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Abstract

Previous parameterizations of gas transfer velocity have attempted to cast
this quantity as a function of wind speed or wind-stress. This study demon-
strates that the presence of a surface film is effective at reducing the gas
transfer velocity at constant wind-stress. Gas exchange experiments were
performed at WHOI and UH using annular wind-wave tanks of different
scales. Systematic variations of wind-stress and surfactant concentration
(Triton-X-100) were explored to determine their influence on gas transfer
velocity. Attempts to characterize the surface properties of the surfac-
tant solutions were performed using mechanically generated capillary-wave
packets. Results indicate a strong inverse relationship between gas transfer
velocity and enhanced wave damping.

1 Introduction

The exchange of gases by the oceans is an important component of global
budgets for the cycling of climatically important gases, including carbon
dioxide and other trace gases. Estimation of ocean-atmosphere gas fluxes
requires a knowledge of gas concentration gradients and an accurate param-
eterization of the gas transfer velocity (k). Previous studies of gas transfer
have shown a strong dependence of the gas transfer velocity on wind and
a weaker dependence on gas diffusivity [Jdhne et al., 1987]. Thus, the ex-
change velocity is commonly parameterized as a function of wind speed (1)
and Schmidt number (Sc). Field estimates of k using natural and bomb
14C inventories, radon and other gas tracers show considerable scatter as a
function of wind, attributable in part to variable fetch, wave state and, ow-
ing to the nonlinearity of the u — k relation, biases introduced by the use of
averaged winds [Wanninkhof, 1992]. Laboratory measurements carried out
under tightly controlled conditions in wind-wave tanks also show large vari-
ations in k at constant or nearly constant friction velocity, suggesting that
wind stress alone is not sufficient to parameterize k, and that other factors
enter into the exchange process [Jdhne et al., 1987].
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Recent observations suggest that surface-active materials present natu-
rally in lakes and seas and also adventitiously in laboratory wind-wave tanks
have a significant effect on the gas transfer velocity [Frew, 1995]. From stud-
ies in turbulent systems, it is known that surface films affect near-surface
turbulence length and velocity scales [Lee et al., 1980]. The viscoelastic mod-
ulus introduced by the presence of surfactants at the gas-liquid interface
represents an additional tangential stress that opposes surface divergence
due to turbulent eddies [Davies, 1966]. Thus, the presence of a film inhibits
surface renewal and the resultant exchange of gases between the two phases.

Wind-generated waves transfer energy to turbulence via wave-wave inter-
actions [Jdhne et al., 1987]. Thus, factors that modify the spectral character-
istics of the wave field are likely to affect turbulence and the transfer process.
The effect of finite surface viscoelasticity, first introduced by Levich [1962],
on wave propagation has been studied extensively in both laboratory exper-
iments [Hansen and Mann, 1964; Bock, 1987], and field experiments [Alpers
and Htihnerfuss, 1989; Bock and Frew, 1993]. Evidence has recently been
obtained that surface viscoelasticty affects not only the dissipation terms of
the wave energy budget, but also the wind-wave growth and mixing terms
[Bock et al., 1995]. Results obtained in a small annular wind-wave tank at
WHOI, described in a companion paper in this volume [Hara et al., 1995],
indicate a well-behaved functionality between mean square wave slope and
gas-transfer coefficient for waves on clean water surfaces. Several studies
have been performed in annular tanks at WHOI and at UH in order to under-
stand how films of surface-active molecules influence both waves and gas
transfer. Results from these studies show that even for different surfactants
and concentrations, a uniform correlation between mean square slope and
gas transfer is found. In view of the effect of the viscoelastic modulus on the
wave field, the dependence of k on the viscoelastic modulus has also been
investigated and the initial results of these studies are reported here.

2 Experimental Methods

Measurements of k were carried out in very clean water and in dilute aqueous
solutions of a synthetic surfactant (Triton-X-100, polyethylene glycol p-tert-
octylphenyl ether, avg. mol. wt 628, ®Rohm and Haas, Philadelphia, PA) in
two annular wind-wave tanks of different scales at WHOI and UH. The WHOI
tank has a mean diameter of 0.5 m and is designed to be relatively free
of surface-active contaminants. The UH tank has a mean diameter of 4 m
and is capable of sustaining longer waves. Due to its size, the UH tank is
more difficult to keep free of adventitious surfactants and requires more
aggressive removal of contaminant films through the continuous use of a
surface skimming device.

