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Abstract: Using shallow-water buoy observations, reanalysis data, and numerical models, this
study analyzes the variations in sea temperature and significant wave height (SWH) caused by
two sequential tropical cyclones (TCs) ‘Lionrock’ and ‘Kompasu’ in October 2021 in the northeast
Beibu Gulf, South China Sea. The results show that the sea surface temperature (SST) cooling of
the nearshore waters was larger than the offshore water in the basin of the gulf, with the cooling
amplitude and rate decreasing and the cooling time lagging behind wind increasing from coast to
offshore. The near-surface temperature at the buoy station had a maximum decrease of 2.8 ◦C after
‘Lionrock’, and the decrease increased slightly to 3 ◦C after the stronger wind of ‘Kompasu’. The total
decrease of 4.6 ◦C indicates that the sequential TCs had a superimposed effect on the cooling of the
Beibu Gulf. The heat budget analysis revealed that the sea surface heat loss and the Ekman pumping
rate in the nearshore waters during ‘Kompasu’ (−535 W/m2 and 5.8 × 10−4 m/s, respectively) were
significantly higher than that (−418 W/m2 and 4 × 10−4 m/s) during ‘Lionrock’. On the other hand,
the SST cooling (−1.2 ◦C) during the second TC is smaller than (−1.6 ◦C) the first weaker TC in the
gulf basin, probably due to the deepening of the mixed layer. During the observation period, the
waves in the Beibu Gulf were predominantly wind-driven. The maximum SWHs reached 1.58 m and
2.3 m at the bouy station near shore during the two TCs, and the SWH variation was highly correlated
to the wind variation with a correlation of 0.95. The SWH increases from the nearshore to offshore
waters during the TCs. The SAWN and ARCIRC coupled model results suggest that wave variations
in the Beibu Gulf are primarily influenced by water depth, bottom friction, and whitecapping. Two
days after the TCs, sea surface cooling and high waves appeared again due to a cold air event.

Keywords: Beibu Gulf; buoy observation; tropical cyclone; significant wave height

1. Introduction

Tropical cyclones (TCs) are low-pressure vortices with warm centers formed over
tropical or subtropical warm oceans. They typically bring widespread destructive winds,
torrential rains, and other catastrophic weather conditions, leading to secondary disasters
like storm surges, thunderstorms, and floods. The TCs are significant threats to coastal
regions and islands but also disturb the ocean dramatically.

Using measured data in combination with ocean models and coupled air–sea models,
previous researchers [1–4] have found that the interaction between the ocean and the
atmosphere plays a pivotal role in the formation and development of TCs. The changes
in local ocean surface temperatures directly affect atmospheric circulation. As the ocean
surface temperatures rise, evaporation increases and releases more water vapor into the
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atmosphere, resulting in more humidity and convection in the atmosphere and favoring
the formation of a tropical low-pressure system. Once a tropical low-pressure system is
formed, it continues to involve the surrounding atmosphere and water vapor and continues
to absorb heat from the ocean surface to sustain itself [5]. The process not only cools the
sea surface temperature (SST) but also alters the heat uptake of the local ocean [6–8], thus
contributing to global ocean heat transport [9–11].

Strong winds generated by TCs enhance the sensible heat flux from the ocean to the
atmosphere, boost evaporation, and transfer kinetic energy into the ocean surface waves
and currents, as well as gravitational potential energy. This increases ocean turbulence and
deep-sea mixing and thus promotes ocean diapycnal diffusivity and ocean circulation [12–14].
The winds also generate surface waves, which heighten the sea surface’s roughness [15–18]
and, counterintuitively, reduce the wind speed near the surface [4]. The interaction between
wind and waves deepens the inflow layer, enhances the boundary inflow beyond the radius
of maximum winds, and ultimately leads to an increased TC intensity [19].

Previous studies have found that the ocean’s response to TCs varies in different
oceanic environments. In the open ocean of the Northern Hemisphere, the strong near-
surface winds in the right of TCs resonate with the near-inertial current, resulting in a
more significant sea surface cooling on the right-hand side of the TC’s track [20–22]. The
magnitude of the cooling ranges from −1 to −9 ◦C, and in extreme instances, can drop to
−11 ◦C.

The continental shelf sea, unlike the open ocean, features rich dynamic processes and
intricate topographic boundaries, which complicate its response to TCs. Yang and Tang [23]
analyzed the SST cooling distribution characteristics caused by 92 TCs passing through the
South China Sea (SCS) from 1998 to 2009 using various satellite data. They found that 46.7%
of the maximum cooling occurred on the right of TC tracks, 14.1% near the tracks, and
8.7% significantly on the left. Sadhuram [24] also found that TCs in coastal regions cause
maximum cooling to their left. Xie et al. [25] noted that coastal waters get warm under the
influence of TCs. Shi et al. [26] attributed the unusual cooling in the northwestern SCS after
the passage of Typhoon ‘Mujigae’ in the autumn of 2015 to the intrusion of the cold air jet
from the Tibetan Plateau. Furthermore, several studies have indicated that the impact of
TCs in shallow water can reach the bottom of the sea [27–29].

TCs gain heat from the sea surface while transfer kinetic energy to the ocean, mostly by
generating surface waves. Influenced by the wind structure, moving direction, and speed of
TCs, the maximum significant wave height (SWH) usually occurs in the right-front quadrant
of TC’s center [30]. In the open ocean, typhoon-generated waves tend to have longer
wavelengths and lower frequencies. With fewer obstacles, these waves can propagate
farther, and their direction of propagation aligns with the wind direction. However, in
the continental shelf region, typhoon-generated waves are limited by water depth. Their
wavelengths gradually become shorter, and their propagation speed diminishes, leading to
a decrease in the alignment between wave direction and wind direction.

The Beibu Gulf, located at the northwestern part of the SCS, is a semi-enclosed shelf
sea bordered by the Leizhou Peninsula and Hainan Island on the east, the Guangxi Zhuang
Autonomous Region on the north, and Vietnam on the west. This region plays a strategic
role in China’s ‘Belt and Road’ Initiative, Beibu Gulf Urban Agglomeration, and Hainan
Free Trade Zone [31]. It is a traditional fishing area with rich tropical ecosystems such
as coral reefs, planted forests, and seagrasses, which are vulnerable to weather extremes
such as high temperatures and TCs [32–35]. The destruction of seagrass beds can have
a detrimental effect on the survival of marine mammals and some fish species in the
Beibu Gulf [36,37]. Given the Beibu Gulf’s susceptibility to catastrophic weather, revealing
the impact of TCs on temperature and waves in this gulf is crucial for the ecosystems
and navigation.

The statistics from the China Meteorological Administration indicate that nearly half
of the TCs landed in China pass through Guangdong and Hainan. Specifically, about 80.4%
of the TCs landed over Hainan Island further move westward across the island and enter
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the Beibu Gulf [38]. As global warming intensifies, the frequency and strength of TCs
increase [39,40], as well as TCs impacting coastal regions [41]. The passage and landfall of
TCs impacts the production and life of coastal residents [42,43]. Therefore, studying the
response of nearshore waters to TCs is helpful for disaster prevention.

