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[1] The sea spray generation function dF/dr0 predicts the rate at which droplets of initial
radius r0 are produced at the sea surface. Because this function is not readily measurable
in the marine environment, however, it is often inferred from measurements of the
near‐surface droplet concentration, C(r0), through an assumed velocity scale, the effective
spray production velocity. This paper proceeds in reverse, though: It uses a reliable
estimate of dF/dr0 and 13 sets of measurements of C(r0) over the ocean to calculate the
implied effective production velocity, Veff, for droplets with initial radii r0 from 5 to
300 mm. It then compares these Veff values with four candidate expressions for this
production velocity: the dry‐deposition velocity, VDh; the mean wind speed at the
significant wave amplitude (A1/3), UA1/3

; the standard deviation in vertical droplet velocity,
swd; and laboratory measurements of the ejection velocity of jet droplets, Vej. The velocity
scales UA1/3

and Vej agree best with the implied Veff values for 20 ≤ r0 ≤ 300 mm. The
deposition velocity, VDh, which is the velocity most commonly used in this application,
agrees worst with the Veff values. For droplets with r0 less than about 20 mm, the analysis
also rejects the main hypothesis: that dF/dr0 and C(r0) can be related through a velocity
scale. These smaller droplets simply have residence times that are too long for spray
concentrations to be in local equilibrium with the spray production rate.

Citation: Andreas, E. L, K. F. Jones, and C. W. Fairall (2010), Production velocity of sea spray droplets, J. Geophys. Res., 115,
C12065, doi:10.1029/2010JC006458.

1. Introduction

[2] The rate at which sea spray droplets form remains
illusive. Current estimates of that rate, especially for drop-
lets larger than about 10 mm in radius, range over an order of
magnitude [e.g., Andreas, 2002; Lewis and Schwartz, 2004,
chap. 5]. The main reason for this uncertainty is that the
spray generation function cannot be measured directly but
must be inferred from its relation to quantities that can be
measured [e.g., Massel, 2007, section 9.2].
[3] In our notation, the spray generation function is dF/dr0;

this gives the number of droplets of initial radius r0 that pass
upward through a unit horizontal area per second per
micrometer increment in droplet radius [cf. Monahan et al.,
1986]. It has units of m−2 s−1 mm−1.
[4] Spray production is closely associated with wave

breaking and the resulting whitecap coverage. Although
wave breaking is episodic and, thus, occurs over a small
fraction of the ocean surface at any instant, dF/dr0 is usually
viewed as an area average. This definition is a necessary
simplification because dF/dr0 is useful in atmospheric models
only as an area‐averaged droplet flux.

[5] Although we assume that dF/dr0 is the droplet flux at
the sea surface, it is in essence an “effective” flux. Not all
spray droplets that form are dynamically or thermodynam-
ically important or can even be observed. These ineffectual
droplets return almost instantaneously to the sea. See dis-
cussions of this distinction between total spray production
and effective spray production by Pattison and Belcher
[1999] and Mueller and Veron [2009b].
[6] One of the common reasons for interest in the spray

generation function is that it provides the flux boundary
condition at the bottom of the atmosphere in numerical
studies that include marine aerosols [e.g., Burk, 1984; Fairall
et al., 1984; Gong et al., 1997; Massel, 2007].
[7] A second reason is that analytical solutions of the

conservation equation for droplets (and other particles) yield
vertical concentration profiles of the form [e.g.,Goroch et al.,
1980; Fairall et al., 1990, 2009; Kind, 1992; Hoppel et al.,
2002]

C z; r0ð Þ ¼ C zr; r0ð Þ z=zrð Þ��: ð1Þ

Here, C is the number concentration of droplets of radius r0
(units m−3 mm−1), z is the height, zr is some reference height,
and

� ¼ Vg r0ð Þ
k u*

; ð2Þ

where Vg(r0) is the terminal fall speed of droplets of radius r0,
k ( = 0.40) is the von Kármán constant, and u* is the friction
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velocity. Often, zr is taken to be the roughness length z0 [e.g.,
Toba, 1965;Goroch et al., 1980]; hence, C(zr, r0) = C(z0, r0) ≡
C0(r0) is the droplet concentration at the sea surface. As with
dF/dr0, C0(r0) is assumed to be a horizontally averaged
quantity.
[8] In turn, the following assumed relation between dF/dr0

and C0 is one of the most enduring in this field [e.g., Moore
and Mason, 1954; Toba, 1965; Fairall and Larsen, 1984;
Andreas and DeCosmo, 1999]:

dF=dr0 ¼ Vg r0ð Þ C0 r0ð Þ: ð3Þ

The implicit assumption here is that what goes up must
come down. That is, although Vg is an obvious downward
velocity, it is equivalent to the original upward production
velocity. The upshot of (3) is that, if we know dF/dr0, we
can estimate the spray concentration profile as a function of
height from an equation like (1).
[9] Because (3) is not accurate for smaller droplets, the

deposition velocity VD [e.g., Slinn and Slinn, 1980;
Williams, 1982; Slinn, 1983; Fairall and Larsen, 1984] is
usually presumed to be better for relating droplet concen-
tration and the spray generation function. Under the
assumption that the near‐surface spray is in equilibrium
(again, that the average upward transport of droplets of
radius r0 is equal to their average downward deposition), the
effective spray generation function at arbitrary height z,
dF/dr0|z, can be related to the concentration at z of droplets
with radius r0 through the deposition velocity appropriate at
height z, VD(z,r0) [e.g., Hoppel et al., 2002, 2005]:

dF=dr0
��
z
¼ VD z; r0ð Þ C z; r0ð Þ: ð4Þ

An equally important use of (4) is to infer the effective spray
generation function at z from measurements of the spray
concentration C(z,r0) and calculations of the deposition
velocity at z [e.g., Smith et al., 1993]. In turn, Fairall and
Larsen [1984], Andreas [2002], and Hoppel et al. [2002]
show how to obtain dF/dr0 from dF/dr0|z and calculations
of the deposition velocity.
[10] Theoretical formulations for the deposition velocity

have not been validated, however, because only one of the
three unknowns in (4) is observable at sea, the droplet
concentration C(z,r0). Therefore, we here try to validate
predictions for the deposition velocity indirectly. The liter-
ature contains several adequate sets of observations of
droplet concentration C(z,r0) measured within one signifi-
cant wave height of the sea surface. When Andreas [2002]
reviewed spray generation, he identified several spray gen-
eration functions that seem most reliable. By combining a
prediction of the spray generation function, dF/dr0, with
near‐surface observations of droplet concentration, which
we denote as C0(r0), we can test the validity of relations like
(3) and (4) in the form

dF=dr0
C0 r0ð Þ ¼ Veff r0ð Þ: ð5Þ

[11] Here, Veff(r0) is the effective droplet velocity that
links the near‐surface droplet concentration with the effec-
tive upward surface flux of droplets. In effect, we interpret
Veff as a spray production velocity. One candidate expres-

sion for Veff, of course, is the deposition velocity; but we
also consider three other possible velocity scales. Namely,
the local wind speed is an obvious scale that should be
related to spray production; the friction velocity u* is also.
Last, Blanchard [1963] measured the velocity with which
jet droplets are ejected from bursting bubbles; this ejection
velocity is another candidate.
[12] In the next sections, we explain our choice for the

best current spray generation function, review observations
of the near‐surface spray droplet concentration, and elabo-
rate on each of these four candidate velocity scales. The
observations that we consider span droplets with radii from
5 to 300 mm. Throughout this radius range, the theoretical
deposition velocity is less than the implied Veff: That is, we
do not confirm (4), a result that calls into question all spray
generation functions based on this premise. A velocity scale
related to u* has a range of droplet radii where it agrees with
the implied Veff, but we conclude that this is fortuitous
agreement. On the other hand, both the jet droplet ejection
velocity and the wind speed computed at the crest of the
waves agree with Veff over a wide range of radii: from 20 to
300 mm. Both are useful scales for the spray production
velocity in our data set, but we suspect that the ejection
velocity is not generally appropriate because is says nothing
about spume production.

