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ABSTRACT

In high winds, the sea surfaceisno longer simply connected. Whitecap bubbles and sea spray provide additional
surfaces that may enhance the transfer of any quantity normally exchanged at the air—sea interface. This paper
investigates the role that the air bubbles in whitecaps play in the air—sea exchange of sensible and latent heat.
Bubble spectra published in the literature suggest that an upper bound on the volume flux of bubbles per unit
surface area in Stage A whitecaps is 3.8 X 10-2 m® m~2 s~. This estimate, a knowledge of whitecap coverage
as a function of wind speed, and microphysical arguments lead to estimates of the sensible (Q,s) and latent
(Q,.) heat fluxes carried across the sea surface by air cycled through whitecap bubbles. Because Q,s and Q,,
scale as do the usua turbulent or interfacial fluxes of sensible and latent heat, these bubble fluxes can be
represented simply as multiplicative factors fgand f,, respectively, that modulate the 10-m bulk transfer co-
efficients for sensible (C,;,,) and latent (C,,) heat. Computations show, however, that even the upper bounds
on the bubble heat fluxes are too small to be measured. For 10-m wind speeds up to 20 m s, fgand f_ are
always between 1.00 and 1.01. For a10-m wind speed of 40 m s, fgand f,_ arestill lessthan 1.05. Consequently,
for wind speeds up to 40 m s-*—a range over which it should be safe to extrapolate the models of sea surface
physics used here—the near-surface air heated and moistened in whitecap bubbl es seemsincapable of contributing
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measurably to air—sea heat and moisture transfer.

1. Introduction

On a wave-roughened, whitecapped sea surface, pro-
cesses in the near-surface air mirror processes in the
near-surface water. Both fluids are multiphase. Above
the interface, the air hosts spray droplets; below the
interface, the water is filled with air bubbles. The spray
and the bubbles effectively increase the ocean’s surface
area so that surface is no longer simply connected
(Kraus and Businger 1994). Any constituent normally
transferred across the air—sea interface may now ex-
perience enhanced transfer mediated by both the spray
and the bubbles.

While many scientistsin thelast 25 years have studied
the role that sea spray plays in the air—sea transfer of
latent and sensible heat (e.g., Bortkovskii 1973, 1987;
Borisenkov 1974; Wu 1974; Ling and Kao 1976; Wang
and Street 1978a, 1978b; Ling et al. 1980; Mestayer and
Lefauconnier 1988; Mestayer et al. 1989, 1996; Fairall
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et al. 1990, 1994; Rouault et al. 1991; Andreas 1992;
Ling 1993; Edson and Fairall 1994; Andreas et al. 1995;
Edson et al. 1996), we know of no comparable work
on the role that bubbles play in air—sea heat transfer.
Therefore, here we make what, we believe, is the first
estimate of how effective bubbles are in carrying heat
and moisture across the air—sea interface.

Our concept is simple: Breaking waves entrain near-
surface air that is heated and moistened in whitecap
bubbles. When these bubbles rise again to the surface
and burst, the expelled air carries sensible and latent
heat across the air—sea interface. We estimate, first, the
rate at which these bubble rise to the surface and, then,
the amount of heating and moistening of the air within
them.

2. Whitecap bubble concentrations and volume
fluxes

To determine how the bubbles produced by breaking
waves contribute to the air—sea exchange of heat and
moisture, we need two pieces of information. Oneisthe
flux of bubbles back to the sea surface within a white-
cap; the other is the average whitecap coverage as a
function of wind speed. Combining these two quantities
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yields the spatially averaged flux of bubbles to the sea
surface. We begin with the whitecap coverage.

Monahan (1989, 1993) identifies two visible stages
in whitecap development—Stage A and Stage B white-
caps. Spilling wave crests and a dense concentration of
bubbles with a very broad size spectrum characterize
Stage A whitecaps. Stage B whitecaps are the diffuse,
dissipating remains of Stage A whitecaps. As such, the
bubbles in the plumes beneath Stage B whitecaps are
more widely distributed and have a narrower size spec-
trum, but the surface fraction covered by Stage B white-
caps is far larger than for Stage A whitecaps.

