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Abstract 30 

Wave breaking under strong wind conditions in tropical cyclones (TCs) can generate sea spray 31 

droplets, which, during their suspension in air, release sensible heat due to the air-sea temperature 32 

difference while absorb sensible heat from the environment when they evaporate and release latent 33 

heat to the environment. Since the spray mass flux is a function of surface drag coefficient (CD), 34 

the effect of spray on TC evolution should depends on CD parameterization, while this has not been 35 

addressed so far. This study examines the effects of sea spray on the simulated TC evolution with 36 

two different CD parameterizations (the WRF default scheme and the Donelan scheme). Results 37 

show that during the primary intensification stage, the TC with spray effect becomes stronger than 38 

that without spray when the WRF CD scheme is used, but becomes weaker when the Donelan CD 39 

scheme is used. This occurs because CD is maximum outside the RMW with the Donelan scheme, 40 

which produces relatively large spray-mediated latent heat flux outside the RMW, which is 41 

unfavorable for TC intensification. The difference is enlarged by a feedback between spray and TC 42 

intensification involving the inertial stability and surface friction-induced radial inflow. However, 43 

in the mature stage, the simulated TCs with spray become stronger no matter which CD scheme is 44 

used. In addition, the spray effect on the TC inner-core size evolution also weakly depends on the 45 

drag parameterization. When CD is relatively greater outside the RMW, the inclusion of the spray 46 

effect would lead to the inner-core size increase. 47 

Key words: Tropical cyclone, Sea spray, Drag coefficient, Sensible and latent heat fluxes  48 
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Plain Language Summary: Wave breaking under strong wind conditions, such as in tropical 49 

cyclones (TCs), can generate abundant sea spray droplets, which, during their suspension in air, 50 

release sensible heat due to the air-sea temperature difference while absorb sensible heat from the 51 

environment when they evaporate and release latent heat to the environment. This will mediate the 52 

air-sea enthalpy transfer and affect the TC intensification. As the spray mass flux is closely related 53 

with sea surface drag coefficient (CD), we investigated how the spray effects on TC intensity 54 

evolution depend on the CD scheme used in idealized numerical simulations. Two CD schemes were 55 

used to perform four numerical experiments. Results show that the sea spray effect on TC intensity 56 

evolution depends on the CD scheme used and the stages of the TC lifetime, largely due to the 57 

different wind speed dependence of CD and its effect on the radial distribution of the spray-mediated 58 

latent flux. However, the finding demonstrates that caution should be given to surface drag 59 

parameterization when the sea spray effects on TC evolution are studied using numerical models. 60 

It is also suggested that efforts to measure spray properties under TC conditions should be 61 

conducted to validate/improve spray parameterization in the future. 62 

  63 
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1. Introduction 64 

Sea spray droplets are abundantly generated by wave breaking under high near-surface wind 65 

conditions, such as in the boundary layer of tropical cyclones (TCs) (Mestayer & Lefauconnier, 66 

1988; Rouault et al., 1991; Edson et al., 1996). During their suspension in air, sea spray droplets 67 

exchange heat and moisture with the surrounding air and mediate the air-sea enthalpy transfer, 68 

which may affect TC intensification and boundary layer structure (Andreas, 1992; Fairall et al., 69 

1994; Andreas & Emanuel, 2001; Wang et al., 2001; Mueller & Veron, 2014a, 2014b). Sea spray 70 

releases sensible heat due to the air-sea temperature difference while absorbs sensible heat from 71 

the surrounding air when they evaporate and release latent heat to the air. The feedback of spray 72 

can change air moisture and temperature in the lower boundary layer, and indirectly affect the direct 73 

interfacial air-sea enthalpy flux (Fairall et al., 1994; Mueller & Veron, 2014b). Sea spray has been 74 

considered as an important factor affecting TC structure and intensity (Kepert et al., 1999; Andreas 75 

& Emanuel, 2001; Wang et al., 2001; Perrie et al., 2005; Gall et al., 2008; Bao et al., 2011; Ma et 76 

al., 2015).  77 

Surface drag coefficient (CD) is an important parameter affecting TC development, structure, 78 

and the maximum intensity (Rosenthal, 1971; Montgomery et al., 2010; Thomsen et al., 2012; Peng 79 

et al., 2018; Li & Wang, 2021a). Most previous numerical studies (Craig and Gray, 1996; 80 

Montgomery et al., 2010; Thomsen et al., 2012; Peng et al., 2018; Li and Wang, 2021a) showed 81 

that the intensification rate of a TC simulated in state-of-the-art high-resolution numerical models 82 

is often insensitive to CD but the maximum intensity is limited by CD, as predicted by the theoretical 83 

maximum potential intensity (MPI) (Emanuel, 1986, 1995; Wang et al., 2021a, b). Montgomery et 84 

al. (2010) examined the sensitivity of the intensification of a simulated TC to CD in a nonhydrostatic, 85 
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three-dimensional, cloud-resolving model and showed that when CD was less than 2.0×10-3 both 86 

the intensification rate and mature intensity of the simulated TC increased slightly with increasing 87 

CD, but the mature intensity decreased for a larger CD. Thomsen et al. (2012) found that both the 88 

intensification rate and mature intensity of the simulated TC were insensitive to CD randomly 89 

perturbed by as large as 60%. Kilroy et al. (2017) showed that a relatively large CD could accelerate 90 

the initial organization of deep convection in the inner core and thus shorten the initial spin-up 91 

stage of a simulated TC. In a more recent study, Li & Wang (2021a) found that although the initial 92 

spin-up of the simulated TC development was considerably shortened with a larger CD, the 93 

subsequent intensification rate showed little difference while a larger CD also shortened the 94 

intensification period, thus resulting a weaker steady-state intensity (see also the recent theoretical 95 

study by Wang et al. 2022).  96 

In addition to its effect on the calculation of air-sea interfacial momentum flux directly, CD 97 

also affects the air-sea enthalpy flux by modifying the spray mass flux. On the other hand, CD can 98 

be also affected by wave-breaking. That means that wave and surface drag should be coupled (e.g., 99 

