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Abstract

This study investigates the impact of sea spray parameterization on typhoon prediction in the
Yellow and East China Seas (YECS) region. Using an air-sea-wave coupled model, we evaluate
changes due to sea spray effects in the simulated intensity and structure of Typhoons Lingling
(2019) and Maysak (2020). Enabling sea spray effect enhances surface turbulent heat fluxes
considerably around the typhoon centers (74% increase for Lingling, 92% for Maysak), leading to a
better representation of typhoon intensification phases. Analysis of thermodynamic processes
reveals that sea spray-induced warming emerges before rapid intensification, with enhanced
temperature and moisture profiles throughout the troposphere supporting stronger secondary
circulation. As a result, key aspects of typhoon prediction exhibit significant improvements:
root-mean-squared errors decreased by 63% in minimum central pressure and 60% for maximum
wind speed in the case of Maysak. The results demonstrate that sea spray effects are strongly
modulated by sub-surface ocean conditions, with a greater surface heat flux enhancement for
Maysak that moved along warmer Kuroshio and Tsushima currents than for Lingling which passed
over Yellow Sea Bottom Cold Water. Our findings demonstrate the significant potential to improve
typhoon predictions in the YECS region by incorporating sea spray effects.

1. Introduction on coastal communities and economies. Despite dec-
ades of research (Black et al 2007, Rogers et al 2013,
DeMaria et al 2014, Alaka et al 2020, 2022, Hazelton

et al 2023), current typhoon prediction models still

Accurate typhoon prediction is crucial for mitigat-
ing the devastating impacts of powerful typhoons

© 2025 The Author(s). Published by IOP Publishing Ltd
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struggle to accurately reproduce observed typhoon
intensities (Sroka and Emanuel 2021, Emanuel et al
2023). This gap highlights the need for better under-
standing of air-sea interactions during typhoon
prediction. Predicting the rapid intensification of
typhoons is particularly challenging, as the role of sea
spray—the exchange of heat and moisture above the
sea surface by droplets ejected from breaking waves—
is often overlooked in recent operational models
(DeMaria et al 2014, Alaka et al 2022, Hazelton
etal 2023).

Significant progress in formulating spray-
mediated heat fluxes has been made through exper-
imental and theoretical studies. Key contributions
from laboratory and idealized studies (Andreas 1992,
Fairall et al 1994, 2009, Andreas and Emanuel 2001,
Bao et al 2011, Troitskaya et al 2017, 2018, Sroka and
Emanuel 2021) have refined our understanding of
how sea spray influences the energy exchange pro-
cesses at the air-sea interface. Sea spray also affects
sea surface drag coefficients, thereby modifying the
air-sea interaction (Andreas 2004, Andreas et al 2012,
Liu et al 2012, Richter and Sullivan 2013, Zhang et al
2021). Andreas and colleagues have developed a fun-
damental framework for parameterizing sea spray
fluxes (Andreas 2003, Andreas et al 2008, 2015).

Recent studies have demonstrated the poten-
tial of incorporating sea spray effects to enhance
typhoon intensity predictions. For instance, Xu et al
(2022) reported a 30% improvement in maximum
wind speed predictions when sea spray effects were
included in their models. Similarly, Wada et al (2018)
found that considering sea spray led to a more real-
istic representation of typhoon rapid intensification
phases. A recent study by Yang et al (2024) has shed
new light on the critical role of sea spray in hur-
ricane intensification. Their research, focused on the
Atlantic basin, demonstrated that incorporating sea
spray processes, particularly spray-mediated sensible
heat flux, significantly improved the accuracy of hur-
ricane intensity predictions. By conducting sensitivity
experiments with heat flux parameterizations, they
found that including and varying the spray-mediated
sensible heat flux substantially reduced model errors
when compared against dropsonde data. This paper
highlights the important role of sea spray in turbulent
heat exchange that drives rapid hurricane intensific-
ation. These findings, along with the comprehensive
results from Yang et al (2024, hereafter YK24), under-
score the importance of incorporating sea spray pro-
cesses in typhoon prediction.

The western North Pacific basin, particularly the
Yellow and East China Seas (YECS) region, presents
unique challenges for typhoon prediction due to
its distinct geographical and oceanographic features
compared to the Gulf of Mexico where YK24 con-
ducted their study. While the Gulf of Mexico is char-
acterized by deep waters (>1000 m) and relatively
uniform temperature structure dominated by the
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Loop Current System (Alvera-Azcdrate et al 2009), the
YECS is characterized by shallow depth (<100 m in
the Yellow Sea) and a pronounced summer thermo-
cline (Hu er al 2024). Additionally, the presence of
bottom cold water masses (BCW; He et al 1959, Guan
1963) in the YECS region poses significant challenges
for simulating typhoons using air-sea coupled models
(Moon and Kwon 2012, Ha et al 2019, Liu et al 2022,
Yang et al 2022). When a typhoon encounters this
bottom cold water mass, it can generate strong tem-
perature horizontal gradients at the sea surface, con-
tributing to the formation of a steeper atmospheric
frontal zone (Yang et al 2022).

