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ABSTRACT

A parameterization of bubble-induced gas exchange is presented in which the bubble
contribution to gas exchange is expressed in terms of separate transfer velocities for ingassing
(Ki") and outgassing (K3"). The difference between the ingassing and outgassing velocities
(Ki» — K™ is further separated into two components, the first caused by the injection of small
bubbles into the water, the second caused by gas exchange across the surface of hydrostatically
compressed larger bubbles. It is argued that both K™ and the exchange contribution to the
difference K* — K™ should be largely independent of the dissolved concentrations of the
major gases N, and O,.

A simple model is presented which allows Kj* and the exchange contribution to the
difference K}* — Kg™ to be estimated. The model incorporates data from laboratory simulation
experiments on the bubble production spectrum. The results indicate that bubbles larger than
0.05 cm in radius, which have often been assumed to play a negligible role, contribute
significantly to bubble-induced gas exchange and supersaturation in the ocean. The model is
used to explore the sensitivity of bubble-induced gas exchange to the overall air entrainment
rate, size and depth distributions of the bubbles, and to the gas exchange rates across the
surface of individual bubbles.

The model suggests that bubbles may make an important contribution to overall gas
exchange at windspeeds above 10 m sec™!. In this regime gas transfer velocities should depend,
not just on diffusivity, but also on the solubility of the gases. It is suggested that K{**Y should
scale roughly as a=%3D %3 where a is the solubility and D is the diffusivity. The model results, in
combination with measurements on inert gas supersaturations, suggest that the global-mean
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supersaturation of CO, induced by bubbles is not larger than 0.3% and most probably is
around 0.08%. A major uncertainty results from a lack of information on production rates and
distributions of large bubbles. Several possible experiments are proposed for improving
estimates of bubble-induced gas exchange and supersaturation.

1. Introduction

Bubbles produced at the ocean surface as the result of breaking waves represent a
potentially important pathway for transporting gases between the ocean and the
atmosphere. Although bubbles have been shown to contribute only a fraction of gas
exchange measured in experiments with wind/wave tunnels (see e.g. Broecker and
Siems, 1984), the fetches used in these experiments are too short to accurately
simulate the appropriate levels of turbulence and rates of bubble production (see e.g.
Thorpe, 1984). As yet, there are no direct measurements of the contribution of
bubbles to gas exchange in the open ocean. The role of bubbles in air-sea gas
exchange remains poorly understood.

If bubbles contribute significantly to overall gas exchange in the open ocean, this
would invalidate several assumption upon which air-sea exchange rates are typically
calculated. For example, it is commonly assumed that the exchange rates can be
parameterized according to a transfer or piston velocity K which is independent of
the solubility of the gas but increases according to the one-half or two-thirds power of
the diffusivity of the gas in water (e.g. Liss and Merlivat, 1986). This power law has
been confirmed for wind/wave tunnel experiments (Ledwell, 1984; Jihne et al,
1987b) but not yet confirmed for the open ocean. If bubble-induced exchange is
important, however, the transfer velocity would, in general, depend both on the
diffusivity and the solubility of the gas, with smaller values for gases with higher
solubilities. It has also been common practice to assume that exchange velocities in
the open ocean scale roughly linearly or quadratically with wind speed in accordance
with wind/wave tunnel experiments (Liss and Merlivat, 1986; Wanninkhof, 1992). If
bubble exchange is important, however, the transfer velocity would be expected to
increase roughly in proportion to the area covered with white caps, which increases
at around the third or fourth power of the wind speed (Monahan and Muircheartaigh,
1980; Monahan, 1993).

Another assumption which becomes questionable in the presence of bubble-
induced gas exchange is the notion that the exchange flux is strictly proportional to
the partial-pressure difference between water and air. Unlike the exchange that
takes place at the surface of the ocean, which drives the concentration of dissolved
gases towards equilibrium with the atmosphere, bubble exchange drives seawater
towards a slight supersaturation. The supersaturation arises because the air in the
bubbles is compressed as a result of surface tension and hydrostatic pressure.
Bubbles are believed to contribute to an average supersaturation of a few percent for
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relatively insoluble gases such as helium and oxygen (Craig and Weiss, 1970; Craig
and Hayward, 1987; Spitzer and Jenkins, 1989). Bubbles also may tend to drive more
soluble gases, such as CO,, toward a slight supersaturation, although the extent of
this supersaturation is not well known.

Bubble-induced gas exchange varies qualitatively depending on the size of the
bubbles. In rough terms we can consider three size regimes: (1) small bubbles
(r < 0.005 cm) which completely disappear by dissolution in the water, (2) interme-
diate bubbles in which the gases equilibrate with gases dissolved in the water, and (3)
large bubbles (r > 0.05 cm) in which the gases do not equilibrate with the water
(Jahne et al,, 1984; Memery and Merlivat, 1985b). Although all three size classes may
be important in exchange of relatively insoluble gases like He and O,, only the large
size class can contribute significantly to exchange and supersaturation of soluble
gases like CO,. This follows because gas exchange by small and intermediate sized
bubbles is limited by the capacity of the bubbles to store gases when in equilibrium in
the water, and this leads to exchange velocities which tend to scale inversely with the
solubility of the gas. With carbon dioxide being 30 to 60 times more soluble in
seawater than gases like O, and He, it follows that the enhancement of gas exchange
and supersaturation of CO, by the intermediate and small bubbles must be 30 to 60
times smaller than that for insoluble gases like O, and He.

The exchange of gases across large bubbles is limited primarily by the kinetic
barrier to transfer at the aqueous surface of the bubble rather than by the equilib-
rium capacity of the bubbles. Like the exchange which takes places at the air-sea
interface, this leads to an exchange velocity which scales, typically, as the square-root
of the diffusivity of the gas in water, but is independent of solubility. Importantly,
large bubbles have the potential to enhance the air-sea exchange of CO, and produce
supersaturations in CO, at the same level as for less soluble gases like He and O,.

This paper has the following primary objectives: (1) to clarify the relationship
between bubble-induced gas exchange and bubble-induced supersaturation, (2) to
explore the sensitivity of bubble-induced gas exchange and supersaturation on the
physicochemical properties (solubility and diffusivity) of the gas in question ranging
from insoluble gases like He and O,, to soluble gases like CO,, and (3) to explore the
role of large bubbles (r > 0.05 cm) on air-sea gas exchange and supersaturation. The
remainder of this paper is organized as follows: Section 2 proposes a method of
parameterizing bubble-induced gas exchange in terms of separate ingassing and
outgassing exchange velocities. Section 3 presents a simple model for calculating
these exchange velocities. Section 4 discusses estimates of the various quantities
which enter the calculations of the exchange coefficients. Section 5 presents the
results of the model calculations including sensitivity analyses. Section 6 discusses
the implications of the model results and suggests where additional research would
be useful. Section 7 summarizes the main conclusions.
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2. Parameterization of gas exchange due to bubbles
The gas exchange through the sea surface is commonly parameterized according to

F,=KS(P,- P) (1)

where F, (moles cm~2 sec™!) is the air-to-sea gas flux, § (moles cm~2 atm™!) is the
solubility of the gas, P, (atm) is the partial pressure of the gas in the air, P; (atm)
partial pressure of the gas exerted by the water, and K, (cm sec™?) is the gas exchange
or piston velocity. Eq. (1) also can be written

F,= —KSP,f @

where f is the fractional supersaturation given by

f=p -1 3)

An analogous expression which accounts for the gas exchange between the air and
water mediated by the bubbles produced by breaking waves can be written

F, = KI"SP, — K3"'SP, @)

where K1 is the one-way exchange velocity for ingassing (air to sea) and K™ is the
one-way exchange velocity for outgassing (sea to air). Here we need different
exchange velocities for ingassing and outgassing because we are multiplying the
ingassing velocity Ki" by the partial pressure in the atmosphere P, rather than the
partial pressure in the bubbles themselves. Bubble pressure exceeds atmosphere
pressure because of surface tension and hydrostatic compression, and thus, in
general we require Ki* > K3

Combining Eqs. (1) and (4) we can derive a relation for the net flux Fy, due to the

combined effects of bubbles and surface exchange:
Fiy = F, + F, = (K, + K")S(Py — P)) + (K}’ — K}™)SP,. ®

An important consequence of Eq. (5) is that the net flux is not zero when the water
and air are in equilibrium. Instead, the flux is zero at a steady-state when the
seawater is supersaturated by an amount given by

in __ out
Ky — Ky

=t 6
K, + K™ ©

[¢]

Using Eq. (6), we can rewrite Eq. (5) as
Fiu = —(K3™ + K)SP,(f — fo)- M

Comparing Egs. (7) and (2) we see that exchange with bubbles is analogous to
exchange without bubbles except that the overall transfer rate coefficient is increased
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by the term K}*, and the flux is now proportional to the difference between the
actual supersaturation and the steady-state supersaturation given by Eq. (6).

