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Abstract

From dimensional considerations it is deduced that in wind–windsea equilibrium
the fluid dynamical conditions can be described by only two nondimensional param-
eters. One is the wave age for the representative windsea. This describes the degree
of windsea development relative to the local wind.The other is the windsea Reynolds
number RB, which is defined by u2∗/νσp, where u∗ is the air friction velocity, ν is
the air kinematic viscosity, and σp is the angular frequency at the windsea spectral
peak. RBwas introduced by Toba and Koga in 1986, and formerly it was denoted as
the breaking-wave parameter. It is the fundamental controlling parameter for the
windsea boundary layer, and consequently for the behavior of air–sea transfers.
RBis shown to be much superior to the 10-m wind speed, U10 or u∗, in studying the
behavior of transfer coefficients.

The air–sea CO2 transfer has traditionally been expressed in terms of a transfer
velocity kLas a function of U10. We propose the use of a nondimensional transfer
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54 Atmosphere–Ocean Interactions

velocity kL/U10, motivated by the drag coefficient CD for the momentum transfer.
Existing data show that there is fundamental similarity in the behavior of these
nondimensional coefficients, with some dissimilarity in a range of RB. Detailed
findings are as follows.

1. Though CD generally increases with RB, laboratory data show two troughs, or
critical points at RB = 2×102 and 103, with a flat bulge region in between. The
first trough corresponds to the transition from the region where tangential stress
prevails to the occurrence of airflow separation and reattachment to create the
form drag. RB = 103 is a conspicuous critical point beyond which windsea
breaking occurs on the fully rough water surface, namely it is the transition to
the full turbulence regime of the windsea boundary layer.

2. Between RB = 2 × 102 and 103, kL/U10 decreases. The reason is that in gas
transfer processes, the mechanism corresponding to the pressure–force for the
momentum transfer is not available.

3. Field data, under the usual swell conditions, show smaller values or a remark-
able shift of the second critical point to larger values in RB, for both the non-
dimensional transfer coefficients. This corresponds to the fact that windsea
energy becomes small in the presence of swell in some conditions, causing the
sea surface to be dynamically smoother.

4. Distributions of data points from windsea tank experiments and from field
experiments coincide with each other on the CD vs. kL/U10 and the CD vs. kL
diagrams.

We propose further studies of the behavior of the nondimensional air–sea CO2
transfer coefficient, as well as CD, as a function of RB, under various swell con-
ditions, and for unsteady winds, in order to match the contemporary evolution of
oceanic data sets with powerful new numerical simulations and ocean-wave models
that are presently being generated.

1 Introduction

Coupled atmosphere–ocean models have made remarkable progress in recent years.
In associated observational programs for global oceans, a new system of Argo
floats are being deployed, which will collect 3000 CTD data points a day over the
worlds’ oceans. Moreover, enhanced satellite observations and a four-dimensional
assimilation system, which the Global Data Assimilation Experiment (GODAE)
will develop, are opening a new age of oceanography, a data revolution. In this new
age, estimates of air–sea fluxes, including momentum and gas transfers, appear out
of date, using only the 10-m wind speed and the air–sea partial pressure difference
for gas transfers, respectively, neglecting the effect of sea state. With regard to
the latter, Soloviev and Schlüssel [1] and others have proposed the necessity of
sea-state dependence if gas transfer estimates are to be improved.

This chapter considers the challenge of determining a better parametrization to
estimate the global CO2 transfer between the atmosphere and the oceans, in light of
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laminar–turbulent regimes at the air–sea interface, which are greatly related to local
wind and wind waves. Hereafter, we will use the term windsea for wind waves, after
the terminology of Csanady [2], to express special fluid dynamical phenomena of
wind waves, such as nonlinear coupling of water waves with local wind drift and
turbulence, caused by the wind at the air–sea interface (cf. Toba [3, 4]). Regarding
processes related to momentum and the gas transfers, both the skin friction and the
form drag are important for the momentum transfer, whereas for the gas transfers
the mechanism corresponding to the form drag is missing and contamination by
small surface-active impurities is an important factor. However, in both cases the
transfers are driven by turbulence rather than mere interface transfers. Wind-wave
breaking, including incipient breaking, is closely related to the surface renewal as
well as to the state of turbulence.

Toba and Koga [5] proposed the breaking-wave parameter RB to systematically
describe various air–sea boundary processes. RB is defined by u2∗/νσp, where u∗ is
the air friction velocity, ν is the kinematic viscosity of air, and σp is the windsea
spectral peak frequency. In this chapter, we rename RB the windsea Reynolds num-
ber, since it is, from dimensional considerations, the only fundamental Reynolds
number to describe fluid dynamical similarity conditions for windsea boundary
layer phenomena, under the conditions of wind–windsea equilibrium. From obser-
vational data analyses, RB has already proven very effective in expressing the
windsea breaking rate (Toba and Koga [5]), the whitecap coverage (e.g., Zhao and
Toba [6]), and sea-spray droplet production (Iida et al. [7]). We will consider the
behavior of the transfer coefficients for momentum and CO2.

We briefly review the present status of the transfer coefficients: momentum trans-
fer in Section 2.1 and CO2 transfer velocity kL in Section 2.2. Then, in Section 3.1
we present a review of the wind–windsea equilibrium dynamics resulting in the
similarity laws for windsea, the 3/2-power law, and in Section 3.2, using non-
dimensional analyses, we show that a single representative parameter can describe
the windsea state itself, or the wave age. We also show the importance of RB in
describing the associated fluid dynamical similarity for the air–sea boundary layer
including pure windsea phenomena. We review the past data on availability of RB
for wave-breaking related phenomena in Section 3.3. In Section 4 we present a
new description of the behavior of the drag coefficient CD in light of RB, and we
provide motivation for its interpretation as the windsea Reynolds number. We will
point out that the traditional transfer coefficients, as functions only of the wind
speed and of the air–sea partial pressure difference for gases, are unstable quanti-
ties by themselves, because of dominating nonequilibrium conditions: dynamical
contamination such as swells and the unsteady winds. In Section 5 we present new
findings with respect to the similarity between the behavior of CD and kL from the
viewpoint of RB, using observational data. We give physical interpretations, as far
as possible, to propose a new nondimensional CO2 transfer velocity.

