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ABSTRACT

Heat and gas transport in molecular sublayers at the air-sea interface is governed by similar laws. A model
of renewal type based on the physics of molecular sublayers allows the derivation of a parameterization of the
temperature difference across the cool skin of the ocean and of the coefficient of the direct air-sea gas transfer.
The surface Richardson number controls the transition from convective instability to wind-induced instability
(“rollers” on breaking wavelets) and the Keulegan number controls the transition from the regime of rollers to
long-wave breaking. A critical value of the surface Richardson number and of a nondimensional constant can
be evaluated by comparing the parameterizations of the cool skin with field data. The critical value of the
Keulegan number is determined from the wind speed at which long-wave breaking appears. The parameterizations
have been compared with cool skin data obtained from campaigns in the tropical and subtropical Atlantic
Ocean, while the gas transfer data are compiled from several experiments in the global ocean. The cool skin
data have been used for an adjustment of the parameterization of the direct gas transfer. The parameterization
does not include effects of bubble and droplet production in whitecaps, which can be important at high wind

speed conditions.

1. Introduction

Damping of turbulence by the air-sea interface re-
sults in a formation of molecular sublayers adjacent to
the interface. Viscous, thermal, and diffusion sublayers
all occur adjacent to the sea surface. Surface stresses,
surface waves, and buoyancy forces influence the tur-
bulent mixing near the surface and, therefore, the
thickness of the molecular sublayers.

The viscous sublayer of the ocean is of order 1 mm
thick (Wu 1975; McLeish and Putland 1975; Wu
1984). Near the upper boundary of the viscous sub-
layer, thermal (Saunders 1967; Hasse 1971; Grassl
1976; Katsaros et al. 1977; Paulson and Simpson 1981;
Schluessel et al. 1990) and diffusion (Bolin 1960; Hasse
and Liss 1980; Jdhne et al. 1987; Csanady 1990) sub-
layers exist. The former is also called the cool skin of
the ocean.

For the mean temperature difference AT across the
cool skin of the ocean, Saunders (1967) proposed the
relationship,

Corresponding author address: Dr. Peter Schliissel, Meteorolo-
gisches Institut, Universitit Hamburg, Bundesstrasse 55, D-20146
Hamburg, Germany.
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AT = — A(v/x) Qo ,

Uy Cpp

(1)

where Q is the heat flux just below the sea surface (Qy
< 0); v and « are the coeflicients of molecular viscosity
and thermal diffusion, respectively; u, is the friction
velocity in the upper ocean; ¢, is the specific heat ca-
pacity; and p is the water density. According to Saun-
ders (1967) A varies between 5 and 10 except for con-
ditions with light wind and intense solar insolation.
For calm weather conditions Katsaros et al. (1977)
used the following relationship:

AT = b(ozgxz/u)_l“(—Qo/Cpp)3/4, (2)

where a is the coefficient of thermal expansion of water,
g the acceleration of gravity, and b a nondimensional
coefficient. Csanady (1990) derived a formula for the
gas transfer coeflicient,

K = vSc™'?u,, (3)
where Sc = v/pu is the Schmidt number, u is the coef-
ficient of molecular gas diffusion, and v is a nondi-
mensional constant.

The thermal sublayer in the upper ocean does not
substantially affect the heat exchange between ocean
and atmosphere and, therefore, plays a passive role
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(Paulson and Simpson 1981). At the same time, air—
sea gas transport substantially depends on parameters
of the oceanic diffusion sublayer. Due to low gas dif-
fusivity in water compared to the rather high gas dif-
fusivity in air the diffusion sublayer provides the main
resistance to atmosphere-ocean gas transport (Bolin
1960).

Despite different roles in the heat and gas exchange
at the air-sea interface, the thermal and diffusion sub-
layers of the ocean are governed by similar laws. The
aim of this paper is to develop a universal parameter-
ization of the thermal and diffusion sublayers that is
valid for a wide range of wind speeds. The readily
available cool skin data can then be used for an ad-
justment of the gas transfer parameterization.