While previous studies have examined typhoon
prediction in the YECS region (Moon et al 2010,
Bae et al 2022, Yang et al 2022), they have not fully
explored the combined effects of sea spray and unique
oceanographic features of this area. Although YK24
demonstrated sea spray’s importance in hurricane
intensity prediction, their findings were based on
cases in the Gulf of Mexico where strong ocean cur-
rents like the loop current and warm core eddies dom-
inate the upper ocean thermal structure. In contrast,
the YECS region is characterized by complex coastal
dynamics, including tidal mixing (Lin et al 2020),
river discharge (Lie et al 2003), and seasonal variation
of Kuroshio branch currents (Wei et al 2015). The
shallow waters are also strongly influenced by tide-
induced mixing and seasonal stratification (Lee and
Beardsley 1999, Xia et al 2006), which have shown sig-
nificant changes in recent decades (Liu et al 2021),
creating a fundamentally different environment for
typhoon-ocean interaction.

The primary hypothesis of our study is that
including sea spray in numerical models can signific-
antly improve the accuracy of typhoon intensity pre-
dictions in the YECS region, similar to the improve-
ments observed by YK24 in the Atlantic basin. To
test this hypothesis, we employ an air-sea coupled
model implemented by YK24, incorporating the same
sea spray parameterization to reproduce two strong
typhoons: Lingling (2019) and Maysak (2020). These
typhoons were chosen for their contrasting paths
through the YECS region, providing diverse case
studies to examine sea spray effects under different
oceanic conditions. Lingling moved northward into
the Yellow Sea Bottom Cold Water, while Maysak fol-
lowed the warmer Kuroshio and Tsushima currents.

Therefore, our study aims to quantitatively evalu-
ate sea spray’s potential impacts, enhance our under-
standing of typhoon prediction skills in the YECS
region, and examine the role of sea surface con-
ditions in modulating these impacts in numerical
simulations. Through case studies of two contrast-
ing typhoons (Lingling and Maysak) in the YECS
region, we demonstrate significant improvements in
the simulated typhoon intensity and structure when
sea spray effects are included. Building upon the work
of YK24, we seek to bridge the gap between theoretical
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advancements in sea spray physics and their practical
application in regional typhoon prediction models,
potentially leading to improved forecasting capabil-
ities in the YECS region.

2. Materials and methods

2.1. Overview of typhoons Lingling (2019) and
Maysak (2020)

We selected two strong typhoons Lingling and
Maysak that recently passed over the YECS region (see
colored trajectories in figure 1). Table 1 provides a
summary of key characteristics for both typhoons,
including their categories, lowest pressure, highest
wind speeds, and significant dates. These typhoons
passed through the YECS region, and experienced
significant sea surface cooling due to typhoon-ocean
interactions. We used the Joint Typhoon Warning
Center (JTWC) best track data, which provides 6 h
observations of typhoon position, intensity, and
structure, to verify our model simulations. By clas-
sifications in the JTWC data according to 1min sus-
tained maximum wind speed (Vi.y), Lingling and
Maysak are both typhoons with a peak Vi, of
61.1 m s~! (see table 1). These peak intensities are
approximately equivalent to Category 4 hurricanes on
the Saffir-Simpson Hurricane Wind Scale. They are
good examples for understanding the sea spray effects
over the bottom cold water mass. Lingling moved
northward through the Yellow Sea, while Maysak fol-
lowed a more eastward track along the Kuroshio and
Tsushima currents towards the Korea Strait. These
contrasting paths provide diverse case studies for
examining sea spray effects under different oceanic
conditions.

2.2. Model descriptions

We utilize the Coupled Ocean-Atmosphere-Wave-
Sediment Transport (COAWST) modeling sys-
tem (Warner et al 2010), composed of various
community models interfaced through the Model
Coupling Toolkit (MCT) (Larson et al 2005). Our
study employs Weather Research and Forecasting
(WREF) (Skamarock et al 2019) for the atmospheric
component, the Regional Ocean Model System
(ROMS) (Haidvogel et al 2008, Shchepetkin and
McWilliams 2009) for the ocean component, and
the WAVEWATCH-III (WW3) (WAVEWATCH 1II
Development Group 2016) for the wave compon-
ent. First, WRF consists of a single domain with a
horizontal resolution of 6 km (figure 1), with physics
schemes of the WRF Single-Moment 6-class micro-
physics (Hong and Lim 2006), the Korean Integrated
Model Simplified Arakawa-Schubert cumulus (Kwon
and Hong 2017), the New Simplified Arakawa-
Schubert shallow cumulus (Han and Pan 2011), the
Shin-Hong scale-aware planetary boundary layer
(Shin and Hong 2013), and the revised MM5 sur-
face layer schemes (Jiménez et al 2012). The spatial
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domain in WREF is the same as that in ROMS and
WW3. Second, ROMS utilizes 3rd-order upstream
horizontal advection, 4th-order centered vertical
advection, and Mellor-Yamada 2.5 turbulence clos-
ure schemes. We employ a double stretching function
(Shchepetkin and McWilliams 2009) to define the
32 vertical levels. Third, WW3 explicitly solves direc-
tional wave spectra, accounting for whitecap dissipa-
tion, nonlinear wave interactions, and wave breaking.
We configured a spectral domain with resolutions
of 24 frequency and 25 direction bins. The coupling
between these MCT, which handles the exchange vari-
ables (Warner et al 2010). For instance, WRF provides
atmospheric parameters such as surface wind stresses
to ROMS and WW3, while ROMS feeds back sea
surface temperatures (SST)to WRE WW3 supplies
wave parameters to both WRF and ROMS, crucial for
accurately representing sea spray effects and wave-
induced mixing.

