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Abstract 
The determination of wind friction velocity from satellite-derived wind data will take an 

important role of key factors for computation of C02 flux transfer. It is necessary for relation 
between wind speed and wind friction velocity to determine that of relation between non-
dimensional roughness length and wave age, included with all parameters (wind, wave). 

In this study, we proposed a new method to estimate u„, which is based on the new rela
tionship between non-dimensional roughness and wave velocity, after considering fetch and 
wave directionality. Consequently, we obtained the new relationship between friction velocity 
and wind speed. Using this relationship, we estimated the wave frequency from two methods: 
3/2 powers law (Toba, 1972) and WAM model (WAMDI, 1988). The results arc compared 
with the results estimated from Charnock formula (1955) and the above influence of wave 
effects on the wind stress is also discussed. A new relationship was established to determine 
CO. exchange coefficient based on whitecap model (Monahan and Spillane 1984), using U|0-
u, relationship in North Pacific Ocean, satellite data of NOAA/AVHRR (SST) and DMSP/ 
SSM/I (wind speed) in Oct., Nov., and Dec. 1991. The C02 exchange coefficient estimated by 
other models (Wanninkhof, 1992; Liss and Merlivat, 1986; Tans et al., 1990) are also com
pared with these results. The results show the importance of wave breaking effect. 
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I. Introduction face and attracts our attention due to its enor-
It is definitely getting to be more impor- m 0 us reservoir for C02 in deep underwater, 

tant to solve C02 circulation mechanism over However, C0 2 circulation mechanism be-
whole earth, atmosphere, ocean and bio- tween atmosphere and ocean has not been 
sphere, in order to settle the problem of the solved well so far. In order to better under-
earth warming. Now, we understand that the standing of C02 circulation between air-sea 
ocean occupies about 70% over the earth sur- interfaces, it is necessary to estimate C02 flux 
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transferred at sea surface. Historically several 
models (Whitecap, Tans, Wanninkof, Liss & 
Merlivat model) has been proposed to deter
mine the C 0 2 exchange at sea surface. In their 
model, Whitecap model seems to be better 
one which can include wave breaking (area 
ratio of whitecap). Whitecap model, proposed 
by Monahan and Spilane (1984), is expressed 
as following, 

(1.1) 

where Kradon is the transport function of 
radon gas, Km is the transfer velocity associ
ated with no whitecap area, and Ke is the 
transfer velocity related with whitecap area. 
W is the function of sea surface covered by 
whitecaps due to wave breaking. Wu (1980) 
proposed W as function of friction velocity 
u., 

(1.2) 

K and K are estimated from GEOSECS 
m e 

and TTO radon data with the value of 9.58 
cm/hr and 475.07 cm/hr. Carbon dioxide gas 
transfer velocity can be estimated from depen
dence of gas transfer velocity on Schmidt 
number Sc, which was proposed by Deacon 
(1977). Wind tunnel experiment showed K is 
proportional to Sc3 '2 at low wind speeds, and 
to Sc l / 2 at higher wind speed (Jahne et al, 
1987). This relationship offers a method to 
estimate gas transfer velocities from one kind 
of gas to another. Then, C 0 2 gas transfer ve
locity can be calculated by 

(1-3) 

where n=2/3 for U < 3.6 m/s and n = l / 2 
for U>3.6 m/s. Schmeidt number for C 0 2 and 
radon gas can be estimated from temperature 
(Wanninkhof, 1992) 

for radon gas and C 0 2 gas in the seawater 
with salinity S=35%o. 

Liss and Merlivat (1986) proposed a rela
tionship between gas transfer velocity K and 
wind speed, based on tracer gas exchange ex
periment, wind tank data and field data in 
some lakes. This relation consists of three lin
ear segments, related to smooth surface, rough 
surface and breaking wave regime. 

where U is wind speed at 10 m above sea 
surface. 

Tans et al. (1990) provided a relation re
lated to the gas exchange coefficient E and 
wind speed, 

Temperature effect is not considered based 
on that C 0 2 gas solubility and Schmidt num
ber have inversely temperature effect. 

Wanninkhof (1992) compared the sever
al transfer velocity equations with water tank, 
field data and proposed gas transfer velocity 
is related with a quadratic dependence of 
wind speed. 

for short-term steady wind speed 
Finally, C 0 2 gas exchange coefficient E 

can be calculated using transfer velocity KC02 

by multiplying C 0 2 gas solubility. Weiss 
(1974, 1980) provided an empirical formula 
to estimate the C 0 2 gas solubility L on the 
basis of data fitting between the solubility, 
temperature and salinity. 

