
Citation: Zhou, L.; Sun, M.; Liu, Y.;

Yang, Y.; Su, T.; Jia, Z. An Integrated

Multi-Factor Coupling Approach for

Marine Dynamic Disaster

Assessment in China’s Coastal

Waters. Remote Sens. 2023, 15, 838.

https://doi.org/10.3390/rs15030838

Academic Editors: Jiayi Pan, Bo

Huang, Hongsheng Zhang, Adam T.

Devlin and Magaly Koch

Received: 4 December 2022

Revised: 22 January 2023

Accepted: 26 January 2023

Published: 2 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

An Integrated Multi-Factor Coupling Approach for Marine
Dynamic Disaster Assessment in China’s Coastal Waters
Lin Zhou 1, Meng Sun 1,2,3,*, Yueming Liu 4, Yongzeng Yang 1,2,3, Tianyun Su 1,2,5 and Zhen Jia 1,5

1 First Institute of Oceanography, Ministry of Natural Resources, Qingdao 266061, China
2 Laboratory for Regional Oceanography and Numerical Modeling, Pilot National Laboratory for Marine

Science and Technology, Qingdao 266071, China
3 Key Laboratory of Marine Science and Numerical Modeling (MASNUM), Ministry of Natural Resources,

Qingdao 266061, China
4 State Key Laboratory of Resources and Environmental Information System, Institute of Geographical Sciences

and Natural Resources Research, Chinese Academy of Sciences, Beijing 100101, China
5 National Engineering Laboratory for Integrated Aero-Space-Ground-Ocean Big Data Application Technology,

Qingdao 266061, China
* Correspondence: sunm@fio.org.cn

Abstract: Marine dynamic disasters, such as storm surges and huge waves, can cause large economic
and human losses. The assessment of marine dynamic disasters is, thus, important, but improvements
to its reliability are needed. The current study improved and integrated the assessment from the
perspective of multi-factor coupling. Using a weighted index system, a marine dynamic disaster
assessment indicator system suitable for China’s coastal waters was established, and a method for
calculating the weight of disaster indicators was proposed from the perspective of rapid assessment.
To reduce the assessment deviation in coastal waters, a multi-factor coupling algorithm was proposed.
This algorithm obtained amplitude variations of wave orbital motion in horizontal and vertical
directions, which was used to evaluate the influence of background current and terrain slope on
coastal ocean waves. Landsat 8 remote sensing images were used to carry out an object-oriented
extraction of raft and cage aquaculture areas in China’s coastal waters. The aquaculture density was
then used as the main basis for a vulnerability assessment. Finally, the whole assessment system was
integrated and verified during a typical storm surge process in coastal waters around the Shandong
Peninsula in China. The coupled variations were also added to the assessment process and increased
the risk value by an average of 12% in the High Sea States of the case study.

Keywords: marine dynamic disaster; assessment; multi-factor coupling; weighted index; indicator
system method; Landsat 8

1. Introduction

Marine disasters are caused by both natural and human factors. Storm surges, huge
waves, sea ice, and tsunamis, which are classified as marine dynamic disasters, are mainly
caused by the violent movement of ocean water and are characterized by a broad geo-
graphic influence and high disaster intensity [1]. Marine dynamic disasters are the main
types of oceanic disasters and are also important research objects in the field of physi-
cal oceanography.

Storm surges and huge waves are among the most serious types of marine dynamic
disasters, owing to their high frequency and the large economic losses and losses of human
lives [2]. Storm surges refer to the abnormal rise of sea levels caused by the action of strong
winds such as typhoons and extratropical cyclones that are related to severe atmospheric
disturbances [3]. They are marine disasters that can destroy coastal dams and their ancillary
facilities, eventually causing flooding and substantial losses in coastal and inland areas [4].
Huge waves refer to wave heights of 6 m or more, and they are caused by the violent
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fluctuation of the sea surface. Huge waves have a substantial effect on coastal dams, coastal
engineering, and marine navigation.

In recent years, climate change has further intensified the frequency and destructive
power of marine dynamic disasters, and they have become more unexpected, abnormal,
and unpredictable [5]. To strengthen the early warning and risk assessment of marine
dynamic disasters, researchers have carried out in-depth research on two main aspects: the
dynamic mechanism and the comprehensive assessment capacity.

1.1. Research on the Dynamic Mechanism of Marine Dynamic Disasters

For many years, the mechanism, change regularity, and distribution characteristics of
marine dynamic disasters have been the main research topics of physical oceanography
for scholars from all over the world trying to draw deterministic conclusions from the
perspective of the dynamic mechanism [6]. Initially, studies focused on ocean observation
and theoretical research. In the middle of the twentieth century, with the development of
information technology, ocean numerical models began to be created, attempting numerical
simulation and prediction. With the rapid improvement of global computing power and
parallel computing technology, marine numerical models then entered a period of rapid
development. By the end of the twentieth century, a series of marine numerical models
had been created, such as the HYbrid Coordinate Ocean Model (HYCOM) [7], Nucleus
for European Modelling of the Ocean (NEMO) [8], Modular Ocean Model (MOM) [9],
Regional Ocean Modeling System (ROMS) [10], Princeton Ocean Model (POM) [11], and
the unstructured grid Finite Volume Community Ocean Model (FVCOM) [12]. Each of
these ocean models has its own characteristics and can be applied to different areas (such
as oceans, bays, and estuaries).

For storm surge research and forecasting, Heaps [13] began the early calculation of
two-dimensional storm surges, and then numerical models such as POM began to focus
on the research and development of three-dimensional hydrodynamics by using the σ

coordinate as the vertical coordinate [14]. The storm surge numerical models gradually
changed into multi-dimensional unstructured grids. As an unstructured grid model,
FVCOM has developed rapidly [15] and gives better simulation results in the nearshore
environment than some other models [16]. It is widely used in the operational forecasting
system in China.

For ocean wave research and forecasting, two generations of numerical models have
been successively developed through the contributions of Pierson [17], Mitsuyasu [18], and
others. The Wave Model Development and Implementation (WAMDI) group proposed the
third-generation wave model, WAve Model (WAM) [19]. Subsequently, ocean wave models
such as WAVEWATCH [20], Simulating Waves Nearshore (SWAN), and Marine Science
and Numerical Modeling (MASNUM) [21] have been developed and widely used.

