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ABSTRACT

In this study, the impact of atmosphere-wave coupling on typhoon intensity was investigated using
numerical simulations of an idealized typhoon in a coupled atmosphere—wave—ocean modeling system. The
coupling between atmosphere and sea surface waves considered the effects of wave state and sea sprays
on air-sea momentum flux, the atmospheric low-level dissipative heating, and the wave-state-affected sea-
spray heat flux. Several experiments were conducted to examine the impacts of wave state, sea sprays,
and dissipative heating on an idealized typhoon system. Results show that considering the wave state
and sea-spray-affected sea-surface roughness reduces typhoon intensity, while including dissipative heating
intensifies the typhoon system. Taking into account sea spray heat flux also strengthens the typhoon system
with increasing maximum wind speed and significant wave height. The overall impact of atmosphere-wave
coupling makes a positive contribution to the intensification of the idealized typhoon system. The minimum
central pressure simulated by the coupled atmosphere—wave experiment was 16.4 hPa deeper than that
of the control run, and the maximum wind speed and significant wave height increased by 31% and 4%,
respectively. Meanwhile, within the area beneath the typhoon center, the average total upward air—sea heat
flux increased by 22%, and the averaged latent heat flux increased more significantly by 31% compared to
the uncoupled run.
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Introduction
Johnson et al., 1998; Drennan et al., 2003).

momentum flux (Toba et al., 1990; Donelan, 1990;

Air-sea momentum, heat, and moisture transfers
are key processes in air—sea interaction, thus accurate
estimation of these fluxes is essential to the coupled
air—sea modeling system. A ubiquitous phenomenon
at the sea surface, sea surface waves modify the cur-
rent structure on both sides of air—sea interface, which
in turn, can influence the air—sea exchanges of mo-
mentum and heat. Although the classical Charnock
relation (Charnock, 1955), which implicitly includes
surface wave effect, is widely used in atmospheric and
surface wave models, it has been commonly recognized
that wave state has an important impact on air—sea
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Since the early 1990s, due to improved under-
standing of wave-state effect on air-sea fluxes and
the progress in high-performance computing, exten-
sive coupled atmosphere—wave studies have been con-
ducted to investigate the impacts of air-sea in-
teractions on large-scale circulation (Weber et al.,
1993; Janssen, 1994; Janssen and Viterbo, 1996;
Weisse et al., 2000; Perrie and Zhang, 2001; Weisse
and Schneggenburger, 2002), extratropical cyclones
(Doyle, 1995; Lionello et al., 1998; Power and Stolinga,
2000; Desjardins et al., 2000; Lalbeharry et al., 2000),
and tropical cyclones (Bao et al., 2000; Tenerelli et al.,
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2001; Doyle, 2002). Most previous studies utilized the
wave-induced stress of Janssen (1989, 1991) or wave-
age-dependent sea surface roughness (e.g., Smith et al.,
1992; Donelan et al., 1993), in which younger waves
correspond to larger surface roughness, to parameter-
ize the air-sea momentum flux. However, based on
field and laboratory observations, the Scientific Com-
mittee on Oceanic Research (SCOR) workgroup 101
(Jones and Toba, 2001) presented the SCOR rela-
tionship, showing that the non-dimensional sea-surface
roughness first increases then decreases with increas-
ing wave age. In addition, under high wind condi-
tions, surface wave breaking and wind tearing wave
crests disrupt the sea surface and produce sea sprays
which might have a significant effect on sea-surface
wind stress. Recent field and laboratory observations
(Alamaro, 2001; Alamaro et al., 2002; Powell et al.,
2003; Donelan et al., 2004) show that the drag coeffi-
cient does not increase but rather decreases with the
increase of wind speed under high wind conditions due
to sea foams and sea sprays.

The existence of sea spray droplets also has a sig-
nificant impact on air—sea heat and moisture fluxes
(e.g., Andreas et al., 1995). A number of studies have
investigated the effect of sea spray on air—sea interac-
tion and atmospheric systems by including sea spray
heat fluxes in atmospheric models or coupled air-sea
systems (Fairall et al., 1994; Kepert et al., 1999; Bao
et al., 2000; Wang et al., 2001; Andreas and Emanuel,
2001; Li, 2004; Perrie et al., 2004; Zhang et al., 2006).
However, these studies did not consider the effect of
wave state on sea spray heat flux, though wave state
has been reported to have significant effects on the sea
spray generation function (SSGF) as well as on sea
spray heat flux (Chaen, 1973; lida et al., 1992; Piaz-
zola et al., 2002; Zhao et al., 2006).

