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This study investigates the effects of wave coupling on the oceanic and
atmospheric responses to Tropical Storm Choi-wan (2021) using a coupled
ocean-atmosphere model. Modeled tropical cyclone metrics and ocean
responses are compared with and without coupling ocean waves. A wave
dependent surface roughness scheme is evaluated to understand the wave
influence on tropical cyclone induced changes in sea surface temperature
(SST), ocean currents, and wave fields. The results reveal that wave coupling
significantly improves the representation of SST cooling and vertical ocean
thermal structures. The wave dependent roughness scheme outperforms in
capturing the cooling effect and ocean mixing processes induced by the
storm. Wave-current coupling also impacts significant wave height
distributions, particularly in storm-affected regions, where coupled simulations
yield more realistic patterns compared to uncoupled runs. Furthermore, the
inclusion of wave-current interactions enhances the accuracy of simulated
ocean currents, reflecting the intensifications and directional changes caused
by the storm. Overall, the wave dependent roughness parametrization
demonstrated superior performance in reproducing storm-induced oceanic
responses, emphasizing the critical role of wave coupling in simulating
extreme weather events. This study underscores the importance of advanced
coupled modeling systems in improving predictions of tropical cyclones and
their impacts on the ocean and atmosphere.
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1 Introduction

Tropical cyclones (TCs) represent one of the most destructive
extreme weather events in the Western North Pacific (Peduzzi et al.,
2012; Kim et al., 2015; Li et al., 2024). They occur at the dynamic
interface of the atmosphere and ocean, characterized by
catastrophic winds and hazardous ocean responses, such as storm
surges and extreme waves. The influential extent of TCs can exceed
2,000 kilometers horizontally, causing significant damage to coastal
communities (Magee et al., 2021; Lin et al., 2024). The terminology
for TCs varies by regions with the system referred to as hurricanes
the Atlantic and eastern North Pacific, typhoons in the Western
North Pacific. The generation and propagation of TCs are governed
by the large-scale climate system and modulated by local sea states.
The interactive feedback between TCs and the ocean surface is
critical. During the passage of a TC, substantial energy is extracted
from the upper ocean, leading to notable changes in sea surface
temperature, salinity, and ocean currents. Simultaneously, oceanic
feedback mechanisms, predominantly governed by sea-air thermal
exchanges, influence the trajectory, intensity, and structural
evolution of TCs. These complex ocean-atmosphere interactions
underscore the importance of understanding marine responses to
enhance predictions of TC behavior and impacts.

Ocean waves play a pivotal role in air-sea interactions during
TCs, influencing both TC characteristics and upper ocean
dynamics. Previous efforts have been devoted to analyzing the
feedback mechanisms between ocean waves and TC
characteristics (Craik and Leibovich, 1976; McWilliams and
Restrepo, 1999; McWilliams et al., 2000; Olabarrieta et al., 2012;
Li et al., 2022; Hlywiak and Nolan, 2022; Zhuge et al., 2024). These
investigations have highlighted the significant impact of ocean
waves on upper ocean temperature variations, particularly during
TC development and movement. It has been demonstrated that the
thermal effects of ocean waves play a crucial role in sea-air heat
fluxes and the temperature structure in the upper ocean, primarily
through wave-current interactions and wave-atmosphere coupling.
Moreover, sea surface roughness can be modified in presence of
steep and young ocean waves (Shi et al., 2019, 2020), thus modifying
the wind profiles near the air-sea interface. Furthermore, wave-
current interactions have been demonstrated essential in driving
mixing during TCs. Mechanisms such as three-dimensional wave
radiation stress (alternatively described as the vortex force scheme),
surface rollers, and wave-induced turbulence mixing are key
components of this process (Qiao et al., 2004; Babanin and Haus,
2009; Uchiyama et al., 2009, 2010; Mellor, 2011; Zhang et al., 2022a,
b). Additionally, wave-induced processes such as wave breaking,
wave rollers, and droplet effects substantially influence the
atmospheric boundary layer. In response to these complexities,
several wave-dependent surface roughness parameterizations have
been developed (Taylor and Yelland, 2001; Oost et al., 2002;
Drennan et al.,, 2003; Veron et al., 2008; Mueller and Veron,
2010; Wan et al., 2017).

