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ABSTRACT

Recent experiments have demonstrated that millimeter-scale capillary waves can enhance the
transport of CO, by almost 2 orders of magnitude for moderate wave slopes. These results are
used to create a model for the relative contribution of capillary waves to the gas exchange
coefficient. The model input is wind speed u, and the output is K, the fractional contribution
of a specific range of capillary waves to the total gas exchange coefficient. Wind speed data,
obtained via satellite, are used as the model input to obtain globally averaged values for K.
In spite of the enhancing effect which capillary waves provide in the laboratory, the maximum
value of K; predicted by the model is less than 10%, and global averages are less than 4%.
The small values of K, are primarily due to the small wave energies predicted by existing wave
height spectra in the high wave number regime. The uncertainty in existing wave height spectra,
and the importance of experimental validation of the high wave number regime is discussed.
Some interesting aspects of capillary wave gas exchange are also expanded upon. Among these
are the demonstration of a linear relationship between the capillary wave gas exchange coeffi-
cient and wavelength, and a peak in the contribution of capillary waves to gas exchange at a

wavelength around A = 3.6 mm.

1. Introduction

The oceans possess an enormous capacity to
absorb heat and dissolved gases. Accordingly, an
accurate understanding of the processes which
govern the transport of heat and mass across the
air/sea interface is necessary for the prediction of
weather and the long term behavior of the atmo-
sphere. Capillary waves are expected to have an
important contribution to the transport of heat
and mass. However the mechanisms responsible
for this contribution are poorly understood.
Measurements of gas exchange coefficients con-
ducted in wind/wave tunnels or on the open sea,
have succeeded in parameterizing the gas exchange
coefficient to wind speed or to the mean square
wave slope (Ocampo-Torres et al, 1994; Jihne
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et al.,, 1979; Jahne et al,, 1985; Jihne et al, 1987;
Broecker, et al., 1978). In these wind/wave tunnel
studies, however, many phenomena, such as turbu-
lence, bubble generation, wave breaking, etc.
coexist, preventing one from ascertaining the con-
tribution of capillary waves to the overall trans-
port process. A true understanding of how
capillary waves contribute to transport requires
that these waves be isolated from all other trans-
port-enhancing effects.

Saylor and Handler (1997) isolated capillary
waves and investigated their ability to enhance
the transfer of CO, across an air/water interface.
A uniform, monochromatic field of capillary waves
was used to study these waves independent of any
other phenomena which might enhance transport.
These capillary waves were Faraday waves
(Faraday, 1831) generated by vibrating a small
tank in the vertical direction. The theory describ-
ing these waves has been investigated by several
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authors (Benjamin and Ursell, 1954; Miles, 1993;
Henderson and Miles, 1990; Henderson and Miles,
1991; Milner, 1991; Vanden-Broeck, 1984;
Christiansen et al., 1995) and a review can be
found in Miles and Henderson (1990).

At very low vibration amplitudes, Faraday
waves are pure standing waves, where the nodes
and anti-nodes of the wave pattern are fixed in
space. At larger excitation amplitudes, the wave
pattern becomes unstable and exhibits a random
drifting motion, which has been explained as a
random Stokes drift (Mesquita et al., 1992). The
experiments of Saylor and Handler (1997) were
all conducted at amplitudes for which the wave
field exhibited this drifting behavior. Because it is
suspected that the trough of the wave is the region
where significant enhancement of gas exchange
occurs (Szeri, 1997), this drift is important, since
without it only a fraction of the water surface
would be exposed to this trough area. The drift
of the wave field ensures that, as is the case for a
progressive wave, all portions of the water surface
are exposed to all phases of the wave cycle.

Transport is quantified by the gas exchange
coefficient K which is defined in eq. (1)

C C
Cw= <Cw,0_—1§> e(>K/h)t+ﬁs (1)

where C,, is the concentration of CO, in the water,
C, is the concentration of CO, in the air, h is the
height of the water, H is the Henry’s law constant
which accounts for the degree of solubility of CO,
in the water, t is time, and Cy, , is the concentration
at t=0. During the experiments of Saylor and
Handler (1997), C,, was recorded as a function of
time and a plot of C,, versus ¢ yielded a straight
line of slope — K/h, when plotted on semi-logarith-
mic coordinates. Values for K were obtained by
performing a least squares fit to these semi-logar-
ithmic time traces of CO, concentration. By
vibrating the tank at different amplitudes, different
wave slopes S were obtained for a given wave-
length 1. Experiments were run at four different
values of 4 and over a range of wave slopes. The
wave slope was measured during the course of
these experiments, and K was correlated to S?, the
mean square wave slope. Additional details con-
cerning the experimental procedure and apparatus
can be found in Saylor and Handler (1997).