2. Dimensional analysis

Here we ignore bubble and droplet production in
white caps and hence consider only the direct heat and
gas fluxes at the air-sea interface. In the case of sta-
tionary weather and wave conditions, one can expect
the temperature difference across the cool skin of the
ocean, AT, and the gas transfer coefficient, K, as fol-
lows:

AT = functionr(u, qo, @, &, v, pt, &, H), (4)

(5)

where go = — 0o/ ¢pp, Qo is the vertical heat flux at the
sea surface due to latent and sensible heat fluxes as well
as net longwave radiation flux, and H is the depth of
the upper-ocean mixed layer. Relations (4) and (5)
take into account the influence of thermally driven
convection, wind-induced turbulence, and gravity
waves on the molecular sublayers. Relations (4) and
(5) do not contain, however, the solar radiation flux.
In the near-surface water the solar radiation is a volume
source of heat and does not directly affect the molecular
sublayers (excluding conditions of strong solar inso-
lation near local noon time) (Soloviev 1987).

A standard dimensional analysis of (4) and (5) leads
to the following relations:

AT‘/ T* = fT(R./(‘)’ SC, Pr’ Ke’ RaH)9

K= quCtionG(u*’ 4o, @, &, V, M, K, H)’

(6)
K* = fo(Rf,, Sc, Pr, Ke, Ray), (7)

where T, = qo/ Uy, K = K/u,, fr, and f; are nondi-
mensional functions and their nondimensional argu-
ments Rfy = —agqov/u%, Sc = v/u, Pr = v/x, Ke
= u3/gv, and Ray = aggoH*/vk>.

In the upper ocean the global Rayleigh Number
(Ray) is usually very large. It is well known from the
theory of turbulence that, in a fully developed turbulent
flow, parameters of a boundary molecular sublayer no
longer explicitly depend upon the external scale of the
flow. In particular, Foster (1971) showed that, for large
values of convective layer, thickness parameters of the
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surface molecular sublayer do not depend upon H.
Hence one may assume here a hypothesis of self-sim-
ilarity on the Ray number. Consequently Ray drops
out of number of the determinant parameters and (6)
and (7) reduce to

AT/ T, = Fr(Rfp, Sc, Pr, Ke), (8)

K* = Fg(Rfy, Sc, Pr, Ke), (9)

where Fr and Fg are universal functions.

The parameter R/, can be identified as a surface
Richardson number. From the definition of the Rich-
ardson number, Rf = agqop/(7du/dz), in the near-
surface layer of the ocean and from the relation for the
momentum flux, + = —pvdu/dz, within the viscous
sublayer one can derive the following relation:

Rf(z <3,) = —agqov/ut = Rfp,

where du/ dz is the shear in the boundary-layer current,
6, is the thickness of the viscous sublayer, and 7
= puZ. The nondimensional number Rf, can hence
be named the “surface Richardson number” (Ku-
dryavtsev and Soloviev 1985). The nondimensional
parameters Sc, Pr, and Ke are the Schmidt, the Prandtl,
and the Keulegan numbers, respectively (see Csanady
1978). Elucidation of dependencies (8) and (9) is pos-
sible within the framework of a physical model of the

molecular sublayers.

(10)

3. Renewal model

There have been many previous studies relevant to
modeling molecular sublayers. Kim et al. (1971) ob-
served that the turbulent momentum transport and
production in the wall layer takes place intermittently
in time and space through small-scale bursting motions.
Liu and Businger (1975) developed a method for cal-
culation of temperature profiles in molecular sublayers
by assuming that the sublayers undergo cyclic growth
and destruction. Kudryavtsev and Luchnik (1979) and
Kudryavtsev and Soloviev (1981) described the tran-
sition from free to forced convection in the near-surface
ocean. Later Kudryavtsev and Soloviev (1985) derived
a parameterization of the temperature difference across
the thermal molecular sublayer at low and moderate
wind speeds. Laboratory measurements at Tohoku
University by Toba and his colleagues (Toba 1985;
Ebuchi et al. 1987; Okuda 1982) revealed the important
role of breaking wavelets in the water renewal at free
surfaces. Recently, Csanady (1990) carried out a fine
study elucidating the role of the rollers in air-sea gas
transfer. Soloviev (1991) derived a parameterization
of the oceanic molecular sublayers at low, moderate,
and high wind speed conditions. The aforementioned
studies allow us to develop a model of renewal type
based on the physics of molecular sublayers and to
derive parameterizations for both the temperature dif-
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ference across the cool skin of the ocean and air-sea
gas transfer.

