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Abstract

:

While sea spray can significantly impact air–sea heat fluxes, the effect of spray produced by the interaction of wind and waves is not explicitly addressed in current operational numerical models. In the present work, the thermal effects of the sea spray were investigated for an idealized tropical cyclone (TC) through the implementation of different sea spray models into a coupled air–sea–wave numerical system. Wave-Reynolds-dependent and wave-steepness-dependent sea spray models were applied to test the sensitivity of local wind, wave, and ocean fields of this TC system. Results show that while the sensible heat fluxes decreased by up to 231 W m−2 (364%) and 159 W m−2 (251%), the latent heat fluxes increased by up to 359 W m−2 (89%) and 263 W m−2 (76%) in the simulation period, respectively. This results in an increase of the total heat fluxes by up to 135 W m−2 (32%) and 123 W m−2 (30%), respectively. Based on different sea spray models, sea spray decreases the minimum sea level pressure by up to 7 hPa (0.7%) and 8 hPa (0.8%), the maximum wind speed increases by up to 6.1 m s−1 (20%) and 5.7 m s−1 (19%), the maximum significant wave height increases by up to 1.1 m (17%) and 1.6 m (25%), and the minimum sea surface temperature decreases by up to 0.2 °C (0.8%) and 0.15 °C (0.6%), respectively. As the spray has such significant impacts on atmospheric and oceanic environments, it needs to be included in TC forecasting models.
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1. Introduction


Ocean spray, or sea spray, is composed of water droplets ejected from the ocean surface by wind shearing and wave breaking [1]. Once spray droplets are emitted into the atmosphere, they can interact with the surrounding air through the exchange of heat and momentum [1,2,3,4]. Although there is still debate whether sea spray significantly impacts the air–sea heat fluxes under light to moderate wind conditions, spray droplets strongly modulate air–sea heat fluxes at the ocean surface under extreme wind conditions, such as a tropical cyclone (TC) system. Andreas et al. [5] suggested that the sea spray-induced heat fluxes account for more than 10% of the total air–sea heat fluxes once the wind speed is beyond 12 m s−1. However, although significant, the sea spray mechanism is still largely missing in present-day operational TC forecasting models [6,7,8,9,10,11,12].



Before the sea spray mechanism can be reasonably implemented into TC forecasting models, it is necessary to quantify the sea spray volume fluxes, (   V  s p    ), per square meter of the sea surface and per second. Based on laboratory observations, Monahan et al. [13] proposed a whitecap coverage method to measure and count the spray water droplets, and obtained a sea spray model that can be used to estimate the    V  s p    . Norri, et al. [14] estimated the number of sea spray droplets based on micrometeorological eddy-covariance sea spray measurements to derive    V  s p    . Recently, through using high-speed digital photography, Troitskaya, Druzhinin, Kozlov and Zilitinkevich [4] conducted experiments to observe the production of sea spray and constructed a “bag-breakup” dependent spray model to acquire    V  s p    . However, while promising, these studies parameterized the sea spray flux with wind properties alone. As the generation of sea spray is not only due to the wind shearing at the wave crests but also because of the breaking of ocean surface waves, recent studies suggested that it is necessary to incorporate wave parameters into the sea spray model [15].



Introducing wave properties into the spray models was initially suggested by Zhao and Toba [16]. They proposed a wave Reynolds number    R B    as a proxy to demonstrate the onset of the spray generation. In a later study, Zhao et al. [17] parameterized the sea spray generation function as


    d F   d r   =  {      7.84 ×   10   − 3    R B     1.5    r  − 1         30 < r < 75   μ m       4.41 ×   10  1   R B     1.5    r  − 3         75 < r < 200   μ m       1.41 ×   10   13    R B     1.5    r  − 8         200 < r < 500   μ m        



(1)




where    R B  =    u * 2     γ  a i r    ω p     ;    γ  a i r     is the air kinematic viscosity;    ω p    is the wave peak angular frequency;    u *    is the friction velocity of the air;  r  is the initial radius of sea spray droplets. Note that the sea spray volume flux    V  s p     can be obtained from     d F   d r     by


   V  s p   =  4 3  π ·  ρ w    ∫   r 1     r 2      r 3  ·   d F   d r   d r  



(2)




where    r 1    and    r 2    are the radii of smallest and largest sea spray droplets (i.e., the lower and upper integration limits). Equation (2) assumes that the sea spray droplets are perfect geometrical globes, and the radius of all sea spray droplets are within a specific range (  30    μ m  < r < 500    μ m   ) [17,18].



