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ABSTRACT

A theoretical approach to gas transfer by bubbles created by breaking waves at the air-water
interface is undertaken. Based on a simple model, this study affords a basic understanding of the
physical mechanisms. The behaviour of a single bubble is examined. Similarities and differences
between the formulation of gas fluxes across a “flat™ air-water interface and through bubbles are
shown. The gas flux through bubbles is not strictly proportional to the solubility and to the
difference of concentrations between the bulk of the water and the surface. Nevertheless, for
trace gases, a linear relationship with this difference of concentrations, increasing with solubility
is predicted. Overpressure in the bubbles and dissolution favour invasion into the water and
imply a water supersaturation at equilibrium. This supersaturation is more important when the
gas solubility is low. The réle of surfactants is studied and it is found that they can reduce the gas
exchange by a factor of 5. The consequences of the model for the transfer velocity are briefly
presented. A better definition of the bubble lifetime, i.e., a better representation of water
dynamics under a breaking wave, is necessary to make more reliable model predictions, most
importantly for gases with low solubility. Theoretical studies on the bubble source are necessary

in order to avoid, as far as possible, the use of the bubble distribution.

1. Introduction

Until now, most of the models dealing with gas
transfer across an air-water interface have been
concerned with moderate wind regimes. A mole-
cular-eddy diffusivity concept has been used. The
relationship between the transfer velocity &, and
different parameters describing the gas considered
and the hydrodynamical conditions at the interface
thus takes the following shape: k; ~ Sc™" u,, where
u, is the friction velocity and Sc the Schmidt
number (Sc = v/D; v is the viscosity of the water
and D the gas molecular diffusion coefficient)
(Hasse and Liss, 1980). The value of n is equal to }
for Deacon’s (1977) film model and to } for the
surface renewal model. Using results of gas transfer
measurements in wind-wave facility, Jahne et al.
(1984) found that n varies between % for low wind
speeds and 4 when the wind becomes higher.

In ocean conditions, waves often break which
implies changes in the interface conditions, an

increase in the turbulence and the creation of air
bubbles in the bulk of water. From a theoretical
point of view, little is known about these aspects of
gas transfer.

The change in the state of the interface and its
influence on gas exchange has been studied in
Kerman’s (1984) model, describing a roughened
sea characterized by patches of breaking waves. He
used the model of Yaglom and Kader (1974) for
heat and mass transfer between a rough wall and a
turbulent fluid flow and applied it to a compliant
surface. The relationship obtained for the transfer
velocity is given by: k; ~ (Sc)™* u, 5%

For the most part, the few previous studies on
gas exchange and breaking waves have turned on
the bubble contribution. With the help of his own
acoustic measurements of bubble clouds in Loch
Ness, Thorpe (1982) has developed a cell model for
bubble dispersion to take into account the bubble
entrainment in breaking wind waves. His work has
been oriented towards air transfer: no specific gas

Tellus 37B (1985), 4-5



GAS FLUX THROUGH BUBBLES

was considered in the bubbles. In his comput-
ations, a single bubble size has been used. This
study has shown that the “natural” state of the
water under the surface when there are bubbles is
supersaturation and that the gas flux through
bubbles can be significant for wind speeds of
12m-s~! and more. Siems (1980) and Merlivat
and Memery (1983) have presented computations
of transfer velocity in order to explain their own gas
transfer results obtained during experiments run in
wind wave facilities. These results show a large
enhancement of the transfer velocity under con-
ditions of high wind speeds and breaking waves.
Moreover, this phenomenon is more pronounced
for gases with low solubility. From a very simplified
model adapted to his experimental conditions
(water greatly supersaturated in CO,-0.4 bar and
0,-0.3 bar) and with the bubble distributions
measured by photographic methods, Siems ex-
plained the increase in CO, and O, transfer at high
wind speeds. Contrary to Thorpe and Siems, no
bubble measurements were done during the experi-
ments of Merlivat and Memery. Their observations
of N,O and Ar exchanges have motivated a general
study of gas transfer through bubbles, based on
water dynamics described by irrotational orbital
motions of Stockes. Turbulence and downward
convection created by breaking waves are not
taken into account. Principally centred on the
notion of transfer velocity, this study has demon-
strated the large influence of the solubility, the
non-symmetry between evasion and invasion, the
water supersaturation at equilibrium, when the
bubbles are considered. Finally, this work questions
the very notion of transfer velocity and its use in
the measurements of gas fluxes.

The study we undertake now proceeds from a
model of gas transfer through bubbles, taking into
account the main different mechanisms involved.
We establish a general and simplified formulation
of the gas flux which allows an easy and physical
understanding of its dependency on the most
significant parameters. We emphasize the flux of
trace gases, keeping in mind the problem of the
uptake of the anthropogenic CO, (and other
pollutants) by the ocean. Consequently, in addition
to air, we consider simultaneously two trace gases.
Moreover, different ranges in the bubble radius are
taken into account, as are the differences between
clean and dirty bubbles. The simplifications of the
model are in the determination of the bubble
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lifetime: the waterflow created by breaking waves
is not represented. This crucial problem is briefly
discussed in the conclusion. The difference from
gas transfer across a flat air-water interface is
thoroughly examined.

