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ABSTRACT 

The physics of gas exchange at the air-sea interface are reviewed. In order to describe the 
transfer of gases in the liquid near the boundary, a molecular plus eddy diffusivity concept is 
used, which has been found useful for smooth flow over solid surfaces. From consideration of the 
boundary conditions a similar dependence of eddy diffusivity on distance from the interface can 
be derived for the flow beneath a gashiquid interface, at least in the absence of waves. The 
influence of waves is then discussed. It is evident from scale considerations that the effect of 
gravity waves is small. It is known from wind tunnel work that capillary waves enhance gas 
transfer considerably. The existing hypotheses are apparently not sufficient to explain the 
observations. Examination of field data is even more frustrating since the data do not show the 
expected increase of gas exchange with wind speed. 

1. Introduction 

Hitherto the transport of gases to and from the 
oceans via the atmosphere has been mainly inferred 
from global source strength estimates, so that the 
calculated fluxes are subject to considerable uncer- 
tainty. 

Alternatively, transfer of any gas across the 
air-sea interface can be estimated from the product 
of its concentration difference across the interface 
and an appropriate transfer velocity. Such calcu- 
lations would be greatly improved if the transfer 
velocity could be related to the existing wealth of 
meteorological data. However, before this can be 
done, a better understanding of the processes at the 
interface is necessary. 

The ocean and atmosphere are considered as a 
coupled system in which gas fluxes pass, on 
average, continuously through the interface. The 
layers adjacent to the interface are viewed as 
regions of molecular transport (viscous sublayer). 
For gases with high solubility and/or rapid 
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chemical reactivity in the aqueous phase (e.g. H,O, 
SO,, NH,) the main resistance to transfer is in the 
gas phase, while for most other gases (e.g. 0,, N,, 
CO,) the main resistance is in the liquid phase. For 
simplicity of discussion, we will consider only the 
latter case. 

The model concepts are taken either from fluid 
dynamics of flows above a solid surface or from 
physical chemistry. They are commonly known as: 

(i) film model, i.e. a layer of molecular transport at 
the interface, bordering on the bulk fluid side 
with a region of fully turbulent transport 
(Whitman, 1923), or more refined, with a 
smooth transition from molecular to turbulent 
transport, reviewed by Deacon (1977), or 

(ii) surface renewal model, where the fluid, which 
is at rest at the interface, is removed into the 
bulk at random intervals (Higbie, 1935; 
Danckwerts, 195 1). 

The surface renewal model is probably applic- 
able to the case of little mechanical mixing but 
unstable stratification, e.g. by cooling of the sea 
surface due to evaporation and radiation under 
conditions of vanishing wind speed and low 
insolation. The film model or notion of a viscous 
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sublayer is based on measurements of flow above a 
flat solid surface, where addition of molecular plus 
turbulent transport gives a good description. This 
description has also been used to describe the heat 
flow through the interfacial layer of the ocean 
(Hasse, 1971). 

Caution has often been voiced, since in order to 
use the latter theory inferences from the theory of 
flow over a smooth, solid, flat plate must be made 
for the flow at the moving sea surface, especially 
for application in the liquid phase, since in this case 
the fluid borders the atmosphere, a gas with a 
factor of smaller density. Therefore, the 
boundary conditions at a fluid interface are 
discussed in the next section as well as their 
consequences for turbulent transport near the 
interface. In Section 3 effects of waves on gas 
transfer are discussed. In Section 4 recent field 
observations of gas transfer across the air-sea 
interface are compared with predictions from 
model considerations. 

2. Boundary conditions and model 
considerations 

2.1. The model 
Models like those employing the film or surface 

renewal concepts are macroscopic descriptions, 
which account for the microphysical process of 
turbulence only in a bulk sense. In the following, a 
molecular plus eddy diffusivity approach is used. 
The boundary conditions are used to obtain the 
variation of eddy diffusivity with distance from the 
interface-the eddy diffusivity decreasing as the 
interface is approached. This does not mean that 
there is really a layer of purely molecular transport 
but rather that the eddies are rare and contribute 
little to the total transport. The model is evidently a 
steady-state model. The effects of surface waves 
have to be considered separately (see Section 3). 

Reichardt ( 195 1) investigated aerodynamically 
smooth flow of a fluid above a solid, flat surface 
and obtained a good description of the flow profile 
by assuming that the effective viscosity vea is given 
by the sum of molecular (v) plus turbulent ( K , )  
viscosity, 

veff = v + Kt.  

Invoking considerations of continuity, he found 
that the eddy diffusivity should vary with the third 
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(or even higher) power of z, where z is the distance 
from the wall. Monin and Yaglom (1965) obtained 
a related result for the flow profile also at a smooth 
solid, flat wall. For large distances from the wall, 
K, = u,kz after Prandtl (with k von Karman’s con- 
stant). Thus according to Reichardt (195 1) 

where z+ = zu, /v;  u, is the friction velocity in the 
fluid; z ,  = 11 is an empirical constant determined 
by Reichardt to fit the velocity profile. This 
formulation can be used for other properties if the 
molecular viscosity is replaced by the appropriate 
molecular diffusivity ( D )  and if it is assumed that 
the turbulent transfer is independent of the pro- 
perty exchanged. (If this is not the case, a turbulent 
Schmidt number would have to be included in front 
of the von Karman constant k in the following 
equation.) Then 

D , , = D + k v  

Calculation of transfer velocities is then straight- 
forward (see Deacon, 1977 and Hasse, 1971). This 
is similar to the film model, but avoids the 
unrealistic notion of a purely viscous layer near a 
fully turbulent layer and the necessity of having 
different thicknesses for the diffusive sublayer 
depending on the molecular diffusivity of the 
property. 

