
1. Introduction
While tropical cyclone (TC) track forecasts have improved over the last three decades, the mean absolute errors 
of TC intensity forecasts have stagnated (Chan & Kepert, 2010; Emanuel, 2018; Palmer & Hagedorn, 2006; 
Rappaport et al., 2009; Warner, 2010). One of the primary reasons is the lack of sufficient understanding of the 
basic physical mechanisms that generate, drive, and maintain TCs (Chan, 2005; Chan & Kepert, 2010; Elsner 
et  al.,  2008). In particular, one external physical process that might affect the intensity of a TC is sea spray 
(Andreas & Emanuel, 2001; Gall et al., 2008; Xu, Voermans, Liu, et al., 2021).

Sea spray is composed of small water drops ejected from the ocean surface (Veron, 2015) and is of great signifi-
cance for TC dynamics (Liu et al., 2011). For example, during extreme marine weather, spray droplets generated 
at the surface are strongly accelerated in the airflow and then return to the ocean surface, thus mediating the trans-
fer of air-sea momentum (Donelan, 1990). In addition to dynamic effects, sea spray can also impact the air-sea 
heat fluxes through evaporation (Andreas & Emanuel, 2001). It was reported that sea spray induced heat fluxes 
are expected to account for more than 10% of the total air-sea heat and momentum fluxes once wind speed (WSP) 
reaches 11–13 m s −1 (Andreas, 2004; Andreas et al., 2008). As sea spray has significant thermal and dynamical 
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effects on the air-sea interaction and thus TC dynamics, it needs to be clearly understood, parameterized and care-
fully implemented into TC modeling. In this study, we will implement two different sea spray parameterizations 
into a coupled air-sea-wave model.

Several studies have implemented sea spray parameterizations into operational numerical models to investi-
gate the influence of sea spray on TC modeling. Wang et al. (2001) adopted a high-resolution TC model with 
explicit cloud microphysics to test the potential effects of sea spray on the TC intensity and maximum WSP. Gall 
et al. (2008), who utilized the non-hydrostatic MM5 (version 3.4), investigated the effects of sea spray on the TC's 
vertical structure within an idealized environment. These studies substantiated that sea spray, through moistening 
near-surface layers and altering their temperature, modifies the TC structure in important but complex ways. 
More recently, studies attempted to use regional coupled models to investigate effects of sea spray on TC mode-
ling (Garg et al., 2018; Zhao et al., 2017). However, although the aforementioned studies have provided insights 
into how sea spray affects TC modeling, one of the foremost and common limitations in their studies is the choice 
of sea spray parameterization in TC modeling. For example, spray parametrizations utilized by current studies 
tend to be formulated in terms of the wind properties alone, either through the WSP or wind stress. It is intuitive 
to construct a sea spray model on the basis of wind characteristics, as the wind stress acting at the ocean surface 
can tear water liquid from the wave crests to form droplets. However, form properties of the ocean surface cannot 
be ignored in such a description (Laussac et al., 2018; Lenain & Melville, 2017; Ovadnevaite et al., 2014) for 
the simple reason that sea spray is unlikely to be produced (or at least at negligible quantities) when a perfectly 
horizontal ocean surface is considered, even during extreme winds (Xu, Voermans, Liu, et al., 2021). Thus, sea 
spray models need to be parameterized in terms of both wind and wave properties.

As a proxy of wave effects on sea spray generation, a Reynolds number was parameterized into a sea spray gener-
ation model (Zhao & Toba, 2001; Zhao et al., 2006; Norris et al., 2013),

𝑉𝑉sp =
4

3
𝜋𝜋 ⋅ 𝜌𝜌𝑤𝑤

𝑟𝑟2

∫
𝑟𝑟1

𝑟𝑟3 ⋅
dF (𝑅𝑅𝐵𝐵)

dr
dr (1)

where Vsp is the sea spray volume flux; ρw is the water density; r is the radii of sea spray droplets; r1 and r2 
are the radii of smallest and largest sea spray droplets; dF(RB)/dr is a wave-Reynolds-number-dependent sea 
spray generation function (see Equation 17 in Zhao et al.  (2006)). Equation 1 was in turn, implemented into 
the coupled atmosphere–wave–ocean modeling system (Liu et  al.,  2011) and POMgcs-SWAN model (Zhang 
et al., 2017, 2021), respectively. While wave Reynolds number is a critical metric for wind-wave interaction, it has 
severe limitations in representing sea spray generation. For example, the wave Reynolds number, which is defined 
as the product of wind stress and wave age, cannot completely capture the properties of the ocean wave state. This 
is because wave age provides information on the relative velocity of the dominant energetic wave with respect to 
the wind only, but not about the severity of the sea state, including wave breaking. The severity of the sea state is 
considered to be a major determinant of sea spray generation (e.g., Bruch et al., 2021).

