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InSAR-Derived Coastal Subsidence Reveals New
Inundation Scenarios Over the Yellow River Delta

Peng Li"Y, Guoyang Wang”, Cunren Liang

Abstract—Coastal subsidence exacerbates relative sea level rise
(SLR) and increases the risk of coastal flooding. However, the
contribution of local land subsidence (LLS) in the Yellow river
delta (YRD) to the relative SLR remains unclear, leading to a
gap in the understanding of future inundation scenarios. In this
article, we firstly used five years of Sentinel-1 data to generate
the high-accuracy coastal subsidence of the YRD. Radar inter-
ferometry (InSAR) results show that fast subsiding funnels larger
than 50 mm/yr are mainly distributed in the brine mining clusters,
and the maximum subsidence rate exceeds 300 mm/yr. We then
proposed an inundation estimation method by combining extended
seeded region growing model, InSAR-derived LLS and SLR. This
method can effectively output the coastal inundation time series,
quantify and characterize the changes of inundation area and
depth without detailed hydrodynamic conditions. Moreover, we
presented high spatiotemporal resolution inundation scenarios for
the entire YRD, revealing that in the absence of control measures,
annual subsidence of 19 mm/yr contributes at least three times more
than that SLR to the increased flood risk in 2050 under the low
greenhouse gas emissions scenario (SSP1-2.6). However, under the
scenario of SSP5-8.5, 4611 km? of land would be inundated by 2100
and coastal dams are extremely likely to be damaged. This article
is expected to provide a practical and cost-effective alternative to
understanding the contribution of coastal subsidence to the relative
SLR, and for choosing when and how to mitigate land subsidence
to prevent future coastal flooding in the delta.

Index Terms—Coastal flooding, coastal subsidence, interfero-
metry (InSAR), inundation scenario, sea level rise (SLR), Yellow
river delta (YRD).
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1. INTRODUCTION

OASTAL deltas are generally low-lying and highly vul-
C nerable to sea level rise (SLR), while local land subsidence
(LLS) exacerbates coastal flooding risk [1], [2], [3]. Although
coastal infrastructure and human settlements are located at eleva-
tions slightly above normal sea level, the relative SLR are leading
to the salinization of farmland, damage to infrastructure, and loss
of human habitation through coastal erosion, seawater intrusion
[4], [5], [6]. Among them, coastal flooding and inundation is the
primary coastal response to the relative SLR [4], [7], [8], [9].
Therefore, there is a pressing need to understand what and to
what extent contributes to the risk of coastal flooding through
better observation and modeling, which is crucial for coastal
environmental protection and sustainable development [5], [10],
[11], [12], [13], [14], [15], [16], [17].

Coastal subsidence mainly comes from the exploitation of oil
and natural gas in the underlying sediment, and the extraction
of water for industry, agriculture and daily life [18], which leads
to the reduction of ground elevation, the destruction of coastal
protection engineering, the decline of levees against seawater
intrusion, the increase of inundation depth and the shortening of
flood return period [17], [19], [20], [21]. Consequently, the LLS
is becoming a non-negligible driver to coastal flooding [2], [20].
However, the quantitative characterization of the contribution of
coastal subsidence to the relative SLR is still lacking [18], [22],
especially for the Yellow river delta (YRD), the widest, most
complete, and youngest delta both in China and the world [23].

On the one hand, the information on the extent of coastal sub-
sidence and its effects on global river deltas is scarce, with miti-
gation measures being implemented in only a few locations [22].
Measurements from traditional leveling and global navigation
satellite system have high accuracy, but far from enough spatial
resolution, high labor intensity and low efficiency. At present,
time series analysis of synthetic aperture radar interferometry
(TS-InSAR) have provided an all-weather, day-and-night moni-
toring capacity at an unprecedented spatial coverage and resolu-
tion [18], which has great advantages compared with traditional
methods [24], [25], [26], [27], and has been widely used in land
subsidence monitoring [5], [15], [16], [18], [20], [28].