Chen et al., 2013). However, in practical applications, CD is often parameterized as a function of 100 

near-surface wind speed with the dependence on wave breaking implicitly included. In the current 101 

version of the advanced Weather Research and Forecasting (WRF) model, CD is a constant in the 102 

high-wind regime (greater than 30 m s−1) for TC simulations. While some other studies indicated 103 

that CD decreases with wind speed when wind speed exceeds about 30 m s−1 (Powell et al., 2003; 104 

Makin, 2005; Black et al., 2007; Donelan, 2018), some recent studies have shown that CD in the 105 

hurricane-force wind regime might be underestimated and the reduction in CD may not be realistic 106 

(Richter et al., 2021). It is likely that some uncertainty remains in current CD parameterization 107 
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schemes. 108 

With different CD schemes, the sea surface roughness and hence the spray mass flux are 109 

different (see section 2 for details). This means that the effects of spray on TC evolution may 110 

depend on the CD scheme used in numerical simulations. Recently, Li & Wang (2021a) 111 

demonstrated that CD can affect the radial location and strength of the maximum boundary layer 112 

inflow and eyewall updraft and thus eyewall convection. They showed that although the effect of 113 

CD on the intensification rate during the primary intensification stage is not significant, CD may 114 

considerably affect the onset time of the primary intensification and the final maximum intensity 115 

of the simulated TCs. Since CD can affect the spray mass flux and the radial inflow, the different 116 

dependences of CD on surface wind speed may affect the radial distribution of spray mass flux and 117 

thus the spray-mediated sensible and latent heat fluxes (namely enthalpy flux). Xu & Wang (2010) 118 

demonstrated that TC structure and intensity can be sensitive to the radial distribution of surface 119 

enthalpy flux. Therefore, the effect of spray on TC evolution may be different when different CD 120 

parameterization schemes are employed in numerical simulations. However, this possibility has 121 

not been investigated in the literature. 122 

This study attempts to examine the possible dependence of the quantity and distribution of sea 123 

spray-mediated fluxes on the CD scheme used and the effect on the simulated TC structure and 124 

intensity evolution in idealized simulations. We will show that the different dependence of CD on 125 

surface wind speed can result in different radial distributions and magnitudes of latent heat fluxes. 126 

Such effect is different in the intensification stage and the mature stage of the simulated TC, leading 127 

to either positive or negative effect on TC intensity in different stages. The rest of the paper is 128 

organized as follows. The model and experimental design are described in section 2. The simulation 129 

results are discussed in section 3. Conclusions and discussion are presented in the last section. 130 
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2. Model description and Experimental design 131 

2.1 Model 132 

The model used in this study is the WRF model, version 3.9.1. The model domain is triply 133 

nested with the three meshes of 6300 km by 6300 km, 1080 km by 1080 km, and 600 km by 600 134 

km and their respective horizontal grid spacings of 18, 6, and 2 km, respectively. There are 47 135 

levels in the vertical. The model physics used in this study include the single-moment 6-class cloud 136 

microphysics scheme (WSM6, Hong & Lim, 2006), the Kain-Fritsch cumulus scheme (Kain, 2004) 137 

for the outermost mesh, the Yonsei University scheme for planetary boundary layer vertical mixing 138 

(YSU, Hong et al., 2006) and the Monin-Obukhov scheme for surface stress and flux calculations 139 

(see those related to spray below), the Dudhia shortwave (Dudhia, 1989), and the Rapid Radiative 140 

Transfer Model (RRTM) longwave schemes (Mlawer et al., 1997) for radiation flux calculations. 141 

2.2 Sea spray parameterization 142 

The surface air-sea enthalpy flux includes two components, namely the interfacial exchange 143 

and the spray-mediated exchange (Fairall et al., 1994). The interfacial sensible and latent heat 144 

fluxes are calculated with the bulk aerodynamic scheme as following: 145 

 𝐻𝑆 = 𝜌𝑎𝑐𝑝𝑎𝐶𝐻𝑈(𝑇𝑜 − 𝑇𝑎 + 𝛿𝑇𝑎) ( 1 ) 146 

 𝐻𝐿 = 𝜌𝑎𝐿𝑒𝐶𝐸𝑈(𝑞𝑠(𝑇𝑜) − 𝑞𝑠(𝑇𝑑 + 𝛿𝑇𝑑)) ( 2 ) 147 

where HS and HL are the direct interfacial sensible and latent heat fluxes, respectively; ρa is the 148 

surface air density of dry air; cpa is specific heat of dry air at constant pressure; Le is the latent heat 149 

of vaporization; CH and CE are the surface exchange coefficients for sensible heat and latent heat, 150 

respectively (often 𝐶𝐻 = 𝐶𝐸 is assumed); U is the near-surface horizontal wind speed; To is the 151 

sea surface temperature; Ta is the air temperature near the ocean surface; Td is the dewpoint 152 

temperature; qs(To) is the saturation mixing ratio of water vapor at temperature To; δTa and δTd are 153 
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the changes of air temperature and dewpoint temperature due to spray feedback (Bao et al., 2011).  154 

The spray-mediated enthalpy flux is determined by detailed spray microphysical processes, 155 

such as the size distribution, source function, and mass flux of spray droplets, etc. (Fairall et al., 156 

1994; Andreas & Emanuel, 2001; Bao et al., 2011) and is estimated using the version 12 of Fairall 157 

et al. (1994) scheme in this study, which is downloaded from the website 158 

https://downloads.psl.noaa.gov/BLO/Air-Sea/onr_droplet/parameterization/version12. The spray-159 

mediated heat flux due to temperature change of droplets (QS) is calculated as following: 160 

