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The influence of wind on CO2-exchange in a wind-wave 
tunnel, including the effects of monolayers 

by Hans-Christoph Broecker,1 Jorg Petermann,1 Wolfgang Siems1 

ABSTRACT 
The wind dependence of the CO, desorption rate from water enriched with this gas was investi-
gated in a wind-wave tunnel. Mass transfer coefficients were determined by measuring the 
specific CO, mass flux in the air and CO, concentration in the water. Wind and CO, concentra-
tion profiles were determined for wind velocities ranging from 2 to 16 mis. Contrary to pre-
vious investigations, the mass transfer coefficient showed a distinctly linear dependence on the 
wind velocity. Formation of a monolayer of oleyl alcohol caused an extreme damping of waves, 
which led to an 80% reduction in the mass transfer coefficient. A linear relationship between 
the mass transfer coefficient and wind velocity was also observed in this case. 

1. Introduction 

Mechanisms and kinetics of gas exchange at the ocean/atmosphere boundary 
are of considerable biological and meteorological importance. The gases carbon 
dioxide and oxygen are of particular interest due to their role in biological cycles. 
Carbon dioxide has an additional significance since its influence on the earth's heat 
budget can cause climate changes. This is of current interest considering the steady 
increase in the CO2-level of the atmosphere, largely due to the use of fossil fuels. 
General estimates of the CO2 mass transfer coefficient at the sea surface have been 
available for about 25 years. Values of 3 X 10-3 cm/ s are cited in the literature 
(Broecker and Peng, 1974). However, these estimates only permit an integral de-
scription of the instantaneous state, not of mass transfer conditions in individual 
marine areas, e.g. shallow shelf seas such as the North Sea, or predictions of the 
effects of various weather conditions on the gas exchange. 

The mass transfer coefficient is a function of wind velocity, wave spectrum, tem-
perature and surface tension. However, the exact form of this dependence is not 
known. It is improbable that this function can be determined exclusively through 
field experiments. In situ experiments, which have been conducted up to now using 
various methods (radon method by W. S. Broecker (1974), "bellcapsule experi-
ment" by Hood et al. (1963) and desorption method by H. Ch. Broecker et al. 
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(1977)), have produced more detailed results, but are not without their own prob-
lems. The measurement of radon profiles presents the difficulty of keeping factors 
such as wind, waves, surface tensions, etc. constant over the period of measurement. 
Exactly this, however, is a precondition for reproduceable values and for determina-
tion of functional correlations between influential factors and the mass transfer co-
efficient. The other two methods have the disadvantage that they more or less dis-
turb the turbulence conditions at the sea surface. 

Up to now, measurements under defined, reproduceable conditions could only 
be made in wind-wave tunnels. Numerous authors (Downing and Truesdale, 1955; 
Kanwisher, 1963; Hoover and Berkshire, 1969; Liss, 1973) have reported on gas 
exchange measurements in wind-wave tunnels. At wind velocities of usually less 
than a maximum of 10 m/ s all authors found a quadratic dependence of the mass 
transfer coefficient on the wind speed. All these experiments were conducted using 
small tanks (ranging from 0.9 (length) X 0.3 (width) X 0.4 (depth) m to 4.5 X 0.3 
X 0.1 m), which were set up in wind tunnels. It is therefore questionable whether a 
wave spectrum similar to those under natural conditions could develop. This, how-
ever, is a precondition for application of data to the ocean/atmosphere system. It 
must also be taken into consideration that a convincing theoretical foundation has 
not yet been given for the previously observed quadratic dependence of the mass 
transfer coefficient on the wind velocity. It can also be assumed that boundary dis-
turbances could play a decisive role at these dimensions. 

We therefore decided to measure the CO2-exchange in a considerably larger wind-
wave tunnel in order to insure a better applicability of the results. The influence of 
a monolayer on exchange conditions was included in these investigations. Downing 
et al. (1957) studied the effects of detergents on the kinetics of O2-exchange in their 
wave tank experiments. They found that the surface active substances had a distinct 
influence on the gas flux. Further investigations of this effect on wind waves would 
seem desirable considering the relatively common occurrence of natural monolayer 
slicks at sea. 

