
1.  Introduction
TC is one of the most destructive disasters in nature. TC induced heavy rain, strong winds, damaging storm 
surges, landslides and flooding have led to enormous economic losses in the past. Hence, accurate and reliable 
TC forecasts and warnings are essential to reduce those losses. In the past decades, TC track forecast skill has 
been continually improved, while the progress of advancing the intensity forecast lags that of the track forecast 
(Chen et al., 2007; DeMaria et al., 2014; Rappaport et al., 2009; Yamaguchi et al., 2017). Previous numerical 
studies based on coupled atmosphere-ocean simulations or forecasts from world leading agencies such as IFS of 
ECMWF (Mogensen et al., 2017), NHM of JMA (Wada et al., 2018), GRAPES of CMA (Yu et al., 2013), HWRF 
of NOAA (Bernardet et al., 2015; Mehra et al., 2018) and GFDL regional coupled model of NOAA (Bender & 
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Plain Language Summary  Ocean surface waves, have been widely acknowledged to modulate 
the flux exchange at air-sea interface. Their influence on multiscale air-sea processes, especially tropical 
cyclone, has attracted much attention in recent years. However, most of the studies usually focused on TC 
case study. To quantify the effects of ocean surface waves on tropical cyclone evolution. This study uses a 
regional atmosphere-ocean-wave coupled model to conduct retrospective simulations of all 21 tropical cyclones 
passing through the model domain in 2013. Results show that ocean surface waves play an important role in 
TC intensity and structure. Surface waves enhance the simulated inflow in the boundary layer that leads to 
more radial momentum transport and stronger updrafts near the eyewall region. These processes together help 
enhance the storm intensity and reduce the biases of intensity forecasts. The findings of this research emphasize 
the importance of ocean surface waves for TC studies and forecasts.
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Ginis, 2000) have demonstrated the important role of ocean coupling in TC intensity prediction. Benefitting from 
an interactive ocean model and data assimilation, weak TCs in ECMWF Reanalysis version 5 (ERA5) (Hersbach 
et  al.,  2020) were well reproduced (Figure  1a). However, challenges still remain, the operational numerical 
models tend to underestimate strong TCs (Yamaguchi et al., 2017).

It is well known that TCs draw energy from the underlying warm ocean through exchanging air-sea enthalpy 
flux (Chen et al., 2007; Emanuel, 1986). By comparing simulations with measurements from the Coupled 
Boundary Layer Air-Sea Transfer (CBLAST) field experiment, Liu, Curry, et al. (2011) demonstrated that 
most of the numerical prediction reanalyses substantially underestimate the latent heat flux in hurricane 
conditions, while the XseaFlux data set performed much better due to the inclusion of surface wave related 
physical processes (i.e., wave orbital speed and breaking wave induced sea spray). The enthalpy flux differ-
ences between XseaFlux and ERA5 are highly correlated with the TC intensity bias in ERA5 (Figure 1b). 
Moreover, the enthalpy flux differences increase linearly with the extent of intensity underestimation, which 
implies that ocean surface waves may also play an important role in air-sea enthalpy flux exchange and thus 
TC intensity.

Ocean surface waves directly affect the air-sea flux and TC intensity. The air-sea momentum flux depends 
not only on wind condition but also on sea state. Using a coupled model (Warner et al., 2010), Olabarrieta 
et al. (2012) found that both the simulated wind velocities and wave properties agreed well with observations by 
considering surface wave state dependent air-sea momentum flux. Janssen (1989, 1991) pointed out that young 
seas have larger drag on atmosphere than that of developed seas because the young ocean waves absorb most of 
the wind energy. With this wave state dependent air-sea momentum flux scheme, a better wind-pressure rela-
tionship was forecasted by ECMWF operational coupled model (Bidlot et al., 2020; Magnusson et al., 2019). 
Dropsonde observations inside the TCs deepened the understanding of air-sea flux transfer under extreme 
conditions. It is found that the drag coefficient tends to saturate and levels off when the surface wind speed 
exceeds ∼33 ms −1 (Powell et al., 2003). By considering the capped drag coefficient, the forecasted TC intensity 
was in better agreement with observations (Doyle et al., 2014; Moon et al., 2007). Under TC conditions, break-
ing wave induced sea spray could dramatically increase the contact area between the ocean and atmosphere, 
leading to more upward air-sea heat and moisture fluxes (Andreas & Emanuel, 2001; Andreas et al., 2015; 
Fairall et al., 2009). Numerical results suggested that TCs were strengthened by including the enthalpy effect 
of sea spray effect (Bao et al., 2011; Garg et al., 2018; Liu, Liu, et al., 2011; Perrie et al., 2005; Xie et al., 2010; 
Zweers et al., 2015). Furthermore, surface waves affect air-sea mass flux by modulating the emission of sea 
salt aerosol which could act as cloud condensation nuclei. It has been demonstrated that both TC track and 

Writing – review & editing: Guansuo 
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Figure 1.  (a) TC intensity biases between ERA5 and best track as a function of TC intensity estimated by best track data. (b) 
The correlation between air-sea enthalpy flux and TC intensity. In panel (b), y-axis represents the differences of maximum 
enthalpy flux (latent plus sensible) between XseaFlux and ERA5 for all the TCs in western North Pacific during the period 
from 1998 to 2007. Correspondingly, the x-axis denotes the TC intensity biases between ERA5 reanalysis and best track. 
The bin size of x-axis is taken as 10 ms −1, the red curve represents the bin-averaged enthalpy flux differences, and the bars 
indicate ±1 standard deviation in each bin, the linear fit is shown as black line. The sample size is also indicated in the bottom 
of the plot.
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intensity are well reproduced by coupling a surface wave dependent sea 
salt aerosol scheme (Hoarau et al., 2018; Pianezze et al., 2018). In addition 
to these direct effects, surface waves may also indirectly affect TC inten-
sity by regulating upper-ocean structure. It is well known that TC induced 
entrainment and upwelling bring colder water from subsurface to surface 
in the upper ocean (Price, 1981; Zhang et al., 2016), and the resultant cool-
ing of sea surface temperature acts as negative feedback on TC intensity. 
The wave-induced mixing (Qiao et al., 2004) facilitates this negative feed-
back, which helps slow down TC intensification (Bruneau et al., 2018; Li 
et al., 2014; Zhao et al., 2017).

Although numerical studies have shown that surface waves and their related 
physical processes play an important role in TC modeling, most of previous 
studies focused on individual TC case study. Furthermore, due to limited 
airborne observations in western North Pacific, research on wave effects on 
both TC structure and intensity is limited in this region. In this study, we aim 
to: (a) show the importance of representation of ocean surface wave related 
physical processes in a coupled model for TC simulations, and (b) explain 
how and why these processes affect the TC intensity. For this purpose, this 
paper is organized as follows: The regional atmosphere-ocean-wave coupled 
model configuration and five surface wave related physical processes are 
described in Section 2. Section 3 introduces the data used in this study. The 
results are presented in Section 4. Finally, the summary and discussion are 
given in Section 5.

2.  Model Description
A regional Atmosphere-Ocean-Wave coupled model has been developed at Fist Institute of Oceanography of 
Ministry of Natural Resources of China, known as FIO-AOW (Zhao et al., 2017). The framework of FIO-AOW 
is illustrated in Figure 2. Following an earlier version of the model (Wang et al., 2018; Zhao et al., 2017), the 
coupler is upgraded from C-Coupler1 to C-Coupler2. A brief introduction to this coupled model and coupling 
strategy are described in the following subsections.

2.1.  Model Components

2.1.1.  Atmospheric Model

The Advanced Weather Research and Forecasting model (WRF4.1) (Skamarock et  al.,  2008) is employed as 
the atmospheric component of FIO-AOW. WRF is a non-hydrostatic atmospheric model with a wide selection 
of sub-grid scale parameterizations. It has been widely used in forecasting and studying mesoscale processes 
including TCs. Following Zhao et al. (2017), the details of model set-up for each component are listed in Table 1. 
NCEP FNL data is used as the initial and boundary conditions.

2.1.2.  Ocean Model

The Princeton Ocean Model (POM) is adopted as the ocean component of FIO-AOW in this paper (Blumberg 
& Mellor, 1987). POM is a three dimensional model using the Arakawa C grid staggering in the horizontal and 
terrain-following coordinate in the vertical. The turbulence viscosities and diffusivities are calculated by a 2.5 
order Mellor-Yamada turbulence closure scheme (Mellor & Yamada, 1982). In the present study, an optimized 
and parallelized version of POM (Wang et al., 2010) is employed to represent the dynamical ocean in FIO-AOW. 
The initial conditions are obtained from the analysis output from an independent ocean-wave coupled forecasting 
system (POM coupled with MASNUM wave model) which covers the same area as that in this study. The open 
boundary conditions are provided by the HYCOM reanalysis.