The fraction of the ocean’s surface covered by both
Stage A (W,) and Stage B (W,) whitecaps is roughly
proportional to the third power of the wind speed at 10
m, U,,. Monahan and O’ Muircheartaigh (1980) find

W, = 3.84 x 1076 U3, (2.1)

while Fig. 2, line A1, in Monahan (1989) (cf. Monahan
et al. 1988; Smith et al. 1990) gives

W, = 3.16 x 107 U32. (2.2)

In both (2.1) and (2.2), W, and Wj are fractions of the
sea surface covered by Stage A or Stage B whitecaps
for U,, in meters per second.

Next we look at the size-dependent concentration of
bubbles beneath a spilling wave crest: that is, at bubbles
within the « plume beneath a Stage A whitecap (e.g.,
Fig. 1 in Monahan and Lu 1990). Figure 1 depicts var-
ious estimates of this concentration spectrum, where
dCloR is the number of bubbles per cubic meter of sea-
water per micrometer increment in bubble radius R.

Curve A in Fig. 1 comes from Monahan (1988a,
1989) and derives, in some measure, from estimates of
the rate at which bursting whitecap bubbles produce sea
spray droplets (Monahan 1988b). The dashed portion of
curve A represents a power-law extrapolation to larger
radii for the purposes of this study.

Curve B is the published version of the bubble con-
centration spectrum that Deane (1997) obtained for in-
dividual breaking wavesin the surf zone. Here we focus
on the two power-law segments, one for each of the
bubble size domains shown in Deane's Fig. 7.

During the review of this manuscript, however, G. B.
Deane (1998, personal communication) alerted us that
his published bubble spectrum had been plotted incor-
rectly; plotted bubble radii need to be divided by 2.
CurveB' inFig. 1isDeane's (1997) published spectrum
adjusted according to this advice. Notice, in the 175—
1000 wm range of bubbleradii, curve B’ now fallscloser
to curve A than does curve B.

Curve C is from Carey et al. (1993) and represents
the peak bubble concentration spectrum obtained in salt-
water, tipping-trough experiments. We have omitted in
Fig. 1 the small-bubble portion of this spectrum, while
the dashed line represents a modest extrapolation of the
curve to bubble radii beyond 700 pm.

Finally, curve D is the large-radius end of the oft-
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Fic. 1. Bubble concentration spectra beneath breaking waves. The
units on 9C/9R are number of bubbles per cubic meter per micrometer
increment in bubble radius. Spectrum A, from Monahan (19883,
1989), is inferred from the sea spray generation rate. Spectrum B,
from Deane (1997), is for waves breaking in the surf zone. Spectrum
B’ is a corrected version of spectrum B (see text). Spectrum C, from
Carey et al. (1993), is from tipping-trough experiments. Spectrum D,
from Medwin and Breitz (1989), is acoustically determined under
breaking waves in the open ocean. See the text for other details.

cited Medwin and Breitz (1989) bubble spectrum, which
we have shifted up in amplitude to coincide with the
maximum values depicted in their Fig. 6. These values
were obtained in the open ocean immediately after a
breaker occurred.

To place an upper bound on bubble effects, we adopt
Deane’s (1997) published bubble concentration spec-
trum, curve B in Fig. 1, for the calculations that follow.
Note that over much of therelevant large-bubbledomain
this spectrum agrees within a factor of 4 with the spec-
trum from Monahan (1988a, 1989), curve A.

From Deane’s (1997) spectrum, we calculate the ag-
gregate bubble volume flux to the sea surface associated
with the o bubble plume found beneath a Stage A white-
cap. This air volume flux is

Rimax

_ AT

v
A3

R%(R)i—li drR, (2.3)

0

which gives V, in cubic meters of air per square meter
of surface per second. Here, also, u(R) is the terminal
rise velocity of “‘dirty” bubbles. We obtained this var-
iable from Fig. 7.3 in Clift et al. (1978) for the larger
bubbles and from Thorpe (1982) for the smaller bubbles.
Carrying out the integration in (2.3) for radii up to
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6 mm, the R, shown in Fig. 1, yields an aggregate
bubble volume flux in a Stage A whitecap of

V, =38X102mEm2s?, (2.9)

When we use Deane's revised spectrum, curve B’ in
Fig. 1, the integration for radii up to 3 mm, R, in Fig.
1, yields

V, =39 X 103méim2sti. (2.5)

It is also informative to calculate the void fraction v,
associated with these « bubble plumes. This value de-
rives from

