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Abstract

The WAVEWATCH-III wave model is implemented in the South China Sea to investigate the air–sea momentum flux in high wind
conditions during 23 passages of typhoon occurred in 2005. The wave model is driven by the reanalyzed surface winds assimilated by
several meteorologic data sources. The friction velocity was calculated and the relationships between different air–sea momentum param-
eters were studied. The results show that the drag coefficient decreases with the wave age generally and levels off for wind speeds higher
than 35 m/s under typhoon wind forcing. The spatial variations of air–sea momentum flux parameters in high wind conditions forced by
typhoons are completely different from those at weak wind speeds and significantly depend on the relative position from the typhoon
center.
� 2008 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

Estimation of air–sea momentum flux in high wind con-
ditions is one of the most important subjects in hurricane
and typhoon modeling and prediction. However, most hur-
ricane and typhoon research and forecast models utilize the
boundary layer parameterization based on the Monin-
Obukhov similarity theory, in which the drag coefficient
Cd is extrapolated from field measurements in much low
wind speeds. The Charnock coefficient a is assumed to be
constant [1,2], and independent of the sea state. Therefore,
the drag coefficient will increase monotonously with wind
speed [3,4]. However, a number of studies suggested that
the Charnock coefficient depends on the sea state [5–15].
These studies showed different, often conflicting, relation-

ships between the Charnock coefficient and the wave age
b. Recent observational studies have demonstrated that
in high wind conditions the drag coefficient levels off or
even decreases when wind speed is larger than 35–40 m/s
[16], mainly because surface wave fields under such high
winds tend to be very young. Moon et al. [17–19] used a
coupled wave-wind model (CWW) to estimate the wind
speed vector by calculating the wave-induced stress vector
and the surface viscous stress vector. This model was
designed to estimate the drag coefficient and the roughness
length z0 for mature and growing seas as well as for com-
plex seas forced by hurricane-force winds. The results also
show the tendency of leveling-off and even decrease of Cd

at high winds. Amorocho et al. [20] pointed out that three
regions exist in the development of the wind stress: r a
lower region in which the wind waves have not begun to
break, for which Cd is approximately constant; s a transi-
tional region after the onset of breakers, for which Cd var-
ies non-linearly with U10; t a limiting region for which Cd
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tends again toward a constant value, and corresponds to a
condition of breaker saturation. The three regions
described above can be classified as ‘low roughness’, ‘tran-
sitional’, and ‘high roughness’, respectively.

The main objective of this study is to investigate the air–
sea momentum in high wind conditions under typhoon
events. In this paper, the drag coefficient and Charnock
coefficient are studied by WAVEWATCH-III wave model
simulation data obtained from 23 passages of typhoon that
occurred in the South China Sea (SCS) in 2005.

2. Air–sea momentum calculation under typhoon events

Air–sea momentum data were obtained by simulating
wave fields under 23 passages of typhoon in SCS using
WAVEWATCH-III wave model.

2.1. WAVEWATCH-III wave model

WAVEWATCH-III has been used in many research
programs to study surface wave dynamics and as the oper-
ational wave model of NCEP for global and regional wave
forecast [21]. It has been validated over a global-scale wave
forecast and a regional wave forecast [22–24].

WAVEWATCH-III solves the spectral action density
balance equation for directional wavenumber spectra,
and directly computes the non-linear energy interaction
among waves of different frequencies to avoid the imposi-
tion of restriction on the spectral shape of the predicted
spectra. Wave propagation is described by

dNðk; hÞ
dt

¼ Sðk; hÞ
r

ð1Þ

Here, N(k,h) � F(k,h)/r is the wave action density spec-
trum, where F(k,h) is the wavenumber-directional spec-
trum, and r is the relative or intrinsic (radian) frequency;
S represents the net effect of source terms and sinks for
the spectrum F(k,h); and k and h are the wavenumber
and direction, respectively. The net source term S is gener-
ally considered to consist of three parts, a wind–wave inter-
action term Sin, a non-linear wave–wave interaction term
Snl and a dissipation (‘whitecapping’) term Sds. In shallow
water, the wave–bottom interaction term Sbot has to be
considered. This defines S as

S ¼ Sin þ Snl þ Sds þ Sbot ð2Þ

The input source term is given by

Sinðr; hÞ ¼ rbNðr; hÞ ð3Þ

where b is a nondimensional wind–wave interaction
parameter. The non-linear wave–wave interaction term
Snl can be modeled using the discrete interaction approxi-
mation (DIA). The dissipation term Sds is presented as a
simple linear combination of low-frequency constituent
Sds,l and high-frequency constituent Sds,h

Sds ¼ ASds;l þ ð1� AÞSds;h ð4Þ

where A is a parameter which can be approximated by the
frequency. And the bottom friction source term can be
written as

Sbotðk; hÞ ¼ 2C
n� 0:5

gd
Nðk; hÞ ð5Þ

where C is an empirical constant, which is estimated as
�0.038 m2 s�3 for swell and �0.067 m2 s�3 for wind seas,
and n is the ratio of phase velocity to group velocity.

