al., 2020). Under the complex
background of global warming and sea level rise, Shanghai faces severe flood
risk prevention pressure, and its flood disasters are mainly urban waterlogging
caused by extreme rainfall and coastal flooding caused by extreme typhoon
storm surge (Yang et al., 2021). Human activities, land subsidence, sea level
rise and extreme climate events will further increase the risk of composite flood
disaster in Shanghai. Located in the delta front of the Yangtze River estuary,
Shanghai is low-lying and extremely sensitive to sea level rise (Fig. 8). Due
to the combined influence of typhoons, storm surges, heavy rainfall and river
floods, disasters in this region have the characteristics of “wind, storm, tide
and flood”, which easily lead to the “amplification effect” caused by disaster
confluence and disaster superposition (Muis et al., 2016).



216 Beining Wen, Miao Yu, Chong Liu, Yan Jiao, Qihang Kai

Figure 8. Conceptual model of compound flood disaster event in coastal cities

The problem of land subsidence in Shanghai began in 1921. After the
formation of modern industrial zone, unreasonable groundwater exploitation
caused land subsidence in the downtown area of Shanghai. Since 1956,
Shanghai has taken a series of measures to deal with land subsidence. Since the
mid-1960s, Shanghai has developed an annual water harvesting and irrigation
program. Especially since the 1970s, the central urban area of Shanghai has
basically realized effective control over the ground. In the 1990s, as Shanghai
began to implement market economic reform, it ushered in a new round of
development opportunities. With the influx of a large number of people into
Shanghai and the large-scale urban construction, the demand for urban water
resources and engineering geological activities are increasing day by day, and
the ground in Shanghai has obvious vertical movement phenomenon compared
with the earlier period. In 2013, Shanghai was hit by Typhoon Fitow, which
caused a record water level in the upper reaches of the Huangpu River under
the combination of storm surge floods, which caused a great impact on the flood
control and drainage infrastructure.

In general, the interaction of sea level rise, land subsidence, typhoon
storm surge, extreme rainfall and other disaster-causing factors leads to frequent
flooding disasters in coastal cities, resulting in great social and economic losses.
In order to cope with the extreme typhoon storm surge event in Shanghai, it can
be chosen to add the tide gate of Huangpu River, and raise the flood control
wall behind the gate 2 m to prevent river flooding. For extreme rainfall events,
overall drainage improvements, the use of deep underground tunnels, the
addition of permeable pavements and green roofs, and a combination of these
measures can be taken. The biggest feature of gray engineering measures is
high flood control efficiency and large capacity, but the disadvantage is that it is
not friendly to the environment, and blue and green non-engineering measures
can make up for this deficiency. According to the actual situation of Shanghai,
the strategy to deal with the combined flood disaster still needs to focus on gray
engineering measures, and constantly strengthen the attention and investment
of blue and green non-engineering measures.

4.4 Uncertainty and limitation

To minimize the inter-annual impact and measuring error, this study
employed long-term RSLR and SLR data. Even so, there are still uncertainties
about RSLR and SLR due to local climate variability, record length, and record
failures. Additionally, the tide gauge station used in estimating the RSLR trend
is not located in the Shanghai leading to uncertainties of consequences.

There are certain limitations in terms of VLM measurement, because
the SAR datasets were only obtained from Sentinel-1A ascending orbit
track. Therefore, to provide more comprehensive and higher accurate long-
term measurements of VLM, multi-temporal and multi-platform (including
ascending and descending orbits) SAR datasets should be applied in the
following studies.

5. Conclusion

This study demonstrates the quantitative contributions of SLR and
VLM to RSLR in Shanghai through long-term data analysis. Furthermore, it
investigates the spatiotemporal evolution characteristics of local VLM applying
state—of—the—art InSAR analysis technique. Based on the results of this study,
two conclusions can be drawn.

1. The RSLR of 5.67+0.58 mm/year over the 1969-2019 period is approx-
imately over twice than SLR trend of 2.44+0.28 mm/year during the
1993-2019 period, which shows that the VLM in Shanghai, particularly
land subsidence, is likely to be the main driver for accelerating RSLR and
exacerbating related coastal risks

2. Spatial and temporal change patterns of VLM are highly uneven and non-
linear. As a result, linear assumptions of the VLM trend, especially land
subsidence, used in previous studies would overestimate the future RSLR
scenarios and the loss of future coastal hazards. Therefore, it is clear that
local government should propose VLM controlling policies because the
longer this problem continues, the more expensive any future adaptation
strategies will be.

3. Although we have verified the experimental results with the previous
results of other researchers, it is necessary to carry out field operations
to obtain the actual data of surface deformation. Combining traditional
methods with InSAR technology will obtain more accurate and reliable
experimental results. In addition, accurately determining the vertical land
movement of coastal cities and improving our robust prediction of coastal
vulnerability to sea level rise can build a more comprehensive geological
disaster prevention and control system for coastal cities, which will be the
entry point for subsequent research.
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