Previous research in the Beibu Gulf mostly focused on the impacts of TCs on storm
surges [44], biochemical changes [45], and geological responses [46]. Li et al. [47] used
satellite remote sensing data to analyze the SST response in the Beibu Gulf to the super
typhoon ‘Rammasun’ in 2014, discovering a decrease in SST of 0.5–1 ◦C across the Gulf.
Liu et al. [48] pointed out that the super typhoon ‘Mangkhut’ in 2018 led to the accumulation
of warm water in the southern Beibu Gulf, resulting in a warming effect on the nearshore
regions. Chen et al. [49] reported sea temperature changes during the passage of tropical
storm ‘Wipha’ through the Beibu Gulf in 2019. They found that the magnitude of the
temperature drop and the duration of recovery in the nearshore areas differe from those in
the deep water of the gulf.

Satellite data and numerical simulations are generally used to investigate the response
of the deep waters to TCs in the Beibu Gulf, while changes in the SST and waves in shallow
waters near shore are seldom observed, particularly, under the influence of sequential TCs.
What are the difference responses between shallow and deep water in the semi-closed
gulf? How does the shallow water response to sequential TCs? This study addresses
these questions by utilizing buoy observation data from the super-shallow waters in the
northeast nearshore area of the Beibu Gulf (with a water depth of 5 m), combined with
reanalysis data and the numerical model. The variations in nearshore sea temperatures and
SWH after two sequential TCs, ‘Lionrock’ and ‘Kompasu’ in October 2021, are investigated.

Observational data collected during TCs are valuable resources. Buoy W3 (109.73◦ E,
20.65◦ N) captured the nearshore sea temperature and SWH in the northeast Beibu Gulf
from July to November 2021. During the observation, ‘Lionrock’ and ‘Kompasu’, passed
over the Beibu Gulf from 6 to 14 October. Utilizing these data, the study investigates the
nearshore water response to the TCs.

2. Data and Methodology
2.1. Buoy Observation Data

From June to November 2021, Guangdong Ocean University deployed a buoy (109.73◦ E,
20.65◦ N) nearshore in the northeastern part of Beibu Gulf, which was located at a distance
of about 2.5 km from Wanghaijiao, Leizhou Peninsula, in a water depth of about 5 m.
The buoy was equipped with a SBE37 and RHW-2 gravity wave sensor, and the interval
between the sampling of the SEB37 and the wave sensor was 10 min. The buoy experienced
two sequential TCs, ‘Lionrock’ and ‘Kompasu’, from 6 to 14 October (Figure 1). According
to China’s ‘Tropical Cyclone Levels’ standard [50], TCs are divided into six levels: Tropical
Depression (TD, 10.8~17.1 m/s), Tropical Storm (TS, 17.2~24.4 m/s), Strong Tropical Storm
(STS, 24.5~32.6 m/s), Typhoon (TY, 32.7~41.1 m/s), Strong Typhoon (STY, 41.5~50.9 m/s),
and Super Typhoon (Super TY, >51 m/s).

2.2. Reanalysis Data

The sea surface temperature data used in this study were sourced from the Coperni-
cus Marine Environment Monitoring Service (CMEMS), which provides high-resolution
reanalysis data (GlobalOcean1/12◦Physics Analysis and Forecast updated Daily) cov-
ering the global ocean. The temporal resolution is 1 h, and the spatial resolution is
0.083◦ × 0.083◦. Additionally, SWH data are also provided by CMEMS, with a spatial
resolution of 0.083◦ × 0.083◦ and a temporal resolution of 3 h.

The 10 m wind vector, sea surface shortwave radiation, longwave radiation, latent
heat flux, and sensible heat flux data were obtained from the European Centre for Medium-
Range Weather Forecasts (ECMWF) through ERA5 reanalysis assimilation data. The spatial
resolution is 0.25◦ × 0.25◦, and the temporal resolution is 1 h.
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TC data (including TC tracks, maximum wind speeds, etc.) were sourced from the
China Meteorological Administration (CMA), providing the best track data for TCs. Each
best track includes the position of the TC center every 6 h, the central minimum pressure,
and the 2 min average maximum wind near the center. (Source: https://tcdata.typhoon.
org.cn, accessed on 29 April 2024).

2.3. SWAN and ADCIRC Model Data

SWAN is a third-generation numerical wave model developed by Delft University of
Technology in the Netherlands based on the wave action conservation equation [51]. This
model employs an implicit format to discretize the control equations and offers a more
comprehensive consideration of the propagation and deformation processes of shallow-
water waves, in contrast to WAM and WWW-III. It also takes into account wind, four-wave
interactions, and frictional dissipation in the equilibrium equations. The SWAN model
mainly includes the following mechanisms: wave propagation along rays caused by flow
and non-stationary changes in water depth, wave refraction, wave breaking, wave damping
and reflection, as well as wave generation of setdown and setup mechanisms. Additionally,
the SWAN model considers dissipative processes including wind energy input, whitecap
dissipation, bottom friction, and wave-current interactions. SWAN describes waves using
energy density spectra, with the expression as follows:

∂

∂t
N +

∂

∂x
(Cx N) +

∂

∂y
(
CyN

)
+

∂

∂σ
(Cσ N) +

∂

∂θ
(Cθ N) =

S
σ

(1)

In the equation, N(σ, θ) represents wave action density, where N(σ, θ) = E(σ, θ)/σ,
with σ as the relative frequency and θ as the wave direction. The first term in the equation
signifies the rate of change of wave action density N over time, the second and third terms
indicate the propagation in the geographical space x and y directions at velocities Cx and
Cy, respectively, the fourth term denotes the propagation in frequency space σ, and the
fifth term represents the propagation in the spectral distribution direction θ space. On the
right-hand side of the equation, S represents wave generation and dissipation, where:

S = Sin + Snl3 + Snl4 + Sds,w + Sds,b + Sds,br (2)

The terms on the right-hand side represent wind energy input, third-order wave
interactions, fourth-order wave interactions, whitecapping dissipation, bottom friction
dissipation, and wave breaking.

https://tcdata.typhoon.org.cn
https://tcdata.typhoon.org.cn
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The ocean current model adopts the ADCIRC (Advanced Circulation Model) jointly
developed by the University of North Carolina at Chapel Hill and Delft University of Tech-
nology in the Netherlands, which is a non-structured grid, finite element hydrodynamic
model [52]. It is a two-dimensional model, and the continuity and momentum equations in
the Cartesian coordinate system are as follows.

∂(ζ + h)
∂t

+
∂UH

∂x
+

∂VH
∂y

= 0 (3)


∂U
∂t + U ∂U

∂x + V ∂U
∂y − f V = −g ∂

∂x

{
Ps

ρ0g + ζ − αη
}
+ τsx

ρ0 H − τbx
ρ0 H + Mx

H − Dx
H − Bx

H
∂V
∂t + U ∂V

∂x + V ∂V
∂y − f U = −g ∂

∂y

{
Ps

ρ0g + ζ − αη
}
+

τsy
ρ0 H − τby

ρ0 H +
My
H − Dy

H − By
H

(4)

where H = (ζ + h) is the total water depth derived from sea surface level ζ and topography
depth h. U and V are the vertical mean velocities in the x and y directions. f is the Coriolis
parameter; g is the acceleration due to gravity; Ps is the atmospheric pressure at the sea
surface; ρ is the reference density; η is the Newtonian equilibrium tidal potential. α is the
effective Earth elastic coefficient; τsx and τsy are the components of external forcing surface
stress in the x and y directions, respectively; τbx and τby are the two components of bottom
stress in the x and y directions, respectively; Mx and My are the vertically averaged stress
gradients at the lateral boundaries in the x and y directions, respectively; D represents
the momentum dissipation term; Bx and By are the vertically averaged cross-gradient of
pressure in the x and y directions, respectively [53].