 𝑄𝑆 = 0.92𝑐𝑝𝑤𝑀𝑉(𝑇𝑜 − 𝑇𝑤) ( 3 ) 161 

where 0.92 accounts for the loss of heat not transferred from the very large droplets; cpw is the water 162 

specific heat; MV is the spray mass flux; Tw is the wet bulb temperature of seawater droplet; The 163 

spray mass flux MV with unit of 
𝑘𝑔

𝑚2∙𝑠
 is given by 164 

 𝑀𝑉 = 𝜁𝜌𝑤𝑝𝑤𝑆𝑉 ( 4 ) 165 

where ζ is a spray-source function-tuning parameter and the currently accepted value is 0.3 (Gall 166 

et al., 2008); ρw is the water density; pw is the energy inputted by waves with unit of m3 s−3 and is 167 

estimated as follows: 168 

 𝑝𝑤 = 0.5 ×
𝜌𝑎

𝜌𝑤
𝑐𝑤𝑢∗

2 ( 5 ) 169 

where cw is the phase speed of breaking waves and is estimated by 𝑐𝑤 = 0.1 + 0.23𝑈. u* is the 170 

friction velocity, which satisfies 𝑢∗
2 = 𝐶𝐷𝑈

2  with 𝐶𝐷  being the surface drag coefficient. With 171 

different CD schemes, the estimated friction velocities (u*) and hence the inputted wave energies 172 

(pw) and spray mass fluxes (MV) are different, making the spray mediated enthalpy fluxes different. 173 

When the temperature of droplet reaches equilibrium, the temperature of droplet is the same from 174 

the inner to the surface. Hence, the mass flux associated with sensible heat transfer is estimated 175 

with the volume flux of the droplet. SV is the normalized source function of volume with unit of 176 
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(𝑚3 ∙
1

𝑚2∙𝑠
) (

𝑚

𝑠
)
3

⁄ , being the volume of spray generated in per square meter, per second, per unit 177 

of inputted wave energy. In high-wind conditions, spray droplets are mainly formed when the wind 178 

stress tears off the crest of waves, and hence, SV is parameterized by the characteristics of waves as 179 

 𝑆𝑉 = 2.9 × 10−5 [1 + (
ℎ𝑤

3
)
0.1

] (
55×𝑣0.7+20

50
)
2.5

 ( 6 ) 180 

where hw is half of the significant wave height, estimated by ℎ𝑤 = (2 + 10𝑈 60⁄ ) 2⁄ ; v is the mean 181 

fall velocity of spray droplets that is positively correlated to surface wind speed and phase speed 182 

of breaking waves and negatively correlated to friction velocity.  183 

After the temperature of droplet falls to Tw, the droplet will evaporate by absorbing sensible 184 

heat from its environment. The spray-mediated flux due to evaporation of droplets (QL) at the 185 

equilibrium state is calculated as following: 186 

 𝑄𝐿 = 𝐿𝑒𝑀𝑆[𝑞𝑠(𝑇𝑎 − 𝛿𝑇𝑎) − 𝑞𝑠(𝑇𝑑 + 𝛿𝑇𝑑)] ( 7 ) 187 

where MS is the spray mass flux due to evaporation. If all the droplets evaporate in the air, MS is 188 

the same as MV. However, this is often not true (Andreas & Emanuel, 2001). As the timescales for 189 

evaporation are large, only part of the droplet evaporates and the rest will re-enter the ocean. MS 190 

should be different from MV. The evaporation only takes place in the surface of droplets, therefore, 191 

MS is estimated via surface area with unit of 
𝑘𝑔

𝑚2∙𝑠
, which is calculated by 192 

 𝑀𝑆 = 𝜁𝜌𝑎𝑝𝑤ℎ𝑤𝛽𝑆𝑎 [1 − 0.27 (1 +
1

1−𝑅𝐻
)]

0.33

 ( 8 ) 193 

where RH is the relative humidity of the surface air; Sa is the normalized source function of spray 194 

droplets of surface area with unit of (𝑚2 ∙
1

𝑚2∙𝑠
) (

𝑚

𝑠
)
3

⁄ , being the surface area that spray evaporate 195 

in per square meter, per second, per unit of inputted wave energy. As the energy inputted by waves 196 

is considered to be converted to potential energy in the surface tension of droplets (Fairall et al., 197 



9 

 

2009), Sa could be estimated by the inputted energy and is given by 198 

 𝑆𝑎 = 4.5 × (
𝑝𝑤

6.0×10−4
)
0.15

× (
55×𝑣0.7+20

50
)
−1

 ( 9 ) 199 

and β is the coefficient calculated by 200 

 𝛽 = (1 +
𝐿𝑒
2𝑞𝑠(𝑇𝑎)

𝑐𝑝𝑎𝑅𝑣𝑇𝑎
2)

−1

 ( 10 ) 201 

where Rv is the gas constant of water vapor. 202 

In the presence of spray, QS computed in Eq. (3) is the enthalpy flux carried by the droplets 203 

as they are ejected from the sea surface at To and cool to Tw. However, only the heat transferred to 204 

the air while the droplets cool from To to Ta is the “sensible heat” part, which is the QSs (Andreas 205 

and Emanuel, 2001; Ma et al., 2015). After their temperature fall from Ta to Tw, the droplets 206 

evaporate and the heat is transferred into the atmosphere via the evaporation rather than directly 207 

warming the surrounding air via “sensible heat”. As a result, the remainder of QS (i.e., cooling 208 

from Ta to Tw) was allotted to “latent heat” QSl. The total air-sea sensible heat (HStot) and latent 209 

heat (HLtot) fluxes are:  210 

 𝐻𝑆𝑡𝑜𝑡 = 𝐻𝑆 + 𝑄𝑆𝑠 − 𝑄𝐿 ( 11 ) 211 

 𝐻𝐿𝑡𝑜𝑡 = 𝐻𝐿 + 𝑄𝑆𝑙 +𝑄𝐿 ( 12 ) 212 

where QSs and QSl are 213 

 𝑄𝑆𝑠 =
𝑇𝑜−𝑇𝑎+𝛿𝑇𝑎

𝑇𝑜−𝑇𝑤
𝑄𝑆 ( 13 ) 214 

 𝑄𝑆𝑙 =
𝑇𝑎−𝑇𝑤−𝛿𝑇𝑎

𝑇𝑜−𝑇𝑤
𝑄𝑆 ( 14 ) 215 

2.3 Surface drag coefficient (CD) 216 

As we mentioned above the spray-mediated enthalpy flux is a function of friction velocity 217 

given in Eq. (5), which is a function of surface drag coefficient CD. To show how the simulated TC 218 

depends on the CD parameterization, two typical CD schemes were used in this study, representing 219 
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the two different trends of CD in high-wind regime (Fig. 1). One is the default scheme in the WRF 220 