2. Theory of gas transfer for single
bubbles

2.1. General equations

2.1.1. Hypotheses. When a wave breaks, air is
confined in the water: the bubbles formed are
entrained by a strong downward waterflow. As the
velocity field decays, the bubbles tend to rise under
buoyancy.

The equations presented in this article describing
the behaviour of the bubbles created by breaking
waves are based on the following simplifying
hypotheses.

—The bubbles are created instantaneously at
their initial depth z, with their initial radius r, and
with the same composition as the atmosphere from
which they are formed: bubble descent time is
assumed to be negligible.

—The bubbles rise at very nearly their terminal
velocity: their initial acceleration is such that only a
distance equal to some bubble radii is needed to
reach a constant velocity (Garrettson, 1973).

2.1.2. Bubble dynamics. The regime of bubble
motion varies considerably with the Reynolds
number Re = 2rw/v, where v is the viscosity of
the water and w the ascent velocity of the bubble.

Downstream of the bubble, the changes in the
structure of the flow are directly linked to the
Reynolds number. According to its value, different
formulations of the drag coefficient must be
considered. Moreover, the nature of the interface
bubble-water depends on the surface active
materials contained in the water. The hydro-
dynamical conditions of the water surrounding the
bubble change when the surface is assumed to be
liquid (clean bubble) or solid (dirty bubble). For
example, the velocity field becomes equal to zero
at a solid liquid interface, whereas only the normal
component of the velocity tends to zero at a
liquid-liquid interface.

— Dirty bubbles behave like solid spheres. The
drag coefficient Cy, (ratio of the drag force F, and
of the product of 4 pw? by the area of the bubble
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nr?)is equal to:

24

( 3
1 + — Re | (Batchelor, 4-10, p. 244, 1967).
Re 16

The drag force F, being counterbalanced by the
buoyancy forces Fy (=% nr' pg), w satisfies the
equation:

8v 16
wl+ —w——rg=0.
3r 27
When Re tends to O, C, — 24/Re, ie. Fj, -
6mrpvw and w — 2gri/9v.
— For clean bubbles with small radii (» < 100 um),
the drag is viscous (Levich, 81, p. 435, 1962).

M

1 gr?

and .
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Fpy =4nr pyw
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When the radius becomes larger, the flow is
separated on the downstream portion of the
bubble surface. The drag coefficient is equal to:

43
— |1 -
Re(

w then satisfies:

v 1/2 grl
w—22|—| w?——
2r 9y

2.2
Rel? 1/2\) (Batchelor, 5, 14, p. 368, 1967).
e

=0 3)

With the approximation C,, = 48/Re, it is found
that Fj, = 12zrpvw and w = gr/9v.

For large Reynolds number (Re > 700), the
bubble loses its spherical shape and w reaches a
maximum value of 30 cm - s™1,

Fig. 1 shows the relationship between the
velocity of a bubble and its radius.

2.1.3 Bubble gas transfer. The gas
through a bubble is defined by the equation:

transfer

dn
— =kr? (c — sP,), @

dt

where n is the amount of the gas considered in the
bubble, k the transfer velocity, ¢ the gas-con-
centration in the water, s the solubility of the eas
and P, its partial pressure in the bubble:

4
P,V =nRT  with V= 3 7r3 the volume of

the bubble.
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Fig. 1. Relationship between the ascent velocity and the

bubble radius r. : clean bubble; —-.-—: dirty
bubble.

For solid spheres,
k=8 (Dw/r)'? %)

(Levich, 14, p. 85, 1962).
For clean bubbles,

k =8 (Dw/6r)'? (6)

for small Reynolds number (Levich, 91, p. 467,
1962).

k=8 (zDw/2r)'" @)

for r > 500 um (Levich, 91, p. 468, 1962).

D is the molecular diffusion coefficient in water.
The variation in k with the radius is shown in

Fig. 2 for two gases: He and CO, (see Table 1, the

physico-chemical properties of these gases).

2.1.4. Variation in bubble radius. In a bubble,

PV = (Xn) RT, with

20

P=P,— pgz + —. ®
r

P, is the atmospheric pressure, z the negative
depth where the bubble is located and o the surface

tension ( o — 0 for dirty bubbles).
After derivation, we obtained:

3RT dn
_ — + rpgw
r o 4nr? (Z dr & )
pu— . 9
dr 3P —20/r ©
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Fig. 2. Relationship between the transfer velocity k of a
single bubble and the radius r. : clean bubble;
—«-—:dirty bubble. A: He. B: CO,.

Table 1. Physico-chemical properties at 20°C
(Broecker and Peng, 1974) and molar fractions
in the air of different gases

Dt
Gas a* x 10% X,
N, 0.0155 1.71 0.79
0, 0.0310 2.06 0.20
air} 0.0188 1.78 1
CO, 0.878 1.64 33x 10
Rn 0.242 1.20 10-*°
Ar 0.0367 1.56 102
He 0.00868 5.48 5.4 x 10-¢

*a = sRT where s is the gas solubility defined by
Henry’s law: ¢, = sP.

tIncm?.s™!,

1 Air~0.79N, + 0.2 0, + 0.01 Ar.

2.1.5. Definitions. The different gases considered in
this study are air (20% of O, and 80% of N,) and
trace gases defined by a concentration lower than
1073

The gas concentrations in water are assumed to
be constant with time. This concentration is defined
by the mole fraction X, :C = sP,, = sXP,:

Xw_Xa
X

a

X =

is the water saturation indicator, where X, repre-
sents the gas mole fraction in the air.
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20/r — pgz
- 7
is the prevalent over-pressure in the bubble.

