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ABSTRACT

There are two sets of comprehensive measurements of sea spray: de Leeuw and Smith et a. Their data are
interpreted to describe similar productions of film and jet drops by bursting bubbles. For measurements of Smith
et al., those droplets associated with the second peak at large sizes of the production spectrum are shown to be
spume drops generated by the wind tearing of wave crests. Together with physical understanding, representations
of field data are deduced for film and jet drops and are discussed for spume drops.

1. Introduction

Effort has been intensified toward evaluating the in-
fluence of sea spray on optical extinction (Gathman
1983), global warming (Sligo 1990), and air—sea heat
exchanges (Andreas 1992). All of these depend criti-
cally on the parameterization of droplet concentrations
under various wind velocities. As pointed out by An-
dreas et al. (1995), large discrepancies still exist among
several commonly referred proposals. Moreover, most
of these models were not verified with field measure-
ments. Two sets of comprehensive oceanic data, how-
ever, are available, provided earlier by de Leeuw (1986)
and recently by Smith et al. (1993). These data are com-
pared to examine the uncertainty of understanding spray
productions under various wind velocities. The results
are very encouraging. Through the synthesis of these
two sets of measurements, production spectra of film
and jet drops by the bursting of bubbles are deduced,
and generation functions of spume drops by the wind
tearing are further explored.

2. Measurements
a. de Leeuw

Spray particles were measured by de Leeuw (1986)
using an impaction method. Two groups of samplers
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were used near the Station Limain the Atlantic Ocean:
one group was mounted on decks of the MS Cumulus
at elevations of 4, 6, and 11 m above the sea surface
and the other on a wave rider at elevations of 0.2, 0.5,
1, and 2 m. Measurements at the elevation of 11 m were
the most comprehensive, covering 18 wind speeds from
3to 17 m s *. Droplet concentrations were collected in
eight diameter bands, equally spaced on a logarithmic
scal e between 10 and 100 um. Measured concentrations
for small and large droplets were shown by Wu (1990b)
to vary with the droplet diameter in accordance with
two distinctly different functional forms. The division
between two ranges varies with the wind velocity, but
centers around 30 um in diameter.

Preobrazhenskii (1973) reported the most compre-
hensive set of spray data at small sizes. Judging from
his results, the concentration of droplets per unit di-
ameter band, dN/dD, for small sizes could be repre-
sented by (Wu 1990b)

(dN/dD)/(dN/dD), = exp(—D/D,), )

where D is the droplet diameter at a relative humidity
of 80%, (dN/dD),, was obtained by extending on a semi-
logarithmic plot the straight line fitted to measured con-
centrations at various diametersto D = 0 um, and D,
is the diameter characterizing the size distribution of
droplets. Values of (dN/dD), and D, obtained by Wu
(1990b) from de Leeuw’s data are reproduced in Figs.
1a,b, where U,, is the wind velocity at 10 m above the
mean sea surface. The characteristic diameter D, is seen
in Fig. 1b to increase continuously with the wind ve-
locity. Asthe wind velocity increases, the characteristic
concentration (dN/dD), is seen in Fig. la to decrease
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Fic. 1. Characteristic parameters associated with exponential and
powers laws describing the data of de Leeuw (1986).

at low winds indicating that relatively more larger drop-
lets are produced at higher wind velocities, and to in-
crease steadily at high winds representing an overall
increase of spray concentrations with the wind velocity.
Lines fitted to the results in Figs. 1ab, can be ex-
pressed as

In(dN/dD), = —3.034 — 2.675U,,
Up<62ms?
In(dN/dD), = —5.995 + 0.084U,,
Uy,>62ms? 2
D, = 3.240 + 0.304U,,, €)

where D, and U,, are in um and m s2.

The de Leeuw (1986) data for large droplets have
been interpreted by Wu (1990b) to follow a power-law-
type dropoff for sizes larger than 20 um in diameter at
low winds and 30 um in diameter at high winds. This
portion of the data was described by

dN/dD = (dN/dD),(D/10)-55, (4)

where (dN/dD), is the droplet concentration obtained
by extending the above power law fitted to the data to
D = 10 um, and D again is expressed in um. Values
of (dN/dD), are also reproduced from Wu; see Fig. 1c.
At low wind speeds (U,, < 7 m s1) where waves break
infrequently, the rate of droplet production increases
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very slowly with the wind speed. The production rate
is seen to increase rapidly at higher winds, under which
wave breaking intensified and the atmospheric surface
layer became aerodynamically rough (Wu 1981) to make
the upward transport of droplets more effective. The
data in Fig. 1c can be represented by

In(dN/dD), = —5.636 + 0.068U,,
Uo<62ms?
In(dN/dD), = —6.959 + 0.296U,,
Uy,>62msH. (5)
b. Smith et al.