Recent advancements in ocean-atmosphere numerical models
have integrated wave coupling effects, leading to more accurate
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predictions of extreme weather events such as tropical cyclones (Xie
et al., 2001, 2008, 2015; Liu et al., 2011, 2012; Carniel et al., 2016).
The atmosphere, ocean, and waves form a tightly interconnected
system, where interactions between any two components invariably
influence the third. Fully coupled atmosphere-ocean-wave models
have shown remarkable success in simulating extreme tropical
cyclones, such as hurricanes (Warner et al,, 2012; Zambon et al,,
2014; Kumar and Vimlesh, 2017; Yang et al., 2020; Kiran and Balaji,
2022; Zhang et al., 2022c), with wave coupling effects playing a
crucial role in enhancing model performance. However, the
effectiveness of wave coupling in less intense tropical cyclones
remains uncertain, and the specific contributions of wave-induced
processes in these scenarios have been understudied. Considering
that mild or less intense TCs occur more frequently, understanding
their dynamics is particularly important.

Therefore, this study aims to address this knowledge gap by
investigating the role of wave coupling in shaping the behavior and
evolution of mild tropical cyclones (TCs). Using an atmosphere-
ocean-wave coupled model, this research focuses on Typhoon Choi-
wan (2021) as a case study to evaluate the effects of wave coupling
on TC simulation and dynamics. Impacts of wave-dependent
surface roughness schemes are analyzed to evaluate their
influence on air-sea interactions, including SST cooling, ocean
currents, and wave dynamics under tropical storm conditions.
The rest of the paper is organized as follows: Dataset and
methodology are presented in Section 2. Section 3 describes the
model results. Limitations and prospects are discussed in Section 4.
Main findings are summarized in Section 5.

2 Methodology
2.1 Model description

The Coupled Ocean-Atmosphere-Wave-Sediment Transport
(COAWST) modeling system, originally detailed by Warner et al.
(2010), integrates multiple numerical models to consider
interactions among various environmental processes (Figure 1).
In this study, the latest version of the COAWST system is employed,
comprising the following model components: 1) the Weather
Research and Forecasting (WRF) model, a nonhydrostatic, quasi-
compressible atmospheric model utilizing the Advanced Research
WRFE (ARW) core; 2) the Regional Ocean Modeling System
(ROMS), a free-surface, terrain-following ocean model based on
hydrostatic and Boussinesq approximations, and 3) the Simulating
Waves Nearshore (SWAN) model, a spectral wave model that solves
the wave spectral density evolution equation. The Model Coupling
Toolkit (MCT), a fully parallelized coupler leveraging MPI, was
employed to facilitate the exchange of state variables between each
model component. In addition, while COAWST includes
hydrological and sediment transport models, they were not
activated in current study of TC Choi-wan (2021). Further
detailed model descriptions can be referred to: http://
woodshole.er.usgs.gov/operations/modeling/ COAWST/index.html.
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FIGURE 1

Data exchanged among models (Woods Hole Coastal and Marine Science Center).

2.2 Experimental design

This study carried out coupled numerical simulations of the
Tropical Storm Choi-wan (2021) in the western North Pacific and
the South China Sea (Figure 2A). It originated as a tropical
depression on May 30, 2021, about 1,700 km east-southeast of
Manila. The storm moved west northwestward, intensifying into a
tropical storm by May 31, with maximum sustained winds of 75
km/h at its peak. Choi-wan crossed the Philippines, causing
significant rainfall and flooding, before entering the South China
Sea on June 2. Over the following days, it turned northward and
gradually weakened, eventually transitioning into an extratropical
cyclone near the Ryukyu Islands on June 5.

To investigate the effects of wave coupling during storm
propagation, four experimental scenarios were designed. The fully
coupled configuration (Case 1, Figure 2B) represents complete
integration with two-way exchanges of model variables among

(a)

Track of Choi-wan

FIGURE 2

WRF, ROMS, and SWAN. WREF provided hydrodynamic models
with atmospheric forcing fields, including surface wind vectors
(Ui> Vyo), relative humidity (Ry,), air temperature (T,;), cloud
fraction, precipitation, atmospheric pressure (P,,), and radiative
fluxes, enabling ROMS to calculate heat and momentum fluxes via
the COARE algorithm. ROMS, in turn, supplied WRF with SST.
SWAN simulated wave parameters, such as significant wave height
(Hyyave) and wave period (Ty,f), which were incorporated into WRF
through a wave-dependent roughness scheme (e.g., Oost et al,
2002). The WRF-ROMS coupling (Case 2, Figure 2B) excluded
SWAN to isolate atmospheric-oceanic interactions. In the
WRFSWAN one-way coupling (Case 3, Figure 2B), wave fields
simulated by SWAN were not fed back into WRF, with SWAN
driven solely by WRF-generated winds to avoid inconsistencies in
external wind data. The WRF-ROMS-SWAN coupling without
wave-current feedback (Case 4, Figure 2B) included all three
models but excluded exchanges between SWAN and ROMS.

