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Abstract: Rapidly developing cities could require an urgent hazard assessment to ensure the
protection of their economy and population against natural disasters. However, these cities that
have rapidly developed should have historical records of observations that are too short to provide
sufficient data information for such an assessment. This study used ocean numerical models
(i.e., Finite-Volume Community Ocean Model (FVCOM) and Parabolic Mild-Slope Wave Module
(MIKE 21 PMS) to reconstruct data for a storm surge hazard assessment of the levee at Weifang
(China). LiDAR (Light Detection and Ranging) data were also used to obtain 3D point cloud data and
the structure of the levee. The designed levee height was calculated based on the simulations and
3D point cloud data, and the results were compared with measured heights to evaluate whether the
levee is sufficiently high to satisfy the safety requirement. The findings of this work will enhance the
marine disaster prevention capacity of the region and could help reduce economic losses associated
with marine-related disasters. The results could also provide support for future work on disaster
prevention in the field of coastal marine engineering.

Keywords: coastal marine engineering; storm surge; hazard assessment; LiDAR; ocean
numerical model

1. Introduction

A storm surge is the increased sea surface height that results from the movement of a tropical or
extratropical cyclone toward a coastal area. Storm surges can be especially hazardous when coupled
with astronomical high tides [1–6]. Storm surges are among the most disastrous marine/coastal hazards
in the world, resulting in significant property damage and loss of life. The combination of a storm
surge, the tide, and waves is capable of causing major flooding in coastal cities, severe erosion along
beaches, and damage to marinas and ships in harbors [7–10].

A levee is an artificial embankment built to hold back water in estuaries and coastal areas to
protect against high tides, storm surges, and wave action. Levees play an important and indispensable
role in the protection of lives and property in coastal areas. Therefore, it is highly important to assess
the storm surge hazard for levees, and to determine a reasonable levee elevation for the prevention
and mitigation of such marine-related disasters in coastal areas. The method usually used to assess
storm surge disaster hazard is based on regional disaster system theory [11–15]. The product (in this
case, the maximum water level) is then used by government decision makers, insurance companies,
and vulnerable communities [16–22].
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In general, coastlines with a very wide and shallow continental shelf are most likely to be exposed
to severe storm surges. Weifang is a rapidly developing Chinese city located on the coast of Laizhou
Bay, which connects to the Bohai Sea. It is in one of the areas along China’s northern coast that suffers
severe storm surges. Since 1949, the coastal areas of Weifang have experienced nearly 20 storm surge
disasters related to severe typhoons or extratropical cyclones, which have caused huge economic losses.
Historically, the most severe storm surge in this area caused a 3.58-m rise in the water level.

The coastal region of Weifang is protected by a 20-km-long levee, which was built in 2010. But in
recent years, the population is increasing rapidly and the economic infrastructure is expanding greatly.
Considering the threat posed by severe storm surges and the new observation in the recent years, it is
important to reassess the hazard level and to verify whether the levee is sufficiently high to defend
the socioeconomic interests of the city. To determine whether the levee is in danger, it is necessary to
calculate the designed levee height and to compare it with measured values. If the designed levee
height is higher than the measured values, the levee is in danger; otherwise, it may be considered
safe. According to the “Code for design of levee project (GB 50286-2013),” the designed levee height
is the sum of the designed tidal level, wave run-up, and security heightened value (safety margin).
The security heightened values are listed in GB 50286-2013. Therefore, the main problem to be solved
in a hazard assessment is how to best calculate the designed tidal level and the wave run-up.

Most tide stations around Weifang were built in recent years; therefore, they cannot provide
sufficient continuous tide observations to meet the needs of a hazard assessment. According to
GB 50286-2013, a storm surge hazard assessment generally requires no fewer than 20 years’ observational
data. Consequently, in cases such as Weifang, it is necessary to find a way to determine the highest and
lowest tidal levels that have ever occurred in history, which could then be used to calculate the water
levels for different return periods.

One way to obtain a continuous multiyear water level sequence is to rebuild the observation
based on statistical methods. If there is an observation station with long record close to the newly-built
station, the data in recent years can be used to calculate the correlation between the two stations.
Based on the correlation, the long-term observation can be converted from the old station to the newly
build station. Nevertheless, this method requires that the two stations are quite close, otherwise the
result is not reliable. However, the distance between Weifang and the closest station is over 100 km,
which means that the statistical method cannot be used here.