M easurements of marine aerosols were conducted by
Smith et al. (1993) on an island, 100 km off the west
coast of Scotland, over a wide range of wind velocities
spanning between 0 and 34 m s *. Particle concentra-
tions were obtained with two optical particle counters
mounted at 14 m above the mean sea surface. Their data
covered the droplet-radius range 1-23.5 um. Relative
humidity varied during their measurements, having a
mean value of about 77% with some hourly averages
exceeding 90%. The droplet radius R reported by Smith
et a. is then considered as that at a relative humidity
of 80%.

Droplet concentrations, dN/dR, measured by Smith
et a. (1993) at wind speeds of 5, 10, 15, and 20 m s*
are reproduced from their article in Fig. 2; these wind
velocities were also measured at the 14-m elevation. For
the equilibrium condition with the gravitational depo-
sition of particles being balanced by their production,
Smith et al. suggested

dF,/dR = wdN/dR, (6)

in which dF, /dR expressed in m-2s-* um-* isthe drop-
let flux per unit area of the sea surface and w is the
deposition velocity. Incorporating the deposition veloc-
ity derived by Slinn and Slinn (1981), Smith et al. de-
scribed their data sorted into unit wind speed bands with
dF./dR = > A exp[—f, In2(R/r,)] @
i=1,2
for logA, = 0.0676U,, + 2.43 and logA, = 0.959U 3?2
— 1.476, where constants f, and f, have values of 3.1
and 3.3, respectively; the radii r,, and r, are 2.1 and
9.2 um; and U,, (expressed in m s 1) is the wind ve-
locity at 14 m above the mean sea surface.

3. Production spectra of marine aerosols

a. Sea spray produced by bursting bubbles: Film and
jet drops

Results, shown in Egs. (1)—(5) deduced from the de
Leeuw (1986) data at wind speeds corresponding to
those under which measurements of Smith et al. (1993)
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Fic. 2. Droplet concentrations measured by Smith et al. (1993) and de Leeuw (1986) and the comparison of their
results. The former measurements are represented by open circles and the latter by solid lines; the dashed lines correspond

to dN/dD ~ D-55,

were performed are also diagramed in Fig. 2. The wind
speed U,, used in these equations to obtain the lines
shown in the figure are determined from U,, through
the logarithmic wind profile. Droplet concentrations
were measured by de Leeuw at an 11-m elevation and
by Smith et al. at a 14-m elevation. The concentration
at ahigher elevationis, of course, smaller; thedifference
between droplet concentrations at two elevations should
also vary with the droplet diameter, with a greater dif-
ference for larger droplets; these variations, however,
have not been quantified. More on thiswill be discussed.

At all wind speeds, de Leeuw’s (1986) measurements
over small sizes apparently provide much smaller drop-
let concentrations than those reported by Smith et al.
(1993); the difference becomes smaller over larger sizes.
Taking both groups of results together, we see none-
theless a number of interesting features. A power-law-
type dropoff, displayed as a linear trend in Fig. 2, aso

appears to exist for measurements of Smith et al. not
only for large diameters, but also for smaller sizes in-
dicated by the dotted line. Moreover, for both sizeranges
their measurements follow well the same D—5° dropoff
deduced from de Leeuw’s data. Over small sizes, dro-
poffs of measurements by Smith et al. at two low wind
speeds of 5 and 10 m s * almost coincide with those
representing de Leeuw’s measurements. They start to
deviate systematically from each other at two high wind
speeds of 15 and 20 m s,

Let us examine further the results shown in Fig. 2
over three size regions. the power-law dropoff indicated
as the dashed and solid lines, and those on either side
of the dropoff. As mentioned earlier, droplet concentra-
tions reported by de Leeuw (1986) over the small-size
region were lower than those reported by Smith et al.
(1993). The low concentrations can be attributed to a
reduction in the sampling efficiency of de Leeuw’s in-
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strument at the small droplet end of the measured size
spectrum (Vrins and Hofschreuder 1983). In fact, this
was the reason that a lower bound of 10 wm in diameter
was imposed by de Leeuw for his measurements. The
falloff in sampling efficiency is apparently quite sig-
nificant, especially toward smaller sizes, to cause the
leveling off of the measured spectra. Asfor the power-
law region, de Leeuw’s results represented by the solid
line are below those reported by Smith et al. at the
lowest wind velocity; then the results increase system-
atically to go above the dashed line representing the
extension of Smith et al.’s data at small to large sizes
as the wind velocity increases. The closeness of these
two sets of data at the lowest wind speed indicates that
the droplet concentration differs little at elevations of
10 and 14 m. The results measured by Smith et al.,
although at a higher elevation, are seen to be slightly
greater, possibly dueto the fact that the spray production
in the nearshore region is somewhat greater than that
in the open sea. The systematic increase of de Leeuw’s
results with respect to the extension of Smith et al.’s
represented by the dashed line will be attributed later
to the contribution of spume drops.

