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Impact of sea—level rise and human activities in coastal regions:
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Abstract: Coastal regions are becoming increasingly vulnerable to flooding because of accelerating Sea-Level Rise (SLR), lo-
cal ground subsidence, and changes in topography and morphology. Moreover, coastal areas are usually highly urbanized and in-
creased human activities have an effect on the stability and preservation of the environment. For instance, the growing demand
of new lands to accommodate the population and the industrial facilities in China has required the design and the deployment of
land-reclamation projects from the ocean, with a marked impact on fragile coastal eco-systems. Specifically, the Yangtze River
and Pearl River Estuary, two major estuaries of the world, have long been subject to intensive human activities over the past de-
cades. Long-term ground subsidence evolution, topographic changes, and morphological variation of the coastal regions have
drawn great attention. This paper provides an overview of well-established Earth Observation (EO) Remote Sensing (RS) tech-
nologies that are employed to continuously monitor the changes of urbanized regions. The combined use of EO-based DInSAR
analyses along with the knowledge of the geomorphology of the coastal regions allows a more precise picture of the SLR risk in
the investigated coastal regions. In this paper, we will concentrate on remote sensing technologies that allow the gathering of het-
erogeneous information, such as those based on the use of Synthetic Aperture Radar (SAR), satellite altimeters and tide gauge
data. We will underline how human activities trigger changes in the living environment of coastal zones and the associated risks
for the population. Observed coastline changes, coastal regions terrain subsidence, and offshore bathymetry have a pronounced
effect on the increasing risk of flooding. Accordingly, we also present insights into some inundation model projections employed
for evaluating the potential flooding risk in coastal regions.
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1 INTRODUCTION of rising sea-levels (Nicholls and Cazenave, 2010; Woodruff et al.,
2013). For instance, the projected SLR (Sea-Level Rise) of the

Global sea-level is rising, accompanied by increasing concerns Yangtze River Estuary could be up to 4 cm by 2030 (Cheng et al.,
about the growing urbanization of the world's low-lying deltaic 2018). Furthermore, the local relative SLR can be significantly af-
coastal regions and related costal hazards inherent under scenarios fected by vertical ground motions, either due to natural processes
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(e.g., global isostatic adjustment (Stockamp et al., 2016), tectonics
(Bentley et al., 2016; Higgins, 2016; Simms et al., 2016), sediment
consolidation and compaction (Ingbritsen et al., 2000), upstream
sediment load reduction (Yang et al., 2011)) or to human activities
(e.g., groundwater extraction (Chen et al., 2016), land reclamation
(Zhao et al., 2015; Xu et al., 2016; Pepe et al., 2016; Tian et al.,
2016), sand mining (Zhang et al., 2010), deep waterway regulation
(Cheng et al., 2018), and building constructions and consolidation
(Wang et al., 2012; Chen et al., 2012)). The magnitude of deforma-
tion phenomena can be of the same order (or greater) than that due
to climate-induced SLR. However, coastal ground motions are, in
practice, often poorly known, and in many cases, little information
is available about the patterns and time evolution of ground mo-
tion. It is therefore worthwhile to monitor coastal regions through
advanced EO (Earth Observation) systems capable of detecting the
ongoing surface deformation phenomena, recovering their spatial
extent and following their temporal variability.

The changes in coastal topography and morphology can also in-
fluence other important factors that affect flooding hazards. Water
level changes related to SLR can induce changes in the coastal re-
sponse of astronomically-forced ocean tides (Devlin et al., 2017a;
2017b), typically via such mechanisms as changes in friction or
changes in resonance of individual tidal components that may ad-
just the overall local behavior of tides at a regional scale, and thus,
may change the inundation patterns of flood-prone regions. Both
the YRE (Yangtze River Estuary) and PRE (Pear]l River Estuary)
have experienced variations in topography due to changes in natu-
ral forcing and intensive human activities, such as sediment deposi-
tion (Dai and Lu, 2014), erosion (Wei et al., 2015), sand excava-
tion, dam construction (Yang et al., 2011; Dai et al., 2014) and land
reclamation (Yang et al., 2011; Duan et al., 2016; Tian et al., 2016;
Wu et al., 2016). In the past decades, human activities have also
greatly impacted coastal environments by drastically modifying the
coastal topography of the two estuary areas (Duan et al., 2016;
Tian et al., 2016; Zhu et al., 2016). Furthermore, they have experi-
enced dramatic changes in morphology (Zhang et al., 2015a; Wu et
al., 2018; Wu et al., 2016; Zhu et al., 2016). Previous studies have
shown that morphological changes of the PRE that have occurred
in the past decades were mainly caused by human activities, such
as land reclamation, sand excavation, and constructions of new in-
frastructure (e.g., the construction of the Hong Kong-Zhuhai-Ma-
cao Bridge) (Zhang et al., 2015b; Wu et al., 2018). Similarly, the
YRE has also experienced long-term morphological variations
(Mei et al., 2018; Wei et al., 2016; Zhu et al., 2016). The primary
causes are intensified human intervention, including land reclama-
tion, channel dredging (The Yangtze Estuarine Deeping Waterway
project and the Qingcaosha Reservoir project) (Jiang et al., 2012;
Pan and Ge, 2011), and upstream damming (over 50,000 dams con-
structed along the Yangtze River, including the massive Three
Gorges Dam) (Yang et al., 2011, 2003). Human interference is pre-
dominantly controlling the morphological evolution of the Yangtze
Estuary, and is expected to further complicate the morphology of
the estuary (Luan et al., 2016).

