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Because of global warming, the sea level is expected to continue to rise, possibly having a
significant impact on the intensities and spatial distribution characteristics of coastal storm
surges. In this study, we took super typhoon Rammasun (2014) as a case study and
applied the SCHISM (Semi-implicit Cross-scale Hydroscience Integrated System Model)
to simulate storm surge in the northwestern South China Sea under future sea level rise
(SLR) scenarios. To improve the accuracy of storm surge hindcast, we used
reconstructed wind field to drive the model in which ERA5 reanalysis data were
superposed on the wind field calculated from the Holland parametric cyclone model.
The results show that the storm surge hindcast was significantly improved by using this
reconstructed wind forcing. 2-D and 3-D model hindcast capabilities were compared; the
3-D model reproduced the storm surge better. The regional sea level projections in 2050,
2100, 2200, and 2300 for RCP 4.5 scenarios (provided by the IPCC AR6 dataset) were
superposed on the original water depth as the predicted sea levels, then those depths
were used in models of storm surge in the study area under a typhoon identical to
Rammasun. Model results demonstrate that storm surge peaks in most sea areas
decrease nearly linearly with SLR, especially in regions of high surges.

Keywords: storm surge, sea level rise, 2-D/3-D models, super typhoon Rammasun, the northwestern South
China Sea
1 INTRODUCTION

In the shallow water of a gradually sloping continental shelf, sea level is easily affected by tropical
cyclones (TCs) that generate storm surge events at the seaboard and cause destructive flooding.
Severe coastal storm surges can result in billions of dollars of economic damages and enormous loss
of life in coastal zones. The South China Sea (SCS) is a large semienclosed marginal ocean basin with
in.org June 2022 | Volume 9 | Article 8783011
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wide continental shelves in the western North Pacific, commonly
crossed by TCs formed in the western North Pacific. In general,
these TCs move westward to make landfall in southern China
and wreak havoc along the way. Coastal areas of the SCS face
multiple natural hazards that are related to TCs, including floods,
storm surges, and erosion. In particular, coastal districts and
counties in Hainan province and Guangdong province, which
are densely populated and economically developed areas in
China, experience the highest risk (Gao et al., 2014). Thus, it is
vital to carry out relevant research and provide scientific support
for marine disaster prevention and mitigation.

TCs have both low atmospheric pressures and strong winds.
The low pressures raise sea level and the strong winds
accumulate sea water along the coastline northwards of TC’s
trajectory, and they together cause severe coastal storm surges.
For storm surge prediction, high-resolution numerical models
simulate storm-related hydrodynamic process and have proven
to be successful (Shchepetkin and McWilliams, 2005). However,
the accuracy of models depends on accurately high-resolution
atmospheric forcing input, which is frequently simplified for
efficiency (Dietrich et al., 2018). For example, Holland (1980)
simulated surface pressure and wind fields with a simple
parametric vortex model, which is empirically estimated from
hurricane observations. This simulated method creates some
deviations that limit the accuracy of surge inundation
prediction. Furthermore, some parameterizations in storm
surge models, such as bottom roughness, also cause some
inaccuracies. This study focuses on numerical hindcast instead
of predicting storm surge in real time. Setting aside concern for
timeliness, herein we consider a modified method combining the
parametric vortex model and the reanalysis data for higher
accuracy. The simulated result of this study is valuable for
long-term planning such as design of coastal engineering and
harbor infrastructures (Halpin, 2006), and evaluation of
economic losses after disasters.

Emphasis is placed on timeliness in numerical forecasting;
thus, international major forecast systems use two-dimensional
(2-D) models generally. Numerical hindcast does not require
timeliness and permits the luxury of more accurate 3-D models.
Previous research demonstrated that storm surge heights
simulated by the 3-D model were generally higher than the 2-D
simulation because 3-D modeled near-bottom velocity was lower
than 2-D modeled depth-averaged velocity; this difference was
attributed to bottom stress (Weisberg and Zheng, 2008). A
completely fair comparison between the 2-D and 3-D models is
difficult to obtain. Ideally, the simulated condition should be kept
as similar as possible for the comparison of bothmodels, but this is
not strictly possible, as the 2-D models are more dependent on
parameterizations than the 3-Dmodels (Zheng et al., 2013). Based
on different parameterization methods, the present study will
explore the capability of the 2-D and 3-D models to predict the
spatial distribution of storm surges in the northwestern SCS.

TC’s translation velocity is an important factor for storm
surge height and affects the spatial distribution of storm surges.
Peng et al. (2004) found that the hurricane with lower translation
velocity produces higher storm surge. On the other hand,
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Rego and Li (2009) concluded that peak surge increased as the
forward motion speed of the hurricane increased. According to
the linear theory, the responses of ocean to atmospheric traveling
disturbance are proportional to (1-U2/gh)-1. Thus, when the
velocity of the traveling disturbance (U) approaches the
propagation velocity of a long wave, storm surge becomes very
large due to resonance (Proudman, 1954). Jelesnianski (1972)
conducted numerical experiments with a standard hurricane
over representative shelves, indicating that there is a ‘‘critical
speed’’ that is greater than 30 mph (13.4 m/s). For the
continental shelf of the northwestern SCS, it is valuable to
evaluate the effects of varying translation velocity on coastal
storm surge during a super typhoon.

