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The topography of an archipelago can induce strong wakes in the surrounding
ocean. However, the effects of these wakes on air-sea interactions during
typhoons are often overlooked in numerical simulations. In this study, a high-
resolution (~1 km) coupled atmosphere-ocean model is used to investigate the
wakes and eddies induced around the Xisha Islands in the South China Sea and
their impact on air-sea interactions during two typhoons: Ketsana (2009) and
Doksuri (2017). The results of comparative experiments with and without the
topography show that the sub-mesoscale eddies in the wakes around the Xisha
Islands enhance the exchange of water between layers up to 120m deep by 50%
before the arrival of the typhoons. This preconditioning cools the surface layer
and shoals the mixed layer, creating a thermodynamic environment that is
unfavorable for typhoons. During the typhoon passage, the wind-induced
mixing and upwelling become even stronger. The reef basin-induced wakes
further increased the vertical water exchange of the upper ocean by 30-50%.
These wakes enhanced vertical advection, cooled the upper ocean, and reduced
the sea surface heat ux, resulting in weaker typhoon intensities by up to 8.7 hPa
for Ketsana (2009) and 8.8 hPa for Doksuri (2017). These ndings highlight the
signi cant impact of wakes around the archipelago on regional ocean conditions
and typhoon intensity. Accurately resolving these ne-scale topographic effects
in coupled models is therefore essential for improving the simulation and
prediction of typhoon-ocean feedbacks in archipelago regions.
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1 Introduction

The interaction between ocean currents and topography has a
signi cant impact on the marine environment, particularly in island
regions (Mashayek, 2023; Silva et al., 2022; Dong et al., 2018; 2007).
The wakes of islands have been observed and studied intensively in
many areas (e.g., Andrade et al., 2014). When currents impinge on
an island, they can create a surface-intensi ed cyclonic eddy and
induce a region of pronounced upwelling in the island’s wake (Gove
et al., 2006; Coutis and Middleton, 2002; 1999). In addition to the
in ow, wind can also generate a surface Ekman layer that induces
upwelling (K&mpf et al., 2023; De Falco et al., 2022). The presence of
islands can alter ocean dynamics and thermodynamic properties,
leading to signi cant air-sea interactions. For example, the small-
scale topographic feature of the Hawaiian Islands could in uence
large-scale ocean-atmosphere dynamics in the tropical Paci ¢ by
modifying wind stress, circulation, and thermal elds (Xie et al.,
2001). The island wakes are often accompanied by higher bio-
productivity and are closely associated with shing activities due to
upwelling and turbulent mixing. This phenomenon is known as the
“island mass effect” (De Falco et al., 2022).

Tropical cyclones (TCs), also known as typhoons or storms, are
one of the most devastating geophysical phenomena, with
approximately 90 occurring globally each year (Zhou and Lin,
2024). When typhoons make landfall, they can cause serious
casualties and property damage. With the increase of computing
resources, numerical model resolution, and observational data, as
well as the improvement of data assimilation, there have been
signi cant improvements in TC track forecasting over the past few
decades (Emanuel, 2018). However, due to the incomplete
understanding of the physical mechanisms and sea-air
interactions, little progress has been made in forecasting TC
intensity over the past several decades. At present, the accuracy of
TC intensity forecasts is still limited and requires further
improvement (Fischer et al., 2025; Chen and Li, 2024; Islam et al.,
2015; Tien et al., 2013). The intensity of a TC is in uenced by two
main factors: internal variability and environmental interactions
(Emanuel et al., 2004). As a meteorological system formed above the
tropical ocean, typhoons’ environmental interactions include the
interactions between the atmospheric and oceanic environments.