It should be noted that this model does not have 
an adjustable constant. The only empirical constant 
( z l  = 11) was determined from flow above smooth 
solid surfaces in wind tunnels and is used un- 
changed for transport of both heat and gases at sea. 

2.2. Boundary conditions and eddy diflusivity 
While Reichardt’s model was originally 

developed for aerodynamically smooth flow of a 
fluid at a fixed, flat wall, it is now applied to the 
flow at a liquid-gas interface, i.e. to a free surface. 
Intuitively, it seems that the smooth flow model is 
more likely to apply to the viscous sublayer in the 
air above the water than to the water at the 
air-water interface, since the air, due to its low 
density, will not appear as a fixed wall to the water. 

Yet the assumption of a sublayer of molecular 
transport in the water has been successfully 



412 L. HASSE AND P. S. LISS 

employed in the case of the similar problem of heat 
flux through the sea surface (Hasse, 1971) for open 
sea conditions. This was made plausible by the 
consideration that the turbulent movements of the 
fluid near the interface will be similar to the 
movements at a fixed wall, since the boundary 
conditions are the same, i.e. fluid elements may not 
penetrate the interface. One point in the argument 
was found difficult to understand, namely-if 
capillary waves can disturb the surface against 
surface tension, why can’t the turbulence of the 
water do the same? The main difference is that a 
fluid particle in turbulent motion perpendicular to 
the interface has to take the energy necessary to 
deform the surface against surface tension from its 
own kinetic energy. However, in the case of 
capillary waves there is a periodic exchange 
between the kinetic energy of ordered wave motion 
and the work against surface tension. The kinetic 
energy was originally provided over a relatively 
long period of time from turbulent motions in the 
atmosphere and/or from instabilities in the larger 
waves, both of which provide a much larger 
reservoir than that available to an individual 
turbulent motion. Therefore, turbulent motions 
perpendicular to the interface are restricted, as they 
are at a fixed wall. 

Although this argument is reasonable, the 
implications for the transport processes near and at 
the interface are not that straightforward due to the 
presence of waves. We will therefore consider first 
conditions at a liquid-gas interface without waves. 

In this section we advance the idea that the 
boundary conditions in the liquid at a liquid-gas 
(water-air) interface without waves are similar to 
those for a fluid at a solid surface. The main 
argument is that eddy motions perpendicular to the 
interface are zero at the interface due to surface 
tension. To have a fluid particle with a nonzero 
normal component of motion at the interface, we 
would have to create new surface. The energy for 
this-in the absence of other forces-ould come 
only from the kinetic energy of the fluid particle. It 
can be shown from simple calculations, that the 
energy necessary to create new surface is several 
orders of magnitude larger than the turbulent 
kinetic energy available at the interface. 

We envisage a fluid particle (of characteristic 
length r)  moving with turbulent motion towards the 
interface. It is assumed that r is of the order of the 
viscous boundary layer thickness or smaller, since 

we are dealing with turbulent motions of fluid 
particles within the vicous boundary layer. Hence 

r-  Sviu,. 

In order for the boundary conditions to be different 
from those at a solid surface, it is sufficient for the 
fluid particle to be able to  deform the surface 
locally. For the order-of-magnitude calculation, we 
require the whole mass of the fluid particle to move 
just outside of the original boundary, but still 
having a coherent surface with the main fluid (Fig. 
1). The increase of surface area relative to the 
volume of the fluid is then of order 3/r, and 
depends only marginally on the actual geometry. 
The kinetic energy of turbulent motion perpen- 
dicular to the surface per unit volume can be 
assumed to be proportional to pwuiw (where p is 
density; the index w indicates variables in the 
liquid). Hence the ratio r , ~  of the work used to 
increase the surface area to the kinetic energy of 
the fluid particles is 

r l=  

where T is surface tension. For a 5 m/s wind speed, 
r , ~  - 6.103. The ratio becomes smaller with higher 
wind speeds, but larger for smaller fluid particles. 
We may therefore assume the velocity component 
w perpendicular to the interface to be zero at the 
interface. 

For the lateral components of eddy motions, we 
have as a boundary condition the two-dimensional 
continuity equation for incompressible flow 

au av -+-=o, 
a x  ay 

since deviation from this would imply creation of 
new surface, which is not possible with the energy 
available from the turbulence. Hence, together with 

T 3 3 T  
=--=-- 

T A area 

Pwuiwvo1ume P A ,  r 5 p w v u * w  

Fig. 1. Sketch of a fluid particle moving through the 
viscous sublayer and finally deforming the interface. 
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the three-dimensional continuity equation, it fol- 
lows that 

a W  
- 0  

a Z  

at the interface. If we write 

_-  

a w  1 azw 
az 2 az* 

w ( z )  = w (0) + ~. z + - . -. z2 + . . . 

we have w ( z )  - z z .  This is based on the continuity 
equation which is valid in incompressible flow for 
mean or fluctuating velocities. Hence, it also 
follows that on the average uw - z 2  near the 
interface, with u the standard deviation. 

From this, one may derive the variation of K ,  
with z near the interface with the arguments of 
Prandtl's (1932) mixing-length theory. Consider a 
conservative property x.  We assume u, propor- 
tional ax/az,  where the coefficient of proportion- 
ality has the dimension of a length. Since the only 
relevant length scale near the boundary in the 
turbulent flow is the distance from the interface, 

ar  

bulk water below the interface, such as shear flow 
instability or breaking of internal waves, have not 
been mentioned. Effects of waves are discussed 
below, but even so the division into gravity waves 
(large scales) and capillary waves (small scales) is 
artificial as there is a continuous spectrum of 
surface waves. 