The global mean sea level will continue to rise during the
21st century (IPCC, 2014). The peak surge will change with sea
level rise (SLR) in different regions because of nonlinear
interaction between them (Liu et al., 2018; Zhang et al.,
2013). To evaluate the impact of SLR on storm surge, an
accurate prediction of future SLR is necessary. However,
global sea level prediction is complicated on account of many
uncertainties brought by ice sheets, glaciers, thermal expansion,
and land water storage. In addition, the responses of peak surge
to SLR are local and always based on relative sea level at a
particular location. From the perspective of estimating regional
SLR, some local and regional signals also increase the
complexity of the sea level estimation, including subsidence,
ocean dynamics, climate variability, geodynamics, and other
local factors (Oppenheimer et al., 2019). The SLR in the
northwestern SCS has obvious localized characteristics (Xu
et al., 2016). The local sea level in the SCS was projected for
the 21st century using 24 CMIP5 models and could reach about
40.9 cm for the RCP2.6 scenario, 48.6 cm for the RCP4.5
scenario, and 64.1 cm for the RCP8.5 scenario by the end of
the 21st century (Huang and Qiao, 2015). However, significant
divergences between different climate system models cause
great uncertainties in the evaluation of local sea levels. A
linear extrapolation method of the sea level data observed by
satellite altimeters was used in the Yellow Sea and combined
with the ICE-6G/VM5a model to include the impact of ongoing
glacial isostatic adjustment but ignored the local subsidence
(Yang et al., 2021). The sixth Assessment Report (AR6) of IPCC
was released on August 9, 2021 and provides consensual
projections on future sea levels across the globe under a
range of possible future scenarios, integrating multiple causes
of SLR and providing a basis for predicting the change of peak
surges in future. In this study, we consider the impact of SLR
that combines all sea level change causes on peak surges in the
northwestern SCS.

The structure of this paper is as follows: Section 2 describes
the SCHISM model and the creation of the super typhoon
Rammasun wind and pressure field. Section 3 introduces the
methods to generate external forcing for the model. Sections 4
and 5 compare the performance of the 2-D and 3-D models on
storm surge simulations and evaluate influence of TC’s
translation velocity and SLR on peak surge simulation. The
paper is concluded in Section 6.
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2 DATA AND METHODS

2.1 Typhoon Rammasun
Super typhoon Rammasun was the strongest recorded typhoon
to land in China since 1949. It was generated in the western
Pacific Ocean on July 7, 2014, rapidly moved westward through
the Philippines into the SCS, gradually intensified to super
typhoon status, and successively struck three provinces of
southern China (Figure 1). The typhoon track data were
downloaded from the Chinese Meteorological Administration
(CMA) in the Typhoon track real-time release system of the
Zhejiang Water Conservancy Department (http://typhoon.
zjwater.gov.cn). These track data showed that Rammasun
moved at a velocity of 20 km/h to the northeast coast of
Hainan Island with wind speeds exceeding 60 m/s and a
central pressure of 910 hPa at 15:00 on July 18. Then, it
continued to move westward and passed over the Leizhou
Peninsula of Guangdong Province and landed in Guangxi
Province. Finally, it rapidly weakened to a severe tropical
storm and faded away in mainland China. The track of
typhoon Rammasun represents one of the most frequent TC
tracks in the coastal areas of SCS. It was estimated that
Rammasun caused 7.2 billion dollars of property damages and
resulted in the death of 88 people (Yang et al., 2019). Thus,
typhoon Rammasun was selected as an example of severe TCs. In
this study, because of the hourly time resolution of typhoon track
data starting on the 16th at 14:00, the model is run from 16th at
14:00 to 20th at 02:00, spanning a total of 84 h (3.5 days),
covering almost the entire passage of the typhoon in the SCS.

Storm surge simulations were validated against observations
from six tide gauges (Figure 1). The South China Sea Forecast
Center, State Oceanic Administration granted hourly storm
surge data recorded from 00:00 local standard time on the
Frontiers in Marine Science | www.frontiersin.org 3
17th to 10:00 local standard time on the 19th, July 2014, the
59 h from storm surge emergence to end. The entire observation
period was covered in the model runtime. The capability of each
model was evaluated only using those times when observations
were available.

2.2 Model Grid and Study Area
To simulate the storm surge forerunner caused by the remote
wind effect at the open ocean, a large domain model grid was
created as shown in Figure 1. This model domain encompasses
the entire SCS and a portion of the western Pacific Ocean.
Resolutions of the model grid were set to range from 200 m
near the shore to 20 km at oceanic open boundaries with 212,063
nonoverlapping triangular cells and 121,113 triangular nodes to
enable superior flexibility in representing the bathymetry. For the
3-D model simulations, we employed 11 uniform terrain-
following S-coordinates to properly represent the bottom
boundary layer in the vertical. The nearshore bathymetry data
were obtained from unpublished sea charts provided by the State
Oceanic Administration of China in this study. For the open sea,
the water depth data of the model grid were obtained from the
ETOPO1 global relief dataset with a resolution of 1 min (1.5–2
km) from NOAA (http://www.ngdc.noaa.gov/mgg/global/global.
html). These datasets were interpolated into model grid nodes.
The model datum was referenced to mean sea level. Open
boundaries of the model run without tidal and wave forcings
in this study.

