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Abstract: Coastal dams along the Yellow River Delta are built to prevent seawater intrusion. However,
land subsidence caused by significant oil, gas and brine extraction, as well as sediment compaction,
could exacerbate the flooding effects of sea-level rise and storm surge. In order to evaluate the coastal
dam vulnerability, we combined unmanned aerial vehicle (UAV) Light Detection and Ranging (LiDAR)
with small baseline subsets (SBAS) interferometric synthetic aperture radar (InSAR) results to generate
an accurate coastal dam digital elevation model (DEM) over the next 10, 30 and 80 years. Sea-level
simulation was derived from the relative sea-level rise scenarios published by the Intergovernmental
Panel on Climate Change (IPCC) and local long-term tide gauge records. Assuming that the current
rate of dam vertical deformation and sea-level rise are linear, we then generated different inundation
scenarios by the superposition of DEMs and sea-levels at different periods by way of a bathtub model.
We found that the overtopping event would likely occur around Year 2050, and the northern part of
the dam would lose its protective capability almost entirely by the end of this century. This article
provides an alternative cost-effective method for the detection, extraction and monitoring of coastal
artificial infrastructure.

Keywords: coastal dam; inundation assessment; UAV-LiDAR; SBAS-InSAR; digital elevation model;
sea-level rise; Yellow River Delta; vertical deformation

1. Introduction

An important industrial zone in China for oil and gas exploration, salt production, aquaculture,
etc., the modern Yellow River Delta (YRD; Figure 1a) is located in the Xianhe Town, Dongying City,
Shandong Province, covers an area of at least 10,000 km2 and supports more than six million people [1,2].
The Gudong Oilfield is located in the northern delta region of the Yellow River, and is part of China’s
second largest oilfield, the Shengli Oilfield [1]. Gudong coastal dam (Figure 1b), with a length of
12 km, was built in the 1980s to prevent the intrusion of seawater and provide the only protection of
the oilfield, thus, representing the most important security barrier between the Gudong Oilfield and
the Bohai Sea. Gudong oilfield is low-lying with large areas of elevation lying even lower than average
sea-level. This is especially important since there is no wetlands or dunes as the buffer of oilfield. [3,4].
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Figure 1. Location of Gudong Dam taken from Google Earth: (a) general location of the Gudong
Oilfield in the Yellow River Delta. The red polyline and yellow pentagram in the lower right subgraph
show the Dongying District and location of the Gudong Oilfield, respectively; (b) detailed image of the
Gudong Oilfield. Large pentagram indicates the location of tide gauge, whereas small ones show the
aerial photo sites in Figure 3.

In terms of geological conditions, Gudong oilfield located in the northeast of Zhanhua Sag at
the Jiyang Depression, and at the southern end of the drape structure of Zhuangxi-Gudong‘s buried
mountain drape structural belt [5–8]. It is a large-scale packaged draping anticline structure oilfield
and was the first coastal oilfield developed in the Shengli Oilfield Region. The Gudong Oilfield was
discovered in July 1984 and put into full development in May 1986. This oilfield is different from other
mining areas, due to its special geological environment, it is under the threats of ground deformation
caused by underground resources exploitation, sea-level rise and storm surge all the time.

There exist a significant number of publications evaluating serious ground subsidence caused
by the over-exploitation of underground resources and increasing human activity over large river
deltas [1,9–15]. Due to its special geological setting, the oilfield and its affiliated facilities are vulnerable
to the threat of land deformation [16]. Figure 2 shows cracks caused by dam deformation. At the
same time, rising sea-levels caused by climate change has led to an increase in the frequency and
destructiveness of marine disasters [17]. The fragile structure of the retaining wall would be destroyed
easily if subjected to a serious marine disaster, such as the damage caused by a typhoon. Figure 3
shows the destruction of Gudong Dam by Super Typhoon Lekima in August 2019. The government
invests heavily in flood prevention every year [18–21], especially within the coastal zone. Therefore,
inundation assessment is an important activity in terms of flood control and can aid policy makers in
their formulation of reasonable measures to minimize economic losses [20,22].
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[17,22,26–30], which is suitable for some stable coasts; the second is the inundation assessment of a 

changing land surface with a changing sea-level [16,21,31–38], which is suitable for some delta 

regions. 

Figure 2. Pictures of cracks caused by dam deformation taken in January 2020: (a) cracks on asphalt
pavement of the dam crest; (b) cracks on retaining wall; (c) longitudinal cracks on the first stage
platform of the dam; (d) transverse cracks on the first stage platform of the dam.
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Figure 3. Aerial photos obtained by the unmanned aerial vehicle (UAV) in August 2019: (a) structures
of Gudong Dam; (b) Gudong tide gauge station and drainage station built for draining water as a
response to the waterlogged condition after Typhoon Lekima (Super Typhoon Lekima, International
Code: 1909); (c) damage to the bending section at Gudong Dam caused by Typhoon Lekima; (d) damage
to the straight section at Gudong Dam due to Typhoon Lekima.