2. Theoretical considerations 

For gases with a low solubility in water, such as CO2 , the main resistance to mass 
transfer for the absorption and desorption lies in the fluid. During experiments on 
the CO2 mass flux it is therefore of primary importance that turbulence conditions, 
particularly in the fluid phase, only be influenced by controllable factors not how-, , 
ever, by other effects (position of parts of the apparatus, forced circulation of the 
water body for homogenization of concentration gradients). 

The influence of monolayers on gas exchange is principally conceivable via two 
different mechanisms. One would be directly through a barrier effect due to the film 
molecules, the other indirectly via a hydrodynamical damping effect. The first effect 
can be ruled out in the case of oleyl alcohol as shown by Petermann (1976). A mass 
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transport inhibition due to the wave damping influence of oleyl alcohol has already 
been observed by us in field experiments (Brockmann et al., 1977). 

With and without the presence of a monolayer, the mass flux of CO2 in the air 
can generally be formulated as follows: 

rh (x) = f :v(z,x) Ca (z,x) b dz 

rh [kg s-1 ] 

X [m] 

z [m] 
v [m s- 1] 

b [m] 
L [m] 

Ca [kg m- 3 ] 

mass flux 
horizontal coordinate 
vertical coordinate 
wind speed 
tunnel width 
tunnel length 
concentration of CO2 in air 

(1) 

under the precondition that there exists no wind and concentration gradient over 
the width of the tunnel. The area over which the CO2 exchange takes place is 11.5 
m2 in our experiment. 

Furthermore: 

Ci [kg m- 8] 

C1, e [kg m- 3
] 

k [m s-i] 

drh = k b (Ci - C1,e) dx 

concentration of CO2 in water 

(2) 

equilibrium concentration of CO2 in water related to the normal 
CO2 partial pressure of 320 ppm in the atmosphere 
mass transfer coefficient 

under the condition that the concentration Ci is independent of the z-coordinate. As 
experimental data show, this condition is at least fulfilled down to a depth of 30 cm. 

For the concentration c1 ,e the following relationship holds, 

(3) 

since it can be considered negligibly small compared to the initial high CO2 con-
centration in the water for the duration of the experiment. 

On the other hand, experiments show that a concentration gradient exists in the 

x-direction: 

,ii= f L dm dx =kb f L c1(x) dx = - _d_f L Ci(x) b dx 
O 0 0 

rh=kbLi\ 

rh 
k = b L Ci 

(4) 

(5) 

(6) 

These relationships permit us to compute the mass transfer coefficient k. The 
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Figure 1. Schematic diagram of the wind-wave tunnel 
a : blower f : sampling equipment 
b : CO,--probe g : gassing equipment 
c : anemometer h : resistance probe 
d : flap type wave generator i beach 
e : surface film apparatus j : infrared gas analyzer 
pos 1-6: slots for instrumentation 

parameter c1(x) was measured for various wind velocities. The scatter was about 
± 10% in each case. For the computation a mean value C1 was taken. 

3. Methods 

a. Experimental arrangement. The experiments were conducted in the wind-wave 
tunnel of the Sonderforschungsbereich "Meeresforschung" of the University of 
Hamburg (Hiihnerfu,8, et al., 1976). The tunnel has an effective test length of 18 m, 
a width of 1 m and a water depth of 0.5 m. The tunnel was filled with 9 m8 of well 
water. The height of the gas-filled part is 1 m, giving a cross section of 1 m2 for 
the wind (Fig. 1). 

The fan produced wind velocities of up to 26 m/s. The air inlet and outlet are 
arranged so that no closed circulation can take place during experiments. This was 
confirmed by control measurements. A coconut fiber mat (Terrafix) was placed at 
the end of the tunnel, functioning as a beach and absorbing over 96% of the wave 
energy. Back-scattering of waves can therefore be neglected. For more details see 
Hiihnerfu,8 et al. (1976). 