Area ratio of whitecap W is expressed by 
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friction velocity u„. Satellite data can provide 
wind speed U10 at 10 m above sea surface only. 
Therefore, it is required relationship between 
friction velocity u, and wind speed at 10m 
above sea surface U . Relation between wind 
speed and wind friction velocity needs to de
termine the relationship between non-dimen
sional roughness length and wave age, includ
ed with all parameters (wind, wave). We esti
mated friction velocity including wave effect 
using improved this relationship and WAM 
model (WAMDI, 1988) to obtain the relation
ship between friction velocity u. and wind 
speed at 10m above sea surface U10 for satel
lite data. Subsequently, we calculated C02 gas 
exchange coefficient E, using Whitecap mod
el. 

II. The Relationship between Non-
dimensional Roughness Length and 
Wave Age 

Charnock (1955) proposed well known 
formula, as follows, 

(2.1) 

Eq. (1) has widely been utilized, where g 
is the acceleration of gravity, and is a con
stant. For the value of, there seems to be con
siderable disagreement among authors. For 
example, Charnock (1955) proposed 0.0068, 
Smith and Banke (1975) gave 0.0130, Garrat 
(1977) suggested 0.0144, and Wu (1980) pro
posed 0.0185. A possible reason for the dis
agreement might be poor quality and quanti
ty of wind stress measurements. Also effects 
of waves on the wind stress should be consid
ered explicitly. 

Stewart (1974) presented a general formu
la for the wave dependence on the wind stress 
as a function of wave age, 

(2.2) 

where Cp is the phase speed of wind waves 
of the spectral peak frequency. By assuming 
the linear dispersion relationship of deep wa
ter waves, the wave age Cp/u, can be expressed 
as Cp/u,=(a u*/g)', where o is the angular 
frequency of wind-wave spectral peak. Toba 

and Koga (1986) proposed a formula involv
ing the peak frequency of wind wave as, 

(2.3) 

Furthermore, Masuda and Kusaba (1987) 
proposed a functional formula of Eq. (2.2) as 
non-dimensional roughness length and in
verse wave age, 

(2.4) 

where a and b are constants. The Char-
nock's (1955) formula in Eq.(2.1) corresponds 
to b - 0 and a = P in Eq.(2.4). Constants a 
and b is different from various investigations. 
Toba et al. (1990) took b=-0.5. Masuda and 
Kusaba (1987) took b=1.10. Donelan et al. 
(1993) took b=1.0. A negative value of the 
slope b is suggested from the data set ranging 
from laboratories to open oceans, even though 
the data points are scattered very widely (Re
fer to Fig. 1 in Suzuki et al., 2002). Thus, this 
relationship has been discussed whether to be 
positive or negative slope. In composite data 
set collected from previous studies, there has 
existed a lack of data at a range of wave age 
region between laboratory and open ocean 
waves. Suzuki et al.( 1998) estimated this lack 
of data using eddy correlation method from 
the data of the Hiratsuka Tower of (Indepen
dent Administrative Institution) National 
Research Institute for Earth Science and Di
saster Prevention (NIED) in Sagami Bay, Ja
pan. Then a and b is expressed as a=0.020 
and b= -0.697. However because of the large 
variation of the non-dimensional roughness 
length in this relationship, it is difficult to ex
press wave influence by the single wave age. 
Ocean wave directional spectrum is much 
more important parameter for describing the 
essential structure of ocean wave. Conse
quently, in this study we observed wave 
heights in four wave gauges at the Hiratsuka 
Tower, and analyze directional wave spectra 
estimated from EMEP method (Hashimo
to, 1997). As a result (Suzuki et al., 2002), the 
data sets were classified into two different 
groups according to the directional wave spec
trum distribution (Fig. 1, Fig.2). In Case 1 
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only swell and wind waves exist and in Case 
2 there exists wave components from several 
directions. It is shown that the case of multi
ple-directional component waves (Case 2) 
may affect the non-dimensional roughness 
length and friction velocity (Suzuki et al., 
2002). Therefore, we proposed the new 
scheme of relationship between non-dimen
sional roughness and wave age by consider
ing fetch F from this result and form of field 
data sets, as following, 

III. Estimation of C0 2 Exchange Coeffi
cient Considered with wave effect 

The relationship between non-dimensional 
roughness length and wave age primitively 
require to know the angular frequency of 
wind-wave spectral peak. In order to relation
ship, the wave frequency was estimated from 
two methods: 3/2 powers law (Toba, 1972) 
and WAM model (WAMDI, 1988). In this 
study, ECMWF wind data was used in WAM 
model (WAMDI, 1988). This data of area is 
one of around Japan (20N to 50N, 120E to 
150E). Time interval of this data is one hour. 
Period is October, November, and December 
1991. We estimated the friction velocity u, in
cluding the wave effect in area of around Ja
pan, and compared with the friction velocity 
u* not including the wave effect estimated by 
Charnock (1955) formula. As result, when the 
wind speed is more than 8 m/s, the friction 
velocity u- is estimated from our results owns 
large value, compared with the result of Char
nock (1955) formula, and the maximum dif
ference was about 30% (Fig. 4). Therefore it 
was shown that wave effect is very important 
for friction velocity. And we investigated wave 
effect for C02 exchange coefficient in numer
ical simulation using Whitecap model (Mona-
han and Spillane, 1984) and the new relation
ship between non-dimensional roughness 
length and wave age. The wave frequency was 

Fig. 1 Fig-2 
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selected 0.1, 0.5, 1.0 Hz. The range of 
wind speed U |0 is 0.0 m/s to 25.0 m/s, and 
sampling interval is 0.1 m/s. The temperature 
and salinity are 20! and 35%o constant. As a 
result, it was shown that C02 exchange coef
ficient is different value by wave period as 
wave effect (Fig. 5), and there is necessity to 
construct the new relationship between fric
tion velocity and wind speed as considered 
wave effect. 