2.3. Sea spray parameterization
Following Andreas’s previous research works
(Andreas and Decosmo 1999, 2002), the total latent
and sensible heat fluxes (Hyr and Hg 1) in a numer-
ical model can be partitioned as

Hyr = Hpjnt +0Qr (1)
Hs;p = Hgjne + Qs — (v — ) Qu (2)

where Hp jne and Hs e are the conventional interfa-
cial latent and sensible heat fluxes, and «, 3, and -y are
nondimensional, non-negative parameters. We adopt
the values of 2.46, 15.15, and 1.77 for these paramet-
ers, respectively, as proposed by Andreas et al (2015).
This choice is supported by YK24, which showed
these parameters minimize errors in maximum sur-
face wind speed for intense hurricane cases when
compared with high-resolution dropsonde data.
Spray latent and sensible heat fluxes (Q and Qs) are
defined as S, WA (H,) HiB(T,) paLy[qs (Ta) — q] and
SyWA (H) pwepw (Ts — T,), respectively, as described
by Fairall ef al (1994). Theses formulations are suit-
able for wave-coupled simulations. Here, W is the
whitecap areal fraction, Hy is significant wave height,
pa 1s the air density, py is the seawater density, Ly is the
latent heat of vaporization of water, ¢, is the specific
heat of seawater, B(T,) and A (h) are the correction
factors, S, is the moisture flux-related parameter of
0.125 s~!, S, is the relevant whitecap normalized
droplet volume flux of 5.0 x 107® m s~!, T, — T, is
the air-sea temperature difference, g; is the saturation
specific humidity, and g is the specific humidity. We
also incorporated the wave state-dependent rough-
ness length (zy) defined as Drennan et al (2003):

u 3.4
2o = 3.35H, <) . (3)

Here, T, is peak wave period, L, is peak
wavelength, u, is frictional velocity, and ¢, is phase
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110°E

Domain, Bathymetry, and Best Tracks

50°

Depth [m]
0

: 50
......................... 300

are from JTWC best-track data.

Figure 1. Spatial domain of simulation with best tracks for Typhoons Lingling and Maysak. Shaded areas are bathymetry from
ETOPOL. The Yellow and East China Seas (YECS) region, characterized by shallow waters and complex oceanographic features, is
depicted by the green color box. Starting and dissipated positions of the simulation are marked with circle and cross symbols,
annotated with typhoon names and corresponding dates (dd/mm/yy format), respectively. Typhoon tracks (solid colored lines)

— Typhoon Lingling

— Typhoon Maysak

@ Simulation Start Point
X Simulation End Point
[ YECS region

130°E 140°E 4

Table 1. A list of case descriptions for typhoons. The peak intensity values of the lowest pressure and highest wind are from the JTWC

best-track data.

Formed time Landfall time

Forecast
initialization
Dissipated time time

00 UTC, 31

05 UTC, 4 00 UTC, 8 00 UTC, 3

August 2019 September 2019 September 2019 September 2019

Lowest Highest wind
Typhoon Category pressure (hPa) (ms™)
Lingling Typhoon 928 61.1
Maysak Typhoon 930 61.1

00 UTC, 27

17 UTC, 2 06 UTC, 3 00 UTC, 29

August 2020  September 2020 September 2020 August 2020

speed at spectral peak (¢, = L, /Tp). This formula-
tion accounts for effects of wave age (c,/u.) on sea
surface roughness (z), crucial for accurately rep-
resenting air-sea momentum transfer in high wind
conditions. It complements the sea spray paramet-
rization, enhancing the physical realism of typhoon-
ocean-wave interactions in our simulations. These
all modifications were applied to the surface layer
scheme (Jiménez et al 2012) of the WRF model in the
COAWST system. The wave parameters (H;, Ty, Ly,
and W) are provided to WRF from WW3.

2.4. Experimental designs

We set up two numerical experiments for each
typhoon, CTRL and SPRAY. CTRL is an air-
sea coupled simulation using WRF and ROMS
(i.e. without sea spray), SPRAY extends this con-
figuration by additionally coupling WW3 to WREF to
incorporate sea spray effects, maintaining the same

WRE-ROMS coupling. Note that wave-current inter-
actions are excluded as WW3 and ROMS are not
directly coupled.

Both simulations were run for 120 h, exclud-
ing the first 24 h as a spin-up period. While using
identical initial and boundary conditions, SPRAY
incorporates additional heat and momentum fluxes
induced by sea spray, potentially altering air-sea inter-
action and subsequent typhoon development.

