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In this study, the storm surge processes and characteristics of Tide-Surge
Interactions (TSI) induced by the sequential tropical cyclones (TCs) BARIJAT
and MANGKHUT (2018) in the Northern South China Sea (NSCS) are investigated
using the numerical model. By comparing the impacts of the two TCs, we find
that storm surges are significantly influenced by multiple factors. Notably, bays
situated on the western side of the cyclone’s landfall point exhibit a double peak
pattern in storm surge. In addition, TSI exhibits a pronounced impact across bays
affected by the two TCs, with amplitude fluctuations ranging from -0.3 to 0.3
meters and contributing approximately -5% to -20% to the peaks of storm surge.
Comparative analysis of TSI variations reveals that tides act as the primary
determinant, significantly influencing both the magnitude and period of TSI.
Dynamic analysis further highlights that variations in TSI are dominated by
barotropic pressure gradient and bottom friction stress. Moreover, TSI affects
the frequency of storm surges, introducing high-frequency tidal signals to storm
surges and reducing the frequency of storm surges.

KEYWORDS

storm surge, tide-surge interactions, Northern South China Sea, numerical modeling,
mechanism analysis

1 Introduction

Storm surges, a catastrophic sea level rise induced by hurricanes or typhoons through
abrupt meteorological changes, have historically posed significant threats to coastal regions,
leading to both substantial economic losses and human casualties. When combined with
astronomical tides, these surges can result in extreme water levels, exacerbating their impact
on coastal populations and infrastructures (Choi et al.,, 2003). Over the past two centuries,
storm surges have been responsible for approximately 2.6 million fatalities worldwide, with an

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2024.1423294/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1423294/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1423294/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1423294/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2024.1423294&domain=pdf&date_stamp=2024-09-11
mailto:lyneng@scsio.ac.cn
mailto:zhangyuhong@scsio.ac.cn
https://doi.org/10.3389/fmars.2024.1423294
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2024.1423294
https://www.frontiersin.org/journals/marine-science

Chen et al.

annual average of 13,000 lives lost directly or indirectly due to these
disasters (Nicholls, 2003). Super typhoons or hurricanes have
inflicted substantial financial damages on coastal populations, with
the most severe impacts observed in the United States, southeastern
China, Japan, and the Philippines. Notably, hurricanes such as
Katrina (2005), Sandy (2012), Maria (2017), Harvey (2017), and
Lan (2022) have collectively resulted in an estimated economic loss of
approximately $677.1 billion in the United States alone, as reported
by NOAA (2024). A considerable portion of these losses can be
attributed to storm surge disasters, highlighting their devastating
financial impact (Genovese and Green, 2015).

The intensity of disasters brought by storm surges is closely
related to the magnitude and duration of storm surges. Previous
research has demonstrated that storm surges are influenced by
multiple factors, including the intensity of the typhoon,
topographic effects, the point of landfall, the speed of the typhoon’s
movement, and the radius of its impact, presenting significant
challenges to the forecasting and early warning of storm surge
disasters (Weisberg and Zheng, 2006; Irish et al., 2008; Rego and
Li, 2009; Sebastian et al., 2014). Wu et al. (2018) highlights that waves
also significantly influence storm surge heights and inundation
distances, with their effects varying substantially based on storm
characteristics such as intensity, size, translation speed, and incident
angle, underscoring the need for nuanced modeling of storm surge
dynamics under different storm conditions. In the detailed modeling
of extreme nearshore water levels, Tide-Surge Interactions (TSI) plays
a crucial role in modulating coastal water levels (Zhuge et al., 2024).
However, in the prediction and early warning of storm surges, the
influence of TSI cannot be overlooked, exerting a pronounced impact
on water levels in coastal regions with complex topographies. For
instance, Yuk et al. (2015) used a coupled tide-surge model to
reproduce storm surges more accurately than an uncoupled model.
In the southern Yellow Sea, TSI reached a maximum of 1.09 meters
and an average of 0.97 meters (Zhang et al., 2019). A case study in
Tieshan Bay indicated that the storm surge was modified by TSI,
being enhanced or suppressed by up to 0.94 meters (Yang et al,
2019). This highlights the need for advanced modeling and analytical
approaches to accurately assess and predict the impacts of storm
surges and the mechanisms of TSI, considering the intricate interplay
of meteorological and oceanographic factors.

The intricate mechanisms underlying TSI are essential to
understanding the dynamics of coastal storm surges, particularly
in estuarine environments where the interplay between tides and
surges can significantly influence surge heights. Pioneering research
by Proudman and Pearson (1957) introduced analytical solutions
for the advancement of tides and storm surges within uniformly
shaped estuaries, uncovering that interactions between tides and
surges led to diminished storm surge heights near high tide
compared to those near low tide for propagating waves. Rossiter
and Lennon (1968) identified mutual phase shifting as a
fundamental aspect of tide-surge dynamics, illustrating how
negative surges delay tidal peaks, whereas positive surges
accelerate them. Further investigations by Horsburgh and Wilson
(2007) revealed a tendency for reduced surge formation around
high tides, suggesting a lower probability of surge peaks coinciding
with high tide during significant tidal amplitudes.
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The complexity of TSI is broadly understood to encompass
three nonlinear physical processes: horizontal and vertical
advection effects, quadratic bottom friction influences, and
variations due to total water depth, affecting both momentum
and continuity equations (Tang et al., 1996; Bernier and
Thompson, 2007; Zhang et al., 2010, 2017). Further elaboration
on this dynamic interaction using a simplified analytical model to
simulate the characteristics of TSI in the North Sea,
Northumberland Strait, and Rio de la Plata revealed that the
quadratic bottom frictional term plays a significant role in
creating interaction effects (Prandle and Wolf, 1978; Bernier and
Thompson, 2007; Dinapoli et al., 2020). Additionally, topographic
coastal trapping, the funneling effect, and the angle between the
storm track and the coastline also play essential roles in storm surge
simulation (As-Salek, 1998; As-Salek and Yasuda, 2001).