One guideline for discussion has been scale 
considerations. Processes which have scales com- 
parable to the thickness of the viscous sublayer are 
thought to be potentially important, while those 
with a large disparity of scales are thought to be 
probably less effective. The latter argument is not 
necessarily true with strongly nonlinear processes. 

3. Influence of waves on gas transfer 

In Section 2, the boundary conditions for a level 
fluid gas interface were reviewed. We now consider 
effects caused by the presence of waves at the 
interface. In general, we expect several types of 
wave influence (both capillary and gravity) on gas 
exchange; they may be roughly classed as follows: 

(1) Increase of surface area. 
(2) Variations in boundary layer thickness connec- 

(3) Boundary conditions formulated for level, not 

(4) Variations in the thickness of the viscous 
dz a Z  boundary layer caused by variations in 

ax - z . -  
dZ ' 

Hence (with correlation coefficient R and the ted with wave motion. 
primes denoting fluctuating variables) 

K , . - =  ax d w '  ~ = Rawox = const. R . z 2 .  I. - ax 
curved interface. 

plus terms of higher order. Accordingly near the 
interface K ,  - z 3  plus terms of higher order. It is 
therefore reasonable to use the smooth transition 
from molecular to turbulent flow, as formulated by 
Reichardt, in this case also, since it predicts the 
correct power of z (for small z )  at a fluid-gas 
interface without waves. 

A note of caution may be appropriate. Although 
it has been argued that the boundary conditions at 
the liquid-gas interface would necessitate the same 
power law at this interface as at a solid wall, this 
inference is modified by the presence of waves. 
Application of these ideas in Section 4 is only a test 
to see how far the model may be extended. 

The ocean has many modes of motion and only 
a few are discussed in any detail below. For 
example, effects of stability probably dominate at 
low wind speeds (Katsaros et al., 1978). Other 
processes which may produce turbulence in the 
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momentum transfer between ocean and atmo- 
sphere. 

( 5 )  Nonlinear effects, e.g. interactions between 
wave motion and turbulence within the water 
and hence dissipation of wave energy into 
turbulence. 

Due to their different scales, the effects will be 
different for gravity and capillary waves; we will 
treat gravity waves first. 

3.1. Effect of gravity waves 
(Numbers refer to  the above listing of possible 

influences of waves on gas exchange.) 
(1) Compared to a level surface, the increase in 

surface area due to waves is of order S 2, where 
S is the wave steepness, defined as the ratio of 
wave height to wave length. Since a typical 
steepness is 1/17, the area of enlargement is 
only of order 1%. Even in the case of gravity 
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waves of limiting slope the surface area 
enlargement is only a few per cent. 

(2) Assume that the boundary layer is stretched or 
compressed with the orbital motions of the 
waves. When averaged over a wave length, 
only the quadratic term in wave steepness is 
left, which provides an effect of the same order 
as just calculated and thus may be neglected. 
The notion of thinning and thickening of the 
viscous sublayer with wave motion is a 
film-type concept, where the viscous sublayer is 
treated as a fluid layer which remains coherent 
(like a rubber cloth). It is questionable if this is 
a good description, since the concept of a 
viscous sublayer does not describe a property 
of the fluid, but rather the absence of a process 
within the fluid. Molecular transport exists 
everywhere in the liquid. The viscous sublayer 
is distinguished from the bulk of the fluid only 
in that turbulence is hindered by the presence 
of the wall from being an effective transport 
agent. Dilation and compression of the fluid 
would not directly restrict penetration of the 
viscous sublayer by eddy motions. The tur- 
bulence near the interface is influenced mainly 
by continuity constraints near the interface, i.e. 
we would not expect a direct influence on gas 
exchange from wave coherent fluid sheet 
motions. There could, however, be an indirect 
influence since the production of turbulence is 
influenced by changes of the shear. Also, eddies 
which decay within the viscous sublayer would 
probably be influenced by fluid sheet motion, 
so that their dissipation rate may be increased 
(more rapid dissipation of turbulence would 
lead to less effective gas exchange). 

Combined effect of (1) and (2) 
Effects mentioned under (1) and (2) are not 
independent; enlargement of the surface area, 
for instance, would parallel thinning of the fluid 
layer. Witting (1971) has calculated the com- 
bined effect for different wave types. He 
assumed that thinning of the viscous sublayer 
(the rubber cloth model) would increase gas 
transfer, which is doubtful. But even so for the 
combined effect of (1) and (2) in the limiting 
case of a gravity wave at the verge of breaking 
(maximum wave steepness), the calculated 
increase was only 38%. Since at a given time 
not all gravity waves are near breaking, the 

average effect will certainly be considerably 
smaller. 

(3) The boundary conditions have been discussed 
for a level fluid-gas interface. Of course, the 
sea surface is not a level surface, but compared 
with the thickness of the viscous sublayer 
(fractions of a millimetre) the surface curvature 
induced by gravity waves is negligible, except 
at the moment of breaking. In the case of 
breaking waves, a steady-state gas flux model is 
not applicable at breaking locations, but is 
probably applicable elsewhere. On average 
the influence of curvature is therefore not 
expected to alter the boundary conditions and 
hence of the K ,  - z 3  behaviour. 