On the other hand, modeling coastal flooding for future dis-
aster projections is a challenging task, due to the contribution
of various intertwined processes. Hydraulic model [29], [30],
[31] and hydrostatic model [32], [33], [34] are two commonly
used models for inundation assessment. The former is capable
of continuous fine simulation on a short time scale, but with
many and complex parameters, it is difficult to consider terrain

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see
https://creativecommons.org/licenses/by-nc-nd/4.0/


https://orcid.org/0000-0002-0707-4999
https://orcid.org/0000-0002-7064-8975
https://orcid.org/0000-0003-3938-426X
https://orcid.org/0000-0001-6409-0592
https://orcid.org/0000-0002-8054-7449
mailto:pengli@ouc.edu.cn
mailto:wgy0318@stu.ouc.edu.cn
mailto:hjwang@ouc.edu.cn
mailto:cunren.liang@pku.edu.cn
mailto:zhenhong.li@chd.edu.cn

8432

changes [35], while the latter (also known as simplified model)
is easy to be superimposed with digital elevation model (DEM),
and water level [20], [33]. For simple plain terrain, the difference
between the two models is not significant in the extent and depth
of inundation [36]. However, the number of parameters and
computation burden of the simplified model are obviously lower
than that of hydrodynamic model. Bathtub model is a widely
used simplified model to simulate future inundation scenario
[19], [20], [33], [37], but tends to overestimate the inundation
area [5], [17], [20]. In addition, few existing models can output
the time series of flooded areas, making it difficult to find the
possible time nodes and spatial locations of sudden increase of
flood range.

In this article, we will carry out the simulation of future
inundation scenario, aiming at providing useful reference for
coastal inundation mitigation, adaptation and retreat. First, we
use five years of Sentinel-1 data to generate the high-accuracy
coastal LLS over the entire YRD. Then, we propose a method
combining extended seeded region growing (ESRG) model with
the LLS and SLR to project annual flood evolution at a spatial
resolution of 30 m. Furthermore, we present the inundation
scenarios in the YRD at high spatiotemporal resolution and
discuss the uncertainties of the results.

II. STUDY AREA

As shown in Fig. 1(a), the study area is located in the northern
coast of Shandong Province, China [23], [38], [39], [40], [41],
covering an area of about 9400 km?. The YRD in the conven-
tional sense is completely included. According to Fig. 1(b), the
area below 2 m above sea level is about 4270 km?, accounting
for 45.4% of the total area. Sediment is the physical medium
of coastal subsidence, and its thickness distribution is shown
in Fig. 1(c), decreasing from coastal to inland. According to
Syvitski, et al. [2], this area is extremely vulnerable to flooding
risk due to the continued SLR. In addition, the YRD is dominated
by oil fields, aquaculture farms, and salt pans, resulting in
severe land subsidence. At present, researchers have analyzed
the correlation between environmental change and flood risk
in some areas of China, such as the Yangtze river delta [16].
However, there are still few flood modeling and inundation
scenario analysis considering the contribution of large-scale
detailed coastal subsidence in the YRD [13], [19], [42], [43],
[44].

Along most of the coastline of the YRD, earth-rock dams have
been built to protect the land from sea intrusion. Most of the time,
these coastal dams can effectively withstand daily wind waves
and storm surges. However, when storm surge, astronomical
spring tide and rainstorm occur simultaneously, there would be
a great possibility of overtop and dam failure.

III. DATASETS AND METHODOLOGY

The ESRG method proposed in this article can output inun-
dation time series with a customized time interval in a long-time
span. The time series mentioned here is different from the
inundation process of a single flood output by the hydraulic
model, but refers to the year-by-year evolution of the inundation
range under the combined effect of SLR and LLS. TS-InSAR
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Fig. 1. (a) Study area. (b) Distribution of coastal dams. (c) Deposit layer
thickness in the YRD. Note that, this article area is larger than the modern YRD.

are adopted to ensure the accessibility and reliability of large
scale and high resolution LLS.

The workflow consists of the following three steps.

1) Data Preparation: The primary datasets are given in
Table I. The SLR projections in different shared socioeco-
nomic pathways (SSPs) released from the sixth assessment
report of the intergovernmental panel on climate change
(IPCC) are employed [45]. The SSPs are scenarios of
projected socioeconomic global changes used to derive
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TABLE I
DATASET USED IN THIS ARTICLE

Datasets Description

DEM 30m NASADEM

Sentinel-1 SAR Ascending track no. 69,

images 2017/03-2020/11 (109 scenes);
Descending track no. 76,
2016/10—2020/11 (106 scenes)

SLR from IPCC AR6  SSP1-2.6, SSP2-4.5 and SSP5-8.5

Storm surge 72—155cm

Average sea level -56.8 cm in EGM96 height datum

from tide gauge

greenhouse gas emissions scenarios with different climate
policies.