A summary of the results obtained from the
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Fig. 1. Plot of K versus mean square wave slope S, for
all four excitation frequencies. A linear curve fit is
included for each data set.

aforementioned experiments is presented in Fig. 1,
where K is plotted against S? for the four different
wavelengths investigated, A =2.26, 2.87, 3.19 and
3.62 mm. The solid lines faired through each data
set are linear least-squares regressions of the form:

K=CS2, (2)

where the y-intercept for the fit has been con-
strained to be zero. The values for C used in
eq. (2) are listed in Table 1. In Saylor and Handler
(1997), the linear curve fit was performed without
the zero intercept constraint, and a small, but
non-zero value of K at $2=0 was obtained. This
non-zero value is due to the small amount of
background natural convection and diffusion
which exists in the absence of wave motion. In
the current work, we are investigating the contri-
bution of capillary waves to overall transport, and
hence by definition K must be zero when $*=0.

Table 1. Values for the constant C used in eq. (2)
corresponding to each value of the wavelength, A

A (mm) k (rads/m) C
2.26 2780 0.13302
2.87 2189 0.09430
3.19 1970 0.05783
3.62 1735 0.03013
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In any event, as Fig. 1 illustrates, even with this
artificial constraint the linear fit is quite good.

The data presented in Fig.1 show that K
increases with both S? and k. More importantly,
the values of K obtained are relatively large,
approaching 0.01 cm/s. To put this number in
perspective, a value of K =0.01 cm/s, in a typical
wind/wave tunnel facility, is not usually attained
until the wind speed exceeds 10 m/s (e.g. Fig. 6).
These results clearly demonstrate that capillary
waves can dramatically increase the transport of
gas across an air/water interface. What is less
obvious is the degree to which such capillary
waves actually contribute to gas exchange on the
ocean. While the values of $? investigated by
Saylor and Handler (1997) (order of 1072 m/m)
are typical of wind/wave tunnel facilities (Jihne
et al, 1987), and presumably of the ocean, the
tank was completely covered by capillary waves
in Saylor and Handler (1997), while coverage of
the ocean by such waves is expected to be much
smaller. Stated another way, the energy possessed
by capillary waves in the polychromatic wave field
of a typical ocecan surface may be so small
that their contributions to gas exchange may be
minimal, Fig. 1 notwithstanding,

The goal of this paper, then, is to estimate the
degree to which capillary waves actually do con-
tribute to the overall oceanic gas exchange coeffi-
cient. This is achieved by utilizing existing wave
height spectra to determine the energy which exists
in the band of wave numbers for which data is
presented in Fig. 1. This energy is then used to
“weight” the values of K presented in Fig. 1. These
weighted values are then scaled to the total gas
exchange coefficient K, to give K¢, an estimate
of the capillary wave contribution to the oceanic
transport coefficient. It should be noted that the
work presented herein concerns the contribution
of capillary waves to K and not to the actual
exchange of gas. Prediction of the latter requires
knowledge of the differences in CO, concentration
which exists at the air/sea interface, for which
global data is not currently available.

The capillary waves investigated by Saylor and
Handler (1997) were Faraday waves which differ
from those which exist on the ocean in that they
are not progressive waves and are generated by a
different driving force. It would be desirable to
construct a model for K; using data obtained from
progressive capillary waves. However, obtaining
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gas exchange data for pure, monochromatic, pro-
gressive capillary waves is not possible for the
following reasons. Generation of capillary waves
via wind shear is inevitably accompanied by turbu-
lence and a polychromatic wave field, preventing
the isolation of these waves. The alternative
method of generating capillary waves via a paddle
or mechanical dipper is no better, since millimeter-
scale capillary waves decay too rapidly to permit
the creation of a uniform wave field of any signi-
ficant extent. Therefore, Faraday waves are the
best platform for isolating and understanding the
transport properties of capillary waves. This point
is further addressed in Section 4.

The organization of this paper is as follows. In
Section 2 a model of the fractional contribution
of capillary waves to gas exchange is developed,
which gives K as a function of wind speed. Global
wind speed data obtained from satellite are used
as an input to the K; model in Section 3 to obtain
global month-by-month estimates of K;. The
results are discussed in Section 4 and summarized
in Section S.