As a result of the overwhelming damage caused by inundation, many studies related to inundation
assessment of coastal areas exist [23–25]. These studies can be roughly divided into two categories:
the first is the inundation assessment of a fixed land surface with a changing sea-level [17,22,26–30],
which is suitable for some stable coasts; the second is the inundation assessment of a changing land
surface with a changing sea-level [16,21,31–38], which is suitable for some delta regions.
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The digital elevation model (DEM) is one of the most fundamental datasets for inundation
analysis. Many previous studies used the publicly released free DEMs, such as the Shuttle Radar
Topography Mission (SRTM) [31,39] or ALOS World 3D-30 m (AW3D30), but the accuracy of these
DEMs often varies, making them unreliable for sophisticated analysis to some extent [31,35,39–42].
High precision DEMs can be derived from three different approaches: photogrammetry, interferometric
synthetic aperture radar (InSAR), and Light Detection and Ranging (LiDAR) [43]. Gesch, et al. [41]
used photogrammetry to obtain the meter-scale DEM of Majuro. The InSAR technique can also been
used to obtain DEMs, such as the TanDEM-X DEM from the German Aerospace Center (DLR), which is
particularly useful in generating global high-resolution seamless DEMs [43–45]. However, the global
DEMs available cannot meet the requirement of fine artificial buildings in terms of accuracy and spatial
resolution [46]. The airborne LiDAR scanning system can flexibly and precisely obtain high-density
3D point cloud data of the ground and generate digital surface models (DSM) and digital terrain
models (DTM) simultaneously, through multiple echo filtering, classification and modelling; this has
been widely used in active fault identification, landslide monitoring and coastal zone vulnerability
analysis [30,35,40,47].

Many researchers have acknowledged that land surface deformation is a fundamental impact
factor that cannot be ignored during inundation assessment of the delta [16,33,34]. As such, it is
necessary to simulate DEMs at different time points according to the vertical land deformation rate.
As a man-made structure, Gudong Dam suffers the threat of deformation too, as shown in Figure 2.
Deformation could be caused by a variety of factors, such as oil and gas exploitation, brine extraction
and sediment compaction, which are all common activities in the Yellow River Delta [1,48]. In addition
to destroying the structure of the dam, land subsidence can also increase the risk of flooding. Whilst the
deformation rate can be obtained by means of the Global Navigation Satellite System (GNSS), leveling
and time series InSAR (TS InSAR) [32,49,50]. GNSS and leveling measurements are usually very
labor-intensive and so are not suitable for large-scale deformation monitoring with high spatial
resolution. Compared to GNSS and leveling measurements, TS InSAR offers a convenient alternative
in terms of spatial resolution and economic cost [51].

In the field of inundation assessment, sea-level change is one of the most frequently considered
factors. A number of studies focus on the submerged range [52], economic losses [18,20,33] or
destruction of the natural environment [3,22] caused by sea-level rise (SLR). The rising sea-level could
flood coastal lowlands of China, such as the Bohai Bay, the Yangtze River delta, and the Pearl River
delta, which are the most economically and socially developed regions. As the elevations of these
areas are generally lower than five meters, SLR represents a huge potential threat in terms of increased
coastal tide levels, shortened recurrence patterns of extreme water levels, and enhanced effects of tides
and waves [53,54]. This has led to a weakening in the protective function of engineering facilities such
as coastal embankments and ports, whilst these increasingly vulnerable facilities cost ever more to
maintenance. Moreover, SLR has exacerbated the severity of marine disasters such as storm surges,
coastal erosion, floods, salty tides, seawater intrusion and soil salinisation.

Extreme weather is more abrupt and violent than SLR and land deformation, leading to the severe
impairment of coastal dams. On 10–12 August 2019, Typhoon Lekima caused significant damage to
parts of the retaining walls of Gudong Dam. In other words, even under the protection of the dam,
wind and waves could push enormous seawater into the oilfield. A commonly applied concept when
simulating extreme weather is the “return period”. However, the water level value from the “return
period” is usually fixed and the observation accuracy is low [55].

A review of the existing literature yields few studies focused on slender artificial coastal dam
inundation assessment in China [56–58]. Therefore, in this study we firstly introduce a combination
of measurements from the UAV LiDAR DEM, vertical dam deformation rate from small baseline
subsets (SBAS) InSAR, and sea-level simulation applied to different future sea-level rise scenarios.
High precision DEMs over the Gudong dam was generated through point cloud data collected by
unmanned aerial vehicle (UAV) LiDAR in August 2019. Then we provide a detailed future DEM
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and sea-level simulation analysis method to generate inundation maps of Gudong Dam at different
scenarios, through the integration of multiple measurements from LiDAR DEM, land deformation,
sea-level rise, tidal data and storm surge. Furthermore, we evaluate the protection capability of the
dam in an intuitive way.

2. Datasets and Methods

2.1. Flow Chart of Datasets and Methods

Figure 4 is a flow chart of the research methods and datasets that employed in this paper. Details
are as follows:
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Figure 4. Flow chart of inundation assessment in this study.

I. Data preparation

• Sentinel-1 images are utilised to calculate the land surface deformation rate of the coastal dam
using SBAS InSAR;

• Point cloud data of the dam are collected by UAV LiDAR and used to obtain high resolution DEMs;
• Detail points of the dam which are collected using the GNSS real time kinematic (RTK) method

are employed to evaluate the accuracy of the DEM;
• Tide and storm surge records are used to simulate sea-level;
• The Representative Concentration Pathway 8.5 (RCP8.5) scenario released by the Intergovernmental

Panel on Climate Change (IPCC) is used to predict sea-level rise [59].

II. Pre-processing

• Deformation rate is calculated using SBAS InSAR;
• DEM is simulated using ArcGIS;
• Sea-level is simulated using Python.

III. Inundation assessment

• Integration of all the above datasets to simulate flooding scenarios.
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2.2. DEM Acquisition and Accuracy Evaluation

2.2.1. Data Acquisition

Gudong Dam is a slender strip measuring approximately 100 m wide and 12 km long. The DEM
of the coastal dam is generated from the point cloud obtained by the UAV LiDAR, applying the Riegl
VUX-1 model. Figure 5 sets out UAV and GNSS field measurements and photos of the coastal dam
after Super Typhoon Lekima. The point cloud data we used here provides almost full coverage of
the dam (Figure 6), but shaded areas containing some missing points are compensated by way of the
bilinear interpolation algorithm.