Moreover, increasing attention is being focused on sequential
TCs. Climate projections under the SSP5 8.5 scenario indicate a
significant rise in the frequency of sequential TC landfalls during
the 21st century, with the chance of a location experiencing a less-
than-10-day break between two TC impacts being doubled for most
regions (Xi and Lin, 2021). The proportion of storm surge disasters
caused by sequential typhoons is also markedly increasing (Xi et al.,
2023). However, the aforementioned studies are based on synthetic
typhoons under future scenarios, and comparative research on real
sequential TCs remains scarce. The typhoons Barijat and Mangkhut
that struck the Northern South China Sea (NSCS) in 2018 provide a
pertinent case study; they made landfall consecutively within five
days, with Mangkhut, a super typhoon, causing substantial
economic losses and casualties upon its landfall in the NSCS.
Mangkhut (2018) was the strongest typhoon to strike the NSCS
since Megi in 2010 and the strongest to make landfall anywhere in
the Philippines since Meranti in 2016. Mangkhut was also the
strongest typhoon to affect Hong Kong since Ellen in 1983. Thus,
research on such actual instances of sequential TCs holds
significant importance.

Sequential typhoons landing with intervals shorter than the
recovery times of coastal communities and ecosystems pose
significant risks. For instance, typhoons can disrupt power supply,
leading to widespread outages (Huang and Wang, 2024). They can
also paralyze urban transportation systems and cause extensive
cessation of ship operations (Hu and Ho, 2015). Moreover, the
debris from typhoon-induced damage to buildings requires
substantial cleanup time and renders structures more vulnerable
to subsequent storms (Lin et al., 2010). Typhoons affect coastal
ecosystems as well; for example, storm surges can lead to estuarine
saltwater intrusion, with successive intrusions having significant
ecological impacts (Gao et al., 2024). Regarding Typhoons Barijat
and Mangkhut (2018), news reports indicated that Barijat caused
power outages for 30,000 households in Guangdong, followed by
Mangkhut, which resulted in outages for 1.7 million households.
The short interval between these sequential typhoons might have
delayed electrical repairs, affecting the restoration of power supply.
Additionally, both Barijat and Mangkhut brought extensive
continuous rainfall, potentially causing significant economic losses.

Previous research has primarily concentrated on assessing TSI
during specific tropical cyclone occurrences, lacking a comparative
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cross-sectional analysis of TSI during sequential TC events.
Furthermore, a definitive consensus on whether storm surges or
tidal influences predominantly contribute to TSI is yet to be
established. Studies examining the dynamic mechanisms
underlying TSI are also relatively scarce. Under varying intensities
of typhoons, the impact of TSI on storm surges remains
underexplored in current research. Consequently, this study aims
to comprehensively investigate the storm surge and TSI impacted by
TCs of varying intensities. The expected findings aim to offer valuable
insights for coastal planning and management, thereby contributing
to the sustainable development of coastal communities.

2 Materials and methods
2.1 Mangkhut and Barijat in 2018

Typhoon Mangkhut (2018), the 22nd typhoon of 2018, formed
on September 7th at 08:00 (UTC+38, as below) on the western Pacific
Ocean surface. It began moving westward and intensified into a
violent typhoon, reaching maximum central wind speeds of 65 m/s.
On September 15th at 03:00, it made landfall in the northern
Philippines, with its central wind speed decreasing to 48 m/s
post-landfall. Continuing northwestward, the typhoon entered the
South China Sea. Subsequently, it made its second landfall on
September 16th at 17:00 in Taishan City, Guangdong Province,
China, with a recorded maximum wind speed of 43 m/s, as shown
in Figures 1E-H. It then traversed Guangdong Province and
entered Guangxi Province, with rapidly diminishing wind speed.
Mangkhut brought heavy rainfall, strong winds, and severe storm
surge disasters to the Guangdong coastal region. Numerous houses
collapsed, trees were uprooted, and issues such as power outages
and transportation disruptions were widespread. The maximum
observed storm tide was recorded at the Sanzao station in
Guangdong Province, reaching 3.39 meters, with over ten stations
reporting surges exceeding 1 meter. According to China’s Ocean
Disaster Monitoring and Early Warning Technology Laboratory
(CODMEWTL, 2019), Mangkhut caused economic losses estimated
at 19.37 billion yuan, resulting in 129 fatalities.

Tropical cyclone Barijat, a severe tropical storm and the 23rd
typhoon of 2018, was initially categorized as a tropical depression
by the China Meteorological Administration in the Luzon Strait on
September 10th at 08:00. It initially affected the NSCS, causing
notable storm surges. By September 11th, Barijat was classified as a
tropical storm, and it progressed to a severe tropical storm by
approximately 05:00 on September 13th. Around 08:30 on the same
day, the typhoon made landfall along the coast of Zhanjiang City,
Guangdong Province. At the time of landfall, the maximum near-
center wind force reached 25 m/s, as shown in Figures 1A-D.

Mangkhut and Barijat (2018), which strongly affected the water
level in the coastal region of NSCS, exhibited differing intensities
and velocities. Although Barijat did not attain the same wind speed
as Mangkhut, it also led to significant storm surges. The short
interval between these two TCs resulted in consecutive impacts
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along the Guangdong coastal area. Therefore, we conducted a
comparative analysis of the storm surge processes and
characteristics in the NSCS caused by these two TCs, as well as
the variations in TSI triggered by both events.

2.2 The numerical model

In this study, the 2004 version of the Princeton Ocean Model
(POM) was utilized to investigate the storm surge characteristics
and TSI mechanisms in the NSCS during Barijat and Mangkhut
(2018). POM is a three-dimensional, fully nonlinear ocean model
based on primitive equations (Mellor and Yamada, 1982; Mellor,
2004). It has undergone multiple revisions and enhancements,
evolving into a reliable model for estuarine and nearshore ocean
dynamics. As a three-dimensional primitive equation model, POM
enables a more accurate representation of storm surge processes
and the mechanisms of TSI.