Based on unique in situ sea spray observations, Xu et al. [19] proposed one novel nondimensional wave-steepness-dependent sea spray model to determine sea spray volume flux, given by


   V  s p   = 1.99  U  10    s  ×   10   − 8    



(3)




where    U  10     is the 10 m reference height wind speed;   s =    H s   k m   2    is the mean wave steepness where    H s    is the significant wave height, and given at deep and shallow water    k m  =      (  2 π  f m   )   2   g    and    k m  =   2 π  f m      g h       is the mean wave number, respectively, where the    f m    is the mean wave frequency and the  g  is the acceleration gravity.



Before the wave-Reynolds-dependent (i.e., Equations (1) and (2)), or the wave-steepness-dependent sea spray model (i.e., Equation (3)) can be implemented into the TC forecasting model, we need to determine the spray induced “nominal” latent heat flux,    Q  L , s p    , and “nominal” sensible heat flux,    Q  S , s p    . In doing so, we, in the present work, adopt the sea spray physical algorithm developed by Andreas, Persson and Hare [5]. In the algorithm of Andreas, Persson and Hare [5],    Q  L , s p     is determined by


   {       Q  L , s p   = −  ρ w  ·  L V  ·  {  1 −    [    r  (   τ f   )     r 0     ]   3   }  ·  V  s p   ,    τ f  ≤  τ r         Q  L , s p   = −  ρ w  ·  L V  ·  [  1 −    (     r  e q      r 0     )   3   ]  ·  V  s p   ,    τ f  >  τ r  .        



(4)







Similarly,    Q  S , s p     is estimated by


   Q  S , s p   =  ρ w  ·  c  p s   ·  (   T w  −  T  e q    )  ·  [  1 −  e   (  −    τ f     τ T     )     ]  ·  V  s p    



(5)




where    L V    is the water vaporization latent heat;    r  e q     is the equilibrium radius of spray droplets that initiated with radius    r 0   ;    τ r    is the time scale associated with the equilibrium radius    r  e q    ;    ρ w    is the water density;    c  p s     is the sea water specific heat at constant pressure;    T w    is the sea surface temperature water droplets start with;    T  e q     is the droplet equilibrium temperature;    τ f    is the duration at which the droplet remains airborne; and    τ T    is the time scale that parameterizes the residence time of a droplet in air. Details of these parameters are available in the research of Andreas [20].



To introduce the    Q  L , s p     and    Q  S , s p     into the TC forecasting model, we need to parameterize the feedback mechanisms between surrounding air with sea spray droplets [5]. These processes can be formulated as follows


   H  L , s p   = α  Q  L , s p    



(6)






   H  S , s p   = β  Q  S , s p   −  (  α − γ  )   Q  L , s p    



(7)




where    H  L , s p     and    H  S , s p     are the net latent and sensible heat fluxes induced by the sea spray, respectively;  α  defines the latent heat flux (or the moisture flux) contribution of spray to the atmosphere;  β  determines the spray-induced sensible heat during the droplet cooling from the sea surface temperature (when the droplet leaves the ocean surface) to the droplet temperature upon entering the ocean;  γ  corrects the interfacial heat fluxes due to the cooling effect of spray evaporation. Based on the field measurement of Humidity Exchange Over the Sea (HEXOS),  α ,  β  and  γ  are 1.5, 10.5 and 0.2, respectively [5]. Using Equations (4)–(8), the wave-Reynolds-dependent sea spray model of Zhao, Toba, Sugioka and Komori [17] and the wave-steepness-dependent sea spray model of Xu, Voermans, Ma, Guan and Babanin [19] can be used to estimate the contribution of sea spray to the air–sea heat fluxes, and can be included in the TC forecasting model.



