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SYNOPSIS

Laboratory experiments were made to parameterize accurately the gas transfer velocity of carbon dioxide
(CO») at the surface of wind waves. The local flux of CO, was estimated at several fetches in a wind-wave
tank by fitting logarithmic laws to vertical profiles of the mean wind speed and the mean concentration of CO;
in the air. The concentration of CO; dissolved in the water was quantified by means of a gas-liquid equilibrator
made of a hydrophobic porous tube.. The local gas transfer velocity at the water surface was obtained from the
local flux and the difference between the bulk concentration in the water and the equilibrium concentration at the
water surface. The transfer velocity increases steadily with the friction velocity, and also increases with the fetch
under the condition of the same friction velocity. For the parameterization, two dimensionless parameters gx/u?,
and u3,/gv,, were derived from a dimensional analysis, where u., is the friction velocity on the air side, g the
acceleration of gravity, x the fetch and v, the kinematic viscosity of the air. On the basis of the experimental
results and the dimensional analysis, we proposed a new type of empirical expression for the transfer velocity in
consideration of the fetch dependence. With the fetch relations for wind waves, the expression can be described
in terms of local dimensionless wind-wave parameters, i.e., gE'/?/uZ, or Wyt /g instead of gx/u?,, where E
represents the total energy of the surface displacement and w,, the spectral peak angular frequency of wind waves.

INTRODUCTION

In order to predict the variations of atmospheric and oceanic environments, it is necessary to estimate the
gas transfer velocity across the air-sea interface. Most empirical expressions for the transfer velocity have been
formulated as a function of the mean wind speed referred to 10 m height. Such expressions are certainly practical
in the sense that the transfer velocity can be estimated from information about the wind speed. However, the
developments of wind waves and turbulent boundary layer depend strongly on the fetch of the sea surface. There-
fore, characteristic quantities concerning the fetch, such as the wave height and the peak frequency of wind waves,
should be added to variables in the parameterization for the transfer velocity.
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Zhao et al. (1) attempted to parameterizé the gas transfer velocity of CO; at the surface of wind waves on the
basis of experimental data of Jahne et al. (2). By introducing a dimensionless parameter Rp proposed by Toba and
Koga (3), they formulated the following expression for the transfer velocity k;, (cm/h):

kg = 0.25R%%7 , I

where Rp is defined as ufa [Vawp, with v, being the kinematic viscosity of the air and w), the spectral peak an-
gular frequency of wind waves. Rp seems to be closely connected with hydrodynamic properties of turbulent
boundary layer close to the air-sea interface. However, this expression cannot be universally described because
the dimensional quantity ;, is combined with the dimensionless parameter.

The transfer velocity for various gases has frequently been investigated through laboratory wind-wave exper-
iments. However, in earlier experiments, only the overall gas transfer velocity averaged over the whole interface
in a wind-wave tank was measured. The dependence of the transfer velocity on the fetch has not been examined
sufficiently despite the fact that the friction velocity and wave characteristics vary obviously with the fetch. A
few laboratory studies have been carried out concerning the fetch dependence of the CO, transfer velocity. A
laboratory study conducted by Komori et al. (4) is a typical one in which the transfer velocity has been locally
measured. A control volume was set over the region of the fetch = 3 to 5 m on the air side in a wind-wave tank,
and they obtained the local CO; flux across the air-water interface from the budget of CO, within the volume. As
an alternative method of quantifying the local flux at a certain fetch, we may think of the eddy correlation method
and the profile method. However, the former is not suitable for laboratory experiments since an ultrasonic ve-
locimeter is required to measure the wind speed fluctuations, and furthermore, it is too large to use in a wind-wave
tank. On the other hand, the latter method, by which we can obtain the local flux from vertical profiles of the wind
speed and the concentration of CO; in the air, seems to be appropriate for laboratory experiments.