Recently, Xu, Voermans, Ma et al. (2021) derived a nondimensional wave-steepness-dependent sea spray volume 
flux parameterization based on WSP and wave steepness:

𝑉𝑉sp

𝑈𝑈10

= 1.99
√

𝑠𝑠 × 10
−8 (2)

where U10 is the 10 m height WSP; s = Hskm/2 is the mean wave steepness, Hs is the significant wave height, 
and given at deep and shallow water km = (2πfm) 2/g and �� = 2���∕

√

gh is the mean wave number, respectively, 
where the fm is the mean wave frequency and the g is the acceleration gravity. Using field observations of laser 
backscatter to parameterize the sea spray model, the model of Xu, Voermans, Ma et al.  (2021) was found to 
perform remarkably similar to the model of Andreas (1992), both in trend and magnitude, when compared against 
the mean WSP. Notably different, however, is that the model of Andreas (1992) does not explicitly depend on the 
properties of the wave field. Therefore, we adopted Equations 1 and 2, respectively, to consider how the spray 
contributes to the air-sea interaction and implemented in TC modeling.

To simulate TCs, atmosphere numerical models are traditionally employed. However, in addition to the atmos-
phere, the underlying ocean should be simultaneously taken into account for TCs modeling as TCs develop over 
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the warm ocean and are sensitive to temporal variations of thermodynamic fluxes over the ocean surface and thus 
sea surface temperature (SST) changes (Bao et al., 2000). Without the coupling of the atmosphere and ocean, the 
negative feedback from the ocean to the atmospheric system at the air-sea interface would be missing, and the 
ocean would be functioned as an unlimited energy source for the intensification of TCs (Mogensen et al., 2017). 
By coupling the atmosphere with the ocean, sea surface cooling caused by TCs' passing results in a significant 
reduction of the TCs' intensity (Bao et al., 2011; Bender et al., 1993; Chan et al., 2001; Schade & Emanuel, 1999). 
As surface waves modulate the fluxes between the ocean and atmosphere, their influence needs to be accurately 
represented as well in the TC models. The role of waves in a coupled air-sea system is typically considered 
through an average roughness length and is closely related to the surface wind stress (Garratt, 1994; Kraus & 
Businger, 1994). As current numerical model analysis and observations suggested, the surface wind stress is not 
solely defined by the wind, but instead depends on both wind and wave states (Janssen, 1989). As the wind stress 
is associated with the energy supply from the ocean for TCs' development, the surface wave state needs to be 
considered in TC modeling. As such, a fully coupled atmosphere-ocean-wave model is required to simulate the 
life cycle of TCs (Bao et al., 2000; Mogensen et al., 2017).

This present work uses an air-sea-wave coupled numerical model to simulate TC Olywn at the North-West shelf 
of Australia in March 2015. To understand how sea spray mediates the air-sea interaction within the TC environ-
ment, we extended a bulk microphysical algorithm of Andreas et al. (2008) with the wave-Reynold-number- and 
wave-steepness-dependent sea spray models of Zhao et al. (2006) and Xu, Voermans, Ma et al. (2021) (we refer 
to these models as Z06 and X21 hereafter), respectively, to characterize the air-sea interaction processes at the 
ocean surface. We note, that this is the first study investigating the effects of sea spray on the TC dynamics using 
a fully coupled atmosphere-ocean-wave model in the Southern Hemisphere.

2. Methodology
2.1. TC Olwyn

To study the influences of the sea spray on the atmospheric and oceanic environments under extreme conditions, 
we here focus on the simulation of TC Olwyn for which in situ observations are available (Voermans et al., 2019). 
TC Olwyn developed as a tropical low-pressure system embedded in an intensive monsoon trough and moved 
to the northwest of Australia continental shelf (13.8°S, 115.6°E), before moving south from 10 March 2015. 
While slowly strengthening, this tropical low pressure system kept a southern track before reaching TC intensity 
at around 06:00/11/03. TC Olwyn passed by the observation site (19.58°S, 116.14°E) at a distance of 150 km at 
around 08:00/12/13, from where observed wind and wave properties are adopted to validate the simulations later 
on in this study. Then, it attained a minimum central sea level pressure (SLP) and peak intensity of around 75 
knots (i.e., 139 km hr −1) around 18:00/12/03. After that, the center of TC Olwyn passed west of Coral Bay, turned 
and moved toward the southeast, weakened to below TC intensity, and finally made landfall.