4 [Fre 9C
= — R3— dR,
“ 3 R

which is the aggregate volume of the bubbles within a
unit volume of seawater. If the upper bound on R is
againtaken asR,, = 6 mm, thevoid fraction computed
from Deane's (1997) published bubble spectrum is
22.5%. This value agrees quite well with the maximum
void fraction that Melville et al. (1993) report from their
laboratory wave channel experiments. On the other
hand, if we take the upper bound on R as 3 mm,
R, IN Fig. 1, Deane’s published bubble spectrum
yields v, = 15.9%, which agrees very well with the
peak void fraction that Carey et al. (1993) find in their
tipping-trough experiments. If we had used this smaller
upper bound on R in evaluating (2.3), the resulting ag-
gregate bubble volume flux would have been V, = 2.5
X 1072 m® m=2 st instead of (2.4). Finally, when we
use Deane's revised bubble spectrum (curve B') and
integrate (2.6) toR,,,, = 3mm, we obtain avoid fraction
of only 2.8%.

Not all bubbles in the « plume beneath a Stage A
whitecap reach the sea surface before the associated
breaking wave ceases to entrain additional air, that is,
before this whitecap transforms into a Stage B whitecap
(i.e., a dissipating foam patch). Using the bubble con-
centration spectrum under Stage B whitecaps (M onahan
1988a, 1989), we followed arguments like those above
to estimate the aggregate bubble volume flux at the sea
surface in Stage B whitecaps. That flux,

Vo=14X 107 m*m2st, 2.7)

computed for bubbles with radii less than 150 um, is
several orders of magnitude smaller than the flux from
Stage A whitecaps, (2.4) or (2.5).

For Deane's (1997) published bubble spectrum, the
area-averaged bubble volume flux from Stage A white-
caps as a function of wind speed is simply

(2.6)

v,
0

V,W, = 1.2 X 10-8 U32, (2.8)
if R, iS6 mm and
VW, = 7.9 X 10° U (2.9

if R is3 mm. For Deane's (1997) revised a-plume
bubble spectrum, the area-averaged bubble volume flux
for Stage A whitecaps is only
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V,W, = 1.2 X 10° U32. (2.10)
The area-averaged bubble flux from Stage B whitecaps
is

VW, = 5.4 X 10713 U3, (2.11)

Because the bubble flux sustained by Stage A white-
capsis orders of magnitude larger than the flux for Stage
B whitecaps at all realistic wind speeds, we focus hence-
forth only on Stage A whitecaps. Also, we adopt (2.8)
rather than (2.9) or (2.10) for use in our subsequent
calculations. Although (2.8) derives from curve B in
Fig. 1, which G. B. Deane (1998, personal communi-
cation) says was plotted incorrectly when it was pub-
lished, curve B does yield a void fraction that agrees
well with other independent estimates of this quantity.
Curve B’, our corrected version of curve B, on the other
hand, implies a void fraction that seems too small in
thelight of independent observations. Thus, (2.8) should
provide, at the very least, a reasonable upper bound on
the direct bubble contribution to the air—sea heat and
moisture fluxes.

3. Mathematical formulation of the bubble heat
fluxes

To evaluate whether bubbles can sustain appreciable
fluxes of sensible and latent heat, we must ultimately
compare the bubble fluxes with the usual turbulent or
interfacial fluxes of sensible (H¢) and latent (H,) heat.
These interfacial fluxes can be modeled as

Hs = —pCyUyty, = pCpCHloulo(Tw — Ty (3.19)

H = —pL Uy = vaCEIOUlO(qW — Q). (3.1b)

Here p is the air density; c, the specific heat of air at
constant pressure; L, the latent heat of vaporization; T,
the sea surface temperature; q,, the specific humidity of
air in saturation with seawater of temperature T,,; U,,
again, the wind speed at 10 m; and T,, and q,, the air
temperature and specific humidity at 10 m.

Also in (3.1), the friction velocity u, isrelated to the
momentum flux or surface stress by

(3.2)

The flux scalest, and g, in (3.1) relate the sensible and
latent heat fluxes, respectively, to the average profiles
of temperature and specific humidity:

T = pui = pCp,U%,.

T@ =T, + tf[ln(z/zT) — (L)),  (3.39)

1@ = .+ IN@z) ~ k@l (330

where zisthe height; k (=0.4) the von Karman constant;
z; and z, roughness lengths for temperature and hu-
midity; and i, an empirical profile correction that de-
pends on the stability parameter z/L, where L is the
Obukhov length.
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Finally in (3.1) and (3.2), C,10, Cgi, and Cp,, are
dimensionless bulk transfer coefficients for sensible
heat, latent heat, and momentum fluxes that we will say
more about later.