Additionally, owing to greenhouse gas emissions and climate change, sea level is expected to
rise in the future, which will increase the severity and frequency of storm surges [23–26]. Therefore,
storm surge hazard assessment should consider the effects of future sea level rise and heighten the
designed elevation for levees [27–30].

The object of this work was to assess the storm surge hazard of the levee of a rapidly developing city,
Weifang. To overcome the lack of necessary data, this work used ocean numerical models to supplement
the missing observations, which are used widely to study storm surges [31–34]. The numerical models,
FVCOM and MIKE 21 PMS, were used to simulate historical year-by-year severe storm surge hazards
and to extract water level values along the levee to obtain a continuous multiyear water level sequence.
The water levels of different return periods were calculated based on these sequences and compared
with the designed tidal levels, which made the storm surge hazard assessment possible. In addition
to water level data, structural information on the levee was also required for the assessment. In this
study, we used LiDAR to scan the Weifang levee section and to build 3D point cloud data. These data
were used to calculate the slope of the levee. The designed levee height calculated based on the above
data was compared with the measured values to assess the hazard. The assessment result will provide
support of coastal marine engineering for future work on disaster prevention.
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2. Data and Methods

2.1. Data

2.1.1. Meteorology and Tide Station Data

Meteorological and tide station data, which included wind, sea level pressure, tidal, and wave
information, were obtained from observation stations in and around Weifang and buoys in the Laizhou
Bay. The NCEP-CFSR (6-hourly, 0.3◦ horizontal resolution [35]) reanalysis data were also used as
forcing for the ocean numerical model simulation.

2.1.2. Elevation and Three-Dimensional Data

The Weifang coastal protection levee, which is 19.50 km in length (Figure 1), is designed to defend
the city against a 100-year storm surge. The average elevation of the levee is approximately 6.5 m,
and the highest elevation is 7.5 m.
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Figure 1. Weifang levee from above. The green line indicates the position of the levee. The red dots
indicate the 13 measuring points. The red star in the upper-left corner indicates the position of the
Weifang tidal gauge station.

The coastal terrain around Weifang is high in the south and low in the north; the slope is in
the range of 1/10,000–1/5000. The highest elevation in the south is 6–7 m. There are tourist areas
surrounded by the levee and residential areas on the south where over 100 thousand people live.

Thirteen points were selected along the Weifang levee for measurement of its elevation (Figure 1).
The instrument used in this procedure was a STONES-S9 dual-frequency receiver. The accuracy
specifications of STONES-S9 include 3 mm ± 1 ppm of static horizontal accuracy and 5 mm ± 1 ppm
of static vertical accuracy. The measurements were based on the National Vertical Datum of 1985.
The measurement procedure was performed three times at each point and the average was taken as
the final measurement. The results of the measurement program are shown in Table 1.
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Table 1. Location and elevation of each of the 13 measuring points on the Weifang levee.

ID Lon (◦E) Lat (◦N)
Elevation (m)

(Based on National Vertical Datum 1985)

1 119◦10′51.87” 37◦11′24.96” 5.193
2 119◦11′44.63” 37◦11′25.24” 6.066
3 119◦12′15.11” 37◦11′30.78” 7.073
4 119◦12′11.06” 37◦11′58.26” 6.454
5 119◦12′02.48” 37◦12′41.82” 6.912
6 119◦12′15.50” 37◦13′14.50” 6.910
7 119◦12′50.60” 37◦13′12.47” 6.910
8 119◦13′37.19” 37◦12′51.38” 6.992
9 119◦14′28.42” 37◦12′11.32” 6.686
10 119◦15′50.18” 37◦12′15.18” 5.057
11 119◦16′47.95” 37◦12′17.51” 6.667
12 119◦16′58.26” 37◦11′07.58” 6.847
13 119◦16′39.60” 37◦09′54.95” 6.902

This study also used LiDAR (Trimble GX 200 3D laser scanner) in the central area to obtain
photographs and a 3D point cloud of the levee section. The accuracy specifications of Trimble GX 200
include 2–300 m of distance range, ±12” of angle accuracy, ±4 mm of single point accuracy, and ±6 mm
of point accuracy at 50 m. The dense point cloud data provided enhanced structural detail, e.g., the slope
of the levee, which was used to calculate the wave run-up. Figure 2 shows the 3D point cloud data for
Point 11 on the levee.
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2.2. Numerical Ocean Models

2.2.1. FVCOM

Storm surges in this study were simulated by adopting the Finite-Volume Community Ocean
Model (FVCOM) numerical model [36]. It uses a nonoverlapping unstructured triangular grid in the
horizontal to resolve ocean dynamics in complex regions, which was considered highly suitable for
the present study area with its irregular complex coastline [37–42]. The model was forced by winds,
air pressure, and heat fluxes at the sea surface, tidal and nontidal sea levels, as well as temperature and
salinity at the lateral open boundaries.