The purpose of this study is to parameterize accurately the gas transfer velocity of CO, at the surface of wind
waves. Vertical profiles of the mean wind speed and the mean concentration of CO; in the air were measured in a
wind-wave tank, and the local CO; flux was estimated at several fetches by the profile method. The concentration
of COy dissolved in the water was quantified by means of a gas-liquid equilibrator made of a hydrophobic porous
tube. The local transfer velocity on the water side was determined from these experimental results. Finally, on
the basis of the experimental results and a dimensional analysis, we proposed new empirical expressions for the
transfer velocity in view of the fetch dependence.

ESTIMATION OF GAS TRANSFER VELOCITY

In order to evaluate the local CO, flux at a certain fetch F (mol/m?s), the profile method was used. For the
turbulent transfer of passive scalar, the turbulent Schmidt number v,/K,, where v, (m?/s) is the eddy viscosity and
K, (m?/s) the eddy diffusivity of CO,, is close to the unity. By means of the mixing-length model, we obtain
ac, ac, ac,

F ==Kt s gt = gt o

where C, (mol/m®} is the mean concentration of CO, in the air, z the vertical coordinate axis taken upward from
the still water surface, u,, (m/s) the friction velocity on the air side and « the von Kdrmdn constant (= 0.4). After
performing the integration for both sides of Eq. 2, we obtain

In (i) ; 3)

2

F
Culz0) — Cu(2) = P

*

where C,(zp) denotes the concentration at the height of the roughness length z. Let us consider

F = Cyttg “4)
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Fig. I Schematic diagram of experimental apparatus.

to define a representative concentration C, (mol/m?), Substitution of Eq. 4 to Eq. 3 gives a logarithmic law for the
mean concentration in the air:

Calto) ~Cu@ _ 1, ( z ) )

C, K 20

In this way, we can obtain the local flux at a certain fetch from the product of C, and u,,, which are evaluated by
fitting each logarithmic law to experimental data. Consequently, the local gas transfer velocity on the water side
kz, (m/s) can be estimated from the following relation:

F= C*u*a = kL(Cw - CV) ‘ | (6)

where C,, (mol/m3) is the concentration of CO, in the bulk of water, and C, (mol/m?) the equilibrium concentration
- on the the water side balanced with the concentration on the air side at the air-water interface.

EXPERIMENTAL PROCEDURE

Experiments were carried out using a wind-wave tank as illustrated schematically in Fig. 1. The tank was
17 m long, 0.60 m wide and 0.80 m deep, and the water depth was kept at 0.39 m. The horizontal coordinate
axis x was taken leeward from the upwind edge in the tank, i.e., x denotes the fetch. In order to measure the CO;
flux from the water side to the air side, the concentration of CO» in the water was increased in advance to about
40,000 ppm by injecting the 100% CO, into the water in the tank. After aeration, wind waves were generated by
blowing the air above the water surface. Vertical profiles of the wind speed and the concentration of CO; in the
air, and wind-wave characteristics were measured at a fetch of 2.0, 6.0, 9.0 and 12.0 m along the centerline of the
tank. In the experiments, wind wave fields were in the statistical stationary state, therefore, the duration was not -
taken into account. )

Experimental parameters are summarized in Table 1. The reference wind speed at the entrance of the wind
tunnel Ur varied from 4.0 to 12.0 m/s. The vertical profile of the mean wind speed was measured by means of
a Pitot tube in the range of 0.30 m above the still water surface. The friction velocity on the air side u., and
the roughness length zo were calculated by fitting the logarithmic law to the vertical profile of the mean wind
speed. The displacement of the water surface was measured by using capacitance wave gauges. The significant
wave height Hy, the total energy of the displacement E and the spectral peak angular frequency of wind waves w,,
were evaluated from the measurements. The values of u.,, zo, H, E and wp, are also listed in Table 1.

Fig. 2(a) shows a schematic diagram of the measuring system of the concentration of CO; in the air. The
air in the wind tunnel was sampled by two inlet tubes in the range of z £ 0.20 m, and the sampling flow rate was
about 1 //min. The control of the sampling rate and the dehumidification of the air were made by a flow controller
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Table 1 Experimental parameters.