The study area (17°N–22°N, 108°E–113°E) is in the
northwestern region of the SCS, including Hainan Island, and
a part of the coast of Guangdong and Guangxi Provinces where
storm surges frequently occur. There are six tide gauge stations
located along the coastline. Haikou and Boao stations are located
in Hainan Island on the left side of typhoon Rammasun track
FIGURE 1 | Bathymetry of the South China Sea and model grid (left). Black line with colored dots represents track and intensity of Typhoon Rammasun (2014).
Enlarged view of the vicinity of Hainan province (Right). Yellow dots show location of six tide gauge stations (Zhapo, Shuidong, Zhanjiang, Naozhou, Haikou, and
Boao stations).
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and the rest of the stations are on the western coast of
Guangdong Province (Figure 1).

2.3 Relative Mean Sea Level Change
The SLR data used in simulations is derived from the regional
and local projections data provided by the IPCC 6th Assessment
Report (AR6), which updates and expands the related
assessments from previous reports, and provides improved
projections and uncertainty estimates of future change (Fox-
Kemper et al., 2021). In addition, the projections incorporate all
potential processes that would affect sea level change with
medium and low confidences. For the low confidence
condition, the time series of the projection are up to the year
2300. The regional projections on a regular global grid are
available from the NASA Sea Level Projection Tool (https://
sealevel.nasa.gov/data_tools/17). In this study, we focus on four
cases of future SLR by years 2050, 2100, 2200, and 2300 for the
RCP 4.5 scenario (Figure 2), which relates to medium
greenhouse gas emissions. To reduce the uncertainties caused
by multiple contributing factors of SLR, total integrated values of
all components of SLR will be selected, which contain the
assessed medium-confidence and low-confidence processes
(total_ssp245_low_confidence_values). Furthermore, we used
the 50% quantile (median) in the range of projections from the
Frontiers in Marine Science | www.frontiersin.org 4
dataset in this study. The values of regional SLR are relative to the
1995–2014 baseline, close to the occurrence time of super
typhoon Rammasun (2014). The values are suitable to be
directly applied to the study without further modification.
2.4 Numerical Model
The SCHISM model solves the standard Navier–Stokes
equations with hydrostatic and Boussinesq approximations,
and uses semi-implicit, finite-volume, and Eulerian–Lagrangian
algorithms (Zhang et al., 2016). We executed the simulation by
using the 2-D and 3-D barotropic modes of SCHISM. In 3-D
mode, full 3-D cells were utilized in the entire domain with 11
vertical layers. The governing equations of the SCHISM model
are composed of continuity equation and momentum equation.
Continuity equation in 3-D (Eq. (1)) and 2-D depth-integrated
forms (Eq. (2)) (note that bold texts in all equations represent
vectors):

∇ ·u +
∂w
∂ z

= 0 (1)

∂h
∂ t

+∇ ·
Z h

−h
udz = 0 (2)
A B

DC

FIGURE 2 | Predicted sea level rise in years (A) 2050, (B) 2100, (C) 2200, and (D) 2300 in the South China Sea (RCP4.5; low confidence; median).
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Momentum equation:

Du
Dt

= mz − g ∇ h + F (3)

where vectors are expressed by using boldface type,∇ = ( ∂
∂ x ,

∂
∂ y )

is the horizontal gradient operator, u (x,y,z,t) is the horizontal
velocity vector with Cartesian components (u,v),w is the vertical
velocity, z is the vertical coordinate, n(x,y,t) is the free-surface
elevation and represents storm surge height, h(x,y) is
bathymetric depth, u is the depth-averaged velocity in the 2-D
model, D/Dt is the material derivative, mz is the vertical eddy
viscosity term, and g is the acceleration of gravity. F represents
the additional forcing terms, including horizontal viscosity,
Coriolis, and atmospheric pressure. The baroclinic gradient,
earth tidal potential, and radiation stress are neglected in this
study. The vertical eddy viscosity term mz denotes different
forms in 3-D and 2-D as:

mz =
∂
∂ z υ ∂ u

∂ z

� �
, 3-D

tw−tb
rH , 2-D

(
(4)

where i is the vertical eddy viscosity and tw is the surface wind
shear stress calculated based on the wind velocity vector U10 on
the 10-m height above the sea surface. tb is the bottom frictional
stress. r is the water density and Pa is the air density. H=h+n is
the total water depth. As boundary conditions, tw and tb are
essential for the 2-D model and the 3-D model. At the sea
surface, the internal Reynolds stress is balanced by the surface
wind shear stress:

υ ∂ u
∂ z =

tw
r , at z = h (5)

tw = ra · Cw · U10j j · U10 (6)

Cw is the drag coefficient, which is derived from the following
formula (Pond and Pickard, 2013):

Cw � 103 =

0:988, U10 ≤ 6 m=s

0:61 + 0:063 · U10, 6 m=s < U10 ≤ 50 m=s

3:76, U10 > 50 m=s

8>><
>>: (7)

