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Abstract

The South China Sea is a region frequently impacted by intense tropical cyclones (TCs). Recent super typhoons such
as Yagi (2024), Haikui (2023), Saola (2023), Doksuri (2023), and Koinu (2023) have caused catastrophic damage.
This study primarily investigates the oceanic response to westward-moving super typhoons. The cyclonic wind field is
reconstructed based on reanalysis from the European Centre for Medium-Range Weather Forecasts (ECMWF), and the
TC wind speed derived from measurements of five moored buoys shows a 4.01 m/s root mean squared error (RMSE),
a 0.90 Pearson’s correlation (Cor), and a 0.48 scatter index (SI). A triangular-grid-based numerical circulation mode,
namely the Finite-Volume Community Ocean Model (FVCOM), is employed to simulate sea surface currents and sea
levels. The reconstructed TC winds act as the forcing field, and the FVCOM-simulated sea surface currents and sea
levels are then incorporated into wave simulations conducted with the Simulating WAves Nearshore (SWAN) model. It
is found that the hindcasting significant wave heights (SWHSs) are most consistent with measurements from moored
buoys when current and sea level are included, and this phenomenon is particularly significant around the Taiwan Strait.
Two parameterizations of the drag coefficient Cy, i.e., the C4 by Wu (1982) and the C4 by Hu et al. (2024), are used
in SWAN. The improved C; shows a clear advantage when SWH > 3 m, resulting in a reduction of over-estimation
and an increase in SWH accuracy by 0.6 m. Wind and SWH exhibit opposing asymmetry trends due to swell influence.
Along super typhoon tracks, sea surface temperature (SST) cooling reaches a maximum of 4°C; however, the Kuroshio
Current and Zhejiang-Fujian Coastal Current mitigate this cooling, reducing it by approximately 1°C. These findings
offer significant implications for understanding super typhoon responses to ocean dynamics and provide critical insights
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1. Introduction

It is widely recognized that tropical cyclones (TCs) bring
strong winds, extreme sea states, and heavy precipitation.
Super Typhoon Yagi (2024), the second-strongest typhoon
on record in China, made landfall near Hainan Island with
catastrophic impacts.

In the context of climate change, the intensity of TCs
has increased by approximately 5% from 1998 to 2017,
and the tracks of TCs show a tendency to shift northward
since 2004 (Hu et al,, 2021; Huang et al., 2024). Therefore,
TCs pose a serious threat to coastal areas. In the literature,

© 2025 The Author(s). This is the Open Access article distributed
under the terms of the Creative Commons Attribution Licence.

continuous data from moored buoys, such as those from
the National Data Buoy Center (NDBC) (Steele et al.,, 1985),
are considered reliable for oceanographic studies. How-
ever, near real-time measurements during TCs are scarce,
primarily because of the considerable distance between TC
centers and nearshore buoys. Additionally, in-situ observa-
tions lack the spatial coverage needed for comprehensive
wave distribution analysis (Yao et al., 2023).

Since the 1990s, remotely sensed products have sig-
nificantly advanced the progress of oceanography theory,
as oceanic dynamics over the global oceans can be rou-
tinely monitored by space-borne satellites operating at
microwave frequencies (Boutin and Etcheto, 1990). For
instance, sea surface winds can be detected by scatterom-
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Figure 1. European Centre for Medium-Range Weather Forecasts (ECMWF) wind field at 00:00 UTC on 4 September
2024, with the best track of Super Typhoon Yagi (2024) (Shanghai Meteorological Bureau) shown as a black line (a).
Computational domain with triangular mesh overlaid on General Bathymetric Chart of the Oceans (GEBCO)
bathymetry, showing tracks of five tropical cyclones (TCs): Doksuri (2023), Saola (2023), Koinu (2023), and Haikui

(2023) (b).

eters (Vogelzang and Stoffelen, 2017; Shao et al., 2021)
and microwave radiometers (Wentz, 1992). These wind
products have a swath coverage of up to 1000 km with a
spatial resolution of about 25 km, making them applica-
ble during a TC (Meissner et al., 2017; Chen et al., 2024).
Sea surface waves are measured using satellite altimeters
(Zhang et al., 2003) and the Surface Waves Investigation
and Monitoring (SWIM) instrument (Hauser et al.,, 2017;
Hao et al,, 2023). Recent research (Shi et al., 2023) demon-
strates that remotely sensed winds derived from combined
scatterometer and microwave radiometer data can effec-
tively serve as input for wave hindcasting in numerical
models.