WRE is initialized at specified times (table 1)
using ERAS5 reanalysis data (Hersbach et al 2020)
with 25 km horizontal resolution, providing hourly
updates of lateral boundary conditions. Spectral
nudging (SN) toward large-scale flow was applied
to reduce track biases (Li et al 2021). ROMS integ-
rates eight tidal constituents (Q1, O1, P1, K1, N2,
M2, S2, and K2) from TPXO8-atlas (Egbert and
Erofeeva 2002) at open boundaries. Initial and lat-
eral boundary conditions provided by the Hybrid
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Coordinate Ocean Model (HYCOM) (Cummings
2006) with a spatial resolution of 0.08° longit-
ude x 0.04° latitude covering 80°S to 90°N, updated
daily. Bathymetry is based on the 1 Min Gridded
Global Relief Data. For WW3, we have modified the
COAWST to transfer whitecap areal fraction from the
ST4 dissipation package (Ardhuin et al 2010) to WRF
via MCT for calculating spray heat fluxes through
equations (1) and (2). Components exchange vari-
ables every 10 min.

To detect typhoons and subsequently track their
centers based on simulation results, we employed
the Geophysical Fluid Dynamics Laboratory (GFDL)
vortex tracker (Biswas et al 2018). In particular, we
decomposed the horizontal velocity field V = (u,v),
relative to the typhoon central positions (xp, yo) into
radial (v,) and tangential (vy) components as follows:

v, =V-#=ucosf+vsinb, vy =V.-0
= —usinf +vcosH, (4)

where 6 = atan2 (y — yo,x — Xp), 7 is the radial unit
vector, and 0 is the tangential unit vector. This
decomposition enables us to better characterize the
radial inflow and tangential wind structure of the
typhoon.

Typhoon size can be determined in various ways
(Knaff et al 2016). The JTWC best track data provides
quadrant-specific 34 kt wind radii (NE, SE, SW, and
NW) and the radius of maximum wind (RMW). For
our model simulations, we utilized the GFDL vortex
tracker (Biswas et al 2018) to extract these same struc-
tural parameters. For both our model simulations
and JTWC best track data, we define R34, as the
average of the four quadrant-specific 34 kt wind radii,
which represents the outer-core boundary (i.e. the
tropical storm force limit) at each forecast time step.
The inner core is defined as the region extending 4
times the RMW from the typhoon center.

3. Results

3.1. Initial ocean conditions in YECS

The initial ocean conditions in the YECS region play
a crucial role in typhoon development and intensific-
ation. Figure 2 illustrates the horizontal distribution
of SST and subsurface temperature at a depth of 45 m,
representing the BCW, from the HYCOM initial con-
ditions for typhoons Lingling and Maysak.

For Lingling, we observe a clear stratification
in the YECS region (figures 2(a)-(c)). The SST
shows relatively warm waters, with temperatures ran-
ging from 26 °C to 30 °C across most of the area
(figure 2(a)). However, the subsurface reveals colder
water masses, particularly in the Yellow Sea, with
temperatures as low as 10 °C-14 °C (figure 2(b)).
These results in a significant temperature difference
between BCW and SST, exceeding —12 °C in some
Yellow Sea areas (figure 2(c)).

S Yang et al

For Maysak, the initial conditions show some dif-
ferences (figures 2(d)—(f)). The SST distribution is
similar to Lingling, but with slightly colder temper-
atures in the northern Yellow Sea (figure 2(d)). This
cooling can be attributed to Typhoon Bavi’s (2020)
passage a few days prior, as noted by Hong et al
(2022) who observed post-Bavi SST decreases of up
to 8 °C. The subsurface temperature shows a similar
pattern to Lingling, but with a slightly larger extent
of colder waters (figure 2(e)). The temperature dif-
ference between BCW and SST ranges from —6 °C to
—2 °Cin the East China Sea and exceeding —10 °Cin
parts of the Yellow Sea (figure 2(f)).

These features have important implications for
typhoon development. As Lingling moves northward
into the Yellow Sea, it encounters strong sea surface
cooling due to BCW upwelling (Yang et al 2022).
In contrast, Maysak’s path along the Kuroshio and
Tsushima currents is characterized by warmer SSTs
above 26 °C, potentially supporting intensification.
These conditions highlight the significant thermo-
cline and BCW presence in the region.