Here, we are taken only wind speed at 10 
m above sea surface U10 by satellite observa
tion. Consequently, in this study, we estimat
ed the relation between this difference A£ of 
the friction velocity (present result (Eq. 2.6) -
Charnock's result) and wind speed U10 in each 
month (Fig. 6), and we could get the relation
ship, as following. 

Inverse Wave Age 

Fig. 3 
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and wind speed are used monthly composite 
data of NOAA/AVHRR and DMSP/SSM/ 
I. The ratio of whitecap W is estimated em
pirically coefficient by using equation of Wu 
(1980), as following, 

W = 0.13u,2 (3.3) 

Fig. 4 

where CD is drag coefficient. We estimat
ed the friction velocity u, using this equation 
(3.1), and estimated the difference between 
this result and result of the relationship be
tween non-dimensional roughness length and 
wave age. As a result, the difference was small
er than 10 %. The wind speed of this period 
is including wind speed from low to high. 
Consequently, we think that this new relation
ship is can use global area, and we estimated 
C02 exchange coefficient by Whitecap mod
el (Monahan and Spilane, 1984), Liss and 
Merlivat (1986) model, Wanninkhof (1992) 
model, and Tans et al. (1990) model in Pacif
ic ocean using satellite data. The temperature 

In Fig. 7, we show that distribution of C02 

exchange coefficient by Whitecap model 
(Monahan and Spilane, 1984), Liss and Mer
livat (1986) model, Wanninkhof (1992) mod
el, and Tans et al. (1990) model on Oct. 1991. 
The result shows that the C02 exchange coef
ficient has large value as wind speed in in
crease (Especially it is high latitudes). Wan
ninkhof's result is much larger compared with 
Whitecap's result especially in equator area. 
The reason of problem for this difference is 
due to whitecap coverage very low in light 
wind. 

Presently, the decision is difficult which 
model is high accuracy. It is reason of prob
lem C02 is different by the observation place 
and a season. However, we were able to indi
cate importance of wave effect for C02 trans
fer velocity. 

TV. Summary 
In this study, we analyzed the wave effect 

10 

Fig. 5 
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of the friction velocity u, for the area ratio of 
whitecap by Whitecap model. WAM model 
(WAMDI, 1988) is used to get wave height 
data for the new relationship between non-
dimensional roughness length and wave age, 
and estimate the friction velocity including the 
wave effect. It was shown that the difference 
is 30 % for the friction velocity not including 
wave effect. Consequently, it was shown that 
the friction velocity depends on sea surface 
conditions (wave) in addition to only the wind 
speed. But we can get a practical data wind 
speed U10 from satellite. Therefore, we pro
posed the new relationship between the fric
tion velocity and wind speed including wave 
effect as the difference, based on this result. 
The satellite data, NOAA/AVHRR (SST) and 
DMSP/SSM/I (wind speed) are used in this 
study. We estimated C 0 2 exchange coefficient 
using Whitecap model in the North Pacific 

Ocean using the new relationship, and other 
model (Wanninkhof, Liss and Merlivat, Tans) 
was also estimated it to compare. The each 
model gives same pattern of C 0 2 exchange 
coefficient in the North Pacific Ocean with 
wind speed. However, Whitecap model is low 
value of C 0 2 exchange coefficient in the equa
tor area. The wave breaking are hardly exists 
in the equator area. This model uses white-
cap, but other models use the wind speed. 
Presently, CO is many took in bubble of wave 
breaking, and wave breaking pay attention to 
important factor on C 0 2 exchange. Conse
quently, Whitecap model is fairly suitable con
sidering whitecap. Furthermore, we think that 
the accuracy of the estimation of C 0 2 ex
change coefficient is improved by using satel
lite data and our new relationship between the 
friction velocity and wind speed that consid
ered an effect of wave. 

Fig. 6 
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Fig. 7 
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In this study, we used modified Wu (1980) 
equation for the equation of area ratio of 
whitecap. However, if we used the friction 
velocity including wave effect, we have to also 
change the equation of area ratio of white-
cap. Because of Wu (1980) equation is not 
including wave effect. Therefore, in the future, 
the estimation of CO, exchange coefficient 
will be able to more improved considering 
wave effect for the equation of the area ratio 
of whitecap on the Whitecap model. 
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