Following Liu and Businger (1975), we consider a
fluid element adjacent to the sea surface. Initially it
has a uniform temperature and concentration of scalar
property equal to the bulk-water values. As it is exposed
to the interface, the surface flux (Gy) of a scalar property
C and the temperature difference (A7) across the ther-
mal sublayer are governed by the appropriate molecular
diffusion laws [at constant concentration difference
(AC) and at constant heat flux (go), respectively]:

Go(t) = 7'2(¢/p)>AC  and
AT(2) = 2x712(1/x) " ?qo,

where = = 3.14.

The vertical flux of heat just below the sea surface
is usually upward and equal to the sum of the flux to
the atmosphere of sensible heat (Q7), latent heat (Q;),
and net longwave radiation (Qg); that is, —c,pqo
= —(Qr + Qr + QF) where we neglect the effect of
solar radiation because it is a volume source of heat.
Because values of Q; and Qr do not markedly depend
upon the temperature difference across the cool skin
(Paulson and Simpson 1981) and usually |Q; + QOf]|
> |Qr|, the condition of constant heat flux is more
appropriate for the description of the cool skin than
that of constant temperature difference. At the same
time, the condition of constant concentration difference
follows from the fact that the water diffusion sublayer
provides the main resistance to the air-sea gas transfer
(Bolin 1960) and therefore contains the main gas con-
centration difference at the ocean-air interface.

The averaged temperature difference across the cool
skin of the ocean can be defined as follows from Ku-
dryavtsev and Luchnik (1979):

T * —1 ! ' ’
AT—L plt)t (fo AT(t)dt)dt, (12)

(11)

where p(t) is the probability density for time periods
t of bursting motions in the molecular sublayers; that
is, the probability of local destruction of the molecular
sublayers in a time interval (¢, ¢ + dt) where ¢ is the
elapsed time since the previous destruction.

The averaged surface gas flux can be defined anal-
ogously:

G, =L p(t)z“(fo Go(t’)dt')dt. (13)

Experiments by Rao et al. (1971) on the structure of
the boundary-layer turbulence indicated that the time
between bursts is distributed according to a log-normal
law. The probability density for such a process is given
by

p(t) = (m)"'2(ot)™" exp(—(Inz — m)?/c?),

t>0, (14)

SOLOVIEV AND SCHLUSSEL

1341

where m is the mean value of Inz and o2 the variance
for the logarithm of the random variable ¢. By use of
Eq. (14), we obtain from (11)-(13)

K =272 exp(302/16)(14/1)""/2,
AT = (4772 /3) exp(— 02/ 16)(t./ k) *qo,

(15)
(16)

where K = Go/AC is the gas transfer coefficient, and
t, = exp(m + ¢%/4) is the mean time between bursts.
The spatial scale of bursting motions is apparently re-
stricted from below by the internal scale of turbulence
(Csanady 1990). Both the thermal and the diffusion
sublayers are much thinner than the smallest eddies.
Therefore, our model assumes the bursting motions to
affect the thermal and diffusion sublayers in the same
manner and the quantity ¢ in (15) to have the same
value as the quantity ¢ in (16). Furthermore, assuming
different quantities ¢ in (15) and (16) actually would
result only in different quantities of the nondimensional
coefhicients in (15) and (16). However, this cannot
change the final parameterizations because all the coef-
ficients will be determined empirically from field data.
We consider three wind speed regimes:

I) Calm and low wind speed conditions (the wind
speed at a height of 10 m, 1,9 =~ 0-5m s™!). The cyclic
injections of fluid from the molecular sublayer are of
convective nature. The time period of the injections is
defined by Foster (1971):

t, = Cdv/aggy)'’?,

where C, is a dimensionless constant.