With the rapid growth of computer technology and
oceanography theory, numerical models hold great poten-
tial for hindcasting and predicting ocean dynamics. In

general, numerical models are specifically developed for
simulating circulation and waves. Numerical circulation
models using rectangular grids mainly include the Parallel
Ocean Model (POM) (Nittis et al., 2006) with a parallel ver-
sion called the Stony Brook Parallel Ocean Model (sbPOM)
(Wei et al., 2024), the Nucleus for European Modelling of
the Ocean (NEMO) (Stepanov and Haines, 2014), the Hy-
brid Coordinate Ocean Model (HYCOM) (Yao and Johns,
2010), and the Hamburg Shelf Ocean Model (HAMSOM)
(Wei et al,, 2004). Additionally, the Finite-Volume Com-
munity Ocean Model (FVCOM) (Chen et al., 2003) utilizes
atriangular grid, which is well-suited for representing com-
plex coastal features. Currently, WAVEWATCH III (WW3)
(Tolman, 1991) and Simulating WAves Nearshore (SWAN)
(Holthuijsen, 2001) are the most widely used wave models.
WW3 typically employs a rectangular grid, offering high

Table 1. Detailed information on five super typhoons.

Typhoon Time range Max wind speed Minimum center pressure (Pa)
(m/s)

Doksuri 2023-07-21 00:00 UTC - 2023-07-29 00:00 UTC 62 915

Saola 2023-08-24 06:00 UTC - 2023-09-03 06:00 UTC 62 915

Haikui 2023-08-28 00:00 UTC - 2023-09-06 06:00 UTC 52 935

Koinu 2023-09-29 18:00 UTC - 2023-10-09 09:00 UTC 55 930

Yagi 2024-09-01 12:00 UTC - 2024-09-08 06:00 UTC 68 905
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Table 2. Settings for the Finite-Volume Community Ocean Model (FVCOM).

Forcing filed

ECMWF-based reconstructed wind with a spatial resolution of 0.25°

and a time interval of 1 hour.

Open boundary

Water-tide data from TPXO0.7;

Water temperature, water salinity, water elevation,
and water current from the CMEMS with a spatial resolution
of 0.08° and a time interval of 6 hours.

Spatial resolution

In the horizontal direction, the unstructured grid consists of

56 632 computational nodes and 107 082 triangular grids with
the finest grid resolution of 51.615 m in the South China Sea.
In the vertical direction, a total of 45 sigma layers are used.

Initial field

Water temperature and water salinity from the CMEMS with

a spatial resolution of 0.08° and a time interval of 6 hours.

Time step

From 15 August 2024 to 10 September 2024,

with the internal time step of 0.1 second and
an internal-external mode split ratio of 10;
Output time interval is 1 hour.

Sponge layer

Spin-up duration 5 days

Damping coefficientis 0.1 s

-1

computational efficiency for open-ocean simulations (Bi et
al,, 2015). In contrast, SWAN utilizes a triangular grid, mak-
ing it particularly suitable for coastal applications (Shao et
al,, 2024b). Coupling FVCOM with SWAN yields valuable
insights into complex wave-current-thermal interactions,
including sea surface temperature (SST) cooling during
TCs (Wang et al.,, 2023), turbulent mixing induced by wave
breaking (Zheng et al., 2017), and storm surge dynamics
(Weisberg and Zheng, 2008).

The dynamical and thermal responses of the ocean
to TCs are complex, such as near-internal waves and SST
cooling. As a TC induces waves, upwelling, and Ekman
transport in the upper ocean, it alters the properties of
the mixing layer through vertical entrainment, ocean cur-
rents, and pre-existing mesoscale eddies (Wu et al.,, 2020).
These ocean responses can sometimes occur in the deep
ocean (Morozov and Velarde, 2008). Previous studies have
shown that wave-current interactions are strong during
a TC (Chen et al., 2019). Ocean response to TCs varies
markedly with intensity and translation speed, especially
in shallow waters (Yang et al., 2019). Super typhoons in-
duce particularly complex responses to intense winds (Lin
etal., 2009; Mei and Pasquero, 2013; Guan et al., 2024; Liu
etal, 2025).