An alternative parameterization of bubble-induced gas exchange has been pro-
posed by Fuchs et al. (1987). Here we consider a modification of the Fuchs et al.
parameterization in which the total air-sea gas flux caused by bubbles is divided into
two components: The first component consists of gas which is injected into the water
by bubbles which disappear by dissolution. This process, which accounts for the
effects of small bubbles (» < 0.005 cm radius) which tend to totally disappear by
dissolution (Merlivat and Memery, 1983), results in the net transfer of gas of
atmospheric composition into the water. The second component includes the
combined effects of the intermediate sized bubbles, which are small enough to
equilibrate with the water, and large bubbles which do not equilibrate. (Fuchs et al.
(1987) further subdivide the second component into intermediate and large frac-
tions.)

With this second parameterization, the air-sea gas flux due to bubbles is given by

P, AP
Fb = R_T [I/inj + Vexch (FO- _f)] (8)

where Vi is the air-injection rate for the small bubbles, V., is a gas exchange rate
for the larger bubbles, AP is a measure of the effective total over-pressure of the
larger bubbles relative to atmospheric pressure, and P, is the total atmospheric
pressure. Both Vi, and V.., have units of volume of air per unit of surface per unit
time, so they correspond to piston velocities expressed with respect to the air. The
coefficient V,;, which essentially depends on the production rate of small bubbles, is
defined to be the same for all gases. The coefficient V., essentially depends on the
production rates of larger bubbles and varies depending on the physicochemical
properties of the gas. The ratio AP/P, is closely related to the average depth of the
larger bubbles because the “overpressure” on the bubbles is mostly dependent on
the weight of the water above. The relationship between the coefficients V,,, and
AP/P, and the bubble production rates and depths is explored using the model
presented in the next section.

The two formulations of bubble-induced gas exchange (Eq. (4) and Eq. (8)) can be
related by matching the terms with factors of P, and P, in Eq. (8) and Eq. (4), using
Eq. (3). This yields

V xch
Ky == ©)

and

I/inj A_P Vexch

Kp— Kt =04 5= (10)
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where a = SRT is the Ostwald solubility coefficient (IUPAC, 1979) which is
dimensionless. Eq. (10) shows that the difference Kj® — K3" can be separated into an
“air-injection” component V;,;/a and “exchange” component (AP/Py) K.

The steady-state supersaturation can similarly be separated into an “air-injection”
component and an “exchange” component according to

fo= £ + £
where

I/inj/a
K, + K"

f&exch) = A_P _K“_Ch._ = A_P _._.Kgm
PO aKs + Vexch PO Ks + Kgut

Eq. (13) shows f ™ is directly proportional to the percentage of the total air-sea
exchange contributed by bubbles with a proportionality factor of AP/Py.

~Thus far we have neglected one important complication involving bubble-induced
gas exchange. The dynamics of bubbles, specifically their tendency to expand or
contract beneath the surface, can depend on the dissolved concentrations of the
major gases O, and N, (Thorpe, 1982; Merlivat and Memery, 1983). This depen-
dence arises because bubbles tend to loose gas by dissolution when the internal
bubble pressure exceeds the total gas pressure in the water and they tend to gain gas
when the opposite is true. The net tendency for bubbles to grow or contract therefore
depends, in part, on the dissolved concentrations of the major gases. Likewise, the
bubble-induced gas exchange coefficients must be allowed, in general, to depend on
the dissolved concentration of major gases. This allowance must be made whether we
are considering air-sea exchange of trace gases or air-sea exchange of the major
gases, themselves. The gas exchange flux for the major gases thus is a non-linear
function of their partial pressures in the water.

This parameterization (Eq. (8)) allows an important simplification to be made with
regard to the dependence of gas exchange on the major gases. The simplification is
that, of the three gas exchange parameters (Viyj, Vexcn, and AP/Py), only V;,; depends
significantly on the dissolved concentration of the major gases. This simplification is
justified because, as shown in Section 5 below, Ve, and AP/P, depend mostly on
bubbles larger than 0.03 cm in radii. Bubbles larger than 0.03 cm rise to the surface
on a time scale that is at least 10 times faster than the time scale for them to dissolve
in the water (Jiahne et al, 1984). The dynamics of the bubbles which contribute to
Vexen and AP/ P, are therefore largely independent of the dissolved concentrations of

fim = (12)

and
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Table 1. Functional dependencies of exchange parameters

Gas Exchange
Parameter Units Functional Form*
I/inj cm Sec_l I/inj {PNZ’ P02’ Dyn-}
Vexeh cm sec~! Vexch {aD/2, Dyn.}*
. . AP
AP/Pg dimensionless 7 {aD Y2, Dyn.}*
0
1
K cm sec™? ~Vexen
o
_ 1 AP
Kin— g« cm sec™1 o \Vini + P, Vexcn

*Pn, and Po, denote dependence on the partial pressures of the major gases O, and N, in
the water. Dyn. denotes dependence on bubble dynamics and thus on variables such as wind
speed, atmospheric stability, wave age, surface tension, etc.

#That the functional dependence on solubility and diffusivity is embraced by the single
parameter aD'/2 is shown in Section 4.

the major gases. Table 1 summarizes the different gas exchange parameters and the
variables on which they are assumed to depend.

3. A model of gas exchange due to bubbles

In this section, a simple model for calculating the bubble exchange parameters
Vexen and AP/P, is presented. Because the parameter V;,; already accounts for the
exchange caused by the smallest bubbles, which are injected, this model is aimed
primarily at representing exchange caused by intermediate and large sized bubbles.

The gas exchange model is largely based on the simplified picture of bubble
dynamics proposed by Merlivat and Memery (1983) and Memery and Merlivat
(1985a). Bubbles are assumed to be rapidly submersed to a particular depth without
any gas being exchanged. The bubbles then rise at their terminal velocity back to the
surface. As the bubbles rise, gases are exchanged across the bubble surface. On
average, bubble populations are assumed to decrease exponentially with depth with a
characteristic depth which is allowed to depend on bubble radius. The total gas
pressure in the bubble is assumed to be equal to the local hydrostatic pressure; thus
the effect of surface tension on bubble pressure is neglected. Bubbles are assumed to
be carried to depths of at most a few meters so that the percentage change in bubble
radii due to hydrostatic compression can be treated as a small parameter.
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The model presented here differs from the treatment of Memery and Merlivat
(1985a) in one significant respect. As bubbles rise back to the surface they tend to
expand as they undergo hydrostatic decompression, while, at the same time they tend
to contract as the gas in them dissolves. Memery and Merlivat assumed that these
two effects cancel, such that the bubble radius is invariant with depth. In fact,
however, the relative magnitude of the two effects depends strongly on bubble
radius, with the larger bubbles tending to expand as they rise, while smaller bubbles
tend to contract (Thorpe, 1982; Merlivat and Memery, 1983; Jihne et al., 1984).

In the model presented here, the contraction caused by dissolution is neglected
and bubble radius is assumed to be governed only by hydrostatic decompression. This
assumption leads to the correct radius-depth relation in the large bubble limit
because dissolution becomes negligible for large bubbles. The considerations of
Jahne et al. (1984) and Merlivat and Memery (1983) suggest that this assumption is
reasonable for bubbles larger than 0.03 cm in radius. Although the assumption is
clearly not valid for smaller bubbles, the calculations below are nevertheless
extended over the full spectrum of bubble sizes, including bubbles smaller than 0.03
cm radius. This extension of the model can be justified as follows.