Gas transfer velocities were measured during evasion or invasion experi-
ments using primarily oxygen as a gas tracer. O, measurements were made
continuously using polarographic electrodes. Sulfur hexafluoride (SFg) was
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also measured in selected experiments in the UH tank. Aqueous concentra-
tions of SFg in discrete samples were measured by gas chromatography with
electron capture detection.

Wind speed in the WHOI tank was taken nominally to be the mid-channel
speed of the wind generating rotor; an anemometer was used to measure
u in the larger UH tank. Since an accurate knowledge of the wind stress
was essential for interpretation of the effects of surfactant films, friction
velocities were measured for all experiments in both wind-wave tanks. A
hot-film anemometer probe was used to measure bulk velocity profiles in
the liquid phase in the UH tank; similar measurements were made in the
WHOI tank using a Sontek acoustic current meter. A relation for estimating
the water-side friction velocity u* from bulk fluid velocity u, (u*? = ui /B")
was determined using the momentum balance method [Jdhne et al., 1987].
The drag coefficient 8’ was found to be relatively constant, except at low
surface stress, where a transition from laminar to turbulent flow occurs.

Triton concentrations were varied from 0.03 - 2.0 x 1076 mol £7! to
provide a range of viscoelasticities. Since liquid phase volumes for the UH
tank were known only approximately and losses occurred during surface
skimming, water samples were collected at the beginning and end of each
experiment for determination of Triton concentrations. These were deter-
mined by solvent extraction of sample aliquots and measurement of the
concentration using gas chromatography.

Wave propagation in subsamples of the same water was studied simul-
taneously in a small linear tank. Estimates of wave damping coefficients
were made by measuring the propagation characteristics of mechanically
generated wave packets at a frequency of 28.0 Hz. A point laser slope gauge
positioned at known distances from the wavemaker was used to determine
wave amplitude and phase. The frequency dependence of the damping coef-
ficient allowed determination of the viscoelastic modulus using a dispersion
relation incorporating viscoelasticity.

3 Results and Discussion

3.1 Gas Transfer With Zero Viscoelastic Modulus

An objective of this study was to quantify the effects of synthetic surfactant
films on gas transfer, which requires carefully controlled surface conditions.
Experiments that are completely free of surfactant effects are difficult to
achieve without extreme measures that unfortunately would be impractical
for wind-wave tanks. Distilled waters typically contain significant amounts
of surface-active organics that adsorb at the air-water interface. The pres-
ence of such adsorbable contaminants is reflected in a time-dependent de-
crease of wave slope and of mass transfer. Initial skimming of the sur-
face only temporarily removes adsorbed films, which can quickly redevelop
when skimming is discontinued. The experiments in the WHOI tank utilized



532

a commercially bottled spring water that, although not totally surfactant-
free, contained very low amounts of organics and was significantly cleaner
than the distilled water available in our laboratory. This allowed stable mea-
surements over a period of hours. Filtered deionized water was used in the
UH tank; initial experiments indicated that surface contamination developed
within a short time of the intitial skimming; therefore a skimmer was used
continuously to remove adventitious surfactants and maintain relatively sta-
ble surface conditions.

Gas transfer velocities measured for different water surfaces in the WHOI
tank are summarized in Figures 1-3. In Figure 1, k is shown to be a smooth
function of wind speed in the case of the clean spring water surfaces, for
which the viscoelasticity is expected to be neglible. Figure 2 shows the rela-
tion obtained between k and u*. The transfer velocity increases as a smooth
linear function of friction velocity. There is no pronounced transition from
a smooth to wavy surface; waves were generally observed over the entire
range of wind stress in the WHOI tank. A more stringent test for contam-
inants is to plot k normalized to u* (k* = k/u*) as shown in Figure 3.
Within experimental error, k* is constant for 0.1 < u* < 3.0 cm s~ ! in the
clean case. This indicates that the near surface hydrodynamic regime was
constant. Clean surface values for k* measured in the UH tank are also
plotted in Figure 3. For higher u*, the UH clean water values are in close
agreement with the WHOI values, suggesting that the scale of the tank is
not a critical factor in comparing these measurements. At low to moderate
u*, the k* values are suppressed relative to the WHOI values. This would
be consistent with higher levels of organic matter in the water or from tank
construction materials.