With the rapid development of numerical models of storm surges and ocean waves,
researchers have recognized that storm surges and huge waves are not two independent
disaster-causing factors. Ignoring the interaction between the two factors leads to inaccura-
cies in both the simulation and the assessment. Therefore, the interaction process between
storm surges and ocean waves has become a research focus. Longuet-Higgins [22] pro-
posed the basic theory of wave–current interaction as early as 1962. Since then, Signell [23]
and Janssen [24] have successively added calculation methods for factors such as bottom
stress and wind stress to measure the relationship between storm surges and ocean waves.
After Wolf [25] formally proposed the corresponding numerical research method for the
interaction between storm surges and ocean waves, Mastenbroek [26] and Zhang [27] used
this theory to conduct experiments confirming that the ocean waves can affect the tide level
of storm surges through wind stress. Xie [28] comprehensively considered factors such as
bottom stress and wind stress to conduct a more detailed study.

Studies on the interaction process between storm surges and ocean waves are, however,
still lacking. The current research is biased towards the effect of ocean waves on storm
surges because the enhancement process of ocean waves on storm surges is relatively
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intuitive and easy to accept. However, the reverse process, which is the enhancement
of storm surges on ocean waves, is rarely studied. The risk assessments that consider
the interaction between ocean waves and storm surges are rarer. To make the dynamic
mechanism and risk assessment of marine dynamic disasters more accurate, it is necessary
to add the coupled effect of ocean waves and storm surges as an assessment indicator.

1.2. Research on the Assessment of Marine Dynamic Disasters

The risk assessment of marine dynamic disasters is an important application of scien-
tific research and has always received substantial attention. In the 1960s, Jelesnianski [29]
began to evaluate the impact of storm surges through numerical calculations. In the early
1980s, William [30] published monographs that showed research on the risk assessment of
widespread natural disasters and introduced the characteristics of nine natural disasters,
including storm surges. Subsequently, a large number of studies on the assessment of storm
surge disasters began to appear [31,32], and specific scenarios were applied according to
the different characteristics of different study areas.

Previous research usually was based on the uncertainty of natural disasters. With the
rapid development of forecasting models such as storm surge models, storm surge disaster
assessment has been divided into several categories, including the analysis of typical return
periods [33], the analysis of the maximum storm surge, and scenario simulation of storm
surges. Research into nearshore floods based on storm surges and the evacuation system in
nearshore areas has also taken place.

At present, single-factor risk assessment is relatively well studied, and some multi-
factor comprehensive assessments have also developed a series of combined methods [34,35].
However, with the refinement of marine dynamic disaster risk assessment, the multi-
factor coupling process between different types of disaster has received more attention
in marine numerical models. To improve the results of the marine dynamic disaster
assessment methods, it is necessary to propose and adopt a corresponding multi-factor
coupled risk assessment model. At the same time, with the development of measures of
the hazard intensity of a single factor, the coupling effect between different factors, which
were originally insignificant under low-intensity disaster conditions, may be expressed
more clearly.

In recent years, researchers have carried out studies on the vulnerability assessment of
marine dynamic disaster-affected objectives [36,37] and published the assessment results.
Generally, the research on marine dynamic disaster assessments without a vulnerability
assessment is not sufficiently comprehensive and in-depth.

To summarize, the research on marine dynamic disasters, especially the in-depth
research on storm surges and ocean waves, is of great importance for the prediction and
risk assessment of marine dynamic disasters. Accordingly, the current study aims to carry
out a risk assessment of marine dynamic disasters considering multi-factor coupling to
refine the assessment results, integrate the risk assessment methods into an organic and
comprehensive structure, and achieve an integrated framework for operational assess-
ment. The current study also uses the data obtained by remote sensing as a vulnerability
indicator to further improve the reliability and refinement of marine dynamic disaster
comprehensive assessments.

2. Materials and Methods

As mentioned above, marine dynamic disasters include storm surges, huge waves,
sea ice, and tsunamis. Taking the statistics of marine disasters in China in 2018 as an
example, it was found that among the various marine disasters, the types of disaster that
caused the most direct economic losses were storm surges, accounting for approximately
93% of the total direct economic losses. The types of disaster that caused the most serious
human losses were huge waves, accounting for approximately 96% of the total number of
deaths (missing) [38]. Similarly, by analyzing China’s Marine Disaster Bulletin over the
past 20 years and categorizing the marine dynamic disaster data (as shown in Figure 1), a
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similar conclusion could be drawn; that is, direct economic losses were mainly caused by
storm surges, and human losses were mainly caused by huge waves. Therefore, the current
study analyzed storm surges and huge waves as the main disasters, using China’s coastal
area as an example.
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2.1. Establishment of an Indicator System

At present, the main methods for the risk assessment of marine dynamic disasters can
be divided into the following four categories.

(1) Probability and statistics

The typical research process of the probability and statistics category is to use the
statistical information from the existing disaster process to calculate and evaluate the typical
return period of disasters such as storm surges.

(2) Fuzzy information

Fuzzy mathematics and other methods are used to calculate future information based
on a small amount of sample data, and information diffusion theory can be applied.

(3) Scenario analysis

This method uses historical data and develops different scenarios to reconstruct the
dataset of disasters.

(4) Indicator system

By establishing an indicator system and using existing data or using subjective factors
to calculate indicator weights, a final combination of indicators and weights can be set for
the assessment.

Moreover, the indicator system is the most widely used method in marine dynamic
disaster assessment because it is based on intuitive principles and is simple to operate. To
ensure the reliability of the indicator system, as many influencing factors should be included
as possible when the indicator system is established. Then, the indicator system can be
further screened or controlled by weight according to different purposes. When calculating
the weights, the indicator system approach can be roughly divided into subjective and
objective methods.

Analysis of the four types of assessment methods mentioned above shows that the
probability and statistics methods and the fuzzy information methods mainly analyze and
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process the independent historical data of certain research sites or research areas, and the
basic research units are mainly administrative divisions. The results tend to be macroscopic
assessments of various countries, provinces, cities, or disaster hot spots. The typical results
are zoning maps of various types of assessment results, which only have a macro-assisted
role in aiding the decision-making process. The scenario analysis methods are mainly used
to test a single area or event repeatedly, and the assessment results are generated from the
perspective of probability. Thus, it is difficult to realize real-time and dynamic assessment
during the disaster process. After comparison, only the indicator system method was
suitable for the data acquisition and practical requirements of this study. Using rasterized
management of the data for each index and calculations between the grids for different
indicators, the assessment results were able to be obtained quickly.