By neglecting the tendency of bubbles to contract by dissolution of the major gases,
the model underestimates the partial pressure of the residual gases. The model
therefore underpredicts the magnitude of the inward exchange coefficient K}*. As
pointed out by Jihne et al. (1984), however, the time required for the total number of
moles of gas in a bubble to change is considerably longer than the time required for
an individual component to come into equilibrium with the water. Thus the contrac-
tion caused by dissolution of the bubble as a whole tends to inject gases into the water
in proportion to their abundance in equilibrated air. Gases which are near equilib-
rium with the overlying atmosphere thus tend to be injected into the water in
proportion to their abundance in the overlying air. We can rationalize neglecting this
effect because we have approximately accounted for it through the air-injected
component V;,; which we are not attempting to model here. Of course, with this
approach, we must allow that the air injection velocity V;,; accounts not just for small
bubbles which are fully injected, but also for somewhat larger bubbles which are
partially injected. For gases which are not near equilibrium, the air injection process
can generally be neglected since | f | > | fo| (see Eq. (7)). We can thus rationalize
neglecting the tendency of bubbles to contract when estimating exchange parameters
K and AP/P, for all gases regardless of their dissolved concentrations.

A second consequence of neglecting the contraction caused by dissolution is that it
leads to an overestimation of the ultimate size of the small bubbles (r < 0.03 cm)
when they reach the surface (if they ever do). It thus leads the model to overestimate
the contribution of small bubbles to the outward exchange coefficient K3*'. However,
subsequent calculations, which are based on this assumption, indicate that K{*" and
AP/P, are dominated by bubbles larger than 0.03 cm in radius. Overestimating the
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contribution of bubbles smaller than 0.03 cm therefore can have little effect on the
results.

The exchange of a particular gas component across the surface of an individual
bubble is parameterized according to

dn_

o = KOS~ Py)

where n is the number of moles of this gas in the bubble, r is the bubble radius, P, and
P, are the partial pressures of the gas in the liquid and in the bubble, respectively,
and k(r) is the gas tranfer velocity for an individual bubble. Applying Eq. (14) to the
model of bubble dynamics described above allows the exchange parameters to be
calculated. Details of the model are worked out in the Appendix. ‘

The resulting exchange parameters can conveniently be expressed in terms of
three length scales: (1) z,, the characteristic (e-folding) depth of the bubble popula-
tion (2) Hy, the fixed depth (approximately 10 m) at which the hydrostatic pressure is
twice the atmospheric pressure, and (3) the vertical distance H,, over which the
bubble must rise before partial pressure differences between the bubble and the
water are reduced by a factor of 1/e. The parameter H,, depends on the physicochem-
ical properties of the gas in question; z, and H, are, of course, the same for all gases.

The following results are obtained for the exchange parameters

w 47T
Vear = J, 5 POOEG) dr

AP w 4t
T Ve = [ 5 POOF() dr

where Q(r) is the number of bubbles with radii between r and r + dr entrained per
unit sea-surface area per unit time. The factors E(r) and F(r), both dimensionless,
are given by

E(r) = ——j(r)— an
zo(r) + Heg(r)

and

Ha®) 2y
FO = Hy o) + Ha®)

(18)

The equilibration distance H.q is given by
H.(r) = |5 e (19)
“ 3af \ k(r)

where U(r) is bubble rise velocity.
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Eq. (15) has a relatively simple interpretation. The gas tranfer velocity V., is
simply the volume of air 4w/3 r* Q(r)dr entrained by bubbles with radii between r and
r + dr multiplied by a dimensionless efficiency factor E(r) integrated over the bubble
size distribution. This efficiency factor is proportional to the extent to which the gas
in the bubbles comes into equilibrium with the water, approaching the limit 1.0 as the
gas fully equilibrates (H.q/zo — 0).

To proceed, we need expressions for the bubble rise velocity U(r), the gas
exchange coefficient for an individual bubble k(r), the characteristic depth zy(r), and
the bubble source spectrum Q(r). These quantities are the subject of the next section.

4. Model input parameters

a. Bubble rise velocities and gas transfer velocities. We assume that the rise velocity is
equal to the terminal velocity which is calculated by equating the buoyancy force and
the drag force:

4 mr?
g3 r =Cp— pU?
where p is the density, g is the gravitational acceleration and Cp is the drag
coefficient.

For the drag coefficient we take Cp = 24/(1 + 0.566 Re%>)/Re where Re = 2rU/v is
the Reynolds number and v is the kinematic viscosity. This relation for the drag
coefficient agrees with Stoke’s Law for “dirty” (i.e. surfactant covered) bubbles in the
small-bubble limit (Re — 0) and overlaps with the relation of Moore (1963) for
intermediate-sized bubbles (40 < Re < 200). For radii larger than ~0.056 cm,
where this relationship predicts a rise velocity greater than 30 cm sec™!, we employ a
constant rise velocity of 30 cm sec™! as per Levich (1962). This relation between
terminal velocity and radius for seawater at 20°C, is shown in Figure 1.

For the gas exchange coefficient, we take the relation for “clean” bubbles given by

wDU(r)
2r

k() = 8

(see Levich (1962) Section 91, also see Memery and Merlivat (1985a)) where D is the
diffusion coefficient. Since bubble drag is dominated by the small region in the
trailing edge of the bubble where surfactants tend to concentrate (Levich, 1962),
whereas gas exchange occurs more uniformly over the full bubble surface, it is not
inconsistent to employ relations for “clean” bubbles to compute gas exchange while
employing relations for “dirty”” bubbles to compute rise velocities, as has been done
here.

Egs. (20) and (21) are valid only for bubbles rising through still water, so their
applicability to the turbulent conditions which prevail in whitecaps is questionable.
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Figure 1. Terminal rise velocity versus bubble radius for “dirty” bubbles, computed using
relations in text. ~

For example, it is to be expected that turbulence could decrease the rate at which
bubbles rise through the water by increasing the drag. In fact, Broecker and Siems
(1984) observed a decrease in rise velocities associated with breaking waves in a
wind-wave tunnel experiment. Turbulence may also increase the gas exchange rate
across the surface of bubbles relative to the rate expected in still water. To test the
sensitivity of the results to these turbulence effects, calculations will be carried out in
which k(r) is arbitrarily increased by a factor of four relative to the value given by Eq.
(21). Since U(r) and k(r) influence the exchange parameters through the quantity H,,
alone, increasing k(r) by a factor of four has the same effect as decreasing U(r) by a
factor of four (see Eq. (19)).

One important consequence of Eq. (21) and Eq. (19) is that the full gas-
dependence of H,, (and therefore also Ve, and AP/Py) is incorporated within a
single physicochemical parameter oD 172,

b. Bubble size spectra. In steady state or in a time-averaged sense, the rate at which
intermediate and large bubbles are produced should equal the rate at which they
reemerge at the surface. Accordingly, the bubble source spectrum can be estimated
according to

Q(r) = U(r)e(r) (22)

where g(r) is the average size distribution immediately below the sea surface, i.e. the
number of bubbles per unit volume of seawater with radii between r and r + dr.
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Bubble size and depth distributions have been measured photographically in the
open ocean by Kolovayev (1976) at depths of 1.5 to 8 m, by Johnson and Cooke
(1979) at depths of 0.7 to 4 m, and by Walsh and Mulhearn (1987) at depths of 0.5 to
2.0 m. The studies show that the bubble size distribution, although highly variable, is
reasonably well represented by a power law r ~ with s lying somewhere between 3.5
and 5 for bubbles with sizes between 0.01 and 0.035 cm in radius. No bubbles larger
than 0.035 cm are reported in any of these studies. Also, none of these studies
examined bubbles at depths shallower than 50 cm, so we would need to know how to
extrapolate their results to the surface before making use of their results.

Even if it could be assumed that the size distribution is independent of depth,
which is questionable, another serious difficulty is encountered in applying the
oceanic bubble observations to calculate gas fluxes. The problem is how to extrapo-
late Eq. (22) to bubbles larger than 0.035 cm in radius. One common approach (e.g.
Memery and Merlivat (1985a, b), Woolf and Thorpe (1991)) is to extrapolate the
fixed power law for g(r) to larger bubble radii. This approach is questionable,
however, because the steep decline in observed bubble spectra from 0.01 to 0.035 cm
is partly attributable to the rapid increase in rise velocity over this range. Beyond
0.035 cm the rise velocity increases only modestly (see Fig. 1) so g(r) might be
expected to decrease less rapidly beyond 0.035 cm. Thus this approach may signifi-
cantly underestimate the importance of larger bubbles.