Under high wind conditions, dissipative heating
can also have important effects on the atmosphere—
wave system. Previous studies (Bister and Emanuel,
1998; Zhang and Altshuler, 1999; Businger and
Businger, 2001) have shown that taking dissipative
heating into account increases tropical cyclone inten-
sity by 10%-20% as measured in maximum surface
wind speed. Bister and Emanuel (1998) found that
dissipative heating makes a positive contribution to
tropical cyclone intensity and may increase the maxi-
mum surface wind speed by as much as 20%. Zhang
and Altshuler (1999) found that the inclusion of dissi-
pative heating increases hurricane intensity by 10% as
measured in maximum surface wind speed. Because it
depends on surface friction under the impact of wave
state and sea sprays, dissipative heating should also
be included in the coupled atmosphere-wave model,
particularly concerning typhoon or hurricane systems.
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Recently, by integrating the wave—current inter-
action model (Xie et al., 2001; Xie et al., 2008;
Liu and Xie, 2009), and the atmosphere-wave in-
teraction model (Liu, 2007; Liu et al., 2008),
a coupled atmosphere-wave—ocean modeling system
(CAWOMS) was established, which includes vari-
ous atmosphere—wave, atmosphere—ocean, and wave—
ocean coupling processes (Xie et al., 2010; Liu et al.,
2011). Experiments on an idealized TC system us-
ing the CAWOMS show that the overall effects of
atmosphere—wave—ocean coupling on TC intensity is
determined by the balance between the oceanic nega-
tive feedback due to the TC-induced SST cooling and
the overall wave-related positive feedback, which in-
cludes the impacts of wave state, dissipative heating,
and sea sprays. However, details of the contribution of
each factor among wave state, dissipative heating, and
sea sprays to the overall wave-related positive feedback
have not yet been examined.

In this study, we aimed to investigate the impacts
of sea-state-dependent roughness, atmospheric dissi-
pative heating, and sea-spray heat fluxes on an ideal-
ized typhoon system using the coupled modeling sys-
tem and focusing mainly on atmosphere—wave cou-
pling. Section 2 provides a description of the coupled
modeling system. Section 3 describes the idealized ty-
phoon case and the design of experiments, followed by
simulation results in section 4. Finally, summary and
conclusions are presented in section 5.

2. The air—sea coupled modeling system

The air-sea coupled modeling system utilized in
this study is the CAWOMS (Liu et al., 2011), which
consists of the Advanced Research Weather Research
and Forecasting (WRF-ARW, referred to WRF here-
after) model (Skamarock et al., 2005), the Princeton
Ocean Model (POM, Mellor and Blumberg, 1985),
and the Simulating WAves Nearshore (SWAN) model
(Booij et al., 1999). CAWOMS takes into account var-
ious wave-related effects, including wave state, sea-
spray-affected sea-surface roughness, sea-spray heat
fluxes, and dissipative heating in atmosphere-wave
coupling. It also considers oceanic effects such as the
feedback of SST cooling and the impact of sea sur-
face current on wind stress in atmosphere—ocean cou-
pling. Wave-ocean interactions, including radiation
stress and wave-induced bottom stress, are also taken
into account. These model components were coupled
using the Model Coupling Toolkit (MCT, Jacob et
al., 2005). A schematic illustration depicting the CA-
WOMS can be found in Liu et al. (2011). In this study,
we mainly focused on the atmosphere—wave interac-
tion, that is, the coupling between the atmospheric
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Fig. 1. Schematic of the atmosphere-wave coupling. wu. is friction ve-
locity; T', ¢ and p are atmospheric low level temperature, specific humid-
ity, and pressure; 20, zr, and z, are sea surface roughness parameters;
Qs,sp and Qusp are sea spray sensible and latent heat fluxes; T}, is
peak wave period; and hs is significant wave height. The dashed square
contains the various atmosphere-wave coupling processes.

WRF model and the SWAN wave model.

The WRF model was employed as the atmospheric
model. It is a fully compressible, non-hydrostatic nu-
merical weather prediction model suitable for a broad
spectrum of applications across scales ranging from
meters to thousands of kilometers. WRF utilizes an
Arakawa-C grid with a terrain-following hydrostatic
pressure coordinate system in the vertical. It pro-
vides multiple physics options for various physical
processes, including microphysics, cumulus parame-
terization, planetary boundary layer (PBL), surface
layer, land-surface, and long-wave and shortwave ra-
diation. More details about the WRF model are pro-
vided on the WRF model website (http://www.wrf-
model.org/index.php).  The third-generation wave
model, SWAN, was utilized as the sea-surface wave
model. SWAN is based on an FEulerian formula-
tion of the discrete spectral balance of action den-
sity that accounts for refractive propagation over ar-
bitrary bathymetry and current fields. As in other
third-generation wave models, the processes of wind
wave generation, whitecapping, quadruplet wave—wave
interactions, and bottom dissipation are taken into ac-
count. In addition, SWAN can consider the effects of
triad wave interaction and depth-induced wave break-
ing for shallow-water waves.