3.2 Gas Transfer With Non-Zero Viscoelastic Modulus

Transfer velocities were measured as a function of u* for solutions of Triton
at four different concentrations in the WHOI tank and three nominal concen-
trations in the UH tank; the latter varied from the nominal values due to de-
pletions occurring during the measurements. Concentrations reported here
are actual concentrations, measured as described in Section 2. Results for
the WHOI tank are summarized in Figures 1-3. The observations for the UH
tank were very similar and are included in Figures 3. Gas exchange was inhib-
ited relative to clean water even for the lowest concentration measured (3 X
1078 mol £~! Triton). In the presence of Triton, k increased more slowly and
nonlinearly with increasing wind speed (Figure 1) and also with u* (Figure
2). The relation between u and k becomes increasingly nonlinear with in-
creasing surfactant concentration and is qualitatively very similar to results
reported by Asher and Pankow [1986; 1991] for gas transfer in stirred grid
turbulent systems and to the Liss-Merlivat multilinear parameterization of k
with wind for in situ gas exchange in lakes and seas [Liss and Merlivat, 1986].
A critical wind speed necessary for development of waves becomes apparent,
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Figure 1: Dependence of gas transfer velocity, k, on wind speed, u, in the WHOI
annular tank for clean water and dilute solutions of Triton-X-100.
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Figure 2: Gas transfer velocity as a function of water-side friction velocity, u*, for
clean water surfaces and for surfaces modified by different concentrations of Triton-
X-100.
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Figure 3: Dimensionless gas transfer coefficient, k*, versus u* for both clean water
systems and for different concentrations of Triton-X-100. Data shown are from both
WHOI and UH wind-wave facilities.

representing a transition between two hydrodynamic regimes. The critical
wind speed increases with Triton-X-100 concentration. The inhibition of ex-
change is effective at the highest wind stress measured in the small tank (u*
=3 cm s~!). Comparison of Figures 1 and 2 illustrates the striking effect of
surfactants on the drag presented by the interface. The broken line curve
in Figure 2 is fitted to k values for u = 9 m/s. At a concentration of 1 ymol
£-1, u* is reduced to about 60 % of the clean water value.

The transfer velocity can be expressed in terms of u* as the dimension-
less transfer velocity k* = k/u* = BSc™™. In Figure 3, the variation of k*
with u* for a Triton solution (0.3 umol £~1) is compared with k* values for
clean water for the WHOI tank, along with data for similar concentrations
in the UH facility. These have been normalized to Sc = 600 by assuming
Schmidt number dependencies of n = 1/2 for wavy surfaces and n = 2/3 for
smooth surfaces. However, the Schmidt number exponent is likely to have
intermediate average values in the transition region, as shown by correla-
tions of n with wave slope and by direct measurements of n using multiple
gas tracers [Jdhne et al., 1987].

In contrast to the clean water values, k* is strongly suppressed at low
u* and does not attain clean water values even at high u*. A clear tran-
sition between hydrodynamic regimes (smooth surface to wavy surface) is
observed. This transition occurred at different u* for different surfactant
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Figure 4: Surface contour plot of logio k as a function of logio ¢ and logio Uyot-
Data points represent measurements from both the WHOI and UH facilities. A planar
surface fitted by means of least-squares-fit is depicted in the contour plot and explains
the variance of 90 % of the data.

concentrations.

As with surfactants that occur in natural waters [Frew and Nelson, 1992a;
1992b; Bock and Frew, 1993], Triton-X-100 is water-soluble, but forms films
that are not reversibly adsorbed and desorbed at the interface. When Triton-
X-100 films were allowed to accumulate in the absence of surface skimming,
increased suppression of exchange was observed at a given surfactant con-
centration. Under conditions of constant surface skimming, the surface con-
centration of Triton-X-100 was expected to be in dynamic equilibrium with
the bulk concentration, ¢, through diffusional exchange. Figure 4 shows
the fitted three-dimensional plane that describes the logigc-logiou-logiok
relation that describes the experimental data for both the WHOI and UH
wind-wave tanks. The plane describes within one standard deviation, the
variance in 90 % of the data points.