(4) For application of the Reichardt model, we 
need to know the friction velocity in the water. 
Gravity waves may take up momentum 
through coherent pressure and wave fields. It is 
estimated that on average 5 to 20% of the total 
momentum flux from the atmosphere to the sea 
is taken up by gravity waves, except at short 
fetches (Hasselmann et al., 1973; Snyder et a!., 
1978). This part of the stress may effectively 
bypass the interface. Since we describe the 
turbulent diffusivity in the water with the aid of 
u * ~ ,  and obtain this term from atmospheric 
data by continuity of stress through the 
interface, we may assume an error in the 
determination of the transfer velocity of order 
zero to 10%. For the time being, this seems to 
be a small and, therefore, permissible error. 

( 5 )  Gravity waves dissipate mainly through break- 
ing and/or transfer of energy to capillary 
waves. Effects of the latter will be discussed in 
the next subsection. It is evident that breaking 
of waves is important in bubble production and 
in this way may influence gas transfer. Aside 
from the generation of capillary waves and 
bubbles, it is not evident to what extent 
breaking of waves with its violent overturning, 
splashing and general commotion contributes 
locally to gas transfer. Since for moderate sea 
states the area covered with breaking waves is 
a small percentage of the total area, a con- 
siderable effect would be necessary for this to 
become important on the average. 

Phillips (1977, chap. 3.9) has pointed to 
small-scale wave breaking, which does not 
enclose bubbles and is less spectacular than 
white capping, but is also producing unsteady 
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eddy motion, and should be important to 
momentum, heat and gas transfer since it 
occurs under all wind speeds. Banner and 
Melville (1976) found a considerable increase 
of momentum transfer by small-scale breaking, 
artificially induced in a wind-water tunnel. 
Plant and Wright (1977) showed that Phillips’ 
explanation of short wave breaking induced by 
augmented wind drift in the viscous sublayer is 
not in agreement with observations. Since the 
physical process is not clear, it cannot be 
judged what the importance of small-scale 
breaking is to momentum and/or gas transfer. 

Other nonlinear effects of gravity waves 
which would enhance or modify production of 
turbulence and thus further gas exchange are 
assumed to be small (this is based on the ad 
hoc argument that the lifetime of gravity waves 
is fairly long and the wave motions span a 
considerable depth compared with the thick- 
ness of the viscous sublayer). 

In conclusion we expect that the effects of 
gravity waves (aside from being a source of 
capillary waves) will be small except under high 
wind conditions with wave breaking, bubble for- 
mations and spray blown from the crests of the 
waves. Thus, except for high wind speeds, it seems 
permissible to use the Reichardt model with the 
continuity of stress assumption. 

3.2. Effects of capillary waves 
Experimental wind-wave tunnel studies of gas 

exchange usually show an increase in transfer 
velocity with wind speed. The relationship between 
transfer velocity and wind speed is evidently not 
linear. This may at least partly be explained by the 
limited length of wind tunnels, but it has also been 
observed that the rate of change of transfer velocity 
with wind speed markedly increases with the onset 
of capillary waves. Recently, Jahne et al. (1979) 
have reported gas exchange results obtained using 
a circular wind-water tunnel, an experimental 
setup with essentially unlimited fetch. They repor- 
ted linear variations of transfer velocity with wind 
speed, whose magnitude differed from conditions 
with and without capillary waves. The rate of 
increase when capillary waves were present was 
considerably greater than when they were absent. 

The present state of knowledge is inadequate 
concerning the life cycle of capillary waves, their 

interplay with turbulence and their actual forms at 
sea. Therefore a discussion of the effect of capillary 
waves must, of necessity, be speculative and of a 
preliminary nature. For ease of discussion, we will 
follow points (1) through (5) used in the previous 
section. 
( 1 )  Capillary waves increase the surface area of 

the water. For a certain type of capillary wave 
(a two-dimensional wave superimposed on a 
homogeneous flow) with sharp troughs and 
rounded crests a theoretical upper limit to the 
increase in surface area has been calculated 
(Crapper, 1957). On the other hand, it is not 
known if the capillaries ever reach the 
‘‘theoretical’’ limit (they may become unstable 
long before reaching the state). Also, obser- 
vations indicate that the capillaries occur 
mainly on the forward slope of the longer 
waves. Therefore, the increase in total area 
caused by capillaries may be of order 50% or 
less. According to the reviewer of this article, it 
is impossible to visualize capillary waves ever 
increasing the sea surface area by more than a 
fairly small fraction of 50%. 

(2) Thinning and thickening of the viscous sub- 
layer by wave motion is unlikely to be 
important (but see item 5 below) since, in the 
absence of experimental evidence for the 
occurrence of very steep capillary waves at sea, 
it seems reasonable to assume that values of 
wave steepness S will be less than one. The 
area increase and the corresponding decrease 
of the interfacial layer thickness will be of the 
order S2. For the case of pure two-dimensional 
capillary waves on homogeneous flow, the 
streamlines were determined by Crapper 
(1957) (see Fig. 2). MacIntyre (1971) has 
calculated the effect of surface sheet dilation 
for sinusoidal and Crapper waves: The effect 
becomes large for Crapper waves with large 
wave steepnesses-it is doubtful whether these 
are stable enough to cover an appreciable 
percentage of the sea surface and so have a 
noticeable average effect on the gas flux. 