(b)

Case 1 Case 2

SWAN ‘

WRF | ‘ROMS | WRF | ROMS|
L =
Case 3 Case 4
SWAN ‘ SWAN 1
WRF ‘ ROMS‘ WRF 1 ROMS‘
L -

(A) Track of Tropical Storm Choi-wan with a time interval of 1 hour. Red star (S3) is the location of a CTD (Conductivity, Temperature, Depth)
observation from an engineering moored subsurface buoy and red dot indicates the tropical storm at 00:00 on June 4. (B) Model experiments with

varied coupling configurations (Case 1 to Case 4).
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These configurations systematically evaluate wave coupling effects,
providing critical insights into wave-atmosphere-ocean interactions
in TC modeling.

Specifically, in all model scenarios, the WRF model was
configured with a single grid at a spatial resolution of 15 km,
featuring 50 vertical layers extending from the sea surface to 50 hPa.
Initial and boundary conditions were sourced from the European
Centre for Medium-Range Weather Forecasts (ECMWE)
Reanalysis version 5 dataset (Hersbach et al., 2020). To resolve
mesoscale physical processes, the Single-Moment 6-class scheme
(Hong et al., 2006) was employed for microphysics, and the Kain-
Fritsch scheme (Kain, 2004) was used for cumulus convection. The
RRTM model (Mlawer et al., 1997) and the Dudhia model (Dudhia,
1989) were applied for longwave and shortwave radiation,
respectively. For ocean responses, the ROMS and SWAN models
utilized the same curvilinear grid, with a horizontal resolution of 2
km. Bathymetry was interpolated from a combination of the
General Bathymetric Chart of the Oceans gridded bathymetry
dataset (https://www.gebco.net/) and nautical charts provided by
maritime authorities. To better resolve vertical mixing during
tropical cyclones, ROMS employed 16 terrain-following vertical
layers, with vertical mixing parameterized using the generic-length-
scale turbulence closure model (Warner et al., 2005). In SWAN, the
computational grid was discretized into 36 directional bins and 24
frequency bins spanning 0.04 Hz to 1.0 Hz. Wave growth due to
wind was modeled using the exponential formulation of Komen
et al. (1984). Bottom friction was parameterized with the Madsen
et al. (1988) model, applying a friction coefficient of 0.035. White-
capping dissipation was represented using the approach of Komen
et al. (1984), with a dissipation rate of 2.36x10. Additionally, in

10.3389/fmars.2025.1535781

scenarios incorporating wave coupling, surface wind stress was
computed using two distinct parameterization schemes. The first,
referred to as CHNK, is a wind-speed-dependent approach based
on the Charnock relation (Charnock, 1955). The second, referred to
as OOST, employs a wave-dependent surface roughness scheme as
proposed by Oost et al. (2002).

3 Results
3.1 Model validations

The fully coupled model scenario incorporating the wave-
dependent surface roughness scheme (Case 1) was evaluated
against observational data. The simulated track of tropical storm
Choi-wan was validated against the best-track data provided by the
China Meteorological Administration (CMA, https://
tcdata.typhoon.org.cn/en/zjljsjj.html), as illustrated in Figure 3A.
Additionally, modeled wind speeds were compared with the Global
Ocean Hourly Reprocessed Sea Surface Wind and Stress dataset
from the European Centre for Medium-Range Weather Forecasts
(ECMWEF, https://data.marine.copernicus.eu/product/
WIND_GLO_PHY_L4 MY_012_006/description), as shown in
Figure 3B. A Pearson correlation coefficient (R) of 0.84 and a
Root Mean Square Error (RMSE) of 2.06 m/s were obtained for
the wind field. Similarly, the wave field simulations were validated
using ECMWPF’s Global Ocean Waves Reanalysis data (https://
data.marine.copernicus.eu/product/ GLOBAL_MULTIYEAR_
WAV_001_032/description), as depicted in Figure 3C, yielding R
and RMSE values of 0.79 and 0.35 m, respectively. Additionally, the
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FIGURE 3