2.2. Description of Coupled Model

To simulate the life cycle of the TC Olwyn before its landfall, we adopted the fully Coupled 
Ocean-Atmosphere-Wave-Sediment Transportation numerical model system (COAWST) (Warner et al., 2010). 
COAWST consists of three components: the Weather Research Forecasting (WRF; https://www.wrf-model.org/
plots/wrfrealtime.php) for the atmosphere (Skamarock et al., 2008), the Regional Ocean Modeling System (ROMS; 
https://www.myroms.org) for the ocean (Haidvogel et al., 2008; Shchepetkin & McWilliams, 2005, 2009), and 
the Simulating Wave Nearshore (SWAN) model for the waves (Booij et al., 1999; Warner et al., 2008). As these 
three components utilize a variety of prognostic variables in order to solve the governing equations, respectively, 
we briefly clarify the setup for each of them in more detail below.

2.2.1. Atmosphere

The atmosphere model used in COAWST is WRF with Advanced Research WRF core which, as a fully flexible 
and non-hydrostatic numerical model, integrates Euler equations by Arakawa-C grid using a terrain-following 
coordinate in vertical. In the present work, we set up two nested geographical atmospheric domains (Figure 1) 
with a horizontal resolution of 7.5 km for D01 and 1.5 km for D02, both of which contain 59 sigma levels. 
In this study, the initial field data and lateral boundary conditions were acquired from European Centre for 
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Medium-Range Weather Forecasts (European Centre for Medium-Range 
Weather Forecasts) produced the fifth generation atmospheric reanalysis 
(ERA-5) with a horizontal resolution of 0.25° × 0.25°.

2.2.2. Ocean

To provide ocean properties used in the bulk spray algorithm and consider 
oceanic responses during Olwyn passing, ROMS is defined as the ocean 
component in COAWST. ROMS is a free-surface numerical model using 
terrain-following coordinate to solve Reynolds-averaged Navier-Stokes 
with the hydrostatic and Boussinesq approximation (Shchepetkin & 
McWilliams, 2005). A model domain with 5 km horizontal resolution was 
used in this study (Figure 1). Vertically, the model domain utilized 30 levels 
for the extended terrain-following coordinate. For improving the computa-
tional efficiency and effectiveness nearshore during TC passing, the stretch-
ing parameters were chosen in case that the first sigma level was larger than 
5 m. In this study, ROMS utilizes the field data of salinity (salt), tempera-
ture (temp), currents (U, V), averaged currents vertically (ubar, vbar), and 
sea surface level (zeta) to acquire initial conditions based on the outputs of 
global Hybrid Coordinate Ocean Model (HYCOM) GLBa0.08 from part of 
the United States Global Ocean Data Assimilation Experiment. The open 
boundary conditions for salinity, temperature, and current were also derived 
from the same database (https://tds.hycom.org/thredds/catalog.html).

2.2.3. Wave

SWAN, the wave model for the estimations of wave properties in the coastal 
area, is defined as the wave component in COAWST. In this study, SWAN 
adopted the same model simulation domain and grids with ROMS to save 
computational resources by reducing the time of transmission of grid data 
re-computation (Figure 1). Thirty six directions were obtained by determin-
ing the directional resolution as 10°. By defining the minimum frequency 
as 0.04 Hz, 24 frequencies were obtained. The initial conditions were from 
outputs of SWAN forced by WRF-ARW with the same computation grids 
and domain used in this study. The boundary conditions were from global 
simulation outputs of the WaveWatch III model (https://polar.ncep.noaa.gov/
pub/history/waves).

To couple with wave and ocean components in COAWST system, the Model Coupling Toolkit is used as the 
coupling tool where these components mutually exchange information every time step (600 s), before they inde-
pendently integrate forward for another coupling time step.

2.3. Sea Spray Effects

In COAWST, the Monin-Obukhov theory is implemented as the classic bulk turbulent flux algorithm to be 
used for estimating the air-sea fluxes. To obtain complete air-sea fluxes, in addition to air-sea turbulent fluxes, 
sea spray induced fluxes need to be considered. Here we adopt the spray flux algorithm developed by Andreas 
et al. (2008) who parameterized the air-sea fluxes with not only the air-sea turbulence but also sea spray. Therefore, 
we followed Andreas and Emanuel (2001); Andreas (2003), and adopted the methods of William Perrie (2004); 
Perrie et al. (2005) who replaced the default bulk flux algorithm with the bulk spray flux algorithm of Andreas 
et al. (2008).