Fetch  Ur g 2 H, E wp ApCO, kr
[m]  [m/s] [my/s] [m] {m] [m?] [1/s]  {watm] [m/s]

40 0169 434x107° 446x10™* 147x10°® 551 3.03x10* 4.89x10°°
50 0224 273x1075 1.36x107 138x 107 514 3.15x10* 6.30x107
6.0 0253 289x1075 227x107% 375x1077 482 3.83x10° 8.67x1075
7.0 0305 254x107° 349x1073 899x 1077 419 294x10* 1.03x107*
2.0 80 0351 3.18x107% 6.02x107 2.69x10° 328 370x10* 1.22x10™*
9.0 0413 437x107° 7.87x107% 471x10¢ 331 325x10* 1.27x10™*
100 0456 3.82x1075 979x107% 745x10°% 291 299x10* 1.32x10™*
11.0 0519 459x107° 1.14x1072 985x10°% 278 3.13x10* 140x10*
120 0571 475x107° 130x1072 132x107° 268 262x10* 1.50x10™*

4.0 0225 175x107% 3.12x107% 6.61x107 403 4.06x10° 9.61x107°
50 0279 131x107% 659%107 297x107% 313 3.69x10* 1.37x107*
60 0343 1.80x107* 1.01x102 691x10° 259 345x10* 1.62x107*
7.0 0410 1.97x107* 159%x10°2 179%x107° 221 379x10* 1.70x107*
6.0 80 0464 1.70x107* 1.87x1072 237x10% 206 3.60x10* 1.93x107*
9.0 0524 1.60x107* 216x1072 326x107° 187 3.66x10* 2.13x10™*
100 0598 1.81x10™ 2.38x1072 3.89x10° 184 3.18x10* 233x10™*
11.0 0712 263x107™* 286x102 571x107° 166 284x10* 274x107*
120 0.844 443x10™ 327x102 7.13x107° 161 279x10* 342x107*

40 0237 153x10™* 6.15x1077 253x10°% 313 3.12x10* 1.17x10™*
50 0287 134x107% 1.07x1072 7.88x107% 245 328x10* 143x10™*
6.0 0339 140x10™* 1.63x1072 185x1075 215 3.74x10*  1.68x10™
7.0 0439 1.78x10™* 216x1072 321x107° 183 3.69x10* 2.18x10™*
9.0 8.0 0495 175x107% 263x1072 4.67x107° 169 3.07x10* 251x107*
90 0595 252x10* 3.13x107% 666x107° 160 327x10* 287x10™
100 0726 389x10™% 3.42x1072 7.81x10° 147 3.12x10* 335x10™*
110 0811 484x10™ 4.08x102 1.12x107* 144 3.14x10* 4.06x10™*
120 0990 949x107* 513x1072 181x10™* 130 328x10* 496x107*

40 0235 1.97x10™* 890x107 541x10° 242 347x10* 125%x10™*
50 0284 . 1.73x107* 157x102 1.67x107% 213 325%x10* 1.85x107*
6.0 0344 1.30x10™ 2.04x1072 277x107° 181 3.71x10* 224x10™*
7.0 . 0451 2.16x10™ 277x 102 544x1075 161 3.67x10* 2.80x10™*
120 80 0545 271x107% 3.11x1072 636x107° 152 290x10* 3.26x107*
9.0 0666 3.92x107* 379x10°2 999x107° 141 4.09x10* 391x10™*
100 0771 476x10™* 444%x102 131x10% 130 330x10* 4.87x10™*
110 0951 9.12x10™ 573x10°2 2.16x107* 126 277x10* 6.10x10™*
120 117 164x1077 624x1072 254x10* 114 254x10* 7.41x10™

instrument. The concentration in the air was measured by means of a non-dispersive infrared gas analyzer (NDIR,
LI-COR L1-6252). The NDIR was calibrated with 198 and 498 ppm standard CO; gases. The data were recorded
on a personal computer at a sampling rate of 1 Hz. Though the air was sampled for 90 s at each level, only the
data for the latter 60 s were used for evaluating the mean concentration in consideration of the exchange of the air
in the sampling tubes. ‘