The balance equation of Eulerian form for spectrum N

is given as

oN
ot
þrx � x

�
N þ o

ok
k
�

N þ o

oh
h
�

N ¼ S
r

ð6Þ

x
� ¼ cg þU ð7Þ

k
�
¼ � or

od
od
os
� k � oU

os
ð8Þ

h
�
¼ � 1

k
or
od

od
om
� k � oU

om

� �
ð9Þ

where cg is given by cg and h, s is a coordinate in the direc-
tion h, and m is a coordinate perpendicular to s.

The model provides output of wave parameters such as
wave spectra, significant wave heights (4

ffiffiffiffi
E
p

), mean wave-
length (2pk�1), mean wave period (2pr�1), mean wave
direction, peak frequency, and peak direction. Here, E is
the spectrum energy, k is the wavenumber, and r is the
radian frequency. The peak (dominant) frequency is calcu-
lated from the one-dimensional frequency spectrum. The
peak (dominant) wavenumber (wavelength) is calculated
from the peak frequency using the dispersion relation.
The basic spectrum given by the model is the wavenum-
ber-direction spectrum F(k,h), and the traditional fre-
quency-direction spectrum F(f,h) can be calculated from
F(k,h)

F ðf ; hÞ ¼ 2pF ðk; hÞ=cg ð10Þ
cg ¼ nr=k; n ¼ 0:5þ kd= sinhð2kdÞ ð11Þ

where f is the frequency, cg is the group velocity, and d is
the water depth.

For neutral atmospheric stability, the wind profile in the
atmospheric boundary layer can be described in terms of
the logarithm of surface roughness. The mean wind profile
is taken as

Uz ¼
u�
j

ln
z
z0

� �
ð12Þ

where Uz is the wind speed at height z above sea surface, u*

is the surface wind friction velocity and is calculated di-
rectly by WAVEWATCH-III, j is the Von Karman con-
stant (in WAVEWATCH-III model it is 0.4), and z0 is
the roughness length.

The drag coefficient Cd and the Charnock coefficient are
denoted by

Cd ¼ ðu�=U 10Þ2 ð13Þ
a ¼ gz0=u2

� ð14Þ
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where U10 is the wind speed at 10 m height above the sea
surface, and g is the gravitational acceleration. Then the
relationship between the roughness length z0 and the drag
coefficient Cd is given as

z0 ¼ 10= expðk=
ffiffiffiffiffiffi
Cd

p
Þ ð15Þ

In addition, in this study, the wave age b is defined as

b ¼ cp=u� ð16Þ

where cp is the phase speed at the peak frequency. Use u*

and cp given by wave model, we can obtain Cd, z0, a and
b from Eqs. (13)–(16). The relationships between Cd, a, b
and U10 will be discussed in Section 3.

The grid in this study is regularly spaced by longitude–
latitude grid, extending from 0� to 26.0�N, 99.0� to
125.0�E, and the spatial grid is 0.125� � 0.125�. The inter-
val of wind input is 6 h (at 0:00, 6:00, 12:00 and 18:00 h
every day). Two time steps (600 s and 300 s) are used to sat-
isfy computational efficiency: global time step (600 s) for
the propagation of the entire solution, spatial time step
(600 s) for the spatial propagation, spectral time step
(600 s) for intra-spectral propagation, and source time step
(300 s) for the source term integration. The initial field
type is fetch-limited JONSWAP with no parameters. That
is, the local spectrum is calculated using the local wind
speed and direction, using the spatial grid size as fetch,
and assuring that the spectrum is within the discrete
frequency range.

2.2. Typhoon wind fields and verification

Wave fields under 23 typhoon passages that occurred in
SCS in 2005 (Table 1) were simulated. The surface wind
fields used as input data to the wave model are objective
reanalysis wind field datasets, which are assimilated by
many sources (including historical weather chart, synoptic
maps, NASA QuickSCAT data with 0.25� resolution, and
Typhoon Annual and Tropical Cyclone Yearbooks) and
are provided every 6 h with the resolution of
0.125� � 0.125�.