2) Data Preprocessing: This step includes coastal vertical
land motion (VLM) estimation by TS-InSAR, deforma-
tion trend assumption, and sea level simulation.

3) Inundation Assessment: Inundation-prone area estimation
based on the ESRG model, InSAR-derived LLS and SLR.

A. InSAR-Derived Coastal Subsidence

TS-InSAR is an effective method to provide coastal subsi-
dence product with large spatial coverage (100-500 km) and
high spatial resolution (1-20 m) to characterize the LLS. Persis-
tent Scatterers InSAR [26] and small baseline analysis InNSAR
[24] are the two common TS-InSAR algorithms. The latter is
more suitable for nonurban areas, such as the YRD. In addi-
tion, the InSAR-derived coastal subsidence can be conveniently
combined with current DEM to simulate future topography.

In this article, we used GAMMA and LiCSBAS softwares
for the interferometric processing and SBAS processing [46],
[47] with four years of Copernicus Sentinel-1 SAR images from
the European Space Agency (ESA) to estimate the coastal subsi-
dence across the whole YRD (see Table I). Before interferogram
generation, the height datum of DEM is converted from EGM96
geoid to WGS84 ellipsoid according to (1) to avoid the errors
caused by the inconsistent height datum between DEM and SAR
images [48]

Here, DEMwqgs is the DEM with WGS84 height datum,
DEMggy is the DEM with EGM96 height datum, and Ah is
the geoid height.

The SBAS time series analysis method itself can filter the
atmospheric error of the unwrapping interferograms by means
of spatiotemporal filtering and smoothing, but the premise is
that the tropospheric delay is random in time and the surface de-
formation is stable throughout the smoothing or average period
[24]. However, the unwrapping interferogram contains many
significant errors that cannot be eliminated simply by statistical
smoothing or spatiotemporal filtering, such as tropospheric and
ionospheric delay errors, topography errors, and unwrapping er-
rors [49], [50], [51], [52], [53]. If no preprocessing is conducted,
the results will still have great uncertainty. Previous studies have
shown that external estimation and correction of atmospheric
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delay errors in interferogram prior to time series analysis can
significantly reduce atmospheric errors and help improve the
accuracy of deformation monitoring [54], [55].

We firstly used GACOS products to remove the tropospheric
delay by subtracting the GACOS phases from the unwrapped
interferograms to obtain the corrected interferograms [54]. Split-
spectrum method can effectively estimate and correct the iono-
spheric phase error caused by the spatiotemporal variation of
electron density [56]. Considering that the ionospheric phase is
mostly long-wavelength signal, and there is no obvious long-
wavelength deformation pattern in this article, we then used
the quadratic fitting method to correct the ionospheric errors of
the interferograms [55]. The final deformation rate results were
filtered by the LiCSBAS software. Specifically, the Gaussian
kernel is used for high-pass in time and low-pass in space to
further reduce the noises and improve the signal-to-noise ratio
of the real deformation signals.

According to the following (2), and assuming that the hori-
zontal deformation can be ignored due to the absence of large
active faults and extensive seismic activities [57], [58], [99],
VLM rate can be decomposed by the deformation rate in line of
sight (LOS)

Vavrm = Vios/ cos 0 (2)

where V1, is the VLM rate, V1,0g is the rate in LOS direction,
and 6 is the incidence angle of each pixel.