The measuring system of the dissolved concentration of CO; in the water is schematically shown in Fig. 2(b).
The partial pressure of CO; in the water was evaluated by using a gas-liquid equilibrator made of hydrophobic
porous tube. - A large number of small holes exist on the surface of the tube, and the diameter of the holes was
about 1 um. The CO; gas can be exchanged between the equilibrator and the water through such holes. An
air-circulating circuit through the gas-liquid equilibrator and NDIR was made as shown in the figure. The air
CO, flowing in the hydrophobic porous tube rapidly equilibrated with the dissolved CO,. The equilibrated gas
was dehumidified by both the Peltier dryer and the magnesium perchlorate (Mg(ClOy4),). The partial pressure of
the equilibrated gas pCO, (uatm) was evaluated by a NDIR (RMT DX-6100), which was able to measure up to



47

(a) * 3-way valve )A (b)
Airinlet 1 &Z Mass flow
ol o Mg(IClO,)2 E 2way valve & b controller

X Needle valve m Flow meter
Mg(CiO,), Air pump
column
Wind-wave
|..tank | Dry gas

-2 NDIR
- DX6100
Gas-liquid

© lzﬁlego p;g):i cquilibrator

- O Span gas
28V2 498 ppm

Fig. 2. Measuring system of the concentration of CO,. (a) on the air side and (b) on the water side.

50,000 ppm. We estimated the concentration of CO, in the water C,, by using the following relation:
Cy, =S -pCO, )

where S (mol/m® - yatm) is the solubility of CO; on the water side calculated by a function of Weiss (5). The
position of the gas-liquid equilibrator was changed depending on experimental conditions. The equilihrator was
located at 0.20 m below the water surface and 0.50 m backward from the measuring position on the air side.

The mean concentration in the water during the flux measurement was used as C,, in Eq. 6 because the
concentration decreases temporally. The partial pressure on the air side at the interface PCO,, (uatm) was obtained
by extrapolating the concentration profile to z = 0, and C; was calculated from

Cy=S - PCOy ) (8

* The difference between the partial pressures ApCO, (= pCO, ~ PCOy,) and the gas transfer velocity k7, are given
in Table 1. It should be noted that the values of &, in the table were converted to those for the fresh water at the
standard reference temperature 20°C, i.e., for the Schmidt number S¢ = 600, by means of the Schmidt number
dependence suggested by Jihne et al. (6): :

600 \~*
kpeoo = (Ec_(—ﬁ) ki (T) .

where Sc(T) and k7(T).denote the Schmidt number and the transfer velocity at the temperature of T°C, respec-
tively. Here, Scis defined as v,,/ D, where v,, is the kinematic viscosity of the water and D the molecular diffusivity
of CO; in the water. The values of Sc(T') were computed by a function of Wanninkhof (7).

RESULTS AND DISCUSSION

Fig. 3 shows the vertical profiles of the mean concentration of CO, in the air at each fetch in the case of
Ur = 6.0 m/s, where the solid lines denote the fitting curves for the logarithmic law obtained by the least square
method. Although the concentration of dissolved COj, is unequal for each case, it can be observed that the vertical
gradient of the concentration increases with the fetch. It is also evident that logarithmic layers are formed close to
the water surface. The values of C. were calculated by applying Eq. 5 to these logarithmic layers.

The profiles of the concentration in the air are normalized by using zg and u.,,, and are compared with Eq. 5
in Fig. 4, where the solid line indicates Eq. 5 and all the data are plotted. There is a large scattering of the data
around the solid line in the region of z/zg > 3.0 x 107 since the logarithmic law is applicable only to the profile at
small z; the applicable range varies depending on both the wind speed and the fetch. It is observed from the figure
that the data agree accurately with Eq. 5 in the vicinity of the water surface. This means that C, estimated from
the experimental results is reasonably accurate.
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Fig. 5 shows the time variation of the partial pressure in the water pCO,, from the start of the aeration to
the end of the measurement under the condition of x = 9.0 m and Ur = 8.0 m/s. The partial pressure increases

_gradually from the start of the aeration, and reaches about 40,000 patm after about 4,000 s. After the start of the

wind blowing, pCO; decreases steadily due to the transfer of CO; from the water side to the air side.