Gas transfer through a bubble can be entirely
described by three main time constant:

y

Z9

— the lifetime: ; (10)

neT w(r)

— the gas exchange time constant

4nr (1)
T, = H
' 3ak
with a = sRT

— the radius time constantz,.

Assuming the air to be in equilibrium in
solubility (X, = X. = X = 1, where the prime
index refers to air and X, is the gas mole fraction in
the bubble), using eq. (4) we find:

— = — §'Pyk'ry.
dr °
Furthermore, the total amount of trace gases in a
bubble is negligible, compared with the amount of
air n'. Thus, Zn ~n'.
We can define a radius constant time by:

r 3P—20/r
T.= =1, R (12)
dr/dt Py/(n' —y)
where
n =1/, 7, = P,/pgw. (13)
When the surface tension can be neglected:
1+
=3 —, (14)
n-y

The basic equation (4) can be rewritten in two
different ways, useful for future discussions:

20
o

—As Py =X, (PO —pgz +

dn

d—:sPokrz(Xw—Xb(l + V). (15)
t

Moreover, P, = nRT/V. Thus,

dn n

— + — =sP X kr* (1 + x). (16)

de r

According to the first assumption. at the begin-
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ning of its life, the bubble is found at its initial
depth in the same composition as the atmosphere
from which it is formed. Consequently, when ¢ = 0,
X,=X,and

47
n (t:O):nO:—RTXarg

20
(Po_szo*'“)' amn

o
q () = ny — n (¢) is the amount of gas transferred
by a bubble at time f; g is positive when the
exchange takes place from the bubble to the water.
2.2. Variation with time in bubble radius and its
implications for gas transfer

In this section, we shall describe the mechanisms
governing the evolution in the radius during the
lifetime of a bubble and question their relative
importance.

The variation in the radius during the life of a
bubble is controlled by the competition between the
tendency towards an increase due to the bubble
ascent (r,) and the tendency towards a decrease
due to air exchange (r;). Fig. 3 shows the
relationship between the time constants r; and Ty
and the radius.

For small radii, 7; ~ r/k’ >0 and 7, ~ 1/w(r) -
co: the variations in the bubble radius are ruled by
the gas exchanges and the bubbles tend to dissolve.
From eq. (12), as ' - 0, dr/dt < 0.

In contrast, for large bubbles, because of the
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predominant influence of the hydrostatic pressure,
the bubbles grow:

1

Ty =00 and 1, ~—————=cte.
w(r - )
In this case, it is found that dt/r ~ —4{dP/P
which is equivalent to PV = nRT = cte.
Fig. 4 shows the depth z, for which the

instantaneous variation in the radius is equal to
zero: dr/dr = 0.
Using eq. (12),

y PgZy
a7 p

=7 (18)

If the initial depth of a bubble is small enough
and y(t = 0) = y, satisfies y, < #', during the
bubble lifetime, the radius tends to increase. These
bubbles are represented by the points under the
curves of Fig. 4. In contrast, the points above the
curves define the domaine of large depths where
bubbles tend to dissolve. As already seen in Fig. 3,
the réle played by hydrostatic pressure compared
to the one played by air exchange, increases with
the radius. Consequently, larger depths are needed
to dissolve large bubbles. Moreover, as dirty
bubbles exchange air less efficiently than clean
bubbles, their dissolution is more difficult and z,
becomes larger.

Finally, to discover whether the variations in the
radius are significant, | 7| must be compared to z,.
This comparison is shown in Fig. 5. The following

3 ° ~- £ o
T ~N =
- -
K N :
.~ o
H ~.
g N
. 1 . 1 10’
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e
e
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Fig. 3. Variation with the radius r in the time constants
7, (A) and 7, (B). : clean bubble; —--—: dirty
bubble.

Aadive (um)

Fig. 4. Variation with the radius r in the depth z, for
which dr/dt = 0. : clean bubble; — .- —: dirty
bubble.
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1000 2000
Radiuslpm)

Fig. 5. Variation with the radius r in the time constants
7, (A) and I 7,1 (B). On the left part of the curves B, 7, is
negative: the air transfer term is prevalent and the bubble
tends to dissolve. In contrast, on the right part, 7, is
positive: the influence of the decrease in the hydrostatic
pressure becomes dominant. The dotted lines represent
the cut-off radii r_: for smaller radii. 7, <Oand I 7,| <7,
i.e. the bubble dissolution is faster than its ascent. Thus
the bubble entirely dissolves before reaching the surface.

points can be made:
— for large radii,

]

¥
n=3r,(1+» >3,

T, ~3
y

Thus, assuming y < 1 (that is to say |z, < 10 m),
the relative increase of the large radii due to the
hydrostatic pressure is always lower than 15%.
— There is a cut off radius r_ for which r, > — 7,.
Bubbles with a radius smaller than r, entirely
dissolve before reaching the surface.