In this study, we aim to investigate the thermal effects of the aforementioned sea spray models on the local atmosphere, wave, and ocean fields under an idealized TC system. In Section 2, we describe a fully coupled atmosphere–ocean–wave numerical model used to simulate a TC system in this study. Section 3 presents the results and discussions, followed by the summary and conclusion of this study in Section 4.




2. Methods


2.1. The Description of Numerical Model


In this study, we adopted the Coupled Ocean-Atmosphere-Wave-Sediment Transport (COAWST) modelling system to investigate the effects of sea spray on an ideal TC system [21] (see the Figure 1). This modelling system comprises three different model components: the atmosphere model (referred to as WRF; the Weather Research Forecasting model), the ocean model (referred to as ROMS; the Regional Ocean Modelling System), and the wave model (referred to as SWAN; the third generation Simulating Wave Nearshore model).



As these three components utilize various prognostic variables to solve the governing equations, we briefly clarify each of them.



1. The atmospheric model used in COAWST is WRF with Advanced Research WRF (ARW) core. WRF is a non-hydrostatic and fully flexible weather forecasting model. Based on the Arakawa-C grid, it generally integrates the Euler equations by using a vertical terrain-following pressure coordinate. WRF includes various modules to parameterize atmospheric physical processes: cumulus, microphysics, surface layer, land-surface layer, planetary boundary layer, and atmospheric radiation. More details about WRF are available in Skamarock et al. [22].



2. The oceanic component used in COAWST is ROMS, which is a three-dimensional numerical model using a generalized vertical, terrain-following, coordinate system. Based on the hydrostatic and Boussinesq assumptions, it solves Reynolds-averaged Navier–Stokes equations [23,24].



3. The SWAN wave numerical model applied in COAWST is a numerical wave model for the realistic estimations of wave properties in the coastal areas [25]. Solving the wave action density balance equation both in spatial and spectral spaces, it includes various sink and source terms, such as the generation of wind waves, wave breaking, and bottom dissipation.



To couple these three components, the Model Coupling Toolkit (MCT) is used as the model coupling tool in COAWST [26,27]. For more information, please refer to [21].




2.2. Sea Spray Models


In COAWST, the COARE bulk algorithm is used to calculate the interfacial air–sea heat flux [28]. However, to characterize the role of sea spray in the air–sea boundary layer, we need to replace the default bulk algorithm with a bulk microphysical algorithm proposed by Andreas, Persson and Hare [5]. To yield predictions of interfacial air–sea heat fluxes, following Perrie [29], we linearly added the net sensible and latent heat flux induced by sea spray to the boundary layer air–sea latent heat flux and sensible heat flux, respectively:


   H  L , T   =  H L  +  H  L , s p    



(8)






   H  S , T   =  H S  +  H  S , s p    



(9)




where    H  L , T     and    H  S , T     are air–sea latent and sensible heat fluxes, respectively;    H L    and    H s    are the latent and sensible interfacial direct air–sea heat fluxes, respectively. Therefore, based on the sea spray algorithm (i.e., Equations (4)–(7)), and different sea spray volume flux models (i.e., Equations (1) and (2) or Equation (3)), we can estimate the air–sea heat fluxes and include them into the TC forecasting model.