In this study, sea surface dynamics, including currents,
sea levels, and waves, are simulated by coupling FVCOM
and SWAN, which share a unique triangular grid, to inves-
tigate the influences of currents and sea levels on wave
simulation. The distinctive contribution of this work is
the comprehensive analysis of both wave field character-
istics and SST cooling dynamics induced by multiple Su-
per Typhoons transiting the South China Sea basin. The
rest of this paper is structured as follows: Section 2 de-

scribes the dataset; the methodology, including the re-
construction of typhoon wind and the settings of FVCOM
and SWAN, is presented in Section 3; Section 4 presents
the results; the oceanic response to Super Typhoon is
discussed in Section 5; and the conclusions are given in
Section 6.

2. Dataset

The maximum wind speed of Super Typhoon Yagi (2024)
upon landing in Hainan Province, China, reached 62 m/s,
making it the second strongest typhoon on record in China.
The dataset is divided into two portions: the forcing field
and open boundary conditions in numerical models, and
the measurements from altimeters and moored buoys,
which are used to validate the simulated results during
Super Typhoon Yagi (2024).

2.1 Forcing field and open conditions

Based on atmospheric numerical models (i.e., the Weather
Research and Forecasting Model (WRF)), several agencies
officially release wind reanalysis and forecasts, such as
the European Centre for Medium-Range Weather Fore-
casts (ECMWF) (Balmaseda et al., 2008) and the National
Centers for Environmental Prediction (NCEP). These wind
datasets find extensive application in oceanographic re-
search, including investigations of air-sea interactions dur-
ing TCs (Foli et al.,, 2022) and calibration of Synthetic aper-
ture radar (SAR) measurements (Hersbach, 2010). Nev-
ertheless, a well-documented constraint of reanalysis prod-
ucts is their consistent underestimation of peak wind speeds
under extreme TC conditions (Stopa and Cheung, 2014).
In recent studies (Li et al.,, 2022; Lai et al., 2023), a practi-
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cal approach has been proposed to reconstruct TC winds
based on ECMWEF reanalysis and the best-track data of
a TC. Therefore, ECMWF reanalysis wind data, at 1-hour
intervals and with a 0.25 grid resolution, serve as the back-
ground source for reconstructing cyclonic wind during
Super Typhoon Yagi (2024). For example, the ECMWF
wind map at 00:00 UTC on September 4, 2024, is shown in
Figure 1a. The triangular grid of the computational re-
gion, overlaid with water depth data from the General
Bathymetric Chart of the Oceans (GEBCO), is shown in
Figure 1b. The figure shows the best tracks of Yagi (2023,
red; Shanghai Meteorological Bureau), Doksuri (green),
Saola (magenta), Koinu (black), and Haikui (blue) from
https://tf.istrongcloud.com. See Table 1 for typhoon
characteristics.

Currently, the Copernicus Marine Environment Mon-
itoring Service (CMEMS) provides operational products
at 6-hour intervals and with a spatial resolution of 0.08
degrees. In addition to the reconstructed cyclonic wind as
the forcing field, the CMEMS reanalysis dataset, known as
Global Ocean Physics Analysis and Forecast, which includes
water temperature, salinity, and currents, is treated as the
open boundary conditions in FVCOM, ensuring heat and
energy exchange between the computational and outer re-
gions. Figure 2 shows three maps from the CMEMS dataset
at 00:00 UTC on 4 September 2024: a) sea surface tem-
perature, b) sea surface salinity, and c) sea surface current
speed.