(A) Validations of simulated track (red line) with CMA best track data (blue line). (B) Wind field compared with satellite wind data. (C) Wave field data
compared with satellite wave data. (D) Simulated water levels (red line) and in-situ observed data (black dots) at each hour.
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Comparison of model results with field observations (A) and raw data from point S3 (B). Normalized results for different model outputs: (C) the
period before the tropical storm approaches S3 and (D) the period when the tropical storm is closest to S3.

modeled water level time series were compared with in-situ
observations from the Currimao station in the Philippines
(Figure 3D). During the initial 12 hours (00:00-12:00 on June 3),
discrepancies in water levels were observed, potentially attributed to
errors in the initial conditions during the model’s warming-up
period. These inaccuracies can prevent the model from accurately
capturing water level dynamics. Additionally, the atmospheric
model’s difficulty in resolving the track of a mild vortex may lead
to inaccuracies in the wind field, contributing to an underestimation
of water levels. However, from 12:00 on June 3 to 12:00 on June 4,
the model accurately reproduced the observed water levels. Overall,
the modeled tropical cyclone characteristics and associated oceanic
responses aligned well with observational data. Nonetheless,
discrepancies were noted, particularly in the meteorological fields,
which could stem from insufficient boundary value accuracy for a
relatively weak tropical cyclone. Biases in the wave field may also be
linked to errors in tracking the tropical cyclone’s trajectory.

3.2 Wave coupling effects indicated by
comparisons with CTD observations

Modeled water temperature was compared with in-situ
observations at point S3 (Figures 4B). Akima interpolation was
employed to align the simulation data with observation times and
depths. As shown in Figure 4A, the modeled temperatures during
tropical storm Choi-wan were generally lower than the
observations, with the average error across the seven experimental
cases remaining below 0.3°C throughout the 36-hour simulation
period. Despite the limitations of Akima interpolation, this accuracy
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underscores the reliability and stability of the simulations. The
performance of the experiments was assessed by analyzing
normalized temperature results during two distinct periods:
before the tropical storm approached point S3 (Figure 4C) and at
its closest proximity to S3 (Figure 4D). On average, the modeled sea
temperatures were lower than the observations, indicating that
higher modeled temperatures correspond to better performance.
During the first period, Case 2 produced the highest sea
temperatures, while during the second period, maximum
temperatures were observed in Case 1. The results in Figure 4D
also reveal that the OOST parameterization scheme outperformed
the CHNK scheme across both coupling configurations (as
described in Figure 2). Overall, the fully coupled OOST
parameterization (Case 1-OOST) yielded the most accurate
temperature results, effectively capturing observed SST variations.
Conversely, simulations involving only wave-current coupling
(Case 3) produced comparatively lower temperatures, highlighting
the importance of fully coupled parameterizations in accurately
representing tropical cyclone induced thermal responses.
Furthermore, Case 2, which excluded wave effects, served as the
control group. Figure 5 illustrates the differences in normalized
vertical sea temperature over time at point S3 during tropical storm
Choi-wan (from 00:00 on June 3 to 12:00 on June 4) across all
experimental groups compared to Case 2. When Choi-wan was
closest to point S3 (03:00-04:00 on June 4, marked by the red
dashed rectangular box), temperature differences were primarily
concentrated in the upper layers, reflecting the strong wind-driven
mixing that entrains cooler water from below the thermocline into
the surface layer. Subsequently, bottom-layer temperatures
consistently increased relative to Case 2, suggesting that wave

05 frontiersin.org
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effects enhanced vertical mixing and facilitated the downward
transport of heat. Taking the TC lag effects into account, the
OOST parameterization showed superior performance in
promoting vertical mixing compared to the CHNK scheme,
evidenced by larger temperature differences across all coupling
configurations (Figures 5D-F). The wave-dependent surface
roughness scheme in OOST effectively modified surface stress,
enhancing momentum transfer into the water column and
leading to more pronounced thermal adjustments. Moreover, in
Case 3 with the OOST parameterization scheme (Figure 5E),
stronger vertical mixing caused a noticeable temperature drop
after the storm passage, with larger areas showing differences
exceeding 0.01 relative to Case 1 in the middle and bottom layers.
This implied the impacts of wave-induced turbulence in facilitating
upwelling, which redistributed heat by cooling the surface while
transporting it into deeper layers. Such processes are essential in
shaping the post-storm thermal structure. However, neglecting
wave effects (Case 2) underestimated vertical mixing and heat
redistribution, leading to less accurate simulations of storm-
induced cooling and recovery. Fully coupled models