II) Moderate wind speed conditions (4,0 =~ 5-10
m s~!). According to Csanady (1990) the most intense
surface renewal on a wind-blown surface is caused by
viscous surface-stress variations associated with rollers
on breaking wavelets. The time period of these varia-
tions can be defined as

t,=Cwlui,

(17)

(18)

where C, is a dimensionless constant.

III) High wind speed conditions (u;o = 10 m s™').
Long surface wave breaking suppresses the short wave-
lets (Banner et al. 1989) and changes the law of the
gas transfer at the air-sea interface (Csanady 1990).
The main renewal is caused by long surface wave
breaking. For fully developed wind waves the time scale
of the surface renewal depends on the parameters u,
and g. A dimensional analysis results in the following
relation:

tw = Cutly /g, (19)

where C,, is a dimensionless constant.

According to Kudryavtsev and Soloviev (1985), the
surface Richardson number (R fy) controls the tran-
sition from free (I) to forced (II) convection in the
near-surface water. The Keulegan number (Ke) ap-
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parently controls the transition from rollers (II) to long-
wave breaking (III} in the near-surface ocean. The ex-
posure time (¢, ) can then be expressed as

Cdv/aggo)'? at 0 < uy < (—oagqov/Rf)"*

Cw/ul at

t =
* (—agqov/Rfir)'/* < u,

< (Ke.vg) 173

Coty/g at u, > (Ke,wg)'/?, (20)

where R f,, and Ke,, are critical values of surface Rich-
ardson number and Keulegan number, respectively.

Combining (15) and (16) with (20) leads to the for-
mulas

AT/T, = APr'?F(Rfy, Ke), (21)

K* = AAG'Sc™V2F,(Rfy, Ke) ™!,  (22)

where T, = qo/uy, Pr = v/x, A = (877'/3) exp(o?/
8), Ao = (477 '2/3) exp(—¢?/16)C}/?, and

(Rfo/Rf)"* at |Rf| = |RI,
at
F\(Rfy, Ke) =
1(Rfo, Ke) IRf| < |Rf.,| and Ke < Ke,,,
(Ke/Ke,)'"? at Ke > Ke,,, (23)
Where Rf;-, == _(Cx/Cr)zy KeL’r = Cr/Cw-

Expressions (21) and (22) for heat and gas transport
at the air-sea interface happen to be closely related.
This is not surprising because both the gas transfer and
the heat exchange in molecular sublayers are governed
by similar laws.

Estimates of Ay and RJf,, have been made by Ku-
dryavtsaev and Soloviev (1985) on the basis of Grassl’s
(1976) cool skin data: Ap = 13.3 and Rf, = —1.5
X 107*. An estimate of the critical value Ke ~ 0.18
can be obtained from the definition of the Keulegan
number, Ke = 13/ gv, and from the critical wind speed,
u;p ~ 10 ms™!, at which, according to the visual
Beaufort scale, long-wave breaking sets in [where
= u0c18%(0a/0)"?, 10 is the drag coefficient, p, is the
air density, and v = 1.2 X 10 ® m?s™'].