2. Method

In this section, a model for K; is presented,
where K is the relative contribution of capillary
waves to the gas exchange coefficient at a given
wind speed. Hence, K; is defined as

K,

K= K )
where K, is the total gas exchange coefficient at
a given wind speed, and K, is the portion of K,
attributable to the specific band of capillary waves
under consideration. Up to this point we have
implicitly referred to capillary waves in the general
sense; that is all waves for which A< 1.7 cm.
However, for the majority of this work, we will
consider only the range of wavelengths investi-
gated by Saylor and Handler (1997), since these
are the only capillary waves for which monochro-
matic K versus S data are available. Therefore, K
is the portion of K,,, which can be attributed to
226 mm < A < 3.62 mm (in a later section, K, due
to the entire range of capillary waves will also be
presented). In terms of wave numbers k,

k== 4)
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K. represents transport due to the wave number
ki <k <k,, where

k, = 1735 rads/m, (5)
k, =2780 rads/m. (6)

In the following two subsections, models for K
and K, are developed and then substituted into
eq.(3) to construct the model for K; In
Subsection 2.1, a model for K is constructed using
wave number spectra and the data presented in
Fig. 1. In Subsection 2.2, K, is obtained from
models and data relating the total gas exchange
coefficient to wind speed.

2.1. K, model

The data presented in Fig. 1 show that, for a
given capillary wave number (wavelength), the gas
exchange coeflicient increases as the mean square
slope of that wave increases. Assuming that capil-
lary waves behave similarly on the ocean, a meas-
urement of S? for a specific wave number, or range
of wave numbers on the ocean, can be used in
conjunction with the data of Fig. 1 to obtain K..
This procedure is developed below, wherein S? for
the range of capillary waves under consideration
is obtained using existing models of ocean wave
height spectra. N

The mean square slope, S? is related to the wave
height spectrum, ¥ by the following relationship,

_ ky 'm
§7= J j ¥(k, 0)k dk do, (7
ka -n

where k, and k;, define the range of wave numbers
between which 52 is to be evaluated. Note that in
addition to k and 6, W is implicitly dependent on
wind speed, u.

Many wave height spectral models exist in the
literature. The initial work of Phillips provided a
theoretical basis for the description of the spec-
trum for gravity waves (Phillips, 1958), as well as
capillary waves (Phillips, 1966). Many modifica-
tions and alternative spectra were subsequently
developed, for example the work of Kitaigorodskii
(1983), Pierson and Moskowitz (1964), Banner
(1990), Allen and Joseph (1990), Wu (1972) and
many others. A review can be found in Donelan
and Pierson (1987).

The high wave number portion of the spectrum
remains poorly understood due to the multiplicity
of mechanisms by which capillary waves are
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created (direct wind interaction, parasitic genera-
tion, subsurface turbulence, wave breaking, etc.).
Moreover, existing methods of wave height meas-
urement render resolution of the spectra difficult
for wave numbers much larger than 1000 rads/m,
making experimental confirmation problematic.
In the current work, the spectra of Apel (1994)
and Elfouhaily et al. (1997) were used in the
construction of the K, model. While these spectra
do not resolve all of the uncertainties in the high
wave number portion of the spectrum, their com-
bination of theory and experiment provide what
is probably the best model of this portion of the
spectrum which currently exists.

Both the Apel (1994) spectrum and the
Elfouhaily et al. (1997) spectrum (referred to as
the A-spectrum and the E-spectrum hereinafter)
incorporate ideas and data due to Bjerkaas and
Riedel (1979), Donelan and Pierson (1987),
Banner (1990), Jihne and Riemer (1990) and
Klinke and Jahne (1992). Many portions of the
spectra are derived from laboratory data. Each
spectrum is derived by compiling several formulas,
each dealing with a different aspect of the spec-
trum, or a different region in wave number space.
A plot of the directionally-averaged spectrum, ¢,
where

d(k) = Jn ¥(k, 0)do, (8)

is presented in Fig. 2a for the A-spectrum and in
Fig. 3a for the E-spectrum. The (b) portion of
each of these figures presents the same spectra,
focusing on the wave number region, k, < k <k,.
Both spectra assume an exponential decay in the
high wave number region of the spectrum. For the
A-spectrum, the form of this decay is

exp(—k*/kgis), %)

where kg, is the wave number at which the
exponential decay is assumed to dominate, and
is arbitrarily set to 6283 rads/m (4= 1mm).
The E-spectrum has an exponential decay of the
following form,

MR

where k,, is the wave number for the minimum
phase speed. o

Once a wind speed u is chosen, S? is obtained
using either the A-spectrum or the E-spectrum,