Using egs. (10) and (14), we can define a depth
z.(y, = — pgz./P,) associated with the radius r,:

yi—4y.n'=3n' =0. (19)
If the surface tension is taken into account,
yi+tv(—4n +y)—n@3+2y)=0 (20)

with y, = 20/P,r..

Fig 6 summarizes the general evolution of
bubbles: for a given radius r:
— If the initial depth z; is large, that is to say
Yo = — pgz,/P, satisfies y, > v, the bubble tends
to dissolve: r, < 0. Moreover, as Ir,] < t, the

bubble entirely dissolves before reaching the surface.

— For middle-range initial depths, i.e., y, < y, <
¥q- the bubble radius decreases between y, and y,,
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Fig. 6. Variation with the radius r in the limit depths z_
(A) and z, (B) defined in the text. : clean bubble;
— - -—: dirty bubble.

then increases for smaller depth. The bubbles reach
the surface: 1 7,1 > 7,.

— For small depths, when y, < y,, the bubbles
grow during their whole lifetime.

As a first approximation, we shall use the
simplified assumptions: when IzI > Iz, the
bubbles dissolve.

All the gas which was in the bubble is exchanged
and:

0 =ny=Ny(l + ),
where
3
0= M; Qn
3RT

— when Izl < |z |, the bubble radius is constant.
The integration of eq. (16) gives:

Q=Ny(yp—x) (1 —e ™) (22)

2.3. Total amount of gas transferred during the
lifetime of a bubble

In this section, we shall first show the general

. assumptions which can be drawn from approxi-

mations 2! and 22, then we shall present the
numerical results of the exact integration of eqs. (4)
and (9).

2.3.1. Generalities. Egs. (2) and (22) are the results
of approximations: they make possible the presen-
tation of the main points on the variations in the
total amount of gas transferred with the principal
parameters. The two important terms involved in
this study are the ratio 7,/r,, which defines the
distance with regard to equilibrium of a bubble
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reaching the surface and y,, which represents the
overpressure prevailing in a bubble at the beginning
of its life.

By definition,
Jakz,

/1, =— =aR,. (23)
4 rw

The higher this ratio is, the closer to equilibrium
the bubble is at the end ofits life. R _increases when
the radius decreases. Consequently, medium size
bubbles which do not dissolve are in equilibrium
when they reach the surface. As R_is large.

| —e ek 1 | and Q~Ny(vyo—x). (24)
For large bubbles, R decreases and
Q~aN,(yo—x)R_. (25)

Thus, when r, becomes large, Q0 ~ ry% The
total amount of gas transferred increases with the
initial radius. R_ is proportional to k/w: this ratio is
larger for clean bubbles and they exchange gas
more efficiently than dirty bubbles. Finally, as 7,/
7, ~ a D™ with m = § for clean bubbles and m = }
for dirty bubbles, Q increases with the solubility
and with the molecular diffusion coefficient.

The total dissolution of small bubbles (eq. (21))
and the existence of the term y, in eq. (22), show
that gas invasion into water is favoured compared
to gas evasion. When there is equilibrium in
solubility (defined by X, = X or x = 0), there is no
gas transfer across a flat interface. On the contrary,
because of the overpressure, equilibrium in solu-
bility implies a positive gas flux from the bubble to
the water. Moreover, even with a supersaturated
water for which 0 < x < y,, there is gas invasion
into the water. When bubbles are considered, there
is no symmetry between evasion and invasion.
2.3.2. Numerical results. Fig. 7 and 8 show the
relationship between the total amount of gas
transferred and the initial radius, for clean and dirty
bubbles. The gas considered is defined by its
molecular diffusion coefficient D, its solubility s
and X, =X, =105

The general ideas presented in the previous
paragraph by means of simplified assumptions are
verified. However, for large solubilities, when o =
SRT > 0.1, the total amount of gas transferred is
not systematically increasing with a or D and even
dirty bubbles can exchange more trace gas than
clean bubbles.

This phenomenon can be better understood with

Amount of gas(mm'NTP)
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Fig. 7. Relationship between the amount of gas

transferred during the lifetime of a bubble Q and
the bubble radius r. Clean bubble, X, = X, = 1073,
z,=—100cm. A:a=1:B:a=0.1;C: a = 0.01; D:
a = 0.001. o = sRT where s is the gas solubility.
- — D = 107% :D =3 x 107% ———:
D =5 x 107% D (cm?-s7') is the gas molecular dif-
fusion coefficient.
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Radivs (pm)

50 100 200 500

Fig. 8. Same as on Fig. 7 for dirty bubble.

the help of Fig. 9. When the solubility is large, the
sign of the gas flux can change during the bubble
ascent. This effect cannot be explained assuming
the radius to be constant. In this case, the
integration of eq. (16) shows that the sign of dn/d¢
is given by the sign of (x — y,). This means that the
sign of the gas flux is determined by the initial
conditions. At the beginning of its life, if the
overpressure y, 1S more important than the
saturation indicator x, the bubble will always lose
gas. As a matter of fact, when the gas is very
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Fig. 9. Variation with depth of the amount of trace gas
contained in the bubble during the bubble life. Clean
bubble, X, = X, = 1075, r, = 1000 ym, z;, = — 100 cm.
Aia=1;B:a=0.1; C: a =0.01; a = sRT where s is the
gas solubility. :D=10% —..—: D=5 x 107%
D (cm?.s7") is the molecular diffusion coefficient.

soluble, the phenomena are more intricate. In the
examples shown in Fig. 9, as x = 0, the bubble
starts its ascent losing gas. If the value of a is high,
it tends very rapidly to reach the equilibrium for the
trace gas considered; the gas exchange constant
time 7, is very small. Then it continues its ascent to
the surface. Because of the resulting decrease in the
overpressure y, it becomes relatively too poor with
respect to this trace gas. Consequently, during the
second part of its life, the bubble absorbs this gas.