2.3. The Model Configuration and Experimental Design


To initiate an idealized TC system, a bogus asymmetrical vortex at a radius of 50 km with a maximum 10 m wind speed of 20 m s−1 is embedded into a uniform atmospheric environment following Kwok and Chan [30], with a horizontal wind profile set by Chan and Williams [31]. In this environment, uniform moving westerly winds at 5 m s−1 are specified within all atmospheric levels in the simulation domain designed in the WRF (i.e., the atmospheric component of the COAWST). This model domain is centered around (  20 °    N  ,   37 °    E   ), covering   2400 × 1800   km2 with   200 × 150   horizontal grid points (i.e., with a constant resolution of 12 km). A total of 30 vertical levels are utilized in WRF. The water depth is linearly discretized from 1000 to 0 m in the west of this model domain. The WRF Purdue Lin (PL) microphysics scheme [32], Rapid Radiative Transfer Model (RRTM) longwave [33] radiation scheme, Dudhia shortwave [34] radiation scheme, Mellor-Yamada Nakanishi and Niino planetary boundary layer (MYNN) and surface layer schemes [35], and Noah LSM land surface schemes [36] are used in this study. Coupling with WRF, ROMS (i.e., the oceanic component of the COAWST) contains 21 vertical levels with open boundary conditions. For consistency with WRF, ROMS adopts the Cartesian coordinate on an  f  plane with defining   f = 1.45 ×   10   − 4    . The sea surface temperature (SST) and sea surface salinity (SSS) were defined as 29 °C and 35 PSU, respectively, and they remained constant throughout the integration of modeling. The ocean salinity was uniformly defined, and the water temperature is derived by interpolating from the surface (29 °C) to the bottom (18 °C). In addition, the coordinate system of SWAN (i.e., the wave component of the COAWST), is also defined the same as that in the WRF-ROMS. SWAN utilizes the backward-in-space and backward-in-time advection scheme to integrate circular grids with 36 direction bands. Note that the time steps for integration are 25 s, 25 s, and 300 s for WRF, ROMS, and SWAN, respectively. The forcing fields, between any two of these components, are exchanged every 15 min via the MCT. Please refer to [21,37,38] for more information.



To investigate the effects of the two different sea spray models on a TC system, we conducted three numerical experiments in this study. A 54 h simulation was performed, while, for the analyses, we exclude the initial 12 h which is considered as the spin up time. Expt.1 is defined as the control run without the implementation of the sea spray. In Expt.2, the wave-Reynolds-dependent sea spray model (i.e., Equations (1) and (2)) is considered. Expt.3 considers the wave-steepness-dependent sea spray model (i.e., Equation (3)), see Table 1.





3. Results and Discussion


3.1. Impacts on the Air–Sea Heat Flux


Figure 2a shows the integrated air–sea sensible heat flux as a function of the simulation time. Standard deviations are estimated within two times of the radius of maximum wind (RMW) from the center of TCs for the numerical experiments. In comparison to Expt.1, the air–sea sensible heat fluxes decreased by up to 231 W m−2 (364%) and 159 W m−2 (251%) in Expt.2 and Expt.3, respectively. This is because the sea spray droplets will partially evaporate once ejected into the air, thereby extracting heat from the atmosphere and lowering the sensible heat in the atmosphere. Spray droplets are expected to transfer sensible heat to the surrounding air as their temperature is higher than the surrounding air, which increases the amount of sensible heat transferred from the ocean to the atmosphere. However, because spray droplet evaporation consumes sensible heat, the air–sea sensible heat fluxes are expected to decrease. Compared with Expt.3, albeit with larger spatial variability (i.e., standard deviation), the sea-spray-induced sensible heat fluxes are larger in Expt.2.



The spatial distribution of sensible heat fluxes after 36 h (b-d) and 48 h (e-g) simulations are depicted in Figure 2b–g. We observe that, under severe atmospheric and oceanic conditions, the sea-spray-induced sensible heat deduction becomes significant within the area surrounding the TC center. Furthermore, in comparison to the results in Expt. 3 (Figure 2d,g), this deduction of air–sea sensible heat fluxes is more significant in Expt. 2 (Figure 2c,f).