3.2. Typhoon intensity and structure
Sea spray incorporation significantly improved
typhoon intensity and structure predictions for both
Lingling and Maysak. Figure 3 shows reduced mean
bias errors (MBEs) for minimum central pressure
(Pmin) and maximum wind speed (V) in SPRAY
compared to CTRL. For Pp,;,, SPRAY showed lower
MBEs, particularly for Maysak with ~ 76% reduction
using SN. V..« predictions improved notably for
Lingling with SN reduced position errors by 23 km
for Lingling and 35 km for Maysak. The minimal
impact of sea spray on position errors indicates track
accuracy depends large-scale flow features, while
local air-sea interaction processes influence intensity.
Furthermore, sea spray improved typhoon size pre-
diction, with R34,,; MBEs decreasing from 33.3 km
to 21.1 km for Lingling (36.5%) and from 151.3—
126.1 km for Maysak (16.7%), correcting the overes-
timation tendency observed in CTRL simulations.
Time series analysis shows that SPRAY better cap-
tured typhoon intensity evolution compared to CTRL
(figure 4). SPRAY systematically reduces intensity
biases in Ppin and Vi throughout the forecast
period, with the largest corrections occurring dur-
ing 24 h peak stages (36—60 h for Lingling, 49-72 h
for Maysak) and better alignment with JTWC best-
track data. These improvements reduced root-mean
squared error (RMSE) of V., from 20.4 m s~! to
12.5m s~ ! for Lingling (38.7% reduction) and from
193 m s~ ! to 7.1 m s~! for Maysak (63.1% reduc-
tion). RMSE of P, also decreased by 29.1% for
Lingling and 60.1% for Maysak (figures 4(a) and (e)).
Detailed analysis of intensity evolution reveals
distinct characteristics for both typhoons. For
Lingling, SPRAY captured a peak V. of 44.8 ms™!
at 51 h, which is closer to the observed 61.1 m s™!
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Figure 2. Horizontal distributions of ocean temperatures in the YECS region from HYCOM initial conditions for typhoons
(a)—(c) Lingling (00 UTC, 3 September 2019) and (d)—(f) Maysak (00 UTC, 29 August 2020). (a), (d) Sea surface temperature
(SST), (b), (e) sea subsurface temperature at a depth of 45 m representing bottom cold water (BCW), and (c), (f) temperature
difference between SST and BCW. The shading represent temperature in °C. Black contour lines in (a), (b), (d), (e) indicate

12 °C, 18 °C, and 26 °C isotherms, while in (c), (f) they represent —14 °C, —8 °C, and —2 °C temperature differences. Typhoon
tracks based on JTWC best track data (lines with markers at 6 h intervals) are shown in all panels. In panel (d)—(f), the gray
cross-marked line represents the track of Typhoon Bavi, which preceded Maysak in the YECS region.
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Figure 3. Bar charts of mean bias errors (MBEs) for (a) center minimum pressure (Prin), (b) maximum wind speed (Vimax), (c)
position, and (d) out-core radius (R34,y) in CTRL and SPRAY simulations compared to JTWC best track data for typhoons
Lingling and Maysak. The MBEs are computed over the 24-120 h period (the first 24 h are excluded as a spin-up period). All
simulation results are with- and without SN technique displayed by filled- and unfilled bars. Positive (negative) values denote
overestimation (underestimation) against the best track data. Values closer to zero suggest more accurate predictions.

at 54 h, versus CTRLs underestimated 37 m s~!' at V. correlations are stronger in SPRAY (Lingling:

87 h (figure 4(b)). For Maysak, SPRAY produced
a peak of 51.4 m s~! at 72 h, matching JTWC’s
peak timing, while CTRL reached only 47 m s~}
at 57 h (figure 4(f)). These timing differences high-
light the relationship between wind and pressure
fields. Following Knaff and Zehr (2007), SPRAY
shows more synchronized evolution in wind-pressure
coupling over a 24-120 h period. The P.;, and

r = —0.81; Maysak: r = —0.96) than CTRL (Lingling:
r = —0.70; Maysak: r = —0.77), all statistically sig-
nificant (p < 0.01). These results reflect improved
representation of typhoon size and intensification
trends. The concurrent timing of peak intensities in
SPRAY, compared to CTRL's lagged responses, sug-
gests more physically consistent representation of
intensification processes.
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Figure 4. Time series of the (a), (e) center minimum pressure (Ppin), (b), (f) maximum wind speed (Vmax), (c), (g) position, and
(d), (h) out-core radius (R34,y5) comparing simulation results with JTWC best track data across Typhoons (top) Lingling and
(bottom) Maysak. Data points are presented at 6 h intervals. Gray shading denotes the 24 h spin-up period following each

square error for JTWC best track data.

initialization time (see table 1). For each legend, the value in parentheses next to the simulation name represents the
root-mean-
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Figure 5. Radius-pressure cross-sections of azimuthally and temporally averaged structure of Typhoon Maysak during the 24 h
peak stage (49-72 h; see typhoon intensity changes in figure 4(f)) for (a) CTRL and (b) SPRAY simulations. Shading represents
tangential velocity (m s~!). Vectors indicate radial velocity (m s~!) and vertical velocity (Pa s~!), with the scale shown in the
bottom right corner. Contours show potential temperature anomalies [K], defined as deviations from the radial mean.

SPRAY maintained higher intensities during the
peak stages (figures 4(a), (b) and (f), (g)). While air-
sea interactions typically produce negative SST feed-
back through surface cooling (Price 1981, Schade
and Emanuel 1999, Lin et al 2008, Mogensen et al
2017), sea spray incorporation better captures tem-
poral evolution and peak intensity.