Perhaps a more reasonable approach to extrapolating the data to larger bubbles is
to assume a fixed power-law for Q(r), rather than a fixed power-law for g(r). If we
take Q(r) «x r~2 on the basis of U(r) x r? and g(r) = r—*, as is appropriate for small
bubbles, and extrapolate this relation to larger bubbles, we find that the integrals for
exchange parameters (Egs. (15) and (16)) actually diverge in the large radius limit.
This divergence is obviously unphysical, and results from extrapolating the power law
beyond its range of validity. Nevertheless, this divergence underscores the inade-
quacy of the existing photographic observations of bubble populations as a basis for
calculating gas exchange rates.

Although very little information is available on the abundances of bubbles larger
than 0.035 cm in the open ocean, some insight is provided by laboratory simulations.
Broecker and Siems (1984) report observations of bubbles in the range from 0.01 to
0.1 cm in radius in a wind/wave tunnel at a depth of 20 cm. They obtain an average
distribution characterized by s = 3 = 0.4 over this size range. Baldy (1988), reports
observations of bubbles in the range 0.03 to 0.15 cm in radius in a wind/wave tunnel
at depths between 5 and 25 cm. Baldy’s study is particularly interesting because it
indicates that there is a significant shift in the spectrum of bubbles which occurs at a
depth of approximately one half the critical wave height. Below the transition zone,
the distribution is characterized by an exponent of approximately s = 3.5, while
above this depth the distribution is characterized by s = 2.5. Above the transition
zone, the bubbles are grouped in clusters which correlate with the passage of
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individual waves, while below the transition zone the bubbles are more uniformly
dispersed. Baldy has termed the upper zone the “generation zone,” and the lower
the “dispersion zone.” Baldy’s work raises the possibility that the oceanic bubble
measurements, discussed above, might have recorded bubble populations in the
dispersion zone alone and thereby have “missed”” most of the large bubbles.

Although these two laboratory simulations extend our understanding of bubbles to
the size range of 0.15 cm, they provide no information on the production of bubbles
larger than 0.15 cm in radius. Furthermore, the integrals (Eq. (15) and (16)) still
diverge in the large-radius limit if the spectra observed in these studies are extrapo-
lated beyond 0.15 cm radius. It is evident, therefore, that additional information on
the largest bubbles is needed before we can make reliable estimates of bubble-
induced gas exchange parameters.

One study which detected bubbles of arbitrarily large size is that of Monahan and
Zeitlow (1969) who observed the size-distribution of bubbles on the water surface
following a breaking wave in a simulation tank experiment. Assuming bubbles
appeared on the surface in their experiment with the same spectrum as which they
were produced, we can directly interpret their data in terms of bubble production
rates. Their data suggest that the bubble production rate scales as Q(r) « r=25 from
radii of 0.04 to 0.4 cm. Above 0.4 cm the bubble populations decrease precipitously.

Another study which measured bubbles of arbitrarily large sizes is that of Cipriano
and Blanchard (1981), who observed the spectrum of bubbles produced in a
laboratory experiment aimed at simulating a plunging breaker. They report the
source spectrum directly, so we do not need to calculate the spectrum as per Eq. (22).
Both the Cipriano and Blanchard (1982) and the Monahan and Zeitlow (1969)
spectra are shown in Figure 2. The two spectra are similar in shape over radii from
0.04 to 0.2 cm, but the Monahan and Zeitlow spectrum includes larger contributions
from bubbles outside this range. These differences may reflect true differences in
spectra produced for different types of breaking waves, e.g. spilling versus plunging
breakers, or they may represent an artifact in one of the experiments.

In calculations below, the Monahan and Zeitlow spectrum and the Cipriano and
Blanchard spectrum are employed alternately, as these spectra appear to represent
the best available information on the production rates of bubbles larger than
0.035 cm. Direct oceanic observations of the relative abundances and production
rates of large bubbles are clearly needed to resolve uncertainties in the bubble source
distribution. It should be noted that the bubble source distribution may depend on a
variety of conditions including, for example, sea state, surface tension, viscoscity,
ionic strength etc. (see e.g. Shatkay and Ronen, 1992).

c. Total air entrainment rates. So far we have specified the shape of the bubble
spectrum, but not its absolute magnitude. The magnitude is fixed by specifying the
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inferred from the study of Monahan and Zeitlow (1969) (dashed line).

total air entrainment velocity, given by

4
V= [ 3 700) dr

where V., has units of velocity. V,,; can be estimated based on the fraction of the sea
surface covered with whitecaps and based on the rate at which air is vented through
the surface of whitecaps.

Monahan and Lu (1990) distinguish between two types of white caps: Stage A
whitecaps which are “the aerated spilling wave crest or active whitecaps,” and Stage
B white caps which are “the mature white cap or foam patch into which each Stage A
white cap immediately decays into.” The Stage A whitecaps are associated with
concentrated transient bubble plumes while Stage B whitecaps are associated with
more widely dispersed plumes (Monahan and Lu, 1990).

Recent laboratory measurements (Lamarre and Melville, 1991) indicate that the
volume fraction of air, or void fraction, contained in concentrated transient bubble
plumes decays from an initial value of around 10 or 20% to around 1% as the bubble
plume ages and dissipates. Assuming that void fractions from 1 to 10% are typical of
the concentrated plumes, it follows that the air evasion velocity (i.e., the volume of
air per unit area per unit time escaping through the surface) of Stage A whitecaps
should lie in the range of 0.3 to 3 cm sec™!). This estimate assumes that the
concentrated bubble plumes rise to the surface at approximately 30 cm sec™?, the
terminal rise velocity for large bubbles (Levich, 1962).
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An alternate estimate of the air vented through active whitecaps can be derived
from the laboratory simulations of Cipriano and Blanchard (1981). Their “model”
whitecap had an effective diameter of “no greater than 16 cm” and was associated
with an air flux of 125 = 17 cm? sec~!. Together, these yield an air evasion velocity for
their model whitecap of no less than 0.62 cm sec—1, which lies within the range of 0.3
to 3 cm sec™! estimated above.

Void fractions of Stage B whitecaps are evidently much smaller, typically around
2 - 10~* (Monahan and Lu, 1990; Monahan, 1991). With 30 cm sec-! as an upper
bound to the rise velocity of these plumes, the air evasion velocity of a typical Stage B
whitecap is estimated to be no larger than 6 - 10-3 cm sec™1. Generally, around ten
times as much of the sea surface is covered with Stage B whitecaps as Stage A
whitecaps (Monahan and Torgersen, 1990). On this basis it can be seen that at least
98% of the air entrained in a breaking wave is vented through the surface of the
associated Stage A whitecap while less than 2% is vented through the surface of the
subsequent Stage B whitecap.

It appears, therefore, that the total air entrainment velocity can be estimated
based on the relation

I/tot = VAWA (24)

where V4 is the evasion velocity of air vented through the top of a Stage A whitecap
and W, is the fraction of the sea surface covered with Stage A whitecaps. According
to Monahan and Torgensen (1990), the fraction of the sea surface covered with Stage
A whitecaps at 20°C can be represented approximately as a function of windspeed
according to

W, = 1851075 (U, — 2.27)° (25)

where Uy is the 10-meter wind speed in m sec~1. At windspeeds below 2.27 m sec™l
the whitecap coverage is taken as zero. With this formula the global average Stage A
whitecap coverage of =0.1% (Erickson et al., 1986; Monahan and Torgersen, 1990)
is obtained at a windspeed of approximately 10 m sec~!.

In calculations below, total air-entrainment velocities will be calculated from 24)
and (25) and V4 = 1.0 cm sec~! will be adopted as a “best guess” case. This case
would correspond to a global-average total air entrainment velocity of 0.001 cm
sec™!. Additional sensitivity studies will also be carried out using V4 = 0.3 and 3.0 cm
sec™L.

d. Characteristic bubble depths. Experimental observations of bubble populations in
the open ocean suggest that the characteristic (e-folding) depth of small bubbles is
approximately 1 meter with only a weak dependence on wind-speed or sea state (W,
1981; Thorpe, 1982; Crawford and Farmer, 1987). These observations, however,
focused only on the diffuse plumes of bubbles smaller than 0.035 cm radius, which, as
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shown above, comprise only a small fraction of the total air entrainment, and as
shown below, only contribute a small fraction to Kp™.

Very little information is available on the vertical distribution of the intense
bubble plumes associated with Stage A whitecaps. Laboratory measurements of
Lamarre and Melville (1991) indicate that the depth of the intense bubble plumes
may have a complicated dependence on the conditions which produce breaking
waves. In general, the plumes have a characteristic depth that is of the order of one
half the wave amplitude. A similar scaling with wave height can be inferred from the
work of Baldy and Bourguel (1987). If such a scaling is valid, this implies that the
characteristic depth of the bubble plumes could vary significantly depending on wave
age and sea state.