model, which is based on the Monin-Obukhov similarity theory (Large & Yeager, 2009) and 221 

modified for TC simulations. CD initially increases with increasing 10-m wind speed but is kept 222 

constant for 10-m wind speed above 30 m s−1. The other scheme is that described in Donelan (2018), 223 

in which CD decreases with 10-m wind speed in the regime between 30 and 60 m s−1 and slightly 224 

increases with 10-m wind speed in the regime for wind speed above 60 m s−1. Note that the aim of 225 

this study is not to validate which scheme we are testing is better, as both are commonly used in 226 

idealized and real-case TC simulations. Rather, this study is to examine the dependence of spray 227 

effect on CD schemes in idealized simulations. Results from this study also indicate that more work 228 

is needed to validate both the CD scheme and spray parameterization for improving TC intensity 229 

and structure forecasts using numerical models. 230 

2.4 Experimental design 231 

In this study, we performed idealized numerical simulations on an f-plane of 20oN. The model 232 

was initialized with an axisymmetric cyclonic vortex embedded in a quiescent and horizontally 233 

uniform environment, which has the mean tropical sounding of temperature and humidity given in 234 

Jordan (1958). The sea surface temperature was fixed at 28°C. The initial TC vortex was in 235 

hydrostatic and gradient wind balance with a maximum near-surface wind speed of 15 m s−1 at a 236 

radius of 82.5 km. 237 

Two sets of experiments (Table 1) were designed to investigate the dependence of the spray 238 

effect on the simulated TC evolution on the CD scheme used. In WRF_CTRL, the WRF default CD 239 

scheme was used with no spray effect included. In WRF_SPY, the WRF default CD scheme was 240 

used with the spray effect included. In Donelan_CTRL, the Donelan CD scheme was used with no 241 

spray effect included, while in Donelan_SPY, the Donelan CD scheme was used with the spray 242 
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effect included. 243 

3. Results 244 

Before we discuss the effect of spray, we first briefly compare the intensity evolutions of the 245 

simulated TCs in the two experiments with different CD schemes without inclusion of the spray 246 

effect. Figure 2 shows the time series of the maximum wind speeds at the lowest model level and 247 

the central sea level pressure simulated in WRF_CTRL and Donelan_CTRL. The intensity 248 

evolutions of the TCs in the two experiments are similar but with some visible differences, 249 

especially after about 40 h of simulations. After an initial 24-h spinup, the simulated TC 250 

experiences a rapid intensification stage up to about 102 h of simulations, which is followed by a 251 

slow evolving, quasi-steady intensity evolution stage. The TC simulated in Donelan_CTRL is 252 

stronger than that in WRF_CTRL in both the intensification and mature stages. The central sea 253 

level pressure in Donelan_CTRL is about 18 hPa lower than that in WRF_CTRL, and the maximum 254 

wind speed at the lowest model level is about 24 m s−1 higher by 199 h of the simulations. This is 255 

consistent with what is expected from the maximum potential intensity (MPI) theory (Emanuel, 256 

1986, 1995), which implies that the maximum TC intensity is inversely proportional to the square 257 

root of CD. Since the spray-mediated flux depends on surface wind speed, it is expected that the 258 

effect of the parameterized spray on TC structure and intensity may vary with TC intensity or 259 

different stages of the TC development. Therefore, in the following discussion, we will discuss the 260 

spray effects on the simulated TC in the intensification stage and the mature stage, separately. 261 

3.1 Primary intensification stage 262 

Figure 3 compares the intensity evolutions of the simulated TCs in experiments with and 263 

without sea spray effect using the two different CD schemes. During the primary intensification 264 

stage (60–102 h), the TC in WRF_SPY is stronger than that in WRF_CTRL and the difference 265 
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between the maximum surface wind speed reaches 11 m s−1. In the experiments with the WRF CD 266 

scheme, the TC with the spray effect is stronger (Fig. 3a), which is consistent with previous studies 267 

(Wang et al., 2001; Ma et al., 2015). However, in the same time period, the TC with the spray effect 268 

is weaker than that without the spray effect with the Donelan CD scheme (Fig. 3b), which is in 269 

contrast to that with the WRF CD scheme. This indicates that the spray effect on TC intensity 270 

evolution depends on the surface drag scheme used in the numerical model.  271 

The spray-mediated sensible and latent heat fluxes averaged in the primary intensification 272 

stage of 60–102 h in the two spray experiments with different CD schemes are shown in Fig. 4. The 273 

radial distribution of the spray-mediated sensible heat flux is comparable with that shown in 274 

previous studies (Gall et al., 2008; Ma et al., 2015). The peak values are located under the eyewall, 275 

while the lowest (negative) values are outside the eyewall about 75 km away from the TC center 276 

with negative values of -10.0 and -15.5 w m−2, respectively, in WRF_SPY and Donelan_SPY (Figs. 277 

4a). This can be explained by the spray involved processes. Spray droplets with the sea surface 278 

temperature, which is warmer than the boundary layer air temperature, release sensible heat to the 279 

air. This sensible heat is determined by the air-sea temperature difference and the quantity of spray 280 

mass flux mainly controlled by the wind stress. In the meantime, evaporation of spray droplets 281 

absorbs sensible heat from the environment, which is mainly controlled by the relative humidity of 282 

the surrounding air (Fairall et al., 1994). Under the TC eyewall with high wind speed, spray droplets 283 

release large sensible heat due to high air-sea temperature difference but absorb relatively little 284 

sensible heat due to evaporation because the air is nearly saturated. This results in the peak value 285 

of the spray-mediated sensible heat under the eyewall. In the region outside the eyewall, less 286 

sensible heat is released by spray droplets because of less spray droplets generated under relatively 287 

weak wind speed and smaller air-sea temperature difference. In addition, the relative humidity often 288 
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decreases rapidly outside the eyewall. As a result, a considerable percentage of spray droplets 289 

evaporate, absorbing large amount of sensible heat from the environmental air and leading to 290 

negative net sensible heat flux outside of the eyewall. However, due to evaporation during their 291 

lifetime suspended in the air, spray-meditated latent heat flux is positive at all radii (Figs. 4b). 292 

