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Abstract. The part that sea spray plays in the air-sea transfer of heat and moisture has been a
controversial question for the last two decades. With general circulation models (GCMs) suggesting
that perturbations in the Earth’s surface heat budget of only a few W m™? can initiate major climatic
variations, it is crucial that we identify and quantify all the terms in that heat budget. Thus, here
we review recent work on how sea spray contributes to the sea surface heat and moisture budgets.
In the presence of spray, the near-surface atmosphere is characterized by a droplet evaporation
layer (DEL) with a height that scales with the significant-wave amplitude. The majority of spray
transfer processes occur within this layer. As a result, the DEL is cooler and more moist than the
atmospheric surface layer would be under identical conditions but without the spray. Also, because
the spray in the DEL provides elevated sources and sinks for heat and moisture, the vertical heat
fluxes are no longer constant with height. We use Eulerian and Lagrangian models and a simple
analytical model to study the processes important in spray droplet dispersion and evaporation within
this DEL. These models all point to the conclusion that, in high winds (above about 15 m/s), sea
spray begins to contribute significantly to the air-sea fluxes of heat and moisture. For example,
we estimate that, in a 20-m/s wind, with an air temperature of 20°C, a sea surface temperature
of 22°C, and a relative humidity of 80%, the latent and sensible heat fluxes resulting from the
spray alone will have magnitudes of order 150 and 15 W/m?, respectively, in the DEL. Finally,
we speculate on what fraction of these fluxes rise out of the DEL and, thus, become available to
the entire marine boundary layer.

1. Introduction

Pioneers such as Bortkovskii (1973, 1983, 1987), Borisenkov (1974), Wu (1974),
and Ling (Ling and Kao, 1976; Ling et al., 1978, 1980), who tried to estimate
the contribution of sea spray droplets to evaporation from the sea surface, faced
many uncertainties. For example, they did not have reliable estimates of the flux
of spray droplets up from the ocean surface and did not have a clear understanding
of how evaporation from spray droplets modifies the temperature and humidity
profiles in the lower marine boundary layer.

Although we have learned much about these processes in the last decade, many
uncertainties remain. The field is, therefore, still rife with controversy because
experimental work is difficult, the processes are complex and interactive, and
theories of sea spray generation and heat and moisture transfer by spray are still
rudimentary. The recent exchanges in the literature between Monahan and Woolf
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(1989) and Wu (1988b, 1989b), between Woolf (1990) and Wu (1989a, 1990c),
between Wu (1990a) and Blanchard and Syzdek (1988, 1990), between de Leeuw
(1990a) and Wu (1990d), between Andreas (1994a) and Hasse (1992, 1994), and
between Katsaros and de Leeuw (1994) and Andreas (1992, 1994b) are evidence
that this field is vibrant and still evolving. Contrary to Ling’s (1993) claim, the
“mystery” is far from solved. Thus, to identify the work yet to be done, we here
summarize our current understanding of the role that spray plays in evaporation
from the sea.

2. Sea Spray Production Mechanisms

A key to more accurate estimates of the magnitude of the wind-dependent sea
spray generation function lies in identifying the physical mechanisms that produce
spray droplets of various sizes. For example, wave-breaking causes entrainment
of air. The resulting bubbles in the subsurface plume or cloud (Thorpe, 1982,
1983; Thorpe and Hall, 1983; Monahan and Lu, 1990) will, upon rising into
a whitecap, produce at least some of these droplets (Jacobs, 1937; Woodcock,
1972).

Thanks largely to Blanchard’s (1963) seminal work, it is clear that two distinct
types of droplets form when the bubbles in whitecaps burst. When the upper,
protruding surface of a bubble rising to the air-sea interface thins sufficiently
(as it typically does within a second of the bubble’s arrival at the sea surface),
it shatters (Figure 1), producing anywhere from a few to a few hundred film
droplets. Although Resch (1986) and Resch and Afeti (1991) showed that such
droplets can have initial radii greater than 20 pm, these film droplets are typically
much smaller and are now recognized as the predominant component of the
droplet flux spectrum for radii less than 3 yum (Woolf et al., 1987). In earlier
studies, Woodcock (1972) concluded that film droplets predominate at radii below
0.2-0.5 pm, while Cipriano and Blanchard (1981) deduced that these droplets are
the primary components of the surface droplet flux at radii less than 7.5 pm.

Jet droplets are the second category of bubble-generated sea spray. These
droplets, one to six in number (Blanchard, 1983; Resch and Afeti, 1991; Spiel,
1992), are pinched off the end of the microscopic column of water that rises
out of the center of the collapsing cavity left after the bubble cap ruptures (see
Figure 1 and Kientzler et al., 1954). This column, or Rayleigh jet, results from
the rebound, or overshoat, of the sea surface caused by its surface tension. Jet
droplets typically dominate the spray droplet flux spectrum in the 3-20 yum radius
range.

In contrast to these two kinds of indirectly produced droplets, wave breaking
can directly produce other droplets without the mediation of bubbles (Figure 1).
Spume droplets result from the mechanical tearing of the sharpened wave crests
by the wind (Monahan ef al., 1983a, 1986; Monahan, 1986). Splash droplets are
a consequence of the vigorous spilling, or curling over, of the crests of breaking
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Fig. 1. Origins of the various kinds of sea spray droplets. Splash droplets arise where wave crests
spill, i.e., at the sites of Stage-A whitecaps. Most film and jet droplets are produced by Stage-B
whitecaps, i.e., where bubbles rise and burst. Spume droplets are tom directly from the crests
of steep waves. The general form of this wave, the spume droplet clouds, etc., are based on an
illustration by Hokusai (c. 1833).

waves. On formation, spume and splash droplets typically have radii larger than
20 pm.

The common belief is that spume cannot form until the 10-m wind speed
is at least 9 m/s. Wu (1993) recently argued, however, that the near-surface
droplet concentrations that Wu ef al. (1984) measured showed evidence of spume
production in a 10-m wind of only 7.5 m/s. Thus, it is time to equivocate: this
9-m/s threshold for spume production, which seems to have been derived, though
inappropriately, from Ross and Cardone (1974; Monahan and O’Muircheartaigh,
1980), is at best a rule of thumb. We prefer to say that the wind speed threshold
for spume production is 7-11 m/s (Monahan et al., 1983b; Wu, 1993); the actual
threshold depends on such things as water temperature, the wave field, and the
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turbulence intensity in the near-surface air. This 7-11 m/s range corresponds
roughly to Beaufort Force 5, which includes the “chance of some spray” (meaning
spume here) as one of its defining characteristics (Pierson, 1990).

The bubble-mediated components of the sea surface spray flux are directly
related to the rate at which air is entrained into the oceanic surface layer. With the
approximation that the concentration of bubbles in a subsurface plume diminishes
exponentially with depth (Thorpe, 1982; Monahan, 1993), this rate is simply
proportional to the rate of oceanic whitecap formation. In turn, when wind and
sea are in dynamic equilibrium, the rate of whitecap area formation is equal to
the rate of whitecap area decay. Because the area of each whitecap decreases
exponentially with time, the rate of whitecap area formation, or decay, is directly
proportional to the instantaneous fraction of the sea surface covered by whitecaps
(Monahan, 1971). Models for the bubble-mediated sea spray generation function,
dFy/drg, where rg refers to the initial radii of the spray droplets, have been
developed in which this generation function is explicitly proportional to Wg, the
fraction of the sea surface covered at any instant by decaying (Stage-B) whitecaps
(Monahan et al., 1982, 1986). That is,

dF; .
—b x Wg o W, (1)
drg

where the over-dot indicates a time derivative.

Various investigators have attempted to describe whitecap coverage in terms
of wind speed and other meteorological parameters (e.g., Blanchard, 1963; Mon-
ahan, 1971; Monahan and O’Muircheartaigh, 1980, 1986; Wu, 1979a, 1988b).
The rate of whitecap area formation, WB, should be related to the rate at which
the wind supplies energy to the sea surface, . In turn, this energy flux is related
to the product of the surface stress, 7 = p,uZ, and the speed of the surface drift
current, us (Wu, 1979a);

Wg o« F o« Tus, )

where p, is air density, and wu. is friction velocity. Lastly, because us is pro-
portional to u., Equations (1) and (2) predict that the wind dependence for the
production of bubble-derived spray droplets should be

L] 3)
drg

Comparable expressions have been proposed that give the production rate of
bubble-derived spray droplets in terms of the wind speed at 10 m (Monahan e?
al., 1983a, 1986; Miller and Fairall, 1988; Exton et al., 1985).

The wind dependence of splash droplet production should follow the wind
dependence of film and jet droplet production. Splash droplet production and
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the rate of injection into the sea of the bubbles that give rise to film and jet
droplets are both essentially proportional to the wave breaking, which in turn is
proportional to the fraction of the sea surface covered by decaying whitecaps.

The process that forms spume droplets, on the other hand, is not as clearly
associated with whitecap coverage. To form spume, the wind must supply energy
to create new surfaces: it must change the free energy (or Helmholtz free energy;
Iribarne and Godson, 1981, p. 40) of the system. According to Dufour and Defay
(1963, p. 154 ff.), when a single droplet is formed, the change in system free
energy, AF, must be

AF = —V(®in — Pouw) + o2, “4)

where V is the droplet’s volume, {2 is its surface area, and o is the surface
tension of sea water. Laplace’s equation (Dufour and Defay, 1963, p. 4) gives
the difference in pressure between the inside (pi,) and the outside (poy;) of the
droplet,

20

Pin — Pout = —» (5
o

where 7y is, again, the initial radius of the droplet. Substituting this into Equation
(4) gives the free energy required to form a single droplet,

AF = El))-O’Q. 6)

From Equation (6), we see that when spume droplets form continually, the
time rate of change of free energy of the system per unit of sea surface area,
AF, must relate to the rate of total droplet surface area formed, {2p. That is,

AR =100, 7
3
where
X0
Oy = 4n / 23 g 8)
0 drg

Here, dFs/dry is the generation function for spume droplets of initial radius 7.
Notice that AF has units of W m~2 — it represents an energy flux. Thus, as
with whitecaps, we hypothesize that

Qr o< AF < 7U. 9

That is, the generation rate for the total surface area of spume droplets must be
proportional to the energy flux from the wind.
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In Equation (9), the velocity scale U should be appropriate at the wave crests,
where the spume originates. Modelling this height as the significant wave am-
plitude A;/3 — the mean height above sea level of the highest one-third of the
waves — we write

U--1 /A1/3>, (10)
\ 2

where # is von Kérmén’s constant. To predict A; 3, we use (Kinsman, 1965, p.
391; Wilson, 1965; Earle, 1979)

A3 = 001507, (11)
where A1/3 is in m when the wind speed at a height of 10 m, Uy, is in m s,
For 2y in Equation {10), we use Charnock’s (1955) relation,

y

20 = a—=, (12)
9
where g is the acceleration of gravity, o = 0.0185 (Wu, 1988a) is the Charnock
constant, and the units throughout Equation (12) are m and sec.