In Fig. 6, the time variations of pCO, during the flux measurement are plotted for the cases of x = 9.0 m
with Ur = 4.0, 8.0 and 12.0 m/s. We should note that they are nondimensionalized by the value at the start
of the measurement pCO, 4. A clear increase of the reduction rate of pCO; is observed as the speed of wind
increases. This is due to the fact that the transfer rate of CO, increases with the wind speed. As mentioned in
the previous section, the values of C,,, which are necessary for the estimation of the gas transfer velocity, were
calculated by averaging the partial pressure decreasing with time.

Fig. 7 shows the relation between the gas transfer velocity k;, and the friction velocity u,,. The data of
experiments and field observations obtained by other researchers are also plotted in the figure. All the data in
the figure are normalized to k7 ¢00 by using Eq. 9. The experimental data of Komori et al. (4) and Komori and
Shimada (8), and the field data of McGillis et al. (9) were obtained by local flux measurements. In addition, as
the results averaged over the whole interface in a wind-wave tank, the data of Broecker et al. (10) (quoted from
Jdhne et al. (11)) and Ocampo-Torres et al. (12) are presented. The results in this study indicate that the transfer
velocity increases steadily with the friction velocity and also increases with the fetch under the condition of the
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same friction velocity. Komori et al. suggested that the airflow separated at the wave crest reattaches in front of
the leeward wave, where a high-shear region is formed and surface renewal eddies are generated. For a longer
fetch, the airflow is separated more frequently, indicating that the transfer velocity may increase with the fetch if
the mechanism of Komori et al. is valid for the mass transfer across the air-water interface. However, we do not
have any knowledge of the fetch dependence of surface renewal eddies at present. Therefore, further investigation
is necessary to verify the physical mechanism of the fetch dependence of the transfer velocity. The deviation of the
present results from McGillis et al. becomes greater in the region of low friction velocities, while in the region of
high friction velocities, their results are comparatively close to the present ones for longer fetch. It is also seen that
the present results are relatively large compared to the fetch-averaged transfer velocity. In the case of x = 2.0 m,
the increasing rate of the transfer velocity begins to decrease around u., = 0.3 m/s, and it tends to increase again in
the range of high friction velocities. This behavior has been already reported by Komori et al. (4) and Komori and
Shimada (8). In their experiments, the measurements were made in the region of x = 3 to 5 m. Therefore, their
results correspond to the transfer velocity in the case of a short fetch. From the comparison of the present results
with the results by Komori et al. and Komori and Shimada, it was deduced that the transfer velocity in the case
of a short fetch shows such a behavior against the friction velocity. According to Komori et al., the reason why
the transfer velocity tends to saturate in the region of intermediate friction velocities is that the energy transferred
from the airflow to the water-side turbulence tends to saturate because of the energy consumption by wave growth.

In Fig. 8, the relations between the gas transfer velocity k; and the 10-m wind speed Ujp are shown to
compare the experimental data with previous empirical expressions, in which all the data have been normalized
to kpsoo- Uso was calculated by extrapolating the wind speed to a height of 10 m according to the logarithmic
law. The present results indicate that the increasing rate of the transfer velocity against Ujq increases gradually
with the fetch, and that the magnitude of the transfer velocity is greater than those of Liss and Merlivat (13) and
Nightingale et al. (14) within the wind range in the figure. In the region of Uy < 10 m/s, our results except the case
of x = 2.0 m agree approximately with the expression of Jacobs et al. (15), while in the region of U > 15 m/s,
the results for x = 9.0 and 12.0 m approach the expression of Wanninkhof (7). The difference between the present
results and the expressions of Jacobs et al. (15) and McGillis et al. (9), which are based on the eddy correlation
method, is found to be large in the region of high wind speeds.