Eq. (22) suggests that the relationship between
the total amount of gas transferred and the
difference ¢ — sP, (=sP,X,x) where c is the gas
concentration in water and P, the gas partial
pressure in the atmosphere (and not in the bubble)
is linear. Fig. 10 confirms this idea, at least for trace
gases (He and CO,). The behaviour of a bubble is
directly linked to the transfer of the air gases O,
and N,. Because of the relatively large amounts of
these gases, small variations in their concen-
trations in water can have significant impacts on
the evolution of the bubble radius. Gases in small
quantity do not exercise a large influence on the
radius variations. Consequently, in the case of trace
gases, as r, and thus r, and k, does not depend on x,
eq. (16) shows that n and thus Q, is a linear
function of x, even if the radius is not assumed to
be constant.

2.3.3. Conclusion. Before taking up the gas
transfer by a bubble population, we would like to

Tellus 37B (1985), 4-5

x=(Xw-Xal/Xa

Fig. 10. Variation with the water saturation indicator x
in the amount of gas transferred during the lifetime of the
bubble, weighted by the initial amount of gas contained
in the bubble n,. Clean bubble, z, = —~100 cm. A: ry =
200 gm; B: ry = 500 um, ——: O,; — - - —: CO,3 ——~:
He.

summarize and point out some general rules
governing the gas exchange through a single
bubble.

— As a first approximation, when a bubble does
not dissolve entirely, its radius can be assumed to
be constant during its lifetime.

— Generally the total amount of gas transferred
increases with the initial radius, the molecular
diffusion coefficient and the solubility.

— For gases with low solubility, clean bubbles
transfer much more gas than dirty bubbles.
However, there is no large difference between the
gas exchanged by clean and dirty bubbles when
solubilities are high.

— The relationship between the total amount of
gas transferred Q and the difference of gas
concentrations, ¢ — sP, between the water and the
surface is linear.

3. Theory of gas transfer for a bubble distribution

3.1. General equations

In the following, all the parameters concerning
the bubble distributions are horizontally averaged: z
is the only spatial parameter. Moreover a steady
state regime is assumed: the bubble source does not
change with time.

3.1.1. Definitions. A bubble distribution is known
in terms of bubble radius and depth. The instan-
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taneous gas flux through a bubble also depends on
the partial pressures of the gases considered in the
bubble (see eq. (4)).

Once the different gas concentrations in water
and in air are known, a bubble is entirely described
by its initial radius r,, its initial depth z, and the
time elapsed since it has been created ¢. Let us
consider the function ®(r,, z,, f) defined such that
@(ry 2o, 1)drydzydt represents the number of
bubbles in the volume element d*v = dr,dz,ds
about (ry,z,,0). If dn/dt(ry, z,,t) is the instan-
taneous flux through the bubble. (r,, z,, £, the total
flux is then defined by:

) dn
Fy=1]1®(ry 24,0 , (ro 2o ) drydzeds.  (26)

Because of the steady state regime, @ is also the
number of bubbles created about (r,,z,) during dt,
i.e., ®(ry, 2, 1) = S(ry, z,), where S is the bubble
source distribution, independent of time. After
integrating eq. (26) with time, it follows that:

FB = st(ro,zo)Q (ro,zo) drodZO‘

3.1.2. Bubble transport equation. Garrettson
(1973) has set up the equations coupling source
and distribution through bubble dynamics. Assum-
ing a steady state regime,

@7

28

where y (r,z) is the bubble distribution and
dr 17
4=

yz:i? ':8r.

y is given by eq. (9) and makes eq. (28) hardly
usable. The previous study on the variation in
radius during the lifetime of a bubble introduced a
cut-off radius: the radius of larger bubbles can be
assumed to be constant. In order to simplify eq.
{28) and to be able to use it, the terms taking into
account the variation in the radius will be neglected.

Egs. (9) and (28) can give some information on
the consequences of this simplification. For large
bubbles, the dominance of the hydrostatic pressure
term over the air exchange term implies an increase
in the radius. Consequently, for a given bubble
distribution y, the bubble source is slightly over-
estimated. In contrast, in the range of small
bubbles, the decrease in the radius due to the air
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transfer can become important: in this case, S, is
underestimated. This effect is weighted by the fact
that Q (r,,z,) decreases quickly with r, (Q ~ r3 for
dissolving bubbles): the importance of small bub-
bles in the flux defined by eq. (27) is not great.

With these assumptions, eq. (28) turns out to be
equivalent to :

oy

S=w—ou-.
or

29)

In situ measurements of bubble populations are
not so numerous. Data reviewed by Wu (1981)
show that the general shape of a bubble distribution
can be roughly represented by:

v= 1w, S (e’ re,

with 3 < a < 5 and L ~ | m. This relationship is
valid for radii larger than 60 — 80 um: indeed, the
measurements show a rapid drop off toward small
sizes.