At the bottom boundary layer, the internal Reynolds stress is
balanced by the bottom frictional stress:

υ ∂ u
∂ z =

tb
r , at z = −h (8)

The bottom stress is also computed by a similar quadratic
drag law expressed as:

tb = r · Cd · ubj j · ub (9)

The ub is the near-bottom velocity vector for the 3-D model.
In this study, we calculated velocities by the 3-D model at 11
layers from the bottom of the water column to the surface, and
the velocity at the first layer above the bottom represents the
near-bottom velocity. However, the ub of the 2-D model is
different from the 3-D model and is the depth-averaged
Frontiers in Marine Science | www.frontiersin.org 5
velocity vector. In the 3-D model, the Cd is generally the
bottom drag coefficient computed according to the thickness of
the logarithmic bottom boundary layer:

Cd =
1
k
ln

db
z0

� �−2

(10)

where K is the von Karman constant (k = 0.4) and z0 is the
bottom roughness parameter, which we set to 0.02, the typical
value obtained at the oceanic boundary layer (Lueck and Lu,
1997). db is the thickness of the bottom boundary layer that is
closest to the bottom. In the 2-D model, Cd may be calculated by
using a function of a Manning coefficient:

Cd =
gn2ffiffiffiffi
H3

p (11)

where n is Manning’s friction coefficient, which could be
constant or variable in 2-D flow. The 2-D model is highly
dependent on the Manning coefficient, and the previous
studies concluded that the temporally and spatially varying
Manning coefficient may significantly improve the accuracy of
the 2-Dmodel but could cause the storm surge model to be much
more cumbersome and less robust (Lapetina and Sheng, 2015).
Thus, the Manning coefficient is generally set as a constant of
0.02 in the 2-D model (Xu et al., 2010; Garzon and Ferreira,
2016). In this study, we used typical values for n and z0 to
compute the bottom drag coefficient under 2-D and 3-D
formulations. There are significant differences of bottom drag
coefficient between both formulations that may lead to different
bottom stresses and have an impact on storm surge heights.
2.5 Skill Metrics
For assessment of model skill, accurately catching the peak values
of storm surge is considered the criterion. Here, we calculated
percentage errors (PE) of peak surge between model results and
observations at six tide gauge stations to evaluate the capabilities
of different wind forcings in hindcasting coastal storm surge. The
formula was as follows:

PE =
hmod − hobs

hobs
� 100% (12)

where nmod and nobs are the modeled and observed peak surges,
respectively. The mean absolute percentage error (MAPE) is
commonly used as a measurement of simulation accuracy in
model evaluation due to its very intuitive interpretation in terms
of relative error. It is usually expressed as a ratio defined by the
formula:

MAPE =
100%
n

�o
n

t=1

hmod − hobs

hobs

����
���� (13)

where n is the number of tide gauge stations (n = 6).
To compare time series of storm surges, model performance

can be quantified with various skill metrics (Guillou, 2014; Akbar
et al., 2017; Drost et al., 2017; Ding et al., 2020). The statistical
errors of water surface elevations such as root-mean-square error
June 2022 | Volume 9 | Article 878301
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(RMSE) and bias were frequently calculated for assessment of
model capability. In this study, the metrics RMSE and bias were
used to assess the absolute error between the modeled and
observed values, with an ideal value of zero. In addition,
Willmott skill (WS), which represented the degree of
agreement, was also used for the quantitative evaluation of
model performance (Willmott, 1984). A WS of 1 represents
the best possible agreement between model simulation and
observations, and complete disagreement was a value of 0.
These metrics are calculated as follows:

RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
No

N

i=1
Xmod − Xobsð Þ

2
s

(14)

Bias =
1
No

N

i=1
Xmod − Xobsð Þ (15)

WS = 1 − oN
i=1 Xmod − Xobsð Þ2

oN
i=1 Xmod − Xobs

�� �� + Xobs − Xobs

�� ��� �2 (16)

where Xmod and Xobs are the modeled and observed values,
respectively, and N is the number of observed samples. Xmod

and Xobs are the average values. These skill metrics are adopted to
test the performance of the storm surge model.
3 EXTERNAL FORCING

3.1 The Parametric Forcing
In this study, we employed a parametric vortex model to generate
sea surface pressure fields and wind velocity components. The
real-time track data provide the hourly location of the TC center,
the central pressure, and maximum wind speed at the height of
10 m. The wind velocity used in the model is composed of
rotational and translational velocities. The rotational velocity is
calculated from an analytical model of the radial profiles of sea
surface pressures and winds, which is proposed by Holland
(1980). Holland’s model function expression is as follows:

p(r) = pc + (pn − pc)e
−(Rm=r)

B

(17)