To evaluate the combined risk of SLR, ground subsidence, and
the changes in coastal topography and morphology of the investi-
gated coastal regions, the availability of high-resolution DEM
(Digital Elevation Models) of monitored coastal areas is mandato-
ry. Added-value EO data-products, such as updated DEMs of coast-
al areas subject to SLR, and the time-series of terrain displacement
and mean displacement velocity maps can be obtained by exploit-
ing archives of SAR (Synthetic Aperture Radar) data with different
spatial resolutions spanning a long time interval. The potential of
the latest DInSAR methodologies (Massonet and Feigl, 1998, Fer-
retti and Prati, 2001, Hooper et al., 2001, Berardino et al., 2002,

Mora et al., 2003) coupled to the capabilities of the newest SAR
sensors (Covello et al., 2010; Torres et al. 2012) have enhanced
spatial resolutions and revisit times of EO-based analyses, making
it possible to investigate the displacement of Earth's surface with
an accuracy of some millimeters in the LOS (Line-Of-Sight) direc-
tion, even in partially decorrelated areas. The improvements in us-
ing new SAR sensors are twofold. On one hand, the onboard place-
ment of position tracking systems allows having detailed informa-
tion on the satellite orbits, which is fundamental to retrieve the ac-
curate phase displacement component relative to the investigated
scenes. On the other hand, with advanced interferometric SAR
techniques it is now possible to cover wide zones by processing
huge loads of SAR data and to track the changes (i.e., displace-
ment) of the scatterers that are present in the investigated areas,
with a noticeable improvement in terms of precision and computa-
tion load.

The paper is organized as follows. Section 2 discusses the study
areas and the problems that affect them. Section 3 discusses SLR
and changing tides within the selected zones. In Section 4 and their
subsections, we focus on the study of the Shanghai coastline chang-
es, due to the natural events as well as to artificial intervention,
with the help of advanced interferometric SAR techniques. We also
give some insights on the role of interferometric SAR with regards
to the study of human activities and their impact on the environ-
ment. Sections 5 and 6 address the offshore underwater topography
and coastal flood modelling, respectively, both critical attention
points to keep in consideration for future environmental evolution-
ary studies. Finally, Section 7 addresses possible ways to link the
different proposed observation techniques and proposes a discus-
sion and conclusion on the investigated scientific issues.

2 STUDY AREAS

The Yangtze River and Pearl River Estuaries are two of the larg-
est eight river deltas of the world, covering an area of more than
5000 km®. A rich supply of fine-grained suspended sediment is pro-
vided by the Yangtze River, which has contributed to the develop-
ment of extensive tidal flats along the deltaic coast. The flats propa-
gate outward, causing strong variations in erosion and deposition
over a period of several years (Yang et al.,, 2003). The large
amount of sediment supply and the high total discharge rate of the
Yangtze River have also made it possible for the deltaic coast to re-
claim land from the ocean. Hence, continuously reclaimed costal
intertidal and wetland areas have allowed the development of new
cities, ports, resorts, and industrial zones (Wang et al., 2014). In
turn, rapid industrial development has caused widespread ground
subsidence in the delta area, not only in the mega city of Shanghai,
but also in many neighboring mid-sized cities, small cities, and
towns.

The Yangtze River Estuary in China, is affected by SLR and by
natural/anthropogenic deformation phenomena, making it clear the
need of extended analyses for a better understanding of the mecha-
nisms responsible for the observed surface modifications, and for
the planning of actions devoted to risk prevention for populations
living in coastal areas.

The Pearl River delta is the third largest in China, including the
low-lying areas surrounding the Pearl River Estuary. Most of the
delta plain is situated below local high-tide and storm surge levels
(Wu et al., 2018). In recent decades, extensive land reclamation of
muddy tidal flats has been increasingly carried out to combat fast
urbanization and the expansion of agriculture, aquaculture, and in-
dustrial development (Wu et al., 2016). The delta region is exposed
to natural disasters such as ground subsidence caused by soft soil
compaction, Karst geomorphology, regional tectonics, and ty-
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phoon-driven storm surges (Xu et al., 2016; Chen et al., 2012;
Zhao et al., 2009; Wang et al., 2012; Wang et al., 2016; Chan et al.,
2013).

3 SLRAND CHANGING TIDES

MSL (Mean sea-level) rise is a globally-observed phenomenon,
with an average rise of +1.7 = 0.2 mm yr" as calculated by histori-
cal tide gauges over 1900—2009 (Church and White, 2006; 2011),
and +3.4+0.4 mm yr' for 1993-2016 as estimated from satellite al-
timetry (http://sealevel.colorado.edu/; Nerem et al., 2010). Howev-
er, this rate is not spatially constant (Merrifield, 2009); for exam-
ple, in the Western Pacific rates can be greater than +10 mm yr'
(Merrifield, 2011). These rates are also not consistent over time
and may accelerate in coming decades due to increased ocean
warming (Domingues, et al., 2008), ice sheet loss, and anthropo-
genic activities (Slangen et al., 2016). The El Nifio/Southern Oscil-
lation (ENSO) is another contributing factor to sea surface anoma-
lies in the Pacific (Kohl et al., 2007). Short-term MSL anomalies
associated with ENSO are often much larger than long-term trends
in MSL rates and major events (e.g., 1997—1998; 2015—2016)
may yield widespread MSL fluctuations of 200 mm or more, espe-
cially in the Western Pacific.

MSL may influence or be correlated with tidal evolution in a
variety of ways. Worldwide and regional studies of the Pacific
(Jay, 2009), the North Atlantic (Ray, 2006, 2009; Ray and Foster,
2016) and China (Feng et al., 2015), among others, have revealed
long-term changes in major ocean tide components. Such secular
changes in tides may amplify the changes already brought by ris-
ing sea levels. In some locations, the tidal range may amplify dur-
ing positive sea-level fluctuations, adding to the changes in total
water levels, and increasing the probability of short-term flooding
events such as nuisance flooding (a. k. a; "sunny-day flooding")
where local flood levels can be exceeded even without storm activi-
ty (Moftakhari et al., 2015, 2017). In other locations, long-term
changes to tidal range far outpace sea-level rise (e.g., Familkhalili
and Talke, 2016), and help drive flood risk. Moreover, since storm
surge is a long wave, factors affecting tides can also alter storm
surge (Arns et al., 2017). Eventually, local water levels may breach
existing flood defenses, as "tipping points" of coastal inundation
are exceeded (Sweet and Park, 2014). If tidal evolution related to
MSL variability exists at a location, then flood risk will not just be
a superposition of present day tides and surge onto a higher base-
line sea-level, as such predictions would be insufficient at locations
with a high tidal sensitivity to water levels.