Accepting the above, the dropoff of measurements by
Smith et al. (1993) represented by the dashed lines over
small sizes is apparently associated with film and jet
drops. Such an interpretation is consistent with the fact
that this dropoff at the lowest wind speed as mentioned
earlier can almost be superimposed upon that of de
Leeuw’s (1986) measurements. It should be noted that
the production of spume drops started at a speed of about
11 m st (Monahan et a. 1983) and became significant
at much higher wind speeds. In summary, it is very
encouraging to see that the closeness of these two com-
prehensive sets of spray data may finally provide abasis
for quantifying the production of spray droplets by oce-
anic bubbles, say, below a wind speed of 11 m s4,
which covers well prevailing sea conditions. The dif-
ference between the measurements of de Leeuw and of
Smith et al. is seen in Fig. 2 to become larger at high
winds. The large deviation at awind speed of 20 m s,
however, can be due simply to the overextension of de
Leeuw’s results. As shown in Fig. 1, the highest wind
velocity encountered in his measurements was only
dlightly above 15 m s*. The sea becomes very stormy
beyond this wind speed; both measurements of de
Leeuw and Smith et al. might be affected.

In summary, both sets of measurements, de Leeuw
(1986) and Smith et al. (1993), appear to describe nearly
the same production of film and jet drops. The former
set parameterized in Egs. (4) and (5) were deduced from
data collected in the open sea. However, de Leeuw’s
measurements were affected by the sampling efficiency
for small sizes, say, less than 10 um in diameter as
discussed earlier. The portion of the spectrum at small
sizes, on the other hand, can be supplemented very nice-
ly by the measurements of Smith et al. (1993) and are
parameterized as the first term in Eq. (7) with the co-
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efficient A,. Taken together, we see that there are little
differences between the production of film and jet drops
by bursting bubblesin the open seaand in coastal areas.
Their production can be described by the almost-con-
nected dropoffs displayed by de Leeuw’s data at large
sizes and extended by those of Smith et al. to smaller
sizes.

b. Sea spray produced by wind tearing: Spume drops

Spectra of droplets obtained by Wu (1973) at high
wind speeds in awind-wave tank demonstrated a rather
distinct pattern of spray production; the spectra were
narrowly peaked at large radii. These features were later
associated with the production of spume drops (Mon-
ahan et al. 1983). Subsequently, dropletswithin the low-
est meter above the undulating sea surface were ob-
served by Wu et a. (1984) in clusters separated roughly
by the length of dominant waves; in addition, the size
spectrum of these droplets was similar to that of pre-
sumably spume drops observed in the tank (Wu 1973).
In the meantime, the de Leeuw (1986) measurements
displaying a maximum droplet concentration away from
the sea surface were suggested earlier to provide evi-
dence of the surface tearing (Wu 1990a). At the crest
of breaking waves, the profile isthe sharpest whilewater
particles race to approach the phase velocity of domi-
nant waves, these are the most favorable conditions for
the wind tearing.

The production of spume drops was estimated by Wu
(1993) on the basis of spray measurements in a wind—
wave tank (Wu 1973) and the field (Wu et al. 1984).
Shapes of the spectra obtained from the tank and field
were actually the same on the large-radius side, follow-
ing R¢; this constituted the most critical portion of the
spectrum. Averaging field and laboratory results, the
lower bound of the R-8-segment was placed at R = 150
um. For smaller sizes, a segment of R-28 suggested by
Wu et al. (1984) was adopted by Andreas (1992) in his
model; he also added another segment of R-*. These
segments were also adopted by Wu (1993) with slightly
rounded-off exponents to R~2 and R-*. The radius di-
viding these two regions was chosen to be 75 um. Fi-
nally, a sharp cutoff was located at the radius of 37.5
um, which was very close to the value adopted by An-
dreas of 31.5 um. In summary, the spectra of both mod-
els have three size regions; each region has a different
spectral dropoff. The spectral shapes displayed by de
Leeuw’s (1986) and Smith et al.’s (1993) measurements
do not appear to contradict these dropoffs.

The key element of spume-drop modeling is the rate
of its production per unit area of the sea surface. In the
Andreas (1992) model, this rate was obtained from the
extension of a spectrum proposed by Miller (1987) pri-
marily for film and jet drops. While in the model of Wu
(1993), rates of droplet fluxes obtained at various wind
friction velocities in the laboratory were applied to the
field. The total production rates of spume drops for the
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FiG. 3. Comparison of two-spray production rates reported by Smith
et a. (1993), A, and A,, with those of spume drops proposed by
Andreas (1992) and Wu (1993).

radius range of 75-500 um offered by both models at
various wind velocities are reproduced from Wu (1993)
in Fig. 3. There is apparently a dlight error in Wu's
earlier computation of Andreas's rate; the results shown
in the figure are correct.