2.2 Validation dataset

Until now, remotely sensed wind and wave products have
been routinely accessible to public researchers with a 1-
day delay. The measurements from the Haiyang-2 (HY-2)
altimeter, processed into geophysical data records (GDRs),
are collected to validate the SWAN-simulated significant
wave heights (SWHs). Figure 3a shows the SWH map from

4/20

the HY-2 altimeter, which was acquired on 4 September
2024. While open-access moored buoy observations in
the China Seas are limited, five strategically positioned
mooring buoys (MF12001, MF13002, MF14003, MF14006,
and MF14007) in the South China Sea (19°N-21°N, 108°E-
119°E) provide valuable data for this study. These buoys
collect wind speed, current velocity, and wave parameters
at 30-minute intervals, offering high-resolution validation
data during Super Typhoon Yagi (2024). Figure 3b shows
their locations (black triangles), which were used to vali-
date wind and current data, along with Argo locations (red
triangles) for water temperature validation.

3. Methodology

This section describes the TC wind field reconstruction
methodology, followed by the configuration details for both
FVCOM and SWAN models. The two models employ a uni-
directional coupling scheme, where FVCOM-simulated cur-
rent and sea levels serve as direct inputs to SWAN without
requiring spatial interpolation, as both models share iden-
tical mesh grids.

3.1 TC wind reconstruction

To overcome the limitations of the ECMWF reanalysis data
for TCs and further improve the accuracy of the model
results, an effective reconstruction method proposed in
a previous study (Li et al.,, 2022) was used in this study,
which utilizes the maximum wind speed and the radius of
the maximum wind speed of a TC.

The center of the TC is identified according to the best
track provided by the Shanghai Meteorological Bureau,
which also includes the maximum wind speed and the
radius of the maximum wind speed of the TC, denoted
as Maxwindgyp and Ry, ,,, respectively. The wind pro-
file is reconstructed based on the background wind fields

Table 3. Settings for the Simulating WAves Nearshore (SWAN) model.

Forcing filed

ECMWPF-based reconstructed wind with

a spatial resolution of 0.25°
and a time interval of 1 hour.

Frequency bins

Logarithmic, between 0.01 and 1,

atintervals of Af /f = 0.903.

Resolution

The unstructured grid consists of

56632 computational nodes and 107082 triangular grids
with the finest grid resolution of
51.615 m in the South China Sea with a 1-hour temporal resolution.

Bulk formula
Directional resolution

Propagation scheme

Including the white capping induced by the high wind speed.
10° grid ranged from 0° to 360°.

WESTHuysen (non-linear saturation-based

white-capping combined with wind).

Bottom friction

Other settings

JONSWAP with a constant friction coefficient.

Wave interaction (QUADrupl); triad wave-wave interactions (TRIad).
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Figure 2. Three maps from the Copernicus Marine Environment Monitoring Service (CMEMS) dataset at 00:00 UTC on
4 September 2024, i.e., sea surface temperature (a), sea surface salinity (b) , and sea surface current speed (c).

provided by the ECMWEF reanalysis data, denoted as U, .
The maximum wind speed of the TC, calculated from the
ECMWEF reanalysis data, is denoted as Maxwindg. In ad-
dition to the above parameters, the reconstruction method
is also determined by the distance correction parameter r
from the TC's eye, as shown in the following
equations:

T R -r
Ratio + M) U
(Rmax R 10

max

0<r<Rpux

=
[

(1)

r—R . n—1)R -r .
[ﬂRatlo + %Ratlo] Uio
NRmax NRmax

Riax ST<NRpgx,n=2

where

Maxwind
Ratio = —_SMB (2)
Maxwindg,

Figure 4a shows the map for Super Typhoon Yagi (2024)
at 00:00 UTC on 4 September 2024, obtained using the re-
construction method. Compared to Figure 13, it is clear
that the intensity of the reconstructed wind is higher than
that of the ECMWF wind. The maximum wind speed ob-
tained using the reconstruction method reached 30 m/s,
while the maximum wind speed from the ECMWF only
reached 20 m/s. A comparison of wind speeds up to40 m/s
between the reconstruction and available buoys is shown
in Figure 4b, yielding a root mean squared error (RMSE)
of 4.01 m/s, a Pearson correlation coefficient (Cor) of 0.90,
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Figure 3. Significant wave height (SWH) map from Haiyang-
2 (HY-2) altimeter acquired on 4 September 2024.

and a scatter index (SI) of 0.48. This result indicates the
applicability of the reconstructed TC wind for simulation
by FVCOM and SWAN.