In these experiments gas exchange was measured as desorption of CO2 from C02-

half-saturated water into the air. A homogeneous distribution of this gas in the water 
body is therefore an important precondition. This was achieved by a dense network 
of finely perforated polyethylene tubes at the bottom of the tank. The tube system 
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Figure 2. Correlation between the reference wind velocity and the wind speed measured at 
different heights 

G: z=5cm, 0 : z= 10cm, position6 

was supplied with CO2 from three 40 1 bottles which produced a fine stream of 
bubbles and enriched the water homogeneously. 

The wind velocity was measured at the front of the tunnel, immediately before 
the air stream came into contact with the water, by means of a Prandtl-Pitot tube 
(Lambrecht). The Pitot tube was positioned 60 cm above the water surface. The 
value measured here is equal to the free-stream velocity for all velocities realized 
and is called the reference velocity v,et in the following. The velocities at other 
heights are linearly correlated with v,et (Fig. 2 demonstrates this for v at 5 and 
10 cm height). 

The fetch dependent state of the wave field-produced by the wind--can be 
measured by specially developed resistance probes and recorded by a multichannel 
recorder (measurements at positions 1 to 6, see Figure 1). The wind profiles were 
measured at position 6 with a smaller Prandtl-Pitot tube (Lambrecht), which could 
be adjusted vertically by means of a traversing mechanism (height range: 1-31 cm). 
A sensitive capacitance pressure transducer (MKS-Baratron) was connected to the 
Pitot tube. Electric signals produced here were picked up by a computer (Varian V 
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73) over an analogue digital converter, which computed a single mean value for 
each measurement height from 3000 individual data points. 

The vertical CO2-concentration, necessary for computation of the gas volume 
flux, was also measured at position 6. An infrared gas analyzer UNOR SN (Maihak) 
was employed. This instrument has a difference measuring range of 300 ppm CO2. 
This arrangement permitted a constant surveillance of concentration differences be-
tween the CO2 levels at the front of the tunnel and at position 6, independent of 
random fluctuations in the CO2-level of the intake air. The vertical CO2-profile was 
measured at 2 cm intervals from 2 cm to 50 cm above the water surface (here the 
CO2-concentration is equal to that of the intake air). 

Three water samples of about 40 ml were collected from 10 cm depth at position 
2, 4 and 6 for CO2 determination. These samples were analyzed in an apparatus 
where CO2 was quantitatively released through desorption in a vacuum and subse-
quent treatment with phosphoric acid. Determinations were then performed with 
the infrared gas analyzer. The amount of chemically solved CO2 could be eliminated 
by measuring the CO2 concentration of a water sample before enrichment with CO2. 
Construction and methods have already been described in the literature (Wong, 
1970). 

A monomolecular film was formed by dripping oleyl alcohol (96.5% purity) con-
tinuously onto the water surface with a tubing pump at the beginning of the tunnel. 
The influence of the wind caused an extremely rapid spreading over the entire water 
surface. At the same time, the wind caused the film to drift toward the lower end of 
the tunnel, so that the droplet frequency had to be increased with increasing wind 
velocity in order to insure a complete coverage of the water surface. This was 
achieved easily for wind velocities up to 13 m/ s. At greater wind velocities the film 
began to tear. The film material that collected at the end of the tunnel due to the 
influence of the wind was continuously removed by means of a perforated tube 
across the tunnel at the water surface, in order to prevent formation of multilayers 
of surplus oleyl alcohol. 

b. Experimental procedure. First the tank water was gassed with CO2 for about 
2 h. The CO2 concentration was then about 22 mmol/1 (approximately half-satura-
tion). Then the wind fan was turned on. At the same time the suction apparatus at 
the end of the tunnel was started in order to remove surface impurities from the 
water, which had a tendency to collect there due to the influence of the wind. After 
5 minutes, when the wave field and CO2 profile had reached a stable state, water 
samples were collected simultaneously from position 2, 4 and 6. At the same time 
the CO2 concentration in the air was measured at position 6 at 5 cm height. It was 
thus possible to determine the entire vertical CO2 concentration distribution with 
the help of the normalized CO2-profile. By reference to the relevant wind profile 
the CO2 volume flux could then be computed. Then the CO2 concentrations for 
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Figure 3. Vertical wind profiles at various wind velocities at the downwind end of the wind-
wave tunnel (pos 6). 

various wind velocities were measured in the water and air. After about three de-
terminations the water was re-gassed in order to raise the CO2 concentration level. 