Figure 3a shows the integrated air–sea latent heat flux variation with the simulation time. For Expt.2 and Expt.3, the air–sea latent heat fluxes increase by up to 359 W m−2 (89%) and 263 W m−2 (76%), respectively. In contrast to its negative contribution of the air-sea sensible heat fluxes, sea spray contributes positively to air–sea latent heat fluxes, and such positive contributions are comparable in magnitude in Expt.2 and Expt.3. However, in comparison to Expt.3, the increase in sea-spray-induced latent heat fluxes occurs over a greater spatial area in Expt.2 (Figure 3c,d,f,g).



As the latent heat flux is considerably larger than the sensible flux, the sea spray increases the total air–sea heat fluxes (Figure 4a). In comparison with Expt.1, while the total air–sea heat fluxes, before around 24 h, are consistent, they are increased, after 24 h, by up to 135 W m−2 (32%) and 123 W m−2 (30%) in Expt.2 and Expt.3, respectively. Prior to around 28 h, the total heat fluxes in Expt.2 are comparable to those in Expt.3, but after 28 h, the total heat flux in Expt.2 is greater than in Expt.3, with the exception of the period 38–48 h (Figure 4a).



Figure 4b–g presents the spatial distribution of air–sea total heat fluxes after 36 h (b–d) and 48 h (e–g) simulations, respectively. While sea spray has no discernible effect on the total air–sea heat fluxes after 36 h of simulation (Figure 4b–d), the sea-spray-induced total heat fluxes are noticeable after 48 h of simulation (Figure 4e–g). As illustrated in Figure 4f, in Expt.2, the sea-spray-induced heat fluxes increased in areas centered on the TC eye, whereas in Expt.3 (Figure 4g), the increase is concentrated in the right front quadrant over the TC center, demonstrating the difference in the adoption of various sea spray models.




3.2. Impacts on the TC System


As the sea spray increases the total air–sea heat fluxes, it is expected that sea spray has a positive contribution to the development and intensification of the TC system. This can be represented as a decrease in the sea level pressure (SLP). Once the sea spray is included, the minimum SLP is lowered by a maximum of 8 hPa (0.8%) and 7 hPa (0.7%) in Expt.2 and Expt.3, respectively, relative to Expt.1 (Figure 5a). This substantiates the role and importance of sea spray on the development of TC system and is consistent with Andreas, Persson and Hare [5], Perrie [29], Andreas and Emanuel [39], who proposed that incorporating the sea spray increases the maximum TC intensity.



Once the sea spray is considered, the maximum wind speed (WSP) increases by up to 6.4 and 5.8 m s−1 for Expt.2 and Expt.3, respectively (i.e., Figure 5b). Figure 6 shows the spatial distributions of WSP after 36 h and 48 h simulation. Although wind speed increases when sea spray is introduced, the impact of the different sea spray parameterizations leads to spatial differences in the wind field. For example, in Expt.2, the strongest winds are distributed relatively evenly along the quadrants of the TC system (Figure 6e). In contrast, in Expt.3, the wind speed enhancement caused by the sea spray is concentrated in the front quadrant of the TC.



We note that the wind speed is closely related to the momentum transfer from the atmosphere to the ocean. In the present study, effects of sea-spray-induced heat fluxes on the air–sea momentum fluxes are implicit. This is because the heat flux increment caused by sea spray directly influences the TC development, intensification, and local wind field. As such, it has an indirect, rather than direct, influence on the air–sea momentum flux. In addition to indirect dynamic effects, sea spray also directly influences the air–sea momentum, such as by modulating the roughness length [40,41] and increasing/decreasing the net air–sea momentum fluxes [42]. While it is still under debate how the sea spray dynamically affects the air–sea interaction, spray droplets strongly mediate net air–sea momentum fluxes, accounting for up to 16% of the interfacial momentum fluxes [43]. Thus, in addition to thermal effects, direct dynamic effects of sea spray need to be well understood and physically incorporated into the TC modeling.



While sea spray effects strengthen the TC system and increase wind velocity in both Expt.2 and Expt.3, these effects diminish after 50 h simulation in Expt.3. This is attributed to the changes in wave dynamics as the TC system approaches shallow water, thus altering the local wave height and wave steepness. As the sea spray model implemented in Expt.3 is directly related to the wave height, unlike in Expt.2, the sea spray effects in Expt.3 are more pronounced than in Expt.2.