2. Spray Generation Function

[13] Although the spray generation function dF/dr0 is still
an issue of debate, especially for droplet radii larger than
10–20 mm, Andreas [2002] identified two functions, span-
ning radii from 0.5 to 500 mm, that seem to have proper
magnitude and wind speed dependence. The function from
Monahan et al. [1986] covers droplets with radii r0 from 0.5
to 20 mm, treats wind speeds up to 25 m s−1, and has been
repeatedly proven to be accurate for predicting the produc-
tion of these smaller droplets [cf. Gong, 2003]. Andreas
[2002], in turn, judged the function from Fairall et al.
[1994] to be the best available for larger droplets. This
function covers droplets with r0 from 1.6 to 500 mm and also
treats wind speeds up to 25 m s−1. Fairall et al. [1994],
Andreas [2004, 2010], and Andreas et al. [2008] obtained
reasonable predictions of various spray processes using the
Fairall et al. function.
[14] Because we wanted for this study a single spray

generation function that reliably spans r0 values from 0.5 to
500 mm [Jones and Andreas, 2009], we merged theMonahan
et al. [1986] and Fairall et al. [1994] functions in the radius
range 1.5–2.0 mm. Joining these functions was straightfor-
ward because they have the same wind speed dependence.
Monahan et al. [1986] give the equations that we use for
their portion of dF/dr0; we use only their formulation for the
spray produced by bursting bubbles. Andreas [2002] gives
the equations for the Fairall et al. function, which were not
specified in the original paper.
[15] Both Monahan et al. [1986] and Fairall et al. [1994],

however, predict dF/dr80, where r80 denotes the droplet
radius in equilibrium at a relative humidity of 80%. We
convert this function to dF/dr0 from [Andreas, 1992, 2002]

dF

dr0
¼ dr80

dr0

dF

dr80
; ð6Þ
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where

dr80
dr0

¼ 0:506 r�0:024
0 : ð7Þ

Equation (7) is accurate for typical ocean salinities of
30–36 psu, and here r0 must be expressed in micrometers.
[16] Figure 1 shows the dF/dr0 curves that we obtained by

joining the Monahan et al. [1986] and Fairall et al. [1994]
functions. Notice, for radii ranging between 0.5 and 500 mm,
the number of droplets produced spans seven orders of
magnitude. In line with the analyses by Andreas [2002] and

Lewis and Schwartz [2004, chap. 5], we presume that the
uncertainty in this dF/dr0 is a factor of 4–5. That is, the true
function could be a multiplicative factor of 4–5 times larger
or 0.20–0.25 times smaller.

3. Near‐Surface Spray Concentration Data

[17] To implement (5), we require measurements of the
near‐surface spray concentration over the ocean, C0(r0).
Although many measurements of spray droplet concentra-
tion in the marine boundary layer exist [e.g., Lewis and
Schwartz, 2004, Figure 22], surprisingly few have been
made within one significant wave height of the sea surface
where we can presume that the measured C(z,r) is approx-
imately C0(r0), where r is the observed droplet radius.
[18] We have located 13 acceptable data sets in the liter-

ature. Table 1 summarizes the conditions under which these
data were collected. Eleven of the 13 sets of observations
were made within one significant wave height of the sea
surface. For Monahan’s [1968] observations in Buzzard’s
Bay, we assume the surface salinity was 30 psu; for all the
other observations, we assume the salinity was 34–35 psu.
[19] Besides wind speed, Table 1 lists surface tempera-

ture, air temperature, relative humidity, and significant wave
height (H1/3). Later in our analysis, we use these forcing
variables to compute the friction velocity, u*, and the wind
speed profile from the bulk air‐sea flux algorithm that
Andreas et al. [2008] developed. de Leeuw [1986a, 1986b,
1987] reported H1/3, but the other sources did not. When H1/3

is unavailable, the Andreas et al. routine computes it from
Andreas and Wang’s [2007] algorithm. Later, H1/3 will be a
key height scale in our analysis.
[20] Figure 2 shows the droplet concentration measure-

ments that we gleaned from the sources in Table 1. In general
in this plot, the concentrations spread out according to wind
speed: Higher wind speeds produce higher concentrations.

Figure 1. The spray generation function dF/dr0, where r0 is
the droplet radius at formation. This function merges the
small‐radius function from Monahan et al. [1986] with the
large‐radius function from Fairall et al. [1994] in the r0
interval 1.5–2.0 mm.

Table 1. Sources of the Near‐Surface Spray Concentrations Used Herea

Source Height (m) U (m s−1) RH (%) Ts (C) Ta (C) H1/3 (m) u* (m s−1) Location

de Leeuw [1986a]
Figure 2 ≤2.0 5.5 70 (10) (9) 0.5 0.197 North Atlantic on
Figure 3 ≤1.0 7 61 (10) (9) 1.5 0.258 Station Lima
Figure 4 ≤2.0 13 68 (10) (9) 2.5 0.534 (57°N, 20°W)

de Leeuw [1986b]
Figure 2 ≤2.0 8.5 64 (10) (9) 1.5 0.321 Same

de Leeuw [1987]
Figure 1 ≤0.75 8.9 75 (11) (10) 0.95 0.339 North Sea on
Figure 2 ≤1.0 12.4 80 (11) (10) 1.71 0.504 Meetpost Noordwijk

de Leeuw [1990]
Figure 5 <1.0 7.7 87 11.0 10.4 (1.0) 0.283 Same
Figure 6 <1.0 12 61 13.7 11.7 (1.6) 0.489
Figure 7 ≤2.0 14 80 13.5 10.4 (1.9) 0.592

Monahan [1968]
Figure 2 0.13 11 (80) (26) (25) (2.75) 0.438 Off Aruba
Figure 3 0.13 16 (80) (12) (11) (1.18) 0.689 Buzzard’s Bay

Preobrazhenskii [1973]
Figure 2a 1.5–2.0 7–12 (80) (10) (9) (2.0) 0.379 North Atlantic
Figure 2b 1.5–2.0 15–25 (80) (10) (9) (7.0) 0.967

aU is the reported wind speed; for Preobrazhenskii’s [1973] two ranges, we used the midpoints 9.5 and 20 m s−1 for our calculations. de Leeuw always
reported the relative humidity, RH, and usually reported the significant wave height, H1/3. “Height” gives the height of the spray concentration mea-
surements. All of de Leeuw’s data are reported as profiles; for C0(r0), we used the largest near‐surface concentration in the profile. This was not always the
values observed at the lowest level. Ts and Ta are the surface and air temperatures, respectively. Temperature and humidity values in parentheses are
inferred from climatology. de Leeuw [1990] did not report air or surface temperature; the values here come from DeCosmo [1991]. The H1/3 values in
parentheses come from Andreas and Wang’s [2007] algorithm, which computes H1/3 from wind speed and water depth. All friction velocities, u*, were
computed from the other conditions using the Andreas et al. [2008] bulk flux algorithm.
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The two data points from de Leeuw [1990], collected in
winds of 7.7 m s−1, are obvious outliers. The data from
Preobrazhenskii [1973] (both sets) for radii less than about
20 mm seem biased low. We suspect that his inertial col-
lection system was much less than 100% efficient in col-
lecting these smaller droplets; they are, thus, under sampled.
Preobrazhenskii’s larger droplets agree well withMonahan’s
[1968] observations, however.
[21] An ever‐present issue in studying the marine aerosol

is standardizing the reporting of droplet size [e.g., Andreas
et al., 2001; Andreas, 2002]. All of the data sources in
Table 1 seem to report the observed droplet size. That is,
none converted the observed droplet radius r to a common
standard like r0, r80, or req, the droplet radius in equilibrium
at the ambient humidity. We therefore had to impose a
sizing convention on the data ourselves.
[22] Andreas [1992] [see also Andreas and DeCosmo,