The simulation domain of the SWAN model spans from 105◦ E to 115◦ E and 17◦ N to
24◦ N. The topography is interpolated from the GEBCO2023 global bathymetric dataset
(General Bathymetric Chart of the Oceans), with a total of 119,497 nodes and 228,083 tri-
angular elements. The spatial resolution varies from 10 km in the open ocean to 200 m in
nearshore areas, and the time resolution is 600 s. The wind forcing is based on the ERA5
reanalysis data, while the SWAN model boundaries automatically assume the surrounding
areas of the computational grid as land points, forming closed domains. The ADCIRC and
SWAN models share the same grid and are driven by identical wind force. Initial velocities
and water levels were set to zero, with a zero mean flow velocity at solid boundaries. The
open ocean boundaries utilize the Oregon State University TPXO9 tidal dataset, which
comprises 8 constituents including K1, M1, O1, P1, S1, M2, N2, and S2, and has a time
step of 0.5 s. As a coupled model, the data exchange between the ADCIRC and SWAN
models is set to 600 s. ADCIRC provides the simulated flow field to the SWAN model as
the background field for wave modeling.

The buoy-measured SWH in the nearshore waters of the Beibu Gulf was used to verify
the validity of the SWAN model to simulate the SWH.

2.4. Parameter Calculation Method

Ekman pumping is an important indicator for measuring the vertical motion of upper
water bodies, and its calculation formula is as follows:

EPV = Curl(
→
τ

ρ f
) (5)

In the above equation, ρ represents seawater density (1020 kg/m3), f is the Coriolis
force parameter, Curl denotes the curl operation, and

→
τ stands for the surface stress on the

sea surface, calculated using the bulk formula as follows:

→
τ = ρaCd|

→
U|

→
U (6)
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where ρa is the atmospheric density (1.29 kg/m3), U is the wind velocity at the sea surface
at a 10 m height, and Cd is the drag coefficient. The value of Cd varies depending on the
magnitude of U, and Cd is calculated as follows:

Cd =


(4 − 0.6|U|)× 10−3 |U| < 5 m/s

(0.737 + 0.525 × |U|)× 10−3 5 m/s ≤ |U| < 25 m/s
2.05 × 10−3 |U| ≥ 25 m/s

(7)

Hao et al. [54] proposed an effective SWH model indicating that under low wind
(≤16.808 m/s), the SWH and sea surface 10 m wind exhibit a quadratic polynomial rela-
tionship. Conversely, at high wind (>16.808 m/s), the relationship between the two is linear
as follows:

Hs =

{
−0.082 + 0.076U + 0.01U2 0 < U ≤ 16.808

0.588 + 0.21U 16.808 < U < 40
(8)

Hs in the above equation is the SWH.

3. Sea Surface Temperature Response
3.1. Offshore Response

Figure 2 presents the spatial and temporal distribution of the SST and sea surface
wind fields in the Beibu Gulf and its neighboring seas during the passage of ‘Lionrock’
and ‘Kompasu’.
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Figure 2. (a–h) Daily SST and SST variations in the Beibu Gulf and its adjacent waters from 7 to
14 October 2021. The wind field is the momentary wind field at 24 h per day and the black arrow
is the wind speed (m/s) and direction, and the white dotted dashed line is the 20 m water depth
isobath. The curve represents the TC movement path, where the color represents the TC class (the
color corresponds to the specific class; see the legend of Figure 1). The red dot is the location of
the buoy.

On 7 October 2021, the mean SST in the nearshore areas of the northwest and northern
of the Beibu Gulf (water depth less than 20 m) was close to 30.5 ◦C. The following day,
‘Lionrock’ led to wind in the northern Beibu Gulf reaching 13.45 m/s, and the nearshore
SST dropped by 1.3 ◦C (Figure 2b). On the 9th and 10th (Figure 2c,d), the wind direction
near the northern area of the Beibu Gulf coast varied, with wind ranging from 12.82 to
17.33 m/s. The temperature continued to drop, showing a trend of spreading from the
coast towards the central Beibu Gulf basin (CBGB). Due to ‘Lionrock’, the SST at the buoy
station dropped by 2.8 ◦C, with the Qiongxi upwelling area experiencing the largest drop
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of 3.2 ◦C. The CBGB saw an average decrease of 1.6 ◦C, with the most significant SST
decreases occurring on either side of the ‘Lionrock’s track. Along the nearshore area from
the Pearl River estuary to Yangjiang, the maximum decrease was 2.7 ◦C, while the average
SST decrease in the regional offshore waters of the northwestern SCS (NWSCS) was 0.7 ◦C.

On the 11th (Figure 2e), ‘Kompasu’ was positioned east of the Philippines, with little
change in the SST in the northern Beibu Gulf. From the 12th to the 14th (Figure 2f–h),
northerly wind in the region strengthened to 22.45 m/s (Table 1). Building on the SST
cooling of ‘Lionrock’, ‘Kompasu’ further exacerbated the cooling, with the nearshore buoy
station in the Beibu Gulf experiencing a temperature drop of 3.0 ◦C (Table 1), and the
maximum cooling in the Qiongxi upwelling region was 1.6 ◦C. The cooling range in the
Beibu Gulf extended from the periphery to the CBGB. The average decrease in the SST in
the CBGB was 1.2 ◦C, with the largest decrease located on the right-hand side of the path
of ‘Kompasu’, which is consistent with the characteristics of most TC-induced sea surface
cooling. The SST nearshore, from the Pearl River estuary to Yangjiang, saw a maximum
decrease of 2.1 ◦C, and the average drop in offshore waters in the NWSCS was 0.8 ◦C.

Table 1. Values of the SST decrease in the nearshore and offshore waters during ‘Lionrock’ and
‘Kompasu’ as well as temperature change impact factors.

Temperature
(◦C)

Wind
(m/s)

Net Heat Flux
(W/m2)

EPV
(×10−4 m/s)

Lag Time
(h)

Nearshore
(buoy station, depth < 20 m)

−2.8 15.05 −418 4.0 11
−3.0 18.88 −535 5.8 9

Offshore
(Central Beibu Gulf basin, CBGB, depth 20~100 m)

−1.6 15.46 −545 1.28 26
−1.2 20.14 −858 4.00 11

Offshore
(Northwest South China, NWSCS, depth > 100 m)

−0.7 13.49 −291 1.33 28
−0.8 18.33 −622 3.33 29

The CBGB ranges from 107 to 109◦ E, 19 to 20.5◦ N; the NWSCS is 112 to 114◦ E, 16 to 20.5◦ N, and regional averages
were calculated for each factor in the region to obtain the maximum value during the TC. In the above table, the
numbers in gray font are for the ‘Lionrock’ period; the numbers in black font are for the ‘Kompasu’ period.