The governing equations consist of the following momentum, continuity, temperature, salinity,
and density equations:
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where x, y, and z are the east, north, and vertical axes of the Cartesian coordinate; u, v, and w are the
x, y, z velocity components; θ is the potential temperature; s is the salinity; ρ is the density; P is the
pressure; f is the Coriolis parameter; g is the gravitational acceleration; Km is the vertical eddy viscosity
coefficient; and Kh is the thermal vertical eddy diffusion coefficient. Here, Fu, Fv, Fθ and Fs represent
the horizontal momentum, thermal, and salt diffusion terms, respectively.

As a storm surge is a sea-wide forcing response, a storm surge along the Weifang coast is not
only the response of the sea itself to the local pressure and wind fields but also the combination of
seawater influx from the Yellow Sea and local water increase in the coastal area. Therefore, the study
domain adopted covered the Bohai Sea, Yellow Sea, and East China Sea (Figure 3). The land boundaries
were limited by the coastline and open boundaries were set along the open seas. The unstructured
triangular grid of the computational domain consisted of 89,541 nodes and 168,373 elements. It had
30-m resolution for the coastal zone and 20-km resolution near the open sea boundaries. In addition,
10 uniform σ layers were specified in the vertical profiles. Temperature and salinity are estimated and
specified to be constant at 18 ◦C and 35 psu, respectively. Storm surge in this model is only controlled
by wind stress. The conditions applied to the open boundaries are a combination of free surface
and close the wet and dry grid. The sea level and velocity are initialized with no perturbation and
integrated for 24 h before the simulated storm surge occurs.
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2.2.2. MIKE 21 PMS

The MIKE 21 PMS (Parabolic Mild-Slope Wave Module) is a linear refraction–diffraction wave
model based on a parabolic approximation to the elliptic mild slope equation [43–45]. The model
considers the effects of refraction and shoaling due to varying depth, diffraction along the perpendicular
to the predominant wave direction, and energy dissipation due to bottom friction and wave breaking.
The model also accounts for the effects of frequency and directional spreading using linear superposition.
The elliptic mild-slope equation can be written as:

∇·

(
CCg∇ϕ

)
+

(
k2CCg + iωW

)
ϕ = 0, (8)

where∇ is two-dimensional gradient operator,
(
∂
∂x , ∂

∂y

)
; C(x, y) is phase speed; Cg(x, y) is group velocity;

ϕ(x, y) is mean free surface velocity potential, related to the velocity potential ϕ as ϕ(x, y, z, t) =
g
ωϕ(x, y) cosh k(z+d)

cosh kd e−iωt; z is water level elevation measured from mean water level upwards; d is water
depth; k is wave number, 2π/L; W is dissipation term, Ediss/E; Ediss is mean energy dissipation rate per
unit time per unit area; E is mean energy per unit area; ω is circular frequency, 2π f ; L is wave length;
and f is frequency.

The basic output data from the model are integral wave parameters such as the root mean square
wave height, peak wave period, and mean wave direction. Other output data that could be obtained
from the model are radiation stresses and instantaneous surface elevations.

MIKE 21 PMS can be applied to the study of wave propagation in open coastal areas and for
computing wave fields in coastal areas with structures (e.g., groynes and detached breakwaters) when
backscatter (reflection into the incoming waves) can be neglected and diffraction is predominantly
perpendicular to the main wave direction. In this study, MIKE 21 PMS was used to simulate how the
wave field changes from the open sea to the Weifang levee, which provided the input variable for the
wave run-up calculation.
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2.3. Designed Levee Height

According to the “Code for design of levee project (GB 50286-2013)” and the sea level rise caused
by climate change, the Weifang levee is designed to defend against a 100-year storm surge and the
designed levee height is calculated as follows:

ZD = T + R + S + h, (9)

where ZD is the designed levee height, T is the designed tidal level for the 100-year period, R is wave
run-up for the 50-year period, S is the security heightened value, and h is the predicted sea level
rise. The security heightened value is 0.50 m for a 100-year storm surge and the sea level rise can be
predicted based on other studies [29]. The main problem to resolve in this study was how to best
calculate the designed tidal level and wave run-up with only limited observations and numerical
model outputs.