When a wave crest breaks or spills, it engulfs near-
surface air that, say, has temperature T,. This air gets
distributed into bubbles that range in radius from 10 um
to 10 mm. These bubbles then quickly heat or cool to
the temperature of the surrounding water.

Since bubble-mediated exchange—if relevant at all—
will be important only for high winds, we can assume
that the temperature of the water around the bubblesis
T, the sea surface temperature. In light winds, the sea
surface can have a thin cool skin or warm layer (e.g.,
Schluessel et al. 1990; Fairall et al. 1996a) with a tem-
perature that is a few tenths of a degree different from
that of the bulk water underneath. In higher winds, how-
ever, breaking waves and whitecaps destroy these thin
surface films. For example, from extensive measure-
ments along a transect across the equator in the Atlantic
Ocean, Donlon and Robinson (1997) find that, for winds
exceeding 10 m s, the radiometrically determined sur-
face temperature and the water temperature at 5.5-m
depth agree within 0.1°C, the resolution of their mea-
surement system. Many others corroborate that wind
mixing homogenizes the near-surface ocean to depths
of several meters (e.g., Price et a. 1986; Moum 1990).
Hence, for our purposes, bubbles encounter only sea-
water of temperature very near T,.

Andreas’s (1990) study of sea spray droplets coming
to equilibrium in air provides insight into the thermal
evolution of bubbles. All spray droplets with radii of
500 um or less reach thermal equilibrium in air in less
than 10 s. Because the bubbles can be an order of mag-
nitude larger than these spray droplets but have 3000
times less heat capacity than spray droplets of the same
radius, all bubbles will easily reach temperature equi-
librium within a second. Farmer and Gemmrich (1996,
their Fig. A1) confirm that even bubbles with radii of
10 mm need only about a second to reach temperature
equilibrium.

The life cycle of awhitecap bubble includes a plunge
to depths of decimeters to meters followed by a grav-
itational riseto the sea surface before effervescent burst-
ing in a whitecap (e.g., Monahan et al. 1982; Thorpe
1986). Woolf (1993) suggests that the maximum rise
velocity for clean or dirty bubbles of radius 1 mm or
greater is 0.25 m st in 20°C seawater. Smaller bubbles
rise more slowly. Consequently, bubbles of the sizes
that we are considering need to be submerged only about
25 cm for the air in them to reach T,,. Since spilling or
plunging breakers can carry bubbles much deeper, the
air in most bursting whitecap bubbles will have tem-
perature T,,.

In effect, breaking waves entrain air at temperature
T, and expel that air at temperature T,,. Consequently,
the sensible heat flux across the air—seainterface carried
by whitecap bubbles is
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Qus = WAVAPCp(Tw - T (34)

The height h from which the air is entrained is till
uncertain. Koga's (1982) work suggests that spilling
breakersentrain air that iswithin 1 cm of the seasurface.
Plunging breakers, on the other hand, could engulf air
a meter above the surface. In other words, T, could
reasonably be the temperature of the air between 1 cm
and 1 m above the sea surface.

Using (3.3a), we can model T, in terms of T,,. That
is,

T, =T+ tf[ln(h/lO) — ¢ (h/L) + ¢, (10/L)], (3.5)

where h must be in meters. From (3.1a) and (3.2), we
also obtain

_ _CHlo(Tw - Tlo)

te = cuz (3.6)
Substituting (3.6) and (3.5) into (3.4) yields
Qus = WAVApCp
X414+ ﬁ[ln(h/lO) — i (h/L) + 4, (10/L)]
kC¥2 " "
X (T, — Tu). (3.7)

This now represents the sensible heat flux supported by
the bubbles and parameterized by the standard 10-m air
temperature T,, rather than T,. The air entrainment
height h is still a free parameter.

Whitecap bubbles also transport latent heat acrossthe
air—sea interface. The air entrapped by breaking waves
starts with the specific humidity of the near-surface air,
say q,,, where, as above, h denotes the height from which
the air is entrained.