As discussed in Section 3.1 for the case of 
gravity waves, it is not evident that thinning of 
the fluid sheets at the interface per se would 
directly further gas exchange since no corre- 
sponding thinning of the viscous sublayer is 
necessarily implied. 
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Fig. 2 .  Roughness of the sea surface. Comparison 
between measured drag coefficients cD = u:/U:,, 
(numbered lines) and hydrodynamical smooth Row 
(curve marked H ) .  The implication is that the increase of 
momentum flow compared to smooth flow is brought 
about by “form” drag of gravity waves and ripples. The 
average value at moderate wind speeds is fairly well 
known both form direct and profile measurements, while 
the value at high wind speeds is based on few direct 
measurements. Results are taken from (1 )  Dittmer 
(1977), (2) Brocks and Krugermeyer (1972), (3) Smith 
and Banke (1975). 

Combined effect of (1) and (2) 
Again, the effects are not independent, since 
increase of surface area is coupled with 
thinning of the fluid sheet. Using a “rubber 
cloth” type of assumption, Witting (1971) has 
calculated the combined effect on heat flow for 
a Crapper capillary wave. The effect is 
seemingly very strong, indicating a ninefold 
increase in heat flow compared with a level 
surface. Even accepting the rubber cloth 
assumption, the magnitude of the effect will 
certainly be less in nature. Firstly, the largest 
effect was calculated for the limiting wave 
height (the extreme shape in Fig. 2) and it is not 
known if this shape can ever be reached or if 
the capillary waves become unstable long 
before this. Secondly, the effect is wavelength 
dependent, the maximum amplification being 
reached only for a wave of length 1.7 cm, the 
wavelength of minimum phase speed, com- 
monly taken as the border between capillary 
waves and gravity waves, which means that the 
effects of gravity and surface tension are about 
equally important. Since gravity waves have 
sharp crests and rounded troughs and capillary 
waves round crests and sharp troughs, it is 
fairly unlikely that a wave of 1.7 cm wavelength 

has the limiting shape of a pure capillary wave. 
For other reasonable assumptions, (shorter 
waves, lesser steepness) the calculated increase 
of heat flux was much less than a factor of 9. In 
reality, effects (1) and (2) probably combine to 
produce an increase in gas flux compared with 
a level surface by a factor of 2 or so. 

(3) Boundary conditions formulated for a 
level, uncurved interface. In section 2.2 it has 
been argued that the boundary conditions at a 
fluid interface are similar to those at a fixed 
wall. In deriving the depth dependence of 
turbulence intensity, a level surface has also 
been assumed. The corresponding exercise for 
a curved fluid-gas interface has not yet been 
done to our knowledge. But even if another 
power of z would be applicable at locations of 
strong curvature, leading to more favourable 
conditions for gas exchange, the total area 
covered by such locations would be small and 
therefore the average effect on gas exchange 
small also. Since penetration of the viscous 
sublayer by turbulence is hindered by con- 
tinuity constraints, qualitatively, deeper pene- 
tration would be facilitated by convex cur- 
vature of the interface (in a trough) whereas 
concave curvature (at a crest) would hinder 
deeper penetration. Only inasmuch as favour- 
able and adverse influences do not average out 
need a net effect be considered. Again it may be 
assumed that the net effect is of order S2. 

(4) The roughness length zo of the sea surface is of 
order 2 x lo-“ m (e.g. Kraus, 1972). Accord- 
ing to Prandtl (1932), the height of the 
roughness elements at a solid surface is 
approximately ~OZ,, i.e. of order 1 cm for the 
value of zo given above. This has repeatedly led 
to the simplistic speculation that capillary 
waves act as the roughness elements in momen- 
tum transfer. An alternative line of argument is 
based on the observation that at moderate wind 
speeds (say up to 14 m/s) the drag coefficient is 
only 10 to 40% higher than that for smooth 
flow over a flat, solid surface (Fig. 3). The 
increase of momentum transfer compared with 
smooth flow could be explained by the mornen- 
tum transfer to the waves while the main part 
would be transferred by molecular action. It is 
not really known which or to what extent either 
of these arguments is correct even as a bulk 
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Fig. 3. Streamlines of capillary waves of finite ampli- 
tude-from Crapper (1957). Each of the lower stream- 
lines can be taken as the surface of a capillary wave of 
lesser steepness (by permission of Cambridge University 
Press). 

description. But assuming that capillary waves 
take up momentum from the atmosphere and 
lose it to the currents over the depth range of 
orbital motions, this would mean that a certain 
percentage of stress bypasses the viscous 
sublayer, and the sublayer thickness has to be 
calculated considering a correspondingly smal- 
ler fraction of the total stress. That is, the gas 
exchange would be less effective in the presence 
of capillary waves, which is contrary to what is 
observed. 

( 5 )  This subsection on nonlinear processes is 
more speculative, since both experimental 
evidence and theoretical development are lack- 
ing. If we picture a shear layer at the interface 
at which capillary waves are being generated, it 
is difficult to conceive that the shear and 
capillary wave motion will not interact. Such 
interactions would produce turbulence from the 
capillary wave energy rather than dissipate the 
wave energy directly by molecular action. The 
turbulence near the interface would maintain 
the shear layer. A related non-linear effect 
would be instability of the capillary waves, 
which again would probably produce tur- 
bulence. 

The significance of such production of 
turbulence by capillary waves may be seen in 
the following. In ordinary boundary layer 
dynamics, the friction velocity is treated as the 
relevant velocity scale. If influences of stability 
near the interface and effects from pressure 
gradients are ignored, friction velocity and 
distance from the wall are the scales which 
determine the velocity profile, the production of 
turbulence and hence the turbulent exchanges. 
With capillary waves interacting and trans- 
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porting momentum, the velocity profile and 
production of turbulence may be changed. In 
addition, the energy of turbulence need not be 
produced locally or advected from the bulk of 
the fluid, but can be transferred from the 
turbulence of the air into the interfacial layers 
via uptake by and decay of capillary waves. 
Production of turbulence near the interface, 
where advection of turbulence from the bulk of 
the fluid is hindered, would certainly enhance 
gas exchange considerably. 