The model domain covers the region within 16-25°N and 105-
121°E, encompassing the entire NSCS area. The horizontal grid
resolution is set at one arcminute, approximately 1.86 kilometers,
resulting in a grid containing 4,665,699 elements and 519,901
nodes. For the vertical grid, POM uses a sigma coordinate system,
and we divided the vertical grid into five layers. The model employs
tidal boundaries derived from the global tidal model TPXO (Egbert
and Erofeeva, 2002), extracting eight tidal constituents (M2, S2, N2,
K2, K1, O1, P1, Q1) to generate tidal boundary water levels. Both
tidal boundaries and atmospheric forcing drive the model.
Initialization occurred from a cold start on September 1, 2018,
with the model running for 18 days, including a spin-up period of
two to three days.

The bathymetric and depth data utilized in this study are sourced
from the GEBCO Bathymetric Compilation Group, 2019 version,
with a 15 arc-second resolution (Becker et al., 2009; GEBCO
Bathymetric Compilation Group, 2019; Sandwell et al., 2014; Tozer
et al., 2019). However, the GEBCO dataset presents inaccuracies in
the topography of the Pearl River Estuary, where islands are not
delineated, and inaccuracies exist in water depth measurements. To
enhance the precision of simulation outcomes, we have refined the
bathymetric chart of the Pear]l River Estuary by incorporating
information from nautical charts.

The study area of the model includes the Pear]l River Estuary
region. The Pearl River, the third-largest river in China, flows into the
NSCS through eight outlets, with a significant mean summer flow
rate. The Pearl River profoundly impacts the physical and biological
characteristics of the NSCS region (Wong et al., 2003; Liao et al,
2020). Additionally, previous researchers collectively indicate that in
high-discharge river mouths such as the Mississippi River, Pearl
River, and Yangtze River, the river discharge significantly influences
the simulation of water levels at river estuaries and should not be
disregarded (Kerr et al,, 2013; Duan et al.,, 2015; Wang et al,, 2021).
Considering variations in water levels, the river’s discharge volume
needs to be accounted for. Therefore, we introduced climatological
discharge as a forcing factor in the Pearl River Estuary region.
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FIGURE 1

The spatial distribution of the movement track and wind speed of TCs Barijat and Typhoon Mangkhut (2018) in the NSCS. (A-D) respectively
represent the wind field of Barijat from 03:00 on September 12th to 21:00 on September 12th, with a map generated every six hours; (E-H)
respectively represent the wind field of Mangkhut from 21:00 on September 15th to 06:00 on September 16th, with a map generated every

three hours.

2.3 Atmospheric forcing data

In the classical parametric cyclone wind model, the wind field is
considered to be composed of two distinct storm components,
namely the moving component and the rotating component (Pan
et al,, 2016). The total wind vector can be written as:

VT = Vmov + Vrot (1)

Where Vi is the total wind vector, V,,,, is the wind vector
induced by the moving component, and V,,, is the wind vector
induced by the rotating component.
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Jakobsen and Madsen (Jakobsen and Madsen, 2004) used an
exponential function to calculate V,,,,,:

Vinor = Vinee 50 )

Where V. is the moving velocity vector of the cyclone center, r
is the distance from the cyclone center, and Rg is the length scale of
the moving component and is about 500 km.

This study employed the Holland model (Holland, 1980) to
compute V,,;. The tangential wind speed of the empirical Holland
model, which is based on the equilibrium between pressure gradient
and centrifugal force, can be expressed as:
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A 5 12
Vrof = {AB(P;« _pc) exp (_ rT;) /par :| (3)
A
Py :Pc+(Pn—Pc)eXP(—r_B 4)
A= Ripy (5)

Where A and B are the scaling parameters, Py is the pressure at
radius r, p,, and p, are the ambient and central pressure of the storm,
respectively, p, is the air density,  is the distance from the storm
center, and Ry is the radius of the maximum wind (R, the
distance between the center of a cyclone and its band of the
strongest wind). Here, the best track data from the China
Meteorological Administration (CMA) are used (Ying et al., 2014;
Lu et al,, 2021). Empirically, B lies between 1 and 2.5. In this study,
B is set to be 1.7, which is the median of the range.

Reanalysis data near the typhoon center and the wind from
empirical typhoon models outside the typhoon have significant
discrepancies with real wind fields. Therefore, we have amalgamated
reanalyzed winds with empirical model winds to reconstruct surface
wind data. The satellite analysis wind is from the hourly ERA5 wind
data with a spatial resolution of 0.25°. ERA5 (Hersbach et al., 2017) is
the fifth-generation atmospheric reanalysis dataset of global climate by
the ECMWE (European Centre for Medium-Range Weather
Forecasts), spanning from January 1950 to the present. To combine
the two datasets, a weight coefficient is used (Peng and Li, 2015):

Vnew = VT(I - e) + EVERAS (6)

Pnew:PH(l_e)+ePERA5 (7)

Where Vi is the total wind vector basis on the classical
parameter cyclone wind model, Vgpys is the wind data from
ERAS5, Pppss is the pressure data from ERAS5. The weight
coefficient e is defined as e = C*/(1 + C*), and C = r/(nRyy) is a
coefficient measuring the area affected by a typhoon, r is the
distance between the center of a cyclone and the calculation
point. Empirically, parameter # is set to 9 or 10 (compared with
the maximum wind speed of JTWC, # is set to be 9 in this study).
Ve is assumed to be the realistic wind and is used for the
adjustment of C;. P,,,,, is assumed to be the realistic pressure field.

2.4 Dynamic analysis

To further analyze the dynamic mechanisms underlying TSI
and identify the specific processes driving ¢; in the Pearl River
Estuary, Hailing Island, and Leizhou Bay, we employ the vertically
integrated momentum equation (Mellor, 2004) as follows to
elucidate the underlying physical mechanisms:

_ 2U%D_aUVD ,
aUp _ 557 F+ e 4 VD —gDTY

ot Terml Term2 Term3

0 0
' oD ,
—*;—D/ / {Da—p—a—c’a—p do'do
" Jo1Jo L 9x 9x 90 +{wu(=1)) = (wu(0))

Term4 Term5 Term6
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aV2D_3UVD, F - on
%y ax tHtGy —fUD —§D3;

oVD _
at Terml Term2 Term3
o ro ) 9)
e {DLP,@G@]M%
*J1Jo L 9y 9y 90 + (wr(=1)) = (w(0))
Term4 Term5 Term6

Where x, y and z are conventional Cartesian coordinates, u, v
and w represent velocity components in the x, y and vertical z
directions respectively. D stands for total water depth, n(x,y,t)
signifies the sea surface elevation, H(x,y) denotes the bottom
topography, and o is the sigma coordinate, where c =0 atz =17
to 0 = —1 at z = —H. The Coriolis parameter is denoted as f, gravity
acceleration as g, p signifies density, and p’ represents the density
perturbation. K, stands for the vertical eddy viscosity coefficient,
while (Fy, F,) respectively denotes the horizontal momentum
mixing terms in the x and y directions.