The intense wind stress generated by TCs induces upwelling of colder water from
the lower layer, mixing with surface water and resulting in a notable decrease in the SST.
Sequential TCs can cause the SST to fall again before it has a chance to recover, resulting
in a total drop that is unequal to the sum of the two drops. In the Beibu Gulf, the SST at
the nearshore buoy station decreased from 30.0 ◦C to 25.4 ◦C, a total decrease of 4.6◦C,
In the CBGB, it decreased from 30.0 ◦C to 27.3 ◦C, a decrease of 2.3 ◦C. The mean SST
in the offshore waters of the NWSCS decreased from 29.5 ◦C to 28.2 ◦C, a decrease of
1.3 ◦C (Table 2).

The nearshore waters of the Beibu Gulf experience a greater magnitude and rapid
decrease in SST and a shorter lag time between wind speed and cooling compared with the
offshore waters of the CBGB and NWSCS. The lag time between wind speed and cooling
in the nearshore waters of the Beibu Gulf is 9~11 h, while in the NWSCS is about 28~29 h
(Table 1).

3.2. Nearshore Response

Figure 3 shows the time series of sea surface wind and sea temperature recorded by
the buoy during October 2021. From the time series of sea surface wind (Figure 3a) and
temperature (Figure 3b) at the buoy observation station, a negative feedback relationship
is evident between wind speed and sea temperature, with a correlation coefficient of
0.83 (p < 0.05). The buoy’s measured sea temperature data show consistency with the
reanalyzed sea temperature data trends. In nearshore areas, due to satellite measurement
accuracy affects the reanalyzed data, resulting in smaller magnitude changes compared to
the buoy data.
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Table 2. Nearshore and offshore temperature data for the Beibu Gulf, October 2021.

Pre-Lionrock During Lionrock After Lionrock
(Pre-Kompasu)

During
Kompasu

T (◦C)
SWH

T (◦C)
SWH

T (◦C)
SWH

T (◦C)
SWH

(m) (m) (m) (m)

Nearshore
(Buoy station, depth < 20 m) 30 0.21 27.2 1.58 28.4 0.57 25.4 2.3

Offshore
(Central Beibu Gulf basin, CBGB, depth
20~100 m)

30 1.1 28.4 3.51 28.5 0.6 27.3 5.38

Offshore
(Northwest SCS, NWSCS, depth > 100 m) 29.5 2.2 28.8 3.59 29 1.52 28.2 6.39

After Kompasu
(Pre-Cold Air on

the 16th)

During Cold Air
on the 16th

After Cold Air
on the 16th

(Pre-Cold Air on
the 22rd)

During-Cold Air
on the 22nd

After Cold Air
on the 22rd

T(◦C)
SWH

T(◦C)
SWH

T(◦C)
SWH

T(◦C)
SWH

T(◦C)
SWH)

(m) (m) (m) (m) (m)

Nearshore
(Buoy station, depth < 20 m) 26.6 0.24 25 0.82 26.5 0.23 24.6 1.15 25.4 0.32

Offshore
(Central Beibu Gulf basin, CBGB, depth
20~100 m)

27.5 1.24 27 3.1 27.5 0.17 26.4 2.33 26.8 0.38

Offshore
(Northwest SCS, NWSCS, depth > 100 m) 28.5 1.03 28.2 4.11 28.3 0.92 27.8 3.02 27.8 1.78

The CBGB ranges from 107 to 109◦ E, 19 to 20.5◦ N; the NWSCS is 112 to 114◦ E, 16 to 20.5◦ N.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 9 of 22 
 

 

temperature began to drop. By 03:00 on the 13th, the station recorded a maximum wind 

speed of 18.88 m/s. As the TC’s center moved closer, the wind gradually weakened and 

shifted to a northeasterly direction. By 12:00, the sea temperature had dropped to 25.4 °C, 

a maximum decrease of 3.0 °C, which lagged the peak wind by 9 h. At 15:00, ‘Kompasu’ 

entered the Beibu Gulf, bringing southwest winds to the station, which then gradually 

decreased. On the 14th, ‘Kompasu’ made landfall over eastern Vietnam. 

The buoy observation station was impacted by 'Lionrock' for 67 h, during which the 

average wind speed was 11.01 m/s. Similarly, the average wind speed during the impact 

of 'Kompasu', which lasted for 62 hours, was 12.62 m/s. The cumulative impact of these 

tropical cyclones lowered the temperature of the observation station by −4.6°C. 

Two days after the TC dissipated, the wind speed at the buoy station increased to 

11.8 m/s, and the SST dropped from 26.6 °C to 25.0 °C, a decrease of 1.6 °C. On the 23rd 

day, the maximum wind speed was 9.92 m/s, and the SST at the buoy station dropped 

from 26.5 °C to 24.6 °C, a decrease of 1.9 °C. The SST at the buoy station fluctuated up and 

down at 25.4 °C after the disappearance of the cold air. 

 

Figure 3. (a) Variations of wind at the nearshore buoy observation station in the Beibu Gulf in Octo-

ber 2021. The gray shadow is the period when the buoy was affected by ‘Lionrock’ (the wind speed 

was greater than 9.12 m/s, the same as below), and the pink shadow is the period when the buoy 

was affected by ‘Kompasu’. The blue solid line is the reanalyzed ERA5 wind speed (m/s), and the 

red arrow is the wind direction; (b) Variations of temperature at the nearshore buoy observation 

station in the Beibu Gulf in October 2021. The red solid line is the buoy temperature (°C), and the 

blue solid line is the SST of the buoy station obtained via interpolation from CMEMS. 

3.3. Sea Surface Temperature Change Mechanism 

3.3.1. Heat Flux at the Sea Surface 

The maintenance and development of TCs rely on the energy and water vapor pro-

vided by heat flux [54]. Therefore, the study of sea surface heat flux is of great significance 

for the ocean’s response. 

The spatial and temporal distribution of sea surface heat flux during the ‘Lionrock’ 

and ‘Kompasu’ periods is shown in Figure 4, where positive values represent heat gain 

and negative values represent heat loss. On 8–9 and 12–13 October, the nearshore waters 

of the northern part of the Beibu Gulf experienced the maximum heat loss, reaching −736 

W/m2 and −1039 W/m2, respectively. During the ‘Lionrock’ period and before ‘Kompasu’ 

landed on Hainan Island, the center of heat loss in the Beibu Gulf was in the nearshore 

Figure 3. (a) Variations of wind at the nearshore buoy observation station in the Beibu Gulf in October
2021. The gray shadow is the period when the buoy was affected by ‘Lionrock’ (the wind speed was
greater than 9.12 m/s, the same as below), and the pink shadow is the period when the buoy was
affected by ‘Kompasu’. The blue solid line is the reanalyzed ERA5 wind speed (m/s), and the red
arrow is the wind direction; (b) Variations of temperature at the nearshore buoy observation station
in the Beibu Gulf in October 2021. The red solid line is the buoy temperature (◦C), and the blue solid
line is the SST of the buoy station obtained via interpolation from CMEMS.