As shown in Fig. 2(a) and (b), the average subsidence rate
of the whole YRD is 19 mm/yr, which is already much higher
than the current SLR rate. Fast subsiding funnels larger than
50 mm/yr are mainly distributed in the coastal brine mining
clusters, and the maximum subsidence rate exceeds 300 mm/yr.
The VLM map will be used for the following DEM simu-
lation. Leveling data and cross-validation of different orbits
are used to evaluate the accuracy of the InNSAR deformation
rate map. Traditional and robust accuracy measures are used
for the assessment of the accuracy due to potential outliers or
non-normality of error distribution, including the standard devi-
ation (STD), Spearman’s correlation (Corr), root-mean-square
error (RMS), mean, median, median absolute deviation (MAD),
normal MAD, and 90% linear error (LE90) [19], [60], [61]. As
shown in Fig. 2(c), 7792279 points between two VLM maps
are extracted to validate the accuracy. The correlation between
the two tracks is as high as 0.84. A mean difference of about
—1.4 mm/yr and an RMS value of 12.7 mm/yr are obtained,
while the median and LE90 are —0.6 mm/yr and 11.5 mm/yr,
respectively. It can be seen from Fig. 2(d) that the correlation
between InSAR-derived subsidence and field leveling is as high
as 0.96. The mean, STD, RMS, median, MAD, and LE90Q values
are all lower than 7.5 mm/yr.

B. DEM Simulation

We used the newly released one-arc-second (30 m) NASA-
DEM (https://www.earthdata.nasa.gov/) derived from a combi-
nation of shuttle radar topography mission (SRTM) processing
improvements, elevation control, void-filling and merging with
data unavailable at the time of the original SRTM production.
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Fig. 2. VLM maps and accuracy evaluation. (a) and (b) Ascending and descending VLM maps in 2019-2020, respectively. (¢) Comparison between ascending

and descending deformation rate maps. (d) Comparison between ascending deformation rate and leveling data. Note that, this study area is larger than the modern
YRD. The red triangle represents the reference point (118.376349°E, 37.547983°N).

We used ice, cloud, and land elevation satellite (ICESat)
altimetric data to evaluate the elevation accuracy of NASA-
DEM. The ICESat was a NASA satellite mission for measuring
ice sheet mass balance, cloud and aerosol heights, as well as
land topography and vegetation characteristics. The sole in-
strument on ICESat was the geoscience laser altimeter system
(GLAS), a space-based light detection and ranging (LiDAR).
GLAS combined a precision surface LIDAR with a sensitive
dual-wavelength cloud and aerosol LiDar. Over most of the ice
sheets, the accuracy of each surface elevation measurement is
15 cm, averaged over 60 m diameter laser footprints spaced
at 172 m along-track [62]. As shown in Fig. 3(a), the yellow
lines are the high-quality ground control points used for the
accuracy assessment, which are generated from ICESat GLAS
measurements. The correlation of 0.83 between NASADEM and
ICESat is shown in Fig. 3(b). A mean difference of about —0.3 m
and an RMS value of 1.1 m are obtained, while the median and
LE90 are —0.3 and 1.1 m, respectively. In fact, the terrain of the
YRD is so flat that it is completely different from the mountains,
with few noticeable fluctuations, so the elevation accuracy of
NASADEM is credible.

Previous studies have shown that the coastal subsidence of the
YRD was not as serious before 2010 as it is today [59], [63], [64].
Meanwhile, due to the limitation of InSAR observations avail-
able at that time, the monitoring accuracy and spatiotemporal
resolution are relatively poor. At present, continuous observation
of Sentinel-1 provides necessary conditions for better monitor-
ing of coastal subsidence [57], [65]. Principal component analy-
sis (PCA) can derive the variance contributions and eigenvectors
of the InSAR time series to characterize the dominant temporal
behavior of the deformation [28], [66], [67], [68], [69]. As shown
in Fig. 4, we find that the variance contribution rate of the first
principal component (PC1) to the whole subsidence in the study
area is 95.75%. The eigenvector of PC1 increases linearly and
steadily, indicating that the driving factors corresponding to PC1
had a positive effect on land subsidence. Therefore, we can
confirm that the dominant subsidence trend from 2016 to 2020
is almost linear.