Although less percentage of droplets evaporate in the eyewall region, a plenty of droplets are 293 

generated due to high wind speed, and thus the overall latent heat flux was still the greatest under 294 

the eyewall region.  295 

It is the surface latent heat flux that dominate the energy supply for the development and 296 

maintenance of a TC. Therefore, we compare the total surface latent heat fluxes in different 297 

experiments to examine how the inclusion of sea spray may modify the total latent flux. Figure 5 298 

shows the difference in the azimuthal-mean total latent flux between the runs with and without the 299 

spray effect included. During the intensification stage in experiments with the WRF CD scheme, 300 

the surface latent heat flux in WRF_SPY is greater inside the radius of maximum wind (RMW) 301 

than that in WRF_CTRL, while is mostly smaller outside the RMW (Fig. 5a). In contrast, during 302 

the 60–102 h, the surface latent flux is generally smaller inside the RMW and greater outside the 303 

RMW in Donelan_SPY than in Donelan_CTRL (Fig. 5b). The simulated TC intensified with a 304 

relatively greater intensification rate in the case with greater surface latent heat flux inside the 305 

RMW (Table 1), which is consistent with the findings of Xu & Wang (2010) and Wang & Heng 306 

(2016). They found that surface flux near and inside the RMW is favorable for TC intensification, 307 

while that beyond a radius of 2-3 times of the RMW is unfavorable for TC intensification, but 308 

important to the inner-core size growth. They showed that the radial distribution and magnitude of 309 

surface latent heat flux affects the strength and radial location of convection and thus the TC 310 

intensification. As we can see from Fig. 6, with the sea spray effects included, during the primary 311 
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intensification stage (60–102 h), the surface latent heat flux and upward motion (and thus 312 

convection) in WRF_SPY increased inside the RMW but decreased outside the RMW (Fig. 6a), 313 

making the TC stronger than that in WRF_CTRL. In contrast, the surface latent heat flux and 314 

convection in Donelan_SPY decreased inside the RMW and increased outside the RMW (Fig. 6b), 315 

resulting in the weaker TC than that in Donelan_CTRL. 316 

The difference in the radial distribution of surface latent heat flux in different CD experiments 317 

results primarily from the dependence of the spray mass flux on sea surface wind stress, which 318 

depends on CD. During 60–102 h, the wind speed around the RMW exceeds 30 m s−1, and thus CD 319 

is constant with the WRF CD scheme, while the wind speed and thus CD is smaller in the outer 320 

region than in the inner core. As a result, in the experiment with the WRF scheme, CD is maximum 321 

around the RMW (Fig. 7). This leads to large spray mass flux and thus spray-mediated latent heat 322 

flux around the RMW in WRF_SPY (Fig. 8), which is beneficial for the TC intensification. In 323 

contrast, in the experiments with the Donelan CD scheme, after 60 h of simulation, the wind speed 324 

in the inner core in both Donelan_CTRL and Donelan_SPY increase gradually and exceeds 30 m 325 

s−1, indicating that CD in the inner core would decrease with TC intensification. At the same time, 326 

the wind speed in the outer region is weaker than 30 m s−1, CD increases with TC intensification 327 

and is even larger than that in the inner core (Fig. 7). The maximum value CD averaged during 60–328 

102 h occurs near the radius of 60 km from the TC center, producing relatively large spray-mediated 329 

latent heat flux in this region (Fig. 8). The increased spray-mediated latent flux in the outer region 330 

is not beneficial for TC intensification.  331 

It can be seen from Fig. 4 that the spray-mediated latent flux is generally smaller than 50 W 332 

m−2 during the primary intensification stage. However, the difference in latent flux between spray 333 

experiment and control experiment is even larger and could be over 100 W m−2 (Fig. 5), leading to 334 
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considerable difference in TC intensification rate (Fig. 3). This suggests that other processes 335 

associated with the CD scheme may make positive feedback between spray and TC intensity. Many 336 

studies have shown that the response of boundary layer dynamics to CD is a fast process and plays 337 

a significant role in affecting TC intensification (Kepert and Wang, 2001; Kepert 2017). Li & Wang 338 

(2021a, b) found that CD induced boundary layer inflow can determine the strength and radial 339 

location of mass convergence and eyewall updraft. A larger CD, thus greater surface friction, 340 

corresponds to greater moisture convergence, providing faster moistening and organization of 341 

convection. This contributes to the different effects of spray when the different CD schemes are 342 

used. During 60–102 h of the simulation with the WRF CD scheme, CD is maximum around the 343 

RMW (Fig. 7), which is beneficial for the inward penetration of spray-mediated latent heat into the 344 

inner core region. This leads to greater total latent heat flux and convection around the RMW (Fig. 345 

5a, Fig. 6a), making the stronger TC in WRF_SPY. However, in the experiments with the Donelan 346 

CD scheme, CD is maximum outside the RMW (Fig. 7). This is beneficial for the moisture 347 

convergence and spray mass flux at those radii. Smaller CD near the RMW of 28 km is unfavorable 348 

for the inward penetration of boundary layer inflow, giving rise to a tendency of increasing mass 349 

and moisture convergence between the radii 28 km and 60 km. Furthermore, smaller CD is 350 

unfavorable for spray mass flux near the RMW. Compared with Donelan_CTRL, considerable 351 

spray-mediated latent heat flux, and thus convection, in Donelan_SPY is located slightly outside 352 

of the RMW (Fig. 8b and Fig. 6b), which slows down the intensification rate of the simulated TC 353 

in Donelan_SPY (Fig. 3b, Table 1). From Figs. 9c, d and Table 1, we also can see that the size of 354 

the simulated TC in Donelan_SPY expands outward relative to that in Donelan_CTRL. This is 355 

consistent with the finding in Xu & Wang (2010). 356 

Figure 10 compares the radius-height distributions of the azimuthal-mean radial wind, vertical 357 
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motion, and inertial stability between experiments with and without spray effects. As a result of the 358 

higher intensity of the TC in WRF_SPY, the radial inflow under the eyewall is about 1.9 m s−1 359 