(10)
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Fig. 2. Plot of wave height spectrum due to Apel (1994). (a) Full spectrum, (b) close up of spectrum for wave numbers

ky < k < k,. Vertical lines indicate locations of k; and k.
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Fig. 3. Plot of wave height spectrum due to Elfouhaily et al. (1997). (a) Full spectrum, (b) close up of spectrum for
wave numbers k, < k < k,. Vertical lines indicate locations of k, and k.

for a specific range of wave numbers. Using this
value for §2, the capillary wave data presented in
Fig. 1 is used to obtain K, for that range of wave
numbers. The data, as presented in Fig. 1, is in a
somewhat inconvenient form, however. In the
subsequent development, values of K will be com-
puted based on wave number and therefore it is
more convenient to view K as some function of k.
In Fig. 4, the curve fits presented in Fig. 1 are
used to obtain four K versus 1/k data points at
several different values of S° A linear fit to the
data for each of the values of S? plotted is also

included. These plots are essentially vertical cuts
through the data of Fig. 1. The form of the linear
fits in Fig. 4 is

K=o+ B(1/k). (11)

The y-intercepts and slope of the linear fit to the
K versus 1/k data, « and f respectively, are
functions of $%, having the form,

= Alﬁ, (12)
B=4,8, (13)
where A; and A, are the slopes of the fit to the
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Fig. 4. Plot of K versus 1/k at several different values
of S2. Lines faired through the data are linear fits.

(o, $%) and (B, $%) data, respectively. Their values
are A; =0.3102 and A4, = —487.125. In Fig. 5, «
and f are plotted against S2. Combining eqgs. (11)
through (13) gives

K =A,5+ 4,58%(1/k), (14)

which permits computation of K for a given value
of §2 and k.

Having developed a relationship for K as a
function of k and S2, it now remains to define an
algorithm for computing K., which is the value of
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Fig. 5. Plot of o and B versus S for the range of §2
presented in Fig. 1. The solid lines are obtained from
egs. (12) and (13).
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K due to all wave numbers in the range

ky <k <k,. First, the equation for $2, eq.(7), is

rewritten using eq. (8) to give

J— ky

§?= J H(kyk® dk. (15)
kg

Next, defining the wave slope spectrum, P(k)

P(k) = $(k)k>, (16)

S? is again rewritten as

. Ky

§?= j P(k) dk. (17)
ka

For a sufficiently small wave number inter-
val, Ak = k,, — k,, P(k) can be accurately approxi-
mated as a linear function of k, and S? can be
approximated as

§2 = P(k;) Ak, (18)
where

k, + k
k= (—’;—"’ (19)

Below this small value of Ak, it follows from
€q. (18) that changing Ak by a constant factor will
change S? by that same factor. Similarly, from
eg.(2), it is also true that changing S? by a
constant factor changes K by that same factor.
The net result is that below a critical value of Ak,
the value of K in the interval k, < k < k,, is linearly
related to the size of that interval. Hence, K, can
be computed by simply summing the value of K
in each interval Ak, over the entire range in k,
ky <k <k,. That is,

n
Kc= Z Ki,

i=1

(20)

where, K; is obtained by inserting eq. (18) into
eq. (14) to give

K= A, P(k) Ak + A, P(k;)(1/k;) Ak, (21)
where
k, —
A==k (22)
n—1

The constancy of the summation in eq. (20) was
checked by computing K. using progressively
smaller values of Ak. K was found to give results
which were within 1% of the asymptotic value,
when Ak < 10 rads/m.
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2.2. K model

The second part of the model for K; is Ky
which is the total gas exchange coefficient attained
at a given wind speed. Here, K, is used in the
usual way to parameterize all processes which
contribute to gas exchange (e.g., wave breaking,
bubble entrainment, turbulence etc.) against wind
speed. Such gas exchange coefficients are typically
obtained from wind/wave tunnel experiments.

Two models for K, will be considered here.
The first is a curve fit to the data of Ocampo-
Torres et al. (1994), where the transport of CO,
was measured as a function of the wind speed in
a wind/wave tunnel. A 4th order polynomial was
used to fit the data,

Koo = ayu* + ayu® + asu® + agu + as, (23)

where a; =398 x 1078, g, = —295x 1075, a3 =
7.94 x 1073, a, = —6.23 x 107°, a5 =5.48 x 1074,
u is in m/s at a height of 10 m and K., is in cm/s.
A plot of this data, along with eq. (23) is presented
in Fig. 6. It should be noted that the original wind
speed data presented in Ocampo-Torres et al.
(1994) was measured at a height of 0.3 m. This
data was converted to the standard velocity at a
height of 10 m, assuming a logarithmic velocity
profile,

u—uy 1 (z)
=—In|—],
Uy K \zo

I Liss and Merlivat
1 Lo Ocampo-Torres et al.