Frontiers in Marine Science

incorporating advanced wave parameterizations, such as OOST,
demonstrated improved capabilities in capturing these dynamics.
By accurately representing interactions between waves, currents,
and atmospheric forcing, these models enhance predictions of SST
changes during extreme events. These changes are critical for
understanding tropical storm intensity, feedback mechanisms,
and marine biogeochemical processes. The results underscore the
necessity of coupling schemes that account for wave dynamics to
accurately simulate the complex thermal responses of the ocean
during tropical cyclones.

3.3 Effects of wave coupling in ocean
mixing along the storm track

To further explore the role of wave coupling in tropical cyclone
simulations, the vertical temperature distribution of Case 2 along
the tropical storm’s track (at 3-hour intervals, Figure 6A) is shown
in Figure 6B. The results clearly demonstrate the effect of vertical
mixing on sea temperature and highlight a lag in the oceanic
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FIGURE 6

(A) Schematic diagram of the track and intensity of tropical storm Choi-wan with a time interval of 3 h Red dot indicates the tropical storm center at
00:00 on June 4. Contour indicates sea surface height at 00:00 on June 4. (B) Vertical sea temperature distribution with time under the center of

the tropical storm.

response to tropical storm intensity. The deepest downward
extension of the temperature anomaly occurred approximately 8
hours after the maximum wind speed at the tropical storm’s center
began to decline. However, this depth persisted for only about 2
hours before gradually diminishing. This delay in the response
underscores the complex interaction between atmospheric forcing
and ocean dynamics, where momentum transfer and mixing
processes continue to affect the thermal structure even after the
storm’s peak intensity has passed.

Figure 7 presents the differences in vertical sea temperature
distribution over time between the various experiments and Case 2.
The results show that the impact of wave coupling on sea
temperature was minimal when simulating a tropical storm of
weak intensity. Temperature variations across all experiments and
vertical levels were generally below 0.2°C, with most of the changes
concentrated in the upper layers. However, the OOST
parameterization (lower panel of Figure 7) consistently produced
stronger vertical mixing compared to the CHNK parameterization
scheme (upper panel of Figure 7). The temperature variations in the
OOST configuration were more widely distributed both temporally
and spatially, with higher values observed.

In Case 1 and Case 4 (Figures 7A, D, 7C, F), the differences
between the two parameterization schemes were primarily observed
at the deepest temperature intrusions, with smaller temperature
changes in the mid-layers due to OOST mixing. The most
significant differences occurred in Case 3 (Figures 7B, E), where
negative variations exceeding 0.04°C were observed in the CHNK
parameterization at upper levels, while the OOST parameterization
showed predominantly positive changes. As the tropical storm
intensified, vertical mixing became more pronounced, enhancing
the influence of wave coupling on the simulation results. Under
these conditions, the advantages of the OOST parameterization
became increasingly evident, implying its superior performance in
capturing wave-induced vertical mixing during relatively intense
cyclonic events.
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3.4 Effects of wave coupling in modeling
ocean surface fields

Comparisons of the experiments at point S3 and along the
tropical storm’s track revealed positive outcomes of wave coupling,
with the OOST parameterization exhibiting notable advantages. To
evaluate model performance more comprehensively, the overall
response of different schemes at a representative time step (03:00 on
4 June) was selected for comparison and analysis.

3.4.1 Alterations in surface winds and currents

Figure 8 shows minimal differences in the wind fields across the
various experiments in storm-affected regions, with low variations
in wind speeds near the tropical storm’s track and nearly identical
wind speeds at S3. The largest deviations were observed in the
relatively enclosed Beibu Gulf, located farther from the study area.
A deviation exceeding 2.5 m/s near the tropical storm center was
only seen in Case 3-CHNK (Figure 8B). This suggests that directly
coupling waves with the atmosphere, or indirectly coupling them
through currents, had a limited impact on the atmospheric response
during the storm. The differences between the OOST and CHNK
parameterizations were minor but exhibited spatial variability.
Overall, the OOST scheme produced slightly lower high wind
speed simulations compared to the CHNK scheme, especially in
the open areas of the South China Sea and the Western Pacific
Ocean. This indicates that the influence of wave coupling on
atmospheric dynamics was relatively subdued in this mild tropical
storm scenario, with only localized differences observed in
specific regions.