Since details of the life cycles of capillary 
waves are unknown, there is no way to predict 
the depth dependence of the turbulence and 
stress. The ad hoc hypothesis is that the 
distance from the interface is the decisive 
parameter and therefore the turbulent stress 
profile will not be too different from that at a 
solid surface. This at least explains why 
application of the Reichardt formulation pro- 
duces a reasonable description of the heat flux 
through the sea-air interface for open sea data, 
where capillary waves are ubiquitous (of 
course, the extrapolation from momentum 
transfer to heat transfer is far less dubious than 
to gas exchange, since the ratio of the mole- 
cular diffusivities is about 10 in the first case 
and about 600 in the latter). 

3.3. Discussion of wave effects 
A heretofore unused argument is that effects 1, 

2, 3 discussed above would not only increase gas 
transfer but also momentum exchange. Since 
momentum exchange is referred to a level surface, 
if the ordinary determination of the friction velocity 
is used, and this friction velocity is applied in the 
gas transfer model calculations, the biases caused 
by the three effects approximately cancel. Take, for 
example, the “rubber cloth” assumption that the 
viscous sublayer would be thinned by the waves. If 
this viscous sublayer would be thinned at some 
places, not only the gas but also the momentum 
exchange would be facilitated. Since the momentum 
flux, as measured at the 10 m level, is given, a 
thinning of the viscous sublayer must be balanced 
by a thickening at other places such that the 
momentum exchange through the interface equals 
the flux through the 10 m level. Only inasmuch as 
there are nonlinearities involved which would affect 
gas and momentum transfer differently is it really 
necessary to account for (1) through (3). 
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It is therefore believed that the key to an 
understanding of gas exchange processes is the 
nonlinear interactions between capillary waves and 
Row characteristics at the interface. It is known 
(see Bradshaw, 1973) that streamwise curvature 
enhances turbulence considerably. Since curvature 
is strong in capillary waves, a significant effect on 
turbulent Row and hence viscous sublayer thick- 
ness is likely. 

In summary, increase of the surface area and 
periodic reduction in the thickness of fluid layers as 
a consequence of (quasi steady-state) capillary 
wave motion could account for an increase in gas 
flux of up to a maximum of a factor of two, 
compared with that from a level surface. The rather 
spectacular increase of gas exchange observed in 
wind tunnels with the onset of capillary waves has 
yet to receive a full explanation. 

4. Observations 

Peng et al. (1979) reported radon deficiency 
measurements at about 100 stations well distri- 
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buted over the Atlantic and Pacific oceans. Their 
method gives the gas transfer velocity with a time 
constant of about 2.6 days, depending on wind 
speed (under calm conditions, 3.8 days). The 
observations may be compared with theoretical 
predictions of transfer velocities versus wind speed. 
Since it is not really possible to include effects of 
the different processes discussed above, the calcu- 
lation has been done for a level surface with the 
theory given in Section 2. 

From the instantaneous wind speed and with the 
aid of a mean drag coefficient cD = 1.3 x a 
friction velocity at the gas side of the interface has 
been calculated. Continuity of momentum flux at 
the interface yields the value of friction velocity to 
be used in Reichardt’s formula. The result of the 
calculation depends (through the densities and the 
diffusivity) somewhat on the water temperature, as 
shown by the two lines in Fig. 4. 

It is evident that the data do not show the 
expected increase of the transfer velocity with wind 
speed, and this conclusion is not altered if the 
average wind speed for the two previous days of the 
cruise is used (not shown) instead of the in- 
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Fig. 4.  Transfer velocity (cm h-I) as determined on the GEOSECS Atlantic and Pacific cruises by the Radon 
Deficiency Method (Peng et al., 1979) plotted against the measured wind speed (m SKI) at the time the samples were 
collected. Wind speeds at nominal 10 m height have been reduced to 10 cm height with the aid of the logarithmic 
wind profile for better comparison with wind tunnel results. Full line, predictions based on the molecular plus 
eddy diffusivity approaches of Deacon (1977) and Hasse (1971) at the temperatures stated, using the temperature 
dependence of diffusivity after Himmelblau (1964). Broken line is the least squares fit through the data points. 
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stantaneous value. The apparent absence of an 
effect of wind on the transfer velocity, as evidenced 
by the large scatter of the data points in Fig. 4 which 
leads to the low slope of the least squares line and 
the low correlation coefficient between the variables, 
is very surprising. It seems physically unrealistic to 
find little or no effect of wind speed on the rate of 
gas transfer and all the wind tunnel studies show 
clear positive relationships. The absence of a wind 
speed effect in the field data may be due to experi- 
mental imperfections (e.g. Jahne et al., 1979; 
Broecker et al., 1978). Even so the radon data will 
still be useful for obtaining global average values 
for the transfer velocity (see Peng et al., 1979). 