The coupling between the atmospheric and wave
model components is illustrated in Fig. 1, in which
the dashed square contains the various atmosphere—
wave coupling processes as well as the data exchanges
of variables between the model components. WRF
drives SWAN through sea surface wind Uyg. It pro-
vides frictional velocity u, for determining wave state
(wave age B, and wind—sea Reynolds number Rp); it
also provides the atmospheric low-level environment
variables such as temperature T, specific humidity g,
surface pressure p, and frictional velocity u, for esti-
mating sea-spray heat fluxes. SWAN provides peak
wave period T}, for determining wave state, and sig-
nificant wave height hy for estimating sea-spray heat
fluxes. Wave state and sea sprays influence sea-surface
roughness parameters (29,27, and z,) and sea-spray
heat fluxes (Qssp and Q1 sp), which in turn, impact
the whole atmosphere—wave coupled system. In ad-
dition, atmospheric low-level dissipative heating is in-
cluded in the WRF model. Details of the parameter-
ization of the air-sea momentum and heat fluxes, the
dissipative heating, and the estimation of sea-spray
heat flux can be found in Xie et al. (2010) and Liu et
al. (2011). They are briefly described here for conve-
nience.

Conventionally, air-sea momentum flux is esti-
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mated through the Charnock relation (Charnock,
1955):

gz0/uy =, (1)

where g is gravity, zop is the sea surface aerodynamic
roughness, and « is the Charnock constant. In the
WRF model, the Charnock constant was chosen as
0.0185 following Wu (1980), which was widely used
in other atmospheric and wave models. The classi-
cal Charnock relation does not explicitly consider the
wave-state effects on sea-surface roughness. During
the past two decades, it has been commonly recog-

* 17.601~1/<(0.008) '/,

where (8, = cp/u* is the wave age in which ¢, is the
phase speed at the peak of the wave spectrum, and
w = min(1, ac;/Kuy) is the correction parameter in-
dicating the influence of sea spray on the logarithmic
wind profile in which s is the Karman constant and
aer=0.64 m s~ ! is the critical value of terminal fall ve-
locity of spray droplets (Makin, 2005). The roughness
due to molecular viscosity zs = 0.11v/u,, where v is
the kinematic molecular viscosity of air, is also added
to sea-surface roughness (Smith, 1988).

For estimations of direct air-sea heat and mois-
ture fluxes, the Coupled Ocean Atmosphere Response
Experiment (COARE) algorithm V3.1 (Fairall et al.,
2003) was adopted, in which the sea-surface scalar
roughness parameters, zr and z;, are related to the
Reynolds number of sea-surface aerodynamic rough-
ness Re,. = zou. /v (with v being the kinematic molec-
ular viscosity of air) through Eq. (3):

2 = 2y =min(1.1 x 107%,5.5 x 107°Re %) . (3)

The dissipative heating in the lowest level of the at-
mospheric model is expressed as (Zhang and Altshuler,
1999)

dar _ Vau?
dt |p;, Cpar’

(4)

where C), is the air specific heat at constant pressure,
z1 is the height of model surface layer, and V, is the
wind speed at the model lowest semi-o level. Dissipa-
tive heating is approximately proportional to the cubic
power of surface wind speed, thus would be important
under high winds, especially TC conditions. In the
air—sea coupled modeling system, an equivalent up-
ward heat flux Hg = pV,u? at the atmosphere surface
layer is considered.
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nized that wave state has an important impact on
air-sea momentum flux (Toba et al., 1990; Donelan,
1990; Johnson et al., 1998; Drennan et al., 2003).
Recent studies (e.g., Alamaro et al., 2002; Powell et
al., 2003; Donelan et al., 2004; Makin, 2005) also
show that the classical Charnock relation is not ap-
plicable to high wind conditions. To consider both
wave-state and sea-spray effects on sea-surface wind
stress by combining the SCOR relation and the re-
sistance law of Makin (2005), a parameterization of
sea-surface aerodynamic roughness applicable to both
low-to-moderate and high winds is obtained:

(0.0858%/%)1=1/2[0.03 85 exp(—0.148,)]/* , ~0.35 < B, < 35

(2)
ﬂ* = 35 s

Another important issue to surface heat flux under
high-wind conditions is the sea-spray heat flux. To es-
timate the sea-spray heat flux, we needed to know the
sea-spray generation function (SSGF) dF/drg, quan-
tifying how many sea-spray droplets of initial radius
ro are produced per square meter of the surface per
second per micrometer increment in droplet radius.
As for the SSGF for spume droplets with radii gen-
erally >20 pm, based on field and laboratory obser-
vational data, Zhao et al. (2006) proposed a wave-
state-dependent SSGF applicable to droplet radii be-
tween 30 pm and 500 pm. This SSGF depends on
the wind-sea Reynolds number, R = u2/ vwy,, where
Uy, v, and w), are friction velocity, molecular viscos-
ity, and wave peak frequency, respectively. Wind—
sea Reynolds number can also be expressed as Rp =
(gv)~1u2p., and thereby is considered as a parame-
ter combining the wind and wave-state effects. For
bubble-derived droplets with radii typically <20 pm,
introducing the whitecap coverage function of Zhao
and Toba (2001) into the SSGF of Monahan (1986), a
wind-sea Reynolds number (Rp) dependent on SSGF
is obtained using

dF

T = 0506RE g > (14 0.0201,%2) x 10" se-28)
70

By = (0.666 — 0.976log ) /0.650 .
(5)

Combining the SSGF applicable to bubble-derived
droplets with the SSGF for spume droplets (Zhao et
al., 2006), a wave-state-affected SSGF applicable to
both bubble-derived droplet and spume droplet can
be derived.

Concerning sea-spray droplet microphysics (An-
dreas, 1989; 1990), using Andreas (1992)’s method to
estimate the “nominal” sea spray sensible and latent
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Table 1. Comparison between the reality and the idealized settings for Typhoon Nabi (2005).

Reality of Nabi (2005)

Idealized settings

Real land-sea distribution
Real ocean with varying water depth
Spatially and temporally varying SST

No Land
Ocean with constant water depth of 2500 m
Constant SST of 29°C

heat fluxes (Qg and @Qy,), the total air—sea sensible and
latent heat fluxes (Hg 1 and Hy, 1) can be expressed
as

{ Hg 1 = Hg + Qs — ayQL, ©)

Hy,r = Hy + aQy

where «, 3, and v are non-negative feedback coeffi-
cients, Hg and Hy, are the direct air—sea sensible and
latent heat fluxes. The net sea-spray contribution to
the total sensible and latent heat fluxes can then be
estimated:

{ QS7sp = ﬁQS - O"YQL (7)

QL,sp - O‘QL

Hereafter, Qg sp and Q1 sp are called sea-spray sensible
heat flux and sea-spray latent heat flux, respectively. o
and v are determined following Bao et al. (2000), while
B is taken as 1 (Andreas, 1992). Equation (4), which
includes the effect of wave state on sea-spray heat flux,
was employed to estimate the net contribution of sea
spray to air—sea sensible and latent heat fluxes in the
air—sea coupled modeling system.

3. The idealized typhoon and experiment de-
sign

The idealized typhoon case in this study was based
on the period from 0000 UTC 31 August to 0000 UTC
3 September 2005 of Typhoon Nabi (2005) over the
western North Pacific basin. The model domain of the
coupled system was centered at (22.5°N, 140.0°E) with
the Mercator projection. It included 301x301 hori-
zontal grid points, with grid spacing of 12 km. The
model domain was assumed to be over open ocean,
with a constant water depth of 2500 m. Thus, the ef-
fects of land—sea distribution and shallow water were
neglected. The SST was set as 29°C and was kept con-
stant during the model integration. Table 1 lists the
comparison between the reality and the idealized set-
tings used in this study for Typhoon Nabi (2005). The
air-sea coupled modeling system exchanged variables
between WRF and SWAN every 15 minutes, and the
simulation results were saved every 3 h.