The results suggest that the Triton, a highly water-soluble surfactant, was
capable of maintaining significant viscoelasticity at the interface despite the
continuous disruption of the surface by the skimming device, which pre-
vented accumulation of film material. This finding implies that natural sol-
uble surfactants in seawater also could affect gas transfer under conditions
where films of water-insoluble surfactants would be disrupted by wind shear
and breaking waves.
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3.3 Estimation of Wave Damping and Viscoelastic Modulus

A strong linear correlation between k and mean squared surface slope was
observed for clean interfaces [Hara et al., 1995]. The same relationship was
also observed to apply in the presence of Triton-X-100. Apparently the sur-
face roughness is an indicator of the turbulence phenomena governing the
exchange. A study of the wave damping effects of the Triton was under-
taken to try to correlate damping coefficients and k. An analysis of the data
obtained from these experiments yielded values of the viscoelastic modulus.
Levich [1962] established early that the presence of a surface dilational
elasticity caused damping of capillary and capillary-gravity waves by cre-
ating a surface tension gradient due to wave orbital motion. The hydrody-
namic description was re-evaluated by Bock and Mann [1989] to eliminate
spurious wave propagation modes and the resulting dispersion relation was
formulated from the linearized Navier-Stokes relation and surface boundary
conditions that include a dilational visco-elastic modulus. This dispersion
relation is limited in the sense that surface shear viscoelasticity and other
more complex surface rheological properties are omitted. Despite this, the
formulated dispersion relation should be accurate for dilute gas-like sur-
face films where shear viscoelasticities and surface plasticity should not
exist. It relates the physical properties of the bulk fluid on which the waves
propagate (namely the density, p, and the fluid viscosity, n), along with the
surface tension, o, and the gravitational constant, g, to waves with angular
frequency, w, that have a complex wavenumber, k, that is defined as:

~ 2T,
k:T'i‘l,B (1)

where A is the wavelength of the wave and S is the distance damping coeffi-
cient. The dispersion relation takes the form of a determinant that is equal
to zero when values of k and w are obtained that satisfy physically realistic
wave propagation. The relation is given as:

(pw? — pgl + 2iwnl? — ok?l) (—ipgk — 2wnik — ick3)

(2wnkl + iek?) (icwnlk? +1m?] - ék2mm) ' -0

)

where 1 is defined as:

3)

and [ is defined as:

P= ke (4)
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This dispersion relation predicts wave modes that correspond to the
Laplace mode in which the primary restoring force for wave motion is the
surface tension acting on the curvature of the wave. In the presence of
a surface dilational viscoelasticity, a Marangoni mode is predicted, along
with a modified Laplace mode. In this mode the primary restoring force
is produced by local areas of compressed surface film that give rise to an
oscillating compressional wave in the plane of the surface.

The dispersion relation can be solved to obtain the viscoelastic modulus,
€ by using experimentally obtained values for the remaining variables. To
obtain the real and imaginary parts of k, plane-wave packets are produced
at the end of a 1.3 m linear wave tank. The packets propagate along the tank
and a single-point slope gauge, that can be positioned at known locations
along the tank, records its passage. Figure 5 shows a representative time
series recorded at a point along the tank. Measurement of the phase of the
wave packet at several 0.001 m spacings gives an accurate estimate of the
real part of k, and measurements of the packet amplitude at 0.05 m intervals
give an estimate of the imaginary part, 8. Separate measurement of surface
tension is performed using a Wilhelmy plate and an electrobalance. Having
experimentally fixed the frequency of the wave and using tabulated values
for density, viscoscity, and the gravitational constant, it is possible to solve
iteratively the dispersion relation for €. It is also possible to solve the disper-
sion relation assuming that the viscoelastic modulus is zero, corresponding
to waves propagating on a clean surface with no surface film. This allows
computation of Bg/Br, the damping ratio, R.

For the wave damping experiments, three concentrations of Triton were
tested. These concentrations were 0.01, 0.03, and 0.3 uM. The wave packet
frequency was centered at 28.0 Hz, the density, viscosity, and gravitational
constant used for the calculations were 0.998 g/cm3, 0.01 P, and 981 cm/s?,
respectively. Because the results of these experiments were to be compared
with the gas transfer measurements described above, it was important to
create surface conditions in the linear tank that corresponded to the condi-
tions in the annular wind-wave tank. Intrinsically, this could not be achieved
because the quiescent conditions required for mechanically generated waves
in the linear tank are not the same as the mixed, dynamical conditions ob-
tained with wind stress generated over the surface in the annular tank. To
simulate the effect that mixing would produce in the wind-wave tank, the
surface of the linear tank was aspirated at one end while being re-supplied
at the other end with a stream of solution of the same concentration in the
tank. This process removed the very surface of the solution (and also in-
cidentally caused a small surface drift) that resulted in a surface free of a
statically adsorbed film. At the instant of the start of the wave measure-
ments, the aspiration and re-supply were ended, and the surfactant was
allowed to adsorb at its own pace. The surface tension was observed to de-
crease monotonically, indicating the re-adsorption of surfactant. While this
took place, measurements proceeded at intervals of 10 minutes so that the
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Figure 5: Representative wave packet from a 28 Hz wave produced in the linear wave
tank. These data represent the time history of surface slope as observed at a fixed
distance away from the mechanical wave generator.

calculated € and Bg/B7 values could be obtained. These values would then
be extrapolated back in time to the start of the experiment to yield values
representative of a fresh surface.