2.1.3.  Wave Model

The 3rd generation wave model of MASNUM was developed by Yuan et al.  (1991, 1992). The characteristic 
inlaid method was applied to integrating the wave energy spectrum balance equation. In order to extend the 

Figure 2.  Framework of FIO-AOW. Variables exchanged among the 
component models are presented as well.
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model from regional to global scale, the MASNUM wave model in spherical coordinates was developed by Yang 
et al. (2005). A parallelized version of MASNUM wave model (Wang et al., 2010) is selected as the wave compo-
nent model in this paper. The spectral discretization for the direction is 36, while the frequency is discretized into 
25 bands with a standard increment factor of 1.1 starting from 0.035 Hz. Similar to the initialization of POM, the 
wave model MASNUM also restarts from the analysis of that forecasting system, while the boundary conditions 
are taken as JONSWAP spectra (Hasselmann et al., 1980).

2.1.4.  Coupler

The C-Coupler2 is used to couple WRF, POM and MASNUM wave model together into the FIO-AOW system. 
Compared with its earlier version C-Coupler1 (Liu et al., 2014, 2015), C-Coupler2 has a variety of new features, 
including a common, flexible and user friendly coupling configuration interface; the capability of coupling within 
one executable or the same subset of MPI (message passing interface) processes; flexible and automatic coupling 
procedure generation for any subset of component models; dynamic 3D coupling; non-blocking data transfer; and 
model nesting and adaptive restart capability (Liu et al., 2018), etc.

2.2.  Coupling Strategy

In FIO-AOW, The C-Coupler2 is employed as a library to achieve the two-way parallel coupling among the 
model components. The coupling intervals are set to be 10 min. A new feature of 3D dynamic coupling is used to 
communicate 3D field between ocean and wave components. It is well known that terrain-following coordinates 
are widely used in atmosphere and ocean models. In POM, the vertical coordinates are defined as

𝜎𝜎 =
𝑧𝑧 − 𝜂𝜂

ℎ + 𝜂𝜂
� (1)

where 𝐴𝐴 𝐴𝐴 is the depth corresponding to a specified 𝐴𝐴 𝐴𝐴 layer, 𝐴𝐴 𝐴𝐴 represents the sea surface elevation and 𝐴𝐴 𝐴 is the sea 
bottom topography. If sea surface is assumed unperturbed 𝐴𝐴 𝐴𝐴 = 0 , then 𝐴𝐴 𝐴𝐴 = ℎ ⋅ 𝜎𝜎 , which means 𝐴𝐴 𝐴𝐴 would be a 
constant. In order to improve computational efficiency, the vertical interpolation weights are usually generated 
offline and imported before the model integration. Therefore, for a 3D coupling field, it will be interpolated to 
a fixed depth𝐴𝐴 𝐴𝐴 at every coupling interval. We refer to this kind of 3D coupling as static 3D coupling (Figure 3a), 
which is the default way we treat non-breaking surface wave-induced vertical mixing coefficient 𝐴𝐴 𝐴𝐴𝑣𝑣 , which is 
transferred from MASNUM to POM (Zhao et al., 2017). In fact, the sea surface elevation 𝐴𝐴 𝐴𝐴 is time-varying, which 
means 𝐴𝐴 𝐴𝐴 = (ℎ + 𝜂𝜂)𝜎𝜎 + 𝜂𝜂 also vary with time. With this latest version of C-Coupler, the vertical interpolation 
weights are generated online according to the dynamic sea surface. Different from the static 3D coupling, we 

Parameter WRF MASNUM POM

Model domain 0°–50°N, 99°–160°E

Horizontal resolution (1/16)° (1/30)° (1/30)°

Vertical levels 71 N/A 73

Time step 30 s 60 s 60 s

Coupling frequency 10 min 10 min 10 min

Vertical diffusion scheme N/A N/A Mellor-Yamada

PBL scheme YSU scheme (Hong et al., 1998) N/A N/A

Microphysical scheme Lin microphysics scheme (Lin et al., 1983) N/A N/A

Cumulus scheme Kain-Fritsch scheme (Kain & Fritsch, 1990) N/A N/A

Land surface layer scheme Noah land surface (Chen & Dudhia, 2001) N/A N/A

Shortwave radiation scheme Duhia shortwave (Dudhia, 1989) N/A N/A

Longwave radiation scheme RRTM longwave (Mlawer et al., 1997) N/A N/A

Initial field NCEP FNL Hot start Hot start

Boundary condition NCEP FNL JONSWAP HYCOM reanalysis

Table 1 
Details of Model Designs

 21699291, 2022, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JC

019015 by N
oaa M

iam
i R

egional L
ibrary, W

iley O
nline L

ibrary on [28/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Oceans

ZHAO ET AL.

10.1029/2022JC019015

5 of 27

refer to this kind of 3D coupling as dynamic 3D coupling (Figure 3b). Apparently, the dynamic 3D coupling is 
much more reasonable and closer to the real ocean. Due to the same model domain and horizontal grid, variables 
are directly exchanged between the ocean and wave components without interpolation. In contrast, the bilinear 
interpolation algorithm is used to transform variables between the atmosphere and ocean/wave horizontal grids. 
To guarantee the consistency and quasi-conservation of flux exchanged between atmosphere and ocean/wave 
components, the air-sea momentum and enthalpy fluxes are calculated uniformly in atmosphere component by 
importing necessary variables from ocean and wave components, and then these fluxes are returned to force the 
ocean and wave models.

Meanwhile, it should be clarified that the “coupling” is not only the connection between two computer programs 
(models), but also represents the physical interaction between the atmosphere and ocean. From this perspective, 
the “coupling” involved in this research means to represent the interaction of TC and underlying ocean as realistic 
as possible. Different from the situation at low to moderate wind conditions, the air-sea interface is no longer a 
distinct two-layer structure due to the breaking of surface waves under strong winds of TC. Instead, a vapor-liquid 
mixed layer is formed with the air filling with sea spray droplets and the water filling with bubbles. Within this 
layer, the wind stress tends to saturated with the increase of wind speed, and the upward enthalpy flux is greatly 
enhanced by the sea spray. Of note, all these processes could be associated with ocean surface waves. For this 
reason, the atmosphere, ocean and wave component models in FIO-AOW are physically coupled together through 
a set of representative ocean surface wave related processes in the literature. Compared to the previous studies 
(Wang et al., 2018; Zhao et al., 2017), we introduce two additional surface wave related physical processes in the 
latest version of FIO-AOW which is employed in this paper, one is the wave modulation of air-sea momentum 
flux, the another is the sea surface current and Stokes drift on air-sea flux. The description of the surface wave 
related physical processes will be introduced in the following subsections.

2.2.1.  Surface Wave Modulation of Air-Sea Momentum Flux

Based on the Monin-Obukhov similarity theory, the wind stress 𝐴𝐴 𝐴𝐴𝑎𝑎 is parameterized as follows,

𝜏𝜏𝑎𝑎 = 𝜌𝜌𝑎𝑎𝑢𝑢
2

∗� (2)

where 𝐴𝐴 𝐴𝐴𝑎𝑎 is air density, 𝐴𝐴 𝐴𝐴∗ is friction velocity that is usually tied to the sea surface roughness according to Charnock 
relation (Charnock, 1955).

𝑧𝑧0 =
𝛼𝛼𝑐𝑐𝑐𝑢𝑢

2

∗

𝑔𝑔
� (3)

Here 𝐴𝐴 𝐴𝐴0 is sea surface roughness, 𝐴𝐴 𝐴𝐴 is acceleration of gravity, 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐 is known as Charnock constant and chosen as 
0.0185. Janssen (1989) assumed that the Charnock constant was dependent on wave state. In FIO-AOW, we use 
the same relationship as ECWMF (Bidlot et al., 2020), and 𝐴𝐴 𝐴𝐴𝑐𝑐𝑐 tails off when wind speeds above 33 ms −1. 𝐴𝐴 𝐴𝐴0 and 

𝐴𝐴 𝐴𝐴𝑐𝑐𝑐 have forms of

Figure 3.  (a) Static 3D coupling, (b) Dynamic 3D coupling.
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𝑧𝑧𝑜𝑜 =
𝛼𝛼𝑐𝑐𝑐𝑢𝑢

2

∗

g
+

0.11𝜈𝜈

𝑢𝑢∗
, 𝛼𝛼𝑐𝑐𝑐 =

0.0001 + 0.5(0.0065 − 0.0001) [1 − tanh (𝑈𝑈10 − 33)]

√

1 − ⃖⃗𝜏𝜏𝑖𝑖𝑖𝑖∕ ⃖⃗𝜏𝜏𝑎𝑎
� (4)

The wave-induced stress 𝐴𝐴 ⃖⃗𝜏𝜏𝑖𝑖𝑖𝑖 is obtained by integrating the wind-input source function along direction and angular 
frequency,

⃖⃗𝜏𝜏𝑖𝑖𝑖𝑖 = 𝜌𝜌𝑤𝑤𝑔𝑔

2𝜋𝜋

∫
0

∞

∫
0

⃖⃗𝑘𝑘

𝜔𝜔
𝑆𝑆𝑖𝑖𝑖𝑖(𝜔𝜔𝜔 𝜔𝜔)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑� (5)

here 𝐴𝐴 𝐴𝐴𝑤𝑤 is seawater density, 𝐴𝐴 𝐴𝐴 is angular frequency, 𝐴𝐴 𝐴𝐴 is direction, 𝐴𝐴 ⃖⃗𝑘𝑘 is wavenumber and 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖(𝜔𝜔𝜔 𝜔𝜔) is wind-input 
source function.