(11%) stronger than that in WRF_CTRL, and the maximum upward motion in the eyewall is 360 

enhanced by about 0.6 m s−1 (35%). The inertial stability is also enhanced, which implied relatively 361 

more rapid intensification rate of the TC because higher inner-core inertial stability indicates higher 362 

efficiency of eyewall heating in spinning up tangential wind near the RMW (Schubert & Hack, 363 

1982; Pendergrass & Willoughby, 2009). Consistent with the weaker TC in Donelan_SPY, both 364 

the radial inflow and upward motion are weaker (−10% and −8% respectively) between the radii 365 

of 25 and 50 km than those in Donelan_CTRL. However, there is an increase in radial inflow and 366 

upward motion outside the eyewall between the radii of 60 and 90 km in Donelan_SPY, indicating 367 

less penetrative of the boundary layer inflow into the eyewall region. This might be due to the 368 

larger CD outside the RMW, which induces more spray-mediated latent heat flux, promotes 369 

boundary layer moisture and mass convergence, and hence enhances upward motion relative to 370 

those in Donelan_CTRL. As a result of the stronger moisture convergence and convection in the 371 

region outside the RMW, the wind and hence the inertial stability are also enhanced as shown in 372 

Fig. 10f. The increased inertial stability outside the RMW in turn may impedes inflow toward the 373 

eyewall region, partially suppressing TC intensification in Donelan_SPY. This is because relatively 374 

larger inertial stability outside the RMW has a greater resistance to the boundary layer inflow and 375 

thus inhabits the intensification of the TC. Therefore, in addition to the difference in the radial 376 

distribution of spray-mediated latent heat flux, the feedback from inertial stability may also partly 377 

contribute to the different intensification rates of the simulated TC with spray effects using different 378 

CD schemes.  379 

The above analysis indicates that during the primary intensification stage, because CD is 380 
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greater outside the RMW than that near the RMW with the Donelan CD scheme, the larger spray-381 

mediated latent heat flux and stronger moisture convergence outside the RMW result in enhanced 382 

convection outside the RMW and reduced intensification rate of the simulated TC relative to the 383 

TC simulated without spray effect. In the meantime, the increased inflow outside the RMW also 384 

leads to the increase in the local tangential wind and the inertial stability, which in turn can further 385 

reduce the inward penetration of inflow into the eyewall region. This would also reduce the 386 

intensification rate of the simulated TC. The opposite conditions apply to the simulations with the 387 

WRF CD scheme, leading to the more rapid intensification for the TC with spray effect than in the 388 

simulation without the spray effect included.  389 

3.2 Mature stage 390 

Although the TC is not necessarily stronger after incorporating spray during the primary 391 

intensification stage, the intensity of the TC with spray effect is consistently greater at mature stage 392 

(144-192 h) than that without the spray effect (Fig. 3). The maximum TC intensities during the 393 

mature stage in WRF_SPY and Donelan_SPY increase by 12% and 7%, respectively, relative to 394 

their corresponding intensities in WRF_CTRL and Donelan CTRL. The greater final intensity of 395 

the simulated TC with spray effect is consistent with the MPI theory, which predicts a proportion 396 

of the maximum wind speed of the TC to the square root of CE/CD under the eyewall. Spray droplets 397 

are injected into the air with the sea surface temperature, and some of which fall back into the sea 398 

with the equilibrium temperature with the air. That means during suspending in the air, the spray 399 

droplets release an appreciable sea-air enthalpy flux and act as a heating source of the TC boundary 400 

layer, being comparable with a larger CE. We can see from Fig. 11 that at mature stage the boundary 401 

layer inflow, the eyewall convection and inertial stability in WRF_SPY and Donelan_SPY are all 402 

enhanced in the inner-core region, compared with the corresponding variables in WRF_CTRL and 403 
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Donelan_CTRL, corresponding to the stronger TCs in the simulations with the sea spay effects.  404 

At mature stage in WRF_SPY, the wind speed outside the eyewall exceeds 30 m s−1, and hence 405 

CD near the RMW and in the near-core environment are almost equal (Fig. 11). This indicates 406 

considerable spray mass flux and thus spray-mediated latent heat flux both near and outside the 407 

RMW. The increased latent heat flux outside the RMW due to spray evaporation is favorable for 408 

convective activity outside the eyewall. As we can see from Fig. 11, compared with that in 409 

WRF_CTRL, the inflow in WRF_SPY shows a larger local maximum in the boundary layer and 410 

larger weak outflow above (Fig. 11a) with stronger upward motion between the radii of 60–100 km 411 

(Fig. 11b). This implies more active spiral rainbands in the region. The enhanced inflow favors the 412 

spinup of tangential wind and thus increase in inertial stability in the region (Fig. 11c). The 413 

increased inertial stability favors the increase in boundary layer inflow in the outer core region. 414 

Such an effect is beneficial to the outward expansion of both inflow and tangential wind and thus 415 

the increase in the inner-core size of the simulated TC, as evident in Figs. 9a, b. As a result, in 416 

addition to the higher TC intensity in experiment with spray effect using the WRF CD scheme than 417 

in the control experiment without considering the spray effect, the change of the TC size (RHW, 418 

radii of hurricane force wind, ≥ 32.7 m s−1) at the mature stage is also considerably larger (Fig. 9, 419 

Table 1).  420 

The radial distribution of CD in the simulation with the Donelan scheme at the mature stage 421 

shows a different distribution from that with the WRF scheme (Figs. 11a, d). Now CD peaks in the 422 

outer core region, relatively far away from the RMW at mature stage as inferred from the wind 423 

speed dependence of CD shown in Fig. 1. The larger CD produces higher spray mass flux in 424 

Donelan_SPY, and thus larger spray-mediated latent heat flux in the outer region beyond the radius 425 

of 100 km from the TC center. In the region near the RMW, CD is larger inside the RMW and lower 426 
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outside the RMW (Fig. 11d). This leads to the increased spray mass flux and thus spray-mediated 427 

latent heat flux inside the RMW but relative smaller spray-mediated latent heat flux outside the 428 

RMW in the inner-core region within a radius of 90 km (Fig. 8b). This is unfavorable for the 429 

outward expansion of tangential wind and the increase in the inner-core size of the simulated TC 430 