In Andreas et al. (2008), air-sea total momentum τT fluxes, latent heat Hl,t, and sensible heat Hs,t can be deter-
mined by the summation of the spray induced momentum τsp, latent heat Hl,sp, and sensible heat Hs,sp fluxes and 
air-sea interfacial turbulent fluxes:

𝜏𝜏T = 𝜏𝜏 + 𝜏𝜏sp (3)

Figure 1. Atmosphere (Weather Research Forecasting (WRF 
(WRF)-Advanced Research WRF (ARW)), ocean (Regional Ocean Modelling 
System (ROMS)), and wave (Simulating Wave Nearshore (SWAN)) model 
domains. With WRF, the innermost domain (WRF D02) is nested within the 
outermost domain (WRF D01). ROMS and SWAN share the same domain 
(ROMS + SWAN). The tropical cyclone trajectory of simulations with the 
Z06 (solid green line), the X21 (solid red line), without sea spray (solid blue 
line), and the best-track observation of Bureau of Meteorology (BoM) (black 
solid line), respectively. The location of the fixed observation platform is 
presented by the black hexagram. Yellow and green solid lines are advanced 
scatterometers (ASCAT MetOp-A and ASCAT MetOp-B) passages. The 
shaded contours represent local bathymetry.
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𝐻𝐻𝑙𝑙𝑙𝑙𝑙 = 𝐻𝐻𝑙𝑙 +𝐻𝐻𝑙𝑙𝑙sp (4)

𝐻𝐻𝑠𝑠𝑠𝑠𝑠 = 𝐻𝐻𝑠𝑠 +𝐻𝐻𝑠𝑠𝑠sp (5)

To introduce wave impacts on sea spray, we extrapolated the unique wave-steepness-dependent spray model 
proposed by Xu, Voermans, Ma et  al.  (2021) (Equation  1) to 45  m s −1 and substituted Equations  1 and  2, 
respectively, for the wind-dependent spray generation model already implemented in the bulk microphysi-
cal algorithm of Andreas  (1992); Andreas et  al.  (2008) in this study for the modeling. As such, the coupled 
atmosphere-ocean-wave-spray system used in this study can be constructed (Figure 2).

3. Results
3.1. Wind Field, Wave Properties, and TC Olwyn

Figure 3 compares wind and wave observations obtained from the offshore platform (Voermans et al., 2019) with 
simulation results. In Figure 3a, both simulations with and without sea spray are similar and compare well with 
the observations when 10 m WSP (U10) is less than around 15–20 m s −1, whereas considerable differences are 
observed once U10 larger than around 15–20 m s −1. In contrast to the simulated result without sea spray, including 
sea spray through Z06 and X21 reduces the root mean square error (RMSE) by about 28% and 30%, respectively, 
over the period from 16:00/10/03 to 18:00/12/03. Specifically, this improvement is most significant between 
20:00/11/03 and 04:30/12/03 where U10 decreased by up to 2 and 3.5 m s −1 with Z06, and with X21, respectively. 
We note that such improvements are consistent when comparing our simulation results against observations by 
scatterometers (Figure S1 in Supporting Information S1). In Figure 3b, simulations of significant wave height 
(Hs) including Z06, and X21, and without sea spray are comparable and largely consistent with the observations 
when Hs is less than around 5 m. However, simulated Hs is decreased by up to 1.5 and 1.8 m considering Z06 
and X21, respectively. The substantial improvements become noticeable at around 02:30/12/03 where the RMSE 
of Hs is reduced by about 20% and 25% when the sea spray models of Z06 and X21 are included, respectively.

Figure 2. A schematic diagram of the atmosphere-ocean-wave-spray configurations and data fields exchange. τsp, Hl,sp, and Hs,sp are the spray induced momentum 
latent heat and sensible heat fluxes, respectively (see Equations 3–5). For more details regarding the other coupling parameters and exchanges between each of the 
components, we refer to Warner et al. (2010); Xu, Voermans, Liu et al. (2021).
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Figures 4a–4c compare the simulated TC track, SLP and maximum surface WSP following the center of TC 
Olwyn against observations from the Australian BoM. We note that, in the comparison with the observation, 
while the TC simulation without spray is considerably less intense, introducing sea spray reduces the devia-
tion from the observation. Specifically, incorporating the sea spray models of Z06 and X21 contributes to the 

Figure 3. Comparison between (a) simulated wind speed at 10 m height, U10, and (b) significant wave height, Hs, with 
observations from the fixed offshore platform (Voermans et al., 2019). The green, red and blue refer to simulation results with 
the Z06, with the X21 and without sea spray, respectively. Color bands represent the average value of grid points adjacent to 
the platform. Black dots are observations from the observational site. Areas where simulated U10 and Hs with the sea spray 
considerably differ from that without the sea spray are highlighted by gray shadows.