1999] defined several time scales to use for characterizing
droplet evolution. The ones pertinent for this discussion are
the residence time, tf, and the e‐folding time for radius
evolution, tr.
[23] The radius at any time t, r(t), of droplets formed with

initial radius r0 (at t = 0) follows an exponential evolution
curve:

r tð Þ � req
r0 � req

¼ exp �t=�rð Þ: ð8Þ

Here, tr is the e‐folding time of the radius evolution, and req
is the equilibrium radius. req depends on ambient conditions
and the salinity of the ocean surface; clearly, req obtains
when t � tr. Andreas [2005a] gives the algorithms that we
use for computing req and tr.
[24] The second time scale approximates the residence

time of a droplet. Most spray droplets form near wave crests
from bubbles bursting in whitecaps and as spume torn from
the crests. Andreas [1992] therefore suggested estimating
the residence time as

�f ¼
H1=3=2

Vg r0ð Þ : ð9Þ

Here, Vg is again the terminal fall speed of a droplet with
radius r0 (always taken as positive), and H1/3 is the signif-
icant wave height. Equation (9) simply says that a droplet is
in the air, roughly, for as long as it takes to fall from its
formation height to mean sea level. When the data source
did not give H1/3, we computed it from Andreas and Wang’s
[2007] algorithm in the course of running the bulk flux
algorithm given by Andreas et al. [2008].
[25] To help us decide how to interpret the droplet sizes

reported in the sources in Table 1, we made plots to compare
tr and tf. Figure 3 is one such example. For droplet sizes
reported by de Leeuw [1986b], we computed tr and tf for
two mutually exclusive assumptions: that the reported
droplet size was r0 and that the reported size was req. For the
assumption that the reported size is r0, (8) and (9) are
immediately accurate. For the assumption that the reported
size is req, we first converted req to its associated r0 using
Lewis and Schwartz’s [2006] relation and then found tr and
tf for droplets of this size.
[26] In Figure 3, the tr and tf curves cross at r0 = 26 mm.

Smaller droplets remain suspended long enough to be near
req when they fall back into the sea. Larger droplets, in
contrast, are closer to r0 when they return to the sea. We
therefore interpret Figure 3 to mean that the assumption that
the reported droplet size is req is not true for droplets to the
right of this crossover: Most simply did not have enough
time to reach their equilibrium radius.
[27] In all other such plots that we made, the tr–tf

crossover was always in the vicinity of r0 = 20 mm. The
actual position depends on wind speed (through its influence
on H1/3) and relative humidity. We see in Figure 2 that many
of the droplets in our data set are larger than 20 mm and,
thus, must have been close to their initial radius, r0, when
observed. The smaller droplets in our data set were probably
closer to req when observed. We will keep this distinction in

Figure 2. Near‐surface spray concentrations reported by
the sources in Table 1.

Figure 3. The time scales tf and tr for the droplet sizes
observed by de Leeuw [1986b, Figure 2]. de Leeuw
reported the 10 m wind speed (U10), the relative humidity
(RH), and the significant wave height (H1/3). The plot shows
tf and tr computed for two assumptions: the observed
droplet size was the radius at formation, r0, and the observed
size was the equilibrium radius, req.
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mind when interpreting our results but will base all subse-
quent calculations on the assumption that the reported
droplet radius is r0.

4. Spray Production Velocities

4.1. Deposition Velocity

[28] Most modern treatments of the deposition velocity
build on models by Slinn et al. [1978], Slinn and Slinn
[1980], and Slinn [1983] for dry deposition to a water sur-
face [cf. Williams, 1982; Fairall and Larsen, 1984]. These
deposition models are presumed to be useful for connecting
the near‐surface droplet concentration to the rate of spray
generation under the assumption that the spray concentra-
tion is in equilibrium: what goes up must come down [e.g.,
Fairall and Larsen, 1984; Smith et al., 1993].
[29] In Appendix A, we derive the expression for the

deposition velocity that we use here. It is

VDh ¼ Vg þ Va

1þ Va

Vg
1� f �hð Þ

: ð10Þ

Here, Vg is still the terminal fall velocity of droplets with
radius r0, Va is another velocity that characterizes the rate at
which droplets of r0 cross the molecular sublayer on the air
side of the sea surface (see (A30)). This sublayer has
thickness

� ¼ 25
�

u*
; ð11Þ

where n is the kinematic viscosity of the air. Last, in (10),

f �h ¼ exp � Vg

k u*
ln

h

�

� �� �
¼ h

�

� ��Vg=ku* ð12Þ

is related to the vertical profile of droplets with radius r0 (cf.
equation (1)).
[30] In our conceptual picture [Fairall et al., 2009], the

spray concentration profile C(z,r0) is constant from the sea
surface up to height h. The effective spray generation
function, dF/dr0|z, is likewise assumed to be constant for
0 ≤ z ≤ h. Hence, we interpret dF/dr0|z=h as the dF/dr0 values
plotted in Figure 1 and C(h,r0) as the C0 values plotted in
Figure 2. The deposition velocity (10) then provides the
equality

dF=dr0 ¼ VDh C0: ð13Þ

For h in (10), (12) and (13), we take H1/3/2, the significant
wave amplitude [cf. Iida et al., 1992], which we have
already used as the key height for estimating residence
time, (9).
[31] de Leeuw’s [1986a, 1986b, 1987, 1990] measured

droplet concentration profiles are the basis for this concep-
tual model that consists of three layers: a molecular sub-
layer, a well‐mixed middle layer that extends up to the wave
crests, and the atmospheric surface layer. de Leeuw’s data
suggest that droplet concentration does not change much
with height below the crests of the waves but typically
decreases with height above the wave crests.
[32] Hoppel et al. [2002, 2005] also recently derived

expressions for the deposition velocity. Our result differs
from the one of Hoppel et al. [2002] because they consider
no molecular sublayer and assume that the concentration
and the spray generation at some reference height d are
essentially the surface values. (Notice, their d is comparable
in magnitude to our h.)
[33] The results of Hoppel et al. [2002, equation (34′)] and