An additional form of MSL-related tidal variability has been
observed, in that short-term fluctuations in MSL are often correlat-
ed to fluctuations in tidal amplitudes, denoted tidal anomaly corre-
lations, or TACs. Amore useful metric is the combination of major
tidal amplitudes as a proxy for the change in the full tidal range or
highest astronomical tide, denoted 6-HATs. These forms of short-
term water level variability have been documented in the Pacific
Ocean (Devlin et al., 2017a, 2017b) as well as in the Atlantic (Dev-
lin et al., 2019a), with results showing that significant TACs were
observed in at least one tidal component at ~90% of all locations
surveyed, with about half of all stations exhibiling a significant &
-HAT. Long-term trends can give a good indication of where base-
line waters levels may advance but are less instructive in under-
standing the short-term patterns of flood events; the TACs and &
-HATs can give more insight into where tides have a higher sensi-
tivity to water level fluctuations at multiple time scales and thus a
better indication of the probability of tide-related nuisance flood-
ing.

Historical tide records show that the sea level in coastal regions

of China has increased 90 mm over the past 30 years (www. coi.
gov.cn). The Yangtze River Delta and Pearl River Delta regions are
vulnerable to SLR as low-lying coastal plains. Sea level rise faster
in these regions largely due to the local subsidence (Ren, 1993).
By using tide gauge measurements and satellite altimetry data to re-
construct the sea level change, He et al. (2014) found a relative sea
level increase of 4.1 mm/yr in the Pearl River Delta from 1959 to
2011. In the Yangtze River Delta, the sea level rose at a rate of
2.6—3.0 mm/y from 1980 to 2011 with a significant spatial varia-
tion (Kuang et al., 2017).

Hong Kong and the PRD (Pearl River Delta) region contains
many densely-populated urban metropolises with extensive coastal
infrastructure, and substantial recent land reclamation projects.
These coastal morphology changes along with sea-level rise may
change the response of the local tides to the regional tidal variabili-
ty and may contribute to total sea level TSL changes and nuisance
flooding. Water levels in Hong Kong exhibit many variable fea-
tures. The QB (Quarry Bay) tide gauge record in Victoria Harbor
(1954-present) has an anomalous pattern of sea level rise. It has in-
creased by +2.6 £ 0.5 mm yr' over the full record, but there are sig-
nificant historical variations in this trend. From 1954 to 1987, the
trend was negative, at =2 = 0.5 mm yr’', yet from 1987 to 1999 it
was strongly positive at +22.1 £ 2.3 mm yr'. From 1999 to 2007,
MSL decreased at —13.1 = 3.2 mm yr”', and since 2007, the rate has
turned positive, at +7.4 £ 3.2 mm yr'. The Tai Po Kau (TPK)
gauge in the semi-enclosed Tolo Harbor shows an overall MSL
trend of +2.7 £ 0.5 mm yr' from 1963—2010, with similar tempo-
rally variable MSL rates. On a regional scale, satellite altimetry ob-
servations from 1993—2010 averaged over the South China Sea re-
veal an MSL trend of + 5.4 £1.0 mm yr', with some significant
temporal and spatial variation from this trend (Li and Mok, 2012).

A recent regional study of Hong Kong showed that large TACs
and 6-HATs are observed at a set of closely located tide gauges,
though there can be considerable differences in tidal behavior even
at closely located gauges, and certain locations are more sensitive
to water-level-induced changes in tides, such as Victoria Harbor
and Tai Po Kau (Devlin et al., 2019b). The TACs, 6 -HATs, and
some anomalous events in tidal amplitudes seen at the Quarry Bay
and Tai Po Kau gauges show an amplified tidal response to MSL
fluctuations in these harbor regions as opposed to more open-water
locations, where individual TAC were sometimes significant, but
not as much for the 3-HATs. The reason for the observed behavior
may be due to changing friction or resonance induced by coastal
engineering projects that are only significant at highly local (i.e.,
individual harbor) scales. Alternatively, the observed behavior
could be related to regional SCS changes due to climate change
(such as increased upper-ocean warming and/or regional stratifica-
tion and internal tide generation) may also be a factor. It is difficult
to separate the local engineering changes from regional climatic
changes without closer investigations. However, even without ex-
act knowledge of the relevant mechanisms, these anomalies do sug-
gest that a pronounced change in tidal properties occurred around
the year 2000 in Hong Kong, with the effect being most pro-
nounced at gauges in semi-enclosed harbors. Overall, the tidal vari-
ability in Hong Kong may have significant impacts on the future of
extreme sea level in the region, especially if the strong positive re-
inforcements hold or increase in coming decades. Short-term inun-
dation events, such as nuisance flooding, may be amplified under
scenarios of higher sea-levels that lead to corresponding changes in
the tides, which may amplify small changes in water levels and/or
reductions in friction due to harbor improvements. The &-HATs
and TACs illustrate that tidal variability can be positively rein-
forced at some locations, which may further agitate coastal flood-
ing under MSL future rise. Since tides and storm surge are both
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long-wave processes, the locations of strong tidal response may al-
so experience an exaggerated storm surge in the near future. Simi-
lar issues are likely to be important in the Shanghai region, which
is also very vulnerable to water-level related changes in the long-
term as well as the short term. Unfortunately, there are not any re-
cent hourly water level observational records from tide gauges pub-
licly available along this part of the coast of China, so it is not yet
possible to form as accurate of a picture of TAC-related variability
in Shanghai as was possible in Hong Kong.