The wind stress exports momentum flux to surface waves before acts on ocean current. For young surface waves, 
almost all of momentum flux from atmosphere are absorbed by surface waves. Only after the waves are fully 
developed, the residual momentum flux will be transferred to ocean. Therefore, the momentum flux at the air-sea 
interface in FIO-AOW is 𝐴𝐴 ⃖⃗𝜏𝜏𝑎𝑎 = ⃖⃗𝜏𝜏𝑜𝑜𝑜𝑜 + ⃖⃗𝜏𝜏𝑖𝑖𝑖𝑖 + ⃖⃗𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 , where

⃖⃗𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝜌𝜌𝑤𝑤𝑔𝑔

2𝜋𝜋

∫
0

∞

∫
0

⃖⃗𝑘𝑘

𝜔𝜔
𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝜔𝜔𝜔 𝜔𝜔)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑� (6)

Here, 𝐴𝐴 ⃖⃗𝜏𝜏𝑜𝑜𝑜𝑜 is the momentum flux obtained by ocean, and 𝐴𝐴 ⃖⃗𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is momentum flux injected from breaking waves to 
the ocean, and 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝜔𝜔𝜔 𝜔𝜔) is wave-dissipation source function. Detailed description of surface waves modulated 
air-sea momentum flux could be found in Janssen (1989, 1991) and Breivik et al. (2016)

2.2.2.  Sea Spray Effect on Air-Sea Enthalpy Flux

The heat and moisture fluxes at air-sea interface could be divided into two parts, the interfacial and the spray 
modulated fluxes. The interfacial flux is also referred to as turbulent flux, which is dominated by particle irregu-
lar fluctuations, while the spray-modulated flux is controlled by the interaction of droplets and their surrounding 
air. At high wind speeds, the spray-mediated enthalpy flux is comparable to or even larger than the interfacial 
flux (Andreas, 2010). Thus, the effect of sea spray on air-sea enthalpy flux cannot be ignored, especially for TC 
simulation and forecasting. Andreas et al. (2008) assumed that the total sensible and latent heat fluxes above the 
spray evaporation layer are simply linear sums of the spray enthalpy and interfacial fluxes.

𝐻𝐻𝑆𝑆𝑆𝑆𝑆 = 𝐻𝐻𝑆𝑆 +𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆� (7)

𝐻𝐻𝐿𝐿𝐿𝐿𝐿 = 𝐻𝐻𝐿𝐿 +𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿𝐿� (8)

here 𝐴𝐴 𝐴𝐴𝑆𝑆 and 𝐴𝐴 𝐴𝐴𝐿𝐿 are interfacial sensible and latent heat fluxes, respectively, which could be calculated by the bulk 
formula as follows

𝐻𝐻𝑆𝑆 = 𝜌𝜌𝑎𝑎𝑐𝑐𝑝𝑝𝑝𝑝𝑢𝑢∗𝑡𝑡∗� (9)

𝐻𝐻𝑆𝑆 = 𝜌𝜌𝑎𝑎𝐿𝐿𝑣𝑣𝑢𝑢∗𝑞𝑞∗� (10)

where 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝 is the specific heat of air, 𝐴𝐴 𝐴𝐴∗ , 𝐴𝐴 𝐴𝐴∗ and 𝐴𝐴 𝐴𝐴∗ are Monin-Obukhov related scaling parameters. To facilitate using 
the sea spray scheme in numerical models, Andreas et al. (2008) proposed a fast sea spray algorithm as follows,

𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜌𝜌𝑤𝑤𝑐𝑐𝑤𝑤 (𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑒𝑒𝑒𝑒𝑒100)𝑉𝑉𝑆𝑆 (𝑢𝑢∗)� (11)

𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 𝜌𝜌𝑤𝑤𝐿𝐿𝑣𝑣

{

1 −

[

𝑟𝑟 (𝜏𝜏𝑓𝑓𝑓50)

50𝜇𝜇𝜇𝜇

]3

}

𝑉𝑉𝐿𝐿 (𝑢𝑢∗)� (12)

where 𝐴𝐴 𝐴𝐴𝑤𝑤 is the density of sea water, 𝐴𝐴 𝐴𝐴𝑤𝑤 is the specific heat of sea water, 𝐴𝐴 𝐴𝐴𝑓𝑓𝑓50 =
𝐻𝐻1∕3

2𝑢𝑢𝑓𝑓𝑓50
 is defined as the residence 

time in the air for the droplets with initial radius of 50 μm , 𝐴𝐴 𝐴𝐴1∕3 is significant wave height which can be obtained 
from surface wave model, 𝐴𝐴 𝐴𝐴𝑓𝑓𝑓50 is terminal fall speed of droplets with initial radius of 50 μm . while 𝐴𝐴 𝐴𝐴 (𝜏𝜏𝑓𝑓𝑓50) 
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represents the radius of these droplets when they fall back into the sea. 𝐴𝐴 𝐴𝐴𝑣𝑣 is the latent heat of vaporization, 
𝐴𝐴 𝐴𝐴𝑤𝑤 is sea surface temperature, 𝐴𝐴 𝐴𝐴𝑒𝑒𝑒𝑒𝑒100 is defined as the equilibrium temperature of droplets with 100 μm initial 

radius, 𝐴𝐴 𝐴𝐴𝑠𝑠 (𝑢𝑢∗) and 𝐴𝐴 𝐴𝐴𝐿𝐿 (𝑢𝑢∗) are not physical variables, but they are determined based on observational fits (Andreas 
et al., 2015) and have the forms of

�� (�∗) =

⎧

⎪

⎨

⎪

⎩

1.76 × 10−9 0 ≤ �∗ ≤ 0.1358

2.08 × 10−7�2.39∗ 0.1358 ≤ �∗

�� (�∗) =

⎧

⎪

⎨

⎪

⎩

3.92 × 10−8 0 ≤ �∗ ≤ 0.1480

5.02 × 10−6�2.54∗ 0.1480 ≤ �∗

� (13)

2.2.3.  Sea Surface Current and Stokes Drift on Air-Sea Flux

In Equations 2 and 9–13, the friction velocity could be computed by

�2∗ =

⎛

⎜

⎜

⎜

⎝

�

ln
(

�
�0

)

−��

⎞

⎟

⎟

⎟

⎠

2

�2 �2 = � 2 +� 2
�� (14)

Here 𝐴𝐴 𝐴𝐴𝑠𝑠 is stability function, the horizontal surface wind speed 𝐴𝐴 𝐴𝐴 and convective scaling velocity 𝐴𝐴 𝐴𝐴𝑔𝑔 . Usually, 
most of models regard the wind speed at lowest model layer as 𝐴𝐴 𝐴𝐴 . Indeed, 𝐴𝐴 𝐴𝐴 represent the mean wind speed rela-
tive to the ocean surface (Fairall et al., 1996, 2003). Thus, 𝐴𝐴 𝐴𝐴 = 𝑈𝑈𝑎𝑎 − 𝑈𝑈𝑜𝑜 , where 𝐴𝐴 𝐴𝐴𝑎𝑎 is wind speed at a reference 
height𝐴𝐴 𝐴𝐴 , and 𝐴𝐴 𝐴𝐴𝑜𝑜 is sea surface velocity. Previous studies showed that this ocean current feedback has significant 
influences on the ocean western boundary current system and atmosphere boundary layer (Renault et al., 2016; 
Renault & Marchesiello, 2022). In fact, the sea surface velocity could be divided into two parts, the sea surface 
current velocity and surface wave induced Stokes drift velocity. Recently, the in situ observations by drifters 
during a hurricane showed that the Stokes drift could account for up to 20% of the sea surface current on aver-
age (Curcic et al., 2016). In the light of the bulk formula and in-situ observations (Curcic et al., 2016; Fairall 
et  al., 1996, 2003), both sea surface current and Stokes drift are un-negligible when calculating air-sea flux, 
which was introduced into climate model for the first time (Bao et al., 2020). Therefore, we calculate 𝐴𝐴 𝐴𝐴 in terms 
of its original definition in FIO-AOW with the following form

𝑈𝑈 = 𝑈𝑈𝑎𝑎 − 𝑈𝑈𝑜𝑜𝑜𝑜 − 𝑈𝑈𝑠𝑠� (15)

where 𝐴𝐴 𝐴𝐴𝑜𝑜𝑜𝑜 is sea surface current which could be obtained from the ocean circulation model, while the surface 
Stokes drift vector can be calculated by integrating the wave spectrum as following

⃖⃖⃗𝑈𝑈 𝑠𝑠 =
2

𝑔𝑔 ∫
∞

0
∫

𝜋𝜋

−𝜋𝜋

(cos 𝜃𝜃𝜃 sin 𝜃𝜃)𝜔𝜔3𝐸𝐸(𝜔𝜔𝜔𝜔𝜔 )𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑� (16)

where 𝐴𝐴 𝐴𝐴(𝜔𝜔𝜔 𝜔𝜔) is frequency-direction spectrum.