Hoppel et al. [2005, equation (37)] for “no surface source”
have the same form as our (10) although the details of Va

differ. In Appendix A, though, we explain that (10) applies
both with and without a surface source of spray droplets.
Hoppel et al. [2005], on the other hand, derive a different
expression for the deposition velocity in the presence of a
surface source of spray.
[34] Figure 4 shows the deposition velocity for several

values of the 10 m wind speed, U10. We use the Andreas
et al. [2008] bulk air‐sea flux algorithm and the conditions
given in Figure 4 to compute quantities necessary for
calculating VDh from (10), like u* and H1/3.
[35] Figure 4 has features similar to other plots of depo-

sition velocity in the literature [e.g., Giorgi, 1986; Smith
et al., 1993; Hoppel et al., 2002]. The dashed line shows
Vg, the terminal fall speed. For droplets larger than about
30 mm, the deposition velocity is essentially Vg. For smaller
droplets, VDh deviates more and more from Vg as wind
speed increases. This enhanced deposition velocity is a
consequence of our including Brownian diffusion through
the molecular sublayer and turbulence‐induced droplet
inertia in the formulation for VDh. Turbulent mixing, which
increases with increasing wind speed, allows droplets to
cross the molecular sublayer more rapidly than gravitational
settling does. Of course, processes and parameterizations for
the molecular sublayer are the least certain in this analysis
[e.g., Slinn, 1983].
[36] Equation (12) is part of the traditional solution for the

droplet concentration profile [e.g., Hoppel et al., 2005]. As

Figure 4. Calculations of the deposition velocity VDh at
height h = H1/3/2 for values of the 10 m wind speed, U10,
between 5 and 30 m s−1. Air temperature was assumed to be
10°C; surface temperature, 11°C; relative humidity, 80%; sur-
face salinity, 34 psu; and barometric pressure, 1000 mbar. The
dotted line shows the terminal fall speed, Vg, which is the
same as VDh for large radii.
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such, the Vg/ku* term is typically taken as an indicator
of whether a droplet of radius r0 will fall back into the
ocean locally or remain suspended [e.g., Wu, 1982]. When
Vg/ku* > 1, gravitational settling dominates turbulent sus-
pension. When Vg/ku* < 1, turbulent suspension dominates,
and vertical concentration gradients are small.
[37] Figure 5 shows our calculations of Vg/ku* for each

set of droplet radii and environmental conditions listed in
Table 1. Depending on wind speed, the traces in Figure 5
cross the Vg/ku* = 1 threshold for r0 values between 25 and
66 mm. Data collected in lower winds cross to Vg/ku* > 1 at
smaller radii than do data collected in higher winds. These
results are supplementary to the tf–tr analysis in Figure 3
and highlight three regimes in our data set. For r0 > 66 mm,
all droplets would return quickly to the surface and
would have had radii near r0 when they were observed. For
r0 < 26 mm, droplets fall more slowly and were probably
closer to a radius of req when they were observed. For
26 ≤ r0 ≤ 66 mm, the observed droplets were in transition
between a radius of r0 and a radius of req. Of course, we can
apply specific limits to every trace in Figure 5, but these
general guidelines will focus our subsequent discussion.

4.2. Wind Speed at the Wave Crest

[38] Anyone who has watched the sea in high winds has
seen spray droplets forming near the wave crests and being
swept upward by the wind. These droplets have an obvious
vertical component to their velocity that should, intuitively,
be related to the local wind speed and to the steepness of the
waves [cf. Fairall et al., 2009]. In other words, if the near‐
surface wind is traveling faster than the waves, it follows
streamlines dictated by the local water surface and, thus, will
have an upward component when it reaches the wave crests.
This local wind drags spray droplets away from the surface.

[39] We can predict the magnitude of the upward wind
component from the wave steepness S. A traditional defi-
nition of wave steepness is wave height over wavelength
[e.g., Kinsman, 1965, p. 11; Tucker and Pitt, 2001, p. 85f.].
Therefore, if we suppose again that a representative height
of the wave crests above mean sea level is A1/3 = H1/3/2 and
denote the mean wind speed at this height as UA1/3

, geometry
implies that the vertical component of the wind at the wave
crest is

Wcr ¼ UA1=3
S: ð14Þ

[40] When waves are breaking and creating spray, how-
ever, a wave steepness based on the significant wave height
and the wavelength of the dominant waves is not a good
model for the sea surface slope on the windward face of
breaking waves. Massel [2007, chap. 4] discusses the dif-
ference between this “global” steepness, which is in the
range of 0.01–0.1 [Kinsman, 1965, p. 11; Tucker and Pitt,
2001, p. 86; Massel, 2007, p. 116ff.] and the local steep-
ness near the crests of breaking waves. This local steepness
is found to have values between 0.2 and 1 [Massel, 2007,
Tables 4.1, 4.7, 4.8, and 4.9]. Consequently, from (14), the
vertical velocity component carrying spray up from the
crests of breaking waves can have a magnitude that is of
the same order as UA1/3

.
[41] Mueller and Veron’s [2009a] numerical modeling

supports this conceptual picture. The ratio of their modeled
near‐surface vertical velocity over the windward face of
waves to the local horizontal velocity approximately equals
the local wave slope.
[42] Because our data sets do not include enough wave

details to let us calculate S, we simply use UA1/3
as an

Figure 5. Calculations of Vg /k u* as a function of the radius at formation, r0, for each of the data sets
listed in Table 1. The line at Vg /k u* = 1 traditionally separates regimes in which gravitational settling
dominates turbulent suspension (above the line) and vice versa (below the line).
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estimate of Wcr. We calculate UA1/3
from the standard sur-

face‐layer profile relation [e.g., Garratt, 1992, p. 53]:

UA1=3
¼ u*

k
ln A1=3=z0
� ��  m A1=3=L

� �	 

: ð15Þ

In this, k is, again, the von Kármán constant; z0 is the
roughness length for wind speed; L is the Obukhov length, a
stratification parameter; and ym is a known function of
stratification. The bulk flux algorithm [i.e., Andreas et al.,
2008] that is the “front end” of all our subsequent compu-
tations provides u*, z0, L, and ym from the conditions listed
in Table 1.

4.3. Turbulent Diffusion of Droplets

[43] Once created, droplets are carried up and down by
turbulence. Because of their mass, spray droplets cannot
follow the turbulence exactly, however. The Langevin
equation is therefore often used recursively to model droplet
trajectories in a turbulent flow [e.g., Edson and Fairall,
1994; Pattison and Belcher, 1999]. Since the vertical
velocity component is responsible for carrying droplets
away from the sea surface, we focus only on it:

wd tþDtð Þ ¼ 1� Dt

�L;d

� �
wd tð Þ þ �wd

2Dt

�L;d

� �1=2

�: ð16Þ

Here, wd is a droplet’s instantaneous vertical velocity; t is
the current time; Dt is the time step; tL,d is the droplet’s
Lagrangian integral scale, a measure of the droplet’s mem-
ory of past motions; swd is the standard deviation in the
vertical velocity of the droplet; and x is a random number
chosen from a normal distribution with zero mean and unit
variance.
[44] We are not going to do any droplet trajectory mod-

eling but present (16) as our motivation for focusing on swd
as a third potential velocity scale for predicting spray pro-
duction. This quantity usually takes a from like [e.g., Meek

and Jones, 1973; Edson and Fairall, 1994; Pattison and
Belcher, 1999]

�wd ¼ �w

1þ �ð Þ1=2
: ð17Þ

In this, sw is the standard deviation in the vertical velocity
of the fluid, which we take as [e.g., Panofsky and Dutton,
1984, p. 160; Kaimal and Finnigan, 1994, p. 16]

�w ¼ 1:25 u* ð18Þ

in neutral stratification. We could add stratification effects to
(18) following Kaimal and Finnigan [1994, p. 16], for
instance; but that minor tuning is unwarranted at this stage
of our investigation.
[45] The c in (18) parameterizes how droplet inertia re-

duces swd from sw. We write it as

� ¼ Vg r0ð Þ
g �L

: ð19Þ

Here, c is size‐dependent because it includes the droplet’s
terminal fall speed, Vg. Also in (19), g is the acceleration of
gravity; and tL is the Lagrangian integral scale of the tur-
bulence [Pattison and Belcher, 1999],

�L ¼ 0:4z

u*
: ð20Þ

In (20), we ultimately take the height z to be the significant
wave amplitude, A1/3.
[46] On combining (17)–(20), we obtain our prediction for

a representative vertical diffusion velocity for spray droplets:

�wd ¼
1:25u*

1þ Vgu*
0:4gA1=3

� �1=2
: ð21Þ

Notice, small droplets (for which Vg is very small) follow the
turbulent flow well. As droplet size (and, thus, Vg) gets large,
swd should become progressively less than sw = 1.25u*.
[47] Figure 6 shows, however, that we are not considering

droplets large enough for their inertia to decreaseswd bymuch.
Furthermore, because in our algorithm A1/3 goes roughly as
the square of the wind speed, droplet mass has a diminishing
effect on droplet motion as the wind speed increases.