PARAMETERIZATION

At this stage of our study, we attempt to parameterize the gas transfer velocity by a dimensional analysis
using the experimental data. We investigate the air-water gas transfer controlled dominantly by the resistance on
the water side such as CO, and O, transfers. For growing wind waves for which the influence of swell can be
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ignored, the local equilibrium is established between winds and wind-waves. In the local equilibrium state, the
growth of wind waves can be determined by the fetch relations (Mitsuyasu (16)) or the 3/2-power law (Toba (17)),
and dominant waves around the spectral peak frequency are regarded as gravity waves, whose the wave height and
period can be determined by the friction velocity u.,, the fetch x and the acceleration of gravity g. Only the gas
transfer velocity under the condition of local equilibrium is chosen as the object of the parameterization. However,
it should be kept in mind that capillary waves always exist on the surface of gravity wind-waves. Therefore, the
gas transfer across the surface of wind waves may be also influenced by capillary waves, i.e., the surface tension,
even though spectral peak waves coi‘respond to gravity waves. Taking these arguments into account, we assume
that the transfer velocity at the surface of wind waves k;, depends on the following quantities:

k= fo(D, Va, Vi, Pas Prws Vs & %, Usa) ~ (10)

where p, and p,, are the densities of the air and water, respectively, and vy the surface tension coefficient defined as
the surface tension divided by p,,. kg seems to be controlled by a characteristic velocity concerning the water-side
turbulence. The characteristic velocity should be affected by the momentum flux across the air-water interface,
and pg, pw, v4 and vy, are considered to be physical properties concerning such a2 momentum transfer. Since the
gas transfer is driven by the near surface turbulence and only deep-water waves are considered, the water depth is
not necessary for the parameterization. According to a dimensional analysis, the transfer velocity &, is described
by the following dimensionless parametérs:

- (n

ky _ (vw Vo pa ¥V gx uia)
D v b g o

Usy Py
Jéhne et al. (6) reported that k;, depends on the Schmidt number except in the case of very low wind speed as
follows:

ko st (12)

{7

This relation is widely accepted. Although Eq. 12 is expressed in terms of the friction velocity on the water side
Uy, this relation is also valid for the friction velocity on the air side u.,,, because Jihne et al. deduced u.,, from u,,
assuming the stress continuity at the water surface. The present experiments were conducted at almost the same
temperature levels, thus the changes in the density and viscosity can be ignored here. Assuming that the change
in the surface tension is also small, we consider the nondimensional parameters on the physical properties to be
constant, i.e.,

Va Pa '73

-— ~const.; =— ~const; -— ~const. 13)

Vo Pw &vi

By considering Eqs. 12 and 13, the nondimensional transfer velocity can be expressed as follows:

1
fiSct _ (gx wy Ve pa y3) _ (14)
w2, 8ve Vw pw gvh

Uy

in which the parameters on the physical properties are kept constant, and two parameters gx/u?, and i3, /gv,, are
varied over the experiments. gx/uZ,, which is used for the fetch relations, is a parameter related to the growth of
wind waves, while 2, /gv, may be interpreted as the ratio of the viscous boundary-layer thickness v, /i, to the
wind-wave scale u2,/g (see Csanady (18)) and it is called the Keulegan number (Keulegan (19)). Therefore, if
we determine f> concretely, we can obtain a nondimensional empirical expression for the transfer velocity. When
we examine the dependence of the nondimensional transfer velocity on gx/u2, or ul,/gv,, we have to fix the
other one. In this study, we turn our attention to the surface of wind waves in the local equilibrium state, thus
the experimental data that do not satisfy the fetch relations or the 3/2-power law, i.e., Ur = 4.0 to 8.0 m/s for
x=20m, Ur=401t06.0m/s for x = 6.0 m, Ur = 4.0, 5.0 m/s for x = 9.0 mand Ur = 4.0 m/s for x = 12.0 m,
should be removed from the parameterization.
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We found five groups whose the values of gx/uZ, were almost the same for each group, and examined the
relations between k;Sc'/?/u., and u3,/gv, against the same group. Fig. 9 shows the relations when the values
of gx/u?, are remained fixed, where the solid lines indicate the fitting curves by the least square method with a
1/3-power function. It is observed from the figure that kLSc‘./ 2 sy 18 proportional to (ufa / gv&,)”3 when gx/ ufd is
kept constant. The similar relation is in approximate agreement with all the groups. This fact shows that f; can
be expressed by the product of functions of gx/u?, and u3,/gv,.