4 COASTAL AREAS CHANGES AND HUMAN
ACTIVITIES

This section addresses the major changes of the investigated
coastal regions, partially triggered by human intervention. We will
show how the need for new lands have drastically changed the
shape of the coastlines and have induced terrain subsidence of the
new lands. Interferometric SAR techniques are used to detect the
changes of the local topography and the ground subsidence signals.

4.1 STUDY OF THE COASTLINE CHANGES

The increasing demand of lands for industrial, residential, and
public facility areas in highly populated coastal regions is fulfilled
by the means of complex land reclamation engineering procedures.
As a consequence, the coastline changes with time. Change detec-
tion of the actual coastline's orientation, position and shape (Lee,
1990) can provide basic information on the relationships between
SLR, tidal currents and wave energy, land subsidence and human
interventions. As pointed out in Wang et al. (2018), the contribu-
tion of SLR to coastal erosion is 3%~14% in the Yangtze River Del-
ta, which has gradually increased under increased future sea-level
rise. Thus, mapping coastline changes is fundamental to coastal
management and land-use reasons, autonomous navigation, study-
ing coastal erosion, planning of developing protection infrastruc-
tures, and assessing the increased risk of inundation at the coast
(Ding and Li, 2011).

Coastline extraction is related to boundary detection and image
segmentation in image processing and machine vision (Lee, 1990;
Boak and Tunner, 2005). It has traditionally been performed by
ground surveys, and more recently by using GPS data. For many
decades, coastline modifications have been manually delineated by
expert photo-interpreters by visual inspection of aerial photo-
graphs. However, these operations were costly and time-consum-
ing. A step forward was represented by the advent of satellite (opti-
cal) remote sensing techniques, which have been demonstrated to
have many advantages in monitoring surface-water boundaries and
their extent (van der Werff, 2019; Pardo-Pascual et al., 2018). They
provide repeat coverage at a relatively high spatial resolution and
are usually less costly and time-consuming, especially for the sur-
vey of large geographic areas. However, despite these advantages,
optical satellite remote sensing also has some limitations. When us-
ing optical data, coastline detection is strongly affected by cloud
coverage, solar illumination, and meteorological conditions. At
variance with optical data, microwave remote sensing data are not
affected by clouds but the presence of the speckle effect (Lee,
1990), which is generated by the coherent signal-scattering within
SAR resolution elements and complicates the detection problem. It
has been shown in (Lee, 1981) that the speckle distribution is quite
accurately described by a multiplicative noise model and different
approaches that require an initial speckle reduction step have been
presented in the literature (Lee, 1990, Fugura et al., 2011). The ma-
jority of these methods rely on the detection of coastline changes
by inspecting the maps of the backscattered sigma naught signals,

obtained after the calibration of the amplitude SAR images (Free-
man, 1992). Other approaches use the information on the coher-
ence between couples of complex-valued SAR images, that has
been proven to be a significant discriminant between land and sea
(Dellepiane, 2004). Very recently, an innovative approach, which is
able to work with more than one image at full spatial resolution
has been proposed in (Baselice and Ferraioli, 2013). The method is
developed in Bayesian stochastic estimation and MRF (Markov
Random Field) frameworks, and is based on the estimation of the
spatial correlation among neighboring pixels.

Coastline detection is closely linked to the investigation of the
subsidence deformation of the coastal regions, and in particular of
the ocean-reclaimed platforms. In particular, some investigations
have already been carried out over Nanhui New city, Shanghai,
China for the extraction of the coastline (Ding and Li, 2014) and
for studying the deformation of the ocean-reclaimed lands (Pepe et
al., 2016). Nanhui has been historically experiencing variations in
landscape due to changes in natural forcing and intensive human
activities, such as sediment deposition, erosion, sand excavation,
dam construction, and land reclamation (Yang et al., 2011). Fig. 1
shows the extracted shorelines of Nanhui New City of Shanghai
obtained from Sentinel-1A SAR images
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Fig.1 Mapping of the extracted shorelines of Nanhui New
City of Shanghai from 2015 to 2018 as obtained from
Sentinel-1A SAR images.

4.2 ANTHROPOGENIC GEOMORPHOLOGIC CHAN-
GES

There are a number of global DEM (Digital Elevation Models)
freely available to the public. The SRTM (Shuttle Radar Topogra-
phy Mission) DEM was deployed in 2000 by spaceborne SAR
(Synthetic Aperture Radar). Although SRTM DEM is of relatively
stable accuracy and is commonly used (Jarvis et al., 2008; Yang et
al., 2011), it is relatively old for updated inundation mapping, espe-
cially for the estuary areas with time-varying topography. Compar-
atively, The ASTER (Advanced Spaceborne Thermal Emission and
Reflection Radiometer) Global Digital Elevation Model (GDEM)
is another open DEM data source. Version 2 of ASTER GDEM
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contains new datasets from 2000 to 2010, making it relatively new.
However, the accuracy of ASTER GDEM has attracted controver-
sy due to the anomalies and noises caused by optical imaging limi-
tations (Tachikawa et al., 2011a, b; Mukherjee et al., 2013). The
other open source DEMs are the Global 30-Arc-Second Elevation
Data Set (GTOPO30) and the Global Multi-resolution Terrain Ele-
vation Data 2010 (GMTED2010). GTOPO30 was developed by U.
S. Geological Survey (USGS) in 1996 at a horizontal resolution of

lkm for the entire global land surface (Gesch, 1999). GMT-
ED2010 is an enhanced global elevation model developed by
USGS and the NGA (National Geospatial-Intelligence Agency) to
replace GTOPO30 (Danielson and Gesch, 2010). Comparing with
GTOPO30, GMTED2010 provides a new level of level of detail in
global elevation data. These products are suitable for continental
and global-scale applications.