3.2 Settings of FVCOM

FVCOM employs an unstructured grid, providing flexibility
in modeling complex coastlines and shallow water areas
(Chen etal., 2003). It employs a finite-volume approach,
allowing for high spatial resolution over complex topogra-
phies, and has been widely used for simulating oceano-
graphic and coastal processes. The model contains both
Cartesian and spherical coordinates. In the horizontal di-
rection, the discrete method is based on triangular grids,
and the turbulence closure is the Mellor and Yamada (Mel-
lor and Yamada, 1982) level 2.5 (MY-2.5) scheme. In the
vertical direction, the discrete method employs a general-
ized terrain-following coordinate system, which includes
the commonly used sigma coordinates. The turbulence
closure is based on the Smagorinsky scheme. FVCOM in-
cludes a wet-or-dry treatment, making it suitable for large
tidal flat areas. The basic governing equations of FVCOM
are shown below, including the momentum, continuity,
temperature, salinity, and density equations:

a

3 Ky 2

1 9(py+p) 10 maz>
_1,9Putpa) 19 \ "%/

+E 3
st patT e th B

0 0, 0, 8, .
9t ua—x+va+wa—z+fu—

6/20
a
o Kk, 2
1 a(pH+pa) 1aq ( aZ)
S L o L SR A 4
Ow 0w Ow  Ow 104
0t 0x 0y d, p o,
a(Km‘;—W)
t—=g (5)
Oy 0y Oy
ax+ay+az_0 (6)
or
K
aT+ O O O 0( haz>+1: 7
o "8, 8,79, 3, T (7
ds
K -
65+ 95 , 0 65_6< haz>+p 8
% "o, 8,8, o, s (8)
p=p(T,S,P) (9)

where x, y, and z are the east, north, and vertical axes in
the Cartesian coordinate system, respectively; u, v, and w
are the velocity components in the x, y, and z directions,
respectively; T is the sea temperature; S is the salinity;
p is the sea-water density; p, is the air pressure at the
sea surface; py is the hydrostatic pressure; q is the non-
hydrostatic pressure; f is the Coriolis parameter; g is the
acceleration of gravity; K,, is the vertical eddy viscosity
coefficient; and K}, is the thermal vertical eddy diffusion
coefficient. F,, F,, and F,, represent the horizontal momen-
tum in the x, y and vertical z direction, respectively; Fr
and F; represent the thermal and salt diffusion terms, re-
spectively. Noted that changes in water temperature and
surface salinity due to turbulent (i.e., sensible and latent)
heat fluxes are not considered here.

This study utilizes ECMWF-based reconstructed winds
as the atmospheric forcing field. Tidal forcing is incorpo-
rated using the TPX0.7 tidal model, which provides high-
resolution harmonic constants for eight principal tidal con-
stituents (M2, S2, N2, K2, K1, 01, P1, and Q1). The TPX0.7
dataset is widely regarded for its accurate representation
of tidal dynamics. Water temperature, salinity, surface
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Figure 7. Time series of SWH located at buoy MF14007.

elevation, and current velocity data from CMEMS were
also employed to define the open boundary conditions.
A sponge layer was specified around this area, featuring
a damping zone that transitions from the open boundary
into the interior, with a specified influence radius. Addi-
tionally, the damping coefficient is set to 0.1 s~1. The water
temperature and salinity data from CMEMS were also used
as the initial field. To ensure the stability of FVCOM, the
simulation was run from August 15, 2024, to September
10, 2024. The typical spin-up period ranges from 2 to 5
days; a 5-day duration is implemented in this study to en-
sure model stability. The largest grid of the mesh covers
105°E-140°E and 1°S-36°N. The detailed FVCOM model
settings are briefly presented in Table 1.