In contrast to the wind fields, differences in ocean currents
across the cases were more pronounced and approached the TC
center. The largest differences were observed in Case 3, particularly
to the southeast of the tropical storm center (Figures 9B, E).
However, Case 1 showed a similar difference to Case 4, suggesting
that while waves significantly modulate ocean currents under storm
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FIGURE 7

(A—F) Differences in the time-varying results of normalized vertical sea temperature under the tropical storm centers simulated by different coupling
schemes and wave coupling effects parameterizations, compared to the results of Case 2 (no wave coupling). The three columns represent different
coupling schemes; and upper panels: CHNK parameterization, lower panels: OOST parameterization.

conditions, this effect is not dominant in the fully coupled cases.
This observation is further supported by the distinct temperature
patterns shown in Figure 7, which indicate that wave coupling
influences ocean currents but does not overwhelm other coupled
processes. Moreover, the distribution of differences exhibited no
consistent pattern in the modulation introduced by the CHNK
parameterization across all coupling schemes (Figures 9A-C). In
contrast, the OOST parameterization clearly captured the influence
of strong wind-generated currents on the right side of the storm-
affected areas, with varying magnitudes observed across the
different schemes (Figures 9D-F). This highlighted the improved
capability of the OOST parameterization to capture the dynamics of
wind-driven currents, particularly in the high-wind quadrant of the
TC. It also implied that wave-current interactions remained
essential in modulating upper ocean circulation, event during
weaker TCs.

3.4.2 Modification of significant wave heights
Figure 10 illustrates that the model with only wave-atmosphere

coupling (Case 4) failed to simulate the high wave heights generated

by the tropical storm. In this case, wave heights near the tropical

Frontiers in Marine Science

storm center showed minor differences. However, variations
exceeding 3 m were recorded to the right of the tropical storm’s
track in both Case 1 and Case 3. These two cases exhibited
consistent spatial features, indicating the strong modulation of
wave-current coupling on high wave heights. The CHNK
parameterization under wave-current coupling provided the
largest estimate of significant wave height (Figures 10A, B), while
the OOST parameterization produced more moderate values
(Figures 10D, E). Additionally, when atmosphere-wave coupling
was disregarded, the wave heights under the CHNK cases were
larger (Figure 10B), but no such difference was observed in the
OOST cases. This finding was similar to the effects on currents
shown in Figure 9. Notably, the modulation of wave-current
coupling on significant wave height was the dominant factor in
the simulation of mild storm-induced waves in the fully coupled
models. Furthermore, Figures 5 and 7 demonstrated that the OOST
parameterization enhanced the vertical mixing of seawater during
the tropical storm. This contrasts with its simulation of relatively
moderate significant wave heights compared to CHNK. This
discrepancy suggests that the OOST parameterization offers a
more rigorous and reliable representation of the coupled system,
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FIGURE 8

(A—F) Differences in the spatial results of wind speed and direction at 03:00 on June 4, simulated by different coupling schemes and wave coupling
effects parameterizations, compared to the results of Case 2 (no wave coupling). The three columns represent different coupling schemes; and
upper panels: CHNK parameterization, lower panels: OOST parameterization. The star and the dot represent the S3 point position and the tropical
storm center position at that moment, respectively.
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FIGURE 9
(A—F) Differences in the spatial results of currents at 03:00 on June 4, simulated by different coupling schemes and wave coupling effects
parameterizations, compared to the results of Case 2 (without wave coupling). The three columns represent different coupling schemes; and upper
panels: CHNK parameterization, lower panels: OOST parameterization. The star and the dot represent the S3 point position and the storm center
position at that moment, respectively.
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(A—F) The spatial results of significant wave heights and wave directions at 03:00 on June 4, simulated by different coupling schemes and wave
coupling effects parameterizations. The three columns represent different coupling schemes; and upper panels: CHNK parameterization, lower
panels: OOST parameterization. The star and the dot represent the S3 point position and the storm center position at that moment, respectively.
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balancing vertical mixing and wave height simulations more
effectively than CHNK.