3. Results

3.1. Storm Surge Simulation

3.1.1. Selected Storm Surge Cases

To obtain accurate annual maxima at each measuring point, the storm surge cases that could have
caused severe storm surges within the area were first selected for the simulation. The data used for the
selection comprised tidal level data and storm surge data recorded at adjacent long-term tide gauge
stations. Overall, 166 storm surge cases during 1982–2015 were selected (Table 2) and simulated using
FVCOM. According to “Code of Hydrology for Sea Harbour” (JTS 145-2-2013), The simulation results
were used to calculate the designed tidal level (100-year recurrence period) with the Generalized
Extreme Value Distribution (actually EV1 here) [46].

Table 2. The 166 selected storm surge cases in Weifang during 1982–2015.

Year Typhoon Storm Surge
(Year-Number) *

Extratropical Storm Surge
(Month-Day) *

1982 8211 8213 0111 1109
1983 0107 0316 0426 0629 0715
1984 0616 0828 1019 1204 1210
1985 8506 8509 1108 1121
1986 0103 1205 1214 1221
1987 0102 0112 0115 0827 0905 1014 1126
1988 0204 0730 0827
1989 0110 0303 0609 0803 1015 1031 1102
1990 0129 0324 0502 0822 0914 1008
1991 9112 0308 0322 1217
1992 9216 0507 1210
1993 0601 1106 1113 1115 1120
1994 9415 0116 0211
1995 0227 0414 1107
1996 0102 0727 0825 1111 1126
1997 9711 0105 1125 1206
1998 0319 0718 0725 0823 1115
1999 9911 0321 0412 0921 1114 1124
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Table 2. Cont.

Year Typhoon Storm Surge
(Year-Number) *

Extratropical Storm Surge
(Month-Day) *

2000 0012 0328 0409
2001 0107 0314 0722 0801 0820 0821 0911 0922 1003 1213
2002 0209 0215 0106 0406 0625 0908
2003 0221 0302 0418 0828 1012 1027 1120
2004 0419 0421 0221 0828 1110 1206 1219
2005 0509 0515 0218 0824 1128 1203
2006 0113 0401 0905 1108 1113
2007 0713 0304 0812 1028
2008 0426 0818 0822 1221
2009 0213 0415 0722 1205
2010 1004 1009 0120 0720 1210 1213
2011 1105 1109 0227 0519 0802 0929 1118
2012 1210 1215 0402 1017 1110
2013 1312 0526 0922 1013
2014 1011 1025
2015 0207 0928 1104

* The labels of the storm surges reflect the typhoon number for typhoon storm surges and the occurrence date for
extratropical storm surges. For example, 8211 in Row 2, Column 2 means that the typhoon caused a storm surge
was the eleventh typhoon in the year of 1982; 0111 in Row 2, Column 3 means that the extratropical storm surge
occurred on 11 January 1982.

3.1.2. Validation of the Storm Surge Model

To validate the reliability of the numerical model, we compared the numerical results with
observations from tide gauge stations. The Weifang station was built in 2003 and four typical storm
surges are selected for discussion here. The first two cases were caused by Typhoon Winnie during
19–20 August 1997 and a strong cold front during 3–5 March 2007, when the Weifang station was
not built. The third and fourth cases were caused by a strong cold front during 9–11 December 2010
and Typhoon Damrey during 2–4 August 2012, when the observation from Weifang can be used
for comparison.

To evaluate the model solutions quantitatively, the root mean square deviation (RMSD) was
calculated as follows:

RMSD =

 n∑
i=1

(Xm −Xo)
2/n

1/2

, (10)

where n is the number of the variable values, Xm represents the model results, and Xo represents the
observed values.

Time series of the detided sea level from the four simulations are plotted in Figure 4. In comparison
with the observations at the tide gauge stations, the model shows good simulation skill. During the
third and fourth cases (Figure 4i–p), the model output of Weifang closely matches the magnitude and
moment of the maximum detided sea level, and the RMSD value is lower than 35 cm. During the first
and second cases (Figure 4a–h), the model lines also fit well with the observation for the surrounding
stations (i.e., Longkou, Penglai, and Zhifudao), and the numerical model produced a reasonable
simulation for Weifang. The maximum water level rise simulated at Weifang for the 1997 and 2007
storm surge events was 127 and 176 cm, respectively. The result shows that the model can be used for
extending the database.
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Figure 4. Detided water level from observations (blue) and model simulations (red): (a–d) caused by
Typhoon Winnie during 19–21 August 1997, (e–h) caused by a strong cold front during 3–5 March 2007,
(i–l) caused by a strong cold front during 9–11 December 2010, (m–p) caused by Typhoon Damrey
during 2–4 August 2012. The blue lines in (a) and (e) are not plotted because no observation is available
for Weifang during that time.