On the other hand, there should be a close association between the depth of an
intense bubble plume and the lifetime of the associated whitecap. Lifetimes of the
order of 1 second should correspond to depths of the order of 30 cm. This follows
from assuming the intense plumes rise to the surface at a velocity of around
30 cm sec™}; the terminal rise velocity of large bubbles. The observation that the
lifetime of Stage A whitecaps rarely exceeds 1 second (Monahan and Lu, 1990) thus
implies that the depth of stage A whitecaps rarely exceeds 30 cm, even in high seas.

More observations are needed to determine the sensitivity of bubble characteristic
depth to sea state and bubble radius. Below, gas exchange parameters are calculated
under three different assumptions for the characteristic depth: (1) a uniform
characteristic depth of 25 cm (“best guess” case), (2) a uniform characteristic depth
of 100 cm, and (3) a characteristic depth of 100 cm for bubbles smaller than 0.05 cm
radius, and of 25 cm for bubble larger than 0.05 cm radius.

5. Calculations of exchange parameters

a. Calculations for bubbles of a single size. It is instructive to begin by computing
exchange parameters for bubbles of a single size. The critical dimensionless parame-
ter dictating the nature of the exchange process is ratio Hq/z, which determines the
degree to which the bubbles equilibrate with the water. The gas will fully equilibrate
if Heq/z9 < 1 and will not equilibrate if H.q/zy > 1. The equilibration distance Hq is
an increasing function of radius and a decreasing function of aD'? as seen in

Figure 3. -
For bubbles of a single size Egs. (15) and (16) can be simplified to
Vexch = I/totE (r ) (26)
and
AP F(r)
Py, E(r)’

Figure 4a shows the results for the exchange efficiency Veyn/Vio for bubbles with
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Figure 3. Vertical equilibration distance Heq versus bubble radius for bubble radii in the range
0.01 to 0.3 cm computed using Egs. (20) and (21). If a characteristic bubble depth of 25 cm is
assumed, then the horizontal line at H,q = 25 cm indicates the conditions (bubble radius and
physicochemical constant aD1/2) where an initial saturation anomaly in bubbles of a given
size is reduced on average by 50%. Above the line, the initial saturation anomalies are
reduced on average by less than 50%, below the line they are reduced by more than 50%.

radii of 0.01, 0.3, 0.1, and 0.3 cm assuming, in all cases, a characteristic bubble depth
of zp = 25 cm. For the smaller bubbles, we see that V,.,/ V., approaches the limit of
1.0 corresponding to full equilibration, and thus, from Eq. (9), that the transfer
velocity K™ for these small bubbles will scale as a~! and is independent of diffusivity.
For the large bubbles Ve, / Vi tends to increase in proportion to aD1/2, which, from
Eq. (9) implies that K§* for large bubbles scales as D12 and is independent of
solubility. Since bubbles of intermediate sizes yield scaling laws which lie in between
these two limits, it follows that K" always decreases with solubility but not more
rapidly than as a~1, and K" always increases with diffusivity but not more rapidly
than as D1/2. Importantly, these results also hold for an arbitrary spectrum of bubble
sizes.

Figure 4b shows the dependence of the effective over-pressure AP/P, on the
physicochemical parameter oD /2 for these same bubble sizes. In the slow equilibra-
tion limit (large r, small oD /2) the effective overpressure equals zy/ Hy which is simply -
the average overpressure experienced by the bubbles. In the rapid equilibration limit
(small r, large aD'/2) the effective overpressure scales as AP/Py = H.q/H, which
converges towards zero in this limit. Thus, in this rapid equilibration limit, the
effective overpressure is independent of the characteristic depth z,, Here the
insensitivity to z, arises because the gas in the bubble always re-equilibrates near
surface regardless of how deep the bubble is initially carried.

b. Calculations with full bubble spectra. We now turn to the calculation of exchange
parameters using the full bubble spectra. In order to explore the sensitivity of the
computed exchange parameters to model input parameters, eight separate calcula-
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Figure 4. Exchange parameters Vexen/Vio: (2) and AP/P, (b) versus physicochemical constant
aD1/2 assuming the exchange is due to bubbles of a single size. Curves shown are for bubble
sizesr = 0.01, 0.03, 0.1, and 0.3 cm. Also shown are exchange parameters computed for Case
1 using the bubble source spectrum inferred from study of Monahan and Zeitlow (1969)
(see Fig. 2). All computations were performed assuming a characteristic bubble depth of
25 cm.

tions are carried out using different choices for the input parameters as summarized
in Table 2.

The relative contribution of bubbles of different sizes to K3 is shown in Figure 5a
for the “best guess” case (Case 1). In order to facilitate comparisons between
different gases, the curves for different gases have been scaled by D ~1/2. This scaling
is advantageous because Kp"D ~12would be the same for all gases if bubble-induced
gas exchange had the same dependence on physicochemical properties as exchange
through the sea surface (which is normally assumed to scale as K; « D1/2). It is seen
that bubble-induced gas exchange is proportionally more important for gases with
smaller values of the physicochemical constant aD!/?, e.g. bubbles are more impor-
tant for He than O,, and more important for O, than CO,. It is also seen that smaller
bubbles contribute to most of the differences between gases.

As mentioned above in Section 3, the model may overestimate the contribution of
bubbles smaller than 0.03 cm because the model neglects the tendency of these
smaller bubbles to disappear by dissolution, i.e. it neglects air injection. Even with
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Table 2. Summary of input parameters for calculations.

Va4
Case Z4 k(r) (cm sec1) ol(y) Comments
1 25c¢m Eq. 21 1.0 x5 cutoff @ 0.4cm  “Best guess” case
Eg. 21 0.3 « /%5 cutof @ 0.4 cm  Test sensitivity to V),

3 25 cm Eq.21 3.0 o« 705 cutoff @ 0.4 cm

4 25cm Eq. 21 1.0 x5 cutoff @0.6cm  Test sensitivity to
bubble spectrum

5 25cm Eq. 21 1.0 per Cipriano and Blan-

chard (1981)

6 100cm  Eq.21 1.0 o r05; cutoff @ 0.4 cm Test sensitivity to
bubble depth

7 See Eq.21 1.0 o r05; cutoff @ 0.4 cm

below*
8 25cm 4x 1.0 o 0% cutoff @ 0.4cm  Test sensitivity to k(r)

*Z,=25cmforr > 0.05cmand Z, = 100 cm for r < 0.05 cm.

this overestimation, however, it is found for Case 1 that bubbles smaller than 0.03 cm
contribute to only 29% of K™ for He, 19% for O,, and 4% for CO,. Thus the error in
K™ caused by neglecting the disappearance of small bubbles is not likely to be very
significant.

The contribution of bubbles of different sizes to (AP/P;) K™, ie. to the
“exchange” contribution to Kj* — K5, is shown in Figure 5b for Case 1. Again curves
have been scaled by D ~1/2, The dominance of large bubbles is again clearly indicated:
bubbles smaller than 0.03 cm in radius contribute to only 10% of (AP/Pg)K 3" for He,
4% for O,, and 0.1% for CO,. Importantly, this shows that the “exchange” contribu-
tion to K{* — K™ is produced by bubbles of a completely different size range than the
air injection processes, which is dominated by bubbles smaller than 0.03 cm in radius
(Jahne et al., 1984; Memery and Merlivat, 1985b).

Results for the exchange efficiency Veyn/ Vi and effective overpressure AP/P, are
shown above in Figure 4a and 4b for Case 1. The exchange efficiency is seen to scale
nearly as a simple power law ((aD!/2)%7) over the full range from He to CO,,
although, as shown below, this result depends somewhat on the bubble source and
depth spectrum. The effective overpressure varies from 0.018 to 0.013 compared to a
value of 0.025 which might be expected based on the characteristic bubble depth of
25 cm.