Thus, finally combining Equations (10)-(12) in Equation (9), we predict

Or w31 (0'0159> (13)
aCpio

where Cpio = (us/ Usg)? is the 10-m drag coefficient. Because, over the ocean,
Cp1o increases with wind speed (e.g., Smith er al., 1992), our prediction for
spume is that £27 should increase somewhat slower than u>. To our knowledge,
this is the first formal prediction for how spume production depends on the wind.

3. Sea Spray Generation Function

To evaluate when or whether sea spray droplets contribute to the air-sea fluxes
of heat and moisture, we must estimate the rate at which droplets of any given
size are produced. That is, we must estimate the so-called sea spray generation
function, which means trying to quantify the spray droplet production mechanism.

Before considering the spray generation function, however, we must review
the microphysics of spray droplets. How rapidly does an individual spray droplet
that started with radius rg exchange moisture (or latent heat) with its environment,
given some ambient conditions? In other words, how rapidly does a droplet’s
radius change? Similarly, how rapidly does that droplet exchange sensible heat —
i.e., change temperature? Finally, how do these rates compare with the droplet’s
atmospheric residence time — the time between its formation and its return to the
sea surface? These rates, which are functions of r, determine what size range
we need to consider in formulating the sea spray generation function relevant to
our problem.
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3.1. SPRAY DROPLET MICROPHYSICS

Pruppacher and Klett (1978) provided a good introduction into the microphysics
of aqueous solution droplets. Andreas (1989, 1990) applied their equations specif-
ically to sea spray droplets to determine the rates at which a spray droplet with
initial radius rp exchanges sensible and latent heat with its environment. He
showed that the droplet temperature 7T'(¢) as a function of time ¢ after formation
approximately follows an exponential relation;

T@) —Teg _ exp(—t /7). (14)

Here, T, is the initial droplet temperature — assumed to be the same as the sea
surface temperature — and 1, is the equilibrium temperature the droplet would
reach in air of temperature 7, and relative humidity RH if given enough time.
The time scale 77 in Equation (14) characterizes the rate of temperature change
or, alternatively, the sensible heat flux attributable to the droplet. Clearly, in time
7r, the droplet undergoes 63% of its potential temperature change.

Andreas (1989) proposed a relation similar to Equation (14) to model the
instantaneous droplet radius r(¢) for ¢ < 7;

=T 2 e/, (1)
T0 — Teq

where 7, is the radius the droplet would have if given time to reach moisture
equilibrium with ambient conditions. The droplet is assumed to start with an
initial salinity .S that is the same as in the surface sea water. For ¢ > 7,., Equation
(15) is no longer accurate, and the full microphysical equations must be used to
predict the size evolution (Andreas, 1989, 1990).

In Equation (15), 7 characterizes the rate of radius evolution or, alternatively,
the flux of moisture or latent heat from the droplet. In time 7., a droplet has
experienced 63% of its potential radius change; or, if the relative humidity is
95% or less, it will have lost at least two-thirds of the water it must lose to reach
equilibrium (Andreas, 1990).

Figure 2 shows typical 7r and 7, values. Andreas (1989, 1990) presented
similar plots for other ambient conditions. The startling fact obvious from the
curves for 7p and 7, in Figure 2 is the large difference in their magnitudes.
Virtually all spray droplets reach thermal equilibrium within 1 s. Although the
smallest spray droplets reach moisture equilibrium within 1 s, the largest droplets
require an hour or more to reach moisture equilibrium. In effect, the transfers of
sensible and latent heat from a spray droplet are decoupled; the droplet will have
exchanged all of its sensible heat long before it begins transferring latent heat.
Consequently, the ambient humidity has negligible impact on a droplet’s thermal
evolution. Similarly, since the thermal exchange is complete before moisture
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Fig. 2. The time scales 77, 7, and 7 as functions of the initial spray droplet radius, 79. Ambient
conditions are T, = 20°C, T, = 22°C, salinity S of 34 %., and an atmospheric pressure P of 1000
hPa. The relative humidity, RH. is 80% and 95%, and the 10-m wind speed, Uip, is 5, 10, 15, and
20 m/s, as labeled.

exchange even begins, T, can have no effect on the moisture exchange; a droplet
is at T, by the time the moisture exchange begins.

The ambient air temperature, T, does affect both 77 and 7., however. As
T, increases from —20 to 20°C, 71 decreases by a factor of about two because
some of the constants in the thermal evolution equation are temperature dependent
(Andreas, 1989). For the same 40°C temperature increase, 7,, on the other hand,
decreases by more than an order of magnitude, primarily because the saturation
vapor pressure is such a strong function of temperature. Warm droplets simply
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exchange moisture with their surroundings more rapidly than cool droplets. Other
things being equal, we thus expect spray contributions to air-sea vapor exchange
to be greatest where the air is warmest.

To place any significance on the 7 and 7, values, we must compare them
with a time scale that parameterizes a droplet’s atmospheric residence time. A
time scale based on the terminal fall speed, w,(rg), is appropriate. Andreas (1989;
or Wu, 1979b) gave equations for calculating w;; these yield the Stokes terminal
fall speed modified for the large Reynolds numbers that characterize the larger
droplets (Batchelor, 1970, p. 234; Friediander, 1977, p. 105).

Next, we must combine w; with a length scale. The significant wave amplitude
Aj 3 is a physical scale in this problem (Andreas, 1992; lida er al., 1992). Thus,
the time characterizing the atmospheric residence of a spray droplet,

Tf = , (16)

parameterizes the time required for a droplet to fall back to the sea surface from
a height of A3 in still air.

The use of A;/; as the length scale in (16) requires some justification. After
all, the maximum ejection height for jet droplets is only 18 cm (Blanchard and
Woodcock, 1957; Blanchard, 1963; Wu, 1979b). But turbulence in the wind field
must carry the small bubble-derived droplets higher. Our modelling in the next
section suggests this, and de Leeuw’s (1986a, 1986b, 1987) results confirm it.
The droplet concentration profiles that he measured over the open ocean show
very small gradients over heights from 10-20 ¢cm to well above 10 m for droplets
with radii up to at least 40 um. De Leeuw (1987), in fact, concluded that “the
scale height for particle concentrations is 1-2 times the wave height”. Also, as
we shall show more clearly later, spume droplets — which are torn off the wave
crests and, thus, originate roughly A; /3 above the sea surface (Bortkovskii, 1987,
p. 46; de Leeuw, 1990b; Wu, 1990b) — contribute most to the spray heat and
moisture fluxes. Consequently, A, 3 is a more appropriate length scale than one
that represents droplet ejection height.

The time scale 7y also indirectly parameterizes turbulence effects. 4, /3 increas-
es with the square of the wind speed. This is basically the same behavior that
the turbulent kinetic energy has in the atmospheric surface layer. A rising wave
field is, therefore, associated with higher turbulence levels in the atmospheric
boundary layer, with more efficient suspension of spray droplets, and, thus, with
longer residence times. Consequently, 75 — with A3 as the length scale — not
only models the location of the spume production but also seems to account, at
least intuitively, for how turbulence enhances a droplet’s residence time.

Figure 2 compares 77 values with the microphysical scales 77 and 7,.. For the
smallest spray droplets, 77 is orders of magnitude larger than both 77 and 7;
once created, these droplets remain suspended indefinitely and, thus, have ample
time to exchange sensible and latent heat with the air. For the largest droplets,
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75 is smaller than both 7 and 7,. These droplets, therefore, will likely fall back
into the sea before participating fully in the exchanges of sensible and latent
heat. The ¢ — 77 crossover occurs at radii from 100 to 400 um, depending on
the wind speed. Smaller droplets exchange most of their sensible heat before
returning to the sea; larger droplets do not. Remember, droplets with ro greater
than 20 pm are predominately spume droplets (Monahan et al., 1983b, 1986).
The 77 — 7, crossover occurs at radii between 10 and 50 pm. Thus, the smallest
droplets participate fully in the exchange of latent heat, but the largest droplets
exchange almost none before falling back into the sea. Some of the droplets
in this crossover region are jet droplets, but a large percentage will be spume
droplets.

Figure 2 and our discussion here thus demonstrate that spume droplets are
potentially important vehicles for carrying sensible and latent heat across the
air-sea interface. Because of the rapidity of the sensible heat transfer especially,
spume may play a pivotal role in enhancing air-sea sensible heat exchange. A
useful sea spray generation function must, therefore, not only model the bubble-
produced film and jet droplets but also estimate spume production. Droplet radii
of concern range from tenths of micrometers to 500 pm, where Figure 2 shows
that droplet residence times are too low for even the sensible heat transfer from
spray droplets to be a factor in air-sea exchange.

3.2. A SAMPLING OF SPRAY GENERATION FUNCTIONS

Monahan et al. (1983a, 1986) were the first to present a spray generation function
that explicitly predicted the production rates of both bubble-derived film and jet
droplets and the mechanically produced spume droplets. Their term predicting
the spray production by bursting bubbles has proved quite useful (e.g., Burk,
1984; Stramska, 1987), but their spume-production term predicts far too many
spume droplets (M. H. Smith et al., 1990, 1993; Andreas, 1992). Andreas (1990)
and Smith ef al. (1993) showed plots of their spray generation function.

Woolf er al. (1988) updated the bubble-derived term in the Monahan model
with whitecap simulation tank data collected after Monahan ef al. (1986) pub-
lished their work. Because that conference paper by Woolf et al. is not widely
available, we repeat its prediction equations here. From their simulation tank
measurements, Woolf et ai. modelled the total spray droplet number flux from a
single whitecap, dF/drgo, as

dE
o= exp[16.1 — 3.43(log rg0) — 2.49(log r3g)* + 1.21(log rgp)’1. (17)
8C

Here, dE/drgg is the number of droplets produced during the decay of a whitecap
per m? of whitecapped surface per um increment in the droplet radius rgo, where
rgo is the droplet radius in um at a reference relative humidity of 80% (Fairall
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et al., 1983). From Equation (17), Woolf et al. then estimated the actual oceanic
number flux of bubble-derived spray droplets as (e.g., Monahan et al., 1982)

dFw _ WgU) dE a18)
dTgo Td d?“g()’

where 75 = 3.53 s is the typical decay time of a whitecap (Monahan et al., 1982,
1986), and Wy(Ujg) is the fractional coverage of Stage-B whitecaps. Monahan
and O’Muircheartaigh (1980) gave

Wg(Uy) = 3.84 x 107U%H, (19)

which gives the fraction of the sea surface covered by decaying whitecaps when
Ujo is in m s~ 1,

Since we are interested in the evolution of spray droplets from the instant
they form, a spray generation function that is in terms of rgg needs modification.