For both typhoons, CTRL and SPRAY show sim-
ilar track evolution due to the use of SN (figures 4(c)
and (g)). In terms of structural characteristics,
SPRAY reduces the overestimation of R34, in CTRL
throughout the forecast period, with biases decreas-
ing for both cases (figures 4(d) and (h)).

Figure 5 compares Maysak’s the azimuthally aver-
aged structure during peak stages. SPRAY produced
stronger tangential winds in the eyewall, extending
to higher with small RMW. These changes indicate
more intense and better-organized structure. The sec-
ondary circulation showed stronger low-level inflow
and upper-level outflow. This low-level convergence
relative to RMW indicates intensity change (Ahern
etal 2021, 2022), suggesting enhanced secondary cir-
culation drives intensification. Vertical motion and
warm core extended to higher, indicating vigorous
convection and efficient energy conversion. Similar
enhancements appeared in Lingling’s case.
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Table 2. Comparison of key variables between CTRL and SPRAY simulations for typhoons Lingling and Maysak. Values shown are from
SPRAY simulations, averaged within a 300 km radius from the typhoon center during 24 h peak stages (36-60 h for Lingling, 49-72 h for
Maysak). Negative radial velocity at 925 hPa indicates inflow towards the typhoon center. Positive vertical velocity at 500 hPa indicates
upward motion. Percentages in parentheses indicate the relative differences from CTRL, calculated as (SPRAY-CTRL)/CTRL x 100.

Typhoons
Key variables Lingling Maysak
Turbulent heat flux 589.24 Wm ™ (+73.81%) 671.63 W m™* (+92.19%)

Tangential velocity at 850 hPa

Radial velocity at 925 hPa

Radial velocity at 150 hPa

Vertical velocity (-omega) at 500 hPa

26.25ms™ ! (410.22%)
—4.77ms™ ' (+119.03%)
6.37ms ! (+14.47%)
0.80 Pas™' (+39.11%)

32.85m s~ ! (+20.95%)
—7.64ms ! (+111.89%)
7.68 ms ! (4+82.78%)
0.74 Pas™' (+73.63%)
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Figure 6. Temporal evolutions of azimuthal averages of turbulent heat fluxes (THFs), the sum of sensible and latent heat fluxes, in
(contours) the CTRL simulation for typhoons of (a) Lingling and (b) Maysak during typhoon period of 24-96 h (see typhoon
intensity changes in figures 4(b) and (f)). Shaded areas indicate differences in THFs between SPRAY and CTRL simulations.
Positive (negative) values indicate more (less) heat flux from the ocean toward the typhoon. The solid and dashed green lines
indicate changes in RMWs for SPRAY and CTRL simulations. The magenta color box indicates the distributions on 24 h peak
stages (36—60 h for Lingling and 49-72 h for Maysak), respectively.

These results collectively demonstrate sea spray
parameterization enhances typhoon prediction
accuracy across multiple metrics in the YECS region.

3.3. Factors modulating typhoon intensification
Our analysis reveals key factors modulating typhoon
intensification in the YECS region, with sea spray
playing a crucial role.

Table 2 compares key factors between CTRL and
SPRAY during peak stages for both typhoons. The
most significant differences appeared in turbulent
heat flux and low-level inflow. The turbulent heat flux
increases by 74% for Lingling and 92% for Maysak
in SPRAY, reflecting both direct sea spray effects
and feedback from stronger surface winds. The low-
level inflow at 925 hPa shows increases of 115% for
Lingling and 112% for Maysak. This enhanced inflow
and increased upper-level outflow indicates stronger
secondary circulation, improving typhoon structure
and intensity representation.

Figure 6 shows temporal evolution of turbulent
heat fluxes (THFs) over 24-96 h, providing insight

into sea spray’s influence on intensification. SPRAY
exhibits enhanced THFs during peak stages for both
typhoons, most pronounced within 100 km of the
center. RMW contraction correlates with enhanced
THFs, suggesting increased heat and moisture trans-
fer creates a more compact and intense structure.

To further explain the impact of sea spray on the
thermodynamic structures of typhoons, we examined
the vertical distributions of differences in poten-
tial temperature (), equivalent potential temperat-
ure (fe), and mixing ratio (mr) between SPRAY and
CTRL during the peak stage of Typhoon Maysak
(figure 7). The 6 distribution indicates an increase
of 1-2 K within the boundary layer (<900 hPa) and
3—4 K in the upper-level outflow region (>300 hPa),
with particularly pronounced warming of 5 K in the
upper-level core (figure 7(a)). The fe distribution
indicates warming of 6 K in the upper troposphere
along the eyewall updraft that is indicative of intens-
ified latent heat release (figure 7(b)). Concurrently,
the mr distribution reveals a positive difference of
approximately 2 g kg™! along the eyewall updraft

8
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Figure 8. Radius-pressure cross-sections of azimuthally and radially averaged potential temperature (), equivalent potential
temperature (fe), and mixing ratio (mr) of Typhoon Maysak within a 300 km radius from the typhoon center. (a) Vertical profiles
of averaged 6 ‘and fe ‘during the peak stage (49-72 h). (b), (c) temporal evolution of 6 ‘and @e’. (d) Similar to (a) but for mr’. (e)
Temporal evolution of mr’. Shading indicates differences between SPRAY and CTRL simulations (prime denotes SPRAY minus

across the vertical extent of the typhoon, underscor-
ing the moisture enhancement associated with sea
spray from the near-surface to the upper troposphere
(figure 7(c)).