Finally, we propose further studies of the nondimensional transfer coefficients,
to provide better estimates of global air–sea transfers appropriate for this age of
the ocean data revolution. We also briefly discuss the outstanding questions that
remain to be investigated.
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2 Present status of air–sea transfer coefficients

2.1 Momentum transfer (drag) coefficient

Historically, the sea-surface wind stress, τ, was expressed by

τ = ρCDU 2
10 (=ρu2∗), (1)

whereρ is the density of the air, CD is a dimensionless drag coefficient, and U10 is the
10-m wind speed. This equation actually defines CD and the air friction velocity u∗.

The original meaning of eqn (1) is

τ = CD�MU10, �M = ρU10, (2)

where �M is the difference of air momentum between the 10-m level and the sea
surface, and it is assumed that τ should be proportional to both �M and U10. For a
solid surface, CD is actually a constant of the order of 103, differing according to the
nature of the surfaces. Windsea exists at the air–sea boundary, and observations have
shown that CD is not a constant but highly variable, even under neutral stratification
conditions. It has traditionally been assumed that this scatter may be expressed as
a function of U10. However, CD should actually be a measure that extracts (or
amplifies) delicate variations due to the unsteady wind and the state of windsea,
though observational errors are also being amplified.

A series of recent observations have shown a compact distribution. An example
is a formula presented by Yelland et al. [8], expressed as

103CDN = (0.50 ± 0.02) + (0.071 ± 0.002)U10N (6 < U10N < 26 m/s), (3)

where the subscript N indicates neutral stratification. This data was obtained by
the inertial dissipation method in deep water, with a correlation coefficient of 0.80
for 1111 data points. However, there was considerable scatter among individual
measured values (e.g., Yelland and Taylor [9], their fig. 7.5). This scatter was con-
sidered to be caused by the effect of windsea, in seas ranging from young to old,
and swells.

There have been many attempts to determine the cause of the data scatter, but
they have not been fully successful. Figure 1 shows one of these recent efforts. It
is a synthesis of observational data from laboratory experiments as well as open
ocean data, with an overall parametrization proposed by the SCOR Working Group
101 (Jones and Toba [10]). The data are expressed in terms of the nondimensional
roughness parameter (gz0/u2∗) as a function of the inverse wave age β−1 = (u∗/Cp),
where g is the acceleration due to gravity, z0 is the aerodynamic roughness param-
eter (associated with the neutral stratification CD), and Cp is the phase speed of the
wind-wave peak frequency. The latter represents the state of windsea conditions.
The SCOR formula was expressed as

gz0/u2∗ = 0.03βexp(−0.14β), ∼ 0.35 < β < 35

= 0.008, β ≥ 35 (light winds over swell). (4)
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Figure 1: Asynthesis of sea-surface drag data observed at laboratories and seas. The
data are expressed in terms of the nondimensional roughness parameter
(gz0/u2∗) as a function of the inverse wave age β−1 = (u∗/Cp). An overall
formula [eqn (4)] proposed by the SCORWorking Group 101 is shown as a
thick curve. The figure is from Jones and Toba [10] with some additional
recent data. The right hand cluster of data points are from laboratory
experiments and the left hand cluster are from field observations.

The Jones and Toba [10] SCOR report presented comprehensive reviews on various
effects that can cause the scattering in measurements of CD. These included the
presence of windsea and swell, unsteady winds, atmospheric boundary layer rolls,
large time and space averages of data, surface tension biases in observations, spatial
inhomogeneity, basin boundaries, and the effect of stability, constituting another
important atmospheric boundary layer factor. Recent data taken at a tower station
by Suzuki et al. [11] showed that crosswind swells also significantly reduced CD.

2.2 CO2 transfer velocity

The CO2 flux F through the water surface has usually been expressed by:

F = kLS�pCO2, (5)

where kL is the gas exchange coefficient, S is the solubility of the gas, and �pCO2 is
the difference between the partial pressures of the gas in air and in water. The value
of kL is to be determined empirically. It is important that kL has the dimensions of
speed (m s−1), which is different from the case of CD.
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Although the CO2 transfer velocity kL across the air–sea interface has been
measured by a number of investigators in oceans and lakes (McGillis et al. [12];
Fairall et al. [13]; Haubecker and Jahne [14]; Wanninkhof et al. [15]; Watson et al.
[16]; Cember [17]; Broecker et al. [18]), the field data for kL plotted against U10
are very scattered among individual studies. The scatter may have been caused by
factors such as windsea, swell, density stratification, surfactants, bubbles, and so
on (e.g., Komori and Shimada [19]; Komori and Misumi [20]).

However, one of the biggest problems in previous studies was that the scattered
kL data were usually correlated by monotonous increasing curves with U10 (e.g.,
Liss and Merlivat [21]; Wanninkhof [22]) and the validity of the correlation with
U10 has not been physically discussed.