Table 1 Open access DEM data sources

ASTER GDEM

SRTM DEM

TOPO30 GMTED2010

Instruments
Emission and Reflection Radiome-
ter (ASTER) onboard NASA’s

Terra spacecraft

The Advanced Spaceborne Thermal ~C-band and X-band Synthetic
Aperture Radars onboard NASA’  sources

s space shuttle Endeavour

Fusion of eight data Fusion of 11 raster—based eleva-
tion sources. The primary source

dataset is SRTM DEM of NGA.

Data collection  2000—2008 (Version 1) 2000 1996 2010
time 2000—2010 (Version 2)
Resolution 30 m 30 m (in the US) 1 km 250 m
20 m 90 m (in the rest of the world) 500 m
1 km
Vertical 20 m (Version 1) 16 m 30 m 28 m
Accuracy 13 m with controversy (Version 2) 3l m
34m
Coverage 83 degrees north—383 degrees south 60 degrees north—56 degrees the entire global land Global coverage of all land areas
south surface
Advantages It provides the global current eleva- It covers most of global land sur- It covers the entire glob- It provides the global current el-
tion data with relatively higher reso- face with relatively higher resolu- al land surface evation data.
lution tion
Disadvantages ~ ASTER GDEM is severely affected  The previously released SRTM coarse resolution to sat-  coarse resolution to satisfy the

with random noise and anomalies

DEM-3 v4.1 is limited by 90 m

resolution and inaccurate void—

isfy the demands of cos-

tal inundation mapping

demands of costal inundation

mapping and assessment

filling

and assessment

Accurate and up-to-date elevation data of the time-varying to-
pography of the dynamic coastal area is crucial for assessing and
mapping potential inundation areas. The open access DEM data
sources are of limited spatial and temporal resolution. Use of this
dataset makes it difficult to satisfy local-scale flood risk assess-
ment and mapping studies. To better address the terrain dynamics,
the new generation of the spaceborne SAR (Synthetic Aperture Ra-
dar) mission, TanDEM-X, has recently been specifically deployed
for the generation of updated profiles with high resolution of the
terrain (Krieger et al., 2007). The TanDEM-X mission has the inno-
vative capability of collecting bistatic data with short along-track
baselines, and generating seamless global DEM with high resolu-
tion.

We calculated the TanDEM-X DEM of Nanhui New City of
Shanghai with bistatic interferometry. The elevations of TanDEM-
X DEM, which are referenced to the WGS84 (G1150) ellipsoid,
are then converted to orthometric heights referenced to the EGM
96 Geoid as consistent with the reference datum of SRTM/ASTER
elevations for comparison purposes. The DEMs of Nanhui New
City are shown in Fig. 2. A grid spacing of 6 m is selected for the
TanDEM-X DEM product. The relative theoretical vertical accura-
cy of the TanDEM-X DEM is 2 to 4 m depending on the slope
(Krieger et al., 2007). The theoretical accuracy and actual DEM
performance of bistatic TanDEM-X InSAR were verified by Weigt

et. al., (2012). Their verification shows that when slopes are small-
er than 20%, and height of ambiguity is about 20 m, the relative
vertical error is around 1.5 m.

4.3 INTERFEROMETRIC SAR ANALYSES FOR THE
MONITORING OF GROUND SUBSIDENCE

InSAR (Synthetic Aperture Radar Interferometry) (Massonet
and Feigl, 1998) is a consolidated technique used to measure crust-
al deformation, which can be associated with volcanic and seismic
activity, other natural phenomena (e.g, flooding, landslides, etc) or
human-induced mechanisms (e.g., the deformation of buildings in
urban areas, the consolidation of new lands in ocean-reclaimed re-
gions, etc). InNSAR exploits the phase difference of a pair of SAR
images collected at two different times from slightly different orbit-
al positions. The complex-valued SAR signals can be expressed as
follows (Franceschetti and Lanari, 1999)

. A
L =Y, exp(—]/\rl)
. 4 )
L, =%, exp(—]/\rz)
where y, and vy, are the reflectivity functions and r, and r, are the
sensor-to-target range distances at the two acquisition times. By
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considering the imaging geometry shown in Fig. 3, the expression
of the phase difference between the two SAR images (Franceschet-
ti and Lanari, 1999) is given as follows
4 b 4t

Ap=——cz+——ds+Ap, +Ap, +n (2
¢ A rsind 2 Gios P aim P oty (2)
where the height topography is given by z, the radar line-of-sight
projection of the deformation is given by d, g, A is the operational
wavelength, i is the side-looking angle, b, is the InNSAR couple per-

pendicular baseline, Ag_,  is the phase term that accounts for inho-

atm

mogeneities of the atmosphere between the two passes of the sen-
sors over the same area, Ag , is the phase term due to the inaccu-
rate knowledge of the orbital values related to the interferometric
pair, and n accounts for the phase noise signal. The InSAR tech-
nique has first been applied to measure the height z of the ground.
Further, InSAR has evolved to monitor the deformation of the
ground (dLOS) with the advent of the Differential SAR interferom-
etry (DInSAR) technique. The limits and potential of DinSAR tech-
nique have been addressed in several papers (see, for instance, the
review paper in (Pepe and Calo, 2017)).
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(a) SRTM DEM

(b) ASTER GDEM

(¢) TanDem—X Dem

Fig.2 DEMs of Nanhui New City. SRTM DEM ASTER GDEM and TanDEM-X DEM obtained with bistatic interferometry

Fig.3 InSAR Geometry.