Figure 4. (a) The D02 of the Weather Research Forecasting (WRF) with the tropical cyclone (TC) tracks (as in Figure 1). (b) The minimum sea level pressure and (c) 
the maximum wind speed. The black, red and blue solid lines present the observation of Bureau of Meteorology (BoM), simulations with the sea spray models of Z06 
and X21, and without sea spray, respectively. The black dashed line identifies the time when the simulation with sea spray considerably differs from that without sea 
spray. In each plot, the shadow region represents the local water depth nearby the TC center.
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increase of maximum WSP by up to 8.4 and 5 m s −1, respectively, at around 00:00/12/03. In agreement with the 
maximum WSP, in-time SLP is decreased by up to 8 and 7 hPa once the models of Z06 and X21 are considered, 
respectively. In line with other studies, our observations show that the inclusion of sea spray physics improves 
model performance and thus suggests that sea spray generation is a critical function in TC dynamics (Andreas & 
Emanuel, 2001; Kepert et al., 1999; Liu et al., 2011; Wang, 2009). After 06:00/12/03, TC Olwyn entered shallow 
water (less than 100 m), and it is responsible for the large differences between the simulation and BoM obser-
vations. As the energy supply from the ocean to the TC is abruptly cut off when the TC approaches the coastal 
zone, this destroys the TCs' warm-center vortex structure and complicates the physical and numerical processes 
at the underlying surface of the TC system. Therefore, to improve the simulation of TC entering shallow water, 
additional physical processes (i.e., nonbreaking-wave-induced turbulent mixing, rainfall, etc.) require representa-
tion in the TC model.

Figure 5a shows the maximum of the total heat (latent + sensible) flux across the ocean surface with time. Before 
around 18:00/11/03, the simulated heat fluxes with and without sea spray are closely comparable. However, after 
approximately 18:00/11/03, the simulation of heat fluxes become greatly increased because of introducing sea 
spray. In comparison with the simulation without spray, the air-sea total heat fluxes are increased by about 54.42 
and 47.7 W s −2 (11.2%), with a maximum increase of 161.5 (27.3%) and 138.3 W s −2 (23.4%) for the inclusion of 
sea spray through the models of Z06 and X21, respectively, at around 11:00/12/03 (Figure 5a). After 18:00/11/03, 
the instance at which the simulated heat fluxes with sea spray start being significantly larger than that without 
sea spray (dashed line in Figure 5a), the maximum WSP is noticeably raised in contrast to the simulation with-
out spray at around the same time (Figure 4c). Notably, it is at this time (i.e., 18:00/11/03) that winds become 
larger than 30 m s −1. This may suggest that sea spray can play a significant role in TC meteorology once U10 is 
larger than around 30 m s −1, which is observed and substantiated by others (Andreas, 2004; Andreas et al., 2008; 
Veron, 2015).

In addition to air-sea heat fluxes, we note an increase in the air-sea total momentum flux once the sea spray is incor-
porated into the simulation. Specifically, the overall total momentum is increased by about 0.21 N m −2 (21.7%) 

Figure 5. (a) The total air-sea heat fluxes (i.e., Hl,t + Hs,t) and (b) the momentum flux, τT. The red and blue are simulation results with the sea spray models of Z06 and 
X21, and without sea spray, respectively. Solid lines present the average of fluxes (i.e., heat fluxes for (a), and momentum fluxes for (b)) within two times of the radii 
of maximum wind from the center of tropical cyclones (TCs) for the simulation with sea spray and without sea spray, respectively. The color bands state their standard 
deviation estimations. The black dashed line is the time when the simulation with sea spray starts being largely deviating from that without sea spray. In each plot, the 
shadow region represents the local water depth at the TC center.
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and 0.16 N m −2 (16.1%) over the simulation time (Figure 5b) after the inclusion of Z06 and X21, respectively. 
The contribution of sea spray to the air-sea momentum fluxes becomes more evident from 18:00/11/03 onwards, 
which is consistent with the heat fluxes. A maximum of 0.87 N m −2 (79.2%) increase is observed at around 
14:30/12/03 by introducing sea spray of X21, while a maximum of 0.84 N m −2 (69.6%) increase is observed at 
around 13:30/12/03 as a result of introducing sea spray of Z06. Thus, based on simulation results, the sea spray 
not only mediates the air-sea heat fluxes, but also the momentum fluxes.