The CO2 transfer across the air–sea interface is controlled by a laminar–turbulent
regime shift of the windsea boundary. Turbulent motions on the liquid side beneath
the interface are especially important. Komori et al. [23] first verified that surface-
renewal eddies on the water side control heat transfer across the air–water interface.
The significant role of surface-renewal eddies on the CO2 transfer has been con-
firmed in both an open channel flow with an unsheared air–water interface (Komori
et al. [24]) and a wind-driven turbulence with a sheared interface (Komori et al.
[25]). These studies have found that kL follows the surface-renewal concept in the
low and middle wind speed region without wave breaking. That is, kL is propor-
tional to the square root of the frequency of appearance of surface-renewal eddies
f 1/2
s . In addition, Komori et al. [26] showed that kL remarkably increases in the

wave-breaking region, since the effect of very tiny surfactants disappears owing to
wave breaking. These results suggest that kL should be correlated not solely with the
wind speed but with a parameter that should be constituted by the surface-renewal
frequency fs, and also the wave-breaking ratio. However, it is almost impossible
to estimate the surface-renewal frequency directly from available remotely sensed
observational data, and therefore we have to find a new parameter that reflects both
the turbulence structure and the wave-breaking occurrence.

A recent paper by Zhao et al. [27] is one effort in this direction. We will present
a further comprehensive effort in Section 5.

3 Wind–windsea equilibrium and nondimensional windsea
boundary layer variables

3.1 Wind–windsea equilibrium: similarity laws of windsea

Nonlinear interactions between the wind and the windsea are very strong. They
include turbulence, shear flows, the form drag and breaking of the air–water inter-
face, and the related microphysical processes at the air–water interface, together
with the breaking of waves themselves. As a result of these strong interactions,
there are statistical similarity laws particular to the windsea field. In this section,
these similarity laws are briefly reviewed. The similarity laws give a basis for the
pure windsea field being expressed by using a single nondimensional parameter,
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and also for the importance of the windsea Reynolds number. A detailed review of
these similarity laws is given by Toba [3, 4, 28].

3.1.1 The 3/2-power law
For growing windsea under steady wind conditions, i.e., for windsea in local equi-
librium with the wind, there exists the 3/2-power law which is expressed as:

H∗ = BT ∗3/2, B = 0.062, (6)

where H∗ = gHs/u2∗ and T ∗ = gTs/u∗, Hs is the significant wave height, Ts is the
significant wave period, and B is an empirical constant. Alternatively, eqn (6) may
be expressed in a dimensional form:

Hs = B(gu∗)1/2T 3/2
s . (7)

Equation (6) compares well with data as seen from fig. 2–6 of Toba [28], or fig. 23
of Toba [4]. Ebuchi et al. [29] showed that the 3/2-power law with the above value
of B holds even for cases with some swells, though not under dominant swells (see
also Johnson et al. [30]).

This power law was originally derived by Toba [31, 32] by eliminating non-
dimensional fetch from empirical formulas for the growth of wind waves, e.g.,
as given by Wilson [33], Mitsuyasu et al. [34], and the JONSWAP formula by
Hasselmann et al. [35]. However, the 3/2-power law is not a consequence of fetch
laws for each of Hs and Ts, but of the local equilibrium between the wind and
windsea, where Hs and Ts are intrinsically related to u∗.

As a matter of fact, it was already shown that eqn (6) is just equivalent to the
condition of proportionality

u∗ ∝ (u′2
a )1/2 ∝ (u′2

w )1/2 ∝ u∗w ∝ u0, (8)

where (u′2
a )1/2 is the intensity of air turbulence, (u′2

w )1/2 is the intensity of water
turbulence, u∗w is the water friction velocity, and u0 is the Stokes drift velocity (see
Toba [3, 28, 32]).

Fetch is usually difficult to define in the oceans, since the winds are always
varying. Nevertheless the 3/2-power law holds, especially for strong wind cases,
or for cases free of dominant swells (Ebuchi et al. [29]). Also, Wilson’s fetch graph
formulae [33] show that the 3/2-power law holds for conditions approaching long-
fetch saturation, where the empirical fetch laws for the nondimensional Hs and Ts
have complicated forms.

In the sea, the value of B was estimated as 0.062 ± 20% by Toba et al. [36] as
derived from measured data. The scatter is largely due to unsteady winds, namely
conditions where windsea is not in local equilibrium with the wind, and the windsea
is over- or undersaturated (Toba et al. [37, 38]; Waseda et al. [39]). The influence
of unsteady winds on the wind stress was reviewed in chapter 9 of Jones and
Toba [10]. Komatsu and Masuda [40] numerically estimated Toba’s constant B to
have a “standard” value of 0.06, using the RIAM method to numerically evaluate
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nonlinear energy transfers among wind waves, as well as by using the WAM method
(The WAMDI Group [41]). Suzuki [42] reported some similar results by using his
JWA3G wave model.

Alternatively, the 3/2-power law can be regarded as the situation where the steep-
ness of significant waves is statistically limited, as a function of the wave age of
significant waves β = Cs/u∗, as an equilibrium state of windsea under the action
of the local wind. This relation is expressed by

Hsks

2π
= (2π)1/2B

(
Cs

u∗

)−1/2
{

1 + u∗
s

(
Cs

u∗

)−1
}−2/3

, u∗
s ≡ us

u∗
= 0.206, (9)

where ks is the significant wave number, Cs the phase speed of significant waves,
and u∗ is the friction velocity of air (Bailey et al. [43]). The wave age in the second
term is the consequence of an averaged local wind drift us (Tokuda and Toba [44]).

3.1.2 One-dimensional windsea frequency spectral form
In observed windsea, there is an equilibrium range in the main part of the high
frequency side of the energy spectrum. The accepted one-dimensional windsea
frequency spectrum for this range, proposed by Toba [45] from observational data
with some dimensional considerations, is given by

φ(σ) = αsgu∗σ−4, σ > σp, (10)

where αs is a constant, σ is the angular frequency, and σp is the peak angular fre-
quency of windsea. This spectral form has been shown to be consistent with many
observational data sets since Kawai et al. [46] and Phillips [47] reproposed this
form theoretically. Examples of observed data are seen in fig. 2–8 of Toba [28].