The WRF model has 30 full ¢ layers in the vertical
direction from sea surface to 50 hPa with the lowest
semi-o layer at ~21.5 m above sea surface. The inte-

gration time step was 60 seconds. The WSM5 micro-
physics scheme (Hong et al., 2004), Kain-Fritsch cumu-
lus scheme (Kain and Fritsch, 1990), Yonsei University
PBL scheme (Hong et al., 2006), as well as the Dudhia
short wave (Dudhia, 1989) and rapid radiative transfer
model (RRTM) long-wave (Mlawer et al., 1997) radi-
ation scheme were chosen in the simulation of the ide-
alized TC. Lateral boundary conditions were acquired
from the NCEP GFS 1° analysis data. The model was
initialized by a 12-h uncoupled WRF simulation (from
1200 UTC 30 August to 0000 UTC 31 August) with a
bogus vortex implanted at 1200 UTC 30 August based
on the typhoon intensity and location data from the
Regional Specialized Meteorological Center (RSMC)
Tokyo—Typhoon Center. The SWAN model resolves
32 frequencies logarithmically spaced from 0.0418 to
0.8023 Hz and 36 direction bands of 10° each. The
time step was 15 minutes. The initial field was pro-
vided by the uncoupled 12-h SWAN simulation (from
1200 UTC 30 August to 0000 UTC 31 August), driven
by the wind from the uncoupled WRF simulation.

To examine the impact of the atmosphere—wave
coupling on the idealized typhoon system, four exper-
iments were conducted. They were designed to eval-
uate the effects of wave state, sea spray, and dissipa-
tive heating on both atmospheric and sea-surface wave
fields. Table 2 presents a summary of the experiments.
Experiment CTRL was the control run, in which the
atmospheric and wave model components were run in
the same way as in the spin-up run. Wind fields from
WRF were transferred to SWAN every 15 minutes,
while no direct surface wave-related feedback effect on
the atmospheric model was considered. The classical
Charnock relation, Eq. (1), was used to parameterize
the air-sea momentum flux. Neither the dissipative
heating nor the sea-spray heat flux was taken into ac-
count. In experiment CPLZ0, WRF was coupled to
SWAN only by considering the wave state and sea-

Table 2. Summary of the atmosphere-wave coupling for
the experiments.

Aerodynamic Dissipative Sea spray
Expts. roughness heating heat flux
CTRL Eq. (1) No No
CPLZO0 Eq. (2) No No
CPLZ0DH Eq. (2) Yes No
CPLFULL Eq. (2) Yes Yes
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Fig. 2. Time series of the simulated minimum SLP (a),
maximum 10-m wind speed (b) and maximum SWH (c)
for each experiment.

spray-affected aerodynamic roughness as shown in Eq.
(2). Compared to experiment CPLZ0, the CPLZ0DH
experiment further considered the dissipative heating
in the atmospheric surface layer, while experiment
CPLFULL was the fully coupled experiment that in-
cluded all of the effects of the wave state, sea spray,
and dissipative heating. Based on the simulation re-
sults of these experiments, we examined the sensitivity
of the coupled atmosphere—wave system to wave state,

VOL. 29

Table 3. The simulated minimum central pressure, maxi-
mum 10-m wind, and maximum significant wave height of
the idealized typhoon for each experiment.

Min SLP Max Uio Max
Experiment (hPa) (ms™) H, (m)
CTRL 930.5 46.2 25.1
CPLZ0 934.2 48.9 24.2
CPLZ0ODH 928.6 54.6 26.4
CPLFULL 914.1 60.6 274

sea sprays, and dissipative heating. The results are
presented in the following section, with emphases on
their impacts on typhoon intensity, air—sea fluxes, as
well as sea-surface waves.

4. Results

4.1 The impact of wave state and sea-spray-
affected roughness

Figure 2 shows the simulated time series of the
min imum sea level pressure (SLP), the maximum
10-m wind speed, and the maximum significant wave
height (SWH), respectively for experiments CTRL,
CPLZ0, CPLZ0DH, and CPLFULL. The idealized ty-
phoon quickly intensified within 24 h and reached its
peak intensity at ~56 h, though it reintensified during
hours 72-84 in experiment CPLFULL. Table 3 lists
the simulated minimum SLP, maximum 10-m wind,
and maximum SWH of the idealized typhoon for each
experiment. Comparing the simulated minimum SLP
of experiment CPLZ0 to the result of the control run,
the idealized typhoon was weakened by the increas-
ing sea-surface roughness and surface friction due to
wave-state effect. This result is consistent with pre-
vious coupled atmosphere-wave studies (e.g., Doyle,
1995; Lionello et al., 1998; Tenerelli et al., 2001). The
minimum central pressure (934.2 hPa) of experiment
CPLZ0 was 3.7 hPa higher than that of experiment
CTRL (930.5 hPa). However, because the sea-spray
effect reduces the drag coefficient and levels off the
wind stress in areas with high winds, the maximum 10-
m wind speed of experiment CPLZ0 was 48.9 m s,
corresponding to a 6% increase relative to the control
run. Figures 3 and 4 show the simulated 54-h SLP
and 10-m wind, the simulated 54-h SWH, and mean
wave direction for each experiment, respectively. The
strongest winds and waves were located in the north-
east quadrant of the idealized typhoon. Comparing
Fig. 3a to Fig. 3b, although the maximum wind speed
of experiment CPLZ0 was slightly higher than that of
experiment CTRL, the area with high winds (e.g., >30
m s 1) for experiment CPLZ0 was much smaller than
that for the control run. As a result, the simulated



NO. 2

LIU ET AL.