The topography of islands plays a critical role in the
atmospheric and marine environments, and it can greatly
in uence the behavior of typhoons. The relationship between
typhoons and topography is complex and multifaceted, with
various factors affecting the intensity, movement, and structure of
a typhoon. One of the earliest studies on the impact of island
topography on typhoons was conducted by Brand and Blelloch
(1974, 1973), who analyzed historical data to demonstrate how
islands such as the Philippines and Taiwan affect the intensity of
passing typhoons and alter their tracks. They found that the
Philippines and Taiwan often cause typhoons to shift northward.
Later, Chang (1982) used numerical simulations to investigate the
effects of idealized island mountain ranges on typhoon propagation.
His study revealed that typhoons tend to accelerate near mountain
ranges, with the ow often avoiding the mountains rather than

Frontiers in Marine Science

10.3389/fmars.2025.1742117

crossing over them. Building on this work, Bender et al. (1987)
extended the analysis to incorporate real topography. They studied
the behavior of typhoons interacting with island mountain ranges
and observed how these topographical features affect both the
intensity and track of typhoons. In more recent studies, Tang and
Chan (2016a, 2016b, 2015, 2014) delved deeper into the
mechanisms underlying the in uence of island mountains on
typhoons, providing a more nuanced understanding of the
processes involved. However, most of the previous research on
island-typhoon interactions has primarily focused on “large” islands
with signi cant mountain ranges (such as Taiwan and the
Philippines), and has mainly concentrated on the atmospheric
effects. To date, there is a limited body of research addressing the
impact of “small” islands and “small” archipelagos, such as
the Xisha Islands in the northwest South China Sea (SCS), as well
as the role of the oceanic environment in these interactions. The
Xisha Islands generate wake effects that signi cantly impact the
surrounding marine environment (Zhao et al., 2019).

Atmospheric conditions are well-recognized for their in uence
on typhoon behavior (Hendricks et al., 2010). However, the role of
the marine environment is equally critical and deserves attention
(Emanuel et al., 2004). On the one hand, oceanic properties such as
mixed layer depth (MLD), ocean heat content (OHC), and sea
surface temperature (SST) are closely linked to various processes
governing the formation and development of a typhoon (Emanuel,
1999; Schade and Emanuel, 1999; Emanuel, 1986). On the other
hand, typhoons themselves can in uence upper ocean thermal
structure through vertical mixing, heat ux, precipitation, and
entrainment (Huang et al., 2025; Price, 1981). These interactions
have a feedback on the dynamics of the typhoon, in uencing its
intensity, track, and evolution (Emanuel, 2003). Therefore, accurate
simulation of typhoon intensity requires the integration of ocean-
atmosphere coupling (Li et al., 2014).

However, due to the limited resolution, many traditional air-sea
coupled numerical models do not take into account the effects of
archipelago topography on air-sea interactions during typhoons.
The question of how the “small” islands affect the surrounding
ocean and further the intensity of typhoons remains unclear. The
Xisha Islands are located in the northwestern part of the SCS, 210
km southeast of Hainan Island (Figure 1). Roughly divided by the
meridian of 112°E, the archipelago consists of two major groups: the
Yongle Group to the west and the Xuande Group to the east. Within
each group are several low-lying atolls and reefs, with only a few
peaks above water (Figure 1e). The Xisha Islands are the largest
archipelago in the South China Sea, with a total land area of 7.86
km? and the highest point is located at Xuande Atoll, with an
elevation of 159 m (Zhao, 1996). Their distinctive topography
exerts a strong in uence on the surrounding oceanic environment.
In addition, the SCS is known for frequent typhoon activity, with
storms either forming within the basin or passing through it. Some
of these typhoons directly interact with the ocean around the Xisha
Islands, making it an ideal location to study the interactions
between island-induced wakes and typhoons.

In this study, we utilized a high-resolution regional air-sea
coupled model capable of resolving the topography of
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FIGURE 1

(A) The model domains, (B) the tracks of TCs passing by the Xisha Islands from 2000 to 2020, and the topography of (C) CTRL, (D) EXP_800, as well
as (E) the transection of topography. The red patches in (C) represent the parts of the island that are above water.

archipelagos to investigate the impact of archipelagos on the air-sea
interactions during typhoons. And we focused on the strong wakes
around the Xisha Islands and their in uence on ocean conditions
and further typhoon intensity. The rest of the paper is organized as
follows: Section 2 describes the model con gurations, the
experimental designs, the analysis methods, as well as model
veri cation. Sections 3 presents and analyze the island-induced
wakes and mixing before and during the typhoons. Finally, Section
4 provides a conclusion.

2 Material and methods
2.1 Numerical model

In this study, a regional coupled high-resolution atmosphere-
ocean numerical model is utilized to investigate the interactions
between typhoons and the Xisha Islands. The coupled model
integrates three primary components: an atmospheric model, an
oceanic model, and a coupler.