The relation between k;Sc'/?/u,, and gx/u?, when the values of u2,/gv, are set to 1.0 x 107 is plotted in
Fig. 10. The data in the figure are evaluated from the intersections of the fitting curves with the dashed lines
in Fig. 9. This figure shows that the data fit with a 1/2-power function, and that k;Sc'/?/u.,, is proportional to
(gx/ufd)”2 when i3, /gv, is fixed. ; )

From Figs. 9 and 10, the dependence of k.Sc'/?/u,, on gx/u?, and u},/gv, is determined. Consequently, the
nondimensional transfer velocity is found to be

1 1
(2]
u%a 8Va

where A is a constant of proportionality. In Fig. 11, the relation between & Sc'/? / {u*a (gx/ ufa)”z] and u?,/gv,
is drawn to verify the validity of Eq. 15 for the experimental data. The fetch dependence of the transfer velocity
appears to vanish and the data are normalized to a universal relation. The solid line gives an empmcal expression
for the transfer velocity determined by the least square method and it is written as

]

3 34\3

=717 %1075 (ﬁ)z (ﬂﬁ)
u%a gVa

Let us compare Eq. 16 with experimental data of other researchers to reconfirm the validity of the parameteri-
zation. Fig. 12 shows the relation of k;Sc!/? / [u*a (gx/ um) ] with ul,/gv, for the data of other researchers. The
solid line indicates the empirical expression in this study (Eq. 16). Here, the experimental data of Komori et al. (4)
and Komori and Shimada (8) correspond to those for the fetch of x = 4 m.  On the other hand, in the case of
the experiments performed by Broecker et al. (10) and Ocampo-Torres et al. (12), an effective fetch may be a half
length of the whole interface. Thus, we assume that the fetches for Broecker et al. and Ocampo-Torres et al. are
x = 9 and 8 m, respectively. The data of Komori et al. and Komori and Shimada are found to be proportional
to 1/3-power of u3,/gv,, and the behavior agrees approximately with Eq. 16. The results of Broecker et al. and
Ocampo-Torres et al. in the region of high wind speeds also tend to be in proportion to 1/3 power, though they
take somewhat smaller values than Eq. 16. It can be deduced from these comparisons that it is possible to apply
the present parameterization to the data of other researchers.
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In Eq. 16, the nondimensional transfer velocity is given by the function of gx/ ufa. It may be difficult to
determine the fetch in a field, though in a laboratory experiment it can be easily evaluated. Hence, it is convenient
from the view point of practicality to convert gx/u?, to an alternative local wind-wave parameter. Now, we can
replace gx/u?, with the nondimensional energy gE'/2/u?, or the wave-wind coefficient wWpityy/ g by using the fetch
relations. Figs. 13 and 14 show the normalized relations based on gE'/2/u2, and wWpila/ g, Tespectively. In these
figures, the experimental data of Komori et al. (4), (20) are also plotied; the values of w), for Komori et al. (20) were
calculated from the values of Rg = u2,/v,w,, given in their paper. It should be noted here that the present resuits
which do not satisfy the fetch relations are removed. Naturally, the nondimensional relations using gE'/?/u2, or
Wyt /g instead of gx/u?, can be expressed universally with a high accuracy. By estimating the fitting curves for
the present results by the least square method, empirical expressions based on the local wind-wave parameters are

obtained as follows:

! { 1
ki Sc? Ez)(ul,\
L2 = 537x 1073 B0 |[ B an
Uxg ufa 8Va
kLSC% _3 | Wplhsa ’% ui’a %
— = 108 X 1077 | ———] £} . ; (18)
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It appears that the results by Komori et al. (4), (20) agree approximately with Egs. 17 and 18 in the region of high



wind speeds, while in the region of low wind speeds the difference becomes large. The reason for this may be due
to the fact that their results were estimated at the fetch of x = 4.0 m, and that wind waves did not grow enough
under the conditions of low wind speeds at which the fetch relations are invalid.