The transfer velocity K" for He, O,, and CO, computed for Case 1 is plotted as a
function of wind speed in Figures 6a to 6¢c. Also shown are results for Cases 2 and 3
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Figure 5. (a) The contribution of bubbles of different sizes to Kj*'/D1/2 (i.e. the area under
these curves yields K§*/D/?) for He, O, and CO,. The curves were generated by dividing
the integrand in Eq. (15) by aD'/? (see also Eq. 9). The curves are arbitrary up to a
multiplicative constant. This arbitrary constant effects equally the curves for all gases, so it
doesn’t effect comparison between different gases. (b) The contribution of bubbles of
different sizes to (AP/Py) K$*/D/2 for He, O, , and CO,. The curves were generated by
dividing the integrand in Eq. 16 by aD /2. The calculations here and throughout this paper
use diffusivity data for CO, and He from Jihne et al. (1987a) for O, from Wise and
Houghton (1966) and solubility data for He from Weiss (1971), for O, from Weiss (1970),
and for CO, from Weiss (1974), all at 20°C.

which correspond to selecting different values for V, the air evasion velocity for type
A whitecaps. The calculations assume z = 25 cm at all windspeeds, thus neglecting
any possible dependence of z, on windspeed. Because K™ is proportional to V4, the
factor of 10 range allowed for V4 corresponds to a factor of 10 range in K out, Case 2,
which assumes ¥, = 0.3 cm sec™, yields a bubble-induced tranfer velocity which is
only a small fraction of the total transfer velocity, assuming this rate is given by the
Liss and Merlivat (1986) formula. Case 3, which assumes V,, = 3.0 cm sec™}, yields a
bubble-induced transfer velocity at 10 m sec~! which amounts to 65%, 50% and 25%
of the Liss and Merlivat velocity for He, O,, and CO,, respectively.

The exchange component of the steady-state supersaturation f {exch) for He, O,,
and CO, for the Cases 1, 2 and 3 is shown in Figures 7a—c. These calculations are
based on Eq. (13) with the assumption that K; is described by the Liss and Merlivat
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Figure 6. Outward exchange constant K§* versus windspeed computed for Cases 1, 2, and 3
(see Table 1) for He (a), O; (b), and CO; (c). Also shown is the exchange coefficient
computed using the Liss and Merlivat relation. The hatched area below the Liss and
Merlivat curve indicates the degree of enhancement assumed in the breaking wave regime
by Liss and Merlivat.

formula for windspeeds below 13 m sec™1. Above 13 m sec™!, K; is computed by
linearly extrapolating the Liss and Merlivat formula for windspeeds between 3.6 and
13 m sec™! to higher windspeeds. This normalization is reasonable because Liss and
Merlivat incorporate a slope change at 13 m sec™! in order to account for enhanced
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and 3 (see Table 1) for He (A), O, (B), and CO; (C). The calculations assumes that the
surface exchange coefficient K is given by the Liss and Merlivat (1986) relation (see text).

exchange due to wave breaking. At low wind speeds, the factor of 10 range allowed
for V, also corresponds to a factor of 10 range in f{". Here the steady-state
supersaturation is approximately given by (AP/Py)K"/K, which increases with
windspeed roughly as U%, (since Kg* « U3 and K, « Uyg). At high windspeeds, where
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Figure 8. (a) The exchange efficiency Vexen/Vio (b), ratio of outward exchange coefficient to
the Liss and Merlivat exchange coefficient K3™/Kj <y (c), effective overpressure AP/P, (d),
and exchange component of the steady-state supersaturation f {™M, all at a wind speed of
10 m sec™! versus aD'/2. Cases 1, 4, and 5 (see Table 2) explore the sensitivity of the exchange
parameters to different bubble source spectra assuming a fixed total air entrainment rate.

K3" > K, the steady-state supersaturation approaches the maximum limit of AP/P,
which is independent of windspeed. If we adopt the results for Case 3, which assumes
the highest possible total air entrainment velocity, the steady-state supersaturations
at a windspeed of 10 m sec~! amount to 0.7%, 0.6% and 0.2% for He, O,, and CO,
respectively. The other cases yield smaller steady-state supersaturations.

Cases 4 and 5 explore the sensitivity of the exchange parameters to the assumed
bubble source spectra. Results for these cases, compared against Case 1, are shown
in Figure 8a-d. Figure 8b shows the computed ratio K§"'/K; 4y, at 10 m sec™!, where
K} 4u is the transfer velocity computed from the Liss and Merlivat formula. Figure 8d
shows the steady-state supersaturation computed at 10 m sec~! assuming K, = K 4y,.
The principal difference between the three bubble spectra is the relative abundance
of bubbles larger than 0.2 cm radius, with Case 4 having the most and Case 5 having
the fewest. In spite of these differences it is seen that the various exchange
parameters differ by less than a factor of 2 when based on these different spectra.
However it is clear from Figure 8a that if Case 5 is adopted then V,,/V,, can no
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exchange parameters to extending the Q(r) « r =25 power law out to r = 0.6 cm (Case 6), a
variable characteristic depth (Case 7), and more rapid gas exchange at the bubble-water
interface (Case 8).

longer be well represented as a power-law in aD /2 over the full range in aD /2 from
He to CO,.

Results for Cases 6, 7, and 8, are shown in Figure 9a-d. In Case 6, the characteris-
tic depth is increased to 100 cm for all bubble sizes, while in Case 7 the characteristic
depth is increased to 100 cm only for bubbles smaller than 0.05 cm in radius. In Case
8 the transfer velocity k(r) is increased uniformly by a factor of four for all bubble
sizes. Case 8 effectively explores the sensitivity of the results to either k(r) or U(r)
because both influence the calculations through the parameter H,q alone.

In terms of the effects on V,eh/ Vo and K (Figs. 9a and 9b), it is seen that Cases 6
and 8 are indistinguishable. This is to be expected because both Vexn/Vior and K™
depend only on the ratio Heg/zo = k(r)~'z; ' (see Eq. 19) so that a fourfold increase in
Zy is equivalent to a fourfold increase in k(r). Comparing Cases 6 and 8 with Case 1,
we see that the fourfold increase in k(r) or z; leads to a 3.2-fold increase in Veggh/Vior
and K" at low aD /2 and smaller increases at large aD !/2. These transfer velocities
are not quite proportional to k(r) and z, because, even at low aD /2, a certain fraction
of the exchange is carried by small bubbles which virtually equilibrate with the water,
and the exchange contributed by these small bubbles is insensitive to k(r) and z,.
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Increasing the depth of only the smaller bubbles, as in Case 7, has the effect of
increasing the transfer velocity at small values of aD'2 and leaving the transfer
velocity virtually unchanged at large aD /2. The transfer velocity for gases with large
aD1/? (e.g. CO,) are relatively insensitive to the depth of the small bubbles because
small bubbles contribute proportionally less of the exchange as aD!/2 is increased
(see Fig. 5a).

The effective overpressure (Fig. 9c) is almost, but not quite, proportional to z; at
low aD 12 and less sensitive to z, at large aD /2. An additional sensitivity test (not
shown) indicated that as z, is increased beyond 100 cm a plateau in AP/P; is
eventually reached at a value of around 0.08 for soluble gases like CO,. The plateau
arises because a gas like CO, will always reequilibrate within about 80 cm of the
surface (where the overpressure is = 0.08) even if bubbles are initially carried much
deeper than 80 cm. Increasing k(r) has essentially no effect on the effective
overpressure at low aD /2 and actually decreases the effective overpressure at large
aD12, This decrease arises because increasing k(r) causes the gas in the bubble to
reequilibrate closer to the surface where the overpressure is smaller.

The calculated steady-state supersaturation f { is nearly, but not quite propor-
tional to z} at low aD V2 (Fig. 9d, Case 6). This follows because the steady-state
supersaturation depends on the product of K{® and AP/P, both of which are nearly
proportional to zq at low aD /2, as discussed above. The steady-state supersaturation
is somewhat less sensitive to z, at high aD /2, although the sensitivity is still very
significant. For example, the fourfold increase in z, from 25 to 100 cm increases
f§<® for CO, from 0.08% to 0.38% (Cases 1 and 8). Increasing the depth of only the
smaller bubbles causes f {™® to increase, especially at low aD /2 (Fig. 9d, Case 7).
This result is interesting because it suggests a possible mechanism for generating
excess supersaturation of He relative to gases like O, without invoking the air
injection process. The steady-state supersaturation f & is only very weakly sensitive
to k(r), with a four-fold increase in k(r) leading to only a 40% increase in f " at low
aD 1”2 and no change in f ™ at high aD /2 (Fig. 9d, Case 8). The insensitivity at high
aD172 arises because changes in AP/Py and K{**V tend to cancel each other out. These
results show that the computed steady-state supersaturation for soluble gases like
CO, is only weakly dependent on k(r) and U(r).