V(r) =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B
ra

Rm

r

� �B

(pn − pc)e− Rm=rð ÞB +
rf
2

� �2
s

−
rf
2

(18)

where r is the distance from the TC center,p is the local pressure
at the location of r, Pc is the central pressure, Pn is the ambient
pressure (1,010 hPa), Rm is the radius of maximum wind velocity,
V(r) is the gradient wind velocity at r,Pa is the air density (1.15
kg/m3), e is Euler’s number, f is the Coriolis parameter
(f=2WsinF), W is the angular frequency of the Earth rotation,
F is the latitude of the TC center, and B is pressure profile
parameter. B can be calculated from Eq. (18) by neglecting the
Coriolis parameter and setting r=Rm as follows:
Frontiers in Marine Science | www.frontiersin.org 6
B =
V2
mrae

pn − pc
(19)

where Vm is the maximum gradient of wind velocity. This
method was extensively used because the required maximum
wind velocity and radial pressure gradient can be easily obtained
from meteorological agencies (Hu et al., 2012). However, Rm is
not provided with real-time track data. To supplement this, we
used the best track data that were provided by the Joint Typhoon
Warning Center (JTWC) (https://www.metoc.navy.mil/jtwc/
jtwc.html). In their data, the radius of maximum wind speed
had a 6-h temporal resolution, which was interpolated linearly to
hourly resolution in this study. The direction of wind velocity
components was adjusted by the inflow angle (aF), which is
about 25° outside and decreases to 0 at the TC center (Mattocks
and Forbes, 2008):

aF =

10 r
Rm

, 0 < r < Rm

10 + 75 r
Rm

− 1
� 	

, Rm ≤ r < 1:2Rm

25, r > 1:2Rm

8>>><
>>>:

(20)

To remove the impact of the TC motion, a translational
velocity vector (Vmov) caused by the movement of the TC was
added to the rotational velocity vector (V) for the stationary
symmetric TC to create an asymmetric wind velocity vector
(Ueno, 1981), and the translational velocity vector is calculated
by the exponential function form:

Vmov = Vmce
−p
4
r−Rmj j
Rmð Þ (21)

in whichVmc is the moving velocity vector of the typhoon center.
The wind field is calculated by the following formula:

Vinitial = C1V½− sin (f + aF)i + cos (f + aF)j� + C2Vmov (22)

where i and j are the unit vectors in the x and y directions,
respectively; Vinital is the wind vector obtained from Holland’s
parametric vortex model [Eq.(18)], and C1, C2 were, respectively,
1.0 and 0.8 in the parametric vortex model, which was confirmed
by multiple comparative calculations (Yang and Yan, 2021).

3.2 Reconstruction of Wind Field
According to previous research, the magnitude of wind
simulated by the parametric vortex model decreased much
faster away from the radius of maximum wind than the
observed one and thus may underestimate the actual
background wind (Lin and Chavas, 2012). In contrast, the
reanalysis datasets are better at reconstructing the wind field
in the areas farther away from the TC center but worse near the
TC center (Pan et al., 2016). To improve the accuracy of the
wind field, we used a combination of Holland’s parametric
vortex model and the reanalysis data in this study. The method
is considered to be an optimized combination of the two wind
fields. We compared the combined data with single data to
verify the conjecture that the combined data generally
perform well.
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The global ERA5 reanalysis dataset provided hourly data with
a spatial resolution of 0.25°(latitude) × 0.25°(longitude) on single
levels by the European Centre for Medium-Range Weather
Forecasts (ECMWF) (https://cds.climate.copernicus.eu/
cdsapp#!/dataset/reanalysis-era5-single-levels). A smooth
transition is very important between the wind field of the
parametric vortex model and the wind field obtained from the
ERA5 reanalysis data (hereinafter abbreviated to ERA5 data). To
avoid discontinuity between the two wind fields, we used a
weighted average formula to smooth the transition between the
two wind fields:

Vc = (1 − a)Vinitial + aVb (23)

a =
c4

1 + c4
(24)

c =
r

nRm
(25)

where Vc is the combined wind vector, Vb is the background
wind vector from the ERA5 dataset, C is an intermediate variable,
a is the weight coefficient, and n=4 (Li et al., 2020).

Figure 3 presents the horizontal wind speed profiles and
spatial distributions of typhoon Rammasun when it landed on
Hainan Island. The main differences between the parametric
wind profile and the ERA5 wind profile were reflected in the
differences in the peak wind. The Holland parametric TC model
can reproduce the maximum wind speed (Vm) with >50 m/s,
which was close to the observed value. However, wind speeds of
ERA5 data are lower than 30 m/s and the radius of maximum
Frontiers in Marine Science | www.frontiersin.org 7
wind is much larger than the radius provided by the JTWC track
data. Thus, this reconstruction method was used to improve the
simulated results by combining the better part of the two
wind profiles.
4 STORM SURGE HINDCAST

4.1 TC Forcing
In order to compare the performance of the SCHISM model
under three different forcings, three tests (Tests 1–3) were carried
out. In Test 1, the ERA5 pressure and Holland’s forcing wind
fields were applied. In Test 2, we used the ERA5 data to execute
the storm surge simulation. In Test 3, the reconstructed wind
fields (see in Eqs. (23)–(25)) and the ERA5 pressure were
assembled to drive the model. In this section, we ran 2-D
simulations and compared storm surge hindcasts in three tests
in the study area.