Estimating the specific humidity in a bubble is a bit
more complicated than estimating the bubble's temper-
ature. The salinity of the surrounding water, the bubble’'s
curvature, and the additional pressure a bubble encoun-
ters on its excursion to depths of 1-3 m all affect the
vapor pressure within the bubble. Again, the micro-
physical model that Andreas (1989, 1990) developed to
investigate the evolution of spray droplets yields some
insights into the probable range of humidities within
bubbles.

The vapor pressure (eg) at the interior surface of a
bubble of radius R in water of temperature T,, and sa-
linity S can be written as (Pruppacher and Klett 1978,
pp. 80 ff., 139 ff.; Andreas 1989)

e, SP)|
eu(T. P) |

2M,, 0,
R, (T, + 273.15)p,R

In + vmM, D

(3.8)

Here, e, (T,,, P) is the saturation vapor pressure over a
planar surface of pure water at pressure P, M,
(=18.0160 X 102 kg mol~*) is the molecular weight
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TaBLE 1. Termsin Eq. (3.8) for whitecap bubbles of various radii,
as computed using the microphysical model described in Andreas
(1989). Water temperature is taken as 20°C; and salinity, as 34 psu.

Radius, R Curvature term Solute term exlen
10 um —1.095 X 104 —0.0201 0.9800
20 um —5.476 X 105 —0.0201 0.9801
50 pm —2.190 X 105 —0.0201 0.9801
100 wm —1.095 X 105 —0.0201 0.9801
200 pum —5.476 X 10-¢ —0.0201 0.9801
500 um —2.190 X 10-¢ —0.0201 0.9801
1 mm —1.095 X 10-¢ —0.0201 0.9801

2 mm —5.476 X 107 —0.0201 0.9801

5 mm —2.190 X 107 —0.0201 0.9801
10 mm —1.095 X 107 —0.0201 0.9801

of water, R, (=8.314 41 J mol~* K~?) is the universal
gasconstant, p,,, isthewater density, » = 2 for saltwater,
and

_ S
S M(1-9

where M, (=58.443 X 103 kg mol—?*) is the molecular
weight of NaCl, and S must be the fractional salinity.
Andreas (1989) gives functions for the surface tension
of seawater, o, and for the practical osmotic coefficient
d..

The first term on the right-hand side of (3.8) is the
curvature term: The vapor pressure inside a bubble is
less than that over a planar surface because the bubble
is spherical. The second term on the right is the solute
term: The salt in the water also decreases the vapor
pressure within the bubble compared to pure water.
Table 1 lists values of the curvature term, the solute
term, and eg/e,, for typical ocean conditions and for
the range of bubble sizesthat we feel isrelevant. Clear-
ly, the curvature term is negligible in this size range;
while the effects of the salt in depressing vapor pres-
sure can be estimated by the usual equation for the
pressure of water vapor in equilibrium with saline water
(e.g., Roll 1965, p. 262),

&(T., S P)
—— = =1 —-537 X 104
e (Tor P) S

where Sis in practical salinity units here.
Pressure affects e, (T,,, P). Buck (1981) reports

e.(T,, P) = 6.1121(1.0007 + 3.46 X 10-% P)

17.502T,
Pl22007 +T,)

which gives e, in millibars for P in millibars and T,,
in degrees Celsius. Although Buck admittedly develops
this formula to treat pressure in the atmosphere, which
is typically 1040 mb or less, we should be relatively
safe extrapolating (3.11) to slightly higher pressures,
especially since the constant multiplying pressure is so
small. Leifer (1995) estimates that, for ocean depths

m (3.9

(3.10)

(3.12)
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between the surface and 3 m, the pressure within white-
cap bubbles with radius 10 um is 1.5-2 atmospheres.
Substituting 2000 mb in (3.11), we see that such pres-
sure increases e, over its value at normal sea level
pressure, 1000 mb, by about 0.3%—a negligible effect.
Leifer also shows that bubbles at shallower depths or
with larger radii have far smaller interior pressure.
Hence, for the near-surface bubbles with radii larger
than 10 um, which are our main interest, we can ignore
the effects of water pressure on e.

Asaresult, given enough time, the interior of awhite-
cap bubble will reach specific humidity q,, the same
humidity that air in saturation with the sea surface has.
That is,

qw _ pv,Sai

= , (3.12
pd + pv,sat
where

_ 100M,,e.,(T,, P)(1 — 537 X 104 S)
R,(T., + 273.15)

(3.13)

v,sat

is the density of water vapor in equilibrium with the
seasurface and p, isthe density of dry air at temperature
T, and pressure P. In (3.13), e, comes from (3.11), T,,
isin degrees Celsius, Sisin practical salinity units, and
the 100 provides a vapor density in kilograms per cubic
meter when vapor pressure is in millibars.