Zakharov and Filonenko [48] predicted theoretically that the one-dimensional
spectral form should be proportional to σ−4 for surface gravity wave interactions.
However, there seems to be no study which derives the u∗-proportionality purely
from theory. The u∗-proportionality is the most important observational fact for
windsea, and the 3/2-power law corresponds to the integral form of this spectral
form.

The value of the coefficient αs seems to be in the range 6 − 12 × 10−2 (e.g.,
Phillips [47]). Joseph et al. [49] suggest that αs should be 0.096 for consistency
with the 3/2-power law with B = 0.062, for self-similar spectra. However, αs shows
variability in response to the wind fluctuations, just as in the case of B values,
corresponding to the over- and undersaturation of the wave energy (Toba et al. [38]).

3.1.3 Physical implications
The similarity laws are conceptually expressed, for the 3/2-power law, as

f1(Hs, Ts, u∗) = 0, (11)

and for the energy spectrum as

f2(σp, φp, u∗) = 0, (12)
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where φp is the spectral density at σp and, as a matter of fact, eqn (11) represents the
integral form of eqn (12). In any case, specification of two variables, e.g., u∗ as the
external forcing field and another variable, determines the state of windsea, assum-
ing it is free of dominant swell. As for the physical background of the similarity
laws, they are results of a series of wind-forced, strongly nonlinear processes. It
is important that the external condition is u∗, and there is u∗-proportionality in the
windsea. These laws are the consequence of self-adjustment processes in windsea
forced by u∗.

It is noteworthy that Tulin [50] suggested that the 2/3-power law can be explained
by a simultaneous consideration of wave energy and wave momentum change rates
resulting from wave breaking, keeping the water wave relation:

M = E/C, (13)

where M is the wave momentum, E is the wave energy, and C is the phase speed.
This leads to the necessary downshifting of wave frequency, to satisfy the 2/3-
power law, keeping a balance between the wind input and dissipation by wave
breaking. Further review of the processes of the local equilibrium is given by Toba
[4], Csanady [2], Waseda et al. [39], and Toba [28].

The existence of the wind–windsea equilibrium, or the similarity laws, as
described in this section provides a basis for our analyses, using the windsea
Reynolds number (breaking-wave parameter).

3.2 Fundamental dimensional considerations

The usefulness of nondimensionalizing variables for quantitative analyses of com-
plicated experimental data was comprehensively described in Section 2–1 of Toba
[28], together with its practical procedures and applications. By nondimension-
alization the number of variables can be reduced by the number of fundamen-
tal dimensions originally involved (the Pi theorem), and we can abstract essential
characteristics related to the respective phenomenon. The method of nondimension-
alization is especially useful for processes where turbulence dominates. In other
words, even when experimental data in dimensional quantities are so complex that
it is almost impossible to find any law from them, it becomes easy to extract essen-
tial relationships or laws by reducing variables in dimensionless forms. However,
formal application of the Pi theorem for solely diminishing variables does not tell
us how to combine the variables to make nondimensional products, or how to select
mutually independent nondimensional variables. In order to construct meaningful
nondimensional variables, we must invoke physical insight.

In the case of windsea, the independent variables are time and space, or duration
and fetch if the wind field is homogeneous. The dependent variables are wave
property variables such as Hs, Ts, or σp, φp, and u∗ as the only external condition
(or conditioning variable), at least under neutral stratification and in the absence
of dominant swells. The existence of the similarity laws described in Section 3.1
implies that it is sufficient to select only one of these wave-property variables,
together with u∗, in order to completely describe the dynamical system.
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In terms of physical constants, we have the acceleration due to gravity g and the
kinematic viscosity of air ν. The viscosity is substantial since the air–sea boundary
processes are basically those of a viscous turbulent fluid, and g appears explicitly
in eqn (10). Since the kinematic viscosity of water νw has a specific ratio with ν,
we need consider only ν. We do not need to consider the surface tension, since it
is only related to very high frequency waves, and that part of the windsea spectra
is actually controlled by u∗, e.g., proportional to u2.5∗ (Mitsuyasu and Honda [51]),
forming the tail portion of the continuous windsea spectrum.

There are five quantities with two fundamental dimensions of time and length,
and we have one relationship [eqn (11) or eqn (6)]. Thus, it is sufficient to construct
two fundamental nondimensional variables:

H∗ = gHs/u2∗ or T ∗ = gTs/u∗ using eqn (6), (14)

RB = u2∗/νσp or u2∗Ts/ν or u∗Hs/ν using eqns (6) and (12). (15)

Here, H∗ is interpreted physically as a measure of the windsea development for a
given wind u∗, since it contains g and Hs (or Ts) in the numerator and u∗ in the
denominator. The variable RB is interpreted as a measure of the fluid dynamical
conditions at the air–water boundary, since u∗ and Ts (or inverse σp), or Hs, enters
both in the numerator. We call this the windsea Reynolds number.

As a matter of fact, RB may be interpreted as a Reynolds number, since it con-
tains u∗ as a representative scale of speed, and Ls = u∗Ts(=2πu∗/σp) as a repre-
sentative length scale of the phenomenon under consideration. Ls is interpreted as
the length representing the distance over which a water particle at the surface is
driven by the speed u∗ (representing the wind stress) during the representative wave
period Ts. For the same value of a Reynolds number Re (=UL/ν with U and L as
the representative scales of speed and length), the equation of motion will have the
same solution, even if L, U , and/or ν have different values. This is known as the
Reynolds’ similarity law, which provides the basis for model experiments.