2.2.4.  Rain Induced Ocean Surface Cooling

Heavy rain not only alter the upper ocean stratification, but also has an important impact on air-sea sensible heat 
flux. It is well known that the raindrops will evaporate and consequently have lower temperature than the sea 
surface when dropping down from higher altitudes. Generally, the heavier the rainfall, the cooler the sea surface. 
As a result, the air-sea sensible heat flux under rain conditions is quite different from that under clear sky condi-
tions. In addition, recent theory and in-situ observations suggested that rain could also significantly dampen the 
short ocean waves and attenuate the swell waves (Cavaleri & Bertotti, 2017; Cavaleri et al., 2015). There is no 
doubt that the physical mechanisms for rain and marine boundary layer interaction are quite complicated. Under-
standing of these mechanisms is beyond the scope of this study. Here, a simple hypothesis is made by introducing 
the rain induced SST cooling (𝐴𝐴 Δ𝑇𝑇  ) to the interfacial sensible heat flux
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𝐻𝐻𝑆𝑆 = 𝜌𝜌𝑎𝑎𝑐𝑐𝑝𝑝𝑝𝑝𝐶𝐶𝑇𝑇 𝑢𝑢∗ [𝑇𝑇𝑎𝑎 − (𝑇𝑇𝑤𝑤 − Δ𝑇𝑇 )]� (17)

Here, 𝐴𝐴 𝐴𝐴𝑇𝑇 is the Stanton number, and 𝐴𝐴 𝐴𝐴𝑎𝑎 is the surface air temperature. It should be noted that the surface cooling 
𝐴𝐴 Δ𝑇𝑇  also depends on wave state, because larger surface waves tend to mix the cool freshwater and thus are not 

conducive to surface cooling. Details of this hypothesis are referred to Zhao et al. (2017).

2.2.5.  Non-Breaking Surface Wave-Induced Vertical Mixing

The mixing induced by non-breaking surface waves that extends to the depth up to wavelength, has been proved 
to play important role in simulation of the upper-ocean structure (Babanin & Haus,  2009; Dai et  al.,  2010; 
Qiao et  al.,  2004,  2010). The surface waves generated by TCs could accelerate the upper ocean heat losses 
by the enhancing the vertical mixing (Li et al., 2014; Zhao et al., 2017). In the light of this, the non-breaking 
wave-induced vertical mixing coefficient 𝐴𝐴 𝐴𝐴𝑣𝑣 proposed by Qiao et al. (2004) is included in FIO-AOW as following:

𝐵𝐵𝑣𝑣 = 𝛼𝛼∬ 𝐸𝐸

(

⃖⃗𝑘𝑘

)

exp {2𝑘𝑘𝑘𝑘} 𝑑𝑑 ⃖⃗𝑘𝑘
𝜕𝜕

𝜕𝜕𝜕𝜕

⎛

⎜

⎜

⎜

⎝

∬
𝑘⃗𝑘

𝜔𝜔2𝐸𝐸

(

⃖⃗𝑘𝑘

)

exp {2𝑘𝑘𝑘𝑘} 𝑑𝑑 ⃖⃗𝑘𝑘

⎞

⎟

⎟

⎟

⎠

1

2

� (18)

where, 𝐴𝐴 𝐴𝐴 is constant and set to 1.0, 𝐴𝐴 𝐴𝐴

(

⃖⃗𝑘𝑘

)

 is the wavenumber spectrum, and 𝐴𝐴 𝐴𝐴 is depth with 𝐴𝐴 𝐴𝐴 = 0 at surface and 
upward positive. 𝐴𝐴 𝐴𝐴𝑣𝑣 is a three-dimensional variable decreased exponentially with depth, it is usually calculated by 
wave spectrum model and added to the original viscosity 𝐴𝐴 𝐴𝐴𝑚𝑚𝑚𝑚 and diffusivity 𝐴𝐴 𝐴𝐴ℎ𝑐𝑐 in the ocean circulation model, 
respectively, in forms of

𝐾𝐾𝑚𝑚 = 𝐾𝐾𝑚𝑚𝑚𝑚 + 𝐵𝐵𝑣𝑣

𝐾𝐾ℎ = 𝐾𝐾ℎ𝑐𝑐 + 𝐵𝐵𝑣𝑣

� (19)

3.  Data
3.1.  Reanalysis Data Set

The NCEP Final Analysis data (FNL) were output from the Global Data Assimilation System, which assimi-
lated many sources of observation. FNL is available on 1° × 1° grids with 6 h intervals. The FNL data could be 
accessed via http://rda.ucar.edu/datasets/ds083.2/.

The reanalysis data of the Hybrid Coordinate Ocean Model (HYCOM) (Chassignet et  al.,  2009) are used to 
provide boundary conditions for the ocean component in this study. Using the Navy Coupled Ocean Data Assim-
ilation system (Cummings & Smedstad, 2013), satellite SST as well as in-situ vertical profiles of temperature and 
salinity from XBTs, Argos floats and moored buoys were assimilated. The HYCOM reanalysis is available with 
a (1/12)°×(1/12)° resolution and 3 h intervals. This reanalysis data was downloaded from this website (http://
hycom.org/dataserver/).

3.2.  Best-Track Data

To validate the simulated TC track and intensity, 22 TCs (21 TCs in 2013, and 1 TC in 2010) from the best 
track data provided by the Joint Typhoon Warning Center (JTWC) are adopted as the benchmark. By using 
Dvorak technique (Dvorak,  1975), all the available observations (buoys, ships and satellites) and numerical 
weather predictions were analyzed to form best track data set. In addition to TC positions, the 6-hourly maximum 
sustained 10-m wind speed and minimum sea level pressure are also included. The JTWC data set also provides 
TC size information including the Radius of maximum wind speed (RMW). The JTWC best-track data is avail-
able at https://www.metoc.navy.mil/jtwc.

3.3.  Dropsonde Data

The GPS dropsonde data are widely used to study TC boundary layer structure and dynamics (Zhang 
et al., 2015, 2017, 2018; Zhang & Rogers, 2019). In this paper, A total of 78 dropsonde profiles were collected by 
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the Hurricane Research Division (HRD) of NOAA during the 5 weather reconnaissance missions into TC Megi 
on 16 and 17 October 2010. The sampling frequency of dropsonde profiles is 2 Hz, which means the air temper-
ature, pressure, relative humidity, wind speed and direction are recorded every 0.5 s intervals.

3.4.  SFMR Data

The surface winds measured by Stepped Frequency Microwave Radiometer (SFMR) were obtained from HRD. 
As a passive microwave instrument, the data quality of SFMR is reliable when the wind speed stronger than 
20 ms −1 (Uhlhorn & Black, 2003). The SFMR data was collected from 5 weather reconnaissance missions into 
TC Megi from 13 to 17 October 2010, and this data is available with 1 s interval.

3.5.  AXBT Data

38 profiles of the Airborne EXpendable BathyThermograph (AXBT) data are also collected by HRD. The AXBT 
could measure ocean temperature as a function of depth. In this paper, the raw profiles were vertically interpo-
lated into 1.5 m intervals from sea surface to 350 m depth.

3.6.  Altimeter Data

All the available altimeters retrieved significant wave height data during TC Megi are used in this study, including 
Jason-1, Jason-2 and Envisat1. These data are provided by the Radar Altimeter Database System (RADS) of the 
Delft University of Technology (Scharroo et al., 2013).

4.  Results
4.1.  Experimental Design

To explore the integrated effects of surface wave related physical processes on TC simulation, we design two 
numerical experiments. One of the two experiments is called Fully coupled experiment, in which WRF, POM 
and MASNUM wave models are coupled together by the C-Coupler2, and all five wave related physical processes 
mentioned earlier are considered. The other one is named as Control experiment, in which only WRF and POM 
are activated, which denotes none of the surface wave related physical processes is introduced. By comparing the 
Fully coupled experiment with the Control experiment, the ability of the coupled model system to capture the TC, 
as well as the effects of surface wave related physical processes on TC modeling are evaluated. The experimental 
settings are summarized in Table 2.