4. Results 

Some of the measured wind profiles are presented in Figure 3 for various reference 
wind velocities. At small Vr et the logarithmic plot of the wind profile increases linear-
ly, at greater velocities the profile shows the existence of two distinct logarithmic 
regions, which has been reported by other authors (Chang et al. , 1971). At about 
30 cm height, (earlier at smaller velocities, later at greater ones), the range of the 
free-stream velocity begins, i.e. the wind velocity becomes height-independent. 
Above 70 cm the wind velocity decreases again, due to the influence of the tunnel 
ceiling. Precise measurements of the wind profile from the water surface to z = 31 
cm were made routinely, i.e. approximately up to the beginning of the free stream 
velocity. This is the range of the traversing mechanism, with which the Pitot tube 
could be adjusted. This, however, was not a real limitation, since the CO2 profile 
fell so rapidly to the zero value that slight deviations of the wind profile extrapolated 
above 31 cm are irrelevant to the actual course of the curve. The CO2 concentration 
profiles necessary for computation of the volume flux are given in Figure 4 for two 
reference velocities. The CO2 concentrations are plotted in relative units, the profiles 
being normalized to a unit value of the concentration at 5 cm height. The course of 
the curve is very similar in the entire range of realized wind velocities. With increas-
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ing Vret the profiles become flattened. The main decrease occurred within the first 
20 cm, above 30 cm the CO2 concentrations already decreased to 7 to 14% of the 
maximum value. The wind profile as well as the CO2 profile were measured at the 
end of the tunnel at position 6 (see above). 

Figure 5 shows horizontal and vertical CO2 concentration gradients for the refer-
ence wind velocities 2.2 and 3.2 m/s in the tank water. While the vertical gradient 
was not well-defined and thus could be regarded as negligible compared to the total 
error, a distinct horizontal gradient was observed. For computations of the mass 
transfer coefficient k, values from simultaneous measurements at positions 2, 4 and 
6 were averaged. 

The mass transfer coefficient computed according to equation 6 is plotted in 
Figure 6 versus the wind velocity (air temperature 9.5°C, water temperature 
10.5°C). At very low wind velocities the mass exchange is still quite slow. Upward 
of 2 m/ s, with formation of capillary waves, the gas flux is strongly accelerated. 
With increasing wind velocity the mass transfer coefficient begins to increase linear-
ly with the wind speed (upward of about 3 m/s). This linear relationship exists 
over the entire range of wind velocities up to 16 m/s. We did not increase the wind 
velocity further, since at greater velocities the waves begin to break and gas bubbles 
are incorporated into the water. 



1978] Broecker et al.: Wind influence on CO! exchange 

21. 

23 

22 

' 0 
E 
E 21 
z 
0 
;::: 
~20 
1-
z 
w 
u z 
3 19 
IN 

0 
u 

22 

21 

20 

19 

vret= 3.2 m/s 

/ 
vref = 2.2 m/ s 

6 I, 

POSITION no. 

DEPTH 
0 10cm 

2 

603 

Figure 5. Horizontal and vertical co. concentration gradients in the tank water for different 
reference wind velocities. 

The course of the mass transfer coefficient in the presence of a monolayer of 
oleyl alcohol as dependent on the wind speed is also presented in Figure 6. The 
curve ends at 13 m/s, since at greater wind velocities the film begins to tear. The 
mass transfer coefficients are well below those measured without the film. The sud-
den change at 2 to 3 m/ s is absent. The capillary waves which form in this range 
without film do not occur in the presence of a monolayer, even at greater wind 
velocities. Instead, only irregular oscillations of the water surface are observed-
with increasing wind velocity they increase in amplitude-without the formation of 
proper waves (Fig. 7). The curve is also linear over the entire wind velocity range, 
but has a distinctly smaller slope. The basic change in the wave state caused by the 
monolayer is well demonstrated in Figure 8. Recordings are shown for wave heights 
measured by a resistance probe for two reference wind velocities. A quantitative 
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Figure 6. Effect of wind velocity on exchange rate of CO2 with (0) and without (x) contami-
nating the tank water with a monolayer of oleyl alcohol. 

determination of the increased surface area due to the waves has not yet been 
possible. 