Remote Sens. 2020, 12, x FOR PEER REVIEW 6 of 34 

 

2.2. DEM Acquisition and Accuracy Evaluation 

2.2.1. Data Acquisition 

Gudong Dam is a slender strip measuring approximately 100 m wide and 12 km long. The DEM 

of the coastal dam is generated from the point cloud obtained by the UAV LiDAR, applying the Riegl 

VUX-1 model. Figure 5 sets out UAV and GNSS field measurements and photos of the coastal dam 

after Super Typhoon Lekima. The point cloud data we used here provides almost full coverage of the 

dam (Figure 6), but shaded areas containing some missing points are compensated by way of the 

bilinear interpolation algorithm.  

 

Figure 5. (a) DJI Matrice 600 Pro UAV, vehicle of Light Detection and Ranging (LiDAR); (b) control 

point arrangement; (c) detail points collection; (d) reference station for the Global Navigation Satellite 

System (GNSS) real time kinematic (RTK). 

  

Figure 5. (a) DJI Matrice 600 Pro UAV, vehicle of Light Detection and Ranging (LiDAR); (b) control
point arrangement; (c) detail points collection; (d) reference station for the Global Navigation Satellite
System (GNSS) real time kinematic (RTK).Remote Sens. 2020, 12, x FOR PEER REVIEW 7 of 34 

 

 

Figure 6. Detail point cloud: (a) tide gauge station; (b) southern end of the dam; (c) cross section of 

the dam in the middle section cut from point cloud. 

2.2.2. Data Processing and DEM Production 

As shown in the flow chart in Figure 7, a point cloud was generated from the raw data collected 

by UAV LiDAR through data conversion and geo-registration. Necessary processing (such as 

filtering, laser (LAS) dataset to raster and clipping) was then performed on the point cloud in order 

to obtain the final DEM over the coastal dam. Its vertical accuracy was evaluated using GNSS RTK 

measurements. The DEM was used as an important input parameter for the inundation assessment 

after accuracy verification.  

 

Figure 7. Flow chart of LiDAR digital elevation model (DEM) generation. 

Table 1 shows the main parameters of the DEM generation. We selectively filtered the point 

cloud to obtain the smooth surface of the dam; that is, all vegetation, buildings, telephone poles, 

retaining walls and other noise were already removed. Then, we generated the DEM of Gudong Dam 

at a resolution of 20 * 20 cm using ArcGIS. The DEM generated by the point cloud offered a good 

level of smoothness and an excellent restoration of the surface of Gudong Dam. Figure 8 illustrates 

the overall DEM of Gudong Dam. 

  

Figure 6. Detail point cloud: (a) tide gauge station; (b) southern end of the dam; (c) cross section of the
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2.2.2. Data Processing and DEM Production

As shown in the flow chart in Figure 7, a point cloud was generated from the raw data collected
by UAV LiDAR through data conversion and geo-registration. Necessary processing (such as filtering,
laser (LAS) dataset to raster and clipping) was then performed on the point cloud in order to
obtain the final DEM over the coastal dam. Its vertical accuracy was evaluated using GNSS RTK
measurements. The DEM was used as an important input parameter for the inundation assessment
after accuracy verification.
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Figure 7. Flow chart of LiDAR digital elevation model (DEM) generation.

Table 1 shows the main parameters of the DEM generation. We selectively filtered the point cloud
to obtain the smooth surface of the dam; that is, all vegetation, buildings, telephone poles, retaining
walls and other noise were already removed. Then, we generated the DEM of Gudong Dam at a
resolution of 20 * 20 cm using ArcGIS. The DEM generated by the point cloud offered a good level of
smoothness and an excellent restoration of the surface of Gudong Dam. Figure 8 illustrates the overall
DEM of Gudong Dam.

Table 1. Parameters of DEM generation.

Parameter of DEM Generation Parameter Setting

Value field Elevation
Cell assignment Average
Void fill method Linear Interpolation

Data type Float
Sampling type Cell-size

Resolution 20 cm * 20 cm
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2.2.3. Accuracy Evaluation of the LiDAR DEM

We collected 1846 accurate GNSS ground measurement points (Figure 9) in January 2020 to evaluate
the accuracy of LiDAR DEM. A reference station was set up at a known control point (Figure 5d).
Taking into account the error of the temporary control point and the error of GNSS and RTK technology,
the estimated accuracy at inner coincidence of the GNSS RTK detail points is about 5 cm.
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As a result of outliers or non-normality of the error distribution due to, e.g., filtering and
interpolation errors for DEMs derived by laser scanning in non-open terrain, both traditional and
robust accuracy measures including mean error (ME), standard deviation (STD), root mean square
error (RMS), median, normalized median absolute deviation, 90% linear error (LE90) and correlation
are used for the assessment of DEM accuracy [58,60]. The error statistics formulas are listed below.
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LE90 = Q̂|∆h|(0.9) (7)

C(x, y)=
N
∑

xiyi −
∑

xiyi√
N
∑

x2
i − (

∑
xi)

2
√

N
∑

y2
i − (

∑
yi)

2
(8)

where x is the elevation collected by the GNSS RTK measurements and y is the elevation of the DEM.
The abbreviations of Q∆h(0.5), MAD, NMAD and LE90 indicate the median (50% quantile), the median
absolute deviation, the normalized median and the absolute deviation at the 90% quantile, respectively.