(24)

(cm/s)

Ktot

T T 77
0 5 10 15 20 25 30

u,, (m/s)

Fig. 6. K,,, versus wind speed models due to Liss and
Merlivat (1986) and Ocampo-Torres et al. (1994). The
models are described by eqs. (25) and (23), respectively.
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where u, is the friction velocity, u, is the speed of
the water surface (0.1 m/s), x is von Karman’s
constant, which was taken to be 0.4 (following
Large and Pond, 1981), z, is the aerodynamic
roughness, z, is height, and u is the wind speed at
height z. Values for u, were obtained from the
Ocampo-Torres et al. (1994) data set.

The second model for K,,, used here is the Liss
and Merlivat (1986) model, which is a piecewise
linear model, consisting of three segments,

Kie=472x 10 5u 0<u<36
Kie=792x 10"%u—2.68 x 1073 36<u<13
K =164x1073u—137x 1072 u>13

(25)

The Liss and Merlivat model for K., is also
presented in Fig. 6. Note that u is the velocity at
a height of 10 m in this relation as well.

Combining the two models for K., with the
two models for K., four models for K; are
obtained. These 4 models are cataloged in Table 2
as models 1 through 4. The results obtained from
these models are now described.

3. Results

Plots of K, versus wind speed for each of the
four models listed in Table2 are presented in
Fig. 7. Models 3 and 4 both give small values for
K¢, except at very small wind speeds. This follows
from the fact that the wave number spectra for
the E-model gives values which are over an order
of magnitude smaller than for the A-model, and
these results propagate through to the K¢ model.
Model 2 displays discontinuities at the wind speeds
u=3.6m/s and u= 13 m/s, giving K; values of
8% and 4%, respectively. These discontinuities
are located at the breaks in the piecewise linear

Table 2. Catalogue of the 4 models, constructed
using the indicated model for wave number spectrum,
and K.,

Model # ¥ model Ko model
1 A-model Ocampo-Torres et al. (1994)
2 A-model Liss and Merlivat (1986)
3 E-model Ocampo-Torres et al. (1994)
4 E-model Liss and Merlivat (1986)
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Fig. 7. K; versus wind speed for the four different com-
binations of K,,, and K, models. The models are tabu-
lated in Table 2.

plot of the Liss and Merlivat (1986) K, relation
(eq. (25)). The K; values located at these discon-
tinuities, particularly the large spike located at
u = 3.6 m/s, are probably more a reflection of the
inaccuracy of this K, relationship than an indica-
tion of particularly high values for K at these two
wind speeds. Model 1 displays a continuous,
smooth K; versus u relationship with a peak of
4% at 12.8 m/s.

Since the models for K; require only u as an
input, remotely sensed wind speed data can be
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used as the model input, providing global maps
of K;. Global wind speed data was obtained from
passive microwave radiometric measurements
from the Defense Meteorological Satellite
Program (DMSP) Special Sensor Microwave
Imager (SSM/I). These measurements are pro-
vided in the form of wind speed by the NOAA
National Climatic Data Center (NCDC). The
SSM/1 is a four frequency, linearly-polarized, pass-
ive microwave radiometric system. Measurements
are obtained at 19.35, 22.24, 37.0 and 85.5 GHz
The passive radiometric data is converted to wind
speed, by NOAA, at 1° x 1° resolution, using the
algorithm of Goodberlet et al. (1989) and using a
weather screen due to Ferraro et al. (1994) for
rain detection. These wind speeds are referenced
at a height of 19.5m and were converted to the
standard 10 m height, as described in Section 2.
The data provided by NCDC is in the form of
wind speed maps, where each pixel consists of a
monthly averaged wind speed, and spans the years
1988 to present. Presenting this data in the form
of maps over this span of time is impractical.
Instead, plots of the global average are presented
as a function of month for 118 months. The wind
speed is used as an input to the K, models
developed above. In Fig. 8a, K, is plotted against
month for models 1 and 2. These two models give
values which fall between 3-4% for all months
investigated. The K; results for models 3 and 4
are presented in Fig. 8b, yielding extremely small

0.0005
B QC  Mode

0.0004 -

0.0003 —H

s
0.0002 -fH o=

0.0001 A

T T N T T T
0 20 40 60 80 100 120
Month

Fig. 8. Plot of K¢, averaged over the entire ocean surface for each month. Month 1 corresponds to July 1987 and
the last month corresponds to April, 1997. (a) Models 1 and 2, (b) Models 3 and 4 (Table 2).
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values, less than 0.03% for all months. The blank
region located roughly in the center of each plot
corresponds to a period of instrument failure.