The relationship between y and the wind velocity
obtained by Wu with different data satisfies f (u) ~
u**. Using a linear function between the wind stress
coefficient C;, = (u, /u)* (where u, is the friction
velocity) and the wind velocity (Wu, 1982), it is
found that w ~ u3.

3.1.3. Global gas flux and transfer velocity. Using
egs. (27) and (29), the total gas flux for a bubble
distribution is given by:

ow(r,z)

z

Fy={iw( (30)

Q(r,2)drdz.

From the definition of transfer velocity, the gas
flux F, per surface unit is equal to the product of
the transfer velocity k; and the difference of
concentrations between the interface, ¢, (=sP,:
Henry’s law) and the bulk water, c.

When there are no bubbles, F = Fg = — kg (c —
sP,). Using the parameters presented earlier,

Fy = —kgsPyX,x = —ksPy X, ax/RT = —F , ox.
(31)

It is important to remember that the transfer
velocity kg is a parameter depending only on the
Schmidt number Sc = v/D of the gas considered
and on the hydrodynamic conditions of the
air-water interface.

At high wind speeds, when the breaking waves
create bubbles, the total flux is the sum of the flux
through the bubbles F, and of the flux across the
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sea surface Fg: F; = Fg + Fy. Thus,
Fs FB
(c—sP,) (c—sP,) B

L=

kg + ky.
Consequently, the transfer velocity of the bub-
bles is defined by:

I fw(@w/dz) Qdrdz
(c—sP,)

(32)

This is exactly the term measured in situ and
during wind tunnel experiments (Siems, 1980;
Merlivat and Memery, 1983). We can remark that
kg is not the mean of the transfer velocities of the
bubbles weighted by their surfaces.

3.2. Gas flux at the air-water interface
In the following, the bubble distribution is given
by:

—y ~exp (+z/L) z < 0 (in meters)

and L = 1 m;
—y~rt when r > 75 um;
v =cte when r < 75 um.

The number of bubbles is equal to 10* bubbles/1
atz=0m.

According to Wu’s data, this distribution re-

presents some sample distribution with a mean
value of a. The fact of choosing y to be constant in
terms of the radius for small bubbles takes into
account the rapid drop off towards small sizes. The
relationship between the bubble population and the
radius is not very critical for small radii, according
to the convergence of the integral (30): as bubbles
dissolve entirely, w(r) Q(r,z) ~ r®. Another choice
for the bubble distribution has no consequence for
the discussion and in the general ideas presented
below, only the numerical results should be
changed.
3.2.1. General shape of the function Fy (x); Role
of the solubility. Fig. 11 shows the relationship
between the gas flux through bubbles Fy and the
ratio x = (X, — X,)/X, for different gases.

In Subsect. 2.3.2., it has been seen that the total
amount of trace gas transferred by a single bubble
varies linearly with x. Consequently, the integration
of these quantities with the bubble source satisfies
the same relationship. Of course, this is not the case
for the main air gases, like O,.

In spite of the limitation of eq. (22) studied
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Fig. 11. Variation in the total gas flux through bubbles
Fy with the water saturation indicator x. Bubble
distribution presented in the text. — . .—: He; ———: Ar;
——: COy; : O,. The intersection of the curves
with the x-axis gives the x value, x, of the water satur-
ation for which Fy = O: the flux water — large bubbles 1s
counterbalanced by the flux small bubbles — water.

previously (in Subsect. 2.3.2.), this equation, when
combined with eq. (21), gives a good idea of the
variations in the total gas flux F. In order to
simplify this, bubbles which do not dissolve can be
separated into two groups, already presented by eq.
(24) (medium sized bubbles) and (25) (large
bubbles):

Fy= [[s,No(1 + yo)drdz + [ [5,Ny(yo — x) drdz
+0ffy,Ny(o—x)R, drdz, (33)
A, = {entirely dissolving bubbles}
A,UA; = {bubbies arriving to the surface } with
A, = {bubbles reaching the equilibrium}
A, = {bubbles not reaching the equilibrium};
Fy=114 No(1 +yo)drdz + [ ], Noy,drdz
+affy, NoyoR, drdz
—x (I [4,Nodrdz + a { fy,NyR, drdz)
~F, — xF,. (34)

Approximation (34) agrees with the linear
relationship between Fy and x of Fig. 10. Moreover,
eq. (34) shows that the slope of the line Fj, (x), and
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thus the flux itself, increases with the solubility. We
can remark that the dependency between F, and a
is only due to the influence of the large bubbles. For
smaller bubbles, the transfer kinetics are fast
enough to not influence the gas flux; thus the limit
conditions (total dissolution or equilibrium) are
reached.

3.2.2. Supersaturation of the water. One of the
main differences between a bubble population
approach and an air-water interface approach is
clearly perceptible when egs. (31) and (34) are
compared. The flux across a flat air-water interface
Fg is proportional to x, i.e., to X, — X, or ¢ — sP,,
which is not the case for the flux through bubbles
Fy. In eq. (34), F, represents the rdle played by the
hydrostatic pressure and by the surface tension
which tends to dissolve the bubbles and to favour
the gas invasion into the water: a gas in equilibrium
in solubility (x = 0 or ¢ = sP,) is not exchanged
across the flat air-water interface but is never-
theless transferred from the atmosphere into the
water by means of bubbles, Fy is equal to O for a
supersaturation of the gas in the water:

xo:F—p>0.