The vertical profiles and their temporal evolu-
tion demonstrate that this warming emerges before
the onset of rapid intensification at 48 h (figure 8).
The vertical stability characteristics through 6 and
fe anomalies reveal modified thermal stratification
under sea spray effects (figure 8(a)). The upper-level
warming shows a 3 K increase at 250 hPa, approx-
imately twice the magnitude at lower levels (1 K
at 950 hPa). The temporal evolution of 6 ‘and fe
‘indicates that reduced static stability and enhanced
convective instability initiate before the peak stage
(figures 8(b) and (c)). This vertical redistribution
of warming represents a preconditioning mechanism
that enhanced thermal efficiency within the system.
Sustained positive mr ‘of 0.5 g kg~ ! through most of
the troposphere over a 24-72 h period provide condi-
tions favorable for deep convection (figures 8(d) and
(e)). Similar but more moderate modifications were

found in Lingling. Collectively, these findings under-
score how sea spray—induced enhancements in air-sea
heat and moisture exchange sustain a stronger sec-
ondary circulation.

To better demonstrate these complex typhoon-
ocean interactions, we have provided supplementary
video animations. Videos S1 (SPRAY) and S2 (CTRL)
for Typhoon Lingling, and videos S3 (SPRAY) and
S4 (CTRL) for Typhoon Maysak visualize the tem-
poral evolution of key processes including typhoon
structure development, secondary circulation pat-
terns, and ocean temperature responses. These anim-
ations strengthen our findings by clearly showing the
enhanced typhoon development in SPRAY compared
to CTRL.

Figure 9 illustrates sea state and surface con-
ditions at peak intensity, showing the SPRAY res-
ults only as CTRL consistently exhibited weaker
intensities. The 10 m wind speed distribution shows
the classic typhoon structure, with strongest winds
within the RMW (figures 9(a) and (e)), reach-
ing 51.03 m s~! for Maysak and 43.81 m s~!
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Figure 9. Sea state and surface conditions for typhoons (a)—(d) Lingling and (e)—(h) Maysak at peak hours (t = 51 and t = 72 h)
in the SPRAY simulations. Panel shows: (a), (e) 10-m wind speed (WSiom), (b), (f) whitecap areal fraction (Wcap), (c), (g)
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indicates the RMW. Typhoon tracks based on JTWC best track data (black lines at 6 h intervals) are shown in all panels.

for Lingling (72% and 27% higher than CTRL).
Whitecap areal fraction correlates with wind speed in
high-wind areas, with maximum values of 6.3% and
5.29%, indicating increased spray flux, Qp and Qs
(figures 9(b) and (f)). Significant wave heights peaks
at 15.04 m and 12.28 m in the right-front quadrant,
extending beyond the inner-core region (figures 9(c)
and (g)). This asymmetry results from both stronger
winds and resonant wave growth in the right quad-
rant, while waves on the left side remain unaligned
and grow less effectively. This pattern has been well-
documented in previous studies (e.g. Barr ef al 2023).
SST anomalies show cooling in the wake of both
typhoons, with the coldest anomalies of —2.62 °Cand
—3.39 °C (58% and 20% colder than CTRL) typically
found on the right side of the track, often extending
beyond R34, (figures 9(d) and (h)). This cooling
is due to typhoon-induced mixing bringing cooler
subsurface water upward (Price 1981, D’Asaro et al
2007), potentially affecting further intensification.

4, Discussion and conclusions

This study extends the work of YK24 on hur-
ricane prediction in the Atlantic basin to the west-
ern Pacific context, demonstrating the significant
impact of sea spray parameterization on typhoon
prediction in the YECS region. Unlike YK24, this
study presents one of the first attempts to integ-
rate a wave-dependent spray parameterization within
a fully coupled atmosphere-ocean-wave system for

shallow marginal seas characterized by bottom cold
water. We further implemented the wave age-based
roughness length parameterization (Drennan et al
2003) to better represent wind-wave interactions and
the wave field asymmetry observed in our results. Our
approach bridges the framework of Atlantic-based
studies with the unique oceanographic conditions of
the YECS region—notably, shallow bathymetry, strong
tidal mixing, and the presence of bottom cold water
masses.

For Typhoons and Lingling (2019) and Maysak
(2020), the incorporation of sea spray processes
substantially improves typhoon intensity and struc-
ture predictions. Specifically, sea spray incorporation
reduced MBEs and RMSE s in minimum central pres-
sure and maximum wind speed. SPRAY simulations
captured a more realistic typhoon structure, with
R34,,; MBEs decreasing by 37% for Lingling and 17%
for Maysak, particularly the compact and intense eye-
wall region. Enhanced THFs in SPRAY simulations
(74% increase for Lingling, 92% for Maysak) led to
better representation of intensification phases. These
results align with YK24’s findings on the critical role
of spray-mediated sensible heat flux in accurately pre-
dicting rapid intensification.