3.2. Upper Ocean

Figures 6a and 6d show the comparison of maximum vertical current velocity, wmax, at around 5 m depth below 
the sea surface following the center of TC Olwyn between simulated results with and without sea spray. Both 
simulations suggest that wmax increases during Olwyn's intensification. Specifically, once the sea spray param-
eterizations of Z06 and X21 are included, respectively, the overall wmax is increased by 2.1 × 10 −5 (9.8%) and 
1.4 × 10 −5 (6.2%) with a maximum of 7.5 × 10 −5 (25.5%) and 4.1 × 10 −5 (10.3%) at around 02:00/12/03 and 
10:00/12/03. It is after approximately 18:00/11/03 that wmax increases more rapidly when sea spray is considered. 
We note that this corresponds to the time when sea spray effects on the heat fluxes are distinct in comparison to 
the baseline simulation without spray (e.g., see Figure 5a). As the sea spray adds additional kinetic energy to the 
upper ocean (Figure 5b), the vertical turbulent mixing and upwelling are expected to be enhanced as well. This 
contributes to stronger vertical turbulent mixing over the upper ocean, and thus a decrease of the SST is expected. 
Figures 6b and 6e present the SST differences (i.e., the simulated SST with sea spray minus that without sea spray) 
during the passage of Olwyn (see Figure S2 Supporting Information S1 for the SST in the experiment without 
and with spray, respectively). Sea spray induces widespread SST cooling distributed on both sides of TC Olwyn's 
trajectory. A maximum of about 0.31°C and 0.26°C cooling induced by Z06 and X21, respectively, occurs at 
around 12:00/12/03 (Figures 6c and 6f) along a narrow area to the left of the Olwyn's track (Figures 6b and 6e) 
because of the leftward bias of wind and wave fields. This is in agreement with previous studies (Perrie, 2004).

Figure 6. (a) and (d) The maximum vertical current velocity, wmax, at around 5 m depth below the sea surface following the 
tropical cyclone trajectory. (b and e) Spatial distributions for differences (i.e., the simulated sea surface temperature (SST) 
with spray minus that without spray) of SST at around 06:00/12/03 and (c and f) is the average of SST. The red, green, 
and blue present the simulation with sea spray given by Z06 and X21, and without sea spray, respectively. The color bands 
are their standard deviation estimations. The black dashed line demonstrates the time when the simulation with sea spray 
becomes deviating from that without sea spray.
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4. Discussion
In the present work, we investigated the impacts of sea spray on TC Olwyn through a coupled air-sea-wave model. 
In doing so, we have implemented a Reynolds-number-dependent and a unique wave-steepness-dependent sea 
spray model into the atmosphere-ocean-wave coupled system. We observe that by including sea spray into the 
air-sea-wave coupled model the simulated properties of wind and waves, that is, U10 and Hs, improve with respect 
to our field observations.

One of the foremost reasons for the improvements may be from impacts of sea spray on the TCs' structure. Here, 
we take the simulation including the model of X21 as an example to explain. At smaller radii (i.e., radii is approx-
imately less than the radii of maximum wind (RWM)), the atmospheric sensible heat would be increased once 
sea spray droplets are ejected into the air. This is because the temperature of the generated sea spray, equal to the 
SST, is higher than the atmosphere, leading to sensible heat transfer from the sea spray to the surrounding air by 
conduction. Since the sea spray introduces additional sensible heat to the atmosphere, the total air-sea heat fluxes 
are, in turn, increased at smaller radii (Figure 7a). This contributes to the local increases of WSP (Figure 7b) and, 
subsequently, wave height (Figure 7c). However, at larger radii (i.e., radii is approximately larger than the RWM), 
sea spray droplets with smaller radii account for a substantial proportion of the amount generated sea spray (Gall 
et al., 2008). As sea spray droplets with smaller radii reside longer in the air (Andreas et al., 2008), the fraction 
of spray that evaporates increases, and occurs at the expense of the surrounding sensible heat (Andreas, 1992; 
Bao et al., 2000). This results in a decrease of the total air-sea heat fluxes, and potentially attenuates the inten-
sity of local cyclones (Figures 7a and 7b). This is consistent with Gall et al. (2008), Barnes (2006), and Cione 
et al. (2000), the theoretical study of Andreas and Emanuel (2001) and the TCs modeling study conducted by 
Bao et al. (2000). As the fixed platform from which we obtained our field measurements is located at larger radii 
(see Figure S3 in Supporting Information S1), the simulated U10 and Hs at the platform location are reduced when 
sea spray is considered in comparison with the baseline simulation without sea spray (Figures 7b, 7c, 7e, and 7f). 
As such, in comparison with observations, introducing the sea spray improves the simulation of local winds and 
waves during TC Olwyn passing, and this is mainly from the tight coupling of sea spray, wind and waves, and the 
resulting impacts of sea spray on TC's structure.