Figure 4 shows comparisons of observed and simulated storm
surges at six tide gauge stations, and their PEs are given in
Table 1. It can be seen that Test 3 gave a more accurate storm
surge hindcast than the others. The simulation in Test 1
underestimated the peaks of storm surge and poorly modeled
the surge forerunner caused by the remote wind at most stations.
The result of Test 2 fit the observations better for the surge
forerunner and its peak surges were also closer to the observed
peak values than Test 1, except the Haikou station. The low-
resolution reanalysis data (0.25°×0.25°) were unable to accurately
reproduce wind speed at the cyclone center that led to the largest
PE (−58.04%) at the Haikou station during Test 2. Test 3 had the
FIGURE 3 | Wind speed profiles (upper panel) and spatial distributions (lower panel) from different wind fields. The location is shown in Figure 1.
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lowest PEs in magnitude at all stations with the peak surges best
matching observations; the combined wind field retained the
advantages of both wind fields in Tests 1 and 2. Overall, the
MAPEs (Table 1) show that the best performance is that of Test
3 (7.57%), the second is Test 2 (24.85%), and the worst is Test
1 (31.93%).

To further evaluate model skill, statistical metrics (RMSE,
Bias, and WS) about the time series of simulated and observed
storm surge at all tide gauge stations were given (Figure 5). The
three statistics show that the result of Test 3 performed best
among the three tests. The averaged RMSE (15.9 cm) and Bias
(−9.3 cm) values of Test 3 are smaller than results in Test 1 (41.9
cm and −33.8 cm) and Test 2 (17.9 cm and −10.3 cm). The
averaged WS value (0.95) in Test 3 also indicated that it is more
consistent with observation than Test 1 (0.71) and Test 2 (0.93).
Overall, hindcast of storm surge under Test 3 shows the best
agreement with observations among three tests. Thus, in the
subsequent comparison of 3-D and 2-D models, we selected the
ERA5 pressure and the combined wind field as the atmospheric
forcings for the model.
4.2 Comparison of 2-D and 3-D Models
In this section, the above statistical parameters were used to
compare the performance of the 2-D (Test 4) and 3-D (Test 5)
Frontiers in Marine Science | www.frontiersin.org 8
models. Figure 6 shows that although the simulation results of
the 2-D and 3-D models are both in good agreement with the
observed surges during typhoon Rammasun, there are some
differences expected from the setup of both models. The time
series of surges of the 2-D model at all stations were smaller than
those of the 3-D model’s during the period. To clarify that, the
PE and MAPE of the two tests were calculated to quantify the
model reliability (Table 2). The 3-D model (4.22% MAPE)
performed slightly better than the 2-D model (7.57% MAPE)
overall. The PE values in Table 2 indicate that the 2-D model
tended to underestimate the storm surges at most stations due to
overestimation of bottom stress in the 2-D model (Weisberg and
Zheng, 2008). The performances of the 3-D model at Zhapo,
Zhanjiang, Naozhou, and Haikou stations (0.23%, 0.66%,
−5.22%, and 0.13%) were better than the 2-D model (−5.14%,
−3.65%, −10.49%, and −4.80%), while they were close at the
remaining two stations. Overall, compared to the 2-D model, the
peak predictions of the 3-D model had better quality, and their
discrepancies between observation and simulation were
considered acceptable.

To further evaluate the performance of the two models,
RMSE, Bias, and the WS values of both models were calculated
and plotted in Figure 7. The average RMSE (13.4 cm) and
average Bias (−3.8 cm) values of the 3-D model are smaller than
results from the 2-D model (15.9 cm and −9.3 cm). Individually,
FIGURE 4 | Time series of observed (circles) and simulated storm surges (cm) during Test 1 (green line), Test 2 (blue line), and Test 3 (red line) at six tide gauge stations.
TABLE 1 | PEs of peak surge between model simulation and observation under Tests 1–3.

Test PE MAPE

Zhapo Shuidong Zhanjiang Naozhou Haikou Boao

Test 1 −40.27% −31.85% −25.03% −30.40% 5.96% −58.06% 31.93%
Test 2 −18.29% −18.56% −11.89% −19.49% −58.04% −22.80% 24.85%
Test 3 −5.14% −3.94% −3.65% −10.49% −4.80% −17.42% 7.57%
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the 3-D model has slightly lower accuracy than the 2-D model at
Boao station. The WS values also demonstrated that the 3-D
model (0.96) performed slightly better than the 2-D model (0.95)
on average. From the above comparison, we can find that the 3-D
SCHISM model reproduced the storm surges better than the 2-D
model in the study area.
Frontiers in Marine Science | www.frontiersin.org 9
The spatial discrepancies between 2-D and 3-D simulated
peak surges are described in this section. We firstly plotted the
spatial distribution of the peak surges under the 2-D condition
(Figure 8A). The high storm surge mainly occurred along the
eastern Leizhou Peninsula coast and offshore of the northeastern
Hainan Island, with heights of >2 m. Offshore of the
FIGURE 6 | Time series of observed (circles) and simulated storm surges (cm) under the 2-D (blue line) and 3-D (red line) mode conditions at six tide gauge stations.
FIGURE 5 | Statistical errors (RMSE and bias) and Willmott skill (WS) between observed and simulated storm surges heights (cm) under different tests at the six tide
gauge stations.
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northeastern Hainan Island experienced especially severe water
levels of about 3-m height due to being close to the track of
typhoon Rammasun. In this region, it can be found that the 3-D
model generates higher surges than the 2-D model, and the
largest discrepancies between 2-D and 3-D simulated results
were over 0.2 m (Figure 8B). Since the 2-D model generally
underestimates the storm surges, the 3-D model is suggested as a
better choice for surge simulation in the study area.