After choosing the indicator system method as the overall approach, the next step
was to establish an indicator system. The selection of indicators needed to accurately
describe certain features of the research object, and it needed to be organically combined
through a series of indicators. The establishment of the indicator system was limited not
only by objective conditions and research goals but also by the subjective views of the
researchers involved.

The establishment of the indicator system drew on previous research results. Qi [39]
used nine indicators to evaluate storm surges: maximum wind speed, frequency of gusts,
rainstorm intensity, rainstorm frequency, tropical cyclone frequency, maximum wave height,
maximum storm surge increment, maximum tidal range, and sea level rising rate. Because
some indicators were concepts of statistical significance, based on the actual data of marine
dynamic disasters in China, and also on the real-time dynamic operational assessment
framework of the entire study area, this paper adjusted the indicator system. The frequency-
related statistical indicators were removed, and the multi-factor coupling indicators were
added. The final assessment indicator system of this study is shown in Figure 2.
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According to the overall goal of simplifying the assessment process and ensuring the
operability of assessment, a total of six indicators were selected to constitute the marine
dynamic disaster risk assessment indicator system. These indicators were divided into
major factors and secondary factors according to their influence. The major indicators
included tide level and wave height, which were two hazard factors that conformed both to
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people’s intuitive cognition and the statistical results in the China Marine Disaster Bulletin.
As the multi-factor coupling indicator will finally affect the wave height indicator, the
multi-factor coupling indicator can be treated as part of the wave height indicator, and
shares the weight of the wave height indicator.

The application of the indicator system needed to have the following characteristics:
be integrated with the numerical models, including the storm surge model and ocean wave
model; take tropical cyclone events as forcing; simulate the typical storm surge process;
calculate the data of tide level and wave height in the nearshore area; and, finally, calculate
the data of the offshore multi-factor coupled effect.

2.2. Calculation of Indicator Weights

The indicator system method aimed to calculate the weight distribution of each
indicator. Most of the commonly used objective class of assessment methods, such as
principal component and factor analysis, needed more than two assessment indicators and
used multiple sets of data to establish weight relationships. According to the analysis of
the China Marine Disaster Bulletin in the current study, there were only two major hazard
factors that could be indicators in the field of storm surges and ocean waves, and thus the
above methods could not be applied. It was necessary to analyze the disaster loss data of
storm surges and huge waves over the years to establish the correlation between the two
indicators and to obtain the default weight for the subsequent assessment.

Through the preliminary analysis of the statistical data in this case study, it was found
that the disaster loss fluctuated markedly each year. For example, the human losses from
storm surges could be zero in some years and could reach hundreds of people in some years.
A weight calculation method was needed that captured the substantial variations in this
dataset. The entropy evaluation method was chosen to calculate and analyze the weights.

The entropy evaluation method uses the concept of entropy in thermodynamics to
describe a measure of the disorder status of an indicator. It uses the original data of the
indicator to calculate the information entropy of each indicator. As the entropy value
decreases, the disorder status of the information decreases, and the utility value of the
information increases.

Using the entropy evaluation method to determine the weights, it was first assumed
that the multi-attribute decision matrix was as follows:

M =

 x11 · · · x1n
...

. . .
...

xm1 · · · xmn

 (1)

When the numerical dimension of each column of indicators is different, the nondi-
mensionalization of the numerical value needs to be performed first. In this paper, when
economic loss analysis or human loss analysis was carried out, the dimensions used for
both disasters were the same, and thus there was no need for nondimensionalization. Then,
under the jth disaster-causing indicator, the influence degree pij of the ith year can be
calculated according to the following formula:

pij =
xij

∑m
i=1 xij

(2)

The entropy value ej of the jth indicator can be obtained, namely:

ej = −k ∑m
i=1 pij ln pij (3)

Among them, the constant k = 1/ln(m), and it can be seen that ej tends to 1 when the
contribution of the data in each year for the jth indicator tends to be consistent.

The diversity coefficient gj = 1− ej was defined to indicate the degree of consistency
of the data for each indicator. A larger value of gj indicated that the importance of the
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indicator was higher. When ej tended to 1, gj tended to 0, indicating that the indicator had
almost no effect.

We defined the weight of each indicator:

wj =
gj

∑n
j=1 gj

(4)

In this way, the weight of each assessment indicator was finally obtained.

2.3. Multi-Factor Coupling Approach

As mentioned above, with the rapid development of ocean numerical models, the
accuracy of simulation and forecasting has been greatly improved. However, for specific
phenomena in the nearshore area or in a small local area, the results of the numerical
simulation have a large error range. Especially in nearshore shallow water areas, it is
still hard to achieve satisfactory simulation results. Then, researchers began to focus on
the relationships between various elements such as waves, tides, and currents and began
to introduce different elements into respective numerical models for coupling, thereby
improving the accuracy of numerical models. It was necessary to solve the problem
that single numerical models, which simulated elements such as coastal currents and
waves, tended not to achieve the expected assessment results. Similarly, to improve the
accuracy and persuasiveness of the risk assessment of marine dynamic disasters, it was
also necessary to consider the multi-factor coupling relationship between different dynamic
disaster elements.

2.3.1. Theoretical Background of the Multi-Factor Coupling Assessment

As early as the 1960s, Longuet-Higgins [40] proposed the effect and influence of ocean
waves on ocean currents, focusing on the residual momentum of wave motion. Especially
in the nearshore area, the residual momentum of wave motion can significantly affect the
coastal flow field, and thus it is mainly studied as radiation stress. Longuet-Higgins [41]
continued to verify the relevant theories, and with continuous improvement by other
researchers, the simulation of radiation stress was able to match the actual observations.
In general, the radiative stress of ocean waves can increase the flow velocity and increase
the tide level where the water increases, while decreasing the tide level where the water
decreases. As researchers gradually carried out systematic studies and quantified the
coupling relationship between ocean waves and currents, a synchronous coupling model
was gradually applied [27]. Xie [42] and Cobb [43] also tried to incorporate the effect of
radiation stress into numerical models such as POM and ADCIRC. Mellor [44] used the
σ coordinate system and Cartesian coordinate system to extend the influence of radia-
tion stress from two-dimensional to three-dimensional, which was also widely used in
ROMS [45], and FVCOM [46].