Our previous study has shown that in the areas with the
most severe coastal subsidence in the YRD, human activities
related to underground brine mining contribute more than 94%
to subsidence, while other driving factors, such as precipitation,
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soil consolidation, oil extraction, and other activities are not
noticeable [28]. Given the demand for halogens and oil and gas
due to socio-economic development, there is no indication that
the extraction of underground fluids, such as brine and oil will
be reduced or stopped in the next 10-20 years. Therefore, we
assume that the trends of land subsidence remain unchanged in
the future and will continue until 2100. Note that this assumption
is relatively reliable in the short term, but the model of the long-
term projection may need to be adjusted as more observations
are available. As shown in (3), we use a simple linear model to
simulate the change of topography, which has been widely used
in previous studies [5], [20], [70]

DEM;, = ot + DEM, 3)

DEM; is the future elevation and ¢ is the time interval between
2020 and corresponding scenario, vis the rate of InSAR-derived
LLS, DEMy is the original elevation.

C. Water Level Simulation

Severe coastal floods are often caused by the superposition of
storm surge and astronomical spring tide. Therefore, sea levels
used in inundation assessment are usually simulated by the su-
perposition of the astronomical tides, storm surges and SLR [19].
However, inundation is a process that requires sustained, rather
than instantaneous high-water levels. Therefore, mean water
levels were obtained from 2018-2019 tide observations, rather
than astronomical spring tide levels, to prevent overestimating
inundation. The average water level is 0.11 m, whilst the highest
storm surge recorded in recent years was 1.55 m.

Note that the sea level height datum is consistent with the
DEM, and the deviation of elevation system is 0.68 m. The
simulated sea level (SSL) is expressed in (4), and the result is
shown in Fig. 5

SSL; = MSL + MSS + SLR(?). 4)
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is the projected SLR under different SSP scenarios.

D. Inundation Models

Unlike the bathtub model without hydrological connectiv-
ity, the seeded region growing (SRG) model with eight-side
connectivity rule [34], [71], [72], [73] takes into account the
obstruction of water flow by topographic relief and ensures that
all inundated areas are spatially connected as shown in Fig. 6. It
can effectively avoid the inappropriate analysis of the cratered
mountain topography and dam enclosure area. Therefore, the
SRG model is more suitable than the traditional bathtub model
in cases with many gullies, buildings, or land cover.

There are only two variables in traditional SRG model, the
fixed water level and elevation. In this article, we construct the
ESRG model, which takes the location of the “seed” point, time-
varying (f) coastal subsidence (vt), initial topography (DEMy),
and simulated sea level (SSL) change as input, and exports
inundation time series with a grid size of 30 m. As shown
in Fig. 7, both time resolution (r) and time span (n) can be
customized to control the termination of the ESRG loop. In this
article, we set the time span from 2030 to 2100 with a step of
one year.

As for the selection of seed points, Fig. 1 shows that only the
tidal flat area at the estuary of the YRD has the lowest elevation
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and is not protected by a bank dam with a high design standard,
making it more likely to be flooded first. Therefore, we chose the
“seed” of the estuarine region as the starting point of the ESRG
model.

IV. RESULTS AND DISCUSSION
A. Future Inundation Scenarios

As shown in Fig. 8, under the scenario of SSP1-2.6, the sea
level will slowly rise from 9 to 44 cm in the next 10-80 years.
Considering that the average subsidence rate of the whole YRD
is 19 mm/yr, which is already much higher than the current IPCC
published SLR rate, if no control measures are taken, the average
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TABLE II
DEFINITION OF THE INUNDATION MODELS

Models Definition
BS The Bathtub model with Singe variable (water
level only)
BD The Bathtub model with Double variables
(LLS and water level)
The SRG model with Singe variable (water
SRGS
level only)
The SRG model with Double variables (LLS
SRGD
and water level)
. —— SRGS(SSP1-2.6)
¢ —— SRGD(SSP1-2.6)
40% —— BS(SSP1-2.6)
2 —— BD(SSP1-2.6)
= 35%
& ---- SRGS(SSP2-4.5)
B 30% ---= SRGD(SSP2-4.5)
g ---= BS(SSP2-4.5)
g 25%
S BD(SSP2-4.5)
G 20% ~ SRGS(SSP5-8.5)
5o SRGD(SSP5-8.5)
° e BS(SSP5-8.5)
10% ———sumss—ssmmeRessss————— | . BD(SSP5-8.5)
2030 2040 2050 2060 2070 2080 2090 2100
Year
Fig. 9. Inundated pixels of the YRD from 2030 to 2100. Different line types

represent different models for a given SSP. Different colors represent different
SSPs for a given model.

coastal subsidence will deteriorate from 19 cmin 2030to 152 cm
in 2100. Consequently, the contribution of coastal subsidence to
the relative SLR in 2050 will be at least three times greater than
SLR under the low emission scenario.