Results of these experiments were amplitude and phase versus distance
at discrete points in time after the start of the experiment. In Figure 6, points
are plotted representing packet amplitude as a function of distance away
from the wave maker. Each of the lines represents a measurement made
in 10 minute intervals from the start of the experiment. It is clear that the
slope of these lines increases, indicating a larger value of distance damping
coefficient. A similar phenomenon is demonstrated in the wavenumber (2
1/A), as a function of time. This evidence, along with the steady decrease
in surface tension demonstrates how the surface of the solution ages. While
it is not clear that the surface of the solution in the wind-wave tank is as
efficiently stripped of a static adsorbed film under the conditions of wind-
stress during a gas exchange measurement, we do not have the means to
measure mechanically generated waves in the wind-wave tank.

The results in Table 1 include both measured and calculated properties
for three different solutions of Triton-X-100. As stated above, these param-
eters are determined after thorough surface aspiration. Since the surface
is initially stripped of adsorbed films, the inital surface tension, oy is close
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Figure 6: Damping curves (log amplitude versus distance) for wave packets at 28
Hz. The waves are propagating on a solution of 0.3 uM Triton-X-100. As the surface
film adsorbs, the wave propagation is modified and the distance damping coefficient
increases.

to that of pure water. For this reason, the theoretical wavenumber (calcu-
lated from the dispersion relationship with zero viscoelasticity) does not
significantly vary with Triton concentration. For the 0.03 uM solution, the
measured damping coefficient was not significantly different from the the-
oretical damping coefficient. Although small, the measured damping coef-
ficient for the 0.1 uM solution was found to increase from the theoretical
value. A much larger increase in the damping coefficient was measured for
the 0.30 uM solution. A similar trend in the elasticity was observed. The
uncertainity pertaining to the elasticity in the 0.03 uM solution was of the
same order as the value itself. However, the 0.1 uM and 0.3 uM showed
appreciable increases in elasticity. In all cases, the imaginary part of the
viscoelasticity was negligible. This was probably due, in part, to the slow
adsorption of Triton-X-100 at this concentration.

Comparison with the data in Figure 1 indicates that both R and €4 are in-
versely correlated with k for a given 1. However, the ability to correlate the
wave damping characteristics and viscoelasticity with the gas transfer re-
sults is complicated by the ability to reproduce the same surface in separate
experiments. This is a strong disadvantage of using Triton-X-100 and sim-
ilar surfactants, that other researchers should be aware of. With the same
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Table 1: Summary of wave damping and viscoelasatic modulus

Concentration 0.03 uM 0.10 uM 0.30 uM
0o (mN/m) 72.56 72.13 72.16
kr (rad/cm) 6.9312 6.9456 6.9482
kg (rad/cm) 6.9407 6.9177 6.6394
Br (1/cm) .02848 .02866 .02870
Be (1/cm) .02823 .02939 .03571
R 0.9912 1.0255 1.3425
€4 (mN/m) -0.3974 0.8709 2.7290
na (g/s) -1.3E-4 1.1E-3 7.5E-3

bulk concentrations of absorbed surface active material, the actual surface
concentration may vary substantially. This depends on many conditions
which are difficult to control. If the surface is not continuously stripped of
adsorbed films, the surface concentration will increase and both the damp-
ing coefficient and the viscoelasticy will also increase. There does remain
a strong correlation between gas transfer velocity and bulk concentration.
The results of this preliminary study indicate that the degree of the inverse
relationship of gas transfer velocity and concentration may be determined
by the surface viscoelasticity and the damping coefficient.

4 Concluding Remarks

Excellent agreement was obtained between the WHOI and UH facilities for
determination of gas transfer velocity as a function of wind-stress. As ex-
pected, significant reduction of the gas transfer velocity was effected by
surfactant films. A three-way power-law relation is seen in the data, which
suggest a simple relation between gas transfer velocity, Triton-X-100 con-
centration, and wind. While it is not intuitive that concentration should
form a simple relation to gas transfer velocity, there exists a strong inverse
correlation between wave damping enhancement and gas transfer velocity.
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