4.4. Ejection Velocity

[48] When an air bubble in a whitecap rises to the surface
and bursts, it creates many, many small “film” droplets from
the bubble cap and six or seven [e.g., Spiel, 1994] larger
“jet” droplets from the water jet formed at the base of the
collapsing bubble cavity. In the laboratory, Blanchard
[1963, Figure 12] measured the ejection velocity, Vej, of
the top jet droplet and related it to the diameter of the parent
bubble. Blanchard [1963, Figure 9] also related the size of
the top jet droplet to the diameter of the parent bubble. We
combined the results of these two figures into a look‐up
table that gives the ejection velocity as a function of initial
droplet radius. Figure 7 shows the upward velocity with
which the top jet droplet is ejected, Vej.

Figure 6. Calculations from (21) of the standard deviation
in droplet diffusion velocity, swd. Conditions are as in
Figure 4.
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[49] Rouault et al. [1991] used a numerical model to
calculate backward to the implied ejection velocity from
maximum droplet ejection heights reported by Blanchard
[1963]. Dekker and de Leeuw [1993] constructed a physics‐
based model of spray production and, thus, necessarily also
had to predict Vej. Figure 7 also shows ejection velocities
from these two groups. Although neither set of estimates

spans the radius range that Blanchard’s [1963] data does,
the three sets agree well in the radius region that they share.
[50] Spiel [1995, 1997] made laboratory measurements of

ejection velocities of the first few jet droplets, but the
smallest droplets he treated were more than ten times larger
than Blanchard’s [1963] smallest droplets. Spiel also found
that ejection velocities of lower droplets in the jet set were
smaller than for the top droplet. Figure 7 shows that, in the
radius region where their measurements overlap, Spiel’s and
Blanchard’s ejection velocities for the top jet droplet are
comparable.
[51] Although Vej is associated specifically with bursting

bubbles and, in the ocean, bursting bubbles cluster in
whitecaps, it is not illogical for us to use Vej as a candidate
for the spray production velocity. Remember, we interpret
dF/dr0 and C0(r0) in (5) as areal averages despite the het-
erogeneity in spray production. Likewise, we interpret Vej as
an areal average (with the values shown in Figure 7), in
exact analogy with dF/dr0.
[52] Furthermore, though Vej admittedly should explain

only the production velocity of jet droplets, we consider it as
our fourth and final candidate velocity because the pro-
duction of jet droplets presumably dominates dF/dr0 for
intermediate r0 values.

5. Effective Production Velocity

[53] Using (5), we calculated the effective spray produc-
tion velocity Veff implied by dF/dr0 and the concentration
data in Figure 2. Figure 8 is a plot of these velocities.
[54] Again, the two data points from de Leeuw [1990] for

a wind speed of 7.7 m s−1 are outliers on this plot.
Preobrazhenskii’s [1973] data for droplets with radii smaller
than 20 mm produce large velocities because, we believe, his
sampling was inefficient in catching these small droplets; C0

Figure 8. The effective spray production velocity computed from (5), the concentration data displayed
in Figure 2, and the joint Monahan et al. [1986] and Fairall et al. [1994] spray generation function (i.e.,
Figure 1).

Figure 7. Estimates of the ejection velocity, Vej, of the top
jet droplet inferred from laboratory measurements by
Blanchard [1963, Figures 9 and 12]. The solid curve is
the range of Blanchard’s data. The dotted lines are our
extrapolations so we can span droplet sizes from 0.5 to
500 mm. For comparison, we also show estimates from
Rouault et al. [1991] and Dekker and de Leeuw [1993] and
Spiel’s [1997] laboratory results.
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in (5) is thus too small, and Veff is too large. The other data
in Figure 8 are quite consistent: Veff has a range of only
about one order of magnitude for any of the observed radii.
[55] To see whether any of our candidate production

velocities, Vcan, can predict the effective production veloc-
ity, we show in Figures 9–12 the velocity ratios Vcan/Veff,
where Vcan is VDh, UA1/3

, swd, and Vej, respectively. If Vcan

is a good predictor of Veff, the ratio will be near one; but any
ratio between 0.2 and 5 indicates good agreement because of
the uncertainty in dF/dr0.

[56] Figure 9 suggests that the deposition velocity is a
poor predictor of spray production. Except for a few points
with r0 < 10 mm, for de Leeuw’s [1990] two suspect points,
and for Monahan’s [1968] two largest droplet sizes, VDh is
typically an order of magnitude or more smaller than Veff.
Although uncertainty still exists in some aspects of model-
ing VDh, most computed values in the literature are com-
parable to ours. That is, our computed VDh values are
unlikely to be 10–100 times too small.

Figure 9. The ratio of computed deposition velocity, VDh, to effective spray production velocity, Veff

(see Figure 8), as a function of initial droplet radius, r0.

Figure 10. As in Figure 9, except this shows the ratio of mean wind speed at the wave crests, UA1/3
, to

Veff.
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[57] Using VDh to predict spray generation presumes
equilibrium between upgoing and depositing droplets. This
assumption of equilibrium should get progressively better as
droplet size increases but, intuitively, should be appropriate
for all droplets for which Vg/ku* > 1. Remember, Vg/ku* is
larger than one for all data in our set for which r0 > 66 mm
(Figure 5). The boundary layer mixing time to reach steady
state [Fairall and Larsen, 1984] suggests a similar conclu-
sion. For droplets of radius greater than about 66 mm, the

mixing time to reach steady state is about one hour; but that
mixing time approaches a day for smaller droplets.
[58] In Figure 9, however, droplets near this limit of

66 mm are still near the minimum in VDh/Veff. As droplet
radius increases above this critical radius, VDh/Veff does
climb toward one. Although we do not have enough data for
large droplets to confirm this result, we speculate, on the
basis of Figure 9, that VDh becomes comparable to Veff only
for droplets with r0 larger than 200 mm. Notice, too, from

Figure 11. As in Figure 9, except this shows the ratio of the standard deviation in vertical droplet
velocity, swd, to Veff.