3.1.3. FVCOM Simulation

In this study, 166 storm surge cases were numerically simulated and astronomical tidal levels were
predicted. The simulations were analyzed to obtain the highest water level values at each measuring
point for each storm surge case. Finally, the maximum value for each year was selected among these
maximum water level values (Table 3).
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Table 3. Maximum water levels for the 13 measuring points during 1982–2015 (unit: m).

Year 1 2 3 4 5 6 7 8 9 10 11 12 13 Mean

1982 3.39 3.39 3.39 3.39 3.38 3.36 3.36 3.36 3.37 3.36 3.35 3.37 3.38 3.37
1983 3.41 3.40 3.40 3.40 3.39 3.37 3.37 3.37 3.38 3.37 3.36 3.38 3.39 3.38
1984 3.33 3.32 3.32 3.32 3.31 3.30 3.30 3.30 3.30 3.30 3.29 3.30 3.32 3.31
1985 3.52 3.51 3.51 3.51 3.49 3.48 3.48 3.48 3.49 3.48 3.46 3.48 3.50 3.49
1986 3.65 3.64 3.64 3.64 3.62 3.60 3.60 3.60 3.62 3.61 3.59 3.61 3.63 3.62
1987 4.33 4.32 4.32 4.31 4.28 4.24 4.24 4.25 4.27 4.25 4.22 4.26 4.30 4.28
1988 3.28 3.28 3.28 3.28 3.27 3.26 3.26 3.26 3.26 3.26 3.25 3.26 3.27 3.27
1989 3.28 3.28 3.28 3.28 3.27 3.26 3.26 3.26 3.26 3.26 3.25 3.26 3.27 3.27
1990 3.29 3.29 3.29 3.29 3.28 3.27 3.27 3.27 3.27 3.27 3.26 3.27 3.28 3.28
1991 3.39 3.39 3.39 3.39 3.38 3.36 3.36 3.36 3.37 3.36 3.35 3.37 3.38 3.37
1992 5.02 5.00 5.00 4.99 4.95 4.89 4.89 4.90 4.94 4.91 4.86 4.92 4.97 4.94
1993 3.76 3.75 3.75 3.75 3.73 3.71 3.71 3.71 3.72 3.71 3.69 3.72 3.74 3.73
1994 3.61 3.60 3.60 3.59 3.58 3.56 3.56 3.56 3.57 3.56 3.55 3.57 3.59 3.58
1995 3.13 3.12 3.12 3.12 3.12 3.11 3.11 3.11 3.11 3.11 3.10 3.11 3.12 3.11
1996 3.29 3.29 3.29 3.29 3.28 3.27 3.27 3.27 3.27 3.27 3.26 3.27 3.28 3.28
1997 3.90 3.89 3.89 3.88 3.86 3.83 3.83 3.84 3.85 3.84 3.81 3.84 3.87 3.86
1998 3.61 3.60 3.60 3.59 3.58 3.56 3.56 3.56 3.57 3.56 3.55 3.57 3.59 3.58
1999 3.75 3.74 3.74 3.74 3.72 3.69 3.69 3.70 3.71 3.70 3.68 3.71 3.73 3.72
2000 3.41 3.40 3.40 3.40 3.39 3.37 3.37 3.37 3.38 3.37 3.36 3.38 3.39 3.38
2001 3.66 3.66 3.66 3.65 3.63 3.61 3.61 3.62 3.63 3.62 3.60 3.62 3.64 3.63
2002 3.59 3.59 3.59 3.58 3.57 3.55 3.55 3.55 3.56 3.55 3.54 3.56 3.58 3.57
2003 4.41 4.40 4.40 4.39 4.35 4.31 4.31 4.32 4.35 4.32 4.29 4.33 4.37 4.35
2004 3.42 3.41 3.41 3.41 3.40 3.38 3.38 3.38 3.39 3.38 3.37 3.39 3.40 3.39
2005 3.79 3.79 3.79 3.78 3.76 3.74 3.74 3.74 3.76 3.74 3.72 3.75 3.77 3.76
2006 3.65 3.64 3.64 3.64 3.62 3.60 3.60 3.60 3.62 3.61 3.59 3.61 3.63 3.62
2007 4.18 4.17 4.17 4.17 4.14 4.10 4.10 4.11 4.13 4.11 4.08 4.12 4.16 4.13
2008 3.79 3.78 3.78 3.77 3.75 3.73 3.73 3.73 3.75 3.73 3.71 3.74 3.76 3.75
2009 3.88 3.87 3.87 3.87 3.85 3.82 3.82 3.82 3.84 3.82 3.80 3.83 3.86 3.84
2010 3.81 3.80 3.80 3.79 3.77 3.75 3.75 3.75 3.77 3.75 3.73 3.76 3.79 3.77
2011 3.74 3.74 3.74 3.73 3.71 3.69 3.69 3.69 3.71 3.69 3.67 3.70 3.72 3.71
2012 3.69 3.68 3.68 3.68 3.66 3.64 3.64 3.64 3.66 3.64 3.62 3.65 3.67 3.66
2013 3.93 3.92 3.92 3.92 3.90 3.87 3.87 3.87 3.89 3.87 3.85 3.88 3.91 3.89
2014 4.42 4.40 4.40 4.39 4.36 4.32 4.32 4.33 4.35 4.33 4.30 4.34 4.38 4.36
2015 4.21 4.20 4.20 4.19 4.16 4.12 4.12 4.13 4.15 4.13 4.10 4.14 4.18 4.16