(Xu & Wang, 2010). Although the increased CD is also evident outside a radius of 100 km from the 431 

TC center, the wind speed is often weaker and thus the spray-mediated latent heat flux becomes 432 

relatively small with no evidence of any enhanced convective activity in the outer-core region 433 

compared to the experiment without the spray effect included (Fig. 11e). This is also consistent 434 

with the lack of any obvious outward expansion of the TC size compared with that in the simulation 435 

in Donelan_CTRL (Figs. 9c, d). 436 

4. Summary and Discussion 437 

The dependence of the sea spray effects on TC evolution on the surface drag coefficient 438 

parameterization is investigated with two different CD schemes using the WRF model. The first CD 439 

scheme is the one commonly used for TC simulations/predictions in the WRF model, namely CD 440 

increases linearly with 10-m wind speed in the low-wind regime (less than 30 m s−1) and is a 441 

constant when wind speed is above 30 m s−1. The second CD scheme is the one recently developed 442 

by Donelan (2018), which is obtained based on laboratory experiments. In the Donelan scheme, 443 

CD increases with increasing 10-m wind speed in the low-wind regime (less than 30 m s−1) and 444 

decreases with increasing 10-m wind speed when 10-m wind speed between 30 m s−1 and 60 m s−1, 445 

and slightly increases again afterwards. The Version 12 of the Fairall spray scheme (1994) is used 446 

to parameterize the spray processes. 447 

In the experiments with the sea spray effect, the spray-mediated sensible heat flux is positive 448 

inside the RMW and negative outside the RMW. Spray droplets release sensible heat due to the 449 
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temperature difference between the initial droplet temperature and the surrounding air temperature. 450 

On the other hand, the evaporation of spray droplets absorbs sensible heat from the surrounding air. 451 

In the inner-core region, only a small portion of spray mass evaporates, and hence the net sensible 452 

heat flux is positive. However, in the outer region, higher proportion of mass evaporates and the 453 

sensible heat released by spray droplets cannot offset the sensible heat absorbed by evaporation. 454 

As spray droplets evaporate at all radii, the spray-mediated latent heat flux is always positive. As a 455 

result, for a mature TC, the additional spray-mediated latent heat may result in an increase in the 456 

total surface enthalpy flux, which can lead to an increase in the maximum TC intensity, as predicted 457 

by the MPI theory. This explains why the simulated TCs at the mature stage are stronger in the 458 

experiments with the spray effects included than those in the corresponding experiments without 459 

spray effects regardless which surface drag coefficient scheme is used.  460 

However, during the primary intensification stage, sea spray may either enhance or reduce the 461 

intensification rate of the simulated TC depending on the CD scheme used (Fig.3, Table 1). This is 462 

because the different dependence of CD on near-surface wind speed can result in spray mass flux, 463 

which depends on the near-surface wind speed. Such a dependence can lead to the difference in the 464 

radial distribution of CD, and thus the spray mass flux and the spray-mediated latent heat flux. In 465 

the Donelan scheme, CD is maximum outside the RMW, which produces relatively large spray-466 

mediated latent heat flux well outside the RMW. The larger CD outside the RMW is also 467 

unfavorable for the inward penetration of the spray-mediated latent heat, giving rise to a tendency 468 

of increasing mass and moisture convergence outside the RMW and thus the reduced intensification 469 

rate compared to the experiment without the spray effects included. On the contrary, in the WRF 470 

default scheme, CD is a constant when the near-surface wind speed is over 30 m s−1 and is greater 471 

near the RMW. This leads to large spray mass flux and thus the spray-mediated latent heat flux 472 
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around the RMW. The larger CD around the RMW is also beneficial for the inward penetration of 473 

spray-mediated latent heat. As a result, the intensification rate of the TC simulated with the spray 474 

effects is larger than that without the spray effects included in the WRF CD scheme (Fig.3, Table 475 

1).  476 

Sea spray also affects the inner-core size change of the simulated TC. This is because sea 477 

spray can modify the radial distribution of latent heat flux, depending on the spray mass flux, which 478 

is a function of surface wind stress partly affected by the wind speed dependence of CD. When CD 479 

is greater near the RMW, more spray droplets would be generated under the eyewall and thus 480 

enhances surface latent heat flux, and larger CD is also beneficial for the inward penetration of 481 

spray-mediated latent heat into the RMW. These may contribute to the contraction of the RMW of 482 

the TC and hence insignificant outward expansion of the TC inner-core size, such as in the primary 483 

intensification stage in WRF_SPY and in the mature stage in Donelan_SPY. However, during the 484 

primary intensification stage in Donelan_SPY and the mature stage in WRF_SPY, CD is relatively 485 

greater outside the RMW. This produces considerable sea spray mass flux and the associated spray-486 

mediated latent heat flux, contributing to the enhanced boundary layer inflow spinning up of 487 

tangential wind and the increase in inertial stability outside the eyewall. The positive feedback 488 

between the inertial stability and the outward expansion of tangential wind further enhances 489 

convection outside the eyewall. This would lead to the inner-core size increase. This is more 490 

pronounced during the later intensification stage and during the mature stage in WRF_SPY. 491 

Therefore, our results suggest that different CD schemes can induce difference in the radial 492 

distribution of sea spray mass flux and spray-mediated latent heat flux and thus the size change of 493 

TCs, in support the findings of Xu & Wang (2010). The detailed effects, however, may differ during 494 

different stages of TC development because CD often depends on near-surface wind speed and thus 495 
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the TC intensity. 496 

Results from this study also indicate that in addition to how much sea spray is generated and 497 

its mediated enthalpy flux, the radial distribution resulting from the dependence of sea spray mass 498 

flux on surface wind stress and thus surface drag coefficient scheme is also important when the 499 

effect of sea spray on TC evolution is incorporated in numerical models used for simulating and 500 

predicting TCs. Indeed, the simulated TC intensity and size change in response to the sea spray 501 

effects differ during different stages of the TC development, which is shown to result from the 502 

different dependence of surface drag coefficient on near-surface wind speed. Therefore, our results 503 

demonstrate that caution needs to be given to the surface drag parameterization when the sea spray 504 

effects on TC evolution is studied and discussed using numerical sensitivity experiments. Note that 505 

in addition to the surface drag coefficient, the TC structure and environmental conditions may also 506 

modify the radial distribution of spray mass flux and the related spray-mediated enthalpy flux under 507 