Andreas (1989, 1992) showed that
dFyw  drgo dFw

dro  dry drgg’ (20)
where
rg0 = 0.518r0776, 21
derives from Fitzgerald’s (1975) work and relates rgg and r¢. Thus,
drgo —0.024
o = 0.506r, . (22)

In Equation (20), dFyy/drg is the spray droplet number flux per m? of sea surface
per sec per pum increment in o, the droplet radius at formation. Equation (20) is
valid for 0.5 < rgp < 12 pm and for 1 < Upg < 20 m/s.

Figure 3 shows examples of the spray generation function developed by Woolf
et al. (1988) plotted as the volume flux (47/ 3)r8(dFW/dro), because this is the
crucial term for spray heat transfer.

Blanchard (1963) was one of the first to estimate the spray generation function.
Using the sea-salt distributions that Woodcock (1953) had measured at an altitude
of 600 m in the marine boundary layer near Hawaii, Blanchard deduced the spray
generation function for wind speeds between 5 and 15 m/s. Later, Gathman (1982)
fitted Blanchard’s curves with mathematical functions and programmed them into
the Navy aerosol model.

Because Blanchard’s (1963) and Gathman’s (1982) way of expressing the
spray generation function is not directly compatible with most of the other
published functions, we present here a mathematically modified version of the
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Blanchard-Gathman function. Woodcock (1953) made his observations at a rel-
ative humidity of 91.4%; hence, in the Blanchard-Gathman model, all droplet
radii are specified at this humidity. Our modified version of Gathman’s predic-
tion equation is

4 2
dFpc = 2.152 X 107C; exp {03 [ln (&)} } (23)

droj 4 r91.4 T91 4
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Fig. 3. Various models for the sea spray generation function at 10-m wind speeds of 10 ms (a)
and 20 m/s (b). The models depicted are from Blanchard (1963), with Gathman’s (1982) analytical
fit; Woolf et al. (1988); Miller (1987), with the large-droplet extension based on Wu ef al. (1984)
(Andreas, 1992); Wu (1992, bubbles); Smith et al. (1993); and Wu (1993, spume).

This, as before, gives the number of spray droplets produced per m? of surface
area per sec per pm increment in roj 4, the droplet radius (in pym) of a spray
droplet at a reference relative humidity of 91.4%. In Equation (23),

Cy = 1073[—7.34 + 8.966(In U10)], (24)
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C3 = ~1.4301 + 0.07503U19, 25)

Cy=1.764 +0.3713U, (26)

where Ujg is the 10-m wind speed in m s L.

As above, a spray generation function in terms of 7914 is not immediately
useful. But we can convert r9; 4 to o as we did before; that is,

dFpc _ dro;4dFpg

= . 27
d?“() dT‘() dT91.4 ' ( )
where, for a salintiy of 34%o,
ror.4 = 0.627r) %% (28)
and
d
L% 0.628r0 9. (29)
d?“()

The Blanchard-Gathman spray generation function is valid for 7o between 2 and
80 pm and for Uy between 5 and 15 m/s.

Because Blanchard (1963) based his spray generation function on Woodcock’s
(1953) observations at 600 m, it can account for few, if any, of the spume droplets
that are important in the air-sea transfer of sensible and latent heat. Nevertheless,
Figure 3 shows that, 30 years after Blanchard developed it, that function is still
not too different from modern estimates.

Miller (1987; see also Miller and Fairall, 1988; Fairall ef al., 1990a) devised a
spray generation function that is the consensus of four oceanic data sets. Although
Miller’s model covers only spray droplets for which 0.8 < rgg < 15 pum, Andreas
(1992, 1994b) speculated that, because it was derived from near-surface oceanic
observations, spume droplets contributed to the counts at the largest radii (e.g.,
Monahan ef al., 1983b). He, thus, matched the large-droplet size distributions
measured by Wu et al. (1984) to Miller’s model at rgp = 15 um to create a
spray generation function that explicitly treats spume production. Katsaros and
de Leeuw (1994) and Andreas (1994b) discussed this procedure. Andreas (1992)
gave the mathematical formulation of the entire function derived from Miller and
Wu er al. Figure 3 shows examples of this spray generation function.

Recently, Wu (1992) predicted the spray generation function by starting with
the oceanic bubble spectrum, an approach that Fairall and Edson (1989) and
de Leeuw (1990c) also described. His paper gives the necessary equations for
computing the generation function, with one exception; his Equation (12) contains
two errors. Wu used this equation to predict the terminal rise speed of dirty
bubbles, wy; with corrections, his Equation (12) can be written

30Dw§( ps
\ =g 30
D \p-pa) ° G0
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Here, ps and p, are the sea water and air densities, C'p is the drag coefficient of
a dirty bubble with diameter D), and ¢ is the acceleration of gravity.

Because in Wu’s (1992) model the spray results from bursting bubbles only,
his model does not treat spume production. Therefore, for winds of Beaufort
Force 5 and higher, and for droplets with ro greater than 20 ym, Wu’s model is
not accurate. Figure 3 shows examples of Wu’s spray generation function.

Smith et al. (1993) determined the spray generation function from aerosol
concentration measurements on the island of South Uist in the Outer Hebrides.
They made their measurements 14 m above mean sea level on a tower located
near the top of a windward beach. Their paper contains all the equations for
computing their model function, d Fs/drgg, where, again, rgg is the droplet radius
at a reference relative humidity of 80%. Using (20)—(22) to convert dFgs/drgg
to dFg/drg, we show in Figure 3 examples of the spray generation function
developed by Smith et al.

The wind speed range that dFg/drg covers, 1-34 m/s, is the widest of any
spray generation function that we have found. Thus, it surely must reflect some
spume production. Smith et al. (1993), nevertheless, speculated that, because they
collected their data some distance from where the droplets were produced, they
may underestimate the large-droplet component. Thus, Smith e al. cautioned that
their function represents a lower limit for the spray flux.

Following the lead of Monahan et al. (1986) and Andreas (1992) in assuming
that the spray generation function has the same radius dependence as the near-
surface droplet concentration spectrum, Wu (1993) used his laboratory measure-
ments (Wu, 1973) and the oceanic observations of Wu et al. (1984) to develop a
spray generation function for spume only. His paper contains all the equations for
computing that function. Because his model is appropriate only for 10-m winds
between 14 and 24 m/s, we show it in the right panel of Figure 3 but not in the
left panel. Although Wu’s prediction seems to be in fair agreement with other
functions at 20 m/s, we believe it cannot be accurate throughout its specified
wind speed range because it has an exponential dependence on wu, rather than
the near-cubic dependence that we predicted earlier. In fact, for a wind speed
of 15 m/s, Wu’s spume function predicts a smaller volume flux of large spray
droplets than his generation function based on the oceanic bubble spectrum (Wu,
1992), a result that seems inconsistent.

The several spray generation functions plotted in Figure 3 show regions of
good agreement and regions of obvious differences. For ro between 5 and 20
pum — predominantly the jet droplet region — all the functions plotted in Figure
3 agree within 1-2 orders of magnitude. At smaller radii, Wu’s (1992) model
predicts much smaller fluxes than the others do.

Only the function that Andreas (1992) derived from the work of Miller (1987)
and Wu ef al. (1984) spans the range of relevant droplet sizes and has realistic
levels for radii larger than 30 um — that is, in the spume domain (also, see
Andreas, 1994b). As we explained, the models by Woolf et al. (1988) and
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Wu (1992) completely ignore spume production, and the Blanchard (1963) and
Gathman (1982) function derived from data collected well above the region
where spume would predominate. The model that Smith er al. (1993) developed
undoubtedly reflects some spume production; in Figure 3, their function does
begin rising in the spume region, mirroring Miller’s model. But because Smith
et al. collected their aerosol data away from the immediate area where spume is
produced, they suggested that their model underestimates the spray generation
function at the larger radii. In the spume domain, all the functions in Figure 3
hint at the existence of a peak in the volume flux. Wu’s (1993) function, in fact,
peaks essentially in the same place as the function that Andreas derived from
Miller and Wu ef al. But these two results are not really independent because
Wu also based his generation function on the concentration spectra that Wu et
al. measured. Hence, the models that we have surveyed lead to no consensus on
either the amplitude or the location of the peak in the spray generation function.
Thus, for now, Andreas’s function seems most useful; but the rate of spume
production is still known to no better than +50%.

The six models for the spray generation function that we have focused on are
not the only estimates of this function. Ling et al. (1978, 1980; also Ling, 1993),
Cipriano and Blanchard (1981), Fairall (Fairall et al., 1983; Fairall and Larsen,
1984), and Bortkovskii (1987) also attempted to quantify spray production. We
have not discussed these models in detail.*

4. How Droplet Evaporation Modifies Low-Level Water Vapor and
Temperature Profiles

4.1. PROCESSES NEAR THE SEA SURFACE

The generation of whitecaps and the injection of sea spray into the atmosphere
creates a transition zone between air and sea (Roll, 1965); the air-sea interface is
no longer a simply connected surface. Initially, the spray droplets have the same
properties as the ocean surface. Immediately after forming, however, they begin
to adapt to conditions in the ambient air. Though many of the droplets quickly
fall back into the sea, a substantial proportion of the smaller ones evaporate
entirely, leaving only dry salt particles. Turbulence can carry these up to cloud
heights, where they are an important source of cloud condensation nuclei and,
in fact, lead to a salt inversion just below cloud base (Blanchard and Woodcock,
1980). The resulting vertical distribution of droplets and sea salt also plays an

* The model by Ling et al. is somewhat unphysical and also yields production rates that seem to
be several orders of magnitude too large (Fairall and Edson, 1989; Andreas, 1994b). Cipriano and
Blanchard presented their results only graphically and incorporated no wind speed dependence;
they are, thus, not comparable with the other models that we have discussed. The generation
functions that Fairall et al. and Fairall and Larsen reported were forerunners of Miller’s (1987)
model. Bortkovskii’s model also predicts too many droplets (Andreas, 1994b) and contains an
adjustable parameter, the mode droplet radius, for which we do not have a good, independent
prediction when spume becomes important.
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important role in determining the optical properties of the marine atmosphere
(Davidson and Fairall, 1986).