As will be described in Section 3.3, RB was proposed by Toba and Koga [5]
to properly express various air–sea boundary processes including the wind stress,
wave breaking, bubble entrainment, and generation of sea-spray droplets, and later
Toba et al. [52], Zhao and Toba [6], and Toba [28] denoted this variable as the
breaking-wave parameter. RB is expected to be closely related to CD and kL, as
will be discussed later in Section 4. Moreover, it should be noted that T ∗, which is
related with H∗ by the 3/2-power law (6), may be regarded as the wave age of the
significant waves, β = Cs/u∗, as was earlier pointed out by Toba [31].

3.3 Windsea Reynolds number: fundamental parameter of the
windsea boundary layer

To quantify wave breaking, photographs of the sea surface were used to determine
the percentage area of whitecap coverage. Most researchers treated it only as a
function of the wind: U10 or u∗ (e.g., Monahan and MacNiocaill [53]; Wu [54]).
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In view of the situation that windsea is in local equilibrium with the wind, or has the
similarity laws discussed in the previous sections, windsea parameters in addition
to wind should be used to describe phenomena related to the air–sea interface. We
should invoke the nondimensional analyses as discussed in Section 3.2. Actually,
this was done with RB proposed by Toba and Koga [5]. Figure 2(a) shows the
percentage α of breaking crests, among individual waves, passing a fixed point on
the water surface, plotted against U10. It is notable that data from short-fetch, wind-
wave tank experiments systematically differ from those obtained at a tower station
at sea. This shows that α greatly depends on the fetch, which indicates dependence
on the degree of windsea development. However, if we plot α against RB, all the
data collapse along a line with an angle of 45◦, as shown in Fig. 2(b). We note that
α was originally a nondimensional quantity.

Toba and Koga [5] also successfully applied RB to describe the whitecap
coverage, and the sea-spray droplet concentration observed near the sea surface.

Figure 2: (a) Percentage α of breaking crests among individual waves of wind-
sea passing a fixed point on the water surface, plotted against U10, and
(b) plotted against RB (from Toba and Koga [5]). (c) Whitecap coverage
percentage, W , plotted against RB (from Zhao and Toba [6]). (d) Sea-
water droplet concentration observed near the sea surface, plotted against
RB (from Iida et al. [7]).
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Figure 2(c), from Zhao and Toba [6] with additional data sets, shows that all the data
collapses along the 45◦-line, and the correlation coefficient is actually 0.88. Wave
breaking starts to occur at around RB = 103, as suggested by Toba and Koga [5].
Zhao and Toba [6] showed that RB is the most effective variable, since other vari-
ables had correlation coefficients much smaller than RB, e.g., 0.43 using wave age,
and in the cases for Hs, Ts, and u∗, correlation coefficients were not larger than 0.80.

Zhao and Toba [6] also reported that another Reynolds number, RH = u∗Hs/ν,
had a correlation coefficient 0.84. Although this is smaller than 0.88, the variation
in the whitecap coverage is similar to RB, since it is also a Reynolds number repre-
senting the same physical processes. In fact, Toba and Kawamura [55] reported that
the depth of the associated windsea boundary layer [downward bursting boundary
layer (DBBL)] is 5 times Hs. The concept of this Reynolds number was first used
by Toba and Kunishi [56], and later by Banner and Peirson [57]. In using RB,
determination of σp may be achieved by taking the peak frequency of the windsea
part of the spectra using the methodology proposed by Hanson and Phillips [58].
However, for RH computations, Hs may be affected by the ever-present existence
of swells. Thus RB is better than RH as far as wave spectral data are available.

The sea-spray droplet concentration observed near the sea surface also shows a
similar distribution, along the 45◦-line, as shown in Fig. 2(d) (from Iida et al. [7]).
Thus the windsea Reynolds number RB can be considered a crucial parameter
for describing macroscopic windsea boundary layer phenomena: windsea break-
ing, air entrainment, whitecap coverage, and sea-spray droplet (sea-salt particles)
production.

Toba and Koga [5] also pointed out the importance of RB in specifying the sea-
surface wind stress. However, we will revisit this matter with a new series of data,
in Section 4.

4 Drag coefficient in light of the windsea Reynolds number

As discussed in Section 3, RB is expected to be a crucial parameter in describing
the behavior of nondimensional air–sea transfer coefficients. In this section, we
examine it for CD, and then apply the concept to the CO2 exchange questions in
Section 5.

4.1 Laboratory data: laminar–turbulent boundary layer transition

Figure 3 shows CD plotted against RB, as measured by wind-wave tank experiments
in fetch-limited (stationary) conditions. The same data set is plotted against U10 and
against u∗ in Fig. 4a and b. These data correspond to conditions where windsea is in
local equilibrium with the wind. These data are the cluster of data points with larger
values of u∗/Cp in Fig. 1. The scatter of the data is apparently much smaller in Fig. 3,
when expressed as a function of RB, than when expressed against U10 or u∗ in Fig. 4a
and b. Note that, in the case of Fig. 4b, u∗ already includes CD, after eqn (1). That
Fig. 3 shows remarkably better correlation than in Fig. 1 indicates that the wave age
is not a proper parameter to discriminate detailed momentum transfer phenomena.
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Figure 3: The drag coefficient CD measured by wind-wave tank experiments in
fetch-limited (stationary) conditions plotted against the windsea Reynolds
number RB.

An important finding from Fig. 3 is that we can see two critical points in the
distribution of CD, at RB = 2 × 102 and at RB = 103. At these points, the data
indicate two downward points, which bracket a bulge region. Beyond RB = 103,
the CD values become very large. Figure 4a and b does not show any such critical
points in a clear-cut way as shown in Fig. 3. The former critical point, RB = 2×102,
may be regarded as the transition from a smooth surface to the occurrence of airflow
separation, and the creation of the form drag. The latter conspicuous critical point,
RB = 103, corresponds to the transition to the fully turbulent regime of the windsea
boundary layer with the occurrence of windsea breaking, as stated in Section 3.3.