For convenience in practical use we truncate (23)
in the following way:

F](Rﬁ), Ke)
~ (1 +Rf/RL)V4(1 + Ke/Ke,)' %, (24)

The truncated version of F (R fy, Ke) only slightly dif-
fers from the original version (23). Relations (21) and
(22) can then be rewritten in the final form:
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AT/T, = AgPr'?(1 + Rfy/Rf,) V4

X (1 + Ke/Ke,)'"2, (25)
* = AA5'Sc™2(1 + Rfy/Rf,)V
X (1 + Ke/Ke,)™'2. (26)

For calm weather conditions (25) and (26) have the
following asymptotes:

o

AT = AoPr'/2(—agqow/ R fo 27)
K = ANG'Sc™"2(— agad® IRS)®.  (28)

Formula (27) is similar to (2), obtained by Katsaros
et al. (1977) for calm weather conditions, and the ap-
propriate nondlmensmna] coefficients are intercon-
nected by b = Ao(— R f,) /¥

For moderate wind speed conditions, parameteriza-
tions (25) and (26) reduce to

AT = AoPI”lquu;l (29)

K = AAG'Sc™1/2 (30)
being apparently similar to (1) and (3), respectively.
The appropriate nondimensional coefficients are in-
terconnected in the following way: A = AoPr='/? and
v = AAG'.

For high wind speed conditions, (25) and (26) have
the following asymptotes:

_ Iz
AT = AoPr'/*(vgKe,)"qoui/?, (31)
K = FAAG'Sc™ 2 (vgKe,) 2uz' 2. (32)

For high wind speeds there are no previous parame-
terizations of the temperature difference across the cool
skin and the gas transfer coefhicient. At high wind speed
conditions, bubble production in white caps can sub-
stantially affect the air-sea gas exchange. According to
Woolf and Thorpe (1991 ) the traditional equation for

describing the net air-sea flux, Go = —k(C, — C.),
should be modified to the form,
Go = —k[C,(1 + A,) — C,], (33)

where C, = sp,, s is the solubility of the gas, p, the
partial pressure of the gas, and C,, the gas concentration
in the mixed layer of the ocean. The equilibrium frac-
tional supersaturation of the gas resulting from the bal-
ance of direct and bubble-mediated transfer (Woolf
and Thorpe 1991),

A, = 0.01(V/Vy)?, (34)

where V'is the wind speed and V} is the reference wind
speed; the latter is equal to 7.2 m s~! for nitrogen, 9.0
m s~! for oxygen, 9.6 m s~! for argon, and 49 m s~
for carbon dioxide.

Bubble-mediated heat transport is apparently neg-
ligible in comparison with the direct one at the ocean—
air interface due to the low heat capacity of air inside
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FIG. 1. Dependence of go/ AT vs wind speed « according to mea-
surements by Schluessel et al. (1990). Open circles indicate AT
<0.15K.

the bubbles. At wind speeds greater than about 15-17
m s™!, droplet and spray production by breaking waves
becomes an important mechanism of the air-ocean
heat and mass transport ( Bortkovskii 1973). However,
recent estimates made by Andreas (1992) demonstrate
that the spray latent heat flux can be substantial already

at wind speeds greater than 10 m s™!.

4. Comparison with experimental data and
discussion

Radiation thermometers may be used to measure
the sea surface temperature and thereby the tempera-
ture difference across the cool skin (Saunders 1967;
McAlister and McLeish 1969; Hasse 1971; Grassl 1976;
Paulson and Simpson 1981). Recently, Schluessel et
al. (1990) observed the difference between bulk and
skin temperature (AT) at different wind and surface
heat flux conditions. The nighttime values of hourly
mean heat flux gy normalized by simultaneous hourly
means of AT (a thermal analog of the gas transfer coef-
ficient) are shown in Fig. 1. The accuracy of the skin
temperature measurements by Schluessel et al. (1990)
was AT, = 0.05 K. To compare the parameterization
(25) with the field data we rejected data with AT
< 0.15 K, that is, data with relative errors greater than
or equal to 0.3 (in Fig. 1 these data are drawn as open
circles). The rejection criterion was consistent with the
estimated error in the heat flux and friction-velocity
estimates. According to Fig. 1 the points with AT
< 0.15 K, constituting 32% of the full nighttime dataset,
indeed introduce a large scatter into the ‘“heat transfer
coefficient,” go/ AT.