4.2.  TCs in 2013

In a case study, we have shown that the surface wave related physical processes play an important role in TC 
intensity (Zhao et al., 2017). To further study these processes, 21 TCs (Table 3) in 2013 that entering in the model 
domain (Figure 7b) are investigated by using FIO-AOW. The best track data sets provide TC intensity and size 
information when a TC vortex is classified as a Tropical Depression (TD) or Tropical Storm (TS). The initial time 
in the best track data for a given TC is selected as the starting time of a simulation (Table 3).

Parameterizations

Fully coupled Control Wave coupled

WRF-POM-MASNUM WRF-POM WRF-POM-MASNUM

Wave modulation of momentum flux Yes No Yes

Sea spray effect on air-sea enthalpy flux Yes No No

Sea surface current and Stokes drift on air-sea flux Yes No No

Rain induced ocean surface cooling Yes No No

Non-breaking wave-induced mixing Yes No No

Table 2 
Experimental Design
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Comparisons of modeled TC track and intensity with the best track are 
performed. From here on out, the model outputs are post processed using 
GFDL vortex tracker (Biswas et al., 2018). By using this toolkit, the RMW 
is derived as well as TC position and intensity. Because the background flow 
of regional model is mainly constrained by boundary condition, the TC track 
errors between two experiments have no significant difference. The Mean 
Absolute Errors (MAE) of TC track are 70.27 and 70.87 km for the Control 
and Fully coupled experiments, respectively. The scatter plots of intensity 
biases for all 21 TCs as well as the linear best fits are shown in Figure 4. 
Similarly to regional coupled model results (Bender & Ginis,  2000) and 
reanalysis data (Figure 1a), we notice that both the Control and Fully coupled 
experiments tend to overestimate the intensity of weak TCs but underestimate 
the strong TCs. However, the intensity underestimation (overestimation), as 
measured by both Minimum Sea Level Pressure (MSLP) and maximum wind 
speed at 10m (Figures 4a and 4b), has been mitigated considerably in the 
Fully coupled experiment. The MAEs are nearly equal at 0 h for the Control 
and Fully coupled experiments with a value of 3  ms −1 (Figure  4c). Since 
48h, the  effect of surface waves related physical processes becomes to be 
more pronounced. The MAE in the Control experiment is about 7.57 ms −1 at 
120 h. In contrast, it reduces to 5.68 ms −1 in the Fully coupled experiment at 
the same lead time. TC intensity errors vary with TC intensity (Figure 4d). 
In both Fully coupled and Control experiments, the MAEs are quite similar 
for TD, TS and TC Category 1 (CAT1) TC. However, the surface waves help 
to reduce the intensity errors in the Fully coupled experiment for Category 2 
(CAT2) to Category 5 (CAT5) TCs compared to the Control experiment. For 
instance, the MAE of CAT5 is 27.89 ms −1 in the Control experiment, while 
it is only 20.78  ms −1 in the Fully coupled experiment (Table  4). Further-
more, we compare the modeled wind-pressure relationship with that in the 
best track. Although both the Control and Fully coupled experiments have 
weaker maximum wind speed than the best track at a given MSLP in the wind 
speed range of 35–86 ms −1 (Figure 5a), the wind-pressure relationship in the 
Fully coupled experiment agrees slightly better with the best track data than 
the Control experiment. Figure 5b shows the histograms of TC intensity from 
the two experiments compared to best track. It appears that only 18% of the 
TCs have a strength stronger than 45 ms −1 in the Control experiment, which 
is much smaller than the percentage (27%) in the best track. In contrast, the 
Fully coupled experiment produces a more realistic distribution (21%) than 
the Control experiment.

In addition to TC track and intensity, the TC size, as measured by RMW, is also evaluated. It shows that RMW 
errors also vary with TC intensity (Figure 5c). The surface waves related physical processes help to reduce the 
RMW error especially for strong storms (CAT2 to CAT5). For instance, the MAE for RMW is 49.02 km for 
CAT5 in the Control experiment, while it is 39.82 km in the Fully coupled experiment. However, it is found that 
TDs have the largest RMW errors in the both two experiments. And we also note that the largest MAE occurs at 
initial time (Figure 5d). In view this, the sum of squares of deviation (SSD) of simulated RMW from the best track 
at different lead time, is calculated using the following formula

𝑆𝑆𝑆𝑆𝑆𝑆 =

𝑖𝑖=𝑛𝑛
∑

𝑖𝑖=1

(

𝑀𝑀𝑖𝑖
− 𝑂𝑂𝑖𝑖

)2� (20)

where 𝐴𝐴 𝐴𝐴 represents the modeled RMW, 𝐴𝐴 𝐴𝐴 denotes the RMW in best track data, and the superscript 𝐴𝐴 𝐴𝐴 represents 
RMW at a certain lead time. For TD. It follows that the SSD at initial time account for 49% and 52% of the total 
SSDs in Control and Fully coupled experiments, respectively. The large RMW errors can be attributed to the 
coarse initial condition which is incapable of resolving small TC scales, and sometimes even fails to resolve a 

Name Starting time Ending time
MSLP 
(hPa)

Wind 
(ms −1)

YAGI 12:00 UTC 08 Jun 06:00 UTC 12 Jun 982 28.27

LEEPI 00:00 UTC 18 Jun 00:00 UTC 21 Jun 996 17.99

BEBINCA 18:00 UTC 20 Jun 06:00 UTC 24 Jun 996 17.99

RUMBIA 12:00 UTC 28 Jun 12:00 UTC 02 Jul 978 35.98

SOULIK 00:00 UTC 08 Jul 00:00 UTC 14 Jul 929 64.25

JEBI 00:00 UTC 31 Jul 12:00 UTC 03 Aug 978 30.84

UTOR 18:00 UTC 09 Aug 12:00 UTC 15 Aug 926 66.82

TRAMI 00:00 UTC 18 Aug 18:00 UTC 22 Aug 967 38.55

KONG-REY 06:00 UTC 26 Aug 00:00 UTC 30 Aug 985 25.70

TORAJI 18:00 UTC 01 Sep 00:00 UTC 04 Sep 985 25.70

USAGI 18:00 UTC 16 Sep 06:00 UTC 23 Sep 922 69.39

PABUK 06:00 UTC 21 Sep 00:00 UTC 27 Sep 956 46.26

WUTIP 06:00 UTC 27 Sep 00:00 UTC 01 Oct 948 51.44

SEPAT 00:00 UTC 30 Sep 18:00 UTC 02 Oct 993 20.56

FITOW 18:00 UTC 30 Sep 06:00 UTC 07 Oct 956 40.26

DANAS 06:00 UTC 04 Oct 00:00 UTC 09 Oct 933 61.68

NARI 12:00 UTC 09 Oct 18:00 UTC 15 Oct 948 51.44

WIPHA 12:00 UTC 10 Oct 06:00 UTC 16 Oct 933 61.68

FRANCISCO 06:00 UTC 16 Oct 06:00 UTC 26 Oct 918 71.96

KROSA 18:00 UTC 29 Oct 06:00 UTC 04 Dec 944 53.97

HAIYAN 00:00 UTC 04 Dec 06:00 UTC 11 Dec 895 87.38

Note. The TC names are listed in the first column, the starting and ending 
time of simulation are given in the second and third columns. The last two 
columns show the lifetime maximum intensity measured as MSLP and 
maximum wind speed at 10 m from JTWC best track, respectively.

Table 3 
Detail Information of 21 TCs Entering the Model Domain in 2013 in the 
Western North Pacific
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TD. Our results confirm that the initial condition is also an important factor for TC size simulations, which is 
supported by Xu and Wang (2010) and Chan and Chan (2014).

The relationship between the air-sea enthalpy flux and wind speed in the Fully coupled and Control experi-
ments is compared in Figure 6. It appears that air-sea enthalpy fluxes in the two experiments are quite similar 
for wind speeds below 26 ms −1. However, the enthalpy flux in the Fully coupled experiment increases more 
rapidly with wind speed than in the Control experiment when the wind speeds exceed 26 ms −1. Due to the 
sea spray effect, this enthalpy flux enhancement is much more significant within the inner core area than in 
outer core area (Figure 6). Our result is consistent with Andreas et al. (2015), who documented that sea spray 

mediated enthalpy flux exceeded the interfacial enthalpy flux at wind speed 
of about 26 ms −1.

4.3.  TC Megi

Results from simulations of multiple TCs confirmed the important role 
of surface wave related physical processes in TC intensity. To explore the 
underlying mechanisms for the intensity differences between Control and 
Fully coupled experiments, A case study approach is used. Here, TC Megi in 
2010 is selected because of extensive airborne observations. Megi was also 
the only super typhoon in 2010 in the western North Pacific, JTWC classi-
fied it as a tropical depression at 12:00 UTC 13 October. Early on October 
17, Megi started to move westward. It reached its lifetime maximum inten-
sity around 18:00 UTC on 17 October and then made its first landfall over 
Philippines. Therefore, our simulation is integrated from 12:00 UTC 13 to 
18:00 UTC 17 October. In order to quantify the effect of wave modulation of 

Figure 4.  The model biases as measured by (a) MSLP and (b) maximum wind speed at 10m height for all 21 TCs in 2013. 
(c) MAE of maximum wind speed as function of simulation lead time, (d) MAE of maximum wind speed for different TC 
categories. The model biases (model minus best track) are calculated 6-hourly during the lifetime of each TC. Linear fits 
(solid lines) with 95% confidence intervals (shade area) are also shown. In panel (b), by using the dashed lines, the TCs are 
classified into TD, TS and CAT1 to CAT5 according to the Saffir-Simpson hurricane scale.