6. Discussion

An important conclusion of this study is that the bubble-induced gas exchange
parameters K™Y and AP/P, depend critically on the production rates of bubbles
larger than 0.05 cm radius. This result would appear to shed some doubt on the
recent modelling study of Wolfe and Thorpe (1991) in which the contribution of
bubbles larger than 0.05 cm radius was assumed to be negligible. By neglecting larger
bubbles, their study may underestimate substantially the role of bubbles in gas
exchange and supersaturation, especially for soluble gases like CO,. It should be




262 Journal of Marine Research [51,2

noted, however, that the relative production rates of large bubbles used in the
present study are based solely on laboratory simulation experiments. Direct observa-
tions of the relative production rates of bubbles in the size range of 0.05 to 1 cm
radius in active (Stage A) plumes are thus clearly needed to validate these calcula-
tions.

The Liss and Merlivat (1986) relation for the exchange coefficient incorporates a
slope change at 13 m sec~! which was included in order to account approximately for
the enhanced gas exchange caused by breaking waves. It is encouraging that the
model results lead to bubble-induced exchange rates which are of the right order of
magnitude to account for this enhancement (see Fig. 6). This suggests that most if
not all of the postulated enhancement at windspeeds above 13 m sec~! can be
accounted for on the basis of bubble entrainment.

The results imply that the total air-sea transfer velocity Kix = K, + Kp™ at
windspeeds above about 10 m sec™! depends, not just on diffusivity, but also on the
solubility of the gas. The Liss and Merlivat (1986) formulation, which neglects
solubility effects, is thus incomplete at high windspeeds. The results for the “best
guess” case suggest K" should scale as a~03D®¥ (corresponding to Ve &
(aD1/2)07), This result is somewhat uncertain, however, because of insufficient
information on bubble size spectra and depth distributions. Nevertheless, the
sensitivity studies performed above suggest that this scaling law should be valid to
within about a factor of two over the full range of solubilities from He to CO,.

According to the formulation presented here, the solubility dependence of bubble-
induced gas exchange velocity is mathematically linked to the diffusivity dependence.
The essential point is that aK3™ is constrained to be a function of aD 2 alone (see
Table 1). This constraint is independent of the details of the model and depends only
on the assumption that the exchange coefficient for an individual bubble, k(r), scales
as D172, Recently, Asher et al. (1992) report results from a whitecap simulation tank
which show an enhancement of gas exchange proportional to the fractional white-
cap coverage. They found that the exchange velocity per unit white-cap coverage was
proportional to D3 but independent of solubility. Their result is not compatible with
the above model constraint and therefore also not compatible with the sort of
bubble-induced exchange process modelled here. The reason for the discrepancy is
unknown at present.

An important limitation of the present study is that the absolute magnitude of
K3™ and thus the ratio Kj"'/K,, is still highly uncertain. The “best guess” case
suggests that K3" should equal 29% of the Liss and Merlivat rate for He, 25% for O,,
and 8% for CO, at windspeeds of 10 m sec™!. These estimates are quite sensitive to a
variety of model parameters which are not yet known with accuracy. The overall
uncertainty in K™ is probably around a factor of five.

The present model results for K™ can be compared to the laboratory simulation
experiment of Asher et al. (1992) which yielded a liquid-phase exchange velocity per
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unit white-cap area of 3.8 cm sec~! for O, at 20°C. By rearranging Egs. (9) and (24),
we can express the exchange velocity per unit white-cap area as

K™ (Vi) [Vewn

v~ (<)1)
which yields K{*/W, = 1.1 cm sec™! for Case 1, the “best guess” case (V, =
1 cm sec™, Voyen/ Vi = .03, a = .027, appropriate for O, at 20°C). The Asher et al.
results for O, are thus 3.5 times larger than the Case 1 results but agree quite well
with the Case 3 results (V, = 3 cm sec™?).

The estimate of the exchange contribution to the steady-state supersaturation
f§*M is also highly uncertain. The “best guess” case yields steady-state supersatura-
tions at a windspeed of 10 m sec~! of 0.29% for He, 0.25% for O,, and 0.08% for CO,
assuming that the surface exchange rate K; is given by the Liss and Merlivat formula.
The overall uncertainty in f ™" is estimated to be around a factor of 20 for insoluble
gases like He and O, and around a factor of 10 for insoluble gases like CO, on the
basis of uncertainties in bubble size and depth distributions, production rates,
exchange rates, and surface exchange constant K.

It can be argued on independent grounds, however, that the estimates of f £*® for
He and O, based on the “best guess” case are not likely to be too low by more than a
factor of four. Recent inert gas measurements (Craig and Hayward, 1987 and Spitzer
and Jenkins, 1989) suggest that the average bubble-induced supersaturations for He
and Ar lie in the range of 1 to 2%. These observations constrain the sum of the
“exchange” and the “injection” contributions, so that the “exchange” contribution
alone would have to be even smaller than this. The “injection” contribution alone is
generally believed to be around 1% (Craig and Hayward, 1987). The global average
“exchange” contribution for He and O, (which has almost identical physicochemical
properties as Ar), is thus not likely to be larger than about 1% or so, i.e. a factor of
four larger than the estimate based on the “best guess” case at 10 m sec™! (the
windspeed at which global-mean conditions should be attained).

This upper bound to f " for insoluble gases also implies an upper limit to f £
for soluble gases like CO,. The sensitivity studies above show that any adjustment in
model parameters which increased f§™" for CO, would increase f{& for the
insoluble gases by at least as large a factor. It appears, therefore, that the global
mean steady-state supersaturation for CO, cannot be larger than 0.3% and most
likely is around 0.08%.

- The possibility that surface waters might be slightly supersaturated at steady-state
(i.e. at zero net flux) was neglected by Tans et al. (1990) in their approach to
computing oceanic CO, uptake (Robertson and Watson, 1992). Their estimated
uptake would need to be increased 0.25 - 10° g C yr~! if we assume a steady-state
supersaturation of 0.3%. Because 0.3% is an upper limit, the correction to the Tans
et al. estimate is most likely smaller than this.
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One parameter .which contributes significantly to the overall uncertainty in the
estimates is the total air-entrainment velocity V,, since both K§ and f &M tend to
scale linearly with V,,. Direct measurements of entrainment rates are clearly
needed, especially for large bubbles. The approach outlined above, based on
observations of whitecap coverage and void fractions, seems promising.

Another parameter which significantly affects the calculated exchange rates is the
characteristic depth z,. Again, most needed are data for the depths of bubbles
contained in the intense bubble plumes of active (Stage A) whitecaps. It would be
valuable to know how sensitive plume depth is to wave height and other conditions of
the sea surface and whether the same characteristic depth is appropriate for bubbles
of all sizes.

The modelling effort présented above points out that bubble-induced gas ex-
change rates are quite sensitive to many factors which are difficult to determine. This
high sensitivity suggests that it will be difficult to construct accurate estimates of
bubble-induced gas exchange using a direct modelling approach, such as that
attempted here. On the other hand, bubble-induced gas exchange has a number of
observable consequences which would allow theories of bubble-induced gas ex-
change to be constrained.

One observable consequence is the supersaturation caused by bubbles. This
supersaturation is closely related to the fraction of gas exchange contributed by
bubbles. According to Eq. (13), if the exchange fraction of the steady-state supersat-
uration f§*M and the effective overpressure AP/P, could both be measured, the
fraction of the total gas exchange contributed by bubbles could be directly calculated.
Although direct measurement of f ™ is difficult, it should be possible to determine
£ 5D by extending the approach of Spitzer and Jenkins (1989) using simultaneous
observations of the saturation anomalies of He, Ar, and perhaps other inert gases in
combination with dynamic models for the mixed layer. Observations on a collection
of gases are needed to distinguish the “exchange” fraction and “air-injection”
fractions of the supersaturation and to distinguish bubble-induced supersaturation
from saturation anomalies caused by heating and cooling of the surface waters. The
effective overpressure is closely related to the depth of the bubble plumes so it should
be possible to estimate it from observations of the depths of intense bubble plumes.

Another observable consequence of bubble exchange is that, at high windspeeds,
the transfer velocity becomes dependent on solubility. Measurements of the differ-
ence in the transfer velocities for gases of different solubilities would thus constrain
the bubble contribution. The dual tracer technique of Watson et al. (1991) would
seem well suited to probing the dependence of exchange rates on solubility if
appropriate tracers spanning a range of solubilities could be employed.