Figure 7. Spatial distribution of the difference between simulation with the X21 and without sea spray at 00:00/12/03 of (a) 
the total air-sea heat flux, (b) wind speed U10, and (c) significant wave height Hs. (d–f) The profiles along the red lines as 
indicated in (a–c). The dashed-line circle in (a–c) is double the radii of maximum wind (RWM), the black solid-line circle 
is the RWM, and the arrow is the direction of tropical cyclone propagation in (a–c). The location of the fixed observation 
platform is presented by the black hexagram.
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In addition to the atmosphere and local waves, the impacts of sea spray on the ocean are also investigated in 
this study. Once the sea spray is considered, the upper ocean turbulent mixing is enhanced. This contributes to 
a deeper propagation of surface warm water downwards and greater upwelling of colder water resulting in SST 
cooling. We note that the SST cooling, with the maximum lying on the left/right side of the TC trajectory in the 
southern/northern hemisphere (see Figures 6b and 6e), occurs after the TC passing. This is because the temporal 
scale of the ocean is larger than that of the atmosphere, which contributes to the lagged effect of sea spray on the 
response of the upper ocean (see Figure S4 in Supporting Information S1). As this greater SST cooling is a result 
of introducing sea spray induced heat and momentum fluxes, we expect a positive feedback process between sea 
spray thermal and dynamical effects on the mediation of heat budget within the upper ocean (Zhang et al., 2017). 
That is, sea spray induced heat fluxes assist TC development and intensification which strengthen upwelling and 
SST cooling. In addition, the vertical turbulent mixing within the upper ocean is enhanced because of sea spray 
induced momentum fluxes. Given that TCs are one of the prominent upper ocean mixing agents at the global 
scale (Sriver & Huber, 2007), sea spray may be of significance to global climate and the marine biosphere by 
affecting upper ocean mixing, and thus the ability of the ocean to transport and store heat (Lin et al., 2003).

While our study shows that the inclusion of sea spray into the air-sea-wave coupled model improves the model 
performance in replicating the field observations, there are limitations in the sea spray parameterization of Xu, 
Voermans, Ma et al. (2021). First and foremost, the sea spray parameterization of Xu, Voermans, Ma et al. (2021) 
adopted here is restricted to wind speeds up to 25 m s −1 due to a lack of observations at higher WSP. The under-
lying assumption in this study is therefore that the parameterization is valid up to wind speeds of 45 m s −1 (see 
Figure S5 in Supporting Information S1 for the sensitive tests of the extrapolation of the sea spray parameteri-
zation of Xu, Voermans, Ma et al. (2021). Secondly, as the parameterization of Xu, Voermans, Ma et al. (2021) 
is developed based on field observations of laser backscatter, uncertainties may exist due to the modulation of 
laser attenuation by sea surface roughness properties as discussed by Xu, Voermans, Ma et al. (2021). Though 
further validation is required using laboratory, field and numerical observations, it is promising that this spray 
model, even when extrapolated to higher wind speeds, is well aligned with current sea spray models in both trend 
and magnitude (Xu, Voermans, Ma, et al., 2021). We further note that the extrapolation of sea spray models to 
extreme weather conditions in numerical models, as implied by Zhao et al. (2017) and Prakash et al. (2019), is 
commonly used and markedly improves the TCs modeling. However, further studies are required in reducing the 
uncertainty of the sea spray model used here at extreme wind speeds.