Before being influenced by ‘Lionrock’, the sea temperature fluctuations at the buoy
station remained within 1 ◦C, with the wind at the station below 9 m/s. At 15:00 on
8 October, ‘Lionrock’ made landfall over Hainan Island and moved erratically over the
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island. By 01:00 on 9 October, the station recorded a maximum wind of 15.05 m/s. At
02:00 on the 9th, ‘Lionrock’ entered the Beibu Gulf, and the wind direction at the buoy
station shifted from northerly to southerly, with winds decreasing to 9.7 m/s from their
peak. By 12:00 on the 9th, the sea temperature at the buoy station dropped to 27.2 ◦C,
with a maximum decrease of 2.8 ◦C, which lagged the peak wind speed by 11 h. From
10 to 11 October at 13:00, as ‘Lionrock’ moved away from the station, the wind at the
station decreased and gradually shifted to southeasterly winds. The temperature at the
buoy station rose to 28.4 ◦C, but after 13:00, influenced by ‘Kompasu’, the wind exceeded
9.12 m/s, and the sea temperature began to drop. By 03:00 on the 13th, the station recorded
a maximum wind speed of 18.88 m/s. As the TC’s center moved closer, the wind gradually
weakened and shifted to a northeasterly direction. By 12:00, the sea temperature had
dropped to 25.4 ◦C, a maximum decrease of 3.0 ◦C, which lagged the peak wind by 9 h. At
15:00, ‘Kompasu’ entered the Beibu Gulf, bringing southwest winds to the station, which
then gradually decreased. On the 14th, ‘Kompasu’ made landfall over eastern Vietnam.

The buoy observation station was impacted by ‘Lionrock’ for 67 h, during which the
average wind speed was 11.01 m/s. Similarly, the average wind speed during the impact of
‘Kompasu’, which lasted for 62 h, was 12.62 m/s. The cumulative impact of these tropical
cyclones lowered the temperature of the observation station by −4.6◦C.

Two days after the TC dissipated, the wind speed at the buoy station increased to
11.8 m/s, and the SST dropped from 26.6 ◦C to 25.0 ◦C, a decrease of 1.6 ◦C. On the 23rd
day, the maximum wind speed was 9.92 m/s, and the SST at the buoy station dropped
from 26.5 ◦C to 24.6 ◦C, a decrease of 1.9 ◦C. The SST at the buoy station fluctuated up and
down at 25.4 ◦C after the disappearance of the cold air.

3.3. Sea Surface Temperature Change Mechanism
3.3.1. Heat Flux at the Sea Surface

The maintenance and development of TCs rely on the energy and water vapor pro-
vided by heat flux [54]. Therefore, the study of sea surface heat flux is of great significance
for the ocean’s response.

The spatial and temporal distribution of sea surface heat flux during the ‘Lionrock’
and ‘Kompasu’ periods is shown in Figure 4, where positive values represent heat gain and
negative values represent heat loss. On 8–9 and 12–13 October, the nearshore waters of the
northern part of the Beibu Gulf experienced the maximum heat loss, reaching −736 W/m2

and −1039 W/m2, respectively. During the ‘Lionrock’ period and before ‘Kompasu’ landed
on Hainan Island, the center of heat loss in the Beibu Gulf was in the nearshore area.
Following ‘Kompasu’ landfall, the center of heat loss remained in the nearshore region.
Examining the distribution of the daily average heat loss on the sea surface in Figure 4
reveals that the main concentration of heat loss was in the nearshore waters of the northern
Beibu Gulf, with a rightward bias of the heat loss.

Figure 5 displays the time series of each heat flux component at the Beibu Gulf buoy
station. The figure reveals four major heat loss events at the station in October 2021. From
the 7th to the 14th, two major heat loss events occurred, peaking at −418 W/m2 and
−535 W/m2, respectively. Analysis of the various components shows that latent heat flux
and shortwave radiation play a major role in the change of net heat flux at the sea surface,
which is consistent with the results of previous studies [55,56]. The daily average values
of sensible heat flux and longwave radiation flux ranged from −85 to −2 W/m2, and the
changing trend of shortwave radiation and latent heat flux was similar. The decrease in
shortwave radiation due to ‘Lionrock’s formation and development indicates a reduction in
the amount of radiation heat received in the region. ‘Lionrock’ moved away and ‘Kompasu’
did not enter the SCS, shortwave radiation initially increased but then decreased again as
‘Kompasu’ drew near. At the same time, the overall latent heat flux showed an increasing
trend in the opposite direction, indicating that the passage of TC led to an increase in water
vapor evaporation in the region. The evaporation process requires the heat absorption of
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from the sea surface, causing heat loss at the sea surface, resulting in a decrease in the SST
and causing rainfall.
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Figure 5. Changes in each component of sea surface heat flux at the north buoy station in the Beibu
Gulf in October 2021. The gray shadow is the period when the buoy was affected by ‘Lionrock’
(the wind speed was greater than 9.12 m/s), and the pink shadow is the period when the buoy was
affected by ‘Kompasu’.

From the 14th to the 16th, the buoy station remained in a state of heat loss, which
intensified from −95 W/m2 to −474 W/m2, marking the occurrence of the third major
heat loss event. At the same time, the longwave radiation received at the buoy station
was relatively stable at around 100 W/m2, due to the blocking effect of precipitation and
cloud cover. This was because cold air from the north moved southward, leading to an
increase in the pressure gradient in the northern part of the Beibu Gulf, mainly resulting in
northerly winds. Meanwhile, there was a low-pressure center in the western part of the
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SCS (Figure 6a), and the combined action of cold air and the low-pressure system caused
the SST along the coast of the Beibu Gulf to drop by 1.6 ◦C on the 16th, with the SWH
at the station rising to 0.82 m (Table 2). As the low-pressure center dissipated and the
cloud cover decreased, shortwave radiation increased. The shift of the low-pressure center
to the northwest in the western South China Sea resulted in southeasterly wind at the
station from the 19th to the 20th, transitioning the region into an overall heat gain state.
From the 20th to the 22nd, another round of cold air arrived, leading to an increase in the
pressure gradient in the Beibu Gulf and surrounding areas (Figure 6b), intensified wind
at the station, and prompting a swift shift from southeasterly to northerly winds. As a
result, the SST dropped, and with the season transition, the station temperature remained
at around 25.4 ◦C (Figure 3).

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 12 of 22 
 

 

 

Figure 6. Geopotential height and temperature distribution map of Beibu Gulf on 16 October (a) and 

22 October (b), 2021. (Geopotential height unit: 10 m). 

3.3.2. Ekman Pumping Rate 

Previous studies have shown that although sea surface heat flux is one of the reasons 

for the decrease in the SST caused by TCs, its contribution is only about 10%. The main 

reason for the decrease in the SST is the strong wind-induced water upwelling and mixing 

caused by TCs [21,57]. 

At 6:00 on 8 October (Figure 7b), the marginal sea area of Hainan Island was influ-

enced by ‘Lionrock’ with an upward pumping rate of about 1.5~3 × 10−4 m/s. As ‘Lionrock’ 

made landfall and entered the Beibu Gulf, the EPV in the northern part of the gulf peaked 

at 4 × 10−4 m/s. ‘Kompasu’ passing through the CBGB let to the maximum EPV of 5.8 × 10−4 

m/s. The overall spatiotemporal distribution showed the Ekman pumping effect on the 

right-hand side of the TC’s moving path was more significant than on the left, to some 

extent influenced by the asymmetric structure of the TC [58]. The Ekman pumping action 

causes the vertical movement of seawater, leading to the upwelling of cold water at the 

base of the mixed layer [59], which in turn reduces the SST. 