In this study many comparisons were carried out
between the assimilated wind fields and the observations.
The observation stations are Dongsha station (20�400N,
116�430E), Xisha station (16�500N, 112�200E) and Nansha
station (9�230N, 112�530E), respectively. Table 2 gives the

Table 1
Twenty three passages of typhoon occurred in SCS in 2005

Typhoon name Occurring time During time (h) Maximum wind
speed (m/s)

Kulap 08:00 14 Jan 132 25
Roke 08:00 12 Mar 174 30
Sonca 14:00 21 Apr 192 45
Neast 08:00 30 May 294 50
Haitang 02:00 11 Jul 252 60
Nalgae 08:00 18 Jul 234 23
Banyan 20:00 20 Jul 198 28
Washi 02:00 29 Jul 72 25
Matsa 20:00 30 Jul 234 45
Sanvu 02:00 10 Aug 126 30
Mawar 14:00 19 Aug 288 50
Guchol 02:00 19 Aug 162 28
Talim 02:00 26 Aug 204 55
Nabi 08:00 29 Aug 246 60
Khanum 08:00 5 Aug 204 50
Vicente 14:00 15 Sep 90 23
Saola 08:00 19 Sep 210 45
Damrey 14:00 19 Sep 198 50
Longwang 14:00 25 Sep 192 55
Kirogi 08:00 9 Dec 252 50
Kai-tak 14:00 28 Dec 126 40
Tembin 14:00 7 Nov 126 23
Bolaven 08:00 14 Nov 150 33

Table 2
Comparisons of wind speed and wind direction in SCS from January to December between assimilated data and observed data at Dongsha, Xisha and
Nansha stations (which are marked A, B and C, respectively)

Month Mean errora of wind speed (ms�1) Rms errorb of wind speed (ms�1) Mean error of wind direction (�) Records number

A B C A B C A B C A B C

Jan 3.42 5.21 2.30 2.85 4.65 1.86 20.6 20.5 22.5 532 558 338
Feb 3.16 4.60 2.08 2.64 4.10 1.66 19.2 25.7 21.2 572 650 441
Mar 3.17 4.09 2.44 2.60 3.45 1.84 24.5 23.8 27.7 649 712 471
Apr 2.35 2.79 2.25 1.87 2.34 1.80 34.0 27.0 27.9 663 701 427
May 2.56 2.38 2.29 2.00 1.90 1.76 34.3 31.5 34.3 663 721 456
June 3.27 2.72 2.52 2.66 2.20 1.94 29.3 23.9 31.2 654 703 449
July 3.39 2.77 2.30 2.60 2.17 1.80 27.9 29.8 25.6 664 728 482
Aug 3.41 2.80 2.72 2.67 2.12 2.05 27.9 29.1 22.3 578 627 406
Sept 3.64 3.12 2.15 2.84 2.38 1.71 31.7 36.7 30.6 622 668 473
Oct 3.72 4.56 2.76 3.13 4.06 2.06 16.1 25.2 22.5 666 705 702
Nov 3.88 6.08 3.34 3.34 5.35 2.58 16.6 21.8 27.5 610 674 348
Dec 4.25 6.90 3.62 3.68 6.32 2.68 16.6 21.8 29.2 648 726 389
Total 3.38 4.24 2.57 2.73 3.40 1.96 25.1 26.4 29.6 7521 8173 5168

a Mean error ¼ 1
N

P
absðX obs � X assiÞ.

b Rms error ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

P
ðX obs � X assiÞ2

q
.
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results of comparison, and the mean errors of wind speed
and wind direction are 2.7 m � s�1 and 27�, respectively.

During typhoon Damrey, a buoy named SZF2-1 located
in the northwest sea area of Hainan Island (19�46048.0000N,
109�07024.0000E, we call this point as ‘O’) was used to mea-
sure the winds and waves. The observed data included
wave height, wind speed and wind direction at 10 m height
above the sea surface, which were used to compare the
model input and results. Fig. 1a compares the input wind
speed with the observed data at point O from 26 to 28 Sept.
The root mean square (rms) errors between the input and
observed winds for this point are 3.8 m/s in speed and
28� in direction. Generally, the wind data for input are in
good agreement with the observation. Fig. 1b and c com-
pare the significant wave heights and mean wave periods
between observations and model simulation at point O.
The maximum of significant wave height and mean wave
period reach 5.5 m and 8.4 s at 6:00 on 26 Sept, respec-
tively, while the simulation data are smaller than those of
observations. However, the model and the observation
are still very similar. The estimated rms errors for signifi-
cant wave height and mean wave period are 0.8 m and
1.1 s, respectively. Fig. 1d compares the measured and
hindcast one-dimensional frequency spectra s(f) at 06:00
on 26 Sept, 2005. The spectral shape and peak frequency
agree well, except that the second peak frequency obtained
from simulation is smaller than that of observation.