3.1.4. Results of Designed Tidal Level for the 100-Year Period

The maximum water levels during 1982–2015 are fitted with the EV1 distribution to calculate the
water levels for different return periods. For each measuring point, the 34 maximum water levels
during 1982–2015 were sorted, and a curve was fitted with the EV1 distribution. The scale and location
parameters are shown in Table 4 and the fitting result of Point 1 is plotted as an example in Figure 5a.
The 95% confidence intervals are also plotted to diagnose the fitting result. In Figure 5a, all the
34 maximum water levels during 1982–2015 are close to the fitted curve and plotted between the
dashed lines of the 95% confidence intervals. The dot on the fitted curve at frequency = 1% shows the
value of the tidal level for the 100-year period.

Table 4. Mean, standard division, scale, and location parameters for the 13 measuring points.

1 2 3 4 5 6 7 8 9 10 11 12 13

Mean (m) 3.72 3.71 3.71 3.71 3.69 3.67 3.67 3.67 3.68 3.67 3.65 3.68 3.70
Std (m) 0.300 0.298 0.298 0.296 0.289 0.282 0.282 0.284 0.290 0.284 0.277 0.286 0.294

Scale 0.50 0.49 0.49 0.49 0.48 0.47 0.47 0.47 0.48 0.47 0.46 0.48 0.49
Location 3.94 3.93 3.93 3.93 3.90 3.87 3.87 3.88 3.90 3.88 3.86 3.89 3.92
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The results of the tidal level for the 100-year period for all 13 points are illustrated in Figure 5b.
The tidal levels at the 13 points are reasonably close, i.e., the differences are less than 0.20 m. The highest
tidal level is at Point 1, located at the west gulf of the levee. The lower tidal levels are found
around Point 6 and Point 11, which are located at the northwestern and northeastern capes of the
levee, respectively.

3.2. Wave Simulation

3.2.1. MIKE 21 PMS Simulation

This study used numerical simulations to hindcast the effective wave height in the Bohai Sea for
the 34-year period of 1982–2015. The annual maxima of the effective wave height in the region were
calculated and Pearson III was used to obtain the effective wave heights for different recurrence periods
according to “Code of Hydrology for Sea Harbour” (JTS 145-2-2013). The effective wave heights were
simulated for transfer to the Weifang levee using the MIKE 21 PMS model, which produced the values
at the 13 measuring points.

The MIKE 21 PMS model was used to obtain wave heights for the 50-year period. Wave height
observation is only available from the buoys in the Laizhou Bay, instead of the coastal areas, so there
is no validation for wave simulation in this section. According to observational data from buoys in
Laizhou Bay, the wave height for the 50-year period is 3.34 m in the open sea. Therefore, in the MIKE
21 PMS model, a 3.34-m wave was simulated to transfer from the open sea to the levee. A constant
wave source is placed along the northern boundary of the simulation area. For the wave source,
the wave height is 3.34 m, wave directions and wave period are N (8.20 s), NE (8.22 s), and NNE
(9.27 s), respectively.
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The horizontal resolution of the model was set to 5.0 m to meet the requirements of precision.
The model is initialized with no wave perturbation and integrated for 12 h to get stable. The results are
shown in Figure 6.
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Figure 6. (a–c) Simulation of waves transferred from the open sea to the levee from three directions
(N, NE, and NNE) in the MIKE 21 PMS model simulation and (d) significant wave height at the
13 measuring points along the levee.