In the coupling interaction, the reverse influence, which is the influence of ocean
currents on ocean waves, is, however, relatively less studied. The main influence originates
from the change in the flow field caused by the change in water depth. Recently, researchers
have gradually increased the number of studies in this field. Ellingsen [47] showed that
the storm flow field and terrain slope had a relatively significant strengthening effect on
waves, especially in the nearshore area [48,49]. Therefore, on the basis of the findings of
previous studies, the current study carried out a quantitative calculation of the influence of
ocean currents on ocean waves.

In the field of ocean numerical models, researchers have successfully coupled the
wave and the current models and integrated them into the numerical simulation process.
Generally, the coupling method has two models that are set to run separately, and to
exchange the outcome data every specific time period, so that the respective models can be
revised and further iterated.

If the above-mentioned coupling method is adopted, although the accuracy of numeri-
cal simulation can be greatly improved, this coupling method is only fixedly embedded in
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the ocean numerical model itself, and it is not convenient to change to another numerical
model as the data source for assessment. Thus, it is not easy to realize the concept of
high cohesion and low coupling [50] for the integrated assessment framework. Therefore,
the quantitative calculation of the coupled influence is carried out separately, and the
calculation results are added to the assessment system to improve scientific robustness
and reliability.

2.3.2. The Coupled Influence of Background Current and Terrain Slope on Coastal
Ocean Waves

As mentioned above, in the study of wave–current coupling, ocean waves can signif-
icantly affect the motion of coastal currents through the process of radiation stress. This
process has been widely studied, and the coupling has been reflected in the outcome data
which are used in the assessment process. However, few studies have focused on the
impact of ocean currents on ocean waves in nearshore conditions, and there is a lack of
quantitative operational calculation methods. The current study tries to develop a method
for calculating the effect of background current and terrain slope on ocean waves and takes
this method as the key research content of the wave–current coupling effect and proposes.

Theoretical Basis

To study the motion laws of ocean wave elements, Yuan [51] proposed a unified linear
wave theory using the most basic motion equations. Under the idealized conditions of
a “general ocean”, the unified linear wave solution and dispersion relationship of ocean
waves, such as surface gravitational waves, internal waves, and inertial gravitational waves,
can be obtained. The theoretical basis of wave frequency modulation and wave amplitude
enhancement by factors such as background current can also be established. The dispersion
relationship of ocean waves can be expressed as Equation (5):(

ω2 − F(F +
∂U2
∂ x1

)

)∣∣∣∣
x3=0

=

(
ρ

ρ0

)
0

[
1− F

∂U2
∂ x3

δ−H
ω

k1

k2
H
+

(
ω2 − F(F +

∂U2
∂ x1

)

)(
ω2 − N2

)( δ−H
ωkH

)2
]

gkHtanh(kH H) (5)

where {k1, k2, ω} represent horizontal components of wave number and complex fre-
quency, respectively, H represents the bottom topography, kH =

√
k1 + k2, F ≡ f + 2U2

R ,
∂ U2
∂ x1
≡ ∂ U2

∂ x1
− U2

R , f is the Coriolis parameter, and R is the curvature radius of the mean
flow path. The symbols {U1, U2, U3, P, ρ, Z} represent two horizontal velocities, vertical
velocity, pressure, density, and surface elevation, respectively. ρ0 is the basin mean water
density δ−H=

(
k1
ω

∂ H
∂ x1

+ k2
ω

∂ H
∂ x2

)
x3= -H

.

Equation (5) shows that both the background current shearing effect and terrain slope
have an impact on the dispersion relationship of ocean waves. In the nearshore area,
referring to the frequency of waves, as the water depth reduces, the vertical shearing effect
of the background current weakens, the horizontal shearing effect increases, and the terrain
slope’s strengthening effect also increases, thus clarifying the influence of background
current and terrain slope on offshore waves and confirming the need to study this coupled
method in the assessment process.

Quick Calculation Method of Influence

According to the further development of the unified linear wave theory based on
Yuan [51], the effect of background current and terrain slope on the unified linear wave
solution was studied, which was mainly reflected in two aspects.

The first is the shearing effect of the background current:

∂ U2

∂ x1
u1 +

∂ U2

∂ x3
u3 (6)
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The second is the resonance excitation effect of the bottom boundary background current:

(u3)x3=−H +
∂H
∂ x1

(u1)x3=−H +
∂H
∂ x2

(u2 + U2)x3=−H = 0 (7)

Among them, {u1, u2, u3} represents the wave orbital velocity in the x, y, and z direc-
tions. U2 represents the storm flow field, H = H(x1, x2) represents the water depth, and
∂H
∂ x1

and ∂H
∂ x2

represent the terrain slope in the x and y directions.
In the sense of the generalized function, any arbitrary function can be written as

Fourier integral forms. The Fourier integral transform form of the variable {u1, u2, u3} is
{µ1, µ2, µ3}, and then the calculation formula of µ1, µ2 is expressed as:

µ1 =
F

Ω2
∂ U2

∂ x3
µ3 +

ω k1

Ω2 I1 φ (8)

µ2 = −i
ω

Ω2
∂ U2

∂ x3
µ3 − i

k1

Ω2

(
F +

∂ U2

∂ x1

)
I2 φ (9)

The symbols {µ1, µ2} denote two horizontal orbital velocity amplitudes of waves.
The symbol µ3 represents the vertical orbital velocity amplitude of waves. Substitute µ1,
µ2 into the resonance excitation effect Equation (7), and we get:

(µ3)x3=−H + δ−H(φ)x3=−H = δ̂−H (10)

Although the calculation processes of µ1, µ2, and µ3 are very complicated, the current
study only needed to analyze the strengthening effect of the waves according to their actual
needs. It was not necessary to obtain the final form of the nearshore strengthening effect of
ocean waves on the premise of a unified linear wave solution; thus, the calculation process
could be simplified in advance.