4.3 Responses of Storm Surge on TC’s
Translation Velocity
Four tests with different TC’s translation velocities are conducted in
this study, named Tests 6–9 with 4, 2, 1/2, and 1/4 times initial
moving velocity (Vmc), respectively. Figure 9 plots the discrepancies
of peak surge heights between four tests and Test 5 (base case
hereafter). When translation velocity was doubled, the changes of
peak surge in most areas were insignificant except for the coastline
of the western Guangdong Province in which peak surges increased
from 0.1 to 0.5 m (Figure 9B). However, peak surges in most areas
were lower than the initial scenario (extreme scenarios yield
discrepancies of −1.6 m) when TC’s translation velocity was
Frontiers in Marine Science | www.frontiersin.org 10
quadruple (Figure 9A). Halving the translation velocity produced
lower peak surges (below −0.2 m) along the eastern Leizhou
Peninsula coast (Figure 9C). Reducing translation velocity to a
fourth, peak surges were slightly lower than the scenario with the 1/
2 translation velocity (Figure 9D). Increased peak surges along the
Guangxi Province may be caused by the terrain where sea water
easily piled up in semienclosed bays. As the duration of the typhoon
was longer, the phenomenon became more significant. For the
region of complex terrain, due to the propagation speed of long
waves below TC’s translation velocity, the typhoon wind cannot
effectively affect the sea water redistribution to weaken storm surge
heights. Conversely, when the typhoon has the lowest translation
speed, higher surges occur in the semienclosed bay.

In most regions, the peak surge at Test 7 (doubled translation
velocity with 30 mph) is the highest, and if we continue to
increase or decrease translation velocity, the peak surge will
decrease. When considering the spatial distribution of peak
surges, the TC’s translation velocity moving across the
shoreline is more likely to be the main factor for affecting
surge heights. The relatively faster TCs within limits (Vmc

≤13.4 m/s) are more dangerous and cause higher surges.
TABLE 2 | PEs of peak surge between model simulation and observation under 3-D and 2-D models.

Model PE MAPE

Zhapo Shuidong Zhanjiang Naozhou Haikou Boao

3-D −0.23% 3.01% 0.66% −5.22% 0.13% −16.05% 4.22%
2-D −5.14% −3.94% −3.65% −10.49% −4.80% −17.42% 7.57%
June 2022 | Volume 9 | Article 8
FIGURE 7 | Statistical errors (RMSE and bias) and Willmott skill (WS) between observed and simulated storm surges heights (cm) under the 2-D (blue line) and 3-D
(red line) mode conditions at six tide gauge stations.
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5 IMPACT OF SLR ON STORM SURGE

To study the storm surge variations under different SLR
scenarios once a similar typhoon approaches the study area,
we used the above reconstructed atmospheric forcings and 3-D
Frontiers in Marine Science | www.frontiersin.org 11
configurations as the basic model setup (Test 5). The non-
uniform SLR values modify the original water depth of the
model grid. Four future SLR conditions on years 2050, 2100,
2200, and 2300, respectively, were conducted (Tests 10–13)
(Figure 2). We did not simulate the effect of flooding caused
FIGURE 8 | Spatial distributions of (A) peak surge (m) for the 2-D model and (B) the peak surge differences between the 3-D and 2-D models.
A B

DC

FIGURE 9 | The discrepancies of peak surge heights between (A) Test 6 and Test 5, (B) Test 7 and Test 5, (C) Test 8 and Test 5, and (D) Test 9 and Test 6
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by storm surge or the change in the shoreline due to SLR.
Therefore, the impact of coastal recession caused by storm
surges is also beyond the scope of this study. We retained the
same shoreline as the original scenario. To explore the spatial
change of the peak surges (n) between the base case and
experimental cases, their differences (Dn) in the study area
were computed by:

Dh = he − hc (26)

where the subscript e stands for experimental case and c stands
for the base case.

Figure 10 plots the Dn of four tests and shows that the peak
surges in most coastal areas decreased with SLR. Near the TC’s
track, the intensity of storm surges decreased significantly off the
coast of the Leizhou Peninsula and offshore of the northeastern
Hainan Island. In these shallow regions, interactions between
surge and SLR became significant since the bottom friction and
advective terms change nonlinearly with increase of the water
depth (Zhang et al., 2013). The impact of SLR on surge was
minor in open ocean where the interactions were relatively weak.