The patterns of wave transfer are shown in Figure 6a–c, and Figure 6d shows the significant wave
height value at the 13 points. It is evident that the wave height is much lower from Point 1 to Point 5
because of blocking by the levee. The wave height increases between Point 6 and Point 13 because the
waves transfer directly from the open sea to the levee and are converged at the capes. The maximum
wave height is at Point 8 for waves from the N and NNE and at Point 11 for waves from the NE.

3.2.2. Results of Designed Wave Run-Up for the 50-Year Period

According to “Code for design of levee project (GB 50286-2013),” the wave run-up was calculated as:

R =
KpKr
√

1 + m2

√
H, (11)

where R is wave run-up; Kp is an empirical coefficient defined as V/
√

gd, where V is the averaged
wind speed, g is acceleration of gravity, and d is water depth before the levee; Kr is the roughness
related to the building materials of the levee; m is the slope of the levee; and H is the vertical component
of wave height toward the levee.

Based on Equation (11), wave run-up was calculated at the 13 measuring points using the wave
heights simulated by the MIKE 21 PMS model and the slope from Section 2.1.2. Wave run-up in three
directions was considered and the largest was selected as the final value. The results show that wave
run-up has positive correlation with wave height along the levee (Figure 7). The highest wave run-up
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(2.83 m) is at the northeastern cape of the levee (Point 11), and the lowest wave run-up (0.25 m) is at
the bottom of the gulf (Point 2).
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Figure 7. Wave run-up for the 50-year period at the 13 measuring points along the levee.

3.3. Hazard Assessment of the Weifang Levee

The effects of climate change mean that sea level rise should be considered in a hazard assessment
of the Weifang levee. Based on historical observations, the predicted sea level rise along the Weifang
coast is listed in Table 5 [29]. As the Weifang levee is designed to defend against a 100-year storm
surge, and the sea level rise was set at 0.30 m.

Table 5. Predicted sea level rise along the Weifang coast since the year of 2010 (unit: m).

2030 (20 Year) 2060 (50 Year) 2110 (100 Year)

0.06–0.07 0.15–0.17 0.30–0.33

The designed levee height is the sum of the designed tidal level for the 100-year period, designed
wave run-up for the 50-year period, security heightened value, and predicted sea level rise in 2110.
The results of the designed levee height are shown in Table 6 and illustrated in Figure 8. The change in
designed wave run-up is greater than the change in designed tidal level. Therefore, the distribution of
the designed levee height is similar to that of wave run-up, and the maximum designed levee height is
at Point 11.
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Table 6. Values of designed tidal level for the 100-year period (T), designed wave run-up for the 50-year
period (R), security heightened value (S), predicted sea level rise in 2110 (H), designed levee height
(ZD), measured levee height (ZM), and their difference (H) (unit: m). H in bold indicates ZM is lower
than ZD.

Spot T R S h ZD ZM H

1 5.17 0.85 0.50 0.30 6.82 5.19 −1.63
2 5.15 0.25 0.50 0.30 6.20 5.70 −0.50
3 5.15 0.50 0.50 0.30 6.45 7.07 0.62
4 5.13 0.51 0.50 0.30 6.44 6.45 0.01
5 5.08 0.59 0.50 0.30 6.47 6.91 0.44
6 5.02 1.88 0.50 0.30 7.70 6.85 −0.85
7 5.02 1.03 0.50 0.30 6.85 6.91 0.06
8 5.04 2.54 0.50 0.30 8.38 6.99 −1.39
9 5.08 2.03 0.50 0.30 7.91 6.69 −1.22
10 5.04 1.24 0.50 0.30 7.08 5.70 −1.38
11 4.99 2.83 0.50 0.30 8.62 6.67 −1.95
12 5.06 1.93 0.50 0.30 7.79 6.85 −0.94
13 5.12 1.01 0.50 0.30 6.93 6.90 −0.03
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The difference between the designed and measured levee height indicates the storm surge hazard.
If the designed height is larger than the measured height, the levee is safe; otherwise, the levee is in
danger from a 100-year storm surge. The orange bars in Figure 8 show that most parts of the levee
(i.e., 9 of the 13 points) do not meet the requirements for storm surge control, and therefore, repair and
strengthening of the levee are required.