The nonlinear advection and diffusion term (Terml), the
Coriolis force term (Term2), the barotropic pressure gradient
term (Term3), the baroclinic pressure gradient term (Term4), the
bottom friction stress term (Termb5), and the surface wind stress
term (Term6) are all represented by individual terms in
the equations.

2.5 Numerical experiments

To study TSI, we designed three distinct cases for
comprehensive analysis:

1) SURGE: Model driven solely by atmospheric forcing,
excluding tidal forcing. The water level variation represents pure
storm surge, denoted as {;

2) TIDE: Model driven solely by tidal boundary forcing,
excluding atmospheric forcing. The water level variation
represents pure astronomical tide, denoted as {;;

3) TIDE+SURGE: Simulates the actual water level variations,
encompassing atmospheric forcing and the effects of astronomical
tides. The water level variation corresponds to the storm tide,
labeled as ;.

We can express the TSI water level, denoted as ¢; by subtracting
the storm surge level (&) from the storm tide level (&), and then
further subtracting the tidal water level ({;). In other words, §; =

Cst _é; _gt'

3 Model validation

To evaluate the model’s capability in replicating tides, storm
surges, and their interactions, we employed observational data
covering the period from September 4 to September 18, 2018,
from four tide gauge stations within the Global Sea Level
Observing System (GLOSS) network: Qinglan station (19.57° N,
110.82° E), Quarry Bay station (22.29° N, 114.21° E), Shenzhen
station (22.47° N, 113.88° E), and Zhapo station (21.58° N,
111.82° E). The locations of these stations are shown as black
dots in Figure 2. The station data were sourced from the Global Sea
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within red rectangles from left to right: (B) Leizhou Bay, (C) Hailing Island,
corresponds to the water depths within each respective region, while the

(D) Pearl River Estuary, and (E) Daya Bay and Dapeng Bay. The shading
black dots represent the locations of the four tidal gauge stations. The two

lines and the points in (A) depict the tracks and strengths of Barijat and Mangkhut (2018).

Level Observing System’s Long-term Mean Sea Level Data
(Caldwell et al., 2015) and the Flanders Marine Institute (VLIZ)
and Intergovernmental Oceanographic Commission Sea Level
Station Monitoring Facility (I0C), 2024.

There are few steps we took to ensure the accuracy of our tidal
simulations: First, we chose multiple tide gauge stations with
reliable and continuous water level records to serve as validation
points. Using the t-tide package, we decomposed the water level
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data from these stations into specific tidal constituents, ensuring we
had precise measures of the tidal amplitudes and phases. We then
ran a pure tidal simulation using our model and compared the
results directly with the observed tidal water levels from the selected
stations. The comparison revealed that our model accurately
simulates the tidal elevations, with minimal discrepancies in both
amplitude and phase. These results confirm that our model can
reliably reproduce the key characteristics of the observed tides.
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Figure 3 shows the comparison results, and the data in Table 1
represent the error analysis of the simulation results.

We also compared the observed and simulated results of the M2
and K1 tidal constituents at four stations, as shown in Table 2.
Notably, the Shenzhen station and Quarry Bay station are located in
the Pearl River estuary region, where the river discharge
significantly influences tidal dynamics. The use of climatological
river discharge data in our simulations may have contributed to the
simulation errors observed in this region.

Figure 4 showcases the observed and simulated results of storm
tide duration (September 4th-10th; September 10th-18th) at four
stations. In Figure 4, the recording results at the Shenzhen station
were terminated on September 16th, and the time corresponds to
September 2018 in the UTC+8 time zone. The residual water level
in Figure 4 is the total water level minus the monthly mean water

TABLE 1 Error statistics of tidal simulation results.

Station RMSE (m)  Bias(m)

Qinglan station 0.08 -0.13 ‘ 0.97
Quarry bay station 0.11 -0.04 ‘ 0.97
Shenzhen station 0.16 0.05 ‘ 0.95
Zhapo station 0.1 0.05 ‘ 0.99

level, as below. The light gray shading represents the period during
Barijat, while the dark gray shading represents Mangkhut.

To quantify the model’s skill in simulating water levels in NSCS,
three error statistical parameters were calculated.

The root-mean-square error (RMSE):

RMSE = (10)

Where N is the number of observations, M; is the measured
value, and P; is the model-predicted value.

Bias is defined as the mean difference between model
predictions and the measurements:

Ef\:’](Pi - Mi)
N

Bias =

(11)

The linear correlation coefficient (R) is a measure of the linear
relationship between model predictions and the measurements:

N P By
R= SN (P = P)(M; — M) )

VS5 0= P) (S 04— 30

The calculated results are shown in Tables 1-4:

The Department of Irrigation and Drainage (DID) Guidelines
for Coastal Hydraulic Study had set limitations for water level

TABLE 2 The observed and simulated results of the M2 and K1 tidal constituents at the four station.

Station M2_obs (m) M2_mod (m) M2_err K1_obs (m) K1_mod (m)

Qinglan station 0.2869 0.2904 -1.22% 0.247 0.2413 2.30%
Quarry bay station 0.4465 0.4083 8.56% 0.2489 0.2268 8.88%
Shenzhen station 0.4403 0.4846 -10.06% 0.3074 0.3542 -15.22%
Zhapo station 0.6757 0.6635 1.80% 0.3392 0.3091 8.87%

*_obs: observation data; *_mod: simulated data; *_err: Percentage of error.
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simulation (DID, 2013). However, DID does not explicitly specify
the acceptable limits for RMSE in extreme scenarios like TC
occurrences. Therefore, this study applies a general accuracy
criterion of 0.3 m for RMSE (Mohd Anuar et al., 2023).
Our model effectively capture the process of the storm surge and
tide, with model errors remaining within acceptable limits. These
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discrepancies underscore the model’s capacity to effectively
reproduce the storm tide of Barijat and Mangkhut in 2018.