As a matter of fact, by using flow visualization techniques Kawai [59, 60] and
Kawamura and Toba [61] gave detailed descriptions of the airflow structure over
windsea surfaces in a wind-wave tank. Kawamura and Toba [61] demonstrated
the existence of a high shear layer at the outer edge of separation bubbles behind
laboratory wind-wave crests (their figs 22 and 23). Ebuchi et al. [62] described
changes of the windsea surfaces from smooth to rough by using an optical method
(their fig. 4). Readers can also refer to photographs showing the change of the
windsea surfaces in Toba [63], table in Toba [31], and Koga [64]. The conditions
of the windsea surfaces, together with the nature of airflow over water, change
with the development of windsea as well as with increasing wind speed. Thus, the
overall situation should be specified by the windsea Reynolds number, RB.

Regime shifts of these conditions as a function of RB are shown schematically
in Fig. 5. The top panel shows the conditions where the windsea surface is smooth
and RB is small, corresponding to the leftmost part of Fig. 3 (RB smaller than 101).
The second panel in Fig. 5 illustrates the conditions for the presence of a separation
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(a)

(b)

Figure 4: The same data as in Fig. 3 for the drag coefficient CD measured by
wind-wave tank experiments in fetch-limited (stationary) conditions, but
plotted against (a) U10 and (b) u∗.

point just at the lee side of the crest (about 3 × 102 in RB), corresponding to figs 22
and 23 of Kawamura and Toba [61]. Under the crest, a water recirculation region
(black area in the figure) exists (cf. Okuda [65]).

As RB increases, a streaky structure appears, then the windsea surface becomes
rough, as demonstrated by Ebuchi et al. [62]. In analogy to Shapiro [66],
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Figure 5: Schematic representation of the regime shift of the windsea boundary
layer conditions as a function of RB.

we hypothesize that the separation point would shift to the windward face of the
crest, and the turbulent boundary layer would become thinner with a smaller separa-
tion bubble, as illustrated in the third panel of Fig. 5 (about 103 in RB).At this rough-
surface stage, CD would even decrease as shown in Fig. 3 for RB approaching 103.
However, because the windsea is composed of various irregular individual wind
waves, a sharp decrease in CD, as shown in the analogous case for a system of golf
balls, does not occur and the curve in Fig. 3 is flatter with a slight kink at 103 in RB.

When RB exceeds 103, wave breaking commences as shown by Toba and
Koga [5] and Zhao and Toba [6], turbulence breaks the interface, and wind stress,
as well as gas transfer, increases drastically, corresponding to the conditions on
the right side of Fig. 3. The bottom panel of Fig. 5 illustrates the conditions,
RB ∼ 5 × 103 or so, corresponding to photographs shown by Koga [64, 67].

As discussed in Section 3, windsea is a special fluid dynamical phenomenon
at the air–water interface, where the coupling process between the two boundary
layers of air and water is important, and includes elements of the local wind drift,
turbulence in the air and water boundary layers, together with the surface wave
motion (Toba [3, 4]; Csanady [2]). The wind stress (surface drag) is related to all
these processes, including flow separation, pressure distribution, and viscous stress.
Consequently, it is very reasonable that the momentum transfer is controlled by the
windsea Reynolds number RB.

Figure 6 shows laboratory observations of tangential stress and total stress
(including form drag) by Banner and Peirson [57]. The values of RB shown in the
abscissa were calculated by using their observational data including windsea, and
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Figure 6: Laboratory observational data of tangential stress and total stress (includ-
ing form drag) from Banner and Peirson [57]. The values of RB shown on
the abscissa were calculated using their reported data including windsea.

it fortunately ranges between 102 and 103 in RB. It is seen that tangential stress stops
increasing at 2 × 102, whereas total stress continues to increase. This corresponds
to our inference that the shift from the skin friction regime to the form drag regime
should occur between the above two critical points.

4.2 Field data: shift of critical point with dynamical contamination

Figure 7 repeats Fig. 3, adding the same data as in Fig. 1, in particular the cluster
of points located at the smaller values of u∗/Cp for field observations. The above-
mentioned critical point of 103 in RB, seen in Fig. 3, seems to shift to larger values
in RB in the field data in Fig. 7, with CD tending to be much smaller. CD thus
seems to be an unstable quantity that easily changes its character, in the presence
of dynamic contamination, such as swells and unsteady winds (see, also Toba et al.
[38]; chapter 9 of Jones and Toba [10]).Aside from observational errors, this should
be the main reason why field observations show so much scatter, and frequently
give relatively small values. Figure 8a and b shows the same CD data expressed
against U10 or u∗. Note that the data points exhibit much less systematic scatter
than appears in Fig. 7.

Figure 7 reminds us of a schematic figure by Shapiro used to explain why golf
balls have rough surfaces. Figure 9 is cited from fig. 92 of Shapiro [66]. Shapiro
suggested that when the surface of a sphere located in an airflow is smooth, drag first
increases with increasing flow speed while the boundary layer is laminar, and there
is no flow separation. Flow separation then occurs just behind the shoulder at the
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Figure 7: The same data as in Fig. 3, with the addition of the drag coefficient data
in Fig. 1 for the cluster of points located at the smaller values of u∗/Cp,
corresponding to field observations.

corresponding flow speed. The regime then shifts from laminar to turbulent condi-
tions, and the drag decreases and jumps to another curve for the turbulent boundary
layer. At this transition, a thick turbulent boundary layer appears downstream of
the separation point. As the flow speed further increases, drag then increases again
due to the generation of a wake (see the thin line in Fig. 9).