3. Dependence of drag coefficient on the wave age and wind

speed

Fig. 2 shows a scatterplot of the drag coefficient against
wind speed obtained during 23 passages of typhoon. The
results are compared with five existing surface flux param-
eterizations. There is a tendency to level-off with the
increasing wind speed when the wind speed is higher than
35 m/s, which is consistent with the recent field observa-
tions of Powell et al. [16], the laboratory experimental
results of Alamaro et al. [25] and Donelan et al. [26], the
theoretical results of Emanuel [27], and the idealized hurri-
cane simulations of Moon et al. [18]. The explanation for
this discrepancy is that the surface wave field under
typhoon wind forcing is not fully developed (i.e., the Char-
nock coefficient is not constant) and is not determined
uniquely by the local wind condition.

The result shows that the drag coefficient in high wind
conditions forced by typhoons is different from that at
low wind speeds. The existing parameterizations of Large
and Pond [28], Sheppard and Wu [4] implicitly assume that
the surface wave field is fully developed and is based on
extrapolations from measurements obtained at lower
winds, showing a monotonic increase of Cd with wind
speed.

However, from Fig. 2, we may find that, regardless of
the tendency of leveling-off at high wind speeds, the value
and the increasing slope of Cd obtained from this study
are a lot larger than the other results. For example, the

mean value of Cd of this study is about 0.0035 when the
wind speed is 35 m/s, while that of Moon et al. [18] is about
0.0023.

The investigation of Moon et al. [18] indicates that there
is a strong correlation between Cd and wave age b for each
wind speed. When the wind speed is higher than 30 m/s, Cd

will increase with b, otherwise Cd will decrease with
increasing b. However, our study shows almost a mono-
tonic decrease of Cd with b. Fig. 3 shows that at high speed

Fig. 1. Comparisons of (a) wind speed, (b) significant wave height, (c)
mean wave period, and (d) wave frequency spectrum (06:00 on 26 Sept,
2005) between buoy observations and model input or results during
typhoon Damrey passed point O.

1110 L. Zhou et al. / Progress in Natural Science 18 (2008) 1107–1113



winds and for younger waves, Cd is larger than those of
developed waves with larger wave age, but a tendency of
leveling-off for 40 m/s can be seen from the figure. In a
recent wind tunnel study, Donelan et al. [26] gave a expla-
nation of the effect: the flow separation from steep waves
reduces the drag coefficient in very strong winds with small
wave age.

4. Dependence of Charnock coefficient on the wave age

In this section, we investigate the relationship between
the typhoon-generated surface wave fields and momentum
fluxes using a and a sea state parameter b.

The Charnock coefficient a is firstly considered as a con-
stant 0.0144 [2]. Toba et al. [5] suggested that a increase
with the wave age b based on observations of mostly young
waves in a wave flume, while data from Donelan [29], John-

son et al. [7], Lange et al. [30], Smith et al. [6], Maat et al.
[13] and Merzi et al. [31] show that a decreases with the
wave age b.

Numerical experiments have been performed for con-
stant winds from 5 m/s to 45 m/s to investigate the effect
of mature and growing seas on air–sea momentum
exchange [32]. Results show that, for mature seas, the
Charnock coefficient is estimated to be about 0.01–0.02
and the drag coefficient increases with wind speed. With
growing seas, the drag coefficient is larger with younger
seas for winds with speed lower than 30 m/s for winds with
speed higher than 30 m/s. However, younger waves yield
less drag. Moon et al. [18] studied the effect of surface
waves on Charnock coefficient under tropical cyclones
and pointed out that the Charnock coefficient is mainly
determined by two parameters: the wave age and the wind
speed, and the Charnock coefficient increase with the wave
age for winds with speed higher than 30 m/s. The explana-
tion is that the wave-induced stress due to very young
waves makes a small contribution to the total wind stress
in very high wind conditions.