The question then becomes: How much time does a
bubble need to reach moisture equilibrium with the sur-
rounding seawater? Again, Andreas’s (1989, 1990) mi-
crophysical model of sea spray droplets provides order-
of-magnitude estimates. In air at 20°C and with a rel-
ative humidity of 80%, a seawater droplet with salinity
34 psu and initial radius 500 wm—the largest droplets
Andreas studies—evaporates to radius 341 um in 3400
S (Andreas 1990). In other words, in 3400 s, that spray
droplet exchanges 3.6 X 107 kg of water vapor.

Suppose the seawater is also at 20°C and that a break-
ing wave has engulfed near-surface air with 80%relative
humidity. According to (3.10), a500-um bubbleformed
from that entrained air must reach a relative humidity
of 98.2% to be in moisture equilibrium with the water
around it. That is, at 20°C and 80% relative humidity,
that 500-um bubble initially contains 7.2 X 10~ kg
of water vapor but needs to contain 8.9 X 10-*2 kg to
be in equilibrium. Consequently, we must estimate how
much time that bubble would take to extract 1.7 X 1012
kg of water vapor from the seawater surrounding it. If
a 500-um spray droplet takes 3400 s to give up 3.6 X
107 kg of water vapor, we predict a similarly sized air
bubble will require about 0.02 s to take up five orders
of magnitude less water vapor.

Bubbles at the large end of the range that we are
considering, 6 mm—over 10 times larger than this 500-
um bubble—will take considerably longer to reach
moisture equilibrium. We can estimate how long by sim-
ply adapting Farmer and Gemmrich’'s (1996) analysis



438

for temperature diffusion in a bubble to vapor diffusion.
The only change necessary is replacing the molecular
diffusivity of heat in air, D, with the molecular diffu-
sivity of water vapor in air, D,. Since D, is about 20%
larger than D, the timescale for a bubble to reach vapor
equilibrium is actually shorter than the scale for tem-
perature equilibrium. From Fig. A1 in Farmer and Gem-
mrich, we estimate that bubbles with 6-mm radius reach
vapor equilibrium in less than 0.5 s. Again, this equil-
ibration time is shorter than a bubble's lifetime. As a
result, it seems very likely that most bursting whitecap
bubbles will be saturated with water vapor and, thus,
have specific humidity q,,.

Having gone through these estimates, we can now
simply write down an expression for the latent heat that
whitecap bubbles transport across the air—sea interface
that is analogous to (3.4),

Qu = WAVApLu(qW - qh) (3-14)
W,V Cio
Her = CuoUpl 1+ 1+ —
ST PCChino 10< U10CH10{ kCY2,
W,V C
Ho; = pL,CooUp{ 1 + —2211 + —=2
LT = PLyLCEe 1o< UlOCEm{ kC¥2

That is, the bubble fluxes simply enhance the usual bulk
transfer coefficients with wind-speed-dependent modi-
fication factors that we can readily calculate. Call these
factors fg and f,, where from (2.8) and (3.16)

L 12X 10°°U3

fs=1
° Cho
Ciio h h 10
X414+ =20 i | — =)+ | — .
{1 kCyz |n<10 i L I8 CN (3.173)

L 12x 10Uz

CElO
E10

wl1y Saofi() () (20
kC¥z| \10 4 L i L

Here, again, U,, must be in meters per second and h
must be in meters.

To evaluate C,,,, and Cg,, in (3.16) and (3.17), we
use the COARE bulk flux agorithm (Fairal et al.
1996b). This givesthe bulk transfer coefficients asfunc-
tions of the observation height z (=10 m), stahility, and
the roughness lengths for momentum (z,), temperature
(zr), and humidity (z,):

}. (3.17b)

JOURNAL OF PHYSICAL OCEANOGRAPHY

VoLumEe 30

As we did with temperature, we can express g, in
terms of the reference specific humidity at 10 m, q,.
The steps are exactly the same as in (3.5)—(3.7) except
we use (3.1b) and (3.3b) instead of (3.1a) and (3.3a),
respectively. Thus, we simply write down the result for
the bubble latent heat flux:

Qo = WaV,pl,

X{H

X (0w — Oho)- (3.15)
Coincidentally, (3.7) and (3.15) look quite similar to
the respective bulk-aerodynamic expressions for the tur-
bulent or interfacial fluxes of sensible (H) and latent
(H,) heat, (3.1). Combining (3.7) and (3.1a) and (3.15)
and (3.1b), we obtain expressions for the total (i.e., in-
terfacial plus bubbles) sensible (Hs ;) and latent (H_ ;)
heat fluxes at the air—sea interface:

C:Elo _
@)[ln(hllo) d(h/IL) + ¢h(10/L)]}

h h 10
|H(E> — l//h<[> + ¢h(f)]}>(1—w — Tio)s (3.163)

CRERT

}>(QW - qu)' (3-16b)

k2

0 [in@izg) — @G — @)
k2

Ceo ™ in(2lz0) — I @] IN@2,) — Ir(@L)]

Here ¢, is another empirical stability correction.

We will ultimately see that fg and f, are basically
one except in very high winds, where h/L = 10/L =
Z/IL = 0 and ¢, = 5, = 0. Hence, in the ensuing cal-
culations, we ignore the iy terms in (3.17) and (3.18).
Consequently, Cpy,0, Cyi10, and Cg,, depend only on z,,
z;, and z,. The COARE algorithm predicts z; and z,.
We estimate z, via the neutral-stability drag coefficient
evaluated at 10 m, Cp,,, (Large and Pond 1981):

(3.183)

(3.18)

01.20
fora=U,=11ms?* (3199
10°Cppgo = O
[0.49 + 0.065U,,
g forllms?t=U,,. (3.19b)
This relates monotonically to z, through
Z, = 10 exp(—kCz¥3), (3.20)

which gives z, in meters.
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Fic. 2. The modification factors fg and f_, (3.17), that account for how whitecap bubbles
influence the usual bulk transfer coefficients for sensible and latent heat in (3.16); U,, is the
10-m wind speed, and h is the height from which bubble air is entrained. Stability is assumed

to be near neutral.

4. Results

With the COARE algorithm and our modifications to
it, it is easy to compute the bubble modification factors
fgand f_in(3.17) in aspreadsheet. Figure 2 plotsthese
factors for 10-m wind speeds up to 40 m s~ and for
large and small values of the air entrainment height h.
Despite the fact that both fgand f, increase faster than
the sguare of the wind speed [see (3.17)], for wind
speeds up to 40 m s~*—the maximum wind speed to
which we dare to extrapol ate the rel ationshi psdevel oped
in the last two sections—bubbles seem to have very
little direct influence on air—sea heat and moisture trans-

fer. At a 10-m wind speed of 40 m s*, our model
suggests that, as an upper bound, bubble transport aug-
ments the usual interfacial fluxes by only 4%—-5%. Such
a small effect is within the experimental uncertainty of
C.0 and Cg,, values and is, thus, currently undetectable,
even with the best instruments for measuring the air—
sea heat fluxes.

If we had used Deane'’s revised bubble spectrum in-
stead of his presumably erroneous published spectrum
in our analysis—that is, if we had used (2.10) instead
of (2.8) in (3.16)—the estimated bubble enhancement
would be only about 0.5% for a 40 m s~* wind.
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The influence of the height from which the bubble
air is entrained—that is, h—is clear in Fig. 2 and from
(3.4) and (3.14). The magnitudes of the bubble fluxes
increase with h. Physically, thisresult just acknowledges
that the magnitudes of the sea—air temperature and hu-
midity differences increase with h. For small h, T, is
very near T,, and q, is very near g,,; bubbles formed
from air this close to the surface, thus, have little po-
tential for altering the heat and moisture content of the
near-surface air. As h increases, though, T,, and T, tend
to diverge, as do g, and q,,. Bubbles are therefore en-
training air farther from equilibrium with the seawater
and can influence it more.

Although bubbles are plentiful in Stage A whitecaps
and, in fact, take up a significant fraction of the volume
in the @ plume under a whitecap, they simply do not
have a lot of heat-carrying capacity. First, the air in
them does not have the thermal capacity to transport
much sensible heat across the air—seainterface. Second,
because bubbles have no mechanism to concentrate the
water vapor they carry, they are no more efficient in
exchanging moisture than the sea surface itself is.