3.3. Impacts on the Ocean Waves


Figure 7a depicts the maximum significant wave height (Hs) with the simulation time. Overall, we observe that the inclusion of the sea spray increases the maximum Hs, specifically, by up to 1.1 m (17%) and 1.6 m (25%) in Expt. 2 and Expt.3, respectively. This is in agreement with Liu, Liu, Xie, Guan and Zhao [18] who observed higher Hs once the sea spray is taken into account when simulating idealized TC cases. Prior to 36 h, the maximum Hs in Expt.2 is consistent with that in Expt.3. For the simulation from 36 h to 52 h, in the comparison with results of Expt.1, impacts of sea spray on Hs are more pronounced in Expt.3 than in Expt.2. After 52 h simulation, while the maximum Hs in Expt.2 remains modestly larger than in Expt.1, the maximum Hs in Expt.3 is smaller than in Expt.1. This demonstrates that the wave-Reynolds-dependent sea spray model positively contributes to the generation of local waves in shallow water through the increase of maximum wind speed. In contrast, the adoption of the wave-steepness-dependent sea spray decreases Hs relative to the reference simulation.



Figure 7b–g shows the spatial distributions of the maximum Hs in Expt.1, Expt.2, and Expt.3 after 36 h, and 48 h simulations, respectively. As we located this idealized TC system in the Northern Hemisphere, maximum Hs is observed in the right front quadrant of the TC track. This is because, in the right front quadrant of the TC track, the wave direction of propagation of locally generated wind sea is consistent with the propagation of (young) swell, which does not occur in other quadrants (as demonstrated in Figure 3 of [44]). In agreement with Figure 7a, sea spray leads indirectly to the enhancement of Hs after both 36 h and 48 h simulations. The increase in maximum Hs is greater in Expt.3 than in Expt.2, highlighting the critical differences in sea spray parameterizations on ocean surface wave fields through sea spray impacts on the wind fields. In comparison to the local wave height, sea spray has a negligible effect on the direction of the waves (see Figure 7b–g).




3.4. Impacts on the SST


Figure 8a shows the minimum SST variation with the model simulation time for Expt.1, Expt.2, and Expt.3. The SST is expected to decrease during the passage of the TC system as deep cold water rises to the ocean surface as a result of turbulent mixing and upwelling. Compared with the minimum SST in Expt.1, the minimum SST is reduced by up to 0.2 °C (0.8%) and 0.15 °C (0.6%) in Expt.2 and Expt.3, respectively. This is a direct result of the sea-spray-induced intensification of the TC system, which in turn positively contributes to the vertical turbulent mixing over the upper ocean. Note, this is in line with other studies which suggest that sea spray strengthens the SST cooling during TC passing [18,29,43]. To further explore the impacts of sea spray on the SST, the spatial distributions of SST during the TC passing are shown in Figure 8b–g. We notice that areas where the SST is reduced are located on the right side of the TC track. This rightward difference is caused by the acceleration of inertial currents due to the rotation of the wind stress vector. Including sea spray physics decreases the minimum SST during the TC passing and expands the surface area of minimum SST in the wake of the TC system. Additionally, we observe that sea-spray-induced SST reduction is more pronounced in Expt.2 than in Expt.3 (Figure 8f–g), indicating that the influence of the wave-Reynolds-dependent sea spray parameterization on the SST is more pronounced. This is because of stronger turbulent mixing and upwelling in Expt.2 in comparison with Expt.3. As shown in Figure 6e–f, the wind speed increase caused by sea spray is more noticeable in Expt.2 compared to Expt.3. This contributes to a larger momentum transfer from the atmosphere to the ocean in Expt.2 in contrast to Expt.3. As the air–sea momentum fluxes contribute significantly to the stirring of warm surface water with cooler water in the thermocline, SST reduction should be more pronounced in Expt.2 than in Expt.3.