In practice, to finally use the multi-factor coupling model in the evaluation process, it
was necessary to simplify the calculation process. In the simplification process, for small-
scale areas near the coast, we were able to ignore the change of seawater density in the
horizontal direction and the influence of the background current curvature and consider
the background current as a constant value. At the same time, if we ignored the influence
of atmospheric pressure and the Coriolis force, the excitation generation term of the bottom
boundary background current to the waves under different slopes could be obtained as
shown in Equations (11)–(13):

∆µ1 = δ̂−H

{
ωk1

k2
H

δ−H
exp{ kHx3 } − exp{ −kHx3 }
exp{ −kH H} − exp{ kH H} + i

k1

kH

exp{ kHx3 }+ exp{ −kHx3 }
exp{ −kH H} − exp{ kH H}

}
(11)

∆µ2 = δ̂−H

{
− δ−H

kH

∂ U2

∂ x3

exp{ kHx3 }+ exp{ −kHx3 }
exp{ −kH H} − exp{ kH H} − i

1
ω

∂ U2

∂ x3

exp{ kHx3 } − exp{ −kHx3 }
exp{ −kH H} − exp{ kH H}

}
(12)

∆µ3 = δ̂−H

{
exp{ kHx3 } − exp{ −kHx3 }
exp{ −kH H} − exp{ kH H} − i

ω

kH
δ−H

exp{ kHx3 }+ exp{ −kHx3 }
exp{ −kH H} − exp{ kH H}

}
(13)

In the subsequent calculation process, we only took the real part of Equations (11)–(13),
and then the direct calculation formula of the strengthening effect could be obtained, as
shown in Equations (14)–(16):

∆µ1 = δ̂−Hδ−H
ωk1

k2
H

exp{ kHx3 } − exp{ −kHx3 }
exp{ −kH H} − exp{ kH H} (14)

∆µ2 = −δ̂−H
δ−H
kH

∂ U2

∂ x3

exp{ kHx3 }+ exp{ −kHx3 }
exp{ −kH H} − exp{ kH H} (15)



Remote Sens. 2023, 15, 838 10 of 21

∆µ3 = δ̂−H
exp{ kHx3 } − exp{ −kHx3 }
exp{ −kH H} − exp{ kH H} (16)

Among them, ∆µ1, ∆µ2, and ∆µ3 are the multi-factor strengthening of the background
current and terrain slope in the horizontal x, y, and vertical z directions. These three results
were added to the assessment process.

2.4. Vulnerability Assessment of Offshore Aquaculture Areas

To complete the assessment to a high standard, it was important not to ignore the
vulnerability assessment of the disaster-affected objectives. Marine dynamic disasters
of the same level have different destructive effects on objects with different disaster-
affected capacities.

The coupled strengthening mainly occurs in the nearshore area, and, therefore, we
also analyzed and calculated the marine disaster-affected capacity of the nearshore area
and selected the area of aquaculture as the main assessment indicator. Remote sensing
image processing was used to obtain the aquaculture area in the offshore area, and the
results were added to the assessment process.

In offshore China, raft farming is the main method of algae farming. The spectral
characteristics of algae at maturity are similar to those of plants, and thus the Normalized
Difference Vegetation Index (NDVI) could be used to detect potential raft farming patches.
Owing to the complex water color, the natural algae in the seawater will interfere with the
detection, but generally, the cultured patches had higher NDVI values than the surrounding
seawater. Therefore, object-based visually salient NDVI (OBVS-NDVI) [52] was used to
calculate the difference between cultured patches and surrounding patches to identify
potential farming targets.

The whole extraction process adopted an object-oriented method, which combined
spectral and edge features for operational extraction. After the remote sensing images were
preprocessed, the NDWI values were used to separate water and land. Next, the Canny
operator and the OBVS-NDVI method were used to extract the edge features and potential
farming patches in the water. Then, the edge overlap calculation was used to obtain the
final farming target.

After the extraction of aquaculture areas is completed, a kilometer grid is constructed
to calculate the aquaculture area in a single grid, which is used as the vulnerability index
of aquaculture and coupled with the comprehensive risk assessment results.

3. Results

On the basis of the integrated assessment framework, we calculated the numerical
model, indicator weights, and nearshore coupling enhancement. Together with the ex-
tracted aquaculture area in China’s coastal waters, we completed a comprehensive marine
dynamic disaster assessment.

3.1. Calculation of Indicator Weights

The China Marine Disaster Bulletin issued by the Ministry of Natural Resources (State
Oceanic Administration) in recent years contains details of the losses caused by storm
surges and huge waves, especially for economic losses and human losses. The current
study summarized the disaster losses in China from 2000 to 2018. Table 1 shows the
statistical results and Figure 1 shows the proportion of disaster intensity in the loss.
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Table 1. Statistics of losses caused by storm surges and huge waves in China.

Year

Economic Loss
(CNY 100 Million)

Human Loss
(Person)

Storm Surges Huge Waves Storm Surges Huge Waves

2000 115.4 1.7 15 63
2001 87 3.1 136 265
2002 63.1 2.5 30 94
2003 78.77 1.15 25 103
2004 52.15 2.07 49 91
2005 329.8 1.91 137 234
2006 217.11 1.34 327 165
2007 87.15 1.16 18 143
2008 192.24 0.55 56 96
2009 84.97 8.03 57 38
2010 65.79 1.73 5 132
2011 48.81 4.42 0 68
2012 126.29 6.96 9 59
2013 153.96 6.3 0 121
2014 135.78 0.12 6 18
2015 72.62 0.06 7 23
2016 45.94 0.37 0 60
2017 55.77 0.27 6 11
2018 44.56 0.35 3 70

Using the above results, the weights for storm surges and huge waves were calculated
by the entropy method for economic losses and human losses. The results are shown in
Table 2. The economic and human losses were temporarily assigned equal weights to obtain
the final weight for storm surges and ocean waves.

Table 2. Weights of storm surge and huge wave indicators calculated with the entropy method.