It has long been postulated that evaporating spray droplets influence the sur-
face energy budget of the ocean (Montgomery, 1940). During their transport
through the atmosphere, the droplets are sources or sinks of sensible heat, mois-
ture, and latent heat. However, the nature of the numerous interactions between
the droplets and the air-sea system is complex and poorly understood. To better
understand the influence of sea spray on the near-surface energy budget, sev-
eral recent research programs have studied these interactions. One of these, the
HEXOS program (Humidity Exchange Over the Sea), set out specifically to inves-
tigate the effects of evaporating spray on the near-surface energy budget through
a combination of numerical modelling, laboratory simulations, and open-ocean
measurements (Katsaros ef al., 1987; Smith er al., 1990). These measurements
have validated parameterizations used in several recently developed numerical
models of spray diffusion.

4.2. IMPACT OF DROPLET EVAPORATION ON HEAT AND MOISTURE TRANS-
FER

In the absence of rain, snow, fog, or sea spray, all of the air-sea fluxes of moisture
and latent heat originate with surface evaporation and result in a loss of heat from
the ocean. Under these same conditions, when the air is cooler than the sea, an
upward sensible heat flux originating at the sea surface also cools the ocean
(Fairall and Edson, 1989). These surface heat fluxes and the momentum flux, or
surface stress, 7, are constants within an atmospheric surface layer that extends
up to about one-tenth the height of the marine boundary layer.

When spray droplets are present, however, their evaporation and cooling cause
the heat fluxes to vary with height near the sea surface. Within a ‘droplet evap-
oration layer’ (DEL; Smith, 1989, 1990), droplets cool by two processes. First,
since they start at the temperature of the sea surface, if the sea is warmer than
the air, they cool by losing sensible heat to the air. Second, they cool by evapora-
tion. Because the thermal equilibrium time of droplets, 77, is much shorter than
their evaporative equilibrium time, 7, (Figure 2), the latent heat they consume
in evaporating is accompanied by a nearly equal sink of sensible heat. Clearly,
since spray droplets are elevated sinks and sources for heat and moisture, the
scalar fluxes can no longer be constant with height in the DEL (e.g., Ling and
Kao, 1976; de Leeuw, 1990b).

With spray droplets acting as elevated sources of moisture and sinks for
heat, the near-surface air is cooler and moister than it would be in the absence
of droplets (Mestayer and Lefauconnier, 1988). Consequently, there should be
reduced latent heat loss at the air-sea interface and an enhanced upward flux of
sensible heat at the interface.

Assuming neutral stratification, we can describe the influence of evaporating
droplets on the scalar fluxes and on the profiles of potential temperature (6) and
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specific humidity (g) near the sea surface by the classical flux-gradient formulas
(e.g., Donelan, 1990),

dg  q.(2)
o 1
dz Kz S
4 t(2)
dz  wz (32)

where £ is again von Kdrmdn’s constant. Here, however, the scaling parameters
for humidity and temperature flux, g.(z) and ¢.(z), must vary with height, since
the heat fluxes do. Nevertheless, we still relate these parameters to the sensible
(H,) and latent (Hy) heat fluxes, as usual;

H(2) = —pacpusts(2), (33)
Hy(z)= ‘paL'Uu*Q*(Z)a (34)

where ¢, is the specific heat of air at constant pressure, and L, is the latent heat
of vaporization of water. In the absence of spray, or outside the DEL, H, Hy, t.,
and g, would be constants with height, and Monin—Obukhov similarity obtains.

Smith (1990) proposed, for purposes of illustration, a DEL between heights
Z1 and Z2 in which droplet evaporation .S, is uniform, Sy(z) ~ S, (in g water
vapor per m® per sec). As a result, the latent and sensible heat fluxes vary linearly
with height here (Figures 4 and 5), while below Z1 and above Z2, the fluxes
are constants with height. The lower constant-flux layer, between the surface
and Z1, is so thin that droplet evaporation here has negligible influence, even
though this layer may span several decades on a logarithmic scale. The height
Z1 may correspond to the spray droplet ejection height — roughly 10-20 cm.
The upper height Z2 is a level above which there is no significant evaporation.
We suggest later that Z2 scales with A; 3. This distinct layering is, of course, a
simplification; in reality, the layers would have fuzzy edges.

Smith (1990) hypothesized that, at any level, the turbulent moisture and sen-
sible heat fluxes, regardless of their sources, determine the vertical gradients
of humidity and temperature at that level. That is, the fluxes and gradients are
‘locally ignorant’ of the sources and sinks of heat and moisture in overlying and
underlying layers; then Equations (31) and (32) are valid locally, even at heights
within the layer where evaporating droplets are sources and sinks of latent and
sensible heat. Figures 6 and 7 are humidity and temperature profiles that would,
thus, be associated with the respective flux profiles in Figures 4 and 5.

This local ignorance hypothesis is mathematically analogous to the local sim-
ilarity hypothesis (Nieuwstadt, 1984; Sorbjan, 1986) that has been used success-
fully to treat stable boundary layers. In a stable boundary layer, vertical exchange
is restricted; as a consequence, elevated layers may have no direct communication
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Fig. 6. Hypothetical vertical specific humidity profiles associated with the flux profiles in Figure
4. The dottec line shows how the constant-flux profile above Z2 would be extrapolated to the
surface.

with the surface. Thus, their properties cannot scale with the surface values of the
momentum and heat fluxes, the traditional scales of Monin—-Obukhov similarity.
Rather, the local values at height z are more meaningful scales. Similarly, in the
DEL, the elevated sources and sinks of heat and moisture obscure information
about the surface fluxes. Again, the local fluxes at height z provide better flux
scales than quantities derived from the surface fluxes. Our one difference with
local similarity is that we need not assume that u. changes with height; spray
concentrations are so low that the spray seems to have no effect on the dynamics
of the flow (Wu, 1979b).

At any level z, the turbulent vapor flux is the rate of evaporation at the surface
plus the integral of droplet evaporation at levels below z. Below Z2, there is also
a net upward transport of liquid water in droplets. Because u. is constant with
height, the variation of vapor flux is accompanied by a proportional variation in
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Fig. 7. Hypothetical vertical potential temperature profiles associated with the flux profiles in
Figure 5. The dotted line shows how the constant-flux profile above Z2 would be extrapolated to
the surface.

g« For Z1 < 2 < Z2, q.(2) is simply (noting that ¢, is negative for an upward
vapor flux)

z (z—Z1S
Sq(2) dz = gus — ———,
Paths JZ1 Palx

3:(2) = Gus — (35)
where ¢. is the value of the flux scale at the surface (same value as at Z1).
Remember, ¢.(z) dictates the slope of the humidity profile within the DEL (see
Equation (31) and Figure 6). Dashed lines in Figures 4 and 6 indicate the constant
latent heat flux and the associated logarithmic humidity profile in the absence
of droplet evaporation. But when spray is present, the turbulent vapor flux is
reduced in the near-surface layer, z < 71, and increased in the layer above 22
(Figure 4). The latter increase is the net influence of droplet evaporation on the
atmosphere.

By the local ignorance hypothesis, the structure of the boundary layer for z >
Z42 is unaffected by — is ignorant of — the distribution of vapor sources in lower
layers. The structure of the constant-flux layer above Z2 is, therefore, identical
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to the structure of a classical constant-flux surface layer without evaporating
droplets but with a modified humidity roughness length z, (see the dotted line
in Figure 6).

Evaporation cools the droplets and the air in the DEL. Droplet effects on the
sensible heat flux within the DEL are not as easy to understand because these
droplets also influence the temperature profile through the sensible heat they
carry. In a subsequent section, we estimate, however, that the latent heat flux
associated with evaporating droplets is often an order of magnitude larger than
the sensible heat they exchange. Thus, ignoring this sensible heat exchange, we
can approximate the influence on the temperature profile of the latent heat that
droplets consume by using an argument similar to that above (compare Figures
4 and 5).

The sensible heat flux at level z is the surface flux plus the integral of the
sink from evaporating droplets between Z1 and z. That is, for Z1 < z < Z2
(noting that t, is negative for an upward sensible heat flux),

L z Ly(z — Z1)S,
to(2) =teo + Y Sg(2)dz >~ tys + M.
PaCplx JZ1 PaCplhs

(36)

t.(z) also gives the slope of the temperature profile (see Equation (32) and
Figure 7). The heat sink in the DEL, in effect, reduces the net sensible heat flux
above height Z2. By the local ignorance principle, the distribution of sources
and sinks of sensible heat in underlying layers does not influence the structure
of the constant-flux layer above height Z2; it is, thus, identical to a classical
boundary layer with a modified temperature roughness length z; (see the dotted
line in Figure 7).

One way of viewing the water vapor derived from droplets is to somehow
tag it separately from the vapor coming from the surface and to consider it as
a perturbation on the existing structure. (This viewpoint is less valid for large
perturbations that affect the stratification.) To maintain a steady state, the tagged
vapor must escape from the DEL, traveling up or down by eddy diffusion away
from the maximum of tagged humidity. If, for example, the eddy diffusivity for
the flux of tagged vapor away from the DEL werc the same in the upward and
downward directions, half of the water evaporated from droplets would travel
upward and the other half would travel downward. The tagged vapor that travels
down causes a negative feedback by reducing the vapor flux in the layer between
the surface and Z1; the vapor that travels up enhances the net flux above Z2.

The dashed line in Figure 5 represents the sensible heat flux in the absence
of droplets. If the eddy diffusivities above and below the DEL are the same
for sensible heat and water vapor (or even in the same ratio), the reduction in
sensible heat flux above height Z2 is the same as the enhancement of latent heat
flux there. Consequently, droplet evaporation would not alter the total turbulent
(sensible plus latent) heat transferred to the atmosphere above Z2. Likewise, the
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total turbulent heat transport between Z1 and the surface is unaltered, as is the
heat taken from the upper ocean.