The Weather Research and Forecasting (WRF) model with the
Advanced Research WRF (ARW) core (Skamarock et al., 2008) is
used as the atmospheric model in this study. The model is
con gured with three nested domains, as shown in Figure 1a,
using “two-way” nesting. The outermost region (WRF d01)
covers the western Paci ¢ Ocean, the entire SCS, and the eastern
Indian Ocean, with a horizontal resolution of 27 km. WRF d02
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covers the entire SCS and part of Western Paci c, with a horizontal
resolution of 9 km. The innermost region (WRF d03), which is
coupled with the ocean model, covers the northwest area of the SCS,
with a horizontal resolution of 3 km. The Xisha Islands are located
in the center of WRF d03. All three domains have 50 vertical layers,
with the top layer of the atmospheric model set at 50 hPa. The
NCEP FNL (Final) Operational Global Analysis data are used for
the initial and boundary conditions for WRF (National Centers For
Environmental Prediction/National Weather Service/NOAA/U.S.
Department Of Commerce, 2000). Prior to the coupled experiment,
the WRF model is integrated without coupling for a 12-hour
spin-up.

The oceanic component of the coupled model is the Princeton
Ocean Model (POM; Mellor, 2002). POM is a three-dimensional,
fully nonlinear primitive equation ocean model. Its domain roughly
corresponds to WRF d03, covering an area from 105°E to 117.8°E
and from 10°N to 24°N. POM employs a progressively ner mesh
grid, with the highest horizontal resolution being ~1km around the
Xisha Islands. Thus, the POM in our study is capable of analyzing
the topographic features of the islands. Vertically, the POM uses 35
sigma layers. The external and internal time steps are set to 2.5s and
50s, respectively. The Hybrid Coordinate Ocean Model (HYCOM)
1/12° reanalysis data (Chassignet et al., 2007) are utilized for setting
the initial conditions and the open boundaries. The normal
advection of different variables is governed by the radiation
condition (Mellor, 2002). In addition, a nonbreaking wave-
stirring-induced mixing parameterization scheme is incorporated
into POM to improve the simulation of upper ocean temperature
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structure (Li et al., 2014). Before the coupled experiment, the POM
is integrated for 10 days of spin-up.

The WRF is coupled to the POM through the coupler OASIS3
(Ocean Atmosphere Sea Ice Soil), which is developed by CERFACS
(the European Centre for Research and Advanced Training in
Scienti ¢ Computation; Valcke, 2013). The coupler uses the
bilinear interpolation to transfer SST computed in the ocean
model to the atmosphere model, while the wind stress, heat,
moisture, and radiation uxes computed in the atmosphere
model are passed into the ocean model at a frequency of 1 hour.
The frequency of the coupled mode result output is also 1 hour.

2.2 Experimental design

To examine the in uence of the wakes around the Xisha Islands
on oceanic environment, two experiments are conducted: CTRL,
EXP_800. CTRL is the control experiment, with realistic
topography and tidal forcing included (Figure 1c). The average
depth is around 800m in the Xisha Islands area, so we “remove” the
Xisha Islands by setting the minimum bathymetry to 800m. That is,
in EXP_800, all topography shallower than 800 m within the Xisha
Islands region (110.6°E-113.0°E, 15.3°N-17.5°N) set to 800 m
(Figure 1d). All other model parameters and settings are identical
across experiments and the tidal forcing is included. In summary,
CTRL is the control experiment, EXP_800 removes the islands.

2.3 Typhoon cases

From 2000 to 2020, about 30 typhoons passed through the Xisha
Islands in the western Paci ¢, most of which happened in summer,
with the highest number of typhoons occurring in September. Roughly
one-third of typhoons track westward and the remainder
northwestward (Figure 1b). Here, we examine two representative
cases: Typhoon Ketsana (2009), which moved westward, and
Typhoon Doksuri (2017), which moved northwestward.

Typhoon Ketsana originated in the western Paci ¢ at 0000 UTC
on September 26th 2009 and subsequently moved westward. It
passed through the Xisha Islands region between 0000 UTC and
1800 UTC on September 28th before making landfall at 0900 UTC
on September 29th.