Indicator Weight of Economic
Loss

Weight of Human
Loss Average Weight

Storm Surge Indicator 0.277 0.806 0.542
Huge Wave Indicator 0.723 0.194 0.458

3.2. Experimental and Practical Verification of Coupled Strengthening Effect

After establishing an assessment model of the influence of background current and
terrain slope on coastal ocean waves, we first conducted an idealized experiment on the final
result to verify whether the predicted nearshore strengthening effect had been obtained.
We set the water depth to be 10 m, the slope in the horizontal x direction and the horizontal
y direction to be 0.5, the velocity of the background current to be 2.0 m/s, and the dominant
wavelength to be 50 m, namely:

H = 10.0 m,
∣∣∣∣ ∂H
∂ x1

∣∣∣∣ = ∣∣∣∣ ∂H
∂ x2

∣∣∣∣ = 0.5,
(

µ(U2)

)
x3=−H

= 2.0 m/s, λ= 50 m

After substituting into Equations (14)–(16), the strengthening effects of ∆µ1 and ∆µ3
were obtained, as shown in Figure 3, which represent the change in the waves in the
horizontal and vertical directions, respectively. The background current and terrain slope
clearly had a significant nearshore strengthening effect on the coastal ocean waves. The
amount of change was the largest at the bottom boundary, and it increased with depth.
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Figure 3. Experimental results of the effect of background current and terrain slope on coastal
ocean waves.

The coupled model showed that the nearshore strengthening was related to many
factors, including the seabed topography, and therefore, there may be many changes in real
coastal situations. The most intuitive factor was the positive and negative direction of the
slope. In the case where other element data are identical, the positive and negative direction
of the terrain slope will inevitably cause substantial changes in the strengthening effect.
Similarly, for the same location, when the spatial environment such as the terrain slope
remains unchanged, and the flow velocity and other factors change, the strengthening effect
will also change. As shown in Figure 4, during the storm surge process, the strengthening
effect at the same location was calculated for 3 consecutive days. The results show that with
the generation, strengthening, and decay of the storm surge, the strengthening effect also
reflected a corresponding change from weak to strong to weak again. This showed that the
strengthening effect was positively correlated with the intensity of the background current.
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Figure 4. Change in coastal ocean waves at different times during the storm surge process at the
same location.

In the practical assessment process, the strengthening effect could be calculated by
acquiring basic information such as the outcome data of the ocean numerical model and
refined seabed topographic information in the study area. Thus, the numerical models are
the basis of the assessment.

Over the years, in order to simulate storm surges better, the hydrodynamic models
have been coupled with wave models. Out of different coupled methods, it has been demon-
strated that the advanced circulation model-simulating waves nearshore (ADCIRC+SWAN)
coupled model can simulate storm surges and concomitant waves very well. Wang [53]
used ADCIRC+SWAN to simulate the storm surges and waves in the sea near the Shandong
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Peninsula from 1980 to 2019 and proved its effectiveness in the Shandong Peninsula for
disaster assessment of storm surges.

For better comparison of the results, we also chose numerical models ADCIRC+SWAN
in our study and generated the marine physical element field data. According to the marine
physical element field data, a group of datasets ∆µ1, ∆µ2, and ∆µ3 for the entire forecast
area were calculated, which represented the intensified changes of the coastal ocean waves
in the three directions.

Finally, a systematic test was carried out using the numerical simulation data of
the storm surge process caused by Typhoon 1410 (Typhoon Matmo). Typhoon Matmo,
which caused serious damage to the Shandong Peninsula, provided a very typical process
to calculate and validate the coupled strengthening effect. In this study, we actually
simulated the physical element field for 96 hours, which covered the period of generation,
strengthening, and decay of Typhoon Matmo. From hour 73 to hour 89, the typhoon center
passed through the studied area and caused the High Sea States.

Using the outcome data of ADCIRC+SWAN as main inputs, the results for the coupled
strengthening effect near the coast of the Shandong Peninsula were generated, as shown
in Figure 5. This example shows that the absolute value of nearshore strengthening was
generally more significant in the vertical direction.
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3.3. Practical Verification of the Coupled Assessment

To evaluate the risk, in the research area, we first used the traditional method (without
the coupled strengthening effect) to calculate the risk value R for every grid. For simplicity,
the secondary indicators were not taken into consideration.

R = wtideatide + wwaveawave (17)

where w represents weight, a represents the value of the element at the grid, and all the
value has been normalized to 0–1.

Then, considering the coupled strengthening effect, as the strengthening effect will
affect waves, it will share the weight of the Huge Wave indicator. We could calculate the
final risk as follows:

R = wtideatide + wwave(w′waveawave + w′xax + w′yay + w′zaz) (18){
ax, ay, az

}
represent the values which are normalized to 0–1 from {∆µ1, ∆µ2, ∆µ3}, while

{∆µ1, ∆µ2, ∆µ3} represent amplitude variations of wave orbital motion in horizontal
and vertical directions, respectively.

{
w′x, w′y, w′z

}
represent the weight shared in two

horizontal and vertical directions, respectively.
{

w′wave, w′x, w′y, w′z
}

can be determined
using evaluation methods that include subjective experience, such as the Delphi method.
Since the weight (wi) and the value of the elements (ai) have already been normalized to
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0–1, the final risk value’s range is also 0–1. If the risk value increases, it means there is a
higher risk.

To further quantify the impact of the multi-factor coupled strengthening effect on the
risk assessment, still using Typhoon 1410 as an example, a risk assessment of the entire
storm surge process was completed. To compare with traditional assessment methods,
we both used Equation (17) and Equation (18) to calculate the risk separately. In this case,
according to the result of the Delphi method,

{
w′wave, w′x, w′y, w′z

}
in Equation (18) were

set to {0.7, 0.1, 0.1, 0.1}.
Then, the risk value of all the grids can be shown in Figure 6, and the comparison

between the assessment results of the traditional method and the improved method showed
substantial changes. After adding the coupled strengthening effect, the risk in the nearshore
area increased (the lighter color represents a higher risk in the legend).
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To quantify the change in the risk results after the coupled strengthening effect was
added, the study area was evaluated every hour during the storm surge process, and all
the assessment results at each hour were statistically analyzed.

For each hour, we calculated the risk value R for all the nearshore grids and generated
the average risk value of these grids, then we obtained the results shown in Table 3. By
comparing the hourly assessment results, we obtained the amount of change when consid-
ering the coupling strengthening effect. We found that the coupling strengthening effect
could increase the risk value most significantly in the High Sea States by approximately
12% in this case.