When the surface of a sphere is rough, the drag is initially larger than that for
a smooth surface, because of the form drag due to the roughness. However, the
occurrence of flow separation shifts to a lower flow speed, with the separation
point shifting upstream of the shoulder, for a thinner turbulent boundary layer. This
situation is just the same as illustrated by the third panel in Fig. 5. Though the drag
increases again with increasing flow speed, there is a flow speed region (from A
to B in Fig. 9) where the drag is smaller for the rough surface case. This region
represents the typical speeds at which golf balls travel. The above explanation of
Fig. 9 was given as a function of the flow speed in the frame of reference of the
moving sphere. However, since golf balls have the same diameter, Fig. 9 can be
similarly redrawn with the Reynolds number as the abscissa. This explanation can
be extended to the case of the actual sea surface, as discussed above.

For conditions under steady wind without a notable swell component, growing
windsea is in local equilibrium with the wind, and the 3/2-power law holds as
described in Section 3 (the wind–windsea equilibrium). Under unsteady conditions
of changing wind speed and direction, the windsea is continuously in the pro-
cess of adjustment toward the local equilibrium with the ever-changing new wind.
For example, an increasing wind causes undersaturation of the high-frequency side
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(a)

(b)

Figure 8: The same data as in Fig. 7 for the drag coefficient, but plotted against
(a) U10 and (b) u∗.

energy level of the windsea spectrum. Decreasing wind causes oversaturation (Toba
et al. [37]; Hanson and Phillips [58]). These self-adjustment processes should man-
ifest themselves as amplified fluctuations in CD. The fluctuations of u∗ and CD thus
correspond to under- and oversaturation phenomena (Toba et al. [38]).

The existence of conspicuous swell components causes inefficiency in the
self-adjustment of windsea to the wind, resulting in smaller values of CD, as
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Figure 9: Schematic figure explaining why golf balls have rough surfaces, cited
from fig. 92 of Shapiro [66].

demonstrated in Fig. 7. In fact, the existence of swells can cause the wind-wave
energy to decrease compared with the pure windsea cases, in a manner reported
by Hatori et al. [68] and Toba et al. [69] (see fig. 22 of Toba [4]). The sea surface
would therefore be smoother, in a sense, in the presence of swells, as also reported
by Taylor and Yelland [70]. Moreover, Suzuki et al. [11] presented the observa-
tional data showing reduction in the roughness length z0 for the same wind, under
the existence of swell components in a direction different from the local wind.

CD itself is thus considered an unstable quantity, and nonequilibrium conditions
caused by unsteady winds or the existence of significant swells easily act as dynamic
contamination for the wind–windsea equilibrium, resulting in large data scatter in
measured CD values.

5 Nondimensional CO2 transfer velocity as a function of
the windsea Reynolds number

5.1 Nondimensional CO2 transfer velocity

Both momentum and gas transfers across the sea surface proceed under the existence
of wind and windsea. In the windsea boundary layer the laminar–turbulent transition
is important, as discussed in Section 4.1. Momentum transfer has been expressed
by eqn (2), using the nondimensional drag coefficient CD, and we have seen that
it is primarily controlled by the windsea Reynolds number, in situations free of
conspicuous swell. Thus, CD is a measure that can indicate the delicate behavior
of momentum transfer caused by the wind and the windsea state.
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Figure 10: A synthesis of observed values of CO2 transfer velocity kL from various
sources, cited from Zhao et al. [27]. The distribution of data points
indicates that kL already includes the factor for wind proportionality.

On the other hand, gas transfer has so far been treated by using a formulation
based on the dimensional gas transfer velocity, kL. Comparing eqn (5) for the
definition of kL with eqn (2) for that of CD, we infer that kL already includes the
factor for wind proportionality, as is obviously seen from a synthesis of observed
values of kL in Fig. 10, cited from Zhao et al. [27]. This is also inferred theoretically
by Fairall et al. [13], in relation to their eqn (8).

We therefore propose the nondimensional transfer velocity for CO2, defined by
kL/U10, namely,

F = (kL/U10)U10S�pCO2. (16)

In this way we remove the wind proportionality part, and may extract or amplify
the delicate part of the behavior of CO2 transfer, in order to closely examine the
role of the windsea Reynolds number RB, as in the case of CD.

It should be noted that Zhao et al. [27] proposed a formula for kL as a function
of RB, as one step to the present paper, and Suzuki et al. [71] attempted a global
mapping of the air–sea CO2 exchange by using this formula.

5.2 Similarity and dissimilarity between momentum and gas transfers

Figure 11 shows a synthesis of observed values of the nondimensional tran-
sfer velocity kL/U10 expressed as a function of RB, both for laboratory and
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Figure 11: A synthesis of the observed values of the nondimensional transfer veloc-
ity kL/U10 expressed as a function of RB, both for laboratory and field
observations.

field observations. The number of data is small; nevertheless we can see important
features in the behavior of kL/U10. As a matter of fact, data sets which included kL,
u∗, the wind speed at a certain level or U10 or CD, and windsea data are very
rare. Though more data were included in Fig. 10, some of these, e.g., that of
Jähne et al. [72], were shown by U10 values estimated using an appropriate CD
formula.

In Fig. 11, we first examine the laboratory data obtained by Komori et al. [26],
shown by closed circles. These data are corrected, using a new calibrating curve,
to compensate for errors due to the infrared CO2 meter that have recently been
found by the authors. We see that the kL/U10 values show a decrease between
RB = 2 × 102 and 103, corresponding to the RB range where CD shows a bulge.
In the momentum transfer process, the pressure–force mechanism causing the
form drag is important, in addition to the tangential stress causing the skin fric-
tion, as discussed at the end of Section 4.1 (Fig. 6). In the gas transfer process,
however, the mechanism corresponding to the form drag does not exist. As the
tangential stress is flat in this range of RB, the gas transfer velocity should also
be flat in the same range. This causes the decrease in kL/U10 as U10 increases.
This point is the conspicuous difference between the momentum and gas transfer
processes.