397

360
= 240
=
2 120
38
(@]
oo
£
S
3 120
5
£
O 240

-360

360 - | | | l |

" (d) Joo2_ % -
§ - | 976 I
8 960N
o 0 =\
5 O . seoff @) -
NN
.
2 -120 _
® \
O 240 4
t
1 1 1
-360 , , i

-360 -240 -120 0 120 240
Distance from TC center (km)

360-360 -240 -120 0 120 240 360

Distance from TC center (km)

| l ]

30 35 40

45 50 55

Fig. 3. The simulated 54-h SLP (contour every 4 hPa) and 10-m wind vector (ar-
rows) and speed (shaded every 5 m s™!) for experiments (a) CTRL, (b) CPLZ0, (c)

CPLZODH, and (d) CPLFULL.

SWH for experiment CPLZ0 was smaller than that for
experiment CTRL (Fig. 4), with the maximum SWH
being reduced by 0.9 m (Table 4).

Figure 5 displays the simulated 54-h surface fric-
tion velocity, sea surface aerodynamic roughness, and
wave age (. for experiments CTRL and CPLZO0, re-
spectively. The wave age distributions (bottom panels
of Fig. 5) show that the wave age near the typhoon
center was smaller than outside the center. As the con-

trol run uses the classical Charnock relation, which
only considers the wind effect on surface roughness,
the distribution patterns of friction velocity (Fig. 5a),
and sea surface roughness (Fig. 5c) are similar to that
of surface wind (Fig. 3a), with the maximum value
located in the northeastern quadrant of the typhoon.
Figure 6 shows the simulated 54-h relationships be-
tween the drag coefficient Cp and 10-m wind speed
Ui, and between the Charnock parameter oo and wave

Table 4. The simulated 54-h total sensible heat flux Hs 1, total latent heat flux Hi, 1, direct sensible heat flux Hsg,
direct latent heat flux Hi,, equivalent sensible heat flux to dissipative heating Hg, sea-spray sensible heat flux Qs,sp, and
sea-spray latent heat flux Qr,p averaged over the 720x720 km? area centered at the typhoon eye for each experiment.

(Units: W m™2).

Experiment Hs 1 Hyr Hs Hy Hg Qs,sp QL sp
CTRL 30.97 460.93 30.97 460.93 - — -
CPLZ0 30.26 466.01 30.26 466.01 — — —
CPLZODH 95.76 496.43 9.64 496.43 86.12 - —
CPLFULL —0.42 601.61 57.20 378.49 78.02 —135.63 223.12
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age [, for experiments CTRL and CPLZ0. The black
points in the bottom panels correspond to 10-m wind
speed <25 m s~!, while the red “4” s correspond to
10-m wind speed >25 m s~!. As shown in Figs. 6a and
¢, the simulated relation between Charnock parameter
and wave age is consistent with the classical Charnock
relation and the drag coefficient linearly increases with
the wind speed. Considering the wave state and sea-
spray-affected parameterization in experiment CPLZ0
led to the increase of surface roughness due to wave
age effect under low-to-moderate winds and to the de-
crease of surface roughness due to sea-spray effect un-
der high winds (Fig. 6b). Thus, the maximum sea-
surface roughness was located in the southern section
of the typhoon (Fig. 5d), where the wind speed was
not extremely high and the wave age was relatively
small. The simulated maximum sea-surface roughness
in experiment CPLZO0 increased substantially relative
to the control run. From the relation between the drag
coeflicient and wind speed simulated by experiment

CPLZ0 (Fig. 6b), results show that the drag coefficient
was no longer linearly dependent upon wind speed be-
cause of wave age effects, and the impact of sea sprays
reduced the drag coefficient under high wind condi-
tions. As shown in Fig. 6d, the Charnock parameter
decreases with wave age, and the existence of sea spray
under high winds significantly reduces the Charnock
parameter.