Historically, InSAR has been applied for investigating single
deformation episodes. However, over the last 20 years, interest has
grown for generating displacement time-series through the analysis
of sequences of long-lasting SAR data. To this aim, advanced
multi-pass InNSAR methods (Ferretti and Prati, 2001, Hooper et al.,
2001, Berardino et al., 2002, Mora et al., 2003) have been devel-
oped. Two main categories of advanced DInSAR techniques have
been proposed. They are often referred to as PS (Persistent Scatter-
er) (Ferretti and Prati, 2001, Hooper et. al., 2001) and SB (Small
Baseline) (Berardino et al., 2002, Mora et al., 2003) techniques.
The class of SB methods includes the algorithm known to as Small
Baseline Subset (Berardino et al., 2002). It was developed in 2002
and it is based on the processing of sequences of SB interfero-
grams. Accordingly, selected SAR data can be arranged in several
disjointed (time-overlapped) subsets that are separated by large
baselines. These subsets are independent of each other, and this
gives rise to an underdetermined problem for the time-series inver-
sion, which can be solved by searching for a minimum norm least

squares solution via the SVD (Singular Value Decomposition)
method (Strang et al. 1988). A method that permits to recover the
InSAR deformation time-series of distributed targets on the ground
is also SqueeSAR (Ferretti et al., 2011), which operates on interfer-
ograms computed at the same spacing of the full resolution ones
but following an ad-hoc low-pass filtering step.
4.3.1 INSAR EXPERIMENTAL RESULTS

In this subsection, some experimental InSAR results achieved
over the YRE and PRE regions are presented. The area is affected
by deformations due to the soil consolidation of the ocean-re-
claimed platforms, as evidenced in (Pepe et al., 2016). Previous
studies, based on processing a set of first- and second-generation
SAR data collected from the ASAR instrument onboard the ENVI-
SAT mission and the COSMO-SkyMed (CSK) SAR sensors con-
stellation of the Italian Space Agency, respectively, have revealed
that the deformation is expected to continue over time with de-
creasing rates, as foreseen by a proper geotechnical model (Zhao et
al., 2015, Pepe et al., 2016). The SBAS algorithm (Berardino et al.,
2002) has been applied to generate the ground deformation maps.
In particular, the EMCF (Extended Minimum Cost Flow) algo-
rithm (Pepe and Lanari, 2006) has been used to unwrap the select-
ed network of DInSAR interferograms. Note that the EMCF tech-
nique is based on the well-known network-programming paradigm
(Costantini, 1998), which is extended to work both on the temporal
and spatial grids. Fig. 4 shows the mean ground deformation veloc-
ity maps of the Shanghai megacity coastal zone revealed by pro-
cessing a sequence of 69 CSK SAR data acquired between Decem-
ber 7, 2013 and February 28, 2018 (see Fig. 4a) and by processing
a set of 31 ASAR images collected from February 26, 2007 to May
31, 2010 (Fig. 4b). Fig. 5 shows a zoom of the ground deformation
map, as revealed using the CSK dataset, in correspondence with
Dishui Lake. Fig. 5 shows the ground displacement time-series re-
lated to three investigated points (A, B and C) that are located
around the lake. The analysis has been performed by properly
adapting the original SBAS codes (Berardino et al, 2012; Lanari et
al., 2004) for the analysis, at full spatial resolution scale, of medi-
um-to-low coherence areas, as originally addressed in (Falabella et
al., 2018). The results of this analysis show that the most unstable
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zones are those where the ocean-reclamation processes started ear-
lier (Zhao et al., 2019).

A second experiment was carried out over the PRE region to
study the recent deformation signals affecting the investigated ar-
ea. Using three sets of ASAR images spanning the time period
from 2007 to 2010, Wang et al. (2012) previously studied the sur-
face deformations affecting the city of Shenzhen, and estimated the
impact of the urban development and the SLR of the PRD region.
In this study, we show the results of a preliminary investigation of
the deformation of the entire PRD region by initially focusing on
the period from October 2016 to March 2017, to show the capabili-
ty of mapping and the enhanced spatial coverage of the European
Copernicus Sentinel-1 (Torres et al., 2012) SAR image database.

The two experiments shown here demonstrate how in two of
most important coastal regions of China, intensive urban sprawl
(Deng et al., 2008; Chen et al., 2012), triggered by economical and
societal reasons, has been drastically changing the environment.
The risk for population not only derives from the increased air
(Chan and Yao, 2008) and water pollution (Gong et al., 2012), but
there is also a direct relationship between global climate change
and coastal instability. New lands are subjected to natural self-com-
paction mechanisms and tend to subside, requiring dozens of years
to reach a condition of stability. At the same time, current SLR and
the unceasing change of coastlines considerably increase the risk
of flooding in the new lands. Radar technology can help in the con-
tinuous monitoring of the evolution of surface changes, and the ob-
tainable results are beneficial for urban planners and local authori-
ties. Additionally, radar data can provide valuable information for
planning suitable measures for enhancing the resilience to natural
disasters by identifying and restoring the areas that are more prone
to be inundated. Knowledge of the present-state of ground defor-
mation rate, SLR and terrain height as well as the foreseeing of
their changes over time is essential.

5 OFFSHORE UNDERWATER TOPOGRAPHY

A bathymetric measurement of shallow water is of fundamental
importance to coastal environment research and resource manage-
ment. A traditional bathymetric survey uses a shipboard sonar, sin-
gle-beam, or multi-beam sounding system, which can provide high-
precision data but is costly and inefficient. With the development
of remote sensing techniques, the shallow water depth can be mea-
sured with high efficiency. A spaceborne SAR, in particular, pro-
vides valuable information of shallow water topography in all-
weather and day-night conditions with a high spatial resolution (a
few to tens of meters). In 1969, De Loor et al. discovered that un-
der suitable conditions (moderate wind and strong tidal current)
sea bottom topography may be visible in real aperture radar images
(De Loor et al., 1978; De Loor, 1981). Alpers and Hennings (1984)
proposed the first full model for the imaging mechanism of shal-
low water topography as a three-step process:

(1) The interaction between tidal currents and bottom topogra-
phy, which results in modulations in the surface flow velocity;

(2) The interaction between the variable surface flow and the
short surface water waves;

(3) The interaction between the short surface water waves and
radar signals.