However, we also found that the strengthening effect was not very significant under
good sea conditions, and sometimes the contribution even could be negative. Meanwhile,
the rate of change is not constant and differs from weight settings and other factors, which
require a lot of empirical input and correction according to the actual terrain, disaster
prevention facilities, economic vulnerability, etc.
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Table 3. Results of the assessment with and without the coupled strengthening effect.

Hour
Results of Improved

Method (with Coupling
Strengthening Effect)

Results of Traditional
Method (without Coupling

Strengthening Effect)

Rate of Change
(%)

73 0.394532 0.348833 13.10054
74 0.435645 0.388919 12.01433
75 0.498851 0.451626 10.45666
76 0.565385 0.516738 9.414249
77 0.584519 0.534502 9.357682
78 0.564823 0.512988 10.10452
79 0.497333 0.44538 11.66487
80 0.409582 0.357683 14.50978
81 0.420795 0.368878 14.07430
82 0.438726 0.383482 14.40589
83 0.463559 0.406135 14.13914
84 0.483525 0.426763 13.30059
85 0.485793 0.429635 13.07110
86 0.489241 0.435446 12.35400
87 0.498828 0.447249 11.53250
88 0.508457 0.458283 10.94826
89 0.526286 0.47522 10.74576

3.4. Comprehensive Assessment of Offshore Aquaculture Areas

To calculate the final assessment result, it is not enough to develop numerical models
and evaluate the risk only from the dynamic mechanism itself. It is still necessary to analyze
disaster-affected objectives, which might cause different levels of losses or damage. Liu [54]
studied risk assessment in the Shandong Peninsula, using not only numerical models but
also remote sensing data. During Liu’s study, the coastal key objects were recognized, and
the classification of coastal land use was identified, which was used for the vulnerability
assessment of storm surge disasters. However, the spatial scope of the numerical data is in
the sea area, while the spatial scope of the land use data is in the land area. So, these two
groups of data could hardly be overlaid, and more improvement is needed.

In our study, on the basis of the marine dynamic disaster risk assessment, the vulnera-
bility assessments of the disaster-affected objectives were overlaid based on the offshore
aquaculture areas to obtain a comprehensive assessment result. We used Landsat 8 image
data and applied an object-oriented method to identify the offshore aquaculture area. The
spatial scope of the aquaculture data is in the sea area, which could match the numerical
data better.

The aquaculture areas of the Shandong Peninsula were mainly concentrated in the
east of the peninsula as shown in Figure 7a. We divided the coastal area into grids of 1 km
by 1 km and calculated the aquaculture area for each grid. Then, the results could be used
as aquaculture density. Finally, we classified the grids by aquaculture density and rendered
different colors as shown in Figure 7b.

From the result in Figure 7b, it is very clear that in the eastern coastal area around
the Shandong Peninsula, the aquaculture density is obviously high. We analyzed the
terrain data around the Shandong Peninsula and noticed there was also the most significant
terrain slope in the eastern coastal area (Figure 8). According to our multi-factor coupled
strengthening effect, there would be a more significant strengthening effect, which could
not be ignored.
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strengthening effect, there would be a more significant strengthening effect, which could 
not be ignored. 
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By using the aquaculture density as a vulnerability index, the comprehensive assess-
ment results showed a clear rise in the east of the peninsula where the aquaculture was
located (Figure 9).



Remote Sens. 2023, 15, 838 17 of 21

Remote Sens. 2023, 15, x FOR PEER REVIEW 17 of 21 
 

 

By using the aquaculture density as a vulnerability index, the comprehensive assess-
ment results showed a clear rise in the east of the peninsula where the aquaculture was 
located (Figure 9). 

 
Figure 9. Comprehensive assessment result considering risk assessment and vulnerability assess-
ment. 

4. Discussion 
Using the calculation and analysis of the multi-factor coupled strengthening effect of 

background currents and terrain slopes on coastal ocean waves in China’s coastal waters, 
it can be seen that the coupled influence cannot be ignored in most cases. Especially dur-
ing the process of typical storm surges, the strengthening effect will also be significantly 
enhanced owing to the enhancement of the flow field, thereby aggravating the destructive 
power and influence of the disaster. Therefore, this multi-factor coupling needs to be con-
sidered in the risk assessments of marine dynamic disasters to improve their accuracy and 
reliability. 

The results show that the coupled strengthening effect has a significant impact on the 
dynamic disaster risk assessment results in the nearshore area, especially in areas with a 
high flow velocity and large terrain slope. The nearshore area is also the location with the 
most intensive human activities, and thus the coupled strengthening effect cannot be ig-
nored. From the statistical analysis of Typhoon Matmo, adding this coupling effect in-
creased the risk value in the High Sea States by approximately 12%. 

The coupling effect could have been built into the marine numerical model, but this 
approach would make the entire assessment system complex and unsuitable for the cur-
rent modularization and lightweight structure. Under the current architectural concept of 
“low coupling and high cohesion”, as long as the numerical model data are updated, the 
strengthening effect formula in this paper can be applied directly to calculate the coupled 
strengthening effect in three directions. 

Before the marine dynamic disaster assessment process starts, however, the data 
sources need to be identified. The data in this paper were from related numerical predic-
tion models as mentioned before. Since marine numerical models for operational forecasts 
are relatively well studied and developed, we did not discuss them in detail in the paper 
and were confident in using them directly for subsequent steps. 

When extracting the scope of the offshore aquaculture area, we used an object-ori-
ented method, which also enhanced the real-time characteristics of the assessment 

Figure 9. Comprehensive assessment result considering risk assessment and vulnerability assessment.

4. Discussion

Using the calculation and analysis of the multi-factor coupled strengthening effect of
background currents and terrain slopes on coastal ocean waves in China’s coastal waters,
it can be seen that the coupled influence cannot be ignored in most cases. Especially
during the process of typical storm surges, the strengthening effect will also be significantly
enhanced owing to the enhancement of the flow field, thereby aggravating the destructive
power and influence of the disaster. Therefore, this multi-factor coupling needs to be
considered in the risk assessments of marine dynamic disasters to improve their accuracy
and reliability.