4. Summary and Conclusions


This study uses a coupled air–sea–wave numerical model to investigate the impact of sea spray on the air–sea environments of an idealized TC case. To do so, two sea spray parameterizations are implemented: a wave-Reynolds-dependent and a wave-steepness-dependent sea spray model (Expt. 2 and 3, respectively). Based on these sea spray models, we analyzed the atmospheric and oceanic properties during an idealized TC case to the thermal effects induced by the sea spray.



Results show that the introduction of sea spray decreases the air–sea sensible heat fluxes by up to 231 W m−2 (364%) and 159 W m−2 (251%) for Expt.2 and Expt.3, respectively. At the same time, the latent heat fluxes at the air–sea surface are increased by up to 359 W m−2 (89%) and 263 W m−2 (76%), for Expt.2 and Expt.3, respectively. As a result, the total air–sea heat fluxes are increased by up to 135 W m−2 (32%) and 123 W m−2 (30%) for Expt.2 and Expt.3, respectively.



By considering the thermal effects of the sea spray, the minimum SLP is reduced by up to 8 hPa (0.8%) and 7 hPa (0.7%) and maximum wind speed is increased by up to 6.1 m s−1 (20%) and 5.7 m s−1 (19%), in Expt.2 and Expt.3, respectively. This suggests that sea spray positively contributes to the development of the TC system through increased air–sea heat fluxes. The increases in wind speed ultimately lead to larger waves, with Hs rising by up to 1.1 m (17%) and 1.6 m (25%), for Expt.2 and Expt.3, respectively. As the production of sea spray largely depends on the local wind and wave conditions, it is expected that the sea-spray-induced WSP increasing and Hs rising lead to further positive feedback on the generation of sea spray.