3.4.3 Changes in SST

The distributions of SST and sea surface height without wave
coupling (Case 2) are shown in Figures 11A, B. A clear TC induced
cold wake was observed on the right front of the tropical storm’s
track, where the intensity was highest. However, due to the
delayed response of SST changes to tropical storm impacts, no
obvious SST decrease occurred near the current tropical storm
center (Figure 11A). For the SST differences (Figure 12), the fully
coupled model (Case 1, Figures 12A, D) exhibited results similar
to those of the wave-atmosphere coupling model (Case 4,
Figures 12C, F), but with smaller magnitude, highlighting the

influence of wave effects and wave-current coupling on SST
simulations. In Case 3, using the CHNK parameterization
(Figure 12B), a “warmer” cold wake was observed compared to
Case 1, suggesting that wave effects on the atmosphere enhance
vertical mixing. On the other hand, the OOST parameterization
(Figures 12D-F) showed more pronounced tropical storm
cold wakes and uniform spatial patterns, with much lower SST
values (compared to Case 2) on the right of the tropical storm’s
track. This indicated that the OOST parameterization
better characterized SST changes during tropical storms. The
differences in wave fields driven by variations in energy
fluxes between winds and waves, resulting from the two
parameterization schemes, contributed to the disparities in SST
between the schemes.

(a)

Sea Surface Temperature - Case2
X

T(Celsius)
32

N
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FIGURE 11

(A, B) The spatial distribution of SST and sea surface height (zeta) results from the no wave coupling model (Case 2) at 03:00 on June 4.
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panels: CHNK parameterization, lower panels: OOST parameterization. The star and the dot represent the S3 point position and the storm center

position at that moment, respectively.

3.4.4 Sea surface elevation

Unlike the delayed response of SST, changes in sea surface height
(©) reacted more quickly to tropical storm impacts, as shown in
Figure 13. The wave-current coupling schemes (Case 1 and Case 3)
exhibited similar spatial patterns, with smaller  values observed along
the front-right path of the tropical storm (Figures 13A, B, D, E). In these
areas, { values in Case 4 exceeded those in Case 2 by more than 3%,
emphasizing the critical role of wave-current coupling in modulating
water levels. Additionally, the OOST parameterization showed minimal
differences in { compared to the CHNK scheme in Case 1 and Case 4
but had a stronger effect on  in the storm-affected regions in Case 2.
However, the variations in { with the CHNK parameterization in Case 3
(Figure 13B) were opposite to the spatial features observed in the wave-
current coupling experiments (Figures 13A, D, E), particularly near the
Philippines and south of the tropical storm’s track. Overall, wave-
current coupling reduced water levels in open ocean areas, and the
OOST parameterization proved more effective in modeling water levels
under different scenarios.

4 Discussion

This study designed four different coupling schemes to explore
the impact of wave coupling effects on the COAWST model results
under mild storm conditions. Differences compared to the results of
Case 2 (no wave coupling) in the time-varying results of normalized
vertical sea temperature at S3 and the storm center both indicate
that, as the storm intensifies, vertical mixing increases, making the
impact of coupling waves on the simulation results more

Frontiers in Marine Science

11

pronounced. The advantages of the OOST parameterization
become even more significant and the use of the OOST
parameterization to account for wave effects in the atmosphere-
wave process enhances the simulation of storm processes by the
coupled model. The findings underscore the critical role of wave
coupling in improving ocean-atmosphere models for tropical
cyclone predictions. Such advancements are crucial for
operational weather forecasting, disaster preparedness, and
climate modeling, where precise predictions of tropical cyclone
behavior and its oceanic effects can mitigate risks to coastal
communities and marine ecosystems. Moreover, the study
underscores the need for integrated coupled modeling systems,
paving the way for further research on the feedback mechanisms
between atmospheric and oceanic processes. The insights gained
can inform better resource allocation during storm events and
contribute to the development of resilient infrastructure in
vulnerable coastal regions.