As mentioned earlier, K; was computed only
for the range of wave numbers described by egs.
(5) and (6) since the only monochromatic data
for K which exists lies in this range. As an exercise,
the models for K, were recomputed for all capillary
waves, that is all wave numbers greater than k=
370 rads/m, by extrapolating the experimental
data of Saylor and Handler (1997). Plots of K;

we Model #1
Model #2
””” Model #3
-~ -~ Z-Model #4

0 5 10 15 20 25 30
u (m/s)

Fig. 9. K, versus wind speed extrapolated for all capil-
lary wave numbers. The models are tabulated in Table 2.
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versus u are presented for this wave number range
in Fig. 9. These plots display values which, while
larger for all cases, do not differ significantly from
the results displayed in Fig. 7. This is an interesting
point, since it seems to suggest that wave numbers
outside of the range used to compute the plots in
Fig. 7 do not contribute significantly to K;. This
in turn suggests that the capillary waves which
contribute most significantly to K; may lie in, or
near, the range explored. To test this hypothesis,
the product of K (eq. (14)) and ¢ (eq. (8)) was
plotted for a range of §2 in Fig. 10a and a range
of u in Fig. 10b. In both figures, the A-model was
used for ¢. The peak in both figures is located at
k=1790 rads/m (A= 3.5 mm) and is independent
of §? and u. This process was repeated for the
E-model, yielding a peak at k = 1690 rads/m (4 =
3.7 mm), which was also independent of $% and u.
The small difference between these two values is
remarkable in light of the enormous variation
between the magnitudes and form of the two wave
number spectra. These results suggest that, of all
capillary waves, those having wavelengths around
3.6 mm contribute most to gas exchange.

4. Discussion

The four models for K; plotted in Fig. 7 show
significant differences in behavior and magnitude
and these are now discussed. Of the four models,

5e-18
Wind Speed
()
u=15 m/s
u=10 m/s
4e-18 o =
4
§-3e—18 —
<
*
N 2e-18 o
le-18 o
0e+00
1000 4000

k (rads/m)

Fig. 10. The product of K and ¢. (a) Wind speed 10 m/s for several different values of S2. (b) S%=0.04 m/m and

wind speed is varied.
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model 2 exhibits the most anomalous behavior,
displaying two discontinuities in the K; versus u
plot. As stated in the previous section, these
discontinuities are due to the discontinuity in the
Liss and Merlivat (1986) model for K. Hence,
the sharp peaks displayed in Fig. 7 are almost
certainly non-physical, and hence this model,
as well as model 4, which also uses this K,
relationship will not be considered further.

This leaves models 1 and 3, which both use the
Ocampo-Torres et al. (1994) model for K.
Model 3 exhibits small values for Ky, except at
very low wind speeds, where it peaks at ~7%.
Model 1 exhibits small values for K; when the
wind speed is small, and peaks at a wind speed of
about u =13 m/s, where K;=4%. The reason for
this difference in behavior is due to the different
models used for the wave height spectrum. As
illustrated in Figs. 2b and 3b, at all wind speeds
above about 2 m/s, the A-spectrum gives values
which exceed the E-spectrum by at least two
orders of magnitude at all wave numbers in the
range k; < k < k,. However, while the A-spectrum
continues to decrease with decreasing wind speed,
once u drops below 1 m/s, the E-spectrum actually
increases, exhibiting values which exceed the
A-model at all wave numbers in the range
ky <k <k,. This accounts for the large K; values
at low wind speed, for model 3. These large values
at small ¥ minimally affect the globally averaged
values for K;. The globally averaged wind speed
is approximately 8 m/s and the large values of K;
below u =1 m/s do not significantly contribute to
this averaged K;.