In addition to local winds and waves, sea spray indirectly influences the SST. When the sea spray is considered, the ocean surface cooling during the passage of TC system is enhanced (i.e., the minimum SST decreasing by a maximum of 0.2 °C (0.8%) and 0.15 °C (0.6%) for Expt.2 and Expt.3, respectively). Therefore, as sea spray dramatically affects the atmospheric and oceanic environments by modulating the wind speed, Hs, and SST, it needs to be incorporated into operational TC forecasting models and future studies are required to assess the impact of wave-dependent sea spray parameterizations on real TCs.
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Figure 1. Schematic illustration of the numerical model used in this study (modified after Warner, Armstrong, He and Zambon [21].    H  L , s p     and    H  S , s p     are the net latent and sensible heat fluxes induced by the sea spray, respectively (see Equations (6) and (7)). For other coupling parameters exchanged between each of the components, please refer to Warner, Armstrong, He and Zambon [21]. 
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Figure 2. (a) The integrated air–sea sensible heat fluxes with the simulation time for the Expt.1, Expt.2, and Expt.3. Solid lines and shadows mark the mean and standard deviation of the area-averages within two times of the radius of maximum wind (RMW) from the center of TCs for the numerical experiments. (b–d) The spatial distributions of air–sea sensible heat fluxes (shadowing at the interval of 10 W m−2) and sea level pressure (SLP) (contouring at the interval of 10 hPa) with the 6 h TC tracks (black line with the triangle, diamond, and square markers) after 36 h simulation for Expt.1, Expt.2, and Expt.3, respectively. (e–g) The spatial distributions of air–sea sensible heat fluxes (shadowing at the interval of 10 W m−2) and sea level pressure (SLP) (contouring at the interval of 10 hPa) with the 6 h TC tracks (black line with the triangle, diamond, and square markers) after 48 h simulation for Expt.1, Expt.2, and Expt.3, respectively. Note, the tracks of TC are from the right to the left following the black line. 
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Figure 3. (a) The integrated air–sea latent heat fluxes with the simulation time for the Expt.1, Expt.2, and Expt.3. Solid lines and shadows mark the mean and standard deviation of the area-averages within two times of the radius of maximum wind (RMW) from the center of TCs for the numerical experiments. (b–d) The spatial distributions of air–sea latent heat fluxes (shadowing at the interval of 10 W m−2) and sea level pressure (SLP) (contouring at the interval of 10 hPa) with the 6 h TC tracks (black line with the triangle, diamond, and square markers) after 36 h simulation for Expt.1, Expt.2, and Expt.3, respectively. (e–g) The spatial distributions of air–sea latent heat fluxes (shadowing at the interval of 10 W m−2) and sea level pressure (SLP) (contouring at the interval of 10 hPa) with the 6 h TC tracks (black line with the triangle, diamond, and square markers) after 48 h simulation for Expt.1, Expt.2, and Expt.3, respectively. Note, the tracks of TC are from the right to the left following the black line. 
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Figure 4. (a) The integrated air–sea total heat fluxes with the simulation time for the Expt.1, Expt.2, and Expt.3. Solid lines and shadows mark the mean and standard deviation of the area-averages within two times of the radius of maximum wind (RMW) from the center of TCs for the numerical experiments. (b–d) The spatial distributions of air–sea total heat fluxes (shadowing at the interval of 10 W m−2) and sea level pressure (SLP) (contouring at the interval of 10 hPa) with the 6 h TC tracks (black line with the triangle, diamond, and square markers) after 36 h simulation for Expt.1, Expt.2, and Expt.3, respectively. (e–g) The spatial distributions of air–sea total heat fluxes (shadowing at the interval of 10 W m−2) and sea level pressure (SLP) (contouring at the interval of 10 hPa) with the 6 h TC tracks (black line with the triangle, diamond, and square markers) after 48 h simulation for Expt.1, Expt.2, and Expt.3, respectively. Note, the tracks of TC are from the right to the left following the black line. 
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Figure 5. (a) The minimum sea level pressure (SLP) varies with the simulation time for the Expt.1, Expt.2, and Expt.3, respectively. (b) same as (a), but for the maximum 10 m wind speed (WSP). In each plot, the border of the shadow area indicates the local water depth around the TC center of Expt.1. 
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Figure 6. (a–c) The spatial distributions of wind speed (WSP) (shadowing at the interval of 10 m s−1), local wind direction (vector), and SLP (contouring at the interval of 10 hPa) with the 6 h TC tracks (black line with the triangle, diamond, and square sign) after 36 h simulation for Expt.1, Expt.2, and Expt.3, respectively. (d–f) same as (a–c), but for the simulation after 48 h simulations. 
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Figure 7. (a) The maximum significant wave height (Hs) with the simulation time for the Expt.1, Expt.2, and Expt.3. The border of the shadow area indicates the local water depth around the TC center of Expt.1. (b–d) The spatial distributions of Hs with the 6 h TC tracks (black line with the triangle, diamond, and square markers) after 36h simulation for Expt.1, Expt.2, and Expt.3, respectively. (e–g) The spatial distributions of Hs with the 6 h TC tracks (black line with the triangle, diamond, and square markers) after 48h simulation for Expt.1, Expt.2, and Expt.3, respectively. Note, the tracks of TC are from the right to the left following the black line. 
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Figure 8. (a) The minimum sea surface temperature (SST) with the simulation time for the Expt.1, Expt.2, and Expt.3. (b–d) The spatial distributions of SST with the 6 h TC tracks (black line with the triangle, diamond, and square markers) after 36h simulation for Expt.1, Expt.2, and Expt.3, respectively. (e–g) The spatial distributions of SST with the 6 h TC tracks (black line with the triangle, diamond, and square markers) after 48h simulation for Expt.1, Expt.2, and Expt.3, respectively. Note, the tracks of TC are from the right to the left following the black line. 
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Table 1. Experimental design in this study.
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	Experiments
	Sea Spray
	Sea Spray Model





	Expt. 1
	No
	-



	Expt. 2
	Yes
	Equations (1) and (2)



	Expt. 3
	Yes
	Equation (3)
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