We acknowledge that at some stations, the amplitude error
reaches approximately 10%, which may correspondingly result in
an error of about 10% in the TSI. Although this error might lead to a
slight underestimation of the TSI, it does not influence the variation
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TABLE 3 Error statistics of storm tide simulation results (September 4"
to 10").

Station RMSE (m) Bias(m) R
Qinglan station 0.17 -0.15 0.98
Quarry bay station 0.16 -0.10 0.97
Shenzhen station 0.22 -0.12 0.95
Zhapo station 0.25 -0.18 0.98

patterns of TSI at the same location under the impact of different
typhoons. These discrepancies between the simulation and the
observations are primarily due to the lack of accurate topography
and coastline data. In analyzing nearshore tidal levels, shallow water
tides also have an impact, with topography being the main
influencing factor. Therefore, with the available topography data,
we have tried our best to achieve good agreement between our
model results and the observed tidal data, which provides a robust
foundation for the subsequent analysis of TSI

4 Result and discussion

Our model results reveal the influence of Barijat and Mangkhut
in 2018 on the Northern South China Sea (NSCS) region,
particularly along the coast of Guangdong Province, China. These
cyclones induced substantial storm surges in the coastal bay areas.
According to the tracks of Barijat and Mangkhut (2018), we selected
four specific regions (a: Leizhou Bay, b: Hailing Island, c: Pearl River
Estuary, d: Daya Bay and Dapeng Bay on both sides of the track to
analyze the characteristics of storm surges and TSI in the NSCS
during the two TC events. The chosen regions are illustrated in
Figure 2, and the maximum surge level shown in Figure 5.

4.1 Storm surge characteristics

The four selected regions encountered varying storm surge
impacts during Barijat and Mangkhut (2018). Mangkhut brought
stronger surges to these regions. As Mangkhut moved from
southeast to northwest, its strong winds initially impacted Daya
Bay and Dapeng Bay. By 06:00 on the 16th, the maximum surge of
3.0 meters was recorded in Daya Bay, as shown in Figure 5D.
Similarly, the water level in the Pearl River Estuary shows a surge
onset from 15:00 on the 15th, driven by eastward winds, with a

TABLE 4 Error statistics of storm tide simulation results (September 10"
to 18™).

Station RMSE (m) | Bias(m) R

Qinglan station 0.11 -0.02 0.96
Quarry bay station 0.23 -0.06 0.93
Shenzhen station 0.23 -0.02 0.90
Zhapo station 0.25 0.04 0.96
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maximum surge of 2.4 meters in the southwest and a decrease of up
to 1.5 meters in the northeast. Hailing Island experienced a double
peal surge pattern during Mangkhut’s passage on September 16th.
The shifting wind directions caused the storm surge to rise, decline,
and resurge. In Leizhou Bay, a similar surge pattern of initial rise,
decrease, and resurgence occurred.

Throughout the Barijat period (September 11 to September 13,
2018), storm surges ranging from 0.5 to 1.0 meters were
experienced across the regions. Compared to Mangkhut, Barijat
had weaker winds and made landfall slightly to the west, resulting in
a storm surge below 1 meter in four regions, as depicted in Figure 6.
Furthermore, due to the northward tracks of both TCs, the regions
on the east side of the Barijat and Mangkhut tracks experienced
prevailing easterly or southeasterly winds. Such wind patterns
facilitate water accumulation within these bay areas, resulting in a
spatial distribution characterized by higher water levels on the left
side of the bay and lower levels on the right. As wind speed
diminishes, the accumulated water on the left side relaxes towards
the right.

To compare the differences in storm surges caused by two TCs,
we use the Hailing Island region as an example. It is situated on the
east side of the Barijat tracks and the west side of the Mangkhut
tracks (2018). Despite both TCs’ landing sites being very close to
Hailing Island, there is a distinctive difference in the surge dynamics
observed between the two cyclones. The surge at Hailing Island
exhibited an unimodal pattern during Barijat, whereas a double
peak surge pattern was observed during Mangkhut. This
phenomenon observed at Hailing Island is not unique; bays
located on the east side of the tracks of the two TCs exhibited an
unimodal characteristic, as shown in Figures 6D, G, H, J, K.
Conversely, bays on the west side demonstrated an oscillatory
pattern characterized by an initial rise, subsequent decline, and
subsequent increase, as illustrated in Figures 6A, B, E. These
findings provide insights for the prevention of storm surge disasters.

Assuming a simplified impact zone for the two TCs ranging
from 111 to 114 degrees East longitude, it is possible to calculate
their respective durations of influence on the Hailing Island area as
13 hours for Barijat and 9 hours for Mangkhut, indicating a notably
faster progression speed for Mangkhut. However, as depicted in
Figures 6D, E, the durations of storm surge impacts induced by both
cyclones appear to be similar. This similarity arises because
Mangkhut, characterized by higher wind speeds and lower
atmospheric pressures, led to a broader extent of storm surge
disasters. This observation underscores the necessity for an
extended lead time in storm surge disaster warnings in
anticipation of future super typhoon events.

The significance of topography should not be overlooked. As
illustrated in Figures 5A, B, the extremities of storm surges are
prone to occur on both sides of narrow straits, such as Hailing
Island and Leizhou Bay. These areas, due to their constricted
topography, experience a “funneling effect,” which leads to greater
flow velocities and consequently higher storm surge levels.
Certainly, despite the apparent enrichment of storm surge inside
and outside the strait as visible from the model, the limited grid
resolution may affect the authenticity of the surge distribution due
to the sparse number of grid points. Furthermore, a comparison
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The spatial distribution of maximum & (water level caused by storm surge) in Leizhou Bay (A), Hailing Island (B), the Pearl River Estuary (C), and Daya

Bay and Dapeng Bay (D) during Barijat and Mangkhut (2018), respectively.

between Daya Bay, Dapeng Bay, and the Pearl River Estuary reveals
that, despite the deeper topography of Daya Bay and Dapeng Bay,
the southeast-oriented openings of these bays are more conducive
to the accumulation of storm surge levels induced by typhoons
moving from the southeast to the northwest. Conversely, for the
Pearl River Estuary, the currents tend to flow out to the open sea
along the western side of the bay.