This partitioning between turbulent and spray fluxes can also be determined
experimentally. In HEXMAX (the HEXOS Main Experiment), Katsaros and
DeCosmo (1993) and DeCosmo ef al. (1994) found, from eddy fluxes mea-
sured at a height of about 7 m, that C'g, the bulk transfer coefficient for water
vapor, did not increase significantly with wind speed for speeds up to 18 m/s.
In other words, for these wind speeds, the evaporation from droplets did not
seem to enhance the measured net flux at this level by more than about 15%,
the uncertainty in the measurements. Three conclusions are possible. First, the
evaporation from droplets is not significant for wind speeds up to 18 m/s. Sec-
ond, most of the vapor from evaporating droplets is transported back down to
the surface. Third, at the higher wind speeds, the instruments were within the
DEL (i.e., Z2 > 7 m); thus, the measured vapor flux was less than the net flux
above Z2. We shall show in a later section that this third alternative is likely for
winds above 15 m/s.

We could also extend the above approach to include the sensible heat exchang-
ed by droplets by postulating a sensible heat transfer layer (SHL), where the
droplets exchange their sensible heat with the air. But because the heat consumed
by evaporating droplets will likely exceed this sensible heat, we do not have as
good a conceptual picture for the disposition of sensible heat as we do for the
tagged water vapor. Because the thermal equilibrium time scale, 7p, is much
shorter than the moisture equilibrium time scale, 7, (Figure 2), the SHL may
also not have the same height limits as the DEL.

4.3. NUMERICAL MODELLING

The turbulent transport of heavy particles in the atmospheric boundary layer is an
interesting and a difficult field of study. Trying to properly model the turbulent
field responsible for transporting these particles and their resulting response in it
is one of the problems that has interested us. The response of heavy particles is
governed by their inertia and their gravitational settling, both of which depend on
their size, shape, and density. These processes are, of course, interrelated, which
complicates their parameterization.

Attempts to model the vertical distribution of sea-salt aerosols began shortly
after Woodcock’s (1953) study provided data on their vertical distribution as a
function of wind speed. These models include the pioneering works of Junge
(1957), Eriksson (1959, 1960), and Toba (1965a, 1965b, 1966). Recently, several
Eulerian models have successfully treated the turbulent diffusion of discrete par-
ticles in boundary-layer flows. These include the studies of Ling and Kao (1976),
Ling et al. (1978, 1980), Ling (1993), Burk (1984), Mostafa and Mongia (1987),
Stramska (1987), and Rouault er al. (1991).
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4.3.1. Eulerian Models
Stramska (1987) developed a dispersion model using K theory to close the
following set of equations:

ON _ o ONN a(wsN)

E"%(K'é? M 37)
dq 0 dq

5t s <K32>+S (38)
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Here, N is the number concentration of droplets with dry radius 1 < ry < 15
pm, g is the specific humidity, 7" is the air temperature, K is the turbulent
diffusivity, and w, is the Stokes fall speed. (Note, 2rg > 750; 2780 = 70.) 54 and
St = LyS, / cp represent sources of water vapor and sensible heat, respectively.

The model does not attempt to simulate the actual ejection of the droplets; its
main focus is on examining the influence of evaporating droplets in the atmo-
spheric surface layer rather than their near-surface structure. The model assumes
that the droplets instantaneously reach their equilibrium size for the given ambi-
ent humidity. The moisture given up as a result of this process is modelled using

1 Omy
S, = Z‘pa pR (K—~+wsq> (40)

which describes the competing processes of turbulent diffusion and gravitational
fallout in extracting water vapor from evaporating droplets. Here, m, is the
mass concentration of spray droplets of radius r4. The ejection of droplets into
the model domain is determined by the flux of droplets at the surface using the
spray generation function developed by Monahan er al. (1983a). Stramska (1987)
modelled the additional source of moisture from the evaporation of larger droplets
using an ad hoc droplet profile based on Preobrazhenskii’s (1973) droplet size
distributions and a logarithmic decrease in the vertical.

The programs HEXIST (HEXOS EXperiment In the Simulation Tunnel) and
CLUSE (Couche Limite Unidimensionnelle Stationaire d’Embruns) were design-
ed to investigate the generation, turbulent transport, and evaporation of droplets
ejected by bursting bubbles within the air-sea simulation tunnel at the Institut
de Mécanique Statistique de la Turbulence (IMST), Luminy, France. The setup
used during CLUSE approximated the desired one-dimensional, stationary droplet
boundary layer (S. D. Smith ef al., 1990; Rouault ef al., 1991). The measurements
conducted during these experiments were used to develop two numerical models
of droplet diffusion.

The first of these is the model that Rouault er al. (1991) developed, which
Jooked at the behavior of droplets close to the surface. In their model, the fluid
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is considered a multiphase mixture of dry air, water vapor, and [-categories of
liquid droplets such that the mixture concentration is given by

I
P=Patput Y pn (41)

n=l

where p is the mass concentration per unit volume, and the subscripts a, v, and n
refer to air, water vapor, and the droplet concentrations, respectively. The variable
describing the droplet concentration in their model is related to Stramska’s (1987)
by pn = (4mpyrs/3)N, where p,, is water density. Also, p, = paq. Droplet
category n is defined by r, — 0.5 dr, < r < r, +0.5 dr,, where the radius
increment dr, is 5 pm, and the droplet radii range from 10 to 100 um G.e.,
I =20) in the latest version.

Although their budget equations were similar to Stramska’s (1987), they mod-
ified them to allow for a discrete size distribution of jet droplets; that is,

9{pa) _
TR (42)
9{pn) _ —O(wpp) o O(Wn){pon)

at 0z 0z + S, “3)
A pw) _ —0(w'py)

T 52 +5,. (44)

In these, angle brackets indicate averaging, horizontal homogeneity is assumed,
primes denote deviations from the means, and the source of water vapor (5,) is
solely from evaporating droplets such that

Sy==>_ 5. (45)

The net source term for droplet concentration (5,) models the effect of evapora-
tion. It also provides the means by which the droplets move from one category
to the next as they evaporate. An equivalent term in Stramska’s model is not
necessary because it explicitly treats only one category (ie., I = 1, dr, = 14
pm, and r, = 8 pm). Lastly, to determine how evaporating droplets influence
the temperature field, the sensible heat budget equation,

HT) _ —0Ww'T") L, !

a1 82 Pt ; Sn (46)

is also allowed to converge simultaneously with the above expressions. A short-
coming of both models is that they do not include the source (sink) term Qg
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resulting from sensible heat release (consumption) by the spray droplets, which
we describe in Section 5.

The mean droplet velocity (W,,) can be approximated by the mean fall speed.
However, since one of the objectives of their model was to describe the behavior
of jet droplets close to the surface, Rouault ef al. (1991) chose to break up the fall
speed into components that describe both the droplet’s ejection from the surface
and its tendency to fall back to the surface because of gravity. Similarly, the
droplet flux at the surface is the sum of the ejected flux (i.e., the source function
multiplied by the ejection velocity) and the deposition flux.

The turbulent fluxes of water vapor and droplets are also modelled using K-
theory. The key difference between the two models is in their parameterization
of droplet diffusion. Rouault et al. (1991) included a parameterization for the
‘counter-diffusivity’ resulting because a droplet’s inertia prevents it from fol-
lowing the turbulent motions exactly. Therefore, the velocity fluctuation in (43)
comprises the fluid velocity fluctuation plus a slip velocity, i.e., w), = w' + dw},.
The droplet diffusion term is then defined by deriving an additional diffusivity
to model this additional flux such that

P /a<pn>
<pnwn>"‘ (Kﬂ+Kn) 82’ ’ (47)

where K, comes from the work of Meek and Jones (1973). Including this term
becomes increasingly important for a realistic description of droplet dispersion
as droplet size increases.

4.3.2. Eulerian Model Results

Stramska’s (1987) model is best suited for small droplets above the ejection layer,
where the competing processes of turbulent diffusion and gravitational settling
are responsible for droplet transport. The droplets must be small because the
model does not take into account their inertial response. The largest dry radius
used in the model, 15 pm, is a reasonable upper limit, based on Edson’s (1989)
numerical studies. Stramska’s results indicate that the evaporation of sea spray
droplets having dry radii less than 15 pum (rg < 60 pum) has little effect on the
profiles of temperature and humidity. However, the model calculations for larger
droplets, using the parameterization based on Preobrazhenskii’s (1973) measured
size distributions, show substantial modification to the scalar profiles for a wind
speed of 20 my/s.

The results from the second model (Rouault ez al., 1991; Rouault and Larsen,
1990) show that within the DEL, droplets with radii of 15 to 40 um contribute
most to the water vapor produced by evaporating droplets (Figure 8). We obtain
a similar result in Section 5 with an analytical model. Larger droplets have a
higher fall speed (i.e., short 7;) and disappear rapidly. Moreover, they are less
likely to be transported by the turbulence to a more evaporative location. Since
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Fig. 8. Relative contribution of each S, term to the increase in water vapor flux caused by
spray evaporation, according to Rouault and Larsen’s (1990) model. The simulated conditions
correspond to those encountered during CLUSE: u, = 0.38 m/s, Ty, = 20°C, T,(z = 2 m) = 26°C,
q(z = 0) = 12.6 g/kg, and g(z = 2 m) = 14.5 g/kg (relative humidity of 69%). Each data mark is
centered in a radius bin 5 pm wide.

a droplet’s mass is proportional to 3, the role of smaller droplets in evaporation
from the sea is insignificant, as Stramska (1987) also concluded.

The area of maximum water vapor production and evaporative cooling is
the ejection zone for jet droplets (between 1 and 15 cm). (The model does
not specifically treat spume droplets.) Figures 9 and 10 show that the difference
between the water vapor flux in the presence and absence of droplets has opposite
signs above and below this zone. This result agrees with the proposed adjustments
to the flux profiles that we described earlier; the principal difference is the height
of the crossover point in the flux comparisons. The heights in Figures 4 through
7 were chosen arbitrarily only for demonstration purposes; over the ocean, the
flux-crossover point in Figure 10 will be significantly higher because of waves
and the generation of spume droplets.

The most important result here is that the influence of spray droplets is small
at wind speeds less than 10 m/s, where the modification of the evaporative fluxes
is at most 15% in a very evaporative case. However, using Bortkovskii’s (1987)
spray generation function resulted in a modification to the fluxes of as much
as 100% for wind speeds greater than 15 m/s (Figures 9 and 10). Though we
now believe that the Bortkovskii generation function overestimates the droplet
production (Andreas, 1994b), when Rouault and Larsen (1990) developed their
model, Bortkovskii’s was the only reasonable spray generation function available
with which they could study processes over the open ocean. Since Bortkovskii’s
function predicts roughly 100 times more spray production at its peak than the
function that Andreas (1992) developed, we infer from Figure 10 that, with
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Fig. 10. As in Figure 9, except these are vertical profiles of the water vapor flux.

more realistic spray production, Rouault and Larsen’s model would predict an
enhancement in the water vapor flux of a few percent in a 15-m/s wind. We
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therefore conclude that, for winds higher than 15 my/s, sea spray begins to have
a measurable effect on the air-sea fluxes.