Analysis of thermodynamic processes reveals that
sea spray effects significantly modify the vertical
structure of Typhoon Maysak. Potential temperat-
ure shows enhanced warming in both the bound-
ary layer (1-2 K) and upper levels (3—4 K), with
maximum warming of 5 K in the upper-level core.
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These modifications, emerging before rapid intensi-
fication at 48 h, feature intensified latent heat release
and increased moisture throughout the troposphere.
The vertical redistribution of warming and sustained
moisture enhancement creates conditions favorable
for deep convection, demonstrating how sea spray
effects strengthen the secondary circulation through
enhanced air-sea exchanges.

Our results extend the theoretical work of
Andreas and Emanuel (2001) on spray-mediated
enthalpy flux contributions to typhoon intensity. The
varying impact of sea spray under different oceanic
conditions, as represented in our study, builds upon
the work of Chen et al (2018) on the relationship
between rapid intensification and SST, while explor-
ing these effects in a region with unique oceano-
graphic features such as bottom cold water masses.
Notably, the nondimensional parameters (o = 2.46,
B = 15.15, and v = 1.77) of Andreas et al (2015)
originally calibrated for low-to-moderate wind con-
ditions have proven effective in reducing forecast
errors, although further field validation in coastal
environments could help refine theses values.

Despite these advancements, our model shows
limitations in predicting peak intensity, partially
attributed to the use of constant sea spray generation-
related constant parameters (S, and Sy). The recent
work of Barr et al (2023) demonstrate that sea spray
effects vary significantly with wind speed, suggesting
that future work should implement wind- and sea-
state dependent sea spray generation functions, such
as those proposed by Troitskaya et al (2018) and Xu
et al (2021), to better represent droplet size distribu-
tion and its dependencies. Additionally, understand-
ing the combined effects of sea spray with upper-
ocean thermal structure (Lin et al 2009, Wada et al
2009) and internal typhoon dynamics (Smith and
Montgomery 2016) could further enhance prediction
accuracy.

Similar to YK24, our study demonstrates effic-
acy for strong typhoons with intense air-sea coup-
ling. However, extending this approach to weaker
typhoons is still challenging. Lower wind speeds and
less developed wave fields limit sea spray fluxes within
these systems, implying that coupling effects may not
be as pronounced. This suggests the need for future
case studies on marginal or developing typhoons
to quantify threshold-based relationships between
wind speed, wave state, and sea spray generation.
Understanding these relationships represents a crit-
ical step toward sea spray effects in various air-sea
coupled processes such as marine heat waves and sea
fog formation. Our results also highlight the import-
ance of environmental preconditioning of typhoon
development, as evidenced by Typhoon Bavi’s passage
that cooled the ocean and subsequently influenced
Typhoon Maysak’s evolution.

ERAS data was selected for its high-resolution and
consistent historical coverage, which was ideal for this
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study. To implement our sea spray parameterization
in operational systems like Hurricane Analysis and
Forecasting System (Alaka et al 2022) with its high-
resolution moving nests, we would need to evaluate
its performance using different combinations of oper-
ational data. For the atmospheric component, global
forecast models such as the Global Forecast System
and Integrated Forecasting System would provide ini-
tial and lateral boundary conditions. For the ocean
component, operational analysis products like the
HYCOM and Global Ocean Reanalysis System would
provide initial states and open boundary conditions.
The robustness of the parameterization also needs
to be tested across different physics configurations
available through the Common Community Physics
Package (Bernardet et al 2024).

This study underscores the need for enhanced
in situ flux observations and sea spray measurements
using diverse platforms (e.g. dropsonde, fixed ocean
towers, and autonomous surface vehicles). The Ieodo
Ocean Research Station (I-ORS), strategically loc-
ated in the path of typhoons approaching the Korean
Peninsula (Ha et al 2019), has the potential to sample
most of the typhoon atmospheric surface layer and
ocean mixed layer from a fixed frame of Yang et al
(2022). Its location on the continental shelf of the
Yellow Sea is ideal for measuring typhoon-generated
waves without coastal interference. Leveraging its
capacity for large equipment and installing addi-
tional support structure near the sea surface could
enable direct measurements of spray droplet size
distribution and air-sea fluxes at the air-sea inter-
face. These advancements would provide critical data
for model development, significantly advancing our
understanding of air-sea interactions during extreme
weather events.

Data availability statement

The JTWC provides the best track data for the
Western Pacific Ocean (www.metoc.navy.mil/jtwc/
jtwc.html?western-pacific). Data for the coupled
model are available online from the ERA5 reana-
lysis data (Hersbach et al 2020) (https://doi.org/10.
1002/qj.3803) and HYCOM analysis (www.hycom.
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All data that support the findings of this study are
included within the article (and any supplementary
files).
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