The air-sea-flux algorithm we utilized in this study is based on Andreas et al. (2008), who parameterized the 
evolution of sea spray in the air-sea layer using observations from the Humidity Exchange over the Sea experi-
ment (DeCosmo et al., 1996; Katsaros et al., 1987; Smith et al., 1996), and the Fronts and Atlantic Storm-Tracks 
Experiment (Joly et al., 1997; Persson et al., 2005), two of the rare data sets at extreme winds. While this algo-
rithm has been widely implemented in modeling for considerations of sea spray impacts on air-sea interaction 
(Garg et al., 2018; Liu et al., 2011; Prakash et al., 2019), uncertainties in this algorithm complicate estimates of 
the feedback effect of spray when depicting the evolution of sea spray in the air-sea layer (Troitskaya et al., 2018). 
Uncertainties include, but are not limited to, estimating the initial velocity of ejected drops from the ocean 
surface, and quantifying the fraction of spray drops that evaporate and fall back to the ocean. Therefore, further 
studies are required to understand the sea spray microphysics at the ocean surface and their evolution in the air, 
which may reduce the modeling errors further in extreme weather conditions.

Despite the uncertainties in sea spray dynamics, including sea spray into the TC model leads to a marked improve-
ment, specifically, it reduced the simulation error of U10 and Hs for TC Olwyn with respect to the baseline simu-
lation. While we see significant improvement for both the sea spray parameterizations, we note that both the 
sea spray models perform similar. As the model of X21 is based on the wave steepness, considered the critical 
parameter in the generation of sea spray (e.g. Bruch et al., 2021), the model of X21 is preferred over that of Z06. 
This study considers, however, only one TC case which reached up to category 3. More TC cases are required 
to be collected, simulated, and analyzed to generalize the findings described above. This is particularly true and 
required for operational purposes. Nonetheless, the presented study implies that the sea spray plays a critical role 
in the atmospheric and oceanic dynamics at extreme winds and it requires to be introduced into the operational 
models of the TC forecasting.
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5. Conclusions
In this present work, we adopted an air-sea-wave coupled model with 1.5 km resolution to simulate the TC Olwyn. 
To investigate the influence of wind-wave driven sea spray on the air-sea interaction under strong winds, we 
replaced the model default bulk algorithm with a bulk spray flux algorithm. We adopted a wave Reynolds-number 
and wind-wave-steepness-dependent sea spray model, referred to as Z06 and X21 respectively.

In comparison with the baseline simulation, the introduction of the models of Z06 and X21 increases the air-sea 
total heat (sensible heat + latent heat) by about 12.8% and 11.2%, respectively, providing a supplemental energy 
source to support the development and intensification of TC Olwyn. By including dynamic effects of sea spray 
through the models of Z06 and X21, the air-sea momentum fluxes are increased by about 21.7% and 16.1%, 
respectively, with respect to that without sea spray. This enhances the turbulent mixing and upwelling on the 
upper ocean which, in turn, enhanced SST cooling, thereby strengthen the negative feedback from the ocean to 
the atmospheric system of the TC Olwyn. Consistent with the current study, we suggested a positive feedback 
process between the dynamic and thermal effects of sea spray on the heat budget within the upper ocean.

Incorporating the sea spray into the air-sea-wave coupled model improves prediction of local winds and waves. In 
the comparison of the simulations with the Reynolds-number and wave-steepness-dependent sea spray parame-
terizations and without sea spray, errors in RMSE are reduced by up to 30% and 26% for U10 and Hs, respectively. 
While both the sea spray models of Z06 and X21 improve the simulations significantly, the model of X21 seems 
to perform slightly better than Z06. Moreover, as the parameterization of X21 depends on the severity of the sea 
state, the physical relevance of X21 makes it a more suitable parameterization for implementation in the coupled 
models.

Results suggest that such improvements might come from the impacts of sea spray on the structure of TC Olwyn. 
That is, sea spray reduces the air-sea heat fluxes at larger radii of TC Olwyn, and increases the air-sea heat fluxes 
at smaller radii. The significant improvements in model results affirm the necessity of including sea spray physics 
into the TC operational forecasting. Future work requires the study of more TC cases in various categories to 
generalize the findings presented above.

Data Availability Statement
The data utilized in this study are available via https://figshare.com/articles/dataset/Datasets/20484342. The 
satellite data are available at the Australian Ocean Data Network (AODN) Portal. Data for the coupled model are 
available online from the ERA-5 (https://cds.climate.copernicus.eu/cdsapp#!/home), HYCOM analysis (http://
tds.hycom.org/thredds/dodsC/GLBa0.08/expt_91.1), and WW3 outputs (ftp://polar.ncep.noaa.gov/pub/history/
waves/).
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