Models 1 and 3 differ only in the choice of wave
height spectrum. For the high wave numbers
considered here, there has been no experimental
validation of ¢(k), and it is impossible, therefore,
to determine which of the existing wave height
spectra, if any, are accurate. As a result, it is not
yet possible to make a strong statement concerning
the numerical accuracy of the K¢ models presented
herein. It is possible that the values of K; reported
here may actually be underpredictions, should the
models of ¢(k) used turn out to be too small in
the wave number range k, <k <k,. There is, in
fact, evidence which suggests that this may be the
case. Hwang et al. (1996) have obtained wave
spectra in the ocean, resolved to a minimum
wavelength of 4 mm, and have found that the
spectra are significantly larger than complement-
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ary data obtained in wind/wave tunnels in the
range k= 100-1000 rad/m. The reason for this
difference was postulated to be the presence of
variations in wind speed and wind direction which
exist in the ocean, but are completely absent in
laboratory measurements. This is an important
point, since the E- and A-models employed in the
present work utilize laboratory data to construct
the wave spectrum. While the data of Hwang et al.
(1996) does not extend to the wave numbers
investigated in this work, it is likely that ¢(k) is
indeed larger than predicted by either the E- or
A-spectra, at these high wave numbers, and con-
sequently that K, is also larger. While these conclu-
sions are somewhat tentative, they do demon-
strate the importance of extending existing
measurements of ¢(k) to higher wave numbers.

The K; values plotted in Figs. 8a,b were
obtained using a monthly averaged wind speed as
the model input. Because of the nonlinear K;
versus u behavior for all of the models, it is
possible that the globally averaged values of K,
would be different had a more frequently sampled
wind speed been used as the model input. For
example, in the case of model 3 an average wind
speed of 4 m/s would yield a negligible value for
K;. However, if that averaged wind speed arose
from winds which varied from 1 m/s during one
portion of the averaging cycle, to 7 m/s during the
other part of the cycle, the average wind speed
would be 4 m/s, yet the values of K; during the
1 m/s winds would be significant, resulting in an
averaged K;, much larger than that obtained from
the average wind speed.

A different, but related, point concerns transient
winds, or wind gusts. Studies on the temporal
evolution of the wave slope spectrum have demon-
strated that the high wave number portion of the
spectrum develops first and that the lower wave
numbers mature much later. Furthermore, the
work of Wu (1979) shows that not only does the
high wave number portion of the spectrum grow
faster during growing winds, but the frequency of
occurrence of high wave number slopes during
early times is even greater than during steady
times. This indicates that the numerical value of
the spectrum at high wave numbers may be larger
during wind gusts than during steady state, even
at an equivalent wind speed. This points toward
a larger than expected rdle of capillary waves in
regions where wind gusts are prevalent. However,
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it is not possible to state whether K; would
actually be larger in such regions, since the
behavior of K, is unknown during wind gusts
(to the best of the author’s knowledge). Hwang
et al. (1996) have noted that variations in wind
speed and wind direction may be responsible for
the larger values observed in the high wave
number portion of their spectrum, compared to
laboratory data. Laboratory data is obtained at a
constant wind speed and direction, which permits
the development of a spectral gap at the wave
number corresponding to the minimum phase
speed. In the ocean, variations in wind speed and
direction prevent the formation of such a gap, and
may account for the larger values of ¢(k) observed
by Hwang et al. (1996). These results indicate that
experimentally obtained spectra in wind/wave tun-
nels may underpredict ¢(k) at high wave numbers.

The model for K, used here employs data
obtained from Faraday waves. As discussed in
Section 1, these waves are standing waves at very
low excitation amplitudes, but for the experiments
of Saylor and Handler (1997), this standing wave
pattern continuously drifted about. While the pres-
ence of this drift avoided the problem of having
enhanced transport only at fixed locations on the
water surface, it is nevertheless possible that the
underlying hydrodynamics of these drifting
Faraday waves may be so different from progress-
ive waves as to result in significantly different gas
exchange. Existing studies of Faraday waves seem
to indicate that this is not the case. Gollub and
co-workers have demonstrated that drifting
Faraday waves can be understood as a random
fluctuation of the Stokes drift (Ramshankar et al.,
1990; Mesquita et al., 1992), similar to that which
occurs on a random field of ocean waves. Using
a model developed by Herterich and Hasselmann
(1982), for horizontal dispersion of tracers in a
random field of ocean surface waves, they demon-
strate that Faraday waves which exhibit a random
drift effect a horizontal dispersion which agrees
with the oceanic model of Herterich and
Hasselmann to within a factor of 3 for excitation
amplitudes comparable to the work of Saylor and
Handler (1997). While this result is for horizontal
transport, it seems reasonable to expect similar
agreement for vertical transport.