4.3.3. Lagrangian Models

Because it permits more flexibility in specifying boundary conditions, Lagrangian
modelling has advantages over Eulerian modelling for studying heavy particles
with low concentration, dispersing from a discrete source or in fluid flows with
complicated geometries (e.g., near a wavy surface). For example, a Lagrangian
scheme could simulate both jet and spume droplets; the spray generation function
could be broken into the individual jet and spume components, with the jet
droplets ejected more or less uniformly over the surface and the spume droplets
ejected only at the wave crests.

Edson and Fairall (1994) described a Lagrangian model based on a Langevin
equation modified to account for gravitational and inertial effects. The model, a
Lagrangian simulation of turbulently transported jet droplets ejected by bubbles
bursting at the surface, was tested using measurements made during the HEXIST
and CLUSE experiments. Briefly, the model assumes that the motion of the
droplet is steady-state so that its velocity consists of a mean plus a fluctuating
component that is modeled with a Langevin equation. The finite difference form
of the Langevin equation for a droplet’s vertical velocity is then

1/2
Wt + At) = <1 — é}) Wet) + ol (%) / £@) + %twd. (48)
T’LU T’LU T’LU
Here, 7 is the droplet integral time scale, o is the standard deviation of the
droplet’s vertical velocity, W is the droplet’s average vertical velocity, and £(2)
is a random number drawn from a Gaussian distribution with zero mean and
variance At using a technique based on the Central Limit Theorem.
Edson and Fairall (1994) used the following expression for the droplet’s ver-
tical velocity variance:

2
(ody=Tw (49)

where o2 is the vertical velocity variance of the turbulent fluid. Here, also, x

is the ratio of the droplet response time to the Lagrangian integral time scale,
71 This parameter determines how the droplet reacts to the turbulent motion of
the surrounding fluid. For example, when the droplet encounters smaller eddies
as it nears the surface, the influence of the turbulence on the droplet motion
diminishes because the droplet can no longer react to these smaller eddies. The
droplet’s size determines the height at which this begins to occur.

Figure 11 shows sample calculations of aff, for droplets ranging in radius

from 10 to 130 um. As we explained above, afu must be a function of height.
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Fig. 11. Calculations of the standard deviation in vertical velocity, o, for spray droplets of
radius 7o, based on Edson and Fairall’s (1994) Lagrangian model. o¢ is nondimensionalized by
the droplet’s terminal fall speed w, and is evaluated at a height of A, /3, Where Ay /3 comes from
Equation (11). Uy is the 10-m wind speed, and the calculations are for nonevaporating conditions.

Therefore, in the figure, o¢ is evaluated at one significant-wave amplitude above

the surface and is made nondimensional with the terminal fall speed of the
droplet, w;. Our modelling has shown that turbulence cannot advect droplets
away from the surface unless ¢ /ws > 1. Figure 11, thus, corroborates our use
of the droplet time scales discussed in Section 3.1 and depicted in Figure 2.
Film droplets and most jet droplets require only a modest wind to be advected
upward and thereby given enough time to exchange all of their moisture. In a
5-m/s wind, however, turbulence can advect only droplets at the small end of
the spume domain. But as the 10-m wind increases, turbulence can carry larger
and larger spume droplets away from the surface, giving them the chance to
exchange their moisture.

The figure also agrees with our earlier statement that the threshold wind speed
for spume production is in the 7-11 m/s range. Though the wind may be strong
enough to rip a parcel of water from a wave crest, we would not say that spume
was forming uniess the turbulence intensity at the wave crests was also high
enough to suspend the droplets formed. Without this turbulent suspension, they
would fall right back into the sea. Figure 11 shows that, for winds of 7-11 m/s,
the turbulence becomes intense enough to suspend droplets with radii of 50-80
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pm. These are spume droplets in the size range just to the left of the peak in
the spray generation function based on Miller (1987) and Wu er al. (1984) (see
Figure 3).

The droplet integral time scale 72, a measure of persistence in the droplet’s
velocity as it moves through the fluid, is derived by determining the droplet’s
autocorrelation function in an approach similar to that used by Meek and Jones
(1973). Integrating this autocorrelation function yields

T

7l = f(l +%), (50)

where A accounts for the reduction in the correlation of the droplet’s velocity
between successive time steps because of gravitational fallout. In other words,
this decrease in correlation results because the droplet ‘falls out’ of a fluid eddy
whose motion is highly correlated.

To illustrate one use of such a model, we turn to a study reported by Edson
(1990) that de Leeuw’s (1986a, 1986b) measurements prompted. De Leeuw found
a minimum in his droplet concentration profiles between 0.2 and 0.5 m and a
maximum at 1-2 m for wind speeds greater than 7 m/s. Naturally, there is some
debate as to what causes these extrema in the droplet concentrations (e.g., Wu,
1990d; de Leeuw, 1990a). Attempts have been made to explain these peculiarities
through mechanisms such as jet droplet ejection, spume droplet production, and
rotor-like features in the flow field that trap droplets (de Leeuw, 1986b, 1987,
1990b; Wu, 1990d). Edson investigated a few of these mechanisms with the
above Lagrangian model.

Clearly, once the droplets are airborne, waves — through their influence on the
velocity field (at least near the surface) — must affect droplet motion. Therefore,
the model must somehow include wave effects if we wish to understand droplet
concentration profiles over realistic seas. The resulting droplet profiles may also
show how the droplets contribute to the sensible and latent heat fluxes (Fairall
and Edson, 1989).

Including these effects in any model is extremely difficult because an accurate
description of the velocity field over ocean waves depends on many factors that
interact nonlinearly. Some of these are the difference between the wind velocity
and the phase velocities of the various wavelengths present in the wave field, the
time and fetch over which the wind has acted on these waves, and the wind’s
history (i.e., has it changed speed or direction?). In light of this, we kept our
first attempts at including effects of wave motion on the velocity field fairly
simple. However, even a very simple model of the wind and wave fields lets us
qualitatively examine several aspects of the droplets’ motion and concentration
over a moving surface.

In a Lagrangian sense, the wave effects are modelled by describing the velocity
field as

wz, z,1) = U(2) + Uy(z, 2, 1) + u'(z, 2, 1), G



34 E. L ANDREAS ET AL.

w(z, z,t) = W(2) + Wy(x, 2, 1) + w'(z, 2, ). (52)

Here, the overbar denotes the horizontally averaged mean velocity, the prime
terms are fluctuations resulting from turbulence, and the subscript w denotes
wave-induced velocities. An obvious difficulty in using Equations (51) and (52)
involves defining U(z) when z is near the moving surface (i.e., when z is some-
times under water). We handle this problem by defining a new coordinate for the
vertical axis, { = z — 17 - exp(—k() (e.g., Taylor, 1977), where k& is the principal
wayvenumber of the undulating surface, and 7 is the instantaneous wave height.
In this expression, when { =0, z = n; and as { goes to infinity, z = (.

The mean and wave-induced horizontal velocities can then be combined by
using ¢ in a logarithmic profile,

U = Ue + Ugoe ™ + % 1n (Ci@> : (53)
K Co
where
Uyo = K’UCS; (54)

(o is the roughness length, C, is the phase velocity of the wave, u, is the
friction velocity and, again, x is von Kdrmén’s constant. The expression for the
surface velocity is found by assuming that the irrotational flow induced by the
wave motion is added to the surface current, u,, caused by the wind stress. The
exponential has been added to the surface velocity term to allow it to damp out
with height; m is on the order of k. For the analysis, we used a Stokes wave,

n(x,t) = —Acos(kz — wt) + + Ak cos[2(kz — wt)], (55)

where w is the wave frequency, and 24 = H,, is the wave height.

For the time being, we assume that the droplet statistics are the same whether
the droplets are within or well above the wave-affected field. (This assumption
is a main point for future investigation.) This allows us to consider the velocity
components induced by the wave and turbulent fields separately. Equation (48)
then determines the droplet’s velocity induced by the turbulence so that the
droplet’s motion in the new coordinate system can be written

ul(z, ¢, t) = Uz, ¢, b), (56)
wh(z, ¢, 6) = Wy, (1) + Wz, ¢, 1), (57)

where the superscript 7' denotes the total velocity, and the contributions of the
horizontal fluctuations caused by turbulence are ignored, for simplicity. These
velocities are then used with

2(t+ At) = 2(t) + wi () At (58)
2t + Aty = z(t) + ul [2(D)] At, (59)

to produce droplet trajectories (e.g., Figure 12). The height (p is used as a lower
timit below which the droplets are ‘absorbed’ by the water surface.
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Fig. 12. Simulated conditions over a fully developed wave field. The wave amplitude, A(= H.,/2)
in Equation (55), is 0.785 m; the 10-m wind speed is 10 m/s; the phase speed is 7 m/s; the
wavelength is 31.4 m; and, in the model, m = 4 k. Panel (a) shows the streamlines of the mean

flow. Panel (b) shows some trajectories for nonevaporating droplets of radius 18.5 pm when the
droplets are ejected along the entire wave at evenly spaced intervals.

4.3.4. Lagrangian Model Results

Figure 12 shows a case in which we selected the parameters to simulate conditions
over fully developed waves. This figure displays several features that have been
observed in both laboratory and oceanic studies. There is evidence of a regressive
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Fig. 13. Droplet concentration profiles for the conditions shown in Figure 12. The concentrations
are normalized by the maximum value found at the first height.

flow very near the surface and a rotor in the trough. The figure, however, also
shows an obvious oversimplification of the flow field, since the symmetry shown
is not found in the laboratory measurements of Hsu er al. (1981) or in more
complicated numerical models (e.g., Gent and Taylor, 1976).

To examine the effects that the wave-induced velocities have on the droplet
concentration profiles was our principal reason for attempting this simulation.
Therefore, the next step is to measure these profiles by moving an imaginary
probe, either wave-riding or at fixed z, through the trajectories given in Figure
12. The model handles droplet ejection by treating the droplets as though they
were elevated sources, releasing each droplet at its respective ejection height.
Using the above set of equations, the model then transports the droplet along
until it either falls below (y or passes the probe. If the latter occurs, its vertical
position is determined above both the instantaneous and mean sea surfaces, and
a count is added to these height bins (bins of 15 cm width). This process is
repeated for as long as it takes to get a steady-state droplet concentration profile.