4.2 Tide-Surge Interactions and its impact

TSI constitutes a challenging aspect of storm surge forecasting,
posing significant challenges to accurately predicting storm tides. In
the NSCS, long-term influences of TSI have been observed, with
records indicating TSI observations at all 12 tide gauge stations in
the region (Feng et al, 2015). Four designated regions are
utilized to elucidate the characteristics of TSI during Barijat and
Mangkhut (2018).
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In Figures 6A, B, D, E, G, H, |, K, the black dotted lines represent
the variations in ; across specified regions. High & values are observed
in Daya Bay and Dapeng Bay, yet these areas are characterized by the
weakest TSI, caused by neap tides with &, fluctuations less than 0.5
meters during the Mangkhut landfall. In the Pearl River Estuary,
significant fluctuations in {; are noted, with a maximum increase of
0.11 meters at 03:00 on September 17th and a maximum reduction of
0.19 meters at 08:00 on September 16th. During Barijat in the region
around Hailing Island, the maximum {; variations were recorded at
20:00 on September 12th (an increase of 0.19 meters) and at 03:00 on
September 13th (a decrease of 0.16 meters). Conversely, TSI in the
region around Hailing Island exhibited lesser intensity during
Mangkhut, resulting in more minor (; fluctuations. Leizhou Bay
experiences pronounced TSI, with an average maximum §; variation
of 0.26 meters at 01:00 on September 17th, contributing to -10% of {;
at peak times. During the peak time of storm surges, TSI
predominantly contributes negatively, with a contribution rate
ranging between -5 to -20 percent. An exception is observed in
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The temporal cross-sections for four distinct regions [Leizhou Bay: (A, B); Hailing Island: (D, E); Pearl River Estuary: (G, H); Daya Bay and Dapeng
Bay: (3, K)], corresponding to the impact periods of two TC events. The blue line is the case of TIDE+SURGE, the green line is the case of TIDE, the
orange line is the case of SURGE, and the black dotted line illustrates the &. (C, F, I, L) show the wind vector of these regions. The shadows

represent six relatively strong TSI events within the three bay areas.

Hailing Island during the Barijat period, where the positive TSI
coincides with low tide, illustrating the complex relationship between
TSI and tide. In order to see the importance of TSI, we calculate the TSI
contribution at the peak time of storm surge.

~(3)-¢

=— x 100 % (13)
é’s

Where Ptc(B/M) is the Peak time contribution (Barijat/Mangkhut).

The calculated results are shown in Table 5:

Figure 6 presents a comparative analysis of {; during Barijat and
Mangkhut (2018) across four regions. Despite lower wind speeds in
Barijat compared to Mangkhut, an equivalence in induced TSI was
observed, underscoring the influence of factors other than storm

intensity on TSI. The modulation of tide by storm surges, and vice
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versa, has been a subject of observation and analysis in various
studies (Brown et al.,, 2010; Antony and Unnikrishnan, 2013; Feng
et al., 2019). This phenomenon was particularly evident during
Mangkhut, where a strong surge resulted in a weak tide in Daya Bay
and Dapeng Bay. Specifically, storm surge modulation on tides is
reflected in tidal phase shifts and changes in tidal amplitude, which
vary depending on location, water depth, and wind direction, with
marked variations evident in shallow waters (Jones and Davies,
2007). These modulations will be reflected in the form of TSI. Based
on Figure 6, it can be observed that storm surges serve as a
prerequisite condition for the generation of TSI, yet the
amplitude and polarity of TSI are primarily determined by the
fluctuations in tidal forces. The amplitude of TSI increases in
conjunction with the augmentation of tidal amplitude, and it is
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TABLE 5 Peak time contribution of TSI during Barijat (B) and Mangkhut
(M) in 2018.

Region & (B/M) Ptc (B/M)
Leizhou Bay -0.02m/-0.16m -5%/-18%
Hailing Island 0.19m/-0.06m 22%/-6%
Pearl River Estuary -0.10m/-0.18m -14%/-11%

noted that the peak values do not correspond on a one-to-one basis.
The impact of tides on TSI was dominated, with negative
observed during rising tides and positive ¢; during falling tides.
This phenomenon aligns with findings from previous research
(Rego and Li, 2010; Antony et al., 2020). Hailing Island serves as
a prime example of the predominant influence of tidal forces on the
TSI Despite comparable levels of storm surge, the tidal amplitude
during the Barijat period was relatively larger compared to that
during the Mangkhut period, consequently leading to a greater TSI.

Figure 7 demonstrates the influence of tide and surge on the
magnitude of TSI and their correlation, standard deviation,
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andreference during Barijat and Mangkhut (2018) in Leizhou
Bay, Hailing Island, and Pearl River Estuary. Daya Bay and
Dapeng Bay have been excluded from further TSI discussions for
their weak TSI. It is shown that the positive TSI during Mangkhut
was more robust compared to that during Barijat. Additionally, TSI
exhibits a negative correlation with tide and a positive correlation
with surge. Although the impact of surge on TSI is significant, the
effect of tide is dominant, with a higher correlation with TSI, as
indicated in Figures 7B, D. This emphasizes the crucial need for
adequate attention to the tide effect in nearshore storm surge
disaster prevention.