Figure 12. As in Figure 9, except this shows the ratio of the ejection velocity, Vej, based on Blanchard’s
[1963] observations, to Veff.
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Figure 4, that VDh is essentially Vg for all droplets with
r0 > 30 mm.
[59] Because VDh is a removal velocity, to estimate the

production velocity from it, we should formally add the
removal velocity at the top of the boundary layer [e.g.,
Fairall and Larsen, 1984; Hoppel et al., 2002]. This latter
velocity is the entrainment velocity at the top of a growing
boundary layer, We. Consequently, the candidate effective
velocity that is related to VDh should be VDh + We.
[60] Because We is on the order of 1 cm s−1 [e.g., Fairall

and Larsen, 1984; Stull, 1988, pp. 478 and 483], adding it to
VDh could have a big effect for droplets with radii of about
20 mm and smaller (see Figure 4). In our data set, however
(for which radii generally are 5 mm and larger), VDh + We is
approximately twice as large as just VDh for droplets up to
10 mm. For larger droplets, adding We to VDh would have a
negligible effect. As a result, in Figure 9, points for which r0
is 10 mm or less would move a bit closer to one (by
approximately 0.1); larger droplets would move negligibly
upward. Hence, our results are largely unaffected by our
ignoring We.
[61] Figure 10 shows the ratio of mean wind speed at the

wave crests, UA1/3
, to the calculated effective spray pro-

duction velocity. For small droplets, UA1/3
is much larger

than Veff; but for droplets with radii r0 from 20 to 300 mm,
UA1/3

/Veff is close to one. It appears that, for these larger
droplets, spray production is closely associated with the
local wind speed. Or, at least, the local wind speed is largely
responsible for transporting droplets formed near the water
surface to heights where they can be observed. Of course,
the target U1/3/Veff = 1 relies on our assumption that the
local steepness of breaking waves is near one.
[62] Figure 11 shows the ratio swd/Veff, where swd is the

calculated standard deviation in vertical droplet velocity.
From (21) and Figure 6, we saw that this velocity is basi-
cally 1.25u*. For larger droplets (radii of 20 mm and larger),
swd is too small to explain droplet production. But for the
smallest droplets in our data set, swd is within a factor of
five of our calculated production velocity. In section 6, we
will discuss whether this agreement between swd and Veff

for these small droplets reflects appropriate physics or is just
coincidence.
[63] Finally, Figure 12 shows our results for Vej/Veff,

where Vej, from Blanchard’s [1963] laboratory measure-
ments, is an upper bound on the ejection velocity of jet
droplets [cf. Spiel, 1995, 1997]. For r0 > 20 mm, Vej is close
to or somewhat less than Veff. Moreover, for r0 > 30 mm,
Vej/Veff is almost independent of radius. This is the longest
range for which Vcan has the same radius dependence as Veff

in any of our plots of candidate production velocity (i.e.,
Figures 9–12). For droplets smaller than 20 mm, Vej is much
larger than Veff.
[64] Spume droplets (spray droplets with r0 ≥ 20 mm

[Andreas, 2002] that are produced when the wind tears them
from the wave crests) do not begin forming until the wind
reaches a threshold speed. This threshold speed is in the
range 8–11 m s−1 [Monahan et al., 1983; Andreas et al.,
1995] and corresponds well with the transition to Beaufort
force 5, which includes in its definition “chance of some
spray” (meaning spume).
[65] Some of our droplet concentration data were col-

lected in wind speeds below this spume threshold, but most

come from this range or in winds above it. Indeed, for the
radius range in Figure 12 where we find Vej/Veff to be
constant (that is, for r0 > 30 mm), only one point from de
Leeuw [1986a], for which the wind speed 7 m s−1 is
below the spume threshold, is within this radius range. All
other concentration observations should include some
spume droplets. Because Vej is explicitly the production
velocity of jet droplets, the behavior of Vej/Veff in Figure 12
is thus puzzling. We can only speculate that, for the wind
speeds represented in our data set, jet droplets rather than
spume droplets still dominate the concentration data for the
larger sizes.

6. Discussion

[66] Figures 10 and 12 show that Veff is much smaller
than the candidate production velocities UA1/3

and Vej for the
smallest droplets in our data set: droplets with r0 less than
10–20 mm. Figures 3 and 5 help explain this result. For these
smaller droplets, gravitational settling and turbulent depo-
sition are simply too slow to offset surface production. In
other words, droplets in this size range were not produced
locally; hence, the C0 values in Figure 2 are too large to be
closely associated with local production. Consequently, the
Veff values implied by these concentration data are too
small.
[67] A caveat of this conclusion is that the near‐equality

between swd and Veff (Figure 11) for radii smaller than
r0 = 10 mm is a coincidence. Because the calculated Veff in
this range is not a meaningful production velocity, a simple
velocity parameter like swd cannot explain it.
[68] For droplet radii less than 20 mm, our spray generation

function is or is closely related to the Monahan et al. [1986]
function [Andreas, 1992, 2002]. Monahan et al. [1986]
obtained the size distribution and production rate for drop-
lets in this range from a laboratory whitecap simulation
tank. Before creating a whitecap in their tank, they pumped
all of the residual droplets out of the head space and,
therefore, knew that droplets they observed were produced
in the new whitecap. As a result, we know that, in the size
range r0 < 20 mm, the dF/dr0 that we use in (5) to estimate
Veff is the rate at which bubble‐derived droplets are pro-
duced locally.
[69] For naturally produced small droplets, however, the

local concentration at an observation site results from the
accumulated production and removal over the last day in an
air mass that may have traveled several hundred kilometers.
Moreover, because spray production is highly nonlinear
with wind speed, the measured mean droplet concentration
will be greater than the concentration predicted by the local
mean wind speed. The net effect is that nonlocally produced
droplets included in the observations of droplet concentra-
tion, C0 in (5), would make Veff unnaturally small.
[70] The inevitable conclusion is that no candidate

velocity exists that satisfies the model

dF=dr0
Vcan

¼ C0 r0ð Þ ð22Þ

in the size range r0 < 20 mm.
[71] For droplets with r0 > 20 mm, on the other hand, both

UA1/3
and Vej seem to be reasonable candidates for Vcan in
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(22). Choosing UA1/3
makes physical sense because the steep

wavefront ahead of the crest of a breaking wave converts
UA1/3

into a vertical wind component of comparable magni-
tude that clearly lifts droplets away from the surface.
[72] Meanwhile, Vej explicitly models the upward veloc-

ity only of jet droplets. Perhaps the similarity between Vej

and Veff in Figure 12 for the larger droplets is merely for-
tuitous. Or maybe wind speeds were low enough in our data
set that jet droplet production dominated spume production.
We cannot expect jet production to continue dominating in
higher winds, whereas UA1/3

should still be a reliable pro-
duction velocity in higher winds.
[73] Throughout our analysis, we assumed that the droplet

sizes reported by the sources in Table 1 are radii at forma-
tion, r0. Figures 3 and 5, however, suggest that the smaller
droplets in our study may have been at or near req, the
equilibrium radius in the given conditions. From the dis-
cussion above, in which we concluded that the model (22) is
not relevant for droplets with r0 less than 20 mm, the
assumption about the reported droplet size would not alter
our findings.
[74] From Figures 3 and 5, we can also conclude that, for

the largest droplets in our study, the assumption that the
observed droplets still had radii at or very near r0 is good.
The turbulence simply was not able to keep these large
droplets suspended long enough for them to change radius
very much.
[75] For intermediate‐size droplets, say, those assumed to

have r0 values between 20 and 50 mm, ambiguity remains
over their size when they were observed. The effects of this
ambiguity on dF/dr0 and C0(r0) are compensating, however;
hence, calculated values of Veff change little. If the observed
droplet radius, r, is the result of evaporation for a droplet
with initial radius r0, the two radii are functionally related
[e.g., Andreas, 1990, 2005a]; say,

r ¼ f r0;T;RH; Sð Þ; ð23Þ

where f is a known function of r0, air temperature T, rel-
ative humidity RH, and sea surface salinity S.
[76] Hence, to find Veff from (5), instead of evaluating

dF/dr0 at r (i.e., dF/dr under the original assumption that r is
r0), we would need to evaluate it at r0 as computed from (23).
Because this radius is always larger than r, the new dF/dr0 is
always smaller that dF/dr (see Figure 1). The difference will
depend on r and r0; but because r0 is never more than four
times larger than r [e.g., Andreas, 2002], over the r0 range
10 to 100 mm, dF/dr0 will never decrease by more than a
factor of 8 (Figure 1).
[77] But C0 must similarly decrease. To get the true C0(r0)

from the observed C0(r), we convert using (23), as in (6) and
(7) [cf. Andreas, 2002]:

C0 r0ð Þ ¼ dr

dr0
C0 rð Þ: ð24Þ

Here, dr/dr0 is always less than one and is approximately r/r0.
[78] The upshot of these conversions is that the effective

velocity based on the assumption that r is r0 is not much
different than the corrected velocity:

Veff rð Þ ¼ dF=dr

C0 rð Þ � dF=dr0
C0 r0ð Þ ¼ Veff r0ð Þ: ð25Þ

Consequently, the Veff values in Figure 8, for example, are
still approximately correct for 20 ≤ r0 ≤ 50 mm; the appro-
priate radius for the depicted value might be somewhat
larger, however.
[79] Of course, using a different radius will also affect our

computations of some of the candidate velocities that appear
in the Vcan/Veff plots, Figures 9–12. Right away, though we
know that ambiguity in droplet size did not affect our dis-
cussion of UA1/3

or swd as the candidate velocity: UA1/3
is

independent of droplet size, and swd has negligible size
dependence for our sizes of concern.
[80] The deposition velocity, VDh, and the ejection

velocity, Vej, are strongly size dependent, however. Never-
theless, in the radius range of most concern, 20–50 mm, VDh

(Figure 4) would increase by a factor of 8–10 for a maxi-
mum factor‐of‐four radius increase; and Vej might decrease
by a factor of 4–5. Even these maximum ranges of potential
changes would not alter our interpretations of VDh/Veff and
Vej/Veff in Figures 9 and 12, respectively. The size uncer-
tainty for droplets with r0 in the range 20–50 mm does not
seem to have a large enough effect to change our original
conclusions about Vcan/Veff.

7. Conclusions

[81] Dimensional analysis suggests that the surface pro-
duction rate of sea spray droplets with initial radius r0, dF/dr0,
should be related to the near‐surface concentration of the
droplets, C0(r0), through an effective production velocity.
Using a reasonable model for dF/dr0 and 13 suitable sets of
observations of C0(r0), we have computed estimates of this
effective production velocity, Veff(r0), for radii r0 between
5 and 300 mm. The results have implications for inferring
dF/dr0 from measurements of C0 and for calculating the
near‐surface spray concentration profile, C(z,r0), from a
model for dF/dr0.
[82] We evaluated four candidate models for the effective

production velocity: the deposition velocity at height H1/3/2
( = A1/3), VDh; the mean wind speed at height H1/3/2, UA1/3

;
the standard deviation in the turbulence‐driven vertical
droplet velocity, swd; and the measured ejection velocity of
jet droplets, Vej. UA1/3

and Vej were the candidate models
closet to the calculated values of Veff. UA1/3

agreed with Veff

to within a factor of five for almost all r0 ≥ 20 mm. Vej

likewise agreed with Veff to within a factor of about five
over this same radius range and was best at explaining the
radius dependence of Veff in this size range. This good result
with Vej suggests that spume droplets do not dominate the
concentration data yet for radii between 20 and 300 mm and
for wind speeds up to 20 m s−1.
[83] VDh, the standard model for relating dF/dr0 and

C0(r0), typically under predicted Veff by 1–2 orders of
magnitude. Only for the largest droplets, r0 > 150 mm, was
VDh within a factor of 10 of the calculated Veff values. This
result implies that the assumption of equilibrium that under-
lies (3) and (4) is not valid and, furthermore, that spray
generation functions derived from (4) [e.g., Smith et al., 1993;
Hoppel et al., 2002] are probably too small [cf. Andreas,
1998].
[84] The estimated standard deviation in vertical droplet

velocity, swd, also generally under predicted Veff. But for
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r0 < 20 mm, swd and Veff were close. We presume, however,
that this agreement is a coincidence.
[85] On estimating droplet residence times, we conclude

that, in the marine atmospheric surface layer, the near‐surface
droplet concentration cannot be assumed to be in equilib-
rium with the spray production rate for droplets with r0 less
than about 20 mm. The residence time for these droplets,
based on gravitational settling, is too long for all of them to
be locally produced. Because of the nonlinear wind speed
dependence of surface production, all estimates of effective
production velocity computed as (dF/dr0)/C0(r0) are likely to
be biased low. The inevitable conclusion is that, for droplets
with radii less than about 20 mm, dF/dr0 and C0(r0) cannot
be related through any simple local velocity scale.
[86] For droplets larger than 20 mm, we recommend UA1/3

as the velocity scale for relating dF/dr0 and C0(r0). Although
the ejection velocity of jet droplets, Vej, produced results
comparable to UA1/3

for our data set, we do not expect Vej to
still be meaningful in higher winds when spume production
dominates jet droplet production for r0 > 20 mm. UA1/3

, on the
other hand, should still be a physically meaningful velocity
scale.
[87] Our analysis has been unable, however, to reduce the

uncertainty in dF/dr0 for large droplets (again, r0 > 20 mm).
For these droplets, UA1/3

and the computed Veff values agree
to within about half an order of magnitude. This is still the
typical uncertainty in estimates of dF/dr0.

Appendix A: Derivation of the Deposition Velocity

[88] The conservation equation for the number concen-
tration C(r) of droplets with radius r is [e.g., Fairall et al.,
1990, 2009]

DC

Dt
¼ � @Fz

@z
: ðA1Þ

Here, D/Dt is the material derivative, and Fz is the vertical
flux of droplets of radius r at height z:

Fz ¼ wc� Dd
@C

@z
� VgCþ wscþ Sc: ðA2Þ

In this, w and c are turbulent fluctuations in vertical velocity
and droplet concentration, the overbar denotes a time
average, ∂C/∂z is the vertical gradient in mean droplet
concentration, Dd is the molecular diffusion coefficient in air
of droplets with radius r, Vg is the terminal fall speed
(always positive in our convention), ws is the fluctuation in
air‐droplet slip velocity, and Sc (≡dF/dr|z) is the source
function at height z for droplets of radius r.
[89] This Sc has units of number of droplets of radius r

moving upward at height z per square meter per second. It
can be obtained from the volume source function Qc, which
has units of droplets of radius r created at height z per cubic
meter per second. That is, Sc comes from Qc as follows:

Sc zð Þ ¼
Z 1

z
Qc z0ð Þdz0: ðA3Þ

[90] The slip velocity, ws in (A2), is the difference
between the vertical wind velocity w and the droplet’s
vertical velocity. Large droplets can have a significant mean

slip velocity because of gravitational settling. Although
fluctuations in slip velocity average to zero, they may have
nonzero correlation with wind velocity fluctuations, espe-
cially near the surface where inertia may cause droplets to
deviate from the highly curved streamlines.
[91] When the concentration of droplets of radius r is near

equilibrium, (A1) implies that Fz is constant with height.
Call this constant Fz = F.
[92] We estimate the two covariance terms in (A2) from

surface‐layer similarity theory:

wc ¼ �K zð Þ @C
@z
; ðA4aÞ

wsc ¼ �	u* C: ðA4bÞ

Here, K(z) is the eddy diffusivity; g is a coefficient defined
below; and u* is the friction velocity and, as usual, is
assumed to be constant with height.
[93] The slip term wsc represents how droplet inertia

prevents the droplets from perfectly following the turbulent
air, which has turbulent vertical velocity w. Following
Fairall and Larsen [1984], we parameterize g as

	 ¼ C1=2
Dr

k
10�3=St; ðA5Þ

where CDr is the drag coefficient at reference height r
(usually 10 m) and k is still the von Kármán constant. Also
in (A5),