Additional constraints on the model would be provided by measuring gas concen-
trations in bubbles just before the bubbles reemerge at the surface. The estimated
exchange coefficients depends on the quantity V,en/ Vi Which is simply a measure of
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the fractional extent to which the gases in the bubbles equilibrate with the water.
Thus a measurement of the gas concentrations in the bubble plumes would directly
test the model predictions of V,/ Vi Especially useful would be measurements of
gases spanning a range of solubilities and diffusivities.

The modelling effort presented here is incomplete in several significant respects.
First, the theory offers no means of estimating the air injection velocity Vi, so
additional information will be needed to construct a theory which directly incorpo-
rates air injection. What is needed is a procedure for calculating Vini/Viot which, as
stated earlier, will depend on the dissolved concentrations of the major gases.
Second, the theory doesn’t address the functional dependence of the bubble-induced
gas exchange on temperature. The mechanisms of bubble production and dispersion
depend on both viscosity and surface tension, both of which depend on temperature,
so the true temperature dependence of bubble-induced gas exchange may be difficult
to determine theoretically. Note that part of this temperature sensitivity could be
readily incorporated using formulas for whitecap coverage which include tempera-
ture dependence (e.g. Monahan, 1991). Finally, the theory does not explicitly
account for the role that bubbles might play in enhancing the surface exchange rate
(K;) by contributing to turbulence near the surface.

7. Summary

A formulation of bubble-induced gas exchange has been introduced which sepa-
rates the bubble contribution into ingassing and outgassing velocities and which
further separates the difference between ingassing and outgassing velocities into “air
injection” and “exchange” components. One simplification which arises using this
approach is that the outgassing velocity and the “exchange” component of the
difference can safely be assumed to be independent of the dissolved concentrations
of the major gases.

A simple model has been presented which allows the outgassing exchange velocity
and the exchange contribution to the difference between ingassing and outgassing
velocities to be estimated. The model incorporates data from laboratory simulation
experiments on the bubble source spectra which suggest that a significant fraction of
the bubble-induced gas exchange is carried by bubbles larger than 0.05 cm in radius.
The model is used to conduct sensitivity studies of bubble-induced gas exchange to
certain parameters. Critical parameters which have been identified include the
relative production rates of bubbles larger than 0.05 cm in radius, the total air-
entrainment velocity, the bubble depth distribution, and the exchange rates across
individual bubbles. Uncertainty in the model parameters makes accurate estimates
of bubble-induced gas exchange impossible at the present time.

Several conclusions appear independent of these uncertainties, however. The
model suggests that bubbles formed by breaking waves probably contribute signifi-
cantly to the total gas exchange at windspeeds above 10 m sec~!. In this regime, the




266 Journal of Marine Research [54,2

total gas exchange rate depends both on diffusivity and on solubility, with smaller
exchange rates for gases with higher solubilities. Drawing on constraints imposed by
inert gas measurements, it is concluded that the global-mean steady-state supersatu-
ration in CO, induced by bubbles is not larger than 0.3%, and is probably a factor of
four or so smaller than this.

APPENDIX

The derivation of Egs. (15) to (19) is presented here. This analysis accounts for
changes with time in individual bubble radii caused by compression and decompres-
sion. These changes are important because, when a gas component is near to
equilibrium with the water, the partial pressure changes induced by compression or
decompression can be the dominant process driving net gas exchange. On the other
hand, the analysis neglects the effect of radii changes on k(r) and U(r). In other
words, the analysis assumes that these parameters are constant with time for an
individual bubble, regardless of the changes in its radii.

Using the model of Memery and Merlivat (1985a), the gas flux carried by bubbles
is given by F, = [[Z(r, z)N(r, z) drdz where Z is the bubble source, i.e. number of
bubbles per unit radius which are initially submersed to depth z per unit time, and
N(r, z) is the total amount of gas transferred from an individual bubble into the water
during its lifetime (N(r, z) can be positive or negative). The bubble source function
can be written Z = U(r)9¥/adz, where ¥ is the size-depth distribution of bubbles, i.e.
the number of bubbles per unit radius per unit volume. Assuming the bubbles are
distributed exponentially with depth, we have ¥ = g(r)e?/* where g(r) is the bubble
distribution at the surface, and where throughout this treatment z is defined to be
zero at the surface and to decrease downward. Thus we have

eZ/zo
2y

0 ]
Fy= [ [ UGe) = NG, 2) drdz.
In order to calculate N(r,z), we begin with the gas exchange caused by an
individual bubble (Eq. (14)) which can be written

dn
because U = dz/dt. Allowing for hydrostatic compression and decompression, the
volume of the bubble will be given by V' = V,Py/(P, — pgz) where V; is the volume of
the bubble at the surface, P, is the pressure at the surface, and p is the water density.
It follows that the partial pressure in the bubble can be written
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Combining Egs. (30) and (31) yields,
dn RT pgz
UE—kPS[P,—VO(l—PO)n] 32)
We now define the following length scales

P() Vo U 4 rU

so that Eq. (32) can be written

dz " H|RT ~\' " Hy)"|" G4

This has the form of a linear first-order equation with non-constant coefficients. We
must seek a solution subject to the boundary condition that n(r,z") = (P,#%)/(RT),
where z’ is the depth to which the bubble was initially submersed. The solution to Eq.
(34) for the above boundary condition is

n(r,z) = % &/ 2Ho/Heq)[(1~20/Ho)*—(1-2' /HoY’}
(35)

Z H VHy/2H o(1-2'/Hg)
% 270 1/2 HolHeq(1-2/Ho) “ 52 g
+ e g e dy
RT VH, eq VHy 2Hg(1~2/Ho)

The total amount of gas transferred is given by N(r,z") = n(r,z') — n(r, 0) which,
from Eq. (35), yields

PV,
N(r,z2') = ﬁ (1 — e*'/Hea1=2'/2Ha))

— (36)
:ZH Hy/2Ho(1-2' 1Hy
PV, [2H, £1/2(Ho/Heq) f et )e-yz dy.
RT VH, Vi

We note that N(r,z") is a linear function of P, and P, and therefore that F, in Eq.
(29) is also a linear function of P, and P,.

Substituting Eq. (36) into Eq. (29) and matching coefficients of P, and P, with those
in Eq. (4), we have

K, = (g) [ verOEDF ar

4\ (e
Kin - K = (5;—7) [ ver)FEr ar (38)
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where

1 Ho 0 VHy/2Heo(1-2'/Hy) 5
o 20 1/2(HolHeq) 2'/2 - '
E() ZO\/zHeqe wiea [° ¢ o[fm eFdyld  (39)

1 po 1 po
== 20 g, — 120 p7'/Heq(1~2'I2H, £
Fo) = [° ermaz = J° e ezmeati-2rtien gy' — p(), (40)

The evaluation of the integral over z' in Eq. (39) can be carried out using
integration by parts, and the integrations over z' in Eq. (40) can be carried out
directly. After several further simplifications, this yields

E(r) = / eHOHeq/Z(l/ZD+1/Heq) e’ d 41
® fJ——z(z/m+1/Haq) Y (1)
and
vH, o
Fn=1-2 Vi, (l + i) eHoHeq/21iz0+1/Hea)? e dy 42)
2 \zp Hg VHoHeq/2(1/Ho+1/Heq)

which can be further simplified to yield

e}
\/ H., 1(0) (43)
=1 - 20I(0) (44)
HH. (1 1
o=yl 7l )
1(®) = %—; €% erfc () (46)
where
2 e
e (0) = = NG (47)

is the complementary error function.
Even further simplification of E(r) and F(r) is possible if we recognize that ® has a
lower bound of Hy/2z; > 1. This allows us to replace the error function with its
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asymptotic limit for large ©:

e 1
erfc (O) = @—‘/1_7 (1 - @ + ) (48)

(Dwight, 1961) which yields

%0
EO = 3, (49)

2
H., Zp

O~ T G+ 1y

(50)

Finally, we need to show that Egs. (37) and Egs. (38) correspond to Egs. (15) and
(16). This is easily done by using Egs. (22), (9), (10), with V;;; = 0 in Eq. (10). We
need to set Vi, to zero because our theory only relates to the bubble exchange
processes caused by bubbles that are too large to dissolve significantly. That is, the
theory relates only to the term AP/Py Viyen/ at.
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