As depicted in Figure 10, an excellent correlation of 0.95 was observed between the LiDAR DEM
and GNSS heights. A mean difference of −0.05 m and an RMSE value of 0.26 m were obtained from
this analysis. The above results are generated without eliminating gross errors (3* RMS) [60]. To resist
potential gross errors and outliers, median (0.04 m) and LE90 (0.15 m) values are also calculated.
Therefore, we believe that the DEM has good relative accuracy and consistency, and hence, can be used
in further analysis.
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2.3. Acquisition of Deformation Rate

2.3.1. SBAS InSAR

The InSAR technique has been widely used in land deformation monitoring for about 20 years.
Advanced InSAR time series analysis—e.g., permanent scatterer (PS) and small baseline subsets
(SBAS) approaches—have been developed to overcome InSAR major error sources, including temporal
and geometry decorrelation and atmospheric effects [5,61–63]. The basic idea of SBAS InSAR is
to form those interferograms that meet the conditions of small temporal and spatial baselines into
interferometric pairs, which is the limitation of the decorrelation phenomena. Application of the
singular value decomposition (SVD) method allows us to easily link independent SAR acquisition
datasets which are separated by large baselines, thus, increasing the observation temporal sampling
rate. The availability of both spatial and temporal information in the processed data is used to identify
and filter out atmospheric phase artifacts [61]. Figure 11 is a flow chart of SBAS InSAR, which has been
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successfully used to carry out time series deformation on the Naples and Flegrei volcanoes in Italy
and the Las Vegas area with high accuracy and reliability [61]. The ground control points (GCPs) in
Figure 11 are relatively stable points that will be used as references for phase unwrapping.
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modified from Berardino et al. [61].

2.3.2. Deformation Rate Acquisition

Considering the disadvantages of traditional measurement methods in spatial resolution and
economic cost, SBAS InSAR is capable of quickly obtaining the deformation rate of the study area over
a wide range with high accuracy and can aid in locating the deformation center and undertake causal
analysis [61,63,64]. Over the last two years, some researchers have utilized TS InSAR techniques to
investigate deformation patterning over the Yellow River Delta, but few studies have focused on the
engineering stability and vulnerability of a local coastal dam [1,5–8,10].

As widespread water accumulation and weeds in oilfields lead to a lack of permanent scatterers,
we used the SBAS method with ENVI SARscape software to obtain the deformation rate of Gudong
Oilfield between 10/2016–07/2019 with Sentinel-1 SAR images. The process flow chart is shown in
Figure 11, and the parameters are listed in Table 2. Both ascending (ASC) and descending (DES) tracks
of SAR images covering the same time interval were processed, in order to compare and evaluate the
results. Figure 12 is the deformation rate map for both ascending and descending orbits. The spatial
resolution of the two deformation maps are 20 m * 20 m. Take into account the geological and structural
background of the Yellow River Delta, it is assumed that the horizontal deformation is negligible.
Therefore, InSAR deformation results from the line of sight (LOS) direction can be calculated with the
following equation:

dvertical = dLOS/cosθ (9)

where θ is incidence angle and d is the InSAR deformation rate.
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Table 2. SBAS InSAR parameter setting.

Parameter Descending Track 76 Ascending Track 69

Number of SAR images 30 32
Time span 05/10/2016–10/07/2019 11/10/2016–04/07/2019

Path 76 69
Frame 468 119

Algorithm SBAS SBAS
DEM SRTM Global 1-arc-second SRTM Global 1-arc-second

Max spatial baseline (m) 106 121.7
Min spatial baseline (m) 5.7 4.3

Time baseline (days) 180 120
Unwrapping method Delaunay MCF Delaunay MCF

Filtering method Goldstein Goldstein
Coherence threshold 0.3 0.3
Window size for filter 64 64

Range looks 4 4
Azimuth looks 1 1

Deformation direction Vertical Vertical
Number of interferometric pairs 116 101
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Figure 12. Vertical deformation rate maps estimated by Sentinel-1 SBAS InSAR: (a) descending track
deformation rate map from the Sentinel-1B images; (b) ascending track deformation rate map from the
Sentinel-1A images. The base maps are taken from Google Earth.

2.3.3. Accuracy Evaluation

Both Figure 13 and Table 3 show the deformation rate comparison between the descending and
ascending tracks. The correlation coefficient between the deformation rate of the entire Gudong Oilfield
is 0.83 with a mean difference of 2.4 mm/year. The systematic negative bias is probably attributable
to the selection of control points. From Figure 13b, and it can be seen that the errors fall into near
normal distribution.
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Figure 13. (a) Correlation of InSAR deformation rate between the ascending and descending tracks; (b)
difference distribution statistics between ascending and descending tracks.

Table 3. Statistics of deformation rate differences from two different tracks.

Deformation Analysis Value (mm/year)

Maximum (ASC) 39.2
Maximum (DES) 24.4
Minimum (ASC) −307.2
Minimum (DES) −275.1
Mean (ASC-DES) 2.4
RMSE (ASC-DES) 8.0
STD (ASC-DES) 7.7

Correlation (spearman) 0.83

In the case of absence of long-term ground control points, we use cross validation method to
verify the consistency and stability of the results. As far as the deformation rate map is concerned,
we find that the law of deformation is basically positively correlated with human activities in the
Gudong Oilfield. The large-scale subsidence in the upper part of Figure 12 over the coastal salt fields is
very consistent with the extraction of underground brine. There also exists uplift in some areas over
the Gudong Oilfield, which may be attributed to oil production method by injecting water into the
underground oil layer to increase the pressure of the oil layer.

2.4. DEM Simulation

As the schematic diagram in Figure 14 shows, we performed clipping, interpolation and resampling
on a raw deformation map. This process is critical to ensure that the deformation rate raster and
the LiDAR DEM have the same geographic range and resolution. Then, we smoothed the obtained
deformation rate raster with a threshold of 200 m to eliminate noise as far as possible and ensure
that the deformation process was relatively smooth. By taking four sample points approximately
evenly distributed over the dam as examples (Figure 15), the deformation rate is basically a linear
trend. Thereafter, we simulated the future DEM through the operation of linear raster superposition,
as illustrated in Figure 16.
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2.5. Sea-Level Simulation

As an elongated strip-shaped artificial structure, the elevation of the Gudong coastal dam is
largely below 5 m, and the elevation change is less than 2 m. Therefore, the simulation of sea-level
must be sufficiently accurate and consistent with the reality. Here, we simulated a dynamic sea-level
by considering the three components of tidal change, storm surge and sea-level rise.