3.3 Settings of SWAN

The SWAN model, a third-generation fully spectral model,
enables realistic simulations of wave parameters for coastal
areas, lakes, and estuaries, based on specified wind, bot-
tom friction, and current conditions (Booij et al., 1999).
It uses the action density N(o,0) to calculate the devel-
opment of a sea state, which is more conserved than the
variance density. 6 is the wave propagation direction, and
o is the relative frequency. The spectral action balance
equation describes the evolution of the wave spectrum.
Based on the spectral action balance equation, the gov-
erning equation of the SWAN model, considering ambient
current, is written in Cartesian coordinates as follows:

IC,N  9CoN S,

On + 10
0y 9 o (10)

0,

+AX[(Cy+VIN]+

in which t is the time; C,; and Cy are the wave propagation
velocities in terms of the spectral space ¢ and 6, respec-
tively; C, is the group velocity vector; V is the sea-surface
current vector; and A is the Hamiltonian divergence opera-
tor. S; comprises the input and dissipation source terms,
stated as follows:

St = Sin+Spot +Sni+Seq+ San (11)
wherein S;,, represents the effect of the atmosphere-wave
interaction; Sy, is the friction induced by wave-bottom
interaction; S,; is the nonlinear wave-wave interaction
term; S;4 represents the three-wave (triad) and four-wave
(quadruplet) components of the wave-wave interactions;
and Sy, is the wave decay due to white capping and depth-
induced wave breaking. The detailed SWAN model settings
are briefly presented in Table 2.

The sea surface roughness z, had been parameterized
based on data recorded by buoys, towers, and ships. Char-
nock (1955) proposed a now well-known formula to esti-
mate the sea surface roughness:

z
gu—; . (12)
in which g is the gravitational acceleration; « is a universal
constant (e.g., « = 0.0185 by Wu (1982); and u, is the wind
friction velocity related to the wind speed Uy,.

The vertical profile of wind speed with respect to height
is given as follows:
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U, 10
ulo = ?ln %

in which the von Karman velocity « is 0.40. The roughness
length and neutral drag coefficient at 10 m are then related
as follows (Vickers et al., 2013):

(13)

(14)

The original drag coefficient used in the SWAN model
was given by Wu (1982) as follows:

C, = 0.8+0.065U, (15)

In recent study (Hu et al,, 2024) a new wind drag pa-
rameterization considering the impact of sea state on sea
roughness z, (Eq. (14)) is proposed, which is adopted
using wave spectrum measured by SWIM collocated with
high wind from radiometer:

Ca X103 =Co+C U+ CUR +C3US +CUL,  (16)

in which the constants A-E are fitted based on a combi-
nation of laboratory and field data, i.e., C; = 104.2, C; =

12/20

—12.37,C, = 2.415,C3 = —0.07996, and C, = 0.0007891.
The above formula depends solely on the wind speed and
can be applied in practice in the modelling process by em-
ploying the input/dissipation source terms. The schemes
selected in SWAN are listed in Table 3.

4. Results

In this section, the influence of FVCOM-simulated sea sur-
face currents and sea level on wave simulation by SWAN
is analyzed. Then, the performance of the previous and
updated parameterizations of the drag coefficient C; used
in SWAN is studied.

4.1 Influence of sea surface current and sea level

To validate the FVCOM simulations, the modeled sea sur-
face current speeds are compared with observations from
five moored buoys. Figure 5a shows the FVCOM-simulated
sea surface current speed map at 00:00 UTC on 4 Septem-
ber 2024, where the current speed reaches up to 2 m/s.
A statistical analysis of the current speed is presented in
Figure 5b, yielding a 0.32 m/s RMSE, a 0.80 correlation
(Cor), and a 0.39 scatter index (SI). Based on these results,
it is concluded that the FVCOM simulation is reliable for
hindcasting waves using SWAN.

Considering various open boundary conditions, the
SWAN-simulated SWH maps at 00:00 UTC on 4 Septem-
ber 2024 are shown in Figure 6 a) using reconstructed TC
wind, b) using reconstructed TC wind and current, c) us-
ing reconstructed TC wind and sea level, and d) using re-
constructed TC wind, current, and sea level. It is clearly
observed that the difference to the west of Taiwan Island
is significant when the influence of the current is taken
into account. Figure 7 presents a time series of SWH at
buoy MF14007, where the variation in SWH influenced
by current closely matches the measurements from the
buoy:.