The elevated concentration over large sizes near 20
um is the most important feature displayed by the mea-
surements of Smith et al. (1993); this elevated portion
becomes larger as the wind velocity increases. Such
rather sudden increases of droplet concentrationssignify
a new source of spray production; their occurrences
principally at large droplet diameters and also more in-
tensively at higher wind velocities further suggest a
probable association with spume drops. The production
starts to elevate at the diameter of about 10 wm, which
is actually the lower bound of de Leeuw’s (1986) mea-
surements. Consequently, an elevated production is not
clearly seen from de Leeuw’s results represented by the
solid lines in Fig. 2. Nevertheless, these lines should
include the production of spume drops. Note also that
a greater production of spume drops is expected in ex-
periments by Smith et al. conducted in the coastal re-
gion, where choppy dominant waves induce a more
widespread breaking at even low winds. In Fig. 2, the
additional production measured by Smith et al. above
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the dashed line is considered herewith mainly as the
contribution from spume drops. (As noted by one of the
referees, without a detailed knowledge of their experi-
mental site, surf production on offshore rocks and shoals
should not be completely ruled out.)

Empirical expressions, Eq. (7), suggested by Smith
et al. (1993) to describe droplet concentrationsat various
wind speeds, consist of two portions. As discussed in
the previous section, the portion represented by the first
term with the coefficient A, responsible for covering
primarily small sizes and its extension to large sizesis
associated with film and jet drops produced by bursting
bubbles. The elevated portion associated with the co-
efficient A,, excluding the portion associated with A,,
then represents spume drops produced by the tearing of
waves by the wind. Production rates associated with A,
and A, are also presented in Fig. 3. Here, we have used
the formula suggested by Fitzgerald (1975) to transfer
the radius R at a relative humidity of 80% in Eq. (7) to
R, a a relative humidity of 100%; the integration is
for the radius (R,y,) range of 75 to 500 um. Note that
the measurements of Smith et al. were extended to these
large sizes, thus facilitating the present quantitative
comparison. It is then interesting to compare this pro-
duction with those suggested in spume-drop models of
Andreas (1992) and Wu (1993). With respect to the
measurements of Smith et al. (1993), the Andreas (1992)
model of spume drops may overestimate the production
by surface tearing while Wu’'s (1993) formulation may
overestimate the increase of spume-drop production rate
with wind velocity. The production rate suggested by
Andreas is three orders of magnitude greater than that
deduced from measurements by Smith et a. Thisis not
surprising as his model was constructed on the basis of
the production of film and jet drops, by extending it to
large sizes. Note that Andreas et al. (1995) also com-
pared over smaller sizes (R < 100 um), the Andreas
(1992) estimates and measurements of Smith et al.; in
this case, as expected, the difference is only about one
order of magnitude. The difference in the wind-speed
dependence between the Wu (1993) model and those
measurements of Smith et al. and Andrea’s model should
also be further investigated, as the production rate of
spume drops in Wu's model was obtained through the
scaling of laboratory measurements with the wind-fric-
tion velocity. Such a practice is also open to debate, as
wave conditions, especially the occurrence and crest
length of breaking waves in laboratory tanks and in the
field, may not be capable of being scaled just by the
wind-friction velocity.

4. Concluding remarks

Recent measurements of Smith et al. (1993) can be
interpreted as reflecting two production mechanisms,
each with a distinct spectral signatures: one component
represents the production of film and jet drops by burst-
ing bubbles and the other of spume drops by the wind
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tearing of wave crests. The former component is shown
to match well with the measurements reported by de
Leeuw (1986) and parameterized by Wu (1990b). We
have greater confidence in the accuracy of our descrip-
tion of the component of spray production by bursting
bubbles; in other words, either Wu's parameterization
of de Leeuw’s results or Smith et al.’s measurements
and parameterization are acceptable for film and jet
drops. As for spume drops, the production rate reflected
in the measurements of Smith et al. is much smaller, by
morethan three orders of magnitude, than that suggested
by Andreas (1992), but they have similar wind speed
dependence. On the other hand, the measured produc-
tion compares more favorably in magnitude with that
suggested by Wu, at a wind speed around which spume
drops constitute the principal component of sea spray,
but their rates of increase of the spume-drop production
with wind velocity are very much different. All of these
lead us to think that we may be closer to reaching a
parameterization of sea-spray production than originally
thought. Further studies and refinements depend on the
understanding and quantification of the influence of
waves and wind, which is still unsettled.
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