Sea-surface scalar roughness parameters (zp and
zq) depend upon the aerodynamic roughness Reynolds
number as in Eq. (3). Therefore, wave state and sea
spray can indirectly influence the air-sea sensible and
latent heat fluxes through their impacts on aerody-
namic roughness. In addition, the impacts of wave
state and sea-spray-affected sea-surface roughness on
typhoon intensity and surface wind can also modify
air-sea heat and moisture fluxes. Figure 7 illustrates
the simulated 54-h upward sensible and latent heat
fluxes for experiments CTRL and CPLZ0. The sim-
ulated sensible and latent heat fluxes for experiments
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CTRL and CPLZ0 have similar patterns, with a some-
what larger upward heat fluxes in the control run due
to larger surface wind in experiment CTRL (Fig. 3).

Table 4 lists the simulated 54-h total sensible heat
flux Hg 1, total latent heat flux Hy, 1, direct sensible
heat flux Hg, direct latent heat flux Hp,, equivalent
sensible heat flux to dissipative heating Hy, sea-spray
sensible heat flux Qg ¢p, and sea-spray latent heat flux
Quv,sp, averaged over the 720720 km? area centered at
the typhoon eye for each experiment. Comparing the
results for experiment CPLZ0 with those for the con-
trol run, the averaged sensible and latent heat fluxes
changed only a little when the wave state and sea-spray
effects on sea surface roughness were considered; the
total upward heat flux increased by <1%.

4.2 The impact of dissipative heating

The impact of dissipative heating on a typhoon
system is complicated. It includes both positive and
negative feedback processes. On one hand, dissipative
heating in the atmospheric lower level is equivalent to
an additional upward sensible heat flux, increasing the
total upward heat flux and intensifying the typhoon
system. On the other hand, the increase in sensible
heat flux increased low-level air temperature and thus
reduced air—sea temperature difference, which in turn,
reduces the air—sea direct sensible heat flux.

As shown in Fig. 2 and Table 3, comparing the re-
sults of experiment CPLZ0ODH to those of experiment
CPLZ0, the minimum SLP simulated by experiment
CPLZODH is 5.6 hPa deeper than that from experi-
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ment CPLZ0. The maximum 10-m wind speed and
the maximum SWH also increased by 12% and 9%,
respectively. Thus, the net contribution of consider-
ing dissipative heating in atmosphere-wave coupling to
the intensity of the idealized typhoon system was posi-
tive. These results agree with those of previous studies
(e.g., Bister and Emanuel, 1998; Zhang and Altshuler,
1999). Meanwhile, taking into account both wave state
and sea-spray-affected sea-surface roughness and dissi-
pative heating makes the simulated minimum SLP 1.9
hPa deeper in the CPLZODH run than in the CTRL
run, with an 18% increase in the maximum wind speed,
and a 5% increase in the maximum SWH.

Figure 8 shows the simulated 54-h total sensible
heat flux Hg T, total latent heat flux Hy, 1, direct sen-
sible heat flux Hg, and equivalent sensible heat flux to
dissipative heating Hg for experiment CPLZODH. Due
to the cubic power dependence on wind speed, dissipa-
tive heating was negligible in low-wind areas but was
significant in high-wind areas (Fig. 8d). Dissipative
heating can be larger than two times of the direct sen-
sible heat flux in a high-wind region. A comparison be-
tween the results of experiments CPLZ0 (Fig. 8) and
CTRL (Fig. 7) shows that taking into account dissi-

pative heating reduces direct sensible heat flux, while
it enhances latent heat flux. As shown in Table 4,
which lists the averaged heat fluxes over the 720 x 720
km? area underneath the typhoon, the simulated total
sensible heat flux for experiment CPLZ0ODH increased
significantly from 30.97 W m~2 for experiment CTRL
and 30.26 W m~2 for experiment CPLZ0 to 95.76 W
m~2. And the simulated total latent heat flux for ex-
periment CPLZ0ODH increased by about 8% relative to
the control run, leading to a 20% increase of the total
upward heat flux.

4.3 The impact of sea spray heat flux

As shown in Fig. 2 and Table 3, the fully cou-
pled atmosphere—wave coupled experiment CPLFULL
reached the lowest minimum SLP (914.1 hPa), which
was 20.1 hPa deeper than experiment CPLZ0 and 16.4
hPa deeper than the control run. The maximum 10-m
wind speed simulated by experiment CPLFULL was
60.6 m s—!, which was 24% and 31% stronger than
those of experiments CPLZ0 and CTRL, respectively.
The maximum SWH simulated by experiment CPL-
FULL also increased by 13% and 9% relative to ex-
periments CPLZ0 and CTRL, respectively. The re-
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sults also show that the simulated minimum SLP for
experiment CPLFULL was 14.5 deeper than that for
experiment CPLZ0ODH, with the maximum 10-m wind
and SWH increasing by 11% and 4%, respectively.
Figure 9 shows the 54-h total sensible heat flux
Hgs 7, total latent heat flux Hi, 1, direct sensible heat
flux Hg, direct latent heat flux Hy,, sea-spray sensible
heat flux Qs p, and sea-spray latent heat flux Qr p
simulated by experiment CPLFULL. In this figure, the
sea-spray sensible and latent heat fluxes are significant
in areas with strong winds and waves. The sea-spray
sensible heat flux is negative; thus it made a negative