Recently Roether et al. (1978) have improved 
the radon method to allow a more rapid collection 
of data. The preliminary results of a recent field 
experiment (Kromer, 1979) are on average in 
reasonable agreements with the Peng et al. (1979) 
data. The mean difference is hardly significant and 
may be further reduced by making reasonable 
assumptions about the radon production in the 
mixed layer, since the radium content in the mixed 
layer was not measured but extrapolated from the 
assumed radium-radon equilibrium below the 
thermocline. But even though there are nearly 4 
weeks of frequent data, no dependence of the 
transfer velocity on wind speed could be detected. 
An attempt to make a “standing crop” analysis 
failed with an assumed bi-linear wind speed 
dependence. It is evident from the given time 
traces that any similar assumption (exponential, 
square law) would not produce a better description. 
A final evaluation must be left until the accom- 
panying hydrographic data are analysed. 

5. Discussion 
The results of the field experiments are frustating 

in that they fail to show a clear dependence on wind 
speed. Most of the processes which appear to be 
important for gas exchange ought to depend in one 
way or the other on turbulence or wave energy and 
hence, at least indirectly, on mean wind speed. 

So far, we have not considered the effect of 
bubbles on gas exchange. Bubbles can take up gas 
from the fluid, rise to the surface and burst, thus 
bypassing the layer of slow diffusive transport at 
the interface. Bubbles could be generated by 
trapping of air by capillary waves, although 
obviously a much more effective process is the 

breaking of waves which produces patches of 
bubbles-the white caps. Both mechanisms of 
bubble generation should produce increasing num- 
bers of bubbles with increasing wind speed. 

Another hitherto unmentioned process is the 
effect of surface films on gas transfer. Surface 
active material arising from natural biological 
processes and man-made activities is ubiquitous. It 
is also known that surfactant films do not remain 
coherent at wind speeds of about force three and 
above. Therefore they are assumed not to influence 
gas exchange directly. Even at lower speeds, since 
the films on the open sea are not homogeneous, 
their efficiency as a barrier to gas molecules is 
probably low. But it is known (e.g. Garrett, 1969) 
that surface films damp capillary waves. The 
physics or physiochemistry of how surface films 
act in damping capillary waves and how this 
influences turbulence and thus indirectly gas 
exchange is unknown. There is at least a chance 
that the surface active material dispersed by wave 
action in the bulk of the water is still active enough 
to influence important transfer mechanisms even if 
it is not able to build films or visibly influence the 
smaller waves. Even the fact that is has been 
possible to correlate wind speed with microwave 
backscatter from the ocean, which shows that the 
spectral energy of waves in the centimetre region is 
correlated with wind speed, does not preclude an 
influence of surfactants on higher frequency waves 
or Fourier components. 

In conclusion it might be said that the results of 
field experiments should be sufficient to calculate 
global gas exchange fluxes between the ocean and 
the atmosphere within a factor of two or three. 
There remain several difficulties with the theory; 
for example the theory of damping of capillary 
waves (see Phillips, 1977) contains the kinematic 
viscosity only and is independent of the surface 
tension, while experimental investigations of wave 
damping reveal a clear dependence on surface 
tension (Garrett, 1969). It is safe to say that the 
physics of gas exchange processes remain largely 
unresolved. 

6. Acknowledgements 

Acknowledgement is made to D. E. Hasselmann 
atid F. W. Dobson for their thorough critiques of 
earlier versions of the manuscript. Thanks are also 
due to the reviewers of this paper. 

Tellus 32 (1980). 5 



480 L.  HASSE AND P. S. LlSS 

REFER 

Banner, M. L. and Melville, W. K. 1976. On the 
separation of air flow over water waves. J.  Fluid 
Mech. 77, 825-842. 

Bradshaw, P. 1973. Effects of streamline curvature on 
turbulent flow. AGARDograph No 169. Brussels: 
NATO, Advisory Group for Aerospace Research and 
Development, pp. 80 + 45. 

Broecker, H. C.. Petermann, J. and Siems, W. 1978. The 
influence of wind on C0,-exchange in a wind-wave 
tunnel, including the effects of monolayers. J. mar. 
Res. 36,595-610. 

Brocks, K. and Krugermeyer, L. 1972. The hydro- 
dynamic roughness of the sea surface. In: Studies in 
physical oceanography, Vol. 1 (ed. Gordon). New 
York: Gordon and Breach, 75-92. 

Crapper, G. D. 1957. An exact solution for progressive 
capillary waves of arbitary amplitude. J .  Fluid Mech. 

Danckwerts, P. V. 1951. Significance of liquid-film 
coefficients in gas absorption. Ind. Engng. Chem. 43, 
146Cb-1467. 

Deacon, E. L. 1977. Gas transfer to and across an 
air-water interface. Tellus 29, 363-374. 

Dittmer, K. 1977. The hydrodynamic roughness of the 
sea surface at low wind speeds. "Meteor"-Forschungs- 
Ergeb. B12, 10-15. 

Garrett, W. D. 1969. Surface-chemical modification of 
the air sea interface. A nnalen der Meieorologie, Neue 
Falge 4. 25-29. 

Hasse, L. 1971. The sea surface temperature deviation 
and the heat flow at the sea air interface. Boundary 
Layer Meieorology I ,  368-379. 

Hasselmann, K., Barnett, T. P., Bouws, E., Carlson, H., 
Cartwright, D. E., Enke, K., Ewing, J. A,, Gienapp, 
H., Hasselmann, D. E., Krusemann, P., Meerburg, A., 
Miiller, P., Olbers, D. J., Richter, K., Sell, W. and 
Walden, H. 1973. Measurements of wind-wave growth 
and swell decay during the Joint North Sea Wave 
Project (JONSWAP). Erganzungshefi zur Dtsch. 
Hydrogr. Zeiischr., Reihe, A ,  Nr. 12. 