The temperature difference across the cool skin of
the ocean was initially parameterized by ascribing a
constant value to the nondimensional coefficient A
= AT/T, (Saunders 1967). Grassl (1976), Wu
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(1985), and Schluessel et al. (1990) found that A varied
with wind speed. Kudryavtsev and Soloviev (1985) ex-
plained the behavior of A at low wind speed conditions
by the transition from forced to free convective insta-
bility. Parameterization (25), being a generalization of
that of Kudryavtsev and Soloviev (1985), includes this
effect.

Figure 2 compares averaged nondimensional tem-
perature differences as obtained by Schluessel et al.
(1990) with parameterization (25). According to Fig.
2, at low wind speed conditions, parameterization (25)
with coefficients Ao = 13.3 and Rf,, = —1.5 X 107*
[the coefhicients obtained by Kudryavtsev and Soloviev
(1985) with Grassl’s (1976) cool skin data] well de-
scribe the experimental data. The parameter A increases
from 0 at calm weather conditions to approximately 5
at moderate wind speeds where the slope of the curve
slightly decreases. At wind speeds greater than about
u10 =7 m s™', the slope is enhanced again. The graph
in Fig. 2 is not convenient for an analysis at high wind
speeds because (25) also includes the dependence on
the Keulegan number.

Figure 3 compares parameterization (25) at Ag
=133, Rf, = —1.5 X 107*, and Ke, = 0.18 with
hourly mean temperature differences across the cool
skin. The mean and rms differences between measured
and parameterized temperature differences across the
cool skin of the ocean are equal to —0.03 K and 0.12
K, respectively. There appear to be some differences
between the model prediction and the observations that
vary with time. But the mean systematic difference

Uy [ms-1)
0 5 10
. . .
T T L} T L T T T T 1 1 T 1
. 30 + -
~ 1 +10
- i -
5 B
S 204 1A
e T 202 .
B % ! + s
i 37 9 i
10 1 i ]
VIR i
0 L ! il L L : 5 1 1 i : I 1 ) _\_ 0
0 10 0
{-R1g)-1/4

FIG. 2. Plot of averaged values of Pr='/2AT/ T, vs (=R f,)™'/%.
The points are averages over intervals A(—Rfy)™"/* = 2 from
(—Rf5)™"4 = 3.0 through (— R fy)'/* = 24.0. The point at (— R f5) ~'/*
= 3.0 is a single one and the point at (— R f5) /4 = 24.0 is an average
over the interval 21.0 < (—Rfy)~"/* < 27.0. The vertical bars represent
95% confidence limits and the numbers below each bar indicate the
number of points averaged. Solid curves represent parameterization
(25) at two different dynamical temperatures: The lower curve ap-
propriates to Ty = 0.003°C, the upper one to 7', = 0.01°C. Additional
coordinates A and u,, are plotted for comparison with results from
previous papers showing the dependence of the coefficient A = AT/
Teon upatPr=73and Q= —100 W m™2.
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(—0.03 K) is within the limits of the accuracy of the
skin temperature measurements (0.05 K). Systematic
differences that vary with time might be an expression
of effects that have neither been accounted for in the
experimental setup nor in the parameterization. These
could be effects due to a thermal stratification of the
upper mixed layer of the ocean between the surface
observed by the radiometer and the bulk temperature
that was measured at a depth of 2 m. Another but
minor factor of uncertainty are horizontal temperature
gradients because skin and bulk temperatures were
measured at different locations separated by a hori-
zontal distance of about 30 m. The implication for the
test of the parameterization is a rather high rms error.

In Fig. 4 the field data on gas transfer coefficient X
= K"u, collected by Broecker and Peng (1974), Peng
et al. (1979), and Broecker et al. (1986) over almost
the entire World Ocean are plotted versus wind speed.
Great random scatter of the experimentally obtained
values can mainly be explained by problems in gas
transfer measurements at varying weather conditions
(the procedure was not direct and required stable wind
speed conditions during several days of sampling). A
comparison of parameterization (26) with field data
by Peng et al. (1979) obtained for the well-soluble gas
radon under conditions of strong supersaturation re-
sults in an estimate of 4 ~ 1.85.