We have obtained the empirical expressions for the transfer velocity, i.e., Eqs. 16, 17 and 18. These are quite
equivalent through the fetch relations. Eqs. 17 and 18 are expressed in terms of the local wind-wave parameters
consisting of the friction velocity, the total energy and the spectral peak frequency of wind waves, and they are of
much practical use. However, we should note that these empirical expressions cannot be applied to the surface of
wind waves for which the fetch relations and the 3/2-power law are unsatisfactory, i.e., wind waves do not grow,
or the influence of swell cannot be ignored.

CONCLUSIONS

We conducted laboratory experiments in a wind-wave tank in order to examine the parameterization of CO,
transfer velocity at the surface of wind waves. In these experiments, the vertical profiles of the wind speed and
the concentration of CO; in the air were measured at several fetches, and the local CO; flux was estimated by
using the profile method. The concentration of dissolved CO, in the water was quantified by using the gas-liquid
equilibrator. From these experimental results, the local transfer velocity on the water side was deduced. It was
revealed that the transfer velocity increases steadily with the friction velocity, and that it also increases with the
fetch under the condition of the same friction velocity. In addition, the transfer velocity in the present study
became relatively larger than that averaged over the whole interface obtained by other researchers. With regard
to the dependence on Uy, in the region of Ujp < 10 m/s, the present results agreed approximately with the
empirical expression of Jacobs et al. (15) except the case of x = 2.0 m, while in the region of Ujp > 15 m/s, the
results in the cases of x = 9.0 and 12.0 m were comparatively close to the expression of Wanninkhof (7). On the
basis of the experimental results and the dimensional analysis, we parameterized the gas transfer velocity of CO; in
consideration of the fetch dependence. Two dimensionless parameters gx/u?, and u?,/gv,, which control the mass
transfer across the surface of wind waves, were derived from the dimensional analysis. The empirical expression
for the transfer velocity, i.e., Eq. 16, was presented in terms of these parameters. With the fetch relations, the
empirical expressions using gE'/2/u?, or wpi./g instead of gx/u?, were derived as shown in Eqgs. 17 and 18,
respectively. These expressions are formulated by only the local wind-wave parameters and may be of much
practical use in the sense that they do not include the fetch.

The findings of this study were obtained in the fetch-limited wind-wave tank. However, since wind waves
are thought to be a fluid phenomenon with the strong dynamic similarity, we think that it may be possible to
apply the empirical expressions in this study to a field ocean for which the fetch relations and the 3/2-power law
are satisfied. We will inspect the validity of the empirical expressions for field data by carrying out detailed
observations in the future. '
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APPENDIX ~ NOTATION

The following symbols are used in this paper:

A
C.,
C(l’ CW
Cs
D
E
F
Jo, fi, f
4
Hy
ky,
k1600
K;
pCO;
PCOy;
PCO2stare
Rp
S
Sc
T
Wy Usy
Ur
Uio
x
Z
20
Y
ApCO,
K
Var Vi
Vi
Pua> Pw

. o

constant of proportionality of Eq. 15;

representative concentration of CO; estimated from the logarithmic law for CQ»;
concentrations of CO; in the air and water, respectively;

concentration of CO; on the waterside at the air-water interface;

molecular diffusivity of CO, in the water;

total energy of the surface displacement;

CO, flux;

functions in Egs. 10, 11 and 14, respectively;

acceleration of gravity;

significant wave height;

gas transfer velocity of CO, on the water side;

gas transfer velocity for the fresh water at the standard reference temperature 20°C,
eddy diffusivity of COy;

partial pressure of dissolved CO, in the water;

partial pressure of CO; on the air side at the air-water interface;

partial pressure of dissolved CO; in the water at the start of the flux measurement;
dimensionless parameter proposed by Toba and Koga (3), #2,/ Valwp;

solubility of CO; in the water;

Schmidt number, v,,/D;

water temperature;

friction velocities on the air side and water side, respectively;

reference wind speed; »

mean wind speed referred to 10 m height;

fetch;

vertical coordinate axis taken upward from the still water surface;

roughness length;

surface tension coefficient;

difference in partial pressure of CO, across the air-water interface (= pCO,~ PCOx,);

von Karmén constant (= 0.4);

kinematic viscosities of the air and water, respectively;
eddy viscosity;

densities of the air and water, respectively; and
spectral peak angular frequency of wind waves.
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