Category Wind (ms −1)

Control Fully coupled

MAE 
(ms −1) ME (ms −1)

MAE 
(ms −1)

ME 
(ms −1)

TD 10.79–16.96 5.29 4.96 5.289 4.96

TS 17.47–32.38 6.48 4.79 6.64 4.91

CAT1 32.90–42.15 4.08 −0.19 4.35 1.72

CAT2 42.66–48.83 7.21 −7.11 5.09 −4.14

CAT3 49.34–57.57 12.26 −12.26 9.07 −9.07

CAT4 58.08–69.90 19.61 −19.61 13.31 −13.31

CAT5 ≥70.42 27.89 −27.89 20.78 −20.78

Table 4 
Statistics of Intensity for Different TC Categories
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air-sea momentum flux on TC intensity, another experiment called Wave coupled (Table 2) is conducted besides 
the Control and Fully coupled experiments. The mode set-up of all the three experiment is the same as shown 
in subsection 4.1.

The simulated tracks of Megi are validated against the JTWC best track. The modeled tracks are generally consist-
ent with the best track until 06:00 UTC16 October (Figure 7c). After that, the modeled tracks move northwest-
ward and deviate from best track. The track differences among the three experiments are almost negligible. TC 
intensity in the Control and Fully coupled experiments begin to bifurcate at 18:00 UTC 13 October (Figure 7d). 
While, in the Control and Wave coupled experiments, the bifurcation point occurs at 12:00 UTC 14 October. 

Figure 5.  (a) Wind-pressure relationship of Control (red dots) and Fully coupled (blue dots) experiments, compared with 
the best track (black dots), along with their polynomial fits with 95% confidence intervals (shaded area). (b) Frequency 
distribution of TC intensity as measured by maximum wind speed, the bin size is 10 ms −1. (c) MAE of RMW for different TC 
categories, (d) MAE of RMW as function of simulation lead time, the bars in panels (c) and (d) indicate ±2 standard error.

Figure 6.  The relationships between air-sea enthalpy flux and 10 m wind speed in Control (red) and Fully coupled (blue) 
experiments, the air-sea enthalpy flux and 10 m wind speed are averaged within the areas of r/RMW≤5 and r/RMW≤2 in 
all the simulations, respectively. The upper (lower) whiskers represent maximum (minimum) values, the upper (lower) box 
bounds represent upper (lower) quartile Q1 (Q3), the box center lines represent median values.
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The TCs in the Control and Wave coupled experiment stop deepening until 
06:00 UTC 15 October (Figures 7d and 7e). The MAE of intensity is 29 and 
28 hPa in in the Control and Wave coupled experiments respectively, while 
it is reduced to 11 hPa in the Fully coupled experiment. Although there is 
a about 16 hPa underestimation of intensity at the initial time, our results 
indicate that the surface wave related physical processes are more conducive 
to TC intensification and thus lead to better intensity simulation than other 
experiments.

The modeled ocean vertical temperature profiles are compared with AXBT 
observations (Figure 8a). The ocean initial conditions of the Control and Fully 
coupled experiments are both obtained from an operational ocean forecasting 
system, in which the ocean and wave models are coupled by the non-breaking 
surface wave-induced vertical mixing. For this reason, the temperature 
profiles are quite similar between two experiments. As mentioned earlier, 
sea spray could substantially increase the air-sea enthalpy flux, while wave 
mixing could enhance the vertical mixing rate in upper-ocean. These two 
processes together promote the losses of heat in ocean mixed layer, resulting 
in a larger reduction in upper-ocean temperature. In addition, the shallower 
mixed layer depth of simulations implies the ocean initialization need to be 
further improved.

All the available altimeter data closest to TC center is employed. To avoid the 
influence of TC size discrepancy on verification of significant wave height, 
the distances of altimeter from TC center are normalized by RMW. Then 

wave validations are performed near the TC center area (0<r/RMW≤10) and the outer area (10<r/RMW≤60), 
respectively. As expected, significant wave heights are under estimated in both the Fully coupled and Control 
experiments (Figures 8b and 8c). Compared to TC outer area, we are more concerned with the model perfor-
mance near the TC center. Unfortunately, only 1 swath passed through the TC inner core on 14 October. Due to 
the small difference in TC intensity, the significant wave height in Fully coupled experiment is slightly closer to 
altimeter observations than that in the Control experiment.

To examine the integrated effect of surface wave related physical processes on the structure of TC Megi, dropsonde 
observations on board aircraft are analyzed to evaluate the performance of the coupled model. It should be noted 
that the track errors are not negligible. To facilitate comparison, the dropsondes are relocated in storm-relative 
framework. The relocation process goes like this: suppose the distance and angle of a dropsonde relative to real 
TC center are 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 , then shift the dropsonde so that it has the same distance 𝐴𝐴 𝐴𝐴 and angle 𝐴𝐴 𝐴𝐴 relative to the simu-
lated TC center. Then, the model variables such as wind speed and temperature are interpolated into the relocated 

Figure 7.  (a) JTWC best track of Megi (white line), AXBT (green squares) 
and dropsonde (red triangles) deployed positions, the cyan dots represent 
the available altimeter trajectories closest to TC center during the simulation 
period, 11 dropsondes along the black line are selected to assess model 
performance in Figure 9, the estimated 34-knot wind radius (yellow circle) at 
00:00 UTC 17 October is also superimposed. (b) Model domain of FIO-AOW. 
(c) Simulated TC track. (d)Time series of 10 m maximum wind speed, and 
(e) time series of MSLP. The solid gray line in panel (d) represents intensity 
divergence point between Control and Fully coupled experiments at 18:00 
UTC 13 October. While the dash gray line represents the intensity divergence 
point between Control and Wave coupled experiments at 12:00 UTC 14 
October.

Figure 8.  The comparison of observed and modeled (a) vertical ocean temperature, (b) significant wave height within 0<r/
RMW≤10 area, (c) significant wave height within 10<r/RMW≤60 area. In panel (a), the 38 AXBT measured temperature 
profiles are indicated by gray curves, the red and blue curves are corresponding profiles from Control and Fully coupled 
experiments, respectively. The bold curves are mean temperature profiles. In panel (b) and (c), the distance of Altimeter 
trajectories from TC center is normalized by RMW, the bars indicate ±2 standard error in each bin.
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positions. It clear that the area of water mixing ratio greater than 19 g/kg in the Fully coupled experiment extents 
up to 1,300 m, which is in good agreement with that in observation (1,600 m). In contrast, the Control experiment 
has only a limit area of water mixing ratio reaching 19 g/kg up to about 700 m height (Figures 9d–9f). Despite 
that the wind speeds in both Control and Fully coupled experiments are weaker than measurement, we notice that 
the asymmetric structure is better reproduced and wind speeds are relatively stronger in the Fully coupled experi-
ment. In contrast, the Control experiment significantly underestimate the wind speeds in eyewall (Figures 9g–9i).

The azimuthally averaged vertical profiles of simulated wind speeds are compared with observations in the 
eyewall (defined as region within 0.75≤r/RMW≤1.25) and the outer core (3≤r/RMW≤5) regions (Figure 10). 
In the eyewall region, it is evident that the simulated wind speeds are underestimated in both Control and Fully 
coupled experiments (Figure  10a). However, the tangential wind speeds in the Fully coupled experiments is 
much closer to the observations, particularly in the surface layer (Figure 10b). Both two experiments appear a 

Figure 9.  The vertical cross sections of observed (a) potential temperature, (d) water mixing ratio and (g) wind speed along locations of the 11 dropsondes shown in 
Figure 7a, the time of the first and last of the 11 dropsonde is 23:35 UTC 16 and 00:14 UTC 17 October. Correspondingly, the middle panels (b), (e) and (h) are the 
same as left panels but for Fully coupled experiment, and the right panels (c), (f) and (i) are for Control experiment. The white lines indicate the 1,500 m height for 
reference.
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weaker peak inflow and deeper boundary layer compared to dropsonde observations (Figure 10c), although the 
peak inflow in the Fully coupled experiment is closer to the observed value. One possible reason for the deeper 
inflow layer is the modeled vertical eddy diffusivity is overpredicted (Zhang et al., 2015, 2017, 2018; Zhang & 
Rogers, 2019). In the outer core region, the tangential wind profile in the Fully coupled experiment agrees better 
with observations compared to the Control experiment (Figure 10e). Within the TC boundary layer below 500 m, 
the radial wind profile in the Fully coupled experiment is also closer to observations than in the Control experi-
ment in terms of inflow strength.