In Fig. 4, the distribution of a against b shows a large
scatter, and it is difficult to find a unique relationship
between a and b. However, if we choose subsets of data
at different wind speeds and highlight them using different
symbols, we will find that there is a tendency for each wind
speed, which shows that a increases with wind speed, and is
larger with younger seas, even for winds with speed higher
than 30 m/s. For example, the mean value of a is about
0.03 when b is 15 and the wind speed is 20 m/s, and reaches
about 0.045 at 40 m/s wind speed with the wave age of 5.

5. The spatial distribution of air–sea momentum flux

parameters

To illustrate the spatial distribution characteristics of
air–sea momentum flux parameters, three figures are given
in this study, which show the distributions of the drag coef-
ficient, wave age and Charnock coefficient during typhoon
Damrey at 00:00 on 25 Sept 2005, respectively.

Fig. 5a shows that the drag coefficient is not symmetric
about the center of the vortex. A large region of enhanced

Fig. 2. A scatterplot of Cd as a function of the wind speed obtained in this
study for 23 typhoons. Solid line is the Large and Pond [28] formula, dash-
dot line is the bulk formula based on the Charnock coefficient of 0.0185
used in GFDL hurricane model, circles present the result of Sheppard, and
rectangles is the Wu [4] formula. Shaped and hatched areas represent
ranges between upper and lower bounds of Cd obtained by the coupled
wave-wind model (Moon et al. [18]).

Fig. 3. Scatterplot of Cd as a function of b obtained from WAVE-
WATCH-III for 23 typhoons in SCS. The computed Cd are plotted using
different symbols according to wind speeds. Rectangles, stars, circles and
diamonds represent 10, 20, 30 and 40 m/s wind speeds, respectively. The
solid lines (upper and lower) cover scatters of b for all wind speeds.

Fig. 4. Scatterplot of a as a function of b obtained from WAVEWATCH-
III for 23 typhoons in SCS. The computed a are plotted using different
symbols according to wind speeds. Rectangles, stars, circles and diamonds
represent 10, 20, 30 and 40 m/s wind speeds, respectively.
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drag coefficient exists outside the typhoon center. The
northern or right-of-track half of the typhoon eye contains
the region with the largest wave-induced stress, resulting in
the drag coefficient maximum in excess of 3.5 � 10�3. The
wave age (Fig. 5b) is consistent with the drag coefficient
distribution, indicating that the youngest ocean waves are
located in the upper-right half of the eyewall. The maxi-
mum Charnock coefficient (Fig. 5c) is 0.07 at this time,
which is nearly 0.5 larger than the conventional parameter
valid for the open ocean featuring a mature wave state.
Note that, consistent with the drag coefficient and wave
age, the Charnock coefficient reaches the maximum near
the eyewall structure, coincident with the highest wind
speeds and a little smaller within the eye. The result shows
that the drag coefficient and Charnock coefficient in high
wind conditions forced by typhoons are completely differ-
ent from those at weak wind speeds, and that the drag coef-

ficient varies significantly depending on the relative
position from the storm center.

6. Summary and conclusions

The sea state has significant influence on air–sea
momentum fluxes. Because of the paucity of the observa-
tion data, especially in high wind speeds and very young
waves, different relationships were given. However, numer-
ical approaches provide a very useful and complementary
way for investigation of a wide range of wind forcing and
wave conditions without limitations associated with
measurements.

In this study, we used WAVEWATCH-III to study the
air–sea momentum flux under typhoon wind forcing.
Twenty-three passages of typhoon which occurred in SCS
in 2005 were simulated. Results show that the drag coeffi-
cient levels off for wind speed higher than 35 m/s, consis-
tent with the recent field observations of Powell et al.
[16], the laboratory-experimented results of Alamaro [25]
and Donelan [26], and the idealized hurricane simulations
of Moon et al. [18]. However, the values of the drag coef-
ficient in high wind conditions are a lot larger than those
mentioned above. At high winds and for younger waves,
Cd is larger than those of developed waves with larger wave
age, but a tendency of leveling-off for 40 m/s can be seen.
Different from the result of Moon et al. [18], the Charnock
coefficient in high wind conditions obtained in this study
under typhoon wind forcing depends mainly on wave
age, that is, the Charnock coefficient will decrease with
the increasing wave age.

The drag coefficient and Charnock coefficient in high
wind conditions forced by typhoons are completely differ-
ent from those at weak wind speeds and significantly
depend on the relative position from the storm center.
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