Since the Ekman vertical velocity is less than the speed of movement of the TC, the 

wind-induced vertical mixing will lag behind the TC’s passage by 2–3 days [60]. However, 

in relatively shallow Beibu Gulf, the temperature changes induced by TCs exhibit a 

shorter lag time behind the peak wind. The maximum cooling of the sea surface caused 

by the vertical mixing of ‘Lionrock’ lagged behind the peak wind by 11 h, and the maxi-

mum cooling caused by the vertical mixing of ‘Kompasu’ lagged behind the peak wind 

by 9 h. 

Figure 6. Geopotential height and temperature distribution map of Beibu Gulf on 16 October (a) and
22 October (b), 2021. (Geopotential height unit: 10 m).

3.3.2. Ekman Pumping Rate

Previous studies have shown that although sea surface heat flux is one of the reasons
for the decrease in the SST caused by TCs, its contribution is only about 10%. The main
reason for the decrease in the SST is the strong wind-induced water upwelling and mixing
caused by TCs [21,57].

At 6:00 on 8 October (Figure 7b), the marginal sea area of Hainan Island was influenced
by ‘Lionrock’ with an upward pumping rate of about 1.5~3 × 10−4 m/s. As ‘Lionrock’
made landfall and entered the Beibu Gulf, the EPV in the northern part of the gulf peaked
at 4 × 10−4 m/s. ‘Kompasu’ passing through the CBGB let to the maximum EPV of
5.8 × 10−4 m/s. The overall spatiotemporal distribution showed the Ekman pumping
effect on the right-hand side of the TC’s moving path was more significant than on the left,
to some extent influenced by the asymmetric structure of the TC [58]. The Ekman pumping
action causes the vertical movement of seawater, leading to the upwelling of cold water at
the base of the mixed layer [59], which in turn reduces the SST.
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Figure 7. (a–h) is the distribution of ERA5 wind field (vector arrows represent the wind field, and the
position marked by a red pentagram in the figure is the center of the TC at that time) and Ekman
pumping rate (the color bar represents the Ekman pumping rate) in the Beibu Gulf during ‘Lionrock’
and ‘Kompasu’ at 06:00 on 7–14 October 2021.

Since the Ekman vertical velocity is less than the speed of movement of the TC, the
wind-induced vertical mixing will lag behind the TC’s passage by 2–3 days [60]. However,
in relatively shallow Beibu Gulf, the temperature changes induced by TCs exhibit a shorter
lag time behind the peak wind. The maximum cooling of the sea surface caused by the
vertical mixing of ‘Lionrock’ lagged behind the peak wind by 11 h, and the maximum
cooling caused by the vertical mixing of ‘Kompasu’ lagged behind the peak wind by 9 h.

4. Effective Wave Height Response
4.1. Offshore Response

The SWH in the NW SCS during the processes of ‘Lionrock’ and ‘Kompasu’ is shown
in Figures 8 and 9. These figures reveal that the SWH at the sea surface exhibits the
characteristic of a central low with higher wave heights around it, with the maximum
SWH appearing on the right-hand side of the TC track. This pattern is a result of the low
wind speed at the cyclone center, high wind speeds in the eyewall, and the asymmetric
wind structure. On the 13th (Figure 9c and d), wave energy accumulated due to coastal
blocking on the right-hand side of the ‘Kompasu’ track, resulting in higher wave heights
on the right-hand side compared to the left. This feature is consistent with previous
studies [61–63].

Affected by the obstruction due to Hainan Island, the wave height variation in the
Beibu Gulf is mainly influenced by TCs. During the TC period, swell waves existed in the
bay entrance, the southern part of the bay, and to the left of the Qiongzhou Strait. This is
consistent with the research finding of Shen et al. [64] on the South China Sea (SCS) wave
field during the passage of super typhoon ‘Megi’. Despite the differences in the path of
‘Megi’ compared to ‘Lionrock’ and ‘Kompasu’, the results are similar. This suggests that
under the influence of TCs, the SCS mainly affects the semi-enclosed northern Beibu Gulf
area through the bay entrance and the Qiongzhou Strait.
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in Beibu Gulf and adjacent waters on 8–9 October 2021. The blue solid line is the ‘Lionrock’ track.
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Figure 9. (a–f) Distribution of SWH (m) and wind (black arrow size is wind speed (m/s) and direction)
in Beibu Gulf and adjacent waters on 12–13 October 2021. The blue solid line is the ‘Kompasu’ track.
The red dot is the location of the buoy.

4.2. Nearshore Response

Figure 10 illustrates the time series of sea surface wind and SWH changes at the
buoy station in October 2021. From the figure, it can be seen that during the period when
‘Lionrock’ was generated until the 8th, the maximum SWH at the station was 0.68 m. In the
early morning of the 9th, the SWH reached the maximum value during the ‘Lionrock’ period
(1.58 m) before decreasing in response to shifts in wind speed and direction. ‘Kompasu’
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formed over the Northwest Pacific Ocean, at a considerable distance from the buoy station
in the Beibu Gulf, and did not affect the station before entering the SCS on October 11th.
Starting from the 11th, the south wind at the station shifted to a north wind, and the
wind strength gradually increased. It reached the first peak at 0:00 on the 12th, with the
SWH at the station was 2.3 m by 1:00 on the 13th, reaching its maximum. Thereafter, it
gradually decreased to 0.79 m by 0:00 on the 14th, following which the TC dissipated and
the wave height diminished. The surge in SWH following ‘Kompasu’ coincided with a
period of intense wind events, lasting about 2 days, and peaked at a maximum SWH of
1.2 m. Correlation analysis was performed on the measured data and reanalyzed wind data
during the ‘Lionrock’ and ‘Kompasu’ periods from 7 to 15 October. The results indicated
that the change in wave height followed the change in wind, with a high correlation
coefficient of 0.95 (p < 0.05).
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Figure 10. (a)Variation of sea surface wind at Beibu Gulf Buoy Station in October 2021. Gray shading
is the period when the buoy was affected by ‘Lionrock’, pink shading is the period when the buoy
was affected by ‘Kompasu’, the blue solid line is the wind speed (m/s), and the red arrow is the wind
direction; (b) Variation of SWH at Beibu Gulf Buoy Station in October 2021. The red solid line is the
SWH observed by the buoy; the blue solid line is the SWH interpolated from CMEMS; the green solid
line is the SWH computed by the SWAN model; and the black solid line is the SWH computed from
the typhoon wave equation of Hao et al. [54].

During the periods influenced by ‘Lionrock’ and ‘Kompasu’, there were distinct peaks
in the SWH at the observation station, because the buoy was located in the right-front
of the cyclone path before and during the passage of ‘Lionrock’ and ‘Kompasu’. As the
TCs landed and approached, the wave height at the buoy observation station reached its
maximum; when ‘Lionrock’ and ‘Kompasu’ entered the Beibu Gulf, the observation station
was then located on the right-hand rear side of the TC, during which the wind direction
and speed at the buoy observation station changed, resulting in a small peak in SWH. As
the TCs dissipated, the wave height returned to its unaffected level.