contribution to the total upward sensible heat flux;
whereas, the sea spray latent heat flux made a positive
contribution to the total latent heat flux. These results
are similar to those of Fairall et al. (1994) and Kepert
et al. (1999). Compared with experiments CTRL and
CPLZ0, the impact of sea-spray heat flux increased
the direct sensible heat flux but decreased the direct
latent heat flux. This is because the evaporation of the
spray droplets reduced low-level air temperature and
increased low-level moisture, which in turn, increased
air-sea temperature difference and reduced the air—sea
moisture difference. Figure 10 shows the 54-h dissipa-
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tive heating Hg simulated by experiment CPLFULL.
Its distribution was similar to that of experiment
CPLZODH; however, the maximum value was larger
because of the increased surface wind speed. From Ta-
ble 4, one can find that the total heat flux simulated by
CPLFULL showed an increase of 22% relative to the
control run, with the latent heat flux being increased
by 31%.

In these analyses, we examined the impacts of sea
state, dissipative heating and sea spray on the inten-
sity of the idealized typhoon. However, their effects
on typhoon track are negligible because the track is
generally determined by the large-scale environmen-
tal flow. The simulated tracks by all four experiments
show no significant differences (figure not shown here).
Notably, the impacts of wave state, sea spray and dis-
sipative heating are not isolated. Wave state and sea
spray influence surface wind stress, thus impacting the
dissipative heating; while the effect of dissipative heat-
ing intensifies the typhoon system, changes sea-surface
wind, and leads to an influence on surface wave param-
eters. Wave state can also affect the sea-spray gener-
ation and sea-spray heat fluxes, which influence the
intensity of the typhoon system; the modified surface
wind field thus changes the surface wave field and sea
state. In addition, the atmospheric surface layer dis-
sipative heating affords more heat for the evaporation
of spray droplets, while the influence of sea spray heat
flux will change surface wind and dissipative heating.

5. Conclusions
Using a coupled atmosphere-wave—-ocean modeling

system, the impact of atmosphere—wave coupling on
an idealized typhoon was investigated. In the air-
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sea coupled modeling system, the parameterization of
wave state, and sea-spray effects on sea-surface rough-
ness applicable to wind conditions ranging from low to
high wind speeds was adopted to estimate the air—sea
momentum flux. The atmospheric dissipative heat-
ing and the wave-state influenced sea-spray heat flux,
which made significant contributions to air—sea heat
fluxes under high winds, were also taken into account
in the atmosphere—wave coupling processes.

Several experiments were conducted for an ide-
alized typhoon system to investigate the impacts of
wave state and sea spray affected roughness, dissipa-
tive heating, and sea-spray heat flux on the intensity
of the typhoon system. Using the wave state and
sea-spray-affected sea-surface roughness instead of the
classical Charnock relation, the typhoon system was
weakened by the increase of surface roughness, with
shallower minimum SLP and smaller maximum SWH.
Meanwhile, the maximum surface wind increased due
to the reduction of drag coefficient when considering
the impact of sea sprays in high wind areas. The inclu-
sion of dissipative heating, which depends on surface
friction increases the air—sea heat flux and intensifies
the typhoon system. Incorporating the wave-state-
dependent sea-spray heat flux also strengthened the
typhoon system. The sea-spray heat flux along with
the feedback effect to the environment significantly
changed the proportion of sensible heat flux and latent
heat flux by reducing the sensible heat flux while in-
creasing the latent heat flux, which in turn, enhanced
the typhoon intensity and increased surface wind speed
as well as wave height.

Notably, the impacts of wave state and sea-spray-
affected sea-surface roughness, dissipative heating, and
sea-spray heat flux interacted with each other through
air—sea interaction processes. When all three impacts
were considered, the minimum SLP in the fully cou-
pled atmosphere-wave coupled experiment was 16.4
hPa deeper than that in the uncoupled run, with the
maximum wind speed and SWH being increased by
31% and 4%, respectively. The averaged total air-sea
heat flux over the 720x720 km? area underneath the
typhoon increased by ~22%, while the latent heat flux
increased more significantly (by 31%), compared to the
control run.
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