Still, whitecaps begin proliferating at wind speeds of
4-6 m s * (Monahan 1971) and, hence, begin cycling
near-surface air through the near-surface ocean. It is,
therefore, conceivable that bubble-mediated heat ex-
change is inextricably mixed with strict interfacial ex-
change in our current parameterizations for C,,, and
Ceyo- Although the z; and z, parameterization in the
COARE algorithm (Fairall et al. 1996b) derives from
the Liu et al. (1979) surface renewa model, which is
based on strict interfacial exchange, that parameteri-
zation is *‘tuned”’ with data. Because bubble and inter-
facial effectswould be inseparable in those data because
they scale the same, the current parameterizations for
C10 and C,, in low-to-moderate winds may implicitly
include bubble effects. After all, we have shown that
transfer processes within bubbles are fast enough to ef-
fectively increase the ocean’s surface area.

The focus of our study, however, ishigh winds, where
we have explicitly parameterized the effects of bubble-
mediated exchange on the bulk transfer coefficients.
Since the Liu et a. (1979) model contains no such pa-
rameterization, z, and z, values for high winds that are
deduced from it cannot be modeling all the bubble-
mediated exchange, although they may be modeling
some bubble contributions for lower wind speeds be-
cause of the data-based tuning. Thus, in effect, our flux
equations (3.16) largely separate interfacial and bubble-
mediated heat exchange for high wind speeds but, per-
haps, not for lower wind speeds. The point is, of course,
academic rather than practical because we have found
these parameterized bubble effects to be unmeasurably
small for wind speeds up to at least 40 m s*.

5. Conclusions

The source of the anomalously large heat fluxes that
seem necessary to generate and maintain hurricanes
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(e.g., Emanuel 1995; Smith 1997) is a mystery. Many
have looked to sea spray for this source, but Emanuel
(1995) believes spray cannot explain it. Rather, he (K.
A. Emanuel 1997, personal communication) thinks
whitecap bubbles have more potential to augment the
air—sea heat and moisture fluxes. Our purpose here was
to investigate this hypothesis.

We therefore reviewed Stage A and Stage B whitecap
bubble spectra available in the literature and estimated
the volume fluxes per unit area from these. Stage A
whitecaps support a bubble flux that appears to be no
larger than 3.8 X 10-2 m® m~2 s™*; Stage B whitecaps
support a bubble flux of 1.4 X 10~ m® m=2 s~*. Using
published relations for whitecap coverage as a function
of 10-m wind speed, we saw that Stage A whitecaps
cycleroughly four orders of magnitude more air through
the near-surface ocean than do Stage B whitecaps for a
given wind speed. We thus focused our analysis on the
role of Stage A whitecaps.

Relying on the microphysical sea spray model that
Andreas (1989, 1990) describes and on Farmer and
Gemmrich’'s (1996) evaluation of bubble equilibration
times, we argued that the sensible and latent heat fluxes
that bubblesfoster scale as do theinterfacial or turbulent
fluxes of sensible and latent heat. That is, the total (in-
terfacial plus bubbles) air—sea sensible and latent heat
fluxes can be parameterized as

HST = PCpCHlo fSU10(TW - Tlo)v
HL,T = pL,Ceiof Us(dw — Quo)s

where fgand f, are wind-speed-dependent bubble mod-
ification factors. Our estimates of fgand f,_, however,
suggest that these are little different from one for U,
up to 20 m s and are no more than 5% larger than
one for U,, = 40 m s 1. We, therefore, conclude that,
for wind speeds within the range of current sea surface
physics models and observable with current surface-
based instruments, whitecap bubbles have negligible di-
rect influence on the air—sea exchange of latent and
sensible heat.

This conclusion leaves us again with sea spray as the
most likely source of the enhanced air—sea heat and
moisture fluxes in hurricane-strength winds. Fairall et
al. (1994) aready inferred from their model of the trop-
ical cyclone boundary layer that sea spray can play this
role. More recently, Andreas and DeCosmo (1999) ex-
tracted a measurable sea spray signal for wind speeds
as low as 15 m s * from DeCosmo’s (1991) eddy-cor-
relation measurements of sensible and latent heat fluxes.
Having here found that bubbles are inefficient vehicles
for transporting heat and moisture across the air—sea
interface, we must continue studying spray’srolein this
process.

(5.1
(5.1b)
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