Typhoon Doksuri developed as a tropical depression at 1200
UTC on September 11th 2017 and moved northwestward. It
reached the Xisha Islands at 2100 UTC on September 13th and
departed the region by 0900 UTC on September 14th. Finally, it
made its land fall at 0600 UTC on September 15th.

2.4 Atmospheric and oceanic parameters
2.4.1 Enthalpy ux
The enthalpy ux measures the heat energy transfer at the air-

sea interface, which is the major heat energy source for typhoon
genesis and intensi cation. The air-sea enthalpy ux consists of two
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components: latent heat ux and sensible heat ux. These two
components are calculated using the bulk aerodynamic formulas as
follows (Singh et al., 2025):

enthalpy flux = Qg + Q,
QS = CHW(Ts Ta) rana

QL =CeW(ds Ga)ralvs

where Qs represents the sensible heat ux, C is the sensible
heat ux coef cient, W is the near surface wind speed, r, is the
density of air, Cp, is the heat capacity of air, T, is SST and T, is the
near surface air temperature, the difference (T, T,) is called as
thermal disequilibrium. Q, represents the latent heat ux, Cg is the
latent heat ux coef cient, Lv, is the latent heat of vaporization, g is
the saturation speci ¢ humidity as a function of SST and q, is the
near surface air speci ¢ humidity, the difference (q;  g,) is called as
the moisture disequilibrium.

2.4.2 Ocean heat content

The ocean heat content (OHC), also known as the tropical
cyclone heat potential (TCHP), provides an estimate of the amount
of energy available in the upper ocean for TC intensi cation. The
OHC/TCHP is widely used to predict changes in TC intensity
changes (Leipper and Volgenau, 1972; Mainelli et al., 2008). The
OHC at the grid point (x,y) is calculated using the following
expression (Leipper and Volgenau, 1972):

Z,
OHC(x,y) = ¢, riz) - (T(z) 26)dz Q)

H(xy)

where ¢, denotes speci ¢ heat capacity of sea water. H(x,Y)
represents the depth of the 26 °C isotherm at the grid point (x,y),
and 0 corresponds to the sea surface. r(z) is the seawater density
pro le, which is calculated based on the Thermodynamic Equation
of Seawater 2010 (TEOS-10; McDougall and Barker, 2011). T(z) is
the seawater temperature pro le at the grid point (X, y).

2.4.3 Relative vorticity and Rossby number
The relative vorticity z is calculated using the equation:

Z= v= X U=y
where u, v are the zonal and meridional velocities, respectively.
And the Rossby number R, is a dimensionless number which is

calculated as:
Ro = z=f

where f is the Coriolis frequency.

2.4.4 Okubo-Weiss parameter

The Okubo-Weiss parameter is a measure of the relative
importance of deformation and rotation at a given point. And it’s
widely applicable in identifying and describing oceanic eddies. The
Okubo-Weiss parameter is expressed as:
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W=s+s2 272

where s, u= x v= yisthenormalstrain,s;= v= x+
u= vy is the shear strain and z is the aforementioned
relative vorticity.

2.4.5 Buoyance frequency

The degree of water mixing can be characterized by the
buoyancy frequency, which is also known as the Brunt-Véaisala
frequency. The buoyancy frequency (N?) is calculated using the
following equation:

NZ=g=r.- r= z

where z is the depth of the sea water, which is positive
downward in our study. The large value of N? indicates that the
water is strati ed and stable. On the contrary, the small NZ indicates
the water is uniform.

2.5 Model veri cation

The performance of the results from POM are validated using
Argo pro le data (Wong et al., 2020), OISST analysis data, and
GLORYS reanalysis dataset. The OISST analysis has a spatial grid
resolution of 0.25 degree and a temporal resolution of 1 day,
spanning from September 1981 to the present. The analysis was
constructed by combining observations from different platforms on
a regular global grid, including Advanced Very High Resolution
Radiometer (AVHRR) satellite data, ships, buoys, and Argo oats
(Huang et al., 2021). The GLORYS (Global Ocean Physics

10.3389/fmars.2025.1742117

Reanalysis) dataset is based largely on the current real-time global
forecasting CMEMS system, and it’s global ocean eddy-resolving,
with horizontal resolution of 1/12° (Lellouche et al., 2021).
Figures 2a, b shows the Argo temperature pro le during the
simulation period in SCS, compared with the model result. The
root mean square errors (RMSE) of the temperature pro les are
1.31°C and 1.18°C for the two cases. Figures 2c—f shows that the
overall daily SST in SCS is simulated well with the OISST data and
the daily current in SCS is simulated well with the GLORYS data.