The basic change in the wind-induced wave field due to the surface film also re~ 
sulted in an alteration of the wind profile (Fig. 9). The increased slope of the 
logarithmic wind profile is coupled with a reduced wind stress. The free-stream 
velocity is reached earlier (at 20 cm above the water surface, about 10 cm sooner). 

The strong reduction in the wind-dependent mass transfer coefficient due to the 
monolayer can be recognized distinctly in Figure 10. In the range of wind velocities 
of 2-6 m/ s the relative inhibition of gas desorption increases strongly. At higher 
wind velocities, however, it goes asymptotically to a limiting value of about 80%. 

S. Discussion 

Our values for gas exchange rates in pure water are, as far as a comparison is 
possible, ef the same order of magnitude as those found by other authors. There 
are, however, characteristic discrepancies in individual wind velocity ranges. A 
comparison (Fig. 11) shows that our values in the 2-8 m/ s range are all somewhat 
greater. Here it is interesting to note that the differences appear not so much in-
fluenced by the length of the tunnel as by the depth: the greatest difference is be-
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Figure 7. Photographs of wind waves at a fetch of 10 m, Veer= 11.2 m/ s 
a : without a monolayer 

b with a monolayer (oleyl alcohol) 
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Figure 10. Reduction in the exchange coefficient of CO, due to the presence of a monolayer. 

tween our data and those of Liss (1973) and Hoover and Berkshire (1969), whose 
tunnels only had a depth of 10 or 25 cm. The measurements of Downing and Trues-
dale (1955) (depth 38 cm) show less deviation, and those of Kanwisher (1963) 
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Figure 11. Comparison of the functional dependence between the exchange coefficient of CO, 
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air-water interface, h=S (Downing and Truesdale), h=IO (Kanwisher, Liss), h=60 (Broecker). 
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(depth 50 cm) are most similar to ours (50 cm depth). At greater wind velocities an 
extrapolation of the values measured by Downing and Truesdale achieves greater 
k-values than those measured by us. This, however, is only substantiated by one 
measurement by Kanwisher at 10 m/ s. It must be taken into consideration that all 
these comparisons are somewhat problematical, since the reference wind velocities 
of various authors have probably been measured at different heights. These values 
are only given in some cases. As long as the logarithmic wind profile can develop, 
the curves remain straight and change only in slope. 

The main difference between our results and those of other authors is the fimc-
tional dependence of the mass transfer coefficient on the wind velocity. Above a 
wind velocity of 2-3 m/ s (i.e. with the appearance of capillary waves) we find a 
linear relationship, clearly substantiated by regression analysis. Here it should be 
noted that our measurements are over a velocity range almost double that of pre-
vious investigations. Liss (1973), for example, found a quadratic relationship in the 
wind velocity range 1.5-6 m/ s. His next and last data point lies at 8 m/ s, far re-
moved from the assumed quadratic course. Furthermore, no theoretical explanation 
could be given for a quadratic relationship between the mass transfer coefficient for 
sparingly soluble gases and the wind velocity. 

It should be emphasized, however, that for exchange processes as evaporation, 
absorption of highly soluble gases and heat transfer, a linear relationship between 
the exchange coefficient and the wind velocity has been postulated theoretically and 
been found experimentally (Pond et al., 1971; Hicks and Liss, 1976). A main rea-
son for the discrepancies might be due to the small dimensions of wave tanks which 
have been employed up to now; 0.92 X 0.3 x 0.38 m (Downing and Truesdale), 
1.0 X 0.5 x 0.5 m (Kanwisher), 2.3 X 0.3 x 0.25 m (Hoover and Berkshire), 4.5 
X 0.3 X 0.1 m (Liss). It can be assumed that boundary effects and, particularly, 
the superposition of primary waves by reflected ones, had an influence on the re-
sults. Although it is not known how large a wind-wave tunnel must be in order to 
give values representative for wind profiles and wave fields in nature, it can certainly 
be assumed that the tunnel used by us comes closer to these conditions than those 
used previously. 