The primary cause of {; has been identified as TSI currents
(Khalilabadi, 2016). To validate their relationship, time-series
graphs have been plotted, demonstrating the correlation between
&; and TSI effective currents, as depicted in Figures 8C, F, L. Given
the diverse flow directions of TSI currents entering the bay area, we
propose effective currents for different regions. For instance, in the
Pearl River Estuary, considering its geographical features and local
wind directions, we designated TSI currents within the range of 60-
120 degrees as effective currents contributing positively to &; (i.e.,

TIDE
3 SURGE

a z
: 2 I N
s - S

Correlation

.
ference:. |
e

AT WA R B
oA W i

o >,

0.1 02 03 04 05

Standard Deviation

Correlation

0.1 02

Standard Deviation

The influence of tide and surge on the magnitude of TSI and their Correlation, Standard Deviation, and Reference during Barijat (A, B) and Mangkhut
(2018) (C, D). The absolute values of §; exceeded 0.1 meters in three bay areas between Barijat and Mangkhut are shown. The red dots represent
positive TSI, the blue dots represent negative TSI, and the color bar indicates the strength of the TSI in (A, C).
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inflowing currents into the Pearl River Estuary, Figure 8H), while
currents from other directions were deemed negatively contributing
(i.e., outflowing currents from the Pearl River Estuary). A two-hour
lag correlation between TSI currents and {; with a correlation
coefficient of 0.76. Similarly, based on the geographical
characteristics of Hailing Island, we selected currents in the 120-
180-degree direction as effective currents contributing positively, as
shown in Figure 8E, yielding a two-hour lag correlation coefficient
of 0.79 between TSI currents and (. In the Leizhou Bay area,
predominantly oriented east-west, currents in the 90-180-degree
direction (Figure 8B) were designated as positive contributors, with
other directions as negative contributors, causing a two-hour lag
correlation coefficient of 0.83 between TSI effective currents and &;.
These correlation analyses have tentatively established the
significance of TSI effective currents in influencing &;.

110.1°E  110.2°E  110.3°E  110.4°E

10.3389/fmars.2024.1423294

The relationship of TSI, surge, and tide can be further analyzed
from the perspective of the currents field. Figures 8A, B, D, E, G, H
show the corresponding variations in the currents field for the six
TSI events. For instance, in Figures 8B, D, G, these three negative
TSI processes correspond to TSI currents flowing outward from the
bay areas, while tide currents and surge currents are directed
inward. Similarly, in Figures 8A, E, H, these three positive TSI
events correspond to TSI currents flowing inward into the bay area,
while tide currents and surge currents are directed outward. These
observations suggest that TSI currents act as compensating flows for
tide and surge currents, exhibiting a negative correlation with both.
Furthermore, when comparing the changes in storm tide currents
with TSI currents, it is noted that TSI currents serve as
compensating flows for storm tide currents, with their magnitude
being approximately 10 percent of that of the storm tide currents.
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FIGURE 9

Time series of the trend terms (A—C), barotropic pressure gradient terms (D—F), bottom friction stress terms (G-I), nonlinear advection and diffusion
terms (J—L) and Coriolis force terms (M—0) in Leizhou Bay, Hailing Island, and Pearl River Estuary, respectively. The SURGE case is shown by the
orange line, and the difference between TIDE+SURGE and TIDE cases is shown by the blue line.

A comparison between Leizhou Bay and Hailing Island readily
demonstrates the significant role that topography plays in the
formation of TSI. Topography dictates the changes in the direction
of nearshore currents and, along with storm surges, predominantly
influences the generation of TSI currents. As illustrated in Figure 8,
TSI currents are manifested as compensatory flows of tidal currents
and storm surges, thus when the tidal currents and storm surges
move in the same direction, the TSI currents are at their strongest.
This highlights the importance of topographic effects on TSI.
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4.3 Dynamic mechanism of TSI

According to the methods mentioned in Section 2.4, we
perform the following analysis of the TSI mechanisms:

The combined effects of various terms have been
comprehensively assessed in Equations 8 and 9 under
consideration. A precise and comprehensive evaluation of the
nonlinear effects of TSI has been conducted in the Pearl River
Estuary, Hailing Island, and Leizhou Bay regions. Among these
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terms, the baroclinic pressure gradient term is negligible in
nearshore regions. The surface wind stress term in case TIDE
+SURGE is equal in magnitude to that of case SURGE, while in
case TIDE, the surface wind stress term is zero. Therefore, their
difference is also zero. Thus, we focus on analyzing the nonlinear
advection and diffusion terms, Coriolis force terms, barotropic
pressure gradient terms, bottom friction stress terms, and trend
terms (%). The trend term is equal to the sum of six terms, as
depicted in Figures 9 and 10A-C.

10.3389/fmars.2024.1423294

Figures 9 and 10D-F illustrate the barotropic pressure gradient
term of the equations, with the two peaks corresponding to the two
TCs. It is evident that among the four terms, the barotropic pressure
gradient term exhibits the largest amplitude, suggesting that it is the
dominant factor in TSI currents. Xing et al. (2011) indicated that
TSI is primarily balanced between the barotropic pressure gradient
term and the bottom friction term in shallow waters. This finding
aligns with our research, as the barotropic pressure gradient term
dominates the three bay areas. The nonlinear effect of the barotropic
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FIGURE 10

Date(Month/Day UTC+8)

Date(Month/Day UTC+8)

Time series of the trend terms (A—C), barotropic pressure gradient terms (D—F), bottom friction stress terms (G-1), nonlinear advection and diffusion
terms (J-L) and Coriolis force terms (M-0) in Leizhou Bay, Hailing Island, and Pearl River Estuary, respectively. The TIDE case is shown by the green

line, and the TSI is shown by the black dotted line
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pressure gradient term is readily understandable. When the tide
recedes, the water level in the bay area drops correspondingly,
creating a barotropic pressure gradient force between the higher
water level outside the bay and the lower water level within it. This
results in TSI onshore currents flowing into the bay area as a
compensating mechanism. Conversely, when the water level inside
the bay is higher, the barotropic pressure gradient force reverses,
causing TSI currents to flow outward. This phenomenon
corresponds with the observed decrease in {; during high tide and
the increase during low tide.

