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[1] Sea spray droplets are known to enhance the fluxes of
momentum, heat, and mass at the air-sea interface. Evalu-
ating these fluxes depends in part on the so-called “spray
generation function”, the size distribution of droplets gen-
erated. At high wind speeds, spray is empirically observed to
be plentiful near the ocean surface, however, the generation
function has remained elusive both theoretically and exper-
imentally. We report on a photographic laboratory experi-
ment designed to directly quantify spume droplets observed
at high wind speeds. The resulting sea spray concentra-
tion functions for spume droplets (diameter > 140 mm) are
reported for three high wind speed conditions (31.3, 41.2, and
47.1 ms�1). Our data suggest that large supra-millimeter
droplets are more prevalent than previously thought. We
also observed a previously unreported spray generation
mechanism whereby liquid sheets form at the crests of
breaking waves and generate, upon breakup, a significant
number of small spume drops. Citation: Veron, F., C. Hopkins,
E. L. Harrison, and J. A. Mueller (2012), Sea spray spume droplet
production in high wind speeds, Geophys. Res. Lett., 39, L16602,
doi:10.1029/2012GL052603.

1. Introduction

[2] In high wind speed conditions, it is well known that a
significant amount of sea spray is generated at the surface of
the ocean and gets subsequently transported in the marine
atmospheric boundary layer. In turn, these spray droplets are
believed to affect the multiple air-sea fluxes. Indeed, while
suspended in the air, even for a short time, water droplets
exchange heat, moisture, and momentum with the atmo-
sphere and evidence suggests that a significant amount of the
air-sea heat flux is carried by the sea spray [Andreas, 1992].
However, there is still no consensus as to the range of wind
speeds over which sea spray effects cannot be neglected.
[3] In order to quantify the spray effects, an adequate

knowledge of droplet physics, on a per-droplet basis, is cru-
cial. In that regard, works by Pruppacher and Klett [1978]
and Andreas [1990] have paved the way for numerous stud-
ies [e.g., Rouault et al., 1991; Andreas, 1992; Edson and
Fairall, 1994; Andreas, 1995; Edson et al., 1996; Mestayer
et al., 1996; Makin, 1998; Andreas and Emanuel, 2001;
Van Eijk et al., 2001]. Yet, while droplet microphysics and
dynamics are nowadays quite well understood and modeled,

the source function, that is the number distribution of spray
droplets generated at the ocean surface, remains elusive. This
is especially true for the larger droplets which, because of
their mass, fall back quickly into the ocean and may never
get suspended above the wave crests, thereby evading
conventional fixed height measurement techniques. These
large and heavy drops, however, have the largest potential
for exchanging momentum with the wind [Andreas, 1998].
Unfortunately, without accurate spray concentration esti-
mates, one cannot attempt reliable projections of the total
spray mediated fluxes.
[4] The largest sea spray droplets, also called spume

droplets, are created when water is ripped off a wave crest by
the wind [Andreas et al., 1995]. Spume droplets have dia-
meters generally larger than 40 mm and tend to form when the
wind speed measured 10 m above the surface, U10, reaches
7–11 ms�1. The wind speed threshold depends on other
surrounding conditions such as fetch and sea state [Andreas,
1995; Monahan et al., 1983; Mueller and Veron, 2009].
[5] Several previous experimental studies were performed

using imaging techniques to quantify sea spray droplets. For
example, Anguelova et al. [1999] recorded videos of spume
drops in a wave tank, but the resolution of their camera only
allowed them to capture extremely large drops with diameters
larger than 1300 mm. The imagery of Koga [1981] motivated
the work of Mueller and Veron [2009] who developed a the-
oretical model for the spume generation functions based on the
production mechanism of spume droplets through ligament
formation and dislocation. While this mechanism appears to
be supported by the imagery presented in this paper, we will
see that the spray concentration estimates diverge somewhat
from the measurements for large drops.
[6] At wind speeds higher than 20–30 ms�1, such as those

experienced in hurricanes, sea spray could significantly enhance
the air-sea fluxes. Previously, parameterizations that were
developed for low to moderate wind speed conditions had been
extrapolated to higher wind speeds [Andreas, 1998]. Recent
evidence, though, suggests that the knowledge acquired at
moderate wind speeds potentially leads to inaccurate projec-
tions at higher wind speeds [Emanuel, 1995; Donelan et al.,
2004], and that a regime change in the actual physics at the
air-sea surface occurs past wind speeds of 30–35 ms�1.
[7] This paper reports on a high speed and high resolution

photographic laboratory experiment aimed at examining the
sea spray generation mechanism and measuring the spume
concentration at high wind speeds where the surface waves
are strongly forced.