2.5.1. Tidal Change Simulation

We refer to the prediction of the astronomical tide and interval of tide change released by the
book “Coastal Warning Tidal Level Assessment in Shandong Province” [65]. Figure 17 presents the
astronomical spring tide value range of 16–98 cm and the tide difference of 82 cm between spring tides
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and neaps. Due to high-standard structure adopted in the dam construction, Gudong coastal dam face
major threats from extreme weather events. Among them, the greatest threat is the astronomical tide
superimposed on the storm surge, whilst the smallest threat is the astronomical tide only. For the sake
of simplicity, we adopt the height of spring tide (98 cm) as the starting point of water level simulation.
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Figure 17. Simulated tide change.

Moreover, according to the tidal data between 2018 and 2019 in the simulation of the waveform,
we find that the tide of the Gudong area is a regular diurnal tide. Therefore, we simulated the tide
change by referring to the above data. The simulated value of tidal change ranges from 16 to 98 cm.
Based on this simulated tidal change, we superimposed the storm surge and sea-level rise.

2.5.2. Storm Surge

Storm surge is a kind of abnormal fluctuation of the sea caused by strong wind, sudden pressure
changes caused by tropical cyclones (such as typhoons), temperate cyclones, or cold front strong
weather systems. If the storm surge is overlapped with the astronomical tide, the sea-level will easily
exceed the “warning line” and the seawater will break the embankment. Therefore, it is an important
factor in the fluctuation of sea-level beyond the tide.

The storm surge records obtained from the China Meteorological Administration are shown in
Figure 18 [65]. As indicated by the analysis of the data recorded by Gudong tidal gauge (the bigger
pentagram in Figure 1b) and Dongying port tidal gauge, we set the storm surge interval from 0 to 150 cm.
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Figure 18. Storm surge records for the Gudong tide gauge station and Dongying port. As the distance
is very close, and the law of tidal changes is consistent, the storm surge interval value is taken from the
records of the above two stations.
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2.5.3. Sea-Level Rise

Here, we refer to the predictions made by the IPCC in SLR simulation. With global warming
exacerbated by human activities over the past 20 years, the melting of glaciers in Antarctica, Greenland
and the Arctic region have been leading to continuous global sea-level rise. The present assessment
report of projected future changes is primarily based on the predictions of a climate model using the
RCPs [59]. The RCPs are a series of scenarios, including a time series of emissions and concentrations
of greenhouse gases (GHGs), aerosols and chemically active gases, land use and land cover, which offer
only one of the scenarios that could lead to varying degrees of global warming.

RCP 8.5 is the highest greenhouse gas emission scenario and leads to a continuous increase in
the concentration of greenhouse gases in the atmosphere in the absence of policies to address climate
change. By the end of this century, sea-levels will rise by 53 to 98 cm in the RCP 8.5. Here, we take the
maximum value for the simulation of sea-level rise. Therefore, we simulate a sea-level rise of 10 cm in
2030, 33 cm in 2050 and 98 cm in 2100 [59].

2.6. Bathtub Model for Inundation Assessment

The inundation assessment model we use here is a simple bathtub model [16,29,41,47]; that is,
we superimpose the simulated future sea-level on the seaward side of the dam to obtain the submerged
scene. In addition, as the dam is formed in the shape of a hump, when conducting inundation analysis,
we should avoid the back of the dam that below the simulated water level is submerged too. Therefore,
we have adopted a simple separation process to ensure that the submerged range is scientifically
correct. The back of the dam should not be submerged before overtopping occurs. Figure 19 provides
a schematic diagram of the bathtub model used, which is a four-way hydraulic connectivity rule,
whereby a cell flows only if it is connected to a water body directly or via adjacent cells in cardinal
directions [29]. The bathtub model is used to illustrate that the analysis of the seaward side and the
back side is different when analyzing inundation. Although the elevation of the front and back of the
dam is identical, only the front of the dam will be submerged when the seawater does not overflow
the dam.
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Figure 19. The yellow grid represents the dam that has not been submerged, and the blue grid
represents the dam that has been submerged due to sea-level rise. The numbers in the boxes represent
elevation value.

3. Results

3.1. DEM Simulation Results

Figures 18 and 19 show the simulated DEM in the form of a cross-section of four periods and a
two-dimensional diagram for DEM for different periods. It can be seen that there is an obvious process
of uplift between points 21–63 and 94–104 whilst a process of subsidence between points 1-20 and
121–178 is evident in Figure 20. As it is shown that deformation is below 50 cm, points 64–97 and
105–120 will be relatively stable after 80 years. In Figure 21, four columns present the DEM changes of
the four representative fragments of Gudong Dam for the four different scenarios; that is, the years
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2020, 2030, 2050 and 2100. The first two lines extracted from points 10 and 49 illustrate the main trend
of rapid subsidence and uplift, while the last two lines extracted from points 68 and 163 show that the
stability and slow subsidence trend is dominant.
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of the dam over time. The vertical axis represents the elevation, and the point number of the horizontal
axis represents a segment number from north to south.
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3.2. Sea-Level Simulation Results

Through the superposition of three components (tide change, SLR and storm surge), we simulated
the sea-levels of 2020, 2030, 2050 and 2100 (Figure 22). It can be seen that, under the storm surge and
sea-level rise, the rise of sea-level is very obvious. Considering an actual situation, when a storm surge
occurs it is often accompanied by extremely high waves caused by strong winds. Therefore, the actual
instantaneous sea-level and impact force that the dam will suffer will likely be more severe.
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Figure 22. Sea-level simulation. The above four figures show the simulated sea-levels. The storm surge
is displayed as an interval and is blue filled.