In shallow water, wind stress plays the most important role
and the pressure gradient term in the momentum equation is
unaffected by the water depths; thus, the 2-D mode of Eq. (3)
Frontiers in Marine Science | www.frontiersin.org 12
could be simplified to a steady one-dimensional linearized
equation where the free-surface elevation is only affected by
wind stress and water depth (Park and Suh, 2012):

dz
dx

=
tw − tbð Þ

rg h + SLR + zð Þ (27)

For one-dimensional space, z is the surface displacement
caused by storm surges and x is the horizontal distance. H=h
+SLR+z is the total water depth. tw=ra·Cw·| U10 |·U10 is wind
stress. tb=r·Cd·| ub |·ub represents the bottom stress. ub is the
horizontal velocity in the 2-D model and the near-bottom
velocity in the 3-D model. Further simplification leads to a
better understanding of the correlation between storm surge
and water depth:

A ≃
Ltw
r0gH

(28)

L is the distance that the wind blows towards the shore on
shelf. The storm surge amplitude (A) is proportional to the wind
stress (tw) and is inversely proportional to total water depth (H).
The 2-D model is a simplification of the 3-D model, and the
actual storm surge is calculated in both models by using pressure
A B

DC

FIGURE 10 | Spatial distributions of peak surge difference (m) between the base case (Test 5) and SLR scenarios (Tests 10-13) in year (A) 2050, (B) 2100,
(C) 2200, and (D) 2300.
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gradient force to balance the boundary conditions (tw-tb); thus,
the correlation between storm surge and water depth in the 3-D
model is similar to the 2-D model. According to Eq. (28), storm
surge is dependent on water depth and altered by rising sea levels
in which increasing total water depth can reduce the maximum
height of the storm surge under the same wind forcing. Thus,
when wind speeds remained unchanged, the storm surges in the
shallow water become lower with larger SLR. A similar impact of
SLR on storm surge can be found in other coastal regions (Yang
et al., 2014; Neumann et al., 2015; Chen and Liu, 2016).

To better explore the change of storm surge with SLR, we
focused on the northeastern coast of Hainan Island where storm
surge peaks change significantly with SLR. We selected a
representative profile with five nodes (almost perpendicular to
the coastline) to analyze how SLR alters storm surges in the study
area (Figure 11A). It can be found that the rates of decrease of the
maximum height at each node were almost linear with SLR and
differed in that the surge height decreased faster with SLR at the
node closer to the coastline (Figure 11B). The L of Eq. (28) at the
coastal region is greater than that of the offshore and amplifies the
effects of sea level change. These results indicate the stability of
impact of SLR on reducing storm surges at the northeastern coast
of Hainan Island. However, in contrast with the open coast, the
peak surges were amplified at the semienclosed bays along the
coast of Guangxi Province with future SLR (Figure 10). This trend
is likely to be caused by the characteristics of the local terrain and
typhoon track where the typhoon-induced water level first
decreased and then sharply increased (Chen et al., 2016). During
the flooding period, the open coast can supply more water to the
bays as sea level rises and cause higher surges in the bays
compared with the base scenario. In all cases, we used a fixed
shoreline that may be another potential reason. The amplification
of storm surge by SLR has also been found in other semienclosed
bays with a fixed shoreline (Liu et al., 2018; Zhang et al., 2013).
Frontiers in Marine Science | www.frontiersin.org 13
6 CONCLUSIONS

As consequences of global warming, sea level will continue to rise
and more intense typhoons will be generated (Stowasser et al.,
2007; Wu et al., 2014; Wu et al., 2022). Typhoon-induced storm
surge superposed on SLR can bring severer hazards to coastal
areas. In this study, the super typhoon Rammasun (2014) was
selected as a case to reproduce typhoon-induced storm surge
along the northwestern SCS using the SCHISM model. The
impact of future SLR on local storm surge distribution was
evaluated according to different SLR scenarios during the super
typhoon period. To improve storm surge hindcasting skill by the
numerical model in the study area, we simulated storm surge
under different wind forcings and model schemes during the
typhoon period. By comparing the results of different wind
forcings in storm surge simulation, we found that the
reconstructed wind between the Holland parametric model
output and ERA5 reanalysis dataset based on a superposition
method was the optimized option. The ERA5 reanalysis dataset
was second to it. Under the same optimized wind forcing
condition, the 3-D model has a better performance than the 2-
D model for surge hindcast. The 2-Dmodel underestimated peak
surge significantly due to its overestimation of bottom drag based
on a function of Manning coefficient. The TC’s translational
velocity represents a large impact on the spatial distribution of
peak surge. Within the propagation velocity of a long wave
stimulated by TCs, the relatively faster TCs can easily generate
higher surges.

Based on the 3-D model simulation, four SLR scenarios were
considered from years 2050 to 2300. Model results demonstrated
that increment in the water depth by SLR can alter spatial
distribution characteristics of peak surges significantly,
especially at the northeastern Hainan and Zhanjiang coastal
areas with high surges. The peak surge decreased with SLR
FIGURE 11 | (A) Selected five representative nodes at the northeastern coast of Hainan Island. The background contour shows the peak surge difference (m)
between the base case (Test 5) and SLR scenario in year 2300. (B) Peak surge differences between the base case and different SLR scenarios at the five nodes.
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almost linearly in most regions due to the interaction between
the storm surge and the SLR. Still, storm surge increased with
SLR in many semienclosed bays along the Guangxi Province
coast in which typhoon winds can drive more water into the
semienclosed terrain and cause higher surges there.
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