2. Experimental Setup

[8] Experiments were performed in the high wind speed
wind-wave tank in the Air-Sea Interaction Laboratory at the
University of Delaware. The wind-wave tank is 7.3 m long,
0.6 m high, 0.48 m wide and made of Plexiglas (see
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Figure 1). The water level was maintained at 40 cm. An
artificial beach was placed at the end of the tank to minimize
reflected waves and dissipate wave energy.
[9] In the experiments presented here, we studied three

wind speeds, U10 of 31.3, 41.2, and 47.1 ms�1. Two distinct
sets of experiments performed in fresh water are reported.
We first performed a series of experiments where we used a
high speed camera (Phantom 5.1) equipped with a 180 mm
zoom lens and mounted on a tripod outside of the tank
(Figure 1). The high speed camera acquired small frames
(1000 � 1000 pixels) at a rate of 1000 Hz and with an image
field of view of 6.38 cm � 6.38 cm; the crests of the waves
were usually visible in the field of view. The camera was
focused at a distance of 0.24 m from the back-side wall at a
fetch of 5.49 m. A fluorescent backlight module was fixed to
the back-side wall of the tank to provide a uniform contin-
uous lighting. The spatial resolution in the remaining air-side
of the image was not sufficient to accurately measure droplet
size distributions over a satisfactory range of droplet radii.
However, the high temporal resolution permitted a detailed
look at the evolution of the spray generation processes and
allowed us to gain insight into the physical mechanisms
responsible for spray generation at these high wind speeds.
A total of 10 high speed imaging segments, 4 s each, were
acquired for each wind speed (see Figure 2 for example).
[10] In order to acquire reliable drop size distributions,

a second series of experiments were performed using a high
resolution camera (Nikon D300) equipped with a 180 mm
zoom lens. The camera was mounted on a tripod perpen-
dicular to the tank wall and took vertically oriented images
(4288 � 2848 pixels) in the along-wind plane. This pro-
duced a field of view of 5.26 cm (vertically) by 3.49 cm
(horizontally) with the bottom of the image placed 5.99 cm
above the still water level. Focus depth and fetch were
identical to that of the high speed imager. A 60 mA, 20 cm�
10 cm, LED light module was fixed to the back side wall of
the tank to provide uniform flashed lighting. The image
resolution was 12.27 mm/pix and the depth of field was
2 cm. The camera and backlight were synchronized and
triggered by a pulse generator. The backlight was set in flash
mode with a flash duration of 35 ms; this provided enough

Figure 1. Schematic of the experimental setup in the small wind-wave tank at the University of Delaware’s Air-Sea Inter-
action Laboratory.

Figure 2. Images of the surface and spray generation taken
with the high speed camera at a rate of 1000 fps. Each image
is 6.38 cm � 6.38 cm and separated by 5 ms. The formation
of a large globule/filament that subsequently fractionates
into several drops is clearly visible. The 10-m equivalent
wind speed is U10 = 31.3 ms�1.
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illumination while being short enough to essentially freeze
the drop motion, preventing smearing, and providing clear,
sharp images. The experiments were done in total darkness
so that the LED flashes were the sole source of illumination.
For all three wind speeds, a total of 1200 images were
acquired at randomly spaced time intervals to avoid imaging
the same drops multiple times and to avoid aliasing with the
surface wave phase. Images that captured the water surface
in the picture were not processed. This occurred at the
highest wind speed in 3.4% of the images and at the lowest
wind speed in 1.8% of the images. After some simple
binarizing (at 97% brightness level), the drops, which then
appear clearly, are measured and counted. Drops with an
area of less than 100 pixels yielded significant error in
measuring the radius and were thus discarded. This corre-
sponds to drops with diameters less than approximately 140
mm. The total number of drops detected in the 1200 analyzed
images for each wind speed is given in Table 1.
[11] Finally, a Pitot tube and pressure transducer were

placed just downwind of the imager’s field of view to
determine the reference wind speed profile. Measurements
were taken five times each at heights of 8, 8.5, 9, and 9.5 cm
above the still water surface at 200 Hz for 90 s and averaged
for each height and wind speed. Those mean wind speed
values as a function of height were fitted with the law of the
wall to extrapolate U10 values, friction velocity, u∗, and drag
coefficient, CD10N