Figure 8 compares the simulated SWHs with measure-
ments from the HY-2 altimeter: a) using reconstructed TC
wind, b) using reconstructed TC wind and current,
c) using reconstructed TC wind and sea level, and d) using
reconstructed TC wind, current, and sea level. It is found
that the accuracy of SWHs up to 10 m is highest (i.e.,a 0.51
m RMSE, 0.89 Cor, and a 0.48 (SI) compared to the other
results. The observed overestimation in HY-2 products for
SWH below 1 m is likely attributable to the coarse spatial
resolution (10 km) of the altimeter in coastal
waters.

4.2 Performance of previous and updated C,

The C; parameterization is essential in hindcasting waves
using numerical wave models, especially under extreme
weather conditions. In our previous study, the C; parame-
terization in WW3 was improved based on remotely sensed
products during TCs. Here, the performance of the C; pa-
rameterization in SWAN is investigated, considering recon-
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structed TC wind, current, and sea level. Figure 9 presents
SWH distributions at 00:00 UTC on 4 September 2024 sim-
ulated using two C; parameterizations: a) the Wu (1982)
model, b) the Hu et al. (2024) model, and c) their SWH
differences. Notably, substantial SWH discrepancies occur
near the typhoon eye when comparing both parameteri-
zations. Validation against HY-2 altimeter measurements
during five super typhoons reveals the Hu model achieves
an RMSE of 0.50 m, Cor of 0.91, and SI of 0.47 (Figure 10).
In particular, the performance of the Hu model is better for
SWHs > 4 m. Therefore, validation against measurements
from buoys during Super Typhoon Yagi (2024) for SWHs
> 3 m is presented in Figure 11. Clearly, the error in the
SWAN-simulated SWH has decreased by 0.6 m when using
the Hu model, particularly improving the over-estimation.
However, it is noted that the applicability of C; still needs
to be investigated in other regions.

5. Discussion

Itis interesting to discuss the asymmetry of wind and wave
and SST cooling during a super typhoon. The well-known
parametric wave model, i.e., the E-spectrum (Elfouhaily et
al,, 1997), is directly employed to estimate the SWHs at
various wind speeds, i.e, 30 m/s (R30), 40 m/s (R40), and
50 m/s (R50) of wind radii, corresponding to 4.5 m, 6 m,
and 7.5 m of SWH radii, respectively. Figure 12a shows
wind conditions at 09:06 UTC on 4 September 2024 dur-
ing Super Typhoon Yagi (2024) landfall on Hainan Island,
China. The plot includes three wind radius contours: red
(30 m/s), blue (40 m/s), and black dashed lines (50 m/s),
corresponding to the track of the typhoon. Similarly, Fig-
ure 12b depicts the SWH map, with the red, blue, and black
solid lines representing the 4.5 m, 6 m, and 7.5 m SWH
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radii, respectively. Figure 13 presents relationships be-
tween wind radii and SWH across TC sectors using error
bars: (a,b) R40 and (c,d) R50 (where N indicates sample
size). Generally, wind and SWH variations show strong con-
sistency, as expected from wind-wave dynamics. However,
wind Cor is lower in the right-front quadrant (0.1 due to
limited samples) compared to the left-right quadrant, con-
sistent with dominant wind forcing patterns. Conversely,
SWH correlations remain relatively high in the right-back
quadrant, reflecting swell influence. Both quadrants show
increasing SWH correlations with wind speed.

FVCOM-simulated temperatures match Argo observa-
tions during typhoons with 0.92°C RMSE, 0.98 Cor, and 0.04
SI (Figure 14), demonstrating model reliability.
Figure 15 shows > 50 m/s wind SST differences for: a)
Haikui (September 3-2, 2023), b) Doksuri (July 25-24,
2023), c) Yagi (September 6-5, 2024), d) Saola (August
30-29, 2023), and e) Koinu (October 4-3, 2023). The
analysis reveals pronounced SST cooling directly over ty-
phoon tracks, with maximum cooling reaching 4°C during
Super Typhoon Doksuri (2023). Weaker cooling ( 1°C) oc-
curs when typhoons interact with warmer waters from
the Kuroshio Current (i.e., Haikui and Koinu) and Zhejiang-
Fujian Coastal Current (Yagi). This thermal response ex-
plains the inverse relationship between the current speed
difference and the SST difference, as shown by the red solid
line in Figure 16a. Figure 16b demonstrates a positive lin-
ear correlation between SST and SWH differences. Under
extreme conditions, wave-induced processes (breaking
and radiation stress) intensify air-sea heat exchange, am-
plifying SST cooling.