TC conditions. These needs to be further investigated in future work.  508 

Finally, it should be pointed out that in this study we have only considered the direct effect of 509 

sea spray caused by using different CD schemes, which only control the energy inputted by breaking 510 

waves through Eq. (5) and thus the spray mass flux through Eq. (4). In addition to CD, spray mass 511 

flux is also largely controlled by the properties of the breaking waves. In the sea spray 512 

parameterization we used, both the significant wave height and the phase speed of breaking waves 513 

are parameterized as a function of wind speed, which is independent of CD. This means that the 514 

possible coupling between CD and breaking waves is not included in the current spray 515 

parameterization. In this sense, in terms of the sensitivity of spray effect on the simulated TCs to 516 

CD is incomplete. To fully address the issue, a coupled ocean-atmosphere-wave-spray model should 517 

be developed and used. This can be a topic for a future study. Nevertheless, results from this study 518 
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have demonstrated the importance of CD scheme to the parameterized spray effect on the simulated 519 

TC evolution. Large uncertainties exist in the parameterized sea spray source function and spray 520 

properties, including the spray size distribution. Therefore, efforts to measure spray properties 521 

under TC conditions should be conducted to provide data for validation and improvements of 522 

current spray parameterization scheme in future studies. 523 
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List of Tables 677 

Table 1. Summary of the numerical experiments performed in this study, the mean intensification 678 

rate (IR, m s−1 h−1) during the primary intensification stage (60–102h), the steady-state (144–192h) 679 

mean intensity, and the stage-means of the size parameters (RMW–the radius of maximum wind 680 

and ∆RHW–change of the radius of hurricane force wind). 681 

 

 

CD 

scheme 

 

Spray 
60-102 h 144-192 h 

IR 

(m s-1
 h-1) 

RMW 

(km) 

∆RHW 

(km h-1) 

Intensity 

(m s-1) 

RMW 

(km) 

∆RHW 

(km h-1) 

WRF_CTRL WRF No 0.47 30.7 0.66 56.0 47.2 0.72 

WRF_SPY WRF Yes 0.54 27.5 0.48 63.0 42.9 0.94 

Donelan_CTRL Donelan No 0.62 28.1 0.54 66.7 44.0 0.57 

Donelan_SPY Donelan Yes 0.57 29.2 0.59 75.1 38.5 0.37 

 682 
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 683 

Figure 1. The dependence of surface drag coefficient (CD) on surface wind speed for the default 684 

scheme for TC simulations in the WRF model (orange) and for the Donelan scheme (Donelan 2018, 685 

blue), respectively.  686 
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 687 

Figure 2. Time series of (a) maximum surface wind speed (m s−1) and (b) minimum sea level 688 

pressure (hPa) of the simulated TCs in experiments without the sea spray effects with the WRF CD 689 

scheme (orange) and the Donelan CD scheme (blue), respectively. The two stages (primary 690 

intensification and mature stages) are marked with gray shadings.   691 



33 

 

 692 

Figure 3. The time evolution of maximum 10-m wind speed (m s−1) in experiments with (blue) and 693 

without (orange) the sea spray effects (a) with the WRF CD scheme (WRF_CTRL and WRF_SPY) 694 

and (b) with the Donelan CD scheme (Donelan_CTRL and Donelan_SPY). The two stages (primary 695 

intensification and mature stages) are marked with gray shadings.   696 
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 697 

Figure 4. Spray-mediated (a) sensible heat and (b) latent heat fluxes (W m−2) during the primary 698 

intensification stage (60–102 h) with the WRF CD scheme (blue) and the Donelan CD scheme 699 

(orange), respectively.  700 
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  701 

Figure 5. Radius-time cross-section of the difference in the azimuthal-mean latent heat flux (W m−2, 702 

shading) between experiments with and without the spray effects using (a) the WRF CD scheme 703 

and (b) the Donelan CD scheme. Solid curves mark the RMW in the reference control experiments 704 

without the spray effects. The two stages (primary intensification and mature stages) are marked 705 

with gray lines.  706 
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 707 

 708 

Figure 6. Radius-time cross-sections of the differences in the azimuthal-mean vertical velocity at 709 

the height of 2.3 km between experiments with and without the spray effects (m s−1, shading) using 710 

(a) the WRF CD scheme and (b) the Donelan CD scheme. Solid curves mark the RMW in the 711 

reference control experiments without the spray effects. The two stages (primary intensification 712 

and mature stages) are marked with gray lines.  713 
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 714 

Figure 7. The radial distribution of averaged CD during primary intensification stage (60–102 h) 715 

with WRF CD scheme (blue) and Donelan CD scheme (orange).  716 
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  717 

Figure 8. Radius-time cross-sections of the spray-mediated latent heat flux (W m−2, shading) in 718 

the experiments with spray effects using (a) the WRF CD scheme and (b) the Donelan CD scheme. 719 

Solid curves mark the RMW in experiments. The two stages (primary intensification and mature 720 

stages) are marked with gray lines.  721 
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 722 

Figure 9. Hovmöller diagram of the azimuthal-mean tangential wind speed (m s-1) at the lowest 723 

model level from experiments: (a) WRF_CTRL, (b) WRF_SPY, (c) Donelan_CTRL, and (d) 724 

Donelan_SPY. The two stages (primary intensification and mature stages) are marked with gray 725 

lines.  726 
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 727 

Figure 10. The differences in the azimuthal-mean radial inflow (m, s−1, a and d), vertical motion 728 

(m s−1, b and e) and inertial stability (s−1, c and f) averaged during 60–102 h simulation period 729 

between the experiment with and without the sea spray effects with the use of the WRF CD scheme 730 

(a-c) and of the Donelan CD scheme (d-f). Solid curves indicate the radial distribution of CD (10−3) 731 

in the corresponding control experiments. Right Y axis shows the values of CD.  732 
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 733 

Figure 11. The same as in Fig. 10, but averaged between 144–192 h during the mature stage of the 734 

simulations.  735 