As given in Table II and Fig. 9, inundation scenarios were
estimated using univariate (BS) and bivariate (BD) bathtub
models and univariate (SRGS) and bivariate (SRGD) SRG
models, respectively. SRGS and BS models only consider SLR,
while both SRGD and BD models take SLR and LLS as input
parameters. The BS, BD and SRGS were used as control groups
to illustrate the rationality and validity of SRGD.

Bathtub models for the red and blue lines present a higher
estimation than those of the ESRG models, regardless of whether
the LLS is considered. However, the intensification of LLS is
causing a considerable rise in relative sea level, and undulating
terrain is increasingly difficult to prevent the spread of coastal
flooding. Therefore, the range of inundation estimated by the
BD and SRGD models gradually narrowed over time.

Interestingly, the SRGS results in black lines show obvious
mutations. The reason is that the sea level continues to rise and
eventually breaks through the constraints of the topography or
dam, resulting in overtopping. Under the scenario of SSP5-8.5,
the flood resistance of the YRD may not decrease significantly
until 2070. Therefore, we believe that the ability of coastal flood
resistance of the YRD will not decrease significantly in a short
time when only SLR is considered.

The inundated pixels estimated by the SRGD increase signif-
icantly with time. Before 2070, the results are even three times
higher than those of the SRGS model under the scenario of
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SSP5-8.5. Therefore, it can be inferred that with the increased
subsidence, topographic constraint on flooding is significantly
weakened, leading to a significant increase in the risk of flood
exposure in the open sea.

If the elevation of a raster cell is lower than the predicted sea
level, the BS and BD models that does not account for hydro-
logical connectivity would consider the raster cell to be flooded.
Therefore, as shown in the left two columns of Fig. 10(a), (b)
and (c), there are many inundation outliers in the raster cells
estimated by the bathtub model, which is inconsistent with
the spreading of the coastal flooding. In addition, the bathtub
model estimates did not change much over time in terms of
the inundated area. Although the topography of the study area
was simple and flat, there was a large deviation between the
flooded area estimated by the bathtub model and that estimated
by the SRG model. Therefore, to avoid the above false overes-
timation, the SRG model is more suitable for coastal flood risk
assessment.

The SRGS results only consider SLR due to climate change,
while the SRGD results take into account both LLS and SLR.
Under the SSP5-8.5 scenario, the SRGD model that considers
the continuous LLS and SLR from 2030 to 2100, projects the
vulnerable inundated area from 2233 to 4611 km?, as opposed to
1188-2758 km? with SLR only. By 2100, under the scenario of
SSP1-2.6, SSP2-4.5 and SSP5-8.5, SRGD estimated 30%, 22%
and 21% more flooded pixels than SRGS, respectively. More-
over, compared with the SLR, coastal subsidence brings a greater
risk of flooding in the YRD not only in inundation area but also
in inundation depth. The great inundation depth of 30 m in some
areas is mainly attributed to the fact that the local subsidence rate
in this area is indeed relatively large (>300 mm/yr), which is
15 times higher than the average rate (19 mm/yr). Although the
proportion of such extremes is generally low, recent studies have
also shown that the flood threat caused by coastal subsidence is
significantly greater than the SLR caused by climate change by
a factor of 3—5 or more [5], [8], [12], [18], [22].

As shown in the third columns of Fig. 10(a)—(c), some low-
lying areas are highly vulnerable to coastal flooding. These
easily flooded areas cover a wide range and coincide with the
areas with severe subsidence shown in Fig. 2, which greatly
increases the difficulty of human engineering to protect the
land. However, these areas can be artificially isolated by dams
perpendicular to the shoreline. Therefore, dams can be placed
on the upper and lower sides of the area to effectively reduce the
random spread of floods, as shown by the solid red line in Fig. 11.