Our experimental set-up has an additional advantage compared to those used 
previously. An instantaneous determination of the mass transfer coefficient could 
be made from measurements of the specific mass flux and the concentration of the 
gas in water. Previous investigations observed-as can be derived from the integra-
tion of equation (4)-the exponentially decreasing concentration of the gas in water 
over a longer period of time. Water circulation in the tank, which then could not be 
ruled out, would permit an additional transport of CO2-rich water from depth to the 
surface, causing a greater value to be measured for the mass transfer coefficient. 

Our measurement procedure is, however, certainly not the only reason for the 
different results, since a control value for the mass transfer coefficient was also 
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measured at 12 m/ s wind velocity by the method of the other authors and gave 
values in agreement with those obtained by our method. 

Figures 6 and 10 show an extremely strong reduction in the mass transfer due to 
the monomolecular oleyl alcohol film . This effect appears to result from damping of 
waves by the monolayer (a barrier effect due to the oleyl alcohol film can be ruled 
out under these experimental conditions (Petermann, 1976)) which can be recog-
nized clearly in Figure 8 as well as from the photos 7. The wave damping effect of 
the monolayer is so strong that waves do not even occur at a wind velocity of 13 
m/s, while they were already induced at 2 to 3 m/s in the absence of the film. The 
course of the mass transfer coefficient in the presence of a monolayer is linearly de-
pendent on the wind velocity, as in the film-free case. An extrapolation of both 
curves for the k-value at a zero wind velocity shows that both curves are probably 
identical in the 0 to 2 m/s range. This is precisely the velocity range in which no 
waves develop. With the development of capillary waves from 2 to 3 m/ s wind 
velocity, the k-value then shows a sharp increase with wind velocity (from 3 m/ s 
linearly) in the film-free case. In the case where a monolayer is present, however, 
the increase of the mass transfer coefficient with wind velocity seems, within the 
limits of experimental error, to be the same as that assumed for the range of wind 
velocities from 0-2 m/ s, since no waves are formed. It is still an open question 
whether the increased mass transfer rate with development of a wave field is due 
to the increased surface area at the air/water interface, or whether it is a result of 
an increased turbulence in near-surface boundary layers. 

According to measurements from MacIntyre (1971), capillary waves can increase 
the mass exchange by a factor of 3.5 alone due to the periodic surface dilation in 
the absence of boundary layer turbulence. The strongest measured desorption re-
duction due to a monolayer is about 80%, i.e. the mass exchange due to waves in 
the film-free case is increased by a factor of 5. It therefore appears probable that 
both effects-increased surface area and turbulence-are responsible for the increase 
in mass exchange for boundary layers with waves. The relative importance of both 
these effects cannot be stated, since it has not yet been possible to measure the exact 
degree of surface area enlargement caused by experimentally-induced waves. 

A determination of the magnitude of this surface area enlargement is particularly 
difficult, since wind waves are fetch-dependent, i.e. with increased distance from 
the beginning of the tunnel the waves become larger. This means that the mass 
transfer coefficient for a particular wind velocity cannot be assigned to a definite 
wave form, but only to a defined wave sequence, which develops at the correspond-
ing wind speed. A detailed investigation of fetch-dependence and its effect on mass 
transfer coefficients is being carried out at present. 

In the literature a possible sheltering effect on a part of the water surface due to 
gravity waves has been discussed (Kanwisher, 1963). Here the lee side of a wave is 
withdrawn from the direct influence of the wind. This would certainly have an 
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effect on gas exchange. Experiments are being planned for a study of this and sitni-
lar effects, where superposition of wind waves on mechanically produced gravity 
waves will be investigated. 
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