Higbie, R. 1935. The rate of absorption of a pure gas into 
a still liquid during short periods of exposure. Trans. 
Am. Inst. chem. Engrs 35,365-373. 

Himmelblau, D. M. 1964. Diffusion of dissolved gases in 
liquids. Chem. Rev. 64, 527-550. 

Jahne, B., Munnich, K. 0. and Siegenthaler. U. 1979. 
Measurements of gas exchange and momentum 
transfer in a circular wind water tunnel. Tellus 31, 

Katsaros. K. B., Shaw, W. J. and Drummond, K. 1978. 
Laboratory experiments on the interaction between 
surface waves and free convection in water. In 

2,532-540. 

32 1-329. 

.ENCES 

Turbuleni /luxes ihrough fhe sea surjiace, wave 
dynamics, and prediciion (eds. Favre and Hassel- 
mann). New York: Plenum, 289-305. 

Kraus, E. B. 1972. Aimosphere-Ocean interaction. 
Oxford: Clarendon Press, 1972, 275 pp. 

Kromer, B. 1979. Gasaustausch zwischen Atmosphare 
und Ozean-Feldmessungen mit der Radonmethode. 
Dissertation. Institut fur Umweltphysik, Universitat 
Heidelberg, 104 S. 

Liss, P. S. and Slater, P. G. 1974. Flux of gases across 
the air-sea interface. Naiure 247, 181-184. 

Maclntyre, F. 1971. Enhancement of gas transfer by 
interfacial ripples. Physics Fluids 14, 1596-1 604. 

Monin, A. S. and Yaglom, A. M. 1965. Statisticalfluid 
mechanics (translated from Russian), Vol. I. Cam- 
bridge: MIT Press, 1971, 769 pp. 

Peng. T. H.. Broecker, W. S., Mathieu, G. G., Li. Y.-H. 
and Bainbridge, A. E. 1979. Radon evasion rates in 
the Atlantic and Pacific Oceans a s  determined during 
the GEOSECS Program. J. geophys. Res. 84, C5, 

Plant, W. J. and Wright, J. W. 1977. Growth and 
equilibrium of short gravity waves in a wind-wave 
tank. J.  Fluid. Mech. 85, 767-793. 

Phillips, 0. M. 1977. The dynamics of the upper ocean, 
second edition. Cambridge: University Press, 336 pp. 

Prandtl, L. 1932. Meteorologische Anwendung der 
Stromungslehre. Beiir. Phys. frei. Atmos. 19, 188-202. 

Reichardt, H. 195 1 .  Vollstandige Darstellung der tur- 
bulenten Geschwindigkeitsverteilung in glatten Leitun- 
gen. Z .  angew. Math. Mech. 31,208-219. 

Roether, W. and Kromer, B. 1978. Field determination 
of air sea gas exchange by continuous measurements 
of Radon 222. Pageoph 116,416-485. 

Slinn, W. G., Hasse, L., Hicks, B. B., Hogan, A. W., Lal, 
D., Liss, P. S., Miinnich, K. O., Sehmel, G. A. and 
Vittori, 0. 1978. Some aspects of the transfer of 
atmospheric trace constituents past the air-sea inter- 
face. Aimosph. Environ. 12, 2055-2087. 

Smith, S .  D. and Banke, E. G., 1975. Variation of the sea 
surface drag coefficient with wind speed. Q. J .  R. met. 

Snyder, R. L., Long, R. B., Dobson, F. W. and Elliott, 
J. A. 1978. The Bight of Abaco pressure experiment. 
In Turbuleni fluxes ihrough the sea surface, wave 
dynamics and prediction (eds. Favre and Hassel- 
mann). New York: Plenum Press, 433-443. 

Whitman, W. G. 1923. The two-film theory of gas 
absorption. Chem. metall. Engng 29, 146-148. 

Witting, J. 1971. Effects of plane progressive irrotational 
waves on thermal boundary layers. J.  Fluid. Mech. 50, 

247 1-2486. 

SOC. 101,665-673. 

32 1-334. 

Tellus 32 (1980), 5 



GAS EXCHANGE ACROSS THE AIR-SEA INTERFACE 

TA300GMEH YEPE3 nOBEPXHOCTb PA3AEJlA OKEAH-ATMOCCDEPA 
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3aTP.M 0 6 C y X n a e T C R  BnHflHHe BOJIH. I43 M a C W T a 6 H O r O  
a H a n A 3 a  O Y e B W H O ,  YTO BnHRHHe rPaBHTaUHOHHbIX 

rpy6ax H3BeCTHO. YTO K a n H n f l p H b l e  B O n H b l  3HaYHTe-  
nbHO yCHnMBalOT r a 3 0 0 6 M e H .  C y U l e C T B y l O U H e  THnO- 
T e 3 b 1  n p e n C r a B n f l f O T C R  HenOCTaTOYHbIMH PnJl o6a- 
RCHeHHfl 3THX ~ a 6 n w n e ~ u f i .  A ~ a n ~ 3  AaHHblX no- 

BonH M a n o .  M3 m c n e A o e a H H l  B ~ ~ P O ~ H H ~ M H Y ~ C K A X  

n e s b i x  w 3 ~ e p e ~ ~ i i  name y c y r y 6 n f l e ~  c m y a w m ,  

yceneam r a 3 0 0 6 M e H a  c y s e n w e H H e M  C K O ~ O C T R  
B e T p a .  

nOCKOnbKH 3TH I l a H H b l e  H e  BblRBJlfllOT O X H R a e M O r O  
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