The results show that the coupled strengthening effect has a significant impact on the
dynamic disaster risk assessment results in the nearshore area, especially in areas with
a high flow velocity and large terrain slope. The nearshore area is also the location with
the most intensive human activities, and thus the coupled strengthening effect cannot
be ignored. From the statistical analysis of Typhoon Matmo, adding this coupling effect
increased the risk value in the High Sea States by approximately 12%.

The coupling effect could have been built into the marine numerical model, but this
approach would make the entire assessment system complex and unsuitable for the current
modularization and lightweight structure. Under the current architectural concept of
“low coupling and high cohesion”, as long as the numerical model data are updated, the
strengthening effect formula in this paper can be applied directly to calculate the coupled
strengthening effect in three directions.

Before the marine dynamic disaster assessment process starts, however, the data
sources need to be identified. The data in this paper were from related numerical prediction
models as mentioned before. Since marine numerical models for operational forecasts are
relatively well studied and developed, we did not discuss them in detail in the paper and
were confident in using them directly for subsequent steps.

When extracting the scope of the offshore aquaculture area, we used an object-oriented
method, which also enhanced the real-time characteristics of the assessment process. When
the input satellite images are updated, the scope of the extracted aquaculture area will also
be dynamically updated. Therefore, the approach is convenient for the construction and
promotion of the integrated assessment system in the future.
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The comprehensive risk assessment method in this paper accomplished an improve-
ment upon the existing assessment methods. Moreover, this paper proposed a method to
calculate the multi-factor coupled strengthening effect to improve the comprehensive risk
assessment result. Compared with existing papers, we made progress as follows:

(1) Qi [39] used nine indicators to evaluate storm surges in China and calculated the risk
from a statistical perspective. We think the statistical risk is not enough to prevent
the storm surge, and we aim to build a comprehensive assessment system that might
provide dynamic and real-time risk assessment. According to our assessment method,
the result could change quickly as soon as the input data are changed or updated.

(2) Wang [53] used ADCIRC+SWAN to simulate the storm surges and waves in the
sea near the Shandong Peninsula and finished the hazard assessment using AD-
CIRC+SWAN data. This group of data is the basis of our research, and our improve-
ment can be considered based on Wang’s achievements. The results in Table 3 could
be recognized as the traditional method (without the coupling strengthening effect)
and our improved method (with the coupling strengthening effect). We found that
the coupling strengthening effect could increase the risk value most significantly in
the High Sea States by approximately 12% in the case study.

(3) Liu [54] used not only numerical models, but also remote sensing data to calculate
the risk assessment in the Shandong Peninsula, which inspired us to consider the
importance of the vulnerability assessment. This is the reason why remote sensing
data are indispensable for our study. However, Liu used remote sensing data to
calculate the land use status which could be hardly overlaid with numerical model
data. We used the remote sensing data to calculate the aquaculture density, and
innovatively overlaid the numerical model data and vulnerability data together,
which could make the comprehensive assessment more reliable.

However, the actual process of disaster prevention and mitigation, similar to the
numerical forecast results, can only be used as an important reference in the process of
forecast consultation, and the marine dynamic disaster assessment model also requires a lot
of empirical input and correction. Although this paper declared the important multi-factor
coupled strengthening effect and proposed a method to determine the weights using histor-
ical data, in practical applications, it is still necessary to adjust the corresponding weights
according to the actual terrain, disaster prevention facilities, economic vulnerability, etc.

For example, this paper used the historical data in the China Marine Disaster Bulletin
to calculate the weights of tide levels and waves, but for small areas and high resolutions,
the weights are not necessarily appropriate, and more local historical data are required for
calculation. Meanwhile, during the process of disasters such as storm surges, disasters of
the same level can cause different damages and losses in different places due to differences
in local topography. This is also an important reason for our concern about the multi-factor
coupled strengthening effect. We hope that by adding this effect, we can better explain the
difference of this destruction.

From the results of the aquaculture density, it is very clear that the aquaculture density
in the eastern part of the Shandong Peninsula is very high, which coincides with the area
with a significant terrain slope around the Shandong Peninsula. In the process of marine
dynamic disasters, according to our calculations, where there is a significant terrain slope,
there will be a higher multi-factor coupled strengthening effect, which might increase the
destructive power of the disaster itself. Meanwhile, in the area with a significant terrain
slope, as the aquaculture density is high, it is very easy to bring higher economic losses.
In this case, it is suggested to further improve the weight of the multi-factor coupled
strengthening effect in practical application, so that the disaster assessment model can
finally play a real decision-making role in the process of disaster prevention and mitigation.
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5. Conclusions

The assessment of marine dynamic disasters is a comprehensive research process that
is driven by practical requirements such as marine management, disaster prevention, and
disaster mitigation. However, improving the accuracy and credibility of the assessment
results is also a difficult problem.

On the basis of ocean numerical models, the current study used an indicator system
method to evaluate the major disaster-causing factors and proposed an improved method
from the perspective of the dynamic mechanism. The coupled strengthening effect of
the background current and the terrain slope on ocean waves was added to the indicator
system which improved the accuracy of the marine dynamic disaster risk assessment. In
addition, by using the aquaculture distribution extracted from remote sensing data as the
basis for vulnerability assessment, we were able to establish a comprehensive assessment
system with a flexible structure. Changes in the results of numerical models can lead to
changes in the results of the risk assessment; thus, marine dynamic disaster assessments
for different application scenarios can be created on demand.

Remote sensing technology played an important role not only in the validation of the
coupled strengthening effect but also in applying the risk assessment results in this study.
First, the comprehensive assessment results considering the disaster-affected objectives
are more useful than the single risk assessment results because they could reflect different
levels of actual losses or damage. The distribution status of the disaster-affected objectives
which is recognized as vulnerability is calculated by means of remote sensing inversion.
Secondly, we used the remote sensing data not to calculate the land use status in the land
area as usual, but to calculate the aquaculture density in the sea area. With this innovative
change in the disaster-affected objectives, the numerical model data and vulnerability
data could be spatially overlaid, which could increase the reliability of the comprehensive
assessment. Finally, we aim to build a comprehensive assessment structure that could
respond to the changes in real-time data. As the input source of the assessment, the remote
sensing data could also extract the aquaculture density of different time series or different
locations. In this way, the assessment process could be more dynamic and practical.
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