The atmospheric results from WRF are then validated using
typhoon track and intensity data from the Japan Meteorological
Agency (JMA), archived in the International Best Track Archive
(IBTrACS; Gahtan et al., 2024; Knapp et al., 2010). In our study,
typhoon intensity is represented by the minimum sea-level pressure
(SLP), and the typhoon position is tracked by the location of the
minimum SLP. Both the track and intensity of typhoons agree well
with the JMA data, as shown in Figure 3.

The overall good agreement between the simulated results
demonstrates that the experiment CTRL has the capacity to
reconstruct the oceanic and atmospheric dynamics in the SCS.

3 Result and discussion

The rst baroclinic Rossby deformation radius in the Xisha
Islands area is approximately 50 km (Zhao et al., 2019), with little
seasonal variation (Cai et al., 2008). The individual islands of the
Xisha Islands are typically only several kilometers or tens of
kilometers in size (Zhao et al., 2019). Consequently, the
horizontal scale of the island-induced wakes is expected to be on

FIGURE 2
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2017

the order of tens of kilometers—comparable to or smaller than the
local rst baroclinic Rossby deformation radius. Therefore, the
physical processes generated by the islands can be classi ed as
sub-mesoscale.

3.1 Island-induced wakes and mixing
before the storm

To study changes in the ocean before and after typhoons, we
divided the simulation results into two phases: the pre-storm phase
and the during-storm phase. The pre-storm phase represents the
background conditions at that time, i.e., the state unaffected by the
typhoon process. The during-storm phase represents the
environment during the typhoon’s passage, i.e., the state under
the intense in uence of the typhoon. For Ketsana (2009), the pre-
storm phase was the average from 1200 UTC on September 26th to
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1200 UTC on September 27th, 2009. For Doksuri (2017), the pre-
storm phase was the average from 0000 UTC on September 13th to
1200 UTC on September 13th, 2017.

In September, the summer monsoon over the SCS gradually
weakens, while the winter monsoon begins to establish itself. The
prevailing wind direction shifts from southwest to northeast. In the
northern SCS, the background wind eld during the simulation
period generally features a cyclonic con guration. A strong
northerly wind prevails at 111°E (Figures 4a, b) for both cases.
This wind eld in uences the current eld, which displays
pronounced cyclonic features (Figures 4c, d). Cool water
propagates from the northeastern SCS. However, due to
differences in the current eld, the Xisha Islands region displays
distinct temperature patterns in the two cases. For Ketsana (2009),
the southward currents to the northeast off the Xisha Islands are
strong, resulting in the cooler SST in the northern part of the
islands. For Doksuri (2017), the southwestward ow to the east of
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FIGURE 4
The (A, B) wind eld and (C, D) circulations with SST before the arrivals of Ketsana (2009) and Doksuri (2017). The red rectangle marks the location
of the Xisha Islands.

the Xisha Islands is strong, resulting in the cooler SST in the eastern
part of the islands.

Figure 5 shows the current eld around the Xisha Islands
region. Prior to the arrival of Ketsana (2009), the currents north
of the region owed southwestward, while those south of the region

owed southeastward. For Doksuri (2017), the currents northwest
of the Xisha Islands region owed westward, while those southeast
of the region head southwestward. The presence of the island
topography in the CTRL experiment resulted in signi cant
differences for the currents compared to the experiments without
the Xisha Islands (EXP_800). On the windward and leeward sides of
the islands, the ow was weaker, while the velocity magnitude was
higher on both anks of the islands. The details of the ow elds
before Ketsana (2009) at the Yongle Atoll (YA), Xuande Atoll (XA)
and Lanhua Reef (LR) are shown in Figure 6. For YA, the local ow
exhibited a southeast direction, resulting in lower ow velocities on
the northern and southern sides near the islands, and higher
velocities are observed on the western and eastern anks.
Similarly, for XA, the local ow was south-to-west, with high

Frontiers in Marine Science

07

velocity values on the western and eastern sides of the islands,
and the low values on the southern and northern sides. For LR, the
strong local southeast ow created a pronounced wake downstream
of the islands, where the swinging of the ow was clearly observed.
The obstruction effect of the island topography interacted with the
local ow, forming wakes on the leeward side of the islands.