X
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Table 2 presents some x, values for different gases
and for the bubble distribution used: x, increases
when the solubility decreases or when the bubbles
are dirty.

The actual equilibrium is obtained when the total
flux F;, = Fg + F, becomes equal to zero. The
associated value x, is given by:

Fp
Xeg =} (35)
F, +aF,

0 < xy < X

When x = x,,, a steady state is obtained: the gas
flux from the bubbles to the water (x,, < x,=>F > 0)
is balanced by an opposite flux across the air
water interface (x,, > 0 = Fg < 0). The less soluble
the gas is, the more supersaturated the water is.
Some examples with different trace gases are
shown in Fig. 12. Dirty bubbles are less efficient
than clean bubbles. Consequently their con-
tribution in the total gas exchange is less signifi-
cant and the supersaturation at equilibrium is
lower.

3.2.3. Transfer velocity. During gas transfer
experiments in wind-wave facilities or during in situ
measurements, the parameter obtained is the

Table 2. Fluxes and transfer velocities computed for different gases with the bubble distribution defined

in the text
Clean bubble Dirty bubble
CoO, Rn Ar He co, Rn Ar He
F »
X" 414 464 353 279 101 95 75 66
a
»
;" 6,466 4,776 2.068 1,228 1,338 850 409 295
xo.(x 100) 6.4 9.7 17.1 227 7.6 11.2 18.4 22.5
ky(x=—Dt 28 7.8 24 63 0.59 1.4 4.7 15
kg (x= DY 25 64 17 39 0.51 11 33 9.5
ky (He)/kyt 225 8.1 2.6 — 254 10.7 3.2 —
kg (clean)t 4 5 4.6 5.1 42 — - — —

k, (dirty)

The bubble flux Fy is equal to F, — xF, with x = (X, — X,)/X,, x, is defined by Fy(x,) = 0. The transfer
velocity ky is given by ky = —Fy/sPoX, x. x, and the differences between k, (x = —1) and k; (x = 1) show the
influence of the overpressure prevailing in the bubbles, k, (He)/k, the influence of the physico-chemical properties
(above all the solubility) of the gas and &, (clean)/k, (dirty), the influence of the surfactants.

*Inmm?NTP-m~2.5"1,
tIncm-h'.
T Ratios computed for x = —1.
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Fig. 12. Variation in different gas fluxes with the water
saturation indicator x. —-—: — F| is given by eq. (33)
and is computed using k, = 50 ¢cm h™' for CO, and
assuming that k, ~ S7"2 in the calculations for Ar and
He. ———: F, for clean bubbles; —..—: Fy for dirty
bubbles. F, is computed with the bubble distribution of
the text. The intersection of F, and — F gives the x
value, x,, for which Fy, + Fg = 0, i.e., for which there is
equilibrium: the gas flux from the bubbles to the water
counterbalances the evasion across the air-water
interface.

transfer velocity &, ., the sum of kg and k. The main
conclusions proceed directly from the eq. (32). Fig.
13 represents the variation in k, in terms of x for
different gases.

Using the approximation (34):

kv
ky = -+ Kk, (36)
X
with
F F
ky=+—"—,  kg=——.
sPyX, sPyX,

The general shape of the curves of Fig. 12 can be
explained by eq. (36):
—- there is a singularity when x = 0;
—when 0 < x < Xx, the transfer velocity is
negative: the gas flux F and the difference of
concentrations ¢ — sP, have same signs:
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Fig. 13. Variation in the transfer velocity through
bubbles k, with the water saturation indicator x. — - —:
CO,: :Rni—-——1Ar; — - —: He.

— far from equilibration, k, becomes x-independent:

ky—k,.
Using eq. (34), k, can be written: k, = a + b/s. The
transfer velocity increases when the solubility
decreases;

— the difference between evasion and invasion is
clearly shown by the following limit conditions:

ky (x = o0) =k,
ky (x> — 1) =k, + k.

In the same way as k,, k, increases when s
decreases: the non-symmetry between evasion and
invasion is all the more important as the solubility
is low.

3.2.4. Conclusion. This study has shown the
difference in nature and behaviour between the gas
flux across an air-water interface Fg and the flux
through a bubble population Fy. By definition, Fy is
directly proportional to the solubility and to the
difference of concentration ¢ — sP, (i.e., to the
saturation indicator x = (X, — X,)/X,). In the
contrast, while Fy varies linearly with these two
parameters, it is not proportional to solubility
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because the transfer kinetics through small and
medium size bubbles are very fast and the exchange
is entirely developed up to dissolution or equilib-
rium. It is not proportional to the saturation
indicator because of the overpressure prevailing in
the bubbles which favours invasion; thus, the actual
equilibrium is obtained for a supersaturation of the
water in gas, which is all the more significant when
the solubility is low.