The bottom friction stress term of the equations is represented
in Figures 9 and 10G-1. Its amplitude is also significant, second only
to the barotropic pressure gradient term, nearly matching it in
Leizhou Bay. The bottom friction stress term is generated due to
friction between the current and the seabed. Etala (2009) discusses
how bottom friction stress is the primary effect of TSI in the Bahia
Blanca estuary channel. The presence of the bottom friction stress
term also elucidates why regions with more considerable {;
variations are mainly concentrated in shallow coastal areas. In
deeper waters, the bottom friction stress term is relatively minor,
leading to correspondingly smaller TSI values (Idier et al., 2019).
Leizhou Bay, Hailing Island, and Pear] River Estuary are shallower
than Daya and Dapeng Bay and exhibit stronger nonlinear bottom
friction forces.

Figures 9 and 10]-O represent the nonlinear advection and
diffusion term, and the Coriolis force term of the equations,
respectively. In comparison to the barotropic pressure gradient
term and bottom friction stress terms, these two terms are
negligible. Furthermore, the small magnitudes of the Coriolis
force term are attributed to the small-scale nature of the
currents. These terms make minimal contributions to the
TSI currents.

From Figures 6 and 9, it is evident that the storm surge caused
by Barijat had minimal impact on the storm surge induced by
Typhoon Mangkhut. After the weakening of the wind force, both
the water level and the flow field adjusted rapidly, completing the
adjustment within a few hours. This indicates that the amplification
of storm surge disasters due to sequential tropical cyclones does not
stem from changes in the background field of the areas recently

—TIDE
——TIDE+SURGE - TIDE
omin |——SURGE

176min

¢ 146min

Spectrum(mzs'z)
3

L)
&

104
10® 10% 10 10%
Frequency(Hz)

FIGURE 11

10.3389/fmars.2024.1423294

affected by a storm surge, making them more susceptible to further
storm surges.

In our investigation of four distinct regions, the region around
Hailing Island emerged as an exceptional area. The island experienced
landfalls of two separate TCs on its west and east sides, generating
storm surge peak levels of comparable magnitude. Therefore, we have
rendered a spectral analysis for three time-series (time-series in
Figure 9B and green line in Figure 10B) in Hailing Island to see how
TSI influences the surge during Barijat and Mangkhut. During the
period of Barijat, the tide is predominantly characterized by
semidiurnal tides, along with high-frequency tidal signals with
periods of six hours or even shorter. Figure 11A shows that the
surge does not alter the semidiurnal tides. However, it influences the
high-frequency processes interacting with the topography. This
interaction diminishes the signals with six-hour and three-hour
periods while amplifying the variations with a higher frequency at a
two-hour period. During the period of Mangkhut, the tides were
predominantly characterized by 12-hour and 6-hour periods, with
high-frequency tides primarily occurring on a 6-hour basis. The surge
contributed to the enhancement of processes with a 3-hour period. It
was observed that the TSI caused the surge to carry high-frequency
tidal signals during Barijat, evidenced by signals of two to six-hour
periods and diminished energy at lower frequencies (periods longer
than 9 hours), indicative of an energy shift from low to high
frequencies, as shown in Figure 11A. However, during Mangkhut,
the TSI reduced this energy component at the peak frequency of surge
corresponding to a 200-minute period and enhanced the energy of
surge corresponding to a 300 to 500-minute period, as delineated
in Figure 11B.

As Hailing Island was located on the east side of Mangkhut’s
track, the double peak storm surge pattern during the typhoon led
to substantial short-term variations in the flow field. Consequently,
this manifested as high-frequency storm surge signals in the spectral
frequency analysis. This high-frequency surge signal exceeds the
frequency of tide. Therefore, TSI shows the effect of diminishing the
high-frequency surge in Mangkhut. On the other hand, Hailing
Island was positioned on the west side of Barijat’s track,
experiencing a more stable storm surge during the typhoon, and
the variations of flow field were also more stable. Besides, the tide
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The spectral analysis during the Barijat (A) and Mangkhut (B) periods results from three time series in Figures 9B and 10B.
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tidal signal had a higher frequency than that during Mangkhut.
Therefore, TSI resulted in the surge carrying high-frequency tidal
signals. Due to the primary modulation of the TSI by tides, the
frequency of TSI is similar to that of tidal frequencies. Under the
modulation of TSI, the storm surge carries signals of higher or lower
frequency than the tides, depending on the intrinsic signal
frequency of the storm surge itself. This also exemplifies the
modulatory effect of TSI on storm surges.

5 Conclusions

In this case study, the Princeton Ocean Model (POM) was
employed to simulate storm surges during Barijat and Mangkhut in
the NSCS in 2018. A comparative analysis was conducted of the
characteristics of storm surges in Leizhou Bay, Hailing Island, Pearl
River Estuary, and Daya Bay and Dapeng Bay in the NSCS, and a
detailed investigation was carried out into the influences and
physical mechanisms of the TSI.

The main conclusions are as follows:

1. TSI had considerable effects in the Pearl River Estuary,
Hailing Island, and Leizhou Bay regions, resulting in TSI
variations within the range of -0.3 to 0.3 meters. At peak
times, the TSI consistently contributed negatively to the
storm surge, ranging from approximately -5% to -20%.

. As the TCs moved from southeast to northwest, the storm
surge on the east side of its track in the NSCS increased
continuously. In contrast, the storm surge on the west side
of its track showed an oscillating pattern characterized by
an initial rise, decrease, and resurgence pattern.

3. By comparing the variations of TSI in the four bay areas
during Barijat and Mangkhut (2018), it is shown that
stronger storm surges contribute to enhanced TSI
However, TSI is mainly dominated by tidal dynamics,
manifested as a negative TSI during rising tides and a
positive pattern during falling tides.

. The variations in {; within the bay areas are primarily
associated with TSI effective currents. Further dynamic
analysis of the mechanisms of TSI revealed that variations
in these currents were predominantly driven by the
barotropic pressure gradient term, with the bottom friction
stress term playing a secondary role.

5. In Hailing Island, TSI caused the surge to carry high-
frequency tidal signals during Barijat. For the more intense
Typhoon Mangkhut, however, a double peak surge pattern
will cause surge energy to concentrate at a higher frequency. In
this case, TSI diminished the energy of high-frequency surge.

This study provides a comprehensive understanding of the

complex interactions between tidal dynamics and storm surges in
the NSCS. Our findings underscore the importance of considering
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TSI when assessing storm surge phenomena during typhoon events
in coastal regions.
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