To further investigate the characteristics of island wakes, we
calculated the local Rossby number (z=f), as shown in Figure 7. For
both TC cases, high values of the Rosshy number were observed on
the anks and lee relative to the in ow. Speci cally, positive values
of the Rossby number appeared to the right of the incoming ow
direction, while negative values appeared to the left of the incoming

ow direction, which is typical of current-island interactions.
Whether positive or negative, the absolute values of the Rossby
number were greater than 1, indicating that these processes are sub-
mesoscale. In order to check for the presence of eddies generated
around the island, we also used the Okubo-Weiss (OW) parameter
(W) to detect the eddies (Figure 7). The values of W around the
island in the control experiment (CTRL) exhibited a signi cant
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FIGURE 5

The current eld of the Xisha Islands for the two experiments of CTRL and EXP_800 before the arrival of (A, B) Ketsana (2009) and (C, D) Doksuri
(2017). Arrows indicate the direction of velocity, while shaded areas represent the magnitude of velocity.

alternating positive and negative distribution, indicating strong
rotational and shear activity in this region, typically characterized
by island wake eddies and potential frontal structures. Regions with
W<0 (blue) were primarily distributed downstream of the island,
appearing as isolated or paired structures, representing rotation-
dominated eddy activities. Banded regions with W>0 (red) were
primarily found in eddy gaps and on the sides of the islands,
re ecting fronts characterized by enhanced uid stretching and
shear. In contrast, in EXP_800, where the island topography was
removed, both the Rosshy number and the W value in the area were
signi cantly weakened, with a sparse distribution of positive signals.
These results indicate that the island topography and its ne-scale
landforms are crucial for maintaining local sub-mesoscale activity.

The island-induced sub-mesoscale processes can signi cantly
in uence the vertical structure of the surrounding upper ocean by
upwelling and downwelling. Figure 8 shows the downward and
upward volume uxes of the Xisha Islands area. In the upper ocean,
before the typhoons, the downward and upward volume uxes were
small near the sea surface, and increased as the depth went down.
Compared to EXP_800, when the island topography was included,
the downward and upward volume uxes were ampli ed, indicating
that strong mixing occurred in the upper ocean. More deep water
came into the upper layer. The differences between the two
experiments were concentrated in the layers of upper 120m.
Within this 120-meter layer, the upward volumetric ux in the
island experiment increased by approximately 40% on average for
Ketsana (2009) compared to that in the experiment without islands,
while it was 50% for Doksuri (2017). Figure 9 shows the zonal
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transects of buoyance frequency (N?) of the upper 140m, which are
obtain by averaging from 16°N to 17°N. Compared to EXP_800, the
CTRL experiment showed lower N? at the depth between 30m and
80m for Ketsana (2009) [for Doksuri (2017), it's between 30m and
100m]. In the transections, smaller N2 values were shown near the
wakes of the islands. The island-induced sub-mesoscale processes
signi cantly enhanced the mixing and weakened the strati cation of
the surrounding upper ocean.

As a result, changes in the upper ocean have a signi cant
impact on both SST and OHC (Figure 10). The presence of islands
slightly alters the distribution of surrounding SST, causing a
decrease in SST around the islands in both cases. For Ketsana
(2009), the wakes around the islands caused cooler water from the
northeast side of the Xisha Islands to extend towards the islands,
resulting in cooler SST and a decrease in OHC around the Xisha
Islands. Similarly, for Doksuri (2017), the cooler SST from the east
side of the Xisha Islands spread towards the islands, leading to a
decrease in both SST and OHC, with the most signi cant declines
occurring in the southern part of the region. According to
Equation 1, OHC is primarily determined by the integral depth
H(x,y) and the temperature pro le T(z), as the density variations
of seawater were relatively small. The observed decrease in OHC
around the Xisha Islands can be attributed to two main factors: (1)
the upwelling around the shallow region near the islands; and (2)
the lower temperature resulting from ocean mixing induced by the
wakes around the islands. These changes in thermodynamic
properties create unfavorable conditions for typhoons in
the region.
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