4. Discussion

This study used LiDAR to obtain 3D point cloud data and the structure of the Weifang levee.
Unlike the traditional point measurement method, ground-based LiDAR technology uses shape
measurement to acquire a large amount of information about the measured target. The 3D point cloud
meets the need for high-precision reverse engineering of 3D point data volumes. As a high-precision
sensing technology, the scanning device can examine complex environments and sites and directly
transfer various data of complex and irregular objects into a computer for rapid reconstruction of a
3D model of the scanned object. At the same time, the 3D LiDAR point cloud data contain not only
spatial information about the target but also information about the target’s reflection intensity and
color/grayscale information. Through postprocessing of 3D point cloud data, analysis, measurement,
simulation, and other functions can be realized.
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Hazard assessment to a levee posed by a storm surge requires long-term and high-resolution
observations; however, the construction of suitable observation systems is always delayed relative
to the expansion of rapidly developing cities. Furthermore, the rapidly increasing population and
expanding economic infrastructure of rapidly developing cities highlight the necessity for hazard
assessment in relation to urban planning. Numerical models are effective in addressing this need
because they can provide high-quality data with limited observations. Therefore, the method used in
this study could be adapted for use in other cities to resolve similar problems.

The designed levee height consists of four parts: tidal level, wave run-up, security heightened
value, and sea level rise. The result shows that the tidal level has the largest weight and makes up
averagely 71.4% of designed levee height. The tidal levels vary slightly between different measuring
points and the difference between the highest and the lowest is only 0.18 m. So, the tidal level rise
caused by storm surge is the major factor that should be considered when calculating the designed
levee height. In addition, for every part of the coast, the levee should be built with similar height for
defending the storm surge.

Although wave run-up makes up averagely only 17.4% of designed levee height, the values vary
dramatically along the levee. The highest value is 2.83 m, while the lowest is only 0.25 m. Because the
variation of wave run-up is much larger than that of tidal level rise, the designed levee height, as the
sum of four parts, shows the similar distribution to that of wave run-up. Besides the flood caused by
storm surge, coastal erosion caused by waves is also severe, and wave attenuators are needed for areas
like the cape coast.

It is interesting that the lower tidal level is always coupled with the higher wave run-up, and the
correlation coefficient between the two values is −0.75. The reason is that the wave refraction and
water movement are reverse along the levee. For wave refraction, if waves encounter the gulf part,
waves will start to refract around it, converging and focusing their energy at the center of the obstruction,
which creates higher waves and wave run-up. Conversely, if waves encounter the cape part, waves start
to bend outwards, diverging energy away from the levee and reducing the wave height and wave
run-up. But it is contrary for the level rise by storm surge. Under the influence of wind stress, the water
is transferred and moving from the cape part to the gulf part, which makes the water level higher at
the gulf, while lower at the cape.

The hazard assessment method used in this paper only considers the levee height. The difference
between the designed and measured levee heights demonstrates whether the levee faces the threat
from storm surges. But other factors, e.g., construction materials, lifespan, and maintenance, also play
a key role in defending storm surges, which are not mentioned above. So, the assessment in this paper
can be considered as a primary work and should be done first. If the measured height of a levee is
lower than the designed value, a severe storm surge will take torrents of water over the levee and into
the urban area and cause huge loss.

5. Conclusions

The study assessed the hazard to the Weifang levee posed by storm surges. As Weifang is a
rapidly developing city, it lacks records of long-term observations suitable for levee hazard assessment.
Therefore, this study used numerical models to reconstruct relevant high-resolution data. LiDAR data is
also used here to measure necessary 3D parameters of the levee. Storm surge tidal levels for the 100-year
period and wave run-up for the 50-year period were calculated based on the results from numerical
simulations using the FVCOM and MIKE 21 PMS ocean numerical models. The designed levee height
is the sum of the storm surge tidal level, wave run-up, security heightened value, and predicted sea
level rise in 2110. The difference between designed and measured levee height for the levee shows
whether the levee is safe or not.

The results show that the storm surge tidal level for the 100-year period is high at the gulf of the
levee and low at the cape, while the wave run-up for the 50-year period is opposite. The final designed
levee height shows higher value on the northern part, the place directly suffering the wave transferred
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by the storm. In addition, the designed levee height is 1 m higher than the measured value, facing the
greatest threat from storm surge and requiring urgent repair and strengthening.

The findings of this work will enhance the marine disaster prevention capacity of the region and
could help reduce economic losses associated with marine-related disasters. The results could also
provide support for future work on disaster prevention in the field of coastal marine engineering.
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