Figure 5 compares data on the “heat” (go/AT) and
gas transfer (K) coeflicients with the parameterizations.
Due to a lack of original gas transfer datasets, we had
no possibility to use a threshold on relative error similar
to that used in the analysis of the cool skin data. There-
fore, the scatter of points in Fig. 5b is substantially
greater than in Fig. 5a. The data analyzed in Fig. 5 are
expected to be relevant for comparison with parame-
terizations (25) and (26). The cool skin data in Fig.
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F1G. 4. Gas transfer coefficient vs friction velocity in the upper
ocean according to Broecker and Peng (1974), Peng et al. (1979),
and Broecker et al. (1986).



JUNE 1994

(2]

a)

PrV/2p4q /AT
N

3 4
uy lem/si
T
)
1
o+ 2 : -+
] \ 1 2 3 4
Q,=-20Wm™2 uy lem/sl

FIG. 5. Comparison of cool skin (a) and gas transfer (b) data with
universal parameterizations (25) and (26). Solid lines represent the
parameterization with different values of heat flux (Q,) just beneath
the sea surface and at v = 1.5 X 1072 ¢cm™ s~ Points are experimental
data on the cool skin of the ocean (Schluessel et al. 1990) (a) and
on the air-ocean gas transfer coefficient for well-soluble gas radon
under conditions of strong supersaturation (Peng et al. 1979) (b).
The vertical bars represent 95% confidence limits and the numbers
below each bar are numbers of points averaged. Dashed lines represent
the traditional parameterizations ( 1) and (3).

5a are obtained in a wind speed range of 0-13 m s~'.
Indirect heat transfer due to droplet and spray pro-
duction is expected to be respectively small in the range
of 0-10 m s~ (Bortkovskii 1973; Andreas 1992). So
the indirect heat transfer can affect only the last right
point in Fig. 5a. The gas transfer data in Fig. 5b refer
to the well-soluble gas radon under conditions of strong
supersaturation, therefore in (33) and (34) A, < 1 and
C, < C,,.. Hence, for the data analyzed in Fig. 5b, the
bubble-mediated gas transfer is probably negligible.

According to Fig. 5a, the parameterization (25) is
in agreement with the cool skin data. It describes the
experimental data more correctly in a wide range of
wind speeds than traditional parameterizations. The
parameterization (26) with the same coefficients Ag
and R f., (obtained from the cool skin data) is not in
contradiction with the gas transfer data. However, at
high wind speeds the data on gas transfer appear to be
insufficient to draw any conclusions about the validity
of the parameterization.

Recently, Watson et al. (1991) determined gas
transfer coefficients at high wind speed conditions.
Unfortunately, their technique utilizes a poorly soluble
gas that does not allow a comparison with our param-
eterization. According to Woolf and Thorpe (1991)
the gas transfer rate for poorly soluble gases can sub-
stantially depend upon bubble-mediated transfer pro-
cesses at high wind speeds.

SOLOVIEV AND SCHLUSSEL

1345

5. Conclusions

Modeling surface renewal results in universal and
convenient parameterization for the cool skin of the
ocean and air-sea gas transfer. At moderate wind
speeds the parameterization agrees with traditional
ones. At low wind speed conditions it differs greatly,
describing experimental data more correctly. According
to parameterizations (25) and (26) at calm weather
conditions the “heat” and gas transfer coefficients are
nonzero and depend upon the heat flux through the
sea surface. At high wind speed conditions (25) and
(26) predict a small decrease of the coefficients. This
is in agreement with the cool skin data and does not
contradict the gas transfer data for the well-soluble gas
radon at strong supersaturation. However, at high wind
speeds the data do not appear to be fully adequate to
test the parameterizations involving only direct heat
and gas transfer mechanisms at the air-sea interface.
Bubbles and spray produced in breaking waves can
increase gas and heat transfer rates at the air-sea in-
terface, thereby raising uncertainty about the validity
of the new parameterizations at high wind speeds.
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