6. Conclusion

As TCs approach coastal areas, their impacts intensify sig-
nificantly, generating strong winds, large waves, heavy
rainfall, and storm surges. Super typhoons (wind speeds
> 51 m/s) represent particularly severe marine hazards
for coastal regions. This study examines sea surface dy-
namics (currents, sea levels, and waves) during five super
typhoons following similar tracks: Haikui (2023), Doksuri
(2023), Yagi (2024), Saola (2023), and Koinu (2023). Us-
ing coupled FVCOM-SWAN modeling, we investigate how
currents and sea levels influence wave simulations, with
particular focus on wind-wave asymmetry and SST cooling
patterns.

Based on the ECMWEF reanalysis data at 1-hour inter-
vals and 0.25° grids, the wind field is reconstructed to en-
sure the availability of typhoon wind data. A comparison
of the typhoon wind speed with measurements from five
moored buoys shows a 4.01 m/s RMSE, a 0.90 Cor, and
a 0.48 SI. Using the typhoon wind and the daily CMEMS
dataset (i.e., water temperature, salinity, and current) as
the forcing field and open boundary conditions, the sea
surface current and sea level are hindcast using FVCOM
during five super typhoons. Validation of current speeds
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against buoy measurements yields a 0.32 m/s RMSE with
a 0.80 Cor and a 0.39 SI. It is found that the accuracy of
the SWAN-simulated SWH improves when the influences
of current and sea level are included, with a 0.51 m RMSE,
0.89 Cor, and a 0.48 SI, compared to a 0.53 m RMSE, 0.88
Cor, and 0.49 SI when only typhoon wind is used. In this
regard, it is concluded that current and sea level should
be considered in wave simulations, especially in coastal
waters.

SWAN simulations test two drag coefficient (C;) param-
eterizations: the Wu (1982) model and the Hu et al. (2024)
model. Validation against HY-2 altimeter and buoy data
demonstrates the Hu model’s superior performance for
SWH > 3 m, reducing overestimation by 0.6 m relative to
the Wu model. According to the direction of TC movement,
the structures of TC wind and waves were divided into
three quadrants at several wind clusters, i.e.,, 30 m/s (R30),
40 m/s (R40), and 50 m/s (R50) wind radii correspond-
ing to 4.5 m, 6 m, and 7.5 m SWH radii. Both variations
in wind and SWH radii are consistent in the three quad-
rants. While wind Cors are higher in the left-right quadrant
than in the left-back quadrant, SWH distributions show
the opposite trend due to swell influence. Both wind and
SWH correlations at the R50 radius exceed those at R40,
suggesting increasingly symmetric wind and wave fields
under stronger winds. Maximum SST cooling reaches 4°C
at wind speeds > 50 m/s during Super Typhoon Doksuri
(2023), while the Kuroshio Current and Zhejiang-Fujian
Coastal Current limit cooling to just 1°C. Regression analy-
sis further reveals a significant negative relationship be-
tween SST anomalies and current speed variations. These
findings significantly improve our capacity to predict ex-
treme wave conditions during super typhoons, providing
critical support for coastal hazard mitigation and resilient
infrastructure planning. Furthermore, the validated opti-
mal drag coefficient parameterization can be operationally
implemented in forecasting systems to enhance wave pre-
diction accuracy, particularly in high-risk areas such as the
Taiwan Strait.

SAR (Zhou et al.,, 2022) delivers fine-scale observations
(10-40 m resolution) across wide swaths (200-300 km),
making it ideal for monitoring TC surface dynamics includ-
ing winds, waves, currents and rainfall (Shen et al,, 2014;
Shao et al.,, 2023, 2024a; Zhou et al., 2024). In the near fu-
ture, utilizing SAR measurements, the asymmetry of wind
and waves during a TC will be further analyzed.
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