The RMW distribution indicates that the modeled TCs are generally characterized by larger RMW compare to 
SFMR RMW estimates (Figure 11). Only 48% of TCs in the Control experiment have RMWs less than 35 km, a 
percentage much smaller than that in observations (96%). In contrast, the Fully coupled experiment produces a 
more realistic RMW distribution with 93% of TCs that have RMWs less than 35 km.

We adopt the same approach to perform model diagnostics as Zhang et al. (2012), the model output is azimuthally 
averaged and presented as a function of height and radial distance normalized by RMW. The azimuthally mean 
tangential, radial and vertical wind in the Control and Fully coupled experiments at the intensity bifurcation point 
are compared in Figure 12. It can be seen that both of the Control and Fully coupled experiments featured with 
a typical strong outflow located at 10～16 km altitude, inflow within the 0～10 km layer, and strong updraft in 
the eyewall region. However, the axisymmetric vortex is much weaker in the Control experiment than that in the 
Fully coupled experiment (Figures 12a–12c), the peak inflow, outflow and updraft (Figures 12d–12i) in the Fully 
coupled experiment are stronger than those in the Control experiment, even though the TC intensity, as measured 
by maximum wind speed at 10 m, is essentially the same in the two experiments at the intensity bifurcation point 
(Figure 7d).

The equivalent potential temperature 𝐴𝐴 𝐴𝐴𝑒𝑒 inside the eyewall is larger in the Fully coupled experiment than that in 
the Control experiment (Figures 13a–13c). The thermodynamic mixed layers in the two experiments are generally 

Figure 10.  The vertical profiles of (a) wind speed, (b) tangential wind speed and (c) radial wind speed averaged in the 
eyewall region (0.75≤r/RMW≤1.25) on 17 October. Panels (d), (e) and (f) are the same as (a), (b) and (c), but averaged in 
the outer core region (3≤r/RMW≤5). The red lines are from Control experiment, the blue lines are from Fully coupled run 
and the black lines are observed by dropsondes. The bars indicate ±2 standard error in each 20 m height bin, while they are 
plotted at intervals of 200 m.
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similar, with the mixed layer being slightly shallower in region of 1≤r/RMW≤2 in the Control experiment. There 
is a more unstable layer in Fully coupled experiment below 200  m ((Figures  13d–13f). A warmer boundary 
layer with a more unstable surface layer in the Fully coupled experiment, favors the convection development 
and thus enhances the secondary circulation. This could be mainly attributed to the air-sea vapor and enthalpy 
fluxes are substantially enhanced in the Fully coupled experiment (Figures 14a–14e). Given that the azimuth-
ally mean surface wind stresses are approximately the same between the Control and Fully coupled experi-
ments (Figure 14f), sea spray effect plays an important role in TC intensification, which is consistent with Zhao 
et al. (2017).

Next, we evaluate the surface wave effects on TC intensification dynamics. The absolute angular momentum (𝐴𝐴 𝐴𝐴 ) 
of an air particle is defined as

𝑀𝑀 = 𝑟𝑟𝑟𝑟𝑡𝑡 +
1

2
𝑓𝑓𝑓𝑓2� (21)

where 𝐴𝐴 𝐴𝐴 represents the distance from TC center, 𝐴𝐴 𝐴𝐴𝑡𝑡 is tangential wind speed and 𝐴𝐴 𝐴𝐴 is Coriolis parameter. Equa-
tion 21 can be also written as 𝐴𝐴 𝐴𝐴𝑡𝑡 =

𝑀𝑀

𝑟𝑟
−

1

2

𝑓𝑓𝑓𝑓 , obviously the tangential wind 𝐴𝐴 𝐴𝐴𝑡𝑡 would increase (decrease) with 
the increase (decrease) of 𝐴𝐴 𝐴𝐴 at a certain 𝐴𝐴 𝐴𝐴 . To diagnose the dynamical mechanism that might cause the intensity 
change, budget analyses of absolute angular momentum are performed. Follow Zhang and Marks (2015), the 
budget equation is given by

𝜕𝜕⟨𝑀𝑀⟩

𝜕𝜕𝜕𝜕
= − ⟨𝑉𝑉𝑟𝑟⟩

𝜕𝜕⟨𝑀𝑀⟩

𝜕𝜕𝜕𝜕
− ⟨𝑤𝑤⟩

𝜕𝜕⟨𝑀𝑀⟩

𝜕𝜕𝜕𝜕
−

⟨

𝑉𝑉 ′

𝑟𝑟

𝜕𝜕𝜕𝜕 ′

𝜕𝜕𝜕𝜕

⟩

−

⟨

𝑤𝑤′ 𝜕𝜕𝜕𝜕
′

𝜕𝜕𝜕𝜕

⟩

+ 𝐹𝐹𝑟𝑟� (22)

Where 𝐴𝐴 𝐴𝐴𝑟𝑟 represents radial wind speed, 𝐴𝐴 𝐴𝐴 is vertical wind speed. The brackets denote an azimuthal average at 
a certain height, and the primes represent a departure from the azimuthal mean. In Equation 22, the left-hand 
term 𝐴𝐴

𝜕𝜕⟨𝑀𝑀⟩

𝜕𝜕𝜕𝜕
 represents time tendency of azimuthally averaged absolute angular momentum, the right-hand terms 

are the mean radial advection term 𝐴𝐴 − ⟨𝑉𝑉𝑟𝑟⟩
𝜕𝜕⟨𝑀𝑀⟩

𝜕𝜕𝜕𝜕
 , the mean vertical advection term 𝐴𝐴 − ⟨𝑤𝑤⟩

𝜕𝜕⟨𝑀𝑀⟩

𝜕𝜕𝜕𝜕
 , the mean radial 

eddy transport term 𝐴𝐴 −

⟨

𝑉𝑉 ′

𝑟𝑟
𝜕𝜕𝜕𝜕 ′

𝜕𝜕𝜕𝜕

⟩

 , the mean vertical eddy transport term 𝐴𝐴 −

⟨

𝑤𝑤′ 𝜕𝜕𝜕𝜕
′

𝜕𝜕𝜕𝜕

⟩

 , and the residual term 𝐴𝐴 𝐴𝐴𝑟𝑟 

that contributed by subgrid turbulent processes. The time tendency term 𝐴𝐴
𝜕𝜕⟨𝑀𝑀⟩

𝜕𝜕𝜕𝜕
 , the total mean advection term 

𝐴𝐴 − ⟨𝑉𝑉𝑟𝑟⟩
𝜕𝜕⟨𝑀𝑀⟩

𝜕𝜕𝜕𝜕
− ⟨𝑤𝑤⟩

𝜕𝜕⟨𝑀𝑀⟩

𝜕𝜕𝜕𝜕
 , the total eddy transport term 𝐴𝐴 −

⟨

𝑉𝑉 ′

𝑟𝑟
𝜕𝜕𝜕𝜕 ′

𝜕𝜕𝜕𝜕

⟩

−

⟨

𝑤𝑤′ 𝜕𝜕𝜕𝜕
′

𝜕𝜕𝜕𝜕

⟩

 and the residual term 𝐴𝐴 𝐴𝐴𝑟𝑟 at the time 
when TC intensity starts to bifurcate in Fully and Control experiments (Figure 7d) are shown in Figure 15. Not 
only in the eyewall region, but also within the lowest 500 m in the boundary layer, the time tendency term is larger 
in Fully coupled experiment than that in the Control experiment (Figure 15c). Relative to the total eddy transport 
term, the total mean and residual terms make the largest contributions to the gain and loss of time tendency term 

Figure 11.  Frequency distribution of surface RMW at 10 m height in (a) Control and (b) Fully coupled experiments. The 
black lines in panels (a) and (b) show the frequency distribution of RMW observed by SFMR for reference, the percentages of 
RMWs within 35 km threshold (dashed gray lines) for simulations and observations are shown in panel (b).
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Figure 12.  The azimuthally averaged (a) tangential, (d) radial and (g) vertical wind speed as a function of r/RMW and height in Control experiment at 18:00 UTC 13 
October. The middle panels (b), (e) and (h) are the same as the left panels but for Fully coupled experiment. The right panels (c), (f) and (i) are the differences between 
Fully coupled and Control experiments.
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in the boundary layer (Figures 15d, 15e, 15j, and 15k). However, due to the stronger inflow in boundary layer 
and deeper vertical convection in mid-to upper atmosphere around eyewall region (Figure 12), the total mean 
advection term is larger in the Fully coupled experiment compared to the Control experiment (Figure 15f). Conse-
quently, the larger total mean advection term helps spinup the vortex faster and lead to stronger tangential wind in 
the Fully coupled experiment (Figure 12). Although the magnitude is small, the negative total eddy transport term 
together with residual term offset the positive total mean advection term in low-level atmosphere. Around the 
eyewall region in mid-to upper-level atmosphere, the negative total eddy transport term cancels the positive total 
mean advection term by itself. In boundary layer, the mean advection dominates the sum of the eddy advection 
and frictional effect. The spin-up of the tangential circulation in the boundary layer is associated with the radial 
inflow generated by agradient force (Montgomery & Smith, 2014; Smith et al., 2009), which is defined as the 
difference between pressure gradient force and the sum of centrifugal and Coriolis forces in the form of