Evidence also exists in the sediment transport
literature, for a similarity between the transport
which occurs for standing and progressive gravity
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waves. For example, Iskandarani and Liu (1991)
demonstrate that the vertical mass transport velo-
cities are comparable for three dimensional pro-
gressive and standing gravity waves. Similarly,
Hsu et al. (1980) show that short-crested waves
created by combining two progressive waves at
an angle of 45°, result in vertical mass transport
which differs by at most a factor of 3 from the
standing wave case. While these studies are for
shallow gravity waves, and not for the capillary
waves considered here, the results seem to indicate
that even if the Faraday waves had been of the
non-drifting, standing wave type, the values of K;
obtained here should not differ significantly if they
had been obtained from pure progressive capil-
lary waves.

In the process of developing the models for K,
described in this paper, an interesting ancillary
result was uncovered. The data plotted in Fig. 4
shows that, for a constant S%, K is a linear function
of inverse wave number. For linear capillary waves,
the total energy density E is described as (Phillips,
1966),

E = p6S?, (26)

where p is the water density and o is the surface
tension. Eq.(26) shows that the total energy
(potential and kinetic) contained in the wave field
is independent of wave number at constant mean
square slope. Each line in Fig. 4 is, therefore, a
constant energy line. Hence, for the range of
capillary waves investigated, the gas exchange
coefficient of capillary waves increases as the
wavelength gets smaller without any extra input
of energy into the system. This result is most likely
a reflection of the fact that the concentration
boundary layer beneath the waves is much thinner
than the wavelengths investigated, and hence redu-
cing A brings the scale of the wave closer to that
of the boundary layer, allowing the wave energy
to couple more directly with the gas exchange
process.

Finally, it is noted that wave slope spectra
display a decrease in the spectral value as the
wave number increases, while K displays an
increase with increasing wave number. This
behavior suggests a peak in the product of K and
¢ which was indeed observed (Fig. 10). The loca-
tion of this peak is at a wavelength of 3.5 mm
when the A-model is used for ¢, and a wavelength
of 3.7 mm when the E-model is used for ¢. These
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results suggest that small capillary waves play an
important rdle in gas exchange, but that it is a
very specific band of capillary waves, having wave-
lengths around 3.6 mm which contribute most to
gas exchange. This result is obtained by extrapol-
ating the data of Saylor and Handler (1997)
outside the range they investigated, and relies on
the implicit assumption that the linear behavior
of the K versus 1/k data displayed in Fig. 4 will
exist outside of the range k; <k <k,. While this
assumption may not strictly hold, it seems unlikely
that a dramatic change in the K versus 1/k
behavior will occur outside of this range.
Nevertheless, the conclusion concerning the loca-
tion of the peak contribution of capillary wave
gas exchange at A= 3.6 mm, must be viewed as
somewhat tentative, and further experiments in
this area would be useful. Tt should be noted that
while uncertainties are introduced in the process
of extrapolating the data of Saylor and Handler
(1997), the orders of magnitude difference between
wave spectra models which exists is the largest
source of uncertainty in the K; model presented
here. It seems, therefore, that a better prediction
of K will result from more accurate and realistic
measurements of ¢(k).

5. Conclusion

A model was developed to estimate Ky, the
contribution of capillary waves to the oceanic gas
exchange coefficient. Although capillary waves
were shown to significantly enhance gas exchange
in the laboratory, the small wave energies pre-
dicted by existing wave height spectra resulted in
relatively small values for K;. Global averages of
K; were estimated to be less than 4%. It was
noted that the high wave number portion of the
wave height spectrum has not been experimentally
validated, and that such experiments are necessary
to predict K, with greater confidence. This is an
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especially noteworthy point in light of the orders
of magnitude variation between wave height spec-
tra models which currently exists. It was also
noted that spectra obtained in the ocean display
much larger values than laboratory spectra in the
capillary wave regime. These differences are pre-
sumed to be due to variations in wind speed and
wind direction which exist on the ocean, but not
in the laboratory. Since models for ¢ rely on
laboratory data, there is a high probability that ¢
is larger in the ocean, and therefore K, is larger
than predicted here. It was shown that a peak in
the contribution of capillary waves to the gas
exchange coefficient occurs around 4= 3.6 mm,
and is independent of wind speed and S2 Finally,
it was demonstrated that, for capillary waves, K
increases linearly with inverse wave number at
constant S Since the total wave energy density
is linearly related to S2%, a concomitant result it
that, for the range of wave numbers investigated
here, large increases in gas exchange occur at
constant energy input when the wavelength is
decreased.
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