The method used for water level superposition is shown below. Here, we use a static linear
method to superimpose the three components to obtain the water level values.

WLC = TC + SS + SLR (10)

where WLC is water-level change, TC is tide change, SS is storm surge interval and SLR is the
sea-level rise.

There are two important values in the sea-level simulation results; that is, the normal sea-level
and the highest sea-level. The normal sea-level refers to the astronomical spring tide value that can
easily be attained under normal weather conditions, whilst the highest sea-level indicates the highest
sea-level height which can only be reached under extreme weather conditions. Table 4 details sea-level
simulation results in regard to the four different scenarios that will be used for further analysis in the
next section.
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Table 4. Sea-level simulation results.

Year SLR Value (cm) Tide Change Interval (cm) Normal Sea-Level Value (cm) Highest Sea-Level Value (cm)

2020 0 [16, 98] 98 248
2030 10 [26, 108] 108 258
2050 33 [49, 131] 131 281
2100 98 [114, 196] 196 348

3.3. Inundation Assessment

As shown in Figure 23, the inundation assessment integrates the sea-level and DEM components
to evaluate the flood control capacity of the coastal dam. Before considering this inundation assessment,
two points should be noted: firstly, the elevation datum of the DEM and sea-level should be unified [28];
secondly, the maximum submergence is a transient state. At a leveling control point with known
elevation near the tide gauge station (Figure 1b), we measured its WGS84 elevation, calculated the
datum conversion difference and employed the same correction value to adjust the tide elevation.
Finally, all elevations are unified under the WGS84 geodetic height system.
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3.3.1. Scenario of 2020

Figure 24 is the profile of the DEM and water level in 2020, we can find that the sea-level will not
be higher than the dam even under extreme weather conditions, which is consistent with the current
actual situation. The highest point of the dam is 4.31 m and the lowest point is 3.41 m, both of which
are higher than the high sea-level (2.48 m). However, in a situation of wind arriving from a particular
direction, seawater can pour into the oilfield in the form of high waves. Taking Typhoon Lekima in
August 2019 as an example, although the sea-level did not exceed the dam, waves of 3 m to 5 m high
nevertheless led to a large amount of water inflow into the oilfield. Figure 25 shows the cross section
of four different part of the dam and the overlap between the water level and the dam.
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Figure 24. Static display of dam profile and sea-level in 2020. The profile line is along the center line of
Asphalt Road on dam crest, and the horizontal line is the height of two simulated sea-levels; the highest
sea-level is 2.48 m and the normal sea-level is 0.98 m. This is an indication of the submerged range
from the perspective of the longitudinal section.
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Figure 25. Cross section of the dam and 2D inundation diagram for 2020. The first column shows the
DEM of four different part of the dam in 2020, and the second column indicates the inundation range of
the dam, due to the high sea-level (2.48 m) shaded in blue. The third column represents a cross section
of the dam at Points 10, 49, 88 and 163, in which the right direction is seaward.
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3.3.2. Scenario of 2030

As indicated in Figures 26 and 27, the scenario of 2030 is similar to that of 2020 and there will be
no invasion point. The highest point of the dam is 4.41 m and the lowest point is 3.07 m, both of which
are higher than the high sea-level (2.58 m). However, the mean gap between the dam and sea-level has
narrowed by 13 cm. In addition, the protective capacity of the northern end of the dam has declined,
as indicated in Figure 26. Furthermore, deformation of the dam will also lead to the destruction of the
structure of the dam itself.
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Figure 26. Static display of dam profile and sea-level for 2030. The highest sea-level is 2.58 m and the
normal sea-level is 1.08 m.
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Figure 27. Cross section of the dam and 2D inundation diagram for 2030. The first column shows the
DEM of four different parts of the dam in 2030, and the second column indicates the inundation range
of the dam due to the highest sea-level (2.58 m), shaded in blue. The third column represents a cross
section of the dam at points 10, 49, 88 and 163, in which the right direction is seaward.
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3.3.3. Scenario of 2050

After 30 years of continuous deformation, the dam can be seen to undergo significant changes
in Figures 28 and 29. The maximum subsidence is about 116 cm, while the maximum uplift is about
69 cm. With the normal sea-level (1.31 m), the highest point of the DEM 2050 is about 4.75 m, which is
higher than the simulated sea-level, and the lowest point is about 2.30 m, which is higher than the
simulated sea-level also.
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Figure 28. Static display of dam profile and sea-level in 2050. The highest sea-level is 2.81 m and the
normal sea-level is 1.31 m.
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Figure 29. Cross section of the dam and 2D inundation diagram for 2050. The first column shows the
DEM of four different parts of the dam in 2050, and the second column indicates the inundation range
of the dam due to the highest sea-level (2.81 m) shaded in blue. The third column represents a cross
section of the dam at points 10, 49, 88 and 163, in which the right direction is seaward. The intrusion
point was found in the section of point 10.
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With the highest sea-level (2.81 m), the highest point of the DEM 2050 is about 4.75 m, which is
higher than the simulated sea-level. However, between points 1 and 11, the dam will be submerged
easily. Additionally, between points 123 and 178, the difference between the sea-level and dam crest is
less than 1m and the minimum value is 42 cm; therefore, the highest sea-level is close to the dam crest.
Although the sea-level will not be higher than the dam under these extreme conditions, the protective
ability of the coastal dam is very weak in consideration of the factor of wave.

Therefore, in combination with sea-level rise and vertical deformation of the dam, intrusion points
will appear in around 2050, meaning that the protection capacity of the dam is already in jeopardy.
Countermeasures should thus be taken prior to 2050, as, otherwise, seawater will easily pour into
the oilfield.