Figure 10b reveals that the trends of SWH changes in October 2021 are consistent for
the four types of the buoy station. The difference between the SWH at the buoy station
obtained by interpolating the CMEMS data and those obtained by adding the constraints
of topography and water depth of the Beibu Gulf to the SWAN model, along with the
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measured data at the buoy, is very small, ranging from −0.35 m to 0.39 m. This suggests
that the simulation results of the SWAN model for the SWH in the Beibu Gulf are accurate.
On the other hand, the SWH was calculated by using Hao’s [54] SCS typhoon formula and
the buoy measured data differs by 1.1–2.4 m, indicating that the formula does not apply to
the Beibu Gulf.

The preliminary nearshore typhoon wave equation was obtained by fitting the buoy
data (504 data) and the ERA5 reanalyzed wind field data from the 11th to 31st days, re-
sulting in the equation: Hs = 0.006U2 − 0.01U + 0.11. where Hs represents the significant
wave height and U represents the wind speed. This formula was then validated using 1
to 10 days of buoy data, and the correlation coefficient between the nearshore SWH of the
Beibu Gulf calculated by the formula and the buoy SWH was found to be 0.72 (p < 0.01).
The fitting formula has significant accuracy in describing the changing trend of typhoon-
generated waves in the nearshore waters of the Beibu Gulf. However, while the fitting
formula demonstrates accuracy in this context, more research and validation are neces-
sary to enhance the wide applicability of the formula. This could involve expanding the
dataset, adjusting the formula parameters, and conducting comparative analysis using
other typhoon wave models.

4.3. Mechanism of Wave Changes

Under sustained wind input, waves continue to grow in height and steepen. When
the steepness of the waves exceeds a certain limit, they break and their growth becomes
restricted. As waves transition from deep water to shallow water, they are influenced
by various factors. Wave energy dissipation is one of the three major mechanisms in
the balance of wind–wave energy, consisting of whitecapping, bottom frictional energy
dissipation, and depth-induced breaking energy dissipation, which play an important role
in the spatial distribution of waves.

It can be observed that when not influenced by TCs, the input of wind energy at the
ocean surface is roughly equal to dissipation. However, when affected by TCs, the input
energy from the wind exceeds the dissipation energy (Figure 11). During the ‘Lionrock’
period, the energy dissipation due to whitecapping at the nearshore buoy station in the
Beibu Gulf amounted to 5.8 × 10−5 W/m2, which constituted 74% of the total energy
dissipation. As waves propagated into the shallower nearshore regions, the interaction
between the waves and the seabed intensified, resulting in an increase in energy dissipation
due to bottom friction, which escalated to 2.1 × 10−5 W/m2, comprising 22% of the
overall energy dissipation. During the ‘Kompasu’ period, wave energy dissipation at
the nearshore buoy in the Beibu Gulf was primarily influenced by whitecapping, bottom
friction, and depth-induced wave breaking. The respective energy dissipation rates reached
1.1 × 10−4 W/m2, 4.2 × 10−5 W/m2, and 1.7 × 10−5 W/m2, accounting for 69%, 24%, and
3% of the total energy dissipation, respectively (Figure 11a). Therefore, energy dissipation
due to whitecapping, bottom friction, and depth-induced wave breaking are the primary
factors contributing to the reduction in wave height near the shoreline of the Beibu Gulf.
The curve in Figure 11b clearly shows that under the two sequential TCs’ effects, the wave
energy in the offshore waters of the Beibu Gulf was minimally influenced by bottom friction
and water depth. Energy dissipation due to whitecapping accounts for 91–93% of the total
energy dissipation, acting as the primary mechanism for maintaining wave energy balance
and limiting the wave height in the offshore waters of the Beibu Gulf.
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Figure 11. Wave energy input and dissipation at nearshore buoy station in the Beibu Gulf (a) and in
offshore waters (b) on 6–14 October 2021. The gray shadow is the period when the buoy was affected
by ‘Lionrock’ (the wind speed was greater than 9.12 m/s), and the pink shadow is the period when
the buoy was affected by ‘Kompasu’.

5. Discussion
5.1. Different Responses in Nearshore and Offshore Areas

The response speed of the upper ocean temperature to TCs is closely related to depth,
with shallower depths resulting in faster responses [65,66]. The maximum cooling of the
ocean generally occurs 1 to 7 days after the passage of a TC, with a higher frequency within
the first day after the passage [61]. This study focused on a super-shallow water area, where
the water depth is 5 m and the distance from the coast is 2.5 km. The in-situ observation
shows the response time of temperature here to the TCs, ‘Lionrock’ and ‘Kompasu’, was
shorter than 12 h. The lag time tends to increase as the water depth deepens.

Under the influence of these two sequential TCs of similar intensity, the offshore
buoy station recorded maximum SST cooling of −2.8 ◦C and −3.0 ◦C for ‘Lionrock’ and
‘Kompasu’, respectively. The central basin of the Beibu Gulf experienced average cooling of
−1.6 ◦C and −1.2 ◦C, surpassing the −0.7 ◦C and −0.8 ◦C observed in the SCS offshore
(Table 1). The magnitude of cooling decreases with increasing water depth. During the
periods of ‘Lionrock’ and ‘Kompasu’, offshore winds along the Beibu Gulf coast led to
offshore transport and upwelling compensation, resulting in rapid cooling near the shore.
The difference in the SST drop between the super-shallow coastal water and offshore gulf
basin reached over 1.2 ◦C in this study, much higher than the global mean difference of
about 0.2 ◦C between the coastal and offshore waters [67].

The observations and numerical studies indicate that 75–90% of the sea surface temper-
ature cooling induced by TCs is attributed to the upwelling of cold subsurface water, while
the contribution of air-sea heat exchange is relatively small [68–71]. Moreover, Prakash
et al. [72] and Lingala et al. [73] found that horizontal convection plays a dominant role
in controlling significant cooling. The buoy is located in the nearshore waters on the left-
hand side of the Leizhou Peninsula. During ‘Lionrock’ and ‘Kompasu’, it was primarily
influenced by northerly or northeasterly winds in the early stages and later controlled by



J. Mar. Sci. Eng. 2024, 12, 790 17 of 22

easterly or southeasterly winds, the maximum EPV reached 5.8×10−4 m/s, and the sea
temperature decreased by a total of 4.6◦C. Through the calculation of the heat budget at
the sea surface, it was found that the variation in sea temperature was consistent with the
change in net heat flux. Although other factors may also contribute to the sea temperature
variations, it is undeniable that the coastal cooling process is influenced by net heat flux
and vertical advection.

Typically, the cooling caused by TCs recovers to 44% of its original state within 5 days
after a cyclone passes, and to 88% within 30 days or even shorter periods [74]. The
recovery of sea surface cooling induced by ‘Lionrock’ and ‘Kompasu’ was influenced by
sequential TCs and the southward intrusion of cold air, and the current data are insufficient
to analyze the duration of this recovery fully. Further exploration can be conducted
through simulations.