Figure 13 shows the results. Our model produced no maximum in the droplet
concentration profile above the mean sea surface. This suggests that the rotor
mechanism described by de Leeuw (1986b, 1987) is not responsible for the
observed maximum, although this finding is far from conclusive because of the
symmetry of the flow field and some of the model assumptions.

This does not mean, however, that the wave-induced velocity field has no
effect on the profiles. Figure 14 shows the ratio of droplet number concentrations
computed when waves are present (Nyaye) to the concentrations computed over a
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Fig. 14. Ratios of computed droplet concentration profiles with (Nyae) and without (Nyowave)
waves in a coordinate system following the waves. Conditions are as in Figure 12. For droplets of
18.5 pm radius, the ejection height is about 3.2 cm (Blanchard and Woodcock, 1957).

flat ocean (WVpowave) — 1.€, With no waves — under otherwise identical conditions.
The figure shows that, in a coordinate system allowed to follow the surface,
the same number of droplets exists between the ejection height and the wave
amplitude for both cases. Above a height of one wave amplitude, however, we
find more droplets when waves are present. In fact, at one wave height above the
surface, Nyave/Nnowave Decomes basically constant at 1.5 — there are 50% more
droplets here when waves are present than when they are not.

Since we modelled a single-component wave, its amplitude A (see Equation
(55)) corresponds to the significant-wave amplitude A; /3. Thus, this modelling
substantiates our choice of A;/3 as the appropriate droplet length scale in (16),
especially for bubble-derived droplets. (There was little question that A; ;3 was
the appropriate length scale for spume droplets, since these originate near a height
of Al /3)

The droplets depicted in Figure 14 are in a nonevaporating environment. But
since the figure does demonstrate how the wave field affects the dynamics of
the near-surface flow and, consequently, the dispersion of spray droplets, we can
still infer from it that the top of the DEL must be at least one significant-wave
height above mean sea level. In other words, we conclude from Figure 14 that
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Fig. 15, Vertical profiles of specific humidity and latent heat flux, with and without spray droplets
present, measured by Mestayer et al. (1990) during the CLUSE program. During these runs, the
nominal wind speed was 7.6 m/s, and the relative humidity was 72%.

Z?2 must be greater than 2A; /3. Thus, from Equation (11), for the high winds in
HEXMAX (15-18 m/s), Z2 > 7-10 m.

Finally, this modelling suggests that an additional layer should be added to
mixed-layer models (e.g., Fairall and Larsen, 1984) to account for wave effects.

4.4. EXPERIMENTAL RESULTS

Data to support our modelling were obtained during the CLUSE campaign, which
devoted part of the experiment to measuring vertical flux profiles. Figure 15
shows profiles of specific humidity and latent heat flux in the presence and
absence of spray droplets. (Aeration devices in the water created the droplets.)
Based on droplet concentration profiles collected separately, we know that, where
these measurements were made 30 m downwind of the tunnel entrance, the DEL
essentially filled the 0.75-m boundary layer. In other words, these measurements
were all made below Z2 (e.g., Figure 4). Thus, though they support the hypothesis
that the evaporating droplets moisten the DEL and reduce the moisture flux from
the surface, they cannot show whether or not this moisture loading leads to an
eventual increase in the flux above the DEL.

The numerical models predict and these experiments document the feedbacks
between spray droplets and the vertical profiles of temperature and humidity. If
the heuristic ideas described in Section 4.2 or the parameterizations that we shall
present in Section 5 are to be useful in future numerical models, the models must
somehow account for these feedbacks.

The experiments also suggest that bulk parameterizations for sensible and
latent heat fluxes could depend on the measurement height. For example, at a
given wind speed, we would expect the vapor flux measured directly within the
DEL to be lower than the flux measured above, while the measured specific
humidity would be higher (Figures 4, 6, 9, and 10).
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In summary, it appears that a complete explanation for the shape of the droplet
profile, the feedbacks between the droplets and the temperature and humidity
profiles, and the contribution of spume production to the heat budget will require
more realistic simulations of the flow field over ocean waves than the models
described above could provide. One recent study has attempted to couple the
Lagrangian trajectory model described above with a two-equation turbulence
model (Edson et al., 1990). With this model, we hope to examine the roles played
by both the turbulent flow field over waves and the spatially inhomogeneous
source function in determining the droplet concentration profiles.

5. Estimates of the Spray Heat and Evaporative Fluxes

5.1. THE SIMPLE ANALYTICAL MODEL

With a model for the spray generation function and with values of the micro-
physical and dynamic droplet time scales discussed in Section 3, we can cstimate
how much sea spray contributes to the air-sea fluxes of sensible and latent heat
(Andreas, 1992).

Equation (14) suggests that a spray droplet returns to the sea surface with a
temperature of

T(1s) =Teq + (Tyy — Tog) exp(—T5 /T7). (60)

Therefore, the rate at which all spray droplets with initial radius rg exchange
sensible heat with the air is

(61)

4 dF
Q5(r0) = psCps(Toy — Teg)l1 — exp(—5/77)] ( 3 M) .

57?7“0 drg

Here, ps is the density of the surface sea water, ¢, is the specific heat of sea
water, and dFys/drg is the spray generation function based on Miller (1987) and
Wu et al. (1984). Notice that (4777"8 /3)(dFyy/drg) is the volume flux of spray
droplets with initial radius rg.

Similarly, Equation (15) shows that when 7; < 7, a spray droplet has a radius
of

7A(Tf) = Teq t (ro — Teq) eXP(—Tf/Tr), (62)

when it falls back into the sea. The rate at which droplets of initial radius rg
exchange latent heat with the air is, therefore,

3
Qrlro) = —psLy {1 - (m> } <4 3dFM) , for 7p < 1y (63)

=TT
0 3770 drg

Since our sign convention is that a positive flux adds heat to the air, the negative
sign in front of Equation (63) indicates that evaporating spray droplets extract
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heat from the air. That is, as we explained earlier, evaporating droplets cool the
DEL.

If the relative humidity is 95% or less, at least two-thirds of the potential
moisture loss has already occurred by the time droplets for which 74 > 7. fall
back into the sea. Thus, to estimate the latent heat extracted by these droplets,
we simply assume that 7; > 7,; in effect, we assume that their mass exchange
is complete. The rate at which these small droplets exchange latent heat is, thus,
approximately

| (4 5d
Qrlro) = —psly { - (T—q> } (—777‘8 iM), for 74 > 7. (64)
0

5.2. SPRAY HEAT FLUXES

With values of 7, 77, 77, Teq, and r¢q (Andreas, 1989, 1990, 1992) we can now
estimate spray heat flux contributions from Equations (61), (63), and (64). Figure
16 shows one such set of computations; Andreas (1992) showed several others.

By integrating under each curve in Figure 16, we can find the total spray
contribution to the air-sea sensible (Q¢) and latent (Q;) heat fluxes. For the
indicated 10-m wind speeds, 5, 10, and 20 m/s, Qg is 0.21, 0.78, and 15 W/m?;
and @ is —0.56, —3.9, and —150 W/m?. Because of the uncertainty in the spray
generation function, uncertainty in these computations is +50%. We can compute
the corresponding interfacial (or turbulent) sensible (f,) and latent (Hy) heat
fluxes by the bulk-acrodynamic method with more certainty, say £10% (Andreas,
1992). For winds of 5, 10, and 20 m/s, H, is 13, 24, and 46 W/m?; and Hp,
is 74, 140, and 260 W/m?2. Thus, for these ambient conditions, the spray fluxes
contribute no more than 10% to the total air-sea heat fluxes for wind speeds up
to about 15 m/s. (This 10% limit is the commonly ascribed uncertainty in in-situ
measurements of the air-sea heat fluxes.)

Consequently, even in moderate winds, it may be difficult to separate the
spray heat fluxes from the noise. At wind speeds above 15 m/s, however, both
the spray sensible and latent heat fluxes become significant for these ambient
conditions because the spray production increases as, roughly, the third power
of the wind speed, while the turbulent fluxes increase only linearly with wind
speed (e.g., Andreas, 1992).

This model result is quite compatible with the HEXMAX data, though the
environment modeled in Figure 16 differs somewhat from HEXMAX conditions.
A primary result from HEXMAX was that the bulk transfer coefficient for water
vapor, C'g, did not increase with wind speed by more than 15-20% for 10-m
wind speeds up to 18 m/s (Katsaros and DeCosmo, 1993; DeCosmo e? al., 1994).
In other words, during HEXMAX, evaporating spray droplets contributed no
more than 15-20% to the net air-sea vapor flux for winds up to 18 m/s. Andreas
(1994b) ran his model for typical HEXMAX conditions and, thereby, demon-
strated that it agreed with the HEXMAX data. For an air temperature of 13°C,
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Fig. 16. The radius-specific spray sensible and latent heat fluxes within the droplet evaporation
layer, Qs and (), as functions of the 10-m wind speed. Notice that Q1. is negative. Calculations
are based on Miller’s (1987) spray generation function, with the large-droplet extension based on
Wu et al. (1984) (see Figure 3). Ambient conditions are T, = 20°C, T,, = 22°C, RH = 80%,
S = 34%,, and P = 1000 hPa.

the spray fluxes would have less than a 15% effect on the net fluxes for winds
up to 16 m/s. As the wind gets higher than the 18-m/s maximum observed dur-
ing HEXMAX, however, the modeled spray fluxes become comparable to the
interfacial fluxes.

Besides letting us estimate the spray fluxes in the DEL, Figure 16 makes sev-
eral other interesting points. The latent heat contributed by the smallest droplets
is much larger than the sensible heat that these contribute. These small droplets,
which have time to reach both thermal and moisture equilibrium (see Figure
2), simply carry much more latent than sensible heat. And this conclusion is
independent of the spray generation function we use. But for the ambient condi-
tions depicted in Figure 16, a crossover occurs as droplet radius increases. At a
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radius of 100-200 pm, depending on wind speed, the sensible heat contribution
becomes larger than the latent heat contribution. Andreas (1992), in fact, showed
cases for which Q4 could exceed @ because of this crossover. Figure 2 explains
this effect. Droplets in this size range fall back into the sea before exchanging
significant latent heat but have ample time to participate fully in the sensible
heat exchange. Hence, although they carry much less sensible than latent heat,
because of the rapidity of the sensible heat transfer, droplets in this size range are
important components in the air-sea transfer of sensible heat. As we explained
in the last section, our numerical models currently ignore this sensible heat.