3.3.4. Scenario of 2100

Figures 30 and 31 show that, by the end of this century, the situation will deteriorate further.
With the normal sea-level (1.96 m), the highest point of the simulated DEM 2100 is about 3.76 m higher
than the simulated sea-level. The protective ability of the dam between points 21 and 120 is still reliable,
due to the overall rise of the ground but, from points 1 to 13, the dam will be easily submerged by
seawater and an area of the dam at least 1.1km long will be submerged easily by seawater.

With the highest sea-level, the situation deteriorates further. The highest point of the simulated
DEM 2100 is about 2.26 m above the simulated sea-level. The dam is completely submerged by
seawater from points 1 to 17 and 123 to 178, and the unprotected section is up to about 4.41 km. At this
time, the seawater and land will be connected on a large scale. Due to the low-lying topography of the
Gudong area, the oilfield will be completely submerged by seawater. In addition, it can be seen from
Figure 28 that, even without the consideration of the dam deformation in 2100, the protective capacity
of the dam will also significantly decrease as a result of the sea-level rise alone.
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Figure 30. Static display of dam profile and sea-level for 2050. The highest sea-level is 3.46 m and the
normal sea-level is 1.96 m. We are able to establish the entry point in the high sea-level scenario in 2100
and find that the northern and southern parts of the dam will lose their protective ability completely.
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Figure 31. Cross section of the dam and 2D inundation diagram for 2100. The first column shows the
DEM of four different parts of the dam in 2100, and the second column indicates the inundation range
of the dam due to the high sea-level (3.46 m), shaded in blue. The third column represents a cross
section of the dam at points 10, 49, 88 and 163, in which the right direction is seaward. The dam at
points 10 and 163 will lose its protective capacity completely, and seawater will easily overflow the
dam crest.

4. Discussion

4.1. Selection of DEM for Inundation Assessment

There are many ways to obtain DEMs, such as InSAR, photogrammetry and LiDAR [43,44,66–68].
As an indispensable product in most areas of earth science, the DEM should be chosen carefully in
terms of its resolution and accuracy. Products such as SRTM and AW3D30 in Table 5 [69], have been
used widely in the civilian and military sectors [28,29,70] and indeed, offer significant advantages for
large scale applications that do not require highly accurate quantitative analysis [31]. However, in the
case of a long and narrow artificial low-lying coastal dam, such global DEMs cannot meet requirements
in terms of precision, fineness, smoothness and other aspects.



Remote Sens. 2020, 12, 3658 24 of 31

Table 5. High resolution global DEMs available.

DEM Product Release
Time/Year Grid Size Official Elevation

Accuracy RMSE/m Free or Not

SRTMGL1 2014 1” 16 Yes
SRTMX 2010 1” 16 Yes

ASTER GDEM2 2011 1” 20 Yes
AW3D Standard 2014 5 m 5 No
AW3D Enhanced 2014 0.5 m1 m2 m 2 No

AW3D30 v2.1 2018 1” 3 No
NEXTMAP ONETM 2016 1 m 1 No

In particular, the current DEM of the dam is the fundamental dataset for future DEM simulation
and submergence assessment in different scenarios. Gesch [46] has proved that use of high-accuracy
LiDAR-derived elevation data is an advantage for elevation-based assessments of coastal inundation
events such as storm surges, abnormal high tides or extreme precipitation events. A DEM should have
an accuracy of better than 25.5 cm (RMSE) when modeling of 1 m or less of sea-level rise, in order to
avoid being within the bounds of the statistical uncertainty of the elevation data.

At present, the popularity of UAV, the miniaturization of LiDAR, and the combination of both,
make the acquisition of DEM of a strip artificial structure more economical and effective. Moreover,
a variety of processing on the point cloud, such as filtering and classification, are convenient. The fine
DEM in this study was generated with a resolution of 20 cm through the filtered point cloud collected
by the UAV LiDAR in August 2019 following Typhoon Lekima. Compared with previous articles
related to submergence analysis [31,41,47], the DEM used in this article has greatly improved two
important indicators, that is, the accuracy and spatial resolution, which is also a prerequisite for
accurate analysis of fine artificial buildings and forest canopy. In general, UAV LiDAR is a necessary
and effective way to achieve sub-meter accuracy DEM for coastal dam inundation assessment.

4.2. Coastal Dam Deformation and DEM Simulation

In order to obtain more accurate and dynamic results in inundation assessment, the DEM should
update with the deformation. Some researchers used interpolation to simulate an uneven deformation
rate grid with traditional monitoring data [32,34], or used an average value as deformation rate over
the whole study area [33]. The SBAS InSAR technique has been developed over a period approaching
20 years can be used to measure and reveal the physical mechanism of land deformation [21].
Previous attempts to monitor the ongoing destabilization process of artificial dams using space-borne
or ground-based (GB) InSAR outside the traditional leveling and GNSS measurement have largely
focused on inland water reservoirs and hydraulic structures [51,71–73].

In this study, we revealed a complicated deformation pattern of the coastal dam consisting of
both uplift and subsidence. As shown in the Figure 32, many natural and man-made factors contribute
to the river delta deformation, which makes the stability of coastal dam uneven in time and space
domain. Here some simplifications are made by preserving the spatial variation characteristics of
deformation and ignoring the inhomogeneity in the time domain. In spatial dimension, the uplift is
primarily caused by water injection during secondary oil recovery [74,75]. With the exploitation of
oil and gas resources in the field of oil extraction, the pressure of the oil-bearing layer continues to
be released, resulting in a drop in the pressure of the oil-bearing layer, which is then insufficient to
push the oil out of the ground. In this case, the method of injecting water into the oil-bearing layer to
increase the pressure is often used to ensure the continuation of oil extraction. Compared with the
single inducement of ground uplift, there are more reasons for land collapse, such as the continuous
mining of underground mineral resources, compaction caused by underground brine extraction and
the compaction of sediments over the Yellow River Delta. Most of them are human related activities
that are common in mining areas.
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Figure 32. Simplification of surface deformation process in coastal zone.