The inundation estimation derived by combining the ESRG
model, SLR and LLS can conveniently and intuitively show
the annual inundation evolution, quickly identify the area sus-
ceptible to inundation, and output inundation time series with
less calculation and faster computation speed. By extracting the
information contained in the inundation time series, it can help to
identify high-risk areas and guide the construction of engineer-
ing projects. As the LLS is changing and the SLR projection is
constantly adjusted by the IPCC, the input parameters of the pro-
posed method need to be adjusted in time with the release of new
data. In addition, satellite earth observations continue to provide
available data sets that can be used to update the input data.
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B. Uncertainties of Subsidence and DEM

The surface soil of the YRD is mostly composed of sedi-
ments brought by the Yellow river. Thick layers of sediment
are consolidated and compacted by chemical and gravitational
forces. In addition, the strong influence of local human activ-
ities, especially the exploitation of underground brine and oil
resources, makes the soft soil easy to sink. Therefore, the coastal
subsidence of the YRD is widely distributed, especially serious
in some areas due to human activities.

However, there is a weak surface uplift signal in the new land
area of the estuary, which is mainly due to the continuous silta-
tion of large amounts of sediment brought by the upper Yellow
river [74]. A recent study has also shown that in the Ayeyarwady
Delta, Myanmar, unleveed agricultural fields in deltas are less
vulnerable to subsidence than leveed or poldered fields [75]. As
a result, the rich wetland vegetation in the Yellow River estuary,
such as Suaeda sala, Tamarix chinensis, Spartina alterniflora,
and Phragmites australis, can help capture sediment in a similar
way to mangroves or crops, making levee land less likely to sink
than levee land.

In addition, relative errors from TS-InSAR observations may
also be introduced if the selected reference point is unstable. The
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geological conditions along the Yellow River are relatively stable
and there are few groundwater and oil exploitation activities.
Therefore, the reference point (see Fig. 2) was chosen near the
upper reaches of the Yellow River in the study area, namely, the
outer edge of the modern YRD, with an elevation higher than
50 m to ensure the minimum relative error.

It is common practice to conduct large-scale flooding studies
using open-source DEMs. However, we find that other open
source DEMs, such as AW3D30 derived from optical stereo
pairs, often have large systematic fringe errors in coastal areas
by comparison to InSAR-derived global DEMs (e.g., SRTM).
The current DEM can achieve the expected results, while high-
resolution TanDEM-X DEM and LiDAR DEM will be more
advantageous but more costly [32], [76]. Currently, only the
LiDAR technique can guarantee centimeter-level elevation ac-
curacy and spatial resolution, but its cost is unacceptable for
large-scale flooding studies. Moreover, the accuracy and relia-
bility of DEM simulation can be further improved with the help
of the prediction models and geotechnical models.

V. CONCLUSION

Coastal subsidence exacerbates relative SLR and increases
the risk of coastal flooding and soil salinization. However, the
contribution of local subsidence in the YRD to relative SLR
is still unclear, and there is a knowledge gap in the inundation
scenario of future coastal flooding. In this article, an inundation
estimation method combining the ESRG model, InSAR-derived
LLS and SLR is applied to the first inundation assessment of the
whole YRD with high spatiotemporal resolution. This method
can effectively and accurately output coastal delta inundation
time series to quantify and characterize changes in inundation
area and depth. Compared with the simulation of a single flood,
which requires detailed hydrodynamic conditions of the process
and evolution, e.g., water velocity, surface roughness and soil
moisture content, this article has obvious advantages in studying
the changes of global delta inundation area under different SSP
scenarios.

The InSAR results show that fast subsiding funnels larger
than 50 mm/yr are mainly distributed in the coastal brine mining
clusters, and the maximum subsidence rate exceeds 300 mm/yr.
Without the construction of coastal dams in recent decades, the
low-lying areas are all vulnerable to flooding, with a dramatic
increase in the distance of seawater intrusion and the number
of inundation events. In addition, recent extraction of brine and
oil has clearly increased the likelihood of coastal inundation. If
no control measures are taken, the contribution of coastal subsi-
dence to the relative SLR and coastal flooding risk will be at least
three times greater than SLR in 2050 under SSP1-2.6, resulting
in the increased inundation area and substantial infrastructure
damage. Therefore, this article is expected to provide a practical
and cost-effective approach for when and how to mitigate land
subsidence to prevent future coastal flooding in the YRD.
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