Many bathymetry models using SAR data based on this theory
have been developed, including an operational system called the
BAS (Bathymetric Assessment System), which can detect accurate

The obtained results show that the coastal area, which has been
subjected to severe reclamation procedures over the years, is now
relatively stable, with average deformation rates, at most, of a few
millimeters per year, except for some isolated "hotspot" areas,
which are highlighted in Fig. 5, where the measured deformation
rate exceed 5 cm/year. The selected "hotspot" areas belong to coast-
al zones and the observed deformations are clearly due to human
activities, as the entire identified zone is located over new lands re-
claimed from the ocean. Further extended investigations will be
carried out to characterize the state of the deformations of this re-
gion using Sentinel-1 data, and this will be the subject of future
studies.

shallow water depths from SAR imagery by combining limited
samples of in situ observations with an iterative procedure. A num-
ber of applications show that the efficiency of bathymetric surveys
can be increased considerably by applying the BAS, which also
has been used operationally as a commercial service by the compa-
ny ARGOSS in the Netherlands to support bathymetric surveys
(Calkoen et al., 2001). Using SAR images, Jin et al. (1998) ob-
tained a solution to the shallow water depths in the two-dimension-
al shallow water dynamic equations using a first-order analytical
expression of the SAR image gray level. A function proportional to
the radar backscatter cross section o, is defined to simulate the ra-
dar image gray tone level and the inversion method is the mini-
mum deviation solution. Huang and Fu (2004) developed a
straightforward numerical model for shallow water bathymetry re-
trieval from SAR imagery and its calculation procedure based on
the SAR imaging mechanism of sea floor topography. Using shal-
low water bathymetry, the SAR imaging mechanism, and the M4S
(Model for Fully Two-dimensional Simulation), a microwave scat-
tering imaging model for oceanic surface features, Fan et al. (2011)
developed a method for shallow water depth retrieval from space-
borne SAR images. Their results show that SAR images are useful
for shallow water depth retrieval and suggesting that this method is
convergent and applicable. More recently, (Renga et al. 2014;
Stewart et al., 2016) developed a bathymetry retrieval algorithm
able to perform the direct inversion limiting the need for a priori in-
formation or in situ measurements, and for human intervention in
the processing chain. Their results show that dense coverage and
metric accuracy can be achieved even when the current is not
strong enough to dominate the SAR response. Based on the shoal-
ing and refraction of long surface gravity waves as they propagate
shoreward, Bian et al. (2017) developed a method to detect under-
water topography in coastal areas using high-resolution fully po-
larimetric SAR data, which can provide detailed information on
scattering mechanisms that could enable the target or structure to
be identified. Their results indicate that a scattering mechanisms-
based methodology is more effective than only using the single po-
larization SAR data for underwater topography detection; this will
inspire further research on underwater topography detection with
fully polarimetric SAR data.

Other models for SAR bathymetry have been developed which
are based on different theoretical mechanisms, such as changes in
wave height and wave energy dissipation resulting from waves
breaking over varying topography in the surf zone (Wackerman et
al., 1998), and the refraction and shoaling of long swell waves due
to underwater bottom topography in shallow areas (Brusch et al.,
2011, Mishra et al., 2014, Boccia et al., 2015, Bian et al., 2018).

For tidal flats, the areas inundated during high tide and exposed
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during low tide, waterline method with remote sensing data is cur-
rently considered to be the most useful approach to generate the
topographic maps of the intertidal zone (Ryu et al., 2008, Mason et
al., 2010, Kang et al., 2017, zhang et al., 2018). The waterline
method makes use of the ever-shifting boundary between tidal flats
and adjacent water areas, whose position can be regarded as a qua-
si-contour line of the topography. Using three Sentinel-1A SAR im-
ages acquired at different tidal levels, i.e., low, middle and high tid-
al levels, as shown in Fig.7, we generated the topographic map of
the Subei Bank tidal flats by the waterline method. The results
show that in general there is a good agreement between the derived
elevation and in-situ topographic data, implying that the waterline
method based on SAR images can be used for large scale tidal flats.

The conventional bathymetry detection method using optical

Here, we present a case study to detect shallow water depth us-
ing satellite optical imagers. The study area is the Port Shelter in
the Hong Kong coastal water with previous in-situ water depth ob-
servation data. The case study uses the high spatial resolution data
of the RapidEye satellite system. RapidEye system consists of 5
earth observation satellites owned and operated by Planet Labs,
providing 5-meter resolution imagery (https://earth.esa.int/web/eo-
portal/satellite-missions/r/rapideye). The images used in this study
were acquired on November 16, 2014 in clear sky, and a water
depth retrieval algorithm based on semi-analytical radiation trans-
fer model is employed to perform water depth retrieval with the
high-resolution satellite data in selected experimental areas (A, B,
C, D in Fig. 8).

We employ the Fourier transform to filter the high-frequency
noise for the blue (440—510 nm) and green bands (520—590 nm).
The atmospheric correction is applied to the satellite imagers with
first-principles atmospheric 'correction' algorithm (FLAASH,
Adler-Golden et al., 1999). After the satellite image pre-process-
ing, the blue and green bands of the RapidEye satellite data are
used as the input data for the water depth retrieval model. Then the
accuracy evaluation of the water depth retrieval results is conduct-
ed Fig. 9 shows comparisons between satellite data-retrieved water
depths and measured water depths at locations in arees A(a,b), B(c,
d) C(e,f) and D(g,h). The left pane of Fig.9(a)(c)(e)(g) shows com-
parison results based on the blue band algorithm and the right pan-
el (b, d, f, h) reveals those based on the green band algorithm. Ta-
ble 2 lists absolute error and relative error of the water depth re-
trieval results. The relative error is below 20%; the absolute error
varies with the depth, and is ~0.5 m for the water depth of =7 m.
The case study suggests that high spatial resolution of depth in
shallow water can be obtained based on satellite optical imagery
with good accuracies.