During ‘Lionrock’ and ‘Kompasu’, the SWH tended to increase from nearshore to
offshore waters. During ‘Lionrock’, the SWH was 1.58 m at the nearshore buoy station,
3.51 m at the CBGB, and 3.59 m at the NWSCS. During ‘Kompasu’, the SWH was 2.30 m at
the nearshore buoy station, 5.36 m at the CBGB, and 6.39 m at the NWSCS (Table 2). The
nearshore wave heights were reduced due to shallower water and bottom friction. The
magnitude of the SWH in the offshore waters is mainly limited by the energy consumption
of whitecapping [75].

Previous studies have indicated that considering wave–current interactions, the sim-
ulated SWH generated by TCs can decrease by approximately 10% [76,77], and the SST
is modulated by waves, enhancing mixing through wave-induced and wave-breaking
processes, and the breaking of surface waves enhances vertical mixing, causing a reduction
of over 60% in hurricane-driven surface currents [78]. We employed the ADCIRC-SWAN
coupled model to simulate the SWH change induced by TCs in the Beibu Gulf, and the
simulated results match the observation. Compared to using the SWAN model in isola-
tion, the integration of observational data and the application of a wave–current coupled
model demonstrate superior performance in simulating surface waves and the SST [78].
Consequently, we infer that reliance on the SWAN model alone for simulations may result
in an overestimation of the nearshore SWH in the Beibu Gulf. Additionally, we observed
coastal cooling in the Beibu Gulf, similar to the positions and directions of coastal currents
induced by strong winds in the area. The wave intensity affects sea surface flow fields and
the SST, with the SST exhibiting trends consistent with changes in sea surface flow fields
induced by waves [79]. We hypothesize that the nearshore sea temperature in the Beibu
Gulf may be influenced by waves, but the exact correlation requires further confirmation
based on nearshore typhoon data and model simulations.

5.2. Impacts of Sequential Tropical Cyclones

Compared to a single TC, sequential TCs exacerbate the variability of marine elements.
The interval between ‘Lionrock’ and ‘Kompasu’ influencing the buoy was 39 h. During
this period, the SST in the northern Beibu Gulf rebounded by 1.15 ◦C from the cooling
caused by ‘Lionrock’, recovering by 26.7%. Subsequently, ‘Kompasu’ intensified the SST
drop by another 3.0 ◦C, which is slightly larger than for the early ‘Lionrock’. In the open
ocean, the statistical results show that the cooling due to a later TC is suppressed by the
earlier one [80]. The total drop in the coastal area of the northern Beibu Gulf after the
sequential TCs was 4.6 ◦C, which also exceeded the total SST drop in the northern Pacific
Ocean (3.2 ◦C) after sequential TCs [81]. These sequential TCs had severe effects on the
shallow coastal water.

The wind speed, heat loss, and EPV in the CBGB were greater during ‘Kompasu’ than
during ‘Lionrock’, but the SST decrease was comparatively smaller. The Beibu Gulf basin,
affected by ‘Lionrock’, experienced overall northerly winds during the interval between the
two TCs, with the northern part of the basin continuing to undergo heat loss (Figure 4e),
resulting in an SST increase of 0.1 ◦C (Table 2). The SST cooling (−1.2 ◦C) during the second



J. Mar. Sci. Eng. 2024, 12, 790 18 of 22

TC is smaller than (−1.6 ◦C) the first weaker TC in the gulf basin, probably due to the
deepening of the mixed layer [66].

Moreover, both TCs were impacted by the eastward movement of a trough guiding
cold air southward, with ‘Kompasu’ being more affected than ‘Lionrock’ [82]. The cold air
partially amplified the cooling of the sea surface in the Beibu Gulf. Unlike closely spaced
TCs that can interact with each other [83], ‘Lionrock’ formed in the western part of the SCS
on 6 October 2021, while ‘Kompasu’ originated east of the Philippines on the 8th. The two
TCs were widely separated and had intensities of a tropical storm and typhoon, resulting
in minimal interaction between them.

The comparison between the simulated SWH and buoy-measured data in the shallow
coastal waters of the northeastern Beibu Gulf indicates a close match between the two
datasets. This suggests that using the reanalysis of wind forcing and high-resolution
wave models can effectively simulate the surface wave field under TC conditions in the
nearshore shallow waters of the Beibu Gulf. In contrast to the limited temporal and spatial
observational data, this approach enables a more comprehensive analysis of the wave field
generated by TCs.

6. Conclusions

The Beibu Gulf, as a semi-enclosed area in the northwestern part of the SCS, is an
important gulf with abundant resources and ecosystems. The temperature and surface
wave responses to TCs is crucial for both natural lives and human activities. Using the
buoy observations combined with the reanalysis data and SWAN model, this study shows
the special response of the SST and SWH in the super-shallow coastal water of the Beibu
Gulf to the sequential TCs, ‘Lionrock’ and ‘Kompasu’. The mechanism and difference from
local and other offshore waters were also analyzed and discussed.

During the observation period, the SST in the nearshore area of the Beibu Gulf de-
creased significantly. The cooling of the nearshore waters of the Beibu Gulf was the largest
in the whole northwestern SCS due to sea surface heat loss, strong offshore winds, and
shallow water depth. The area of SST cooling expanded from nearshore to offshore waters,
with a decreasing trend in amplitude and rate from nearshore to offshore (CBGB, NWSCS)
areas and an increasing trend in the lag time. The sequential TCs have a super effect on
the cooling. In addition, the regions of maximum cooling for the first TC occurred on both
sides of the track. The wind speed, heat loss, and EPV in the CBGB were significantly
higher during the period of ‘Kompasu’ compared to ‘Lionrock’, but the intensification of
cooling was limited, suggesting that the earlier TC may have influenced the response of
the later TC to some extent.

Throughout the passage of the two TCs, wave variations in the northern Beibu Gulf
were primarily induced by the intense wind forcing, while in the southern Beibu Gulf,
the wave heights were the result of the combined effects of the wind waves and a small
portion of swell waves. During the TC movement, the maximum wave height occurred
to the right front of the TC center. The trends in the wave height at the buoy stations
were consistent with the changes in wind, with a correlation coefficient of 0.95. Wave
height in the nearshore zone of the Beibu Gulf was observed to be smaller compared to the
offshore region. The variations in wave dynamics offshore were predominantly governed
by whitecapping, whereas the nearshore wave dynamics were influenced by a combination
of whitecapping, water depth, and bottom friction.

Additionally, it was discovered that the typhoon wave equation, which is applicable
to the SCS, does not apply to the waters of the Beibu Gulf. This study employed nearshore
buoy data from the Beibu Gulf to fit the nearshore typhoon wave equation. It was found
that under the premise of the quadratic relationship between the nearshore SWH and the
wind speed of the Beibu Gulf, it is necessary to obtain more nearshore measured data to
determine the coefficients of the nearshore typhoon wave equation.

The response of nearshore areas to TCs differs from that of open oceans. Due to the
influence of factors such as freshwater input and topography, the response mechanism in
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nearshore marine heat flux and shallow water waves is more complex. Further analysis re-
quires a combination of more detailed numerical models and additional observational data.
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