The results of wind speed fields suggests that hat wave coupling
effects do not significantly impact the wind field results in the
storm-affected area. The differences between the OOST and CHNK
parameterizations are also minor. The fully coupled case does not
follow the same pattern as the wave-current coupling case. This
indicates that while waves have a significant modulating effect on
ocean currents under storm conditions, this modulation is not
dominant in the fully coupled cases. However, the influence of wave
coupling on ocean currents is more pronounced, especially in cases
with only wave-current coupling. This effect diminishes under full
coupling, indicating that wave-atmosphere coupling plays a crucial
role in modulating wave-current interactions. Differences in
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center position at that moment, respectively.

significant wave height between experiments further confirm the
importance of wave-current interactions for wave simulation. For
the typical mixing processes under storm conditions, characterized
by the distribution and variation of sea temperature, both time
series results at fixed points and spatial distribution results at any
given time indicate that wave coupling effects improve the capacity
of model simulations. Due to the mutual modulation and constraint
of wave-current and wave-atmosphere coupling processes, the
results from full coupling are more robust and reliable.

The configuration with only wave-atmosphere coupling is not
able to simulate the high wave heights under the influence of the
storm. Instead, the results from wave-current coupling alone are
more consistent with those from the fully coupled model. The
CHNK parameterization under wave-current coupling provides the
largest estimate of significant wave height, while the results from the
OOST parameterizations are more moderate. However, the
modulation of significant wave height by wave-current coupling
dominates the simulation of mild storm waves in the fully coupled
model. This indicates that the vertical exchange of energy and heat
in the OOST parameterization is more realistic. Higher wave
heights would naturally lead to stronger vertical mixing, but this
is not the truth with the CHNK parameterization.

For the two different wave coupling parameterization schemes,
CHNK and OOST, the latter (OOST.) demonstrates greater
consistency in representing wave-current interactions across
various coupling configurations. The results of SST indicate that,
the OOST parameterization scheme depicts a more pronounced
storm cold wake, with a significant decrease in SST in the storm-
affected area. In the only wave-current coupling experiment, this
enhancement of the storm cold wake is even more notable. Due to
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the delayed response of SST changes to storm impacts. In terms of
vertical sea temperature changes, the vertical mixing under the
OOST parameterization is stronger, resulting in a more pronounced
and realistic storm-induced cold wake. Theoretically, the high wind
speeds during a tropical storm generate strong waves, which in turn
enhance vertical mixing. This leads to a decrease in SST, an increase
in subsurface temperature, and a downward transfer of energy,
causing the significant wave height to decrease accordingly. The
observed lower significant wave height and stronger vertical mixing
with the OOST parameterizations align perfectly with this
theoretical framework, whereas CHNK results diverge from this
behavior. This seems to suggest that OOST parameterization is a
more reasonable choice.

5 Summary

This study examines the impact of wave coupling on oceanic
and atmospheric responses to Tropical storm Choi-wan, with a
particular focus on the effects of difterent wave coupling schemes on
the simulation of tropical cyclone characteristics. The research
utilizes a coupled ocean-atmosphere model to assess the influence
of wave coupling on wind fields, ocean currents, wave heights, and
SST. Model validation was carried out using observational data
from the China Meteorological Administration, ECMWF datasets,
and in-situ measurements from the Philippines.

The results demonstrate that the inclusion of wave coupling
significantly enhances the accuracy of simulated oceanic thermal
responses. Specifically, the study found that incorporating wave
coupling improved the simulation of SST cooling, with the fully
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coupled OOST parameterization scheme outperforming the CHNK
scheme. The OOST scheme captured vertical sea temperature changes
and ocean mixing more effectively, leading to more accurate storm-
induced cooling in the model. In contrast, the CHNK scheme exhibited
greater discrepancies in ocean thermal profiles and underrepresented
the impact of the cyclone on ocean currents.

Additionally, wave-current coupling was shown to affect the
distribution of significant wave heights, particularly in regions
impacted by the tropical storm, with notable differences between
coupled and uncoupled simulations. The inclusion of wave-current
interactions in the coupled models led to improved simulations of
ocean currents, with a more realistic representation of storm-induced
current intensifications and directions. These improvements were
particularly evident in the storm-affected regions where wave-current
coupling played a crucial role in the distribution of energy.

The study concludes that wave coupling, particularly the OOST
scheme, significantly enhances the accuracy of ocean and
atmospheric simulations during tropical cyclones. The findings
underline the importance of advanced coupled models in capturing
the complex interactions between waves, ocean currents, and
atmospheric dynamics, which are critical for improved prediction
of extreme weather events like Tropical Storm Choi-wan.
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