St ¼
Vgu2*
�g

ðA6Þ

is the Stokes parameter, where n is the kinematic viscosity
of air and g is the acceleration of gravity.
[94] Substituting (A4) into (A2) yields

F ¼ � Dd þ K zð Þ½ � @C
@z

� Vg þ 	u*
� �

Cþ Sc: ðA7Þ

We can solve this differential equation in C(z) with the
transformation

M z; rð Þ ¼ C z; rð Þ þ F� Sc
Vg þ 	u*

: ðA8Þ

[95] Because the (F − Sc)/(Vg + gu*) term is constant with
height, we can rewrite (A7) as

M ¼ � Dd þ K zð Þ
Vg þ 	u*

� �
@M

@z
ðA9Þ

or

1

M

@M

@z
¼ � Vg þ 	u*

Dd þ K zð Þ : ðA10Þ

This has the formal solution

ln
M z; rð Þ
M 0; rð Þ

� �
¼ �

Z z

0

Vg þ 	u*
Dd þ K z0ð Þ dz

0 � Iz: ðA11Þ
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[96] Fairall et al. [2000] show how to evaluate the inte-
gral under the assumption that

K zð Þ ¼ ku*z

1þ �
z

: ðA12Þ

Here, d is the thickness of the molecular sublayer for
droplets at the sea surface; it is

� ¼ 

�

u*
; ðA13Þ

where l ≈ 25. Then

ku*Iz ¼ ln z=�ð Þ þ ln k
Scð Þ1=2þ�

2
k
Scð Þ1=2 ðA14aÞ

¼ ln z=�ð Þ þ Rp: ðA14bÞ

Here, Sc = n/Dd is the droplet Schmidt number and is assumed
to be very large. Equation (A14) also defines Rp, which
parameterizes droplet transport by Brownian diffusion.
[97] On combining (A11) and (A14b), we obtain

ln
M z; rð Þ
M 0; rð Þ

� �
¼ �Vg þ 	u*

ku*
ln

z

�

� �
þ Rp

h i
: ðA15Þ

Using (A8) but assuming for the moment that there is no
source of droplets (i.e., Sc = 0), we evaluate (A15) in two
layers. In layer I, z ≤ d and g is nonzero. In layer II, z ≥ d
and g is zero.
[98] In layer I, from (A8),

M z; rð Þ ¼ C z; rð Þ þ F

Vg þ 	u*
ðA16aÞ

and

M 0; rð Þ ¼ C 0; rð Þ þ F

Vg þ 	u*
: ðA16bÞ

Consequently, from (A15),

M z; rð Þ
M 0; rð Þ ¼

Cz þ F

Vg þ 	u*

C0 þ F

Vg þ 	u*

¼ exp �Vg þ 	u*
ku*

ln
z

�

� �
þ Rp

h i
 �
;

ðA17Þ

where we have abbreviated C(z,r) as Cz and C(0,r) as C0.
[99] At z = d,

C� þ F

Vg þ 	u*

C0 þ F

Vg þ 	u*

¼ f 0�; ðA18Þ

where Cd ≡ C(d,r) and

f 0� � exp � Vg þ 	u*
� �

Rp

ku*

� �
: ðA19Þ

Solving (A18) for the (constant) droplet flux, we obtain

F ¼ � Vg þ 	u*
� �

C0 þ C� � C0

1� f 0�

� �
: ðA20Þ

[100] In layer II, where g = 0, we can evaluate M(z,r) at d
and at some height z > d as

ln
M �; rð Þ
M 0; rð Þ

� �
¼ �VgRp

ku*
ðA21aÞ

and

ln
M z; rð Þ
M 0; rð Þ

� �
¼ � Vg

ku*
ln

z

�

� �
þ Rp

h i
: ðA21bÞ

Therefore,

ln
M z; rð Þ
M �; rð Þ

� �
¼ � Vg

ku*
ln

z

�

� �
: ðA22Þ

Consequently, from (A8), still with Sc = 0,

Cz þ F

Vg

C0 þ F

Vg

¼ f �z; ðA23Þ

where

f �z � exp � Vg

ku*
ln

z

�

� �� �
¼ z

�

� ��Vg=ku* : ðA24Þ

[101] Equation (A23) leads to another expression for the
droplet flux:

F ¼ �Vg C� þ Cz � C�
1� f �z

� �
: ðA25Þ

[102] For the case of pure deposition and with the
assumption that the surface is a pure sink such that C0 = 0
[Giorgi, 1986], we can eliminate Cd from (A20) and (A25)
to obtain the deposition velocity. First, though, rewrite
(A20) as

F ¼ � Vg þ 	u*
� �

C�
1� f 0�

: ðA26Þ

Notice here that

Vg þ 	u*

1� exp � Vg þ 	u*
� �

Rp

ku*

� � � Vg þ 	u* þ ku*
Rp

: ðA27Þ

We canmake this approximation because (Vg + gu*)Rp/ku* is
large and exp[−(Vg + gu*)Rp/ku*] is, therefore, much less
than one.
[103] Equation (A26) thus becomes

F ¼ � Vg þ 	u* þ ku*
Rp

� �
C�: ðA28Þ
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Substituting Cd from this into (A25) then yields

F ¼ � Vg þ Va

1þ Va

Vg
1� f �zð Þ

Cz; ðA29Þ

where

Va � 	u* þ ku*
Rp

: ðA30Þ

The quantity

VDz � � Vg þ Va

1þ Va

Vg
1� f �zð Þ

ðA31Þ

is the deposition velocity at height z because it relates the
droplet concentration at z to the (constant) downward flux of
droplets.
[104] The one quantity that we have not discussed yet is

the droplet diffusivity, Dd. Pruppacher and Klett [1978, p.
361] give

Dd ¼ � T 1þ 
 Knð Þ
6���r

; ðA32Þ

where � (=1.380650 × 10−23 J K−1) is the Boltzmann con-
stant, T is the absolute temperature, r is the air density, and r
is the droplet radius. Also in (A32), Kn is the Knudsen
number,

Kn ¼ 
a
r
; ðA33Þ

where la is the mean free path of air molecules [Andreas,
2005b]; and [Pruppacher and Klett, 1978, p. 361]


 ¼ 1:257þ 0:400 exp � 1:10

Kn

� �
: ðA34Þ

[105] Next, we consider including the spray generation
function, Sc, in our analysis. Our conceptual picture is that
spray generation occurs close to the surface at 0 < z ≤ h,
where we will eventually take h as the significant wave
amplitude, h = H1/3/2. In this layer, Sc is independent of
height [cf. Iida et al., 1992; Fairall et al., 2009]. This is
essentially the assumption that we made to obtain (A9).
Above h, there is no source; so Sc = 0 here. Thus, (A9) is
still accurate in this region but with Sc set to zero.
[106] With this interpretation of Sc, (A20) becomes

F� Sc ¼ � Vg þ 	u*
� �

C0 þ C� � C0

1� f 0�

� �
: ðA35Þ

Likewise, when we replace z with h, (A25) becomes

F� Sc ¼ �Vg C� þ Ch � C�
1� f �h

� �
; ðA36Þ

where Ch ≡ C(h, r) is the droplet concentration at height h.
Because the surface sink is still perfect, C0 is still zero; and
(A35) and (A36) lead to a solution like (A29):

F� Sc ¼ � Vg þ Va

1þ Va

Vg
1� f �hð Þ

Ch: ðA37Þ

[107] Thus, even with a droplet source, the effective
deposition velocity at z = h still has the same form as (A31).
This expression for deposition velocity is therefore what we
use in (10). This development also explains why we focus
on the measured droplet concentrations at low level: We
require Ch, the droplet concentration at the approximate
amplitude of the significant waves.
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