The Q1 peaks in Figure 16 move from ro = 20 um to ro = 50 pm as
wind speed increases. Similarly, the (Jg peaks move from 100 to 200 um with
increasing wind speed. Not only are more droplets produced in higher winds,
but the droplets have longer to interact with their environment. Jet droplets may
contribute to the ()7, peaks, but spume droplets must dominate the Qg peaks.
Figure 16, thus, establishes the importance of spume droplets in enhancing air-
sea heat exchange and focuses attention on the need for corroborating or revising
the spume production implied in the model based on Miller (1987) and Wu et
al. (1984).

The locations of the ();, peaks in Figure 16 agree well with Rouault and
Larsen’s (1990) model results, Figure 8, although their model did not treat spume
explicitly and injected all droplets into the boundary layer at the ejection height.
We conclude from the agreement between these two approaches that droplets in
this size range are swept up and easily transported by the turbulence (also, see
Figures 2, 11, and 12b). Therefore, for estimating the total heat and moisture that
these droplets exchange, their height of origin is largely immaterial — though this
height will likely affect the details of the temperature and water vapor profiles
within the DEL. .

We have emphasized throughout that sea spray produces a multi-layer system
near the sea surface. The fluxes predicted here, Q¢ and @, would be available
within the DEL - that is, below Z2 (see Figures 4-7). But because of all the
feedbacks within this layer, it is probable that not all of these fluxes rise above
Z2 and, thereby, become available to the entire marine boundary layer.

Fairall et al. (1994) assumed that only a fraction of Qg and @, rises above
the DEL and, thus, used simple linear relationships to model the feedbacks within
the DEL. In their simulation of a hurricane, Fairall e al. set the lower boundary
conditions above the DEL such that the heat fluxes are

Hy(z > 7Z2)=Hs+aQg — 8Q;, (65)
Hi(z>Z2)=Hp +3Q;. (66)

Here, H; and Hj} are fluxes determined using the standard bulk-aerodynamic
formulas, Hy,(z > Z2) and Hy(z > Z2) are the net fluxes at the top of the
DEL, and « and 3 parameterize, respectively, what fractions the spray sensible
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and latent heat fluxes contribute to the fluxes above the DEL. Consequently, the
fluxes within the DEL are

Hy(z < Z2)=Hs — (1 - )Qg + (1 — 3@, (67)
Hi(z < Z2)=Hp — (1 - B)Qy. (68)

That is, their model has a two-layer structure similar to Figures 4 and 5 but
without the smooth transition across Z2. Fairall ef al. hypothesized that o« = 3 =
0.5. In other words, half of the spray heat fluxes within the DEL escapes out the
top of this layer.

Equations (65) and (66) reiterate how difficult it will be to define effective
bulk transfer coefficients for latent (C'r) and sensible (Cy) heat when spray is
present. The turbulent fluxes H, and Hj, increase linearly with the wind speed,
while Qg and @, increase roughly as the cube of the wind speed. The sea-
air difference in temperature drives Hy and Qg, and the sea-air difference in
humidity drives Hy. But the air temperature alone and the relative humidity
of the air determine the magnitude of ;. Thus, for any given wind speed,
sea-air temperature difference, and sea-air humidity difference, C'y and C'g will
have ranges of values that depend on the air temperature and relative humidity
(Andreas, 1994b). In summary, because of the large uncertainty in the spray
generation function for wind speeds below 20 m/s; because we know little about
that function for winds above 20 m/s, where spray effects probably dominate;
and because of the uncertainty remaining in the feedback parameters o and j;
we are still not quite ready to estimate C'y and C'r in conditions where spray is
important.

5.3. SPRAY EVAPORATIVE FLUX

Figure 17 compares the turbulent or interfacial evaporative flux (Hy/Ly) with
the spray evaporative flux (—Q, /L) predicted by the model described in Section
5.1. The middle line in the plot is for the same conditions depicted in Figure 16.
The right line is for conditions in the warm surface pool in the western, equatorial
Pacific (the TOGA-COARE region). The left line models high-latitude conditions.
Notice, the spray evaporative fluxes here are positive: Although evaporating spray
extracts latent heat from the air (a negative flux), it adds moisture (a positive
flux).

Again, these are the evaporative fluxes within the DEL. According to Fairall
et al. (1994), about half of these fluxes would be available above the DEL. Also,
as noted above, uncertainties in the spray fluxes in the figure are £50%.

Figure 17 demonstrates how strongly the spray flux depends on wind speed.
For the three cases depicted, the turbulent evaporative fluxes increase by a factor
of about four as the wind speed increases from 5 to 20 m/s. The spray evaporative
fluxes, on the other hand, increase by more than two orders of magnitude over
the same range in each case. For the two cases with large turbulent flux, the
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Fig. 17. Model calculations of the spray evaporative flux in the droplet evaporation layer
(—@L /L) versus bulk-aerodynamic estimates of the turbulent or interfacial evaporative flux
(Hy/L,) for three sets of ambient conditions. T, and T, are the water temperature and the
air temperature (both in deg. C.); RH is the relative humidity (in percent); and P =1000 hPa. The
numbers in circies give the 10-m wind speed in m/s. The diagonal lines show where the two fluxes
are equal and where the spray flux is 10% of the turbulent flux.

wind speed must be above 15 m/s before the spray flux is 10% of the turbulent
flux. But by 20 m/s, the spray flux is roughly 60% of the turbulent flux. In the
case with relatively low turbulent flux (the high-latitude case), the spray flux is
10% of the turbulent flux when the wind speed is 10 m/s and is greater than the
turbulent flux when the wind speed exceeds roughly 18 m/s. Once again, we see
the need for studying spray generation in winds over 20 m/s.

6. Discussion and Conclusions

The sea spray generation function derived from Miller (1987), with a large-
droplet extension based on Wu et al. (1984) (Figure 3), encompasses the entire
range of relevant droplet sizes and is, thus, the best such function currently
available. Though, admittedly, its large-droplet predictions are based on uncertain
extrapolations, it predicts a spray volume flux that peaks in the spume region.
In turn, our modelling has shown that spume droplets — namely, those with
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radii between 10 and 300 pm — contribute most to the spray fluxes of heat and
moisture.

Our modelling has also identified some of the processes important in sea spray
dynamics and thermodynamics. Intuition, models, and observations all establish
that surface waves are important in mixing the spray droplets upward; thus,
the near-surface spray distribution scales with a wave-height parameter such as
Aj 3. The region near the sea surface actually consists of several layers because
of spray processes. Within a droplet evaporation layer that, again, scales with the
wave amplitude, the evaporating spray moistens and cools the air. This cooling is
evidence that the spray extracts sensible heat from the air in order to evaporate.
Because of the elevated sources and sinks of heat within this layer, the vertical
fluxes of heat and moisture are not constants with height, as they are in a typical
atmospheric surface layer. Consequently, bulk parameterizations of the heat and
moisture fluxes in the presence of spray may be height dependent.

The droplet time scales described in Section 3 and the analytical model in
Section 5 suggest under what conditions the spray fluxes will be largest. Wind
speed is the dominant factor since spray production increases, roughly, as the
third power of the wind speed. Because droplet temperature determines the rate
at which spray droplets evaporate, higher air temperatures foster larger spray
moisture and latent heat fluxes. The actual sea-surface temperature is immaterial
in spray latent heat transfer. As a result, parameterizing vapor exchange in terms
of a simple bulk transfer coefficient may not adequately represent the processes
active in a spray environment (Ling, 1993; Andreas, 1994b). In contrast, the
sea-air temperature difference drives the spray sensible heat transfer — as well as
the turbulent (or interfacial) sensible heat transfer. Thus, this spray flux will be
largest where the sea-air temperature difference is largest — in high latitudes, for
example.

Cess and Potter (1988) and Mitchell (1989), among others, have shown that
general circulation models (GCMs) are sensitive to perturbations in the Earth’s
surface heat budget of only a few W m~2. Our modelling shows that winds
of 10 m/s can produce spray fluxes with this magnitude; in storm winds, the
spray fluxes can conceivably have magnitudes that exceed those of the turbulent
fluxes. The fact that no GCM yet includes a parameterization for the spray heat
and moisture fluxes is understandable, given past uncertainty in the magnitudes of
these fluxes. But with recent progress in understanding spray processes, the time
is ripe for GCMs to begin including spray effects in oceanic heat and moisture
budgets.

The growing consensus in the spray community is that understanding how
spray droplets transfer heat and moisture between the ocean and atmosphere in
high winds is crucial (Bortkovskii, 1973, 1987; Borisenkov, 1974; Wu, 1974;
Stramska, 1987; Rouault and Larsen, 1990; Fairall ef al., 1994). For this reason,
spray research is becoming focused on severe weather such as tropical storms
and hurricanes (e.g., Fairall ez al., 1994). But because revolutionary droplet-
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measuring technology will be needed before researchers can venture into these
conditions, this research has turned to numerical modelling, where improving the
modelling of spume droplets is a priority. Still, making model improvements will
require coniinued measurements for validating the models. With the knowledge
gained from past experiments and models, we can now design experiments to
examine the remaining questions.

A primary requirement for future experiments will be to measure the Reynolds
fluxes of sensible and latent heat at several levels within the DEL as well as above
it. Such profile measurements are essential for investigating the local ignorance
hypothesis depicted in Figures 4-7 and, thus, for evaluating the feedbacks and
the feedback parameters o and 3 in (65)-(68). Because the HEXOS program
developed the technology for measuring eddy fluxes in a spray environment
(Fairall et al., 1990b; Edson et al., 1991; DeCosmo, 1991; Katsaros et al., 1994;
DeCosmo er al., 1994) — where sea salt and sea water droplets have plagued
previous investigators — there is now no reason not to plan such measurements.

Second, future experiments must focus on spume production. Although mod-
elling and analyses point to spume droplets as the primary agents for exchanging
spray heat and moisture, we still know little about the mechanism and rate of
spume generation. There simply have been few in situ observations of how spume
forms. Future experiments could make good use of recent developments in video
technology (e.g., Itagaki and Ryerson, 1990; Ryerson and Longo, 1992) to study
spume production.

In closing, we seem to have the conceptual and numerical tools for taking the
next big step in understanding how and when sea spray affects the air-sea fluxes
of heat and moisture. Good oceanic measurements will make this step easier.
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