6 COASTAL FLOOD MODELLING

Estuaries, the transition zone between rivers and the open sea,
are the most vulnerable areas to river and marine floods. Rising sea
level, subsiding costal lands, and changing coastal topography and
morphology may also increase flooding risks induced by storm
surges with augmented frequency and severity. In order to simulate
inundation under different scenarios, numerical models have been
developed. The inundation model called LISFLOOD-FP, which is
a simple 2D raster-based model, has previously been applied to pre-
dict maximum flood inundation extents at a number of coastal sites
(Bates and De Roo, 2000; Bates et al., 2005). Two-dimensional hy-

satellite imagery has been proven to be a useful technology. A sim-
ple water reflection model of the ratio algorithm was used to re-
trieve the nearshore bathymetry with optical imagery (Polcyn et
al., 1970). Lyzenga (1978) developed a general algorithm for shal-
low bathymetry detection with better discrimination of bottom ma-
terials. With the diffuse attenuation coefficients explicitly ex-
pressed as functions of in-water absorption and backscattering, a
semianalytical model for retrieval of shallow water bathymetry
was developed, which can be used to process hyperspectral remote
sensing data (Lee et al,, 1998). Recently, Geyman and Maloof
(2019) applied the CBR (Cluster-Based Regression) algorithm to
analyze multispectral Satellite Imagery in a portion of the Great
Bahama Bank and achieved a mean absolute error of 0.19 m for
the bathymetry detection.

drodynamic models (MIKE 21 and FloodMap-Inertial) have been
employed to simulate flood magnitudes under different scenarios
and model fluvial flood risks in the coastal areas of Shanghai
(Wang et al., 2018; Yu, 2010; Yu and Lane, 2006a, 2006b, 2011;
Yin et al., 2015). The flood vulnerabilities in the cities of Pearl Riv-
er Estuary have also been evaluated. These results show that the ex-
posure and sensitivity of coastal mega cities including Hong Kong,
Macao, Shenzhen, and Guangzhou are very high (Huang et al.,
2018; Pan et al., 2017; Yang et al., 2014). Yin et al. (2019) integrat-
ed 2-D numerical flood model and multi-temporal InSAR tech-
niques to investigate flood hazard of Lingang New City in Shang-
hai in the background of sea-level rise, changes of coastal topogra-
phy, and long-term ground subsidence.

7 DISCUSSION AND CONCLUSIONS

The coastal flood vulnerabilities of Yangtze River Estuary and
Pearl River Estuary are currently being amplified by the combined
effects of accelerating SLR, long-term and short-term tidal evdu-
tion time-dependent ground subsidence, changes of coastal topog-
raphy and morphology as well as natural hazards. The examples of
estuary regions affected by the combination of SLR, significant
modifications over time, and natural hazards provided here make
clear the need of extended analyses of understanding the mecha-
nisms at the base of the coastal surface modifications, estimating
the future regional sea level changes and evaluating the potential
submerged land areas. The use of well-established remote sensing
technologies, based on the joint exploitation of data collected at
different spectral wavelengths, the advanced DInSAR techniques,
satellite altimeter and tide gauge data as well as the inundation
model projections can be employed for these purposes. The scien-
tific results shown in this review paper represent an asset for the
planning of present and future activities devoted to the monitoring
of such fragile environments. These analyses are essential to assess
the factors that will continue to amplify the vulnerability of the
low-elevation coastal zones and increase the exposure to natural
risk for the population living in the coastal regions.

Identifying and using global and non-invasive remote sensing
(active and passive) methodologies allows discriminating the zones
within the selected coastal areas that have historically been affect-
ed by intensive human activities (such as land reclamation) and nat-
ural disasters (such as typhoon and storm surges), and identifying
those which can be more prone to significant changes and disasters
in the near future. This is usually done by analyzing the effects that
these phenomena have produced on the territory. Optical satellite
images can continuously and frequently monitor the evolution of
shoreline on the timescale of decades or even longer. SAR imagery
can not only detect shoreline during all-day and all-weather, but al-
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so derive topography changes of coastal areas and shallow water
topography. Assessing, developing and handling efficient disaster
management cycles using EO (Earth Observation) products, in the
cooperation with the factors in charge of the security of the territo-
ry, the scientists and the citizens is beneficial for the construction
of a society that is more resilient to disasters, also partly triggered
by human activities, such as the uncontrollable cities sprawling,
coastal erosion and the global climate changes.

Finally, we would like to remark that concerning these scientif-
ic concerns, the ESA-MOST Dragon initiative (http://dragon4.esa.
int/files/DRAGON_2018_broch_STATIC. pdf [2019-10-21]) has
represented an opportunity to develop a community of EO experts
in Europe and China with the aim to investigate how remote sens-
ing methodologies can routinely recover valuable information on
the state of Earth environment and its modifications over time.
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Fig.4 Ground displacement map of the coastal area of Shanghai obtained using CSK and ASAR SAR data. The maps are overimposed
to a geolocalized CSK SAR amplitude image of the investigated area.
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Fig.7 Three Sentinel-1A SAR images over Subei Bank acquired at different tidal levels From Zhang et al 2018

Table 2 Accuracy of water depth retrieval from high resolution satellite imagers

Area A Area B Area C Area D
Water depth range/m 0—5.5 0—10.7 0—7.3 0—1.7
Band type Blue Green Blue Green Blue Green Blue Green
Absolute error/m 0.36 0.39 0.86 0.81 0.49 0.50 0.06 0.07
Relative error/% 18.5 18.8 19.0 19.2 17.5 18.9 9.9 15.2
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