𝐴𝐴𝐴𝐴 = −
1

𝜌𝜌

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+

𝑉𝑉 2

𝑡𝑡

𝑟𝑟
+ 𝑓𝑓𝑓𝑓𝑡𝑡� (23)

Figure 13.  The azimuthally averaged (a) equivalent potential temperature and (d) the vertical gradient of virtual potential temperature as a function of r/RMW and 
height in Control experiment at 18:00 UTC 13 October. The middle panels (b) and (e) are the same as left panels but for Fully coupled experiment. The right panels (c) 
and (f) are the differences between Fully coupled and Control experiments. The black curves in panels (d) and (e) represent the depth of thermodynamic mixed layer.
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where 𝐴𝐴 𝐴𝐴  is air pressure and 𝐴𝐴 𝐴𝐴 is air density, when 𝐴𝐴 𝐴𝐴𝐴𝐴 𝐴 0 , the tangential wind is supergradient. Figure 16 shows 
the maximum azimuthally averaged agradient force, which is positive in both two experiments. However, it is 
larger in the Fully coupled experiment for almost all lead times except the period from 18:00 UTC 14 to 00:00 
UTC 15 October, corresponding to weaker TC intensity during the same period (Figure 7d). The larger agradient 
force in the Fully coupled experiment tend to produce a stronger radial inflow in the boundary layer, which will 

Figure 14.  The horizonal view of surface (a) vapor flux and (c) enthalpy flux in Control experiment at 18:00 UTC 13 
October. Panels (b) and (d) are the same as left panels but for Fully coupled experiment. (e) The azimuthally averaged surface 
enthalpy flux. (f) The azimuthally averaged surface wind stress. The 1～5 times RMW are marked with gray dashed circles.
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Figure 15.  The radius-height plots of the terms in azimuthally averaged absolute angular momentum budget (a) time 
tendency term, (d) total mean advection term, (g) total eddy transport term and (j) residual term in Control experiment 
at 18:00 UTC 13 October. The middle panels (b), (e), (h) and (k) are the same as the left panels but for Fully coupled 
experiment. The right panels (c), (f), (i) and (l) are the differences between Fully coupled and Control experiments.
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bring more inward advection of absolute angular momentum to spinup the 
tangential winds, leading to a more quickly intensified TC. The results are 
consistent with the intensification theory of Smith et al. (2009).

To isolate the contribution of wave modulation of air-sea momentum flux to 
TC intensity, a comparison of azimuthally averaged wind between Control 
and Wave coupled experiments at the intensity bifurcation point (Figure 7d) 
is shown in Figure 17. Although having the same TC intensity, the tangential 
winds and the updraft of Wave coupled experiment in the eyewall region 
are stronger than those of Control experiment. In addition, the equivalent 
potential temperature 𝐴𝐴 𝐴𝐴𝑒𝑒 and water mixing ratio inside the eye and eyewall are 
higher in the Wave coupled experiment compared to the Control experiment 
(Figure 18). Outside the eyewall, the boundary layer is more unstable in the 
Wave coupled experiment. The warmer and moister unstable boundary layer 

is associated with the enhanced air-sea enthalpy flux (Figures 19a–19c). There is also an increase in surface wind 
stress in the Wave coupled experiment (Figures 19d–19f). The budget analysis of absolute angular momentum 
indicates the contribution of total eddy transport term is almost comparable with the total mean advection term 
in boundary layer (not shown). However, the total mean and eddy advection terms in the Wave coupled exper-
iment are larger than that in the Control experiment, resulting in stronger tangential wind in the Wave coupled 
experiment. Our results thus suggest that the surface waves act as positive feedback on TC intensification through 
regulating the exchange of air-sea momentum flux.

5.  Summary and Discussion
Although numerous studies emphasize that ocean surface waves play important role in TC intensity simulations. 
However, most of them are limited to individual TC case study. In this paper, twin numerical experiments, a 
Control and Fully coupled runs are performed using a regional atmosphere-ocean-wave coupled model. Five 
representative ocean surface wave related processes are considered in the Fully coupled simulation, including 
the wave modulation of air-sea momentum flux, sea spray induced air-sea enthalpy flux, sea surface current and 
Stokes drift on air-sea flux, non-breaking wave-induced vertical mixing on upper-ocean and rainfall induced sea 
surface cooling. For the first time, TCs of a whole year in western North Pacific are retrospectively simulated 
to investigate the effects of ocean surface waves on TC intensity. Results suggest that the surface wave related 
physical processes have a limited impact on track but play an important role in TC intensity and size simulations. 
The  intensity and size (RMW) errors are significantly reduced in the Fully coupled experiment for strong TCs 
(CAT2 to CAT5) after 48 h. In contrast, their effects on TD, TS and CAT1 TCs are relatively small.

TC Megi in 2010 is chosen as a case study due to available airborne observations in western North Pacific. 
Results show that TC intensity, structure and size in the Fully coupled simulation agree better with observations 
compared to the Control simulation. Surface waves tend to increase air-sea momentum flux, which induces 
strong inflow near the eyewall. The surface wave related physical processes including sea spray effect enhance 
the air-sea enthalpy fluxes, resulting in a warmer boundary layer and more unstable surface layer that favor 
convection development. The stronger updraft advects more absolute angular momentum vertically, in favor of 
spinning up tangential wind above the boundary layer. Within the boundary layer, the larger agradient force can 
be archived and thereby leads to stronger radial inflow, which tends to advect more absolute angular momentum 
toward to the eyewall in the Fully coupled experiment. Ultimately, an increase in the absolute angular momentum 
leads to a faster spin-up of the tangential winds in the inner core region, which is consistent with the boundary 
layer spin-up mechanism of Smith et al. (2009). Compared to dropsonde and SFMR observations, the introduc-
tion of surface wave related physical processes leads to improved TC structure in terms of boundary layer height, 
inflow strength, and TC size.

Our results emphasize the importance of accurate representation of surface wave related physical processes in 
TC simulation, in agreement with previous studies (Bao et al., 2011; Garg et al., 2018; Liu, Liu, et al., 2011; 
Perrie et al., 2005; Xie et al., 2010; Zweers et al., 2015). As documented in the literature, breaking wave induced 
sea spray could significantly enhance the air-sea heat flux, which acts as positive feedback on TC intensity. On 
the other hand, the non-breaking wave-induced vertical mixing and rainfall induced sea surface cooling increase 

Figure 16.  Times series of maximum azimuthally averaged agradient force 
per unit mass.
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Figure 17.  The azimuthally averaged (a) tangential, (d) radial and (g) vertical wind speed as a function of r/RMW and height in Control experiment at 12:00 UTC 14 
October. The middle panels (b), (e) and (h) are the same as the left panels but for Wave coupled experiment. The right panels (c), (f) and (i) are the differences between 
Wave coupled and Control experiments. The black curves in panels (a) and (b) represent 17 ms −1 isotach.
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Figure 18.  The azimuthally averaged (a) water mixing ratio, (d) equivalent potential temperature and (g) the vertical gradient of virtual potential temperature as a 
function of r/RMW and height in Control experiment at 12:00 UTC 14 October. The middle panels (b), (e) and (h) are the same as left panels but for Wave coupled 
experiment. The right panels (c), (f) and (i) are the differences between Wave coupled and Control experiments. The black lines in panels (g) and (h) represent the depth 
of thermodynamic mixed layer.
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ocean's negative feedback on TC intensity. Indeed, all these processes work concurrently, the negative and 
positive feedbacks of surface waves processes compete against each other, and each of them could be dominant 
under certain condition. Our results suggest that the integrated effects of these wave related physical processes 
positively contribute to storm intensification especially for strong storms. In addition to aforementioned five 
surface wave related physical processes, other surface wave related physical processes such as wave state depend-
ent sea salt aerosol, sea surface albedo and attenuation of surface waves by rainfall (Cavaleri & Bertotti, 2017), 
may also have an important impact on TC simulation and should be considered in future studies.

Data Availability Statement
The model data used in this manuscript can be accessed from https://doi.org/10.5281/zenodo.6682397. The ERA5 
data used in this study were downloaded from https://cds.climate.copernicus.eu. The FNL data were obtained 
from https://rda.ucar.edu/datasets/ds083.2/. For XseaFlux data, people can contact Dr Jiping Liu for permission. 
Access to other public datasets in this study is described in Section 3.
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