In Fig. 11, we also see a second critical point beginning at RB = 103 and shifting
to the right (in RB) by an order of magnitude, in the field data. This is just as in the
case of CD (Fig. 7).
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5.3 Similarity in laboratory and field data relating CD and kL

Figure 12 shows kL/U10 plotted as function of CD. Within the error bars of
the data, the laboratory data and the field data seem to coincide with each other.
The variation of kL with CD is shown in Fig. 13. In this case, the laboratory and the

Figure 12: The variation of kL/U10 as a function of CD. Data sources are same as
in Fig. 11.

Figure 13: The same data as in Fig. 12, plotting kL as a function of CD. Data sources
are same as in Fig. 11.
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field data show conspicuous agreement with each other. In this figure, the middle
relatively flat part of the distribution of data points corresponds to the dissimilarity
region in the momentum and gas transfers, between RB = 2 × 102 and 103.

We interpret the difference between Figs. 12 and 13 as follows. In all data sets used
in these figures, actual U10 values were not necessarily measured directly. Rather,
we used U10 values that had been extrapolated from the wind speed measured at a
certain level to 10-m values using the measured stress value with the logarithmic
law. This procedure may cause part of the scatter shown in Fig. 11.

In summary, we suggest that there is a fundamental similarity between gas and
momentum transfers. This includes our interpretation of the shift of critical points
with regard to the windsea Reynolds number from laboratory to field data, occurring
because of the fluid dynamical smoothing effect due to the intrinsic existence of
swell components in the real sea, as discussed for Fig. 9.

6 Conclusions

We have deduced, for the first time, that conditions of windsea-dominant seas can
be described by only two nondimensional parameters. One is the wave age for the
representative windsea, or equivalently the nondimensional significant wave height
or wave period, defined by eqn (14), under the existence of the 3/2-power law,
eqn (6). The other is the windsea Reynolds number RB, defined by eqn (15). The
former describes the degree of windsea development relative to the local wind,
whereas the latter is the fundamental controlling parameter for the windsea bound-
ary layer, and consequently for the behavior of air–sea transfers.

Though the air–sea CO2 transfer has traditionally been treated by use of trans-
fer velocity kL as a function of the 10-m wind speedU10, we propose the use of a
nondimensional transfer velocity kL/U10, in correspondence with the drag coeffi-
cient CD for the momentum transfer. These nondimensional coefficients, kL/U10
and CD, eliminate the primary wind-speed proportionality part in previous formula-
tions and extract the detailed behavior of the processes of air–sea transfers. There is
a fundamental similarity in the behavior of these two nondimensional coefficients,
with some dissimilarity in a special range of RB.

It has been shown that though CD generally increases with RB, it has two critical
points at RB = 2 × 102 and 103 in the pure windsea case, with a flat bulge region
between these. The first (RB = 2 × 102) corresponds to the transition from the
region where tangential stress prevails, to the occurrence of airflow separation
and reattachment to create the form drag. The second (RB = 103) is a conspicuous
critical point beyond which windsea breaking commences on the fully rough water
surface. Namely, it is the transition to the full turbulence regime of the windsea
boundary layer. On the other hand, kL/U10 decreases between RB = 2 × 102 and
103. This is explained by the fact that in the gas transfer processes, the mechanism
corresponding to the pressure–force in the momentum transfer does not exist.

It has also been deduced that field data under usual swell conditions show
smaller transfer values or a remarkable shift of the second critical point to larger

 
 www.witpress.com, ISSN 1755-8336 (on-line) 
WIT Transactions on State of the Art in Science and Engineering, Vol 23, © 2006 WIT Press



76 Atmosphere–Ocean Interactions

values in RB. This is common for these two nondimensional transfer coefficients,
kL/U10 and CD. This corresponds to the observation that windsea energy becomes
small in the presence of swell, especially in a direction different from the wind,
which causes the sea surface to be dynamically smoother. In plots of kL/U10 as a
function of CD and kL as a function of CD, the distributions of points from windsea
tank data and from field data coincide with each other well. These characteristics
demonstrate the gross similarity in the momentum and the CO2 transfers.

Thus, we propose further studies of the behavior of the nondimensional air–sea
CO2 transfer coefficient as a function of RB. These studies should consider various
kinds of swell and unsteady winds. Success in this endeavor would help push
our understanding of air–sea fluxes into the mainstream of modern oceanography,
in terms of the contemporary evolution of oceanic data acquisition systems with
powerful numerical simulations and ocean-wave models.
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B Proportionality factor for the 3/2-power law
CD Drag coefficient
Cp Phase speed for peak frequency windsea
Cs Phase speed for significant waves
fs Frequency of appearance of surface-renewal eddies
g Acceleration due to gravity
Hs Significant wave height
H∗ Nondimensional significant wave height
kL CO2 transfer velocity
ks Significant wave number
S Solubility of CO2 in water
Ts Significant wave period
T ∗ Nondimensional significant wave period

(u′2
a )1/2 Intensity of air turbulence

(u′2
w )1/2 Intensity of water turbulence

u0 Stokes drift velocity
us Averaged local wind drift
u∗ Air friction velocity
u∗w Water friction velocity
W Percentage of whitecap coverage
z0 Aerodynamic roughness parameter
α Percentage of breaking crests of individual wind waves
αs Coefficient of gu∗σ−4-type one-dimensional windsea
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β Wave age (=Cs/u∗ or Cp/u∗)
�pCO2 Partial pressure difference of CO2 between air and water
ν Kinematic viscosity of air
σ Wave angular frequency
σp Spectral peak angular frequency
τ Sea-surface wind stress
φ Windsea spectral density
φp Windsea spectral density at the peak frequency
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