On the basis of understanding oil field activities and analyzing deformation laws, here, we use
the method of superposing the current DEM and land deformation rate to simulate the future DEM.
It should be noted that we simulated the future DEM under the assumption that the dam was in a
stable deformation process [21], which simplified the process of simulation. Nonetheless, in fact the
deformation process of the dam is more complex and is likely to be significantly affected by human
factors. The subsidence of the dam will reduce its protective capacity, but it does not mean that the uplift
will increase its protective capacity. In addition, there are both uplift and subsidence phenomena in
part of the coastal dam body, in which the inconsistency of vertical direction will produce an extremely
unfavorable shear stress on the structure and cause more serious damage to the dam. Given that the
deformation direction is homogeneous, the uneven displacement velocity would also produce shear
stress, albeit substantially lower.

4.3. Sea-Level Simulation

Several previous studies only used the concept of average sea-level, which greatly limits its
practical application [17,26,36]. Figure 33 shows that the use of the mean water level reduces the
estimated water level, which affects the results of the inundation analysis. In this study, we used three
components to synthesize the simulated sea-level, including tidal changes, IPCC published sea level
rise data and long-term storm surge records. Normal changes in water levels do not pose a threat to
the coastal dam, but the real danger is at astronomical spring tides.Remote Sens. 2020, 12, x FOR PEER REVIEW 28 of 34 
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It should be noted that the tide gauge station would be susceptible to ground deformation without
external position correction, such as GNSS [76]. Therefore, we used a simulated sea-level in order to
avoid incorrectly estimating sea-level. Two values were used for inundation analysis—the normal
sea-level and the highest sea-level [41]—one of which represents daily changes and the other extreme
situations. Taking 2020 as a reference from which to verify the sea-level simulation results, the results
are in line with the current actual situation. For example, taking Typhoon Lekima as an example,
the sea-level was almost consistent with the actual situation.

4.4. Inundation Assessment Algorithm

The Gudong coastal dam was built with the highest engineering specifications over the Yellow
River Delta area, with the dynamic environmental context taken into account. Most previous inundation
studies focused on flooding range and depth over large-scale areas [35,56]. The coastal dam is the first
and most vital security barrier at the sea-land interface. If the function of the dam were to be damaged,
seawater would easily flow over the dam. It is easier to understand with the aid of a profile and a
two-dimensional submerged range map intuitively displayed.

The data used in flood analysis involves a gradual transition from simple assumptions to complex
simulations. In Figure 34, we sum up the experience of the predecessors, which is the premise to carry
out the analysis of the vulnerability of coastal zone flooding. The bathtub model generally improves
the shoreline water level on coastal DEM by selecting a land elevation higher than the current water
level, and then selecting all areas at or below the elevation, which has been improved by accounting for
hydrologic connectivity [46,77–79]. As an efficient hydrostatic model, we used a four-way hydraulic
connectivity rule to analyze the inundation of the dam, where a cell flows only if it is connected to a
water body directly or via adjacent cells in cardinal directions [29].
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More complex hydrodynamic models have been studied, but are very time consuming and
computationally intensive through an integrated tide-surge, wave and flooding modeling framework
to accurately predict the flooding due to wave overtopping and represent cross-shore sediment
transport processes explicitly with highly parameterized models [24,25]. Due to the potential for
both inundation and dynamic response that exists for many coastal landscapes, a data-driven coastal
response model could be more preferable as an alternative that considers both inundation and dynamic
response using data sets describing elevation and vertical land movement at a range of sea level rise
scenarios [80].

5. Conclusions

In this study, we present a systematic solution and a range of scenarios for coastal dam
inundation assessment by combination of different space-based observations and simulation models.
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A high-resolution, high-accuracy DEM of Gudong Dam is generated with UAV LiDAR and a surface
deformation rate map of the dam is created using the SBAS InSAR technique. Under the assumption
that deformation rate is constant in the future, a simulated sea-level composed of three components
was superimposed with the coastal DEM to analyze the flooding trend of the dam, using a bathtub
model. This evaluation procedure is cost-effective and can be updated in time.

The results indicate that the protection capability of Gudong Dam is weakening year by year,
as a result of dam deformation, sea-level rise and the increasing frequency of extreme weather events.
Based on the analysis and predictions on the Gudong oilfield, the coastal dam protection ability is
relatively safe and reliable in most cases, except for the heavy rainfall and large waves caused by
extreme weather such as typhoon. Typhoon waves up to 3 to 5 m can break part of the retaining walls
and bring a certain amount of seawater intrusion.

There will not be much change in 2030 compared to 2020. By 2050, it is highly likely that the dam
will be flooded, and, in the case of high water levels, nearly 1 km of the dam’s northern length will be
submerged. The rapid subsidence in this area is mainly due to the land subsidence caused by brine
mining in the northern salt fields. By the end of the century, the coastal dam will have lost most of its
protective capacity, and if high water levels occur, about 4.41 km of dam in the north and south will be
completely submerged. On account of the relative stability and local uplift, the central part will not
be submerged, but the protection ability is greatly reduced. Oil fields would be flooded by seawater,
causing massive damage to the production facilities. Combined with these factors, the difficulty and
cost of oil extraction will increase dramatically.

Therefore, we should reinforce the monitoring of the dam and revise the evaluation parameters
in time in order to derive more accurate prediction results. In the future, the coastal dam will be
strengthened or repaired only when damaged, which is more an afterthought than a preventive measure.
This article can help to obtain the time node and specific locations requiring reinforcement and offers
an alternative cost-effective approach for the protection of other artificial coastal infrastructures.
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