The consequences for the transfer velocity &, are
very important: on the one hand, the solubility is a
physico-chemical parameter which, as the Schmidt
number, must be taken into account in the k,
definition: on the other hand, the behaviour of k,
makes it hardly usable, above all near the equilib-
rium in solubility. In nature, radon is always found
in evasion conditions and x — oo: it is thus possible
to use the notion of transfer velocity, even when
there are bubbles. In contrast, for CO,, x varies
between —0.1 and + 0.1 (Takahashi and Azevedo,
1982). Therefore, the use of a Schmidt number
dependency alone to compute the CO, exchange
with the help of radon measurements is question-
able. Not only is the solubility an important
parameter, but the CO, concentration in water
must also be taken into account.

4. General conclusions and prospects

This study has presented the general equations
governing gas flux through bubbles and has allowed
us to gain some insight in the understanding of the
mechanisms involved. Nevertheless, several points
remain unsolved by the development presented
here.

The dependency between transfer velocity k; and
wind velocity u is of particular importance. Wu’s
data indicate that the bubble contribution, and thus
the gas flux, increases with u and satisfies the
relationship: y ~ u*3 (~u3). Until now, the only
studies which allow a correlation between &, and u
when there are breaking waves are the Siems
experiments. At this time, they seem to show a
linear relationship between transfer rate and wind
velocity. It is obvious that more measurements are
needed.

Mainly two parts of the model can be improved:
the description of water dynamics and the
resolution of the bubble transport equation.

The flow under a breaking wave is not very
well-known. Thorton (1979) has shown that the
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average velocity intensity in the surf zone is 85%
wave induced. Using photographic techniques to
follow bubble trajectories, Toba et al. (1975) and
Koga (1982) have visualized the convection
accompanying breaking waves. At the lee face of
the wave crest, the surface water converges and air
bubbles are entrained by a downward flow. They
rise up to the surface at the rear side of the wave.
This general pattern is roughly taken into account
by Thorpe (1982) in his model of gas transfer by
bubbles. Orbital motions of Stockes are introduced
in the computations run by Merlivat and Memery
(1983). Comparisons with the revised model presen-
ted here show that the increase in gas exchange
consequent upon the change in bubble dynamics
due to orbital motions is about 15%, which is not
significant with regard to the influence of surfac-
tants. As a first approximation, downward con-
vection, turbulence created by breaking waves and
orbital motions imply first of all an increase in the
bubble lifetime. Table 3 gives some results on the
influence of this increase of bubble lifetime, which is
assumed to be the same for every bubble. Bubbles
dissolving entirely or reaching equilibrium (eq.
(33)) are not affected. Consequently the CO,
transfer which is fast for any bubble does not
depend significantly on the hypotheses determining
the bubble lifetime. This is not the case for He or
Ar: their solubilities being low, most of the bubbles
arriving at the surface are far from equilibrium and

Table 3. Influence of an increase At in the bubble
lifetime on gas transfer

CO, Rn  Ar He

At=0 ky (x=1D* 2.8 7.8 234 604
ky(x=-D1)* 22 59 169 426
Ar=1s Ax=Dt 2.5 96 13.5 13.8
Ax=-IF 28 109 153 159
Atr=5s Ax=1Dt 43 264 570 590
Alx=-It 49 298 64.7 67.6

At is the same one for every bubble. The amounts of
gas transferred are computed using the approximations
21 and 22. Case of clean bubbles.

*Incm-h™L

t A is the relative change (%) in k, for a given At
with respect to k, obtained for Ar = 0.

x is the saturation indicator defined by x = (X,, — X,/
X, where X, and X, are the gas mole fraction in the
water and in the air, respectively.
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the bubble lifetime value plays a major role (eq.
(25)).

When the variation in bubble radius with time is
taken into account, the transport equation (eq.
(28)) is hardly usable without drastic sim-
plifications (which are not necessarily more
justified than neglecting the terms concerning the
variation in bubble radius). Moreover eq. (27),
directly coupling flux through bubbles and bubble
source distribution, shows that the use of the
bubble transport equation is avoidable if the source
distribution is known. Finally, rather than a
universal bubble distribution, it is surely safer to
imagine a universal bubble source spectrum defined
by parameters describing the hydrodynamical
conditions at the air-water interface. Based on
dimensional analysis and on the hypothesis of mass
continuity (the mass of air bubbles produced per
unit area per time at any radial scale is indepen-
dant of radius), Kerman (1982) has proposed a first
approach to this problem. The relationship ob-
tained which defines the bubble source is given by
S ~ ulr Using eq. (29), which gives the
relationship between bubble source and bubble
distribution through bubble dynamics, this result is
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in good agreement with the data on bubble
distributions presented by Wu. Nevertheless, the
model is only valid in the range of large radii where
the role of the hydrostatic pressure is predominant
in the variation in bubble radius: it does not
consider the air transfer and the dissolution of small
bubbles. Another problem exists. We already know
that @ ~ r2 for large bubbles, which implies that
using Kerman’s relationships QS ~ r 2 which does
not converge when the radius increases: the gas flux
through bubbles should be infinite! Other theo-
retical developments on this matter are necessary
and will be very useful for a complete para-
meterization of the gas transfer across the atmos-
phere-ocean interface. The source distribution must
be quantified with the help of general synoptic data
of the ocean surface obtained from satelite
measurements.
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