. These extrapolated values are used for
practical comparison to other laboratory and field measure-
ments and are shown in Table 1. Also, an optical wave
gauge with which the surface elevation can be detected, was
placed 2 cm upstream of the drop imaging field of view. It
consisted of a digital video camera (Jai-Pulnix CV-M2CL)
and a 500 mW Argon ion laser whose beam was directed
vertically and intersecting with the interface. The camera
was working with a reduced horizontal image size such that
the sampling frequency could be set at 200 Hz.

3. Results

[12] The high speed imagery was primarily used to gain
insight into the physical mechanisms responsible for the
generation of spume. Figure 2 shows a sequence of images
separated by 5 ms taken at a wind speed of U10 = 31.3 ms�1.
The breaking wave front is clearly visible and propagated
from left to right. On this breaking front, an elongated
globule/filament appears to be ejected from the breaking
front and elongated by the wind. It subsequently fractionates
rapidly into numerous daughter droplets. This frequent phe-
nomenon appears to be a dominant mechanism for spume
drop generation. It is very similar to that described by
Marmottant and Villermaux [2004] and reminiscent of the
observations of Koga [1981] and Anguelova et al. [1999]

which are the basis for the spray generation model of
Mueller and Veron [2009].
[13] Also, we wish to highlight observations of a previ-

ously unreported spray generation mechanism. Figure 3
shows a series of high speed images taken at a 1 ms inter-
val and for a wind speed ofU10 = 31.3 ms�1. Besides another
filament that has already fractionated, the images show the
formation, on the breaking front of a wave, of a sheet of water
that is inflated by the airflow (indicated by the arrows). This
“balloon” grows and eventually bursts creating a large

Table 1. A Summary of the 10-m Wind Speed, Friction Velocity, 10-m Neutral Drag Coefficient, Total Number of Counted Drops, and
Droplet Mass Concentration in the Air, for Each of the Three Experimental Conditions

Wind Speed
(U10 ms�1)

Friction
Velocity (u*)

Drag Coefficient
(CD10N

) Number of Drops
Mass Concentration

(kg m�3)

31.3 1.29 1.7 � 10�3 3867 4.79 � 10�3

41.2 1.98 2.3 � 10�3 7376 7.41 � 10�3

47.1 2.33 2.4 � 10�3 13175 17.07 � 10�3

Figure 3. Images of the surface and spray generation taken
with the high speed camera at a rate of 1000 fps. Each image
is 6.38 cm � 6.38 cm and separated by 1 ms. The arrow
shows a liquid sheet inflated by the airflow and its subse-
quent fractionation that yields to the generation of small
water drops which are transported in the airflow. The 10-m
equivalent wind speed is U10 = 31.3 ms�1.

VERON ET AL.: SEA SPRAY IN HIGH WINDS L16602L16602

3 of 5



number of small droplets while the edge of the remaining
water sheet collapses into a filament that eventually breaks as
well. The breakup of liquid sheets has been extensively
looked at in numerous engineering studies (see Villermaux
[2007] for a review) but this is the first time, to the best of
the authors’ knowledge, that this phenomenon is observed as
the result of an instability of surface waves forced by the
wind. The event shown in Figure 3 is not isolated and similar
events were frequently observed in the video record (at least
once in each 4 s high speed video segment). We suspect that,
while it is unlikely to occur in low wind speed situations, it is

a recurrent occurrence in high winds and strongly forced
waves such as the ones observed here at this short fetch.
However, these observations of this previously unobserved
physical phenomenon cover an insufficient range of wind
speed and fetch conditions to establish the parameter range
over which it might be significant in the generation of sea
spray in high winds. Clearly, more investigations of this
generation mechanism are needed.
[14] While the high speed imagery allows us to gain insight

into the physics at play, the image resolution is insufficient to
determine the spray size distribution over a satisfactory radii
range. To this end, a second series of experiments was per-
formed whereby high resolution digital images were taken,
albeit at a much lower rate. From these images, the sea spray
size distribution was determined by sorting the spray drop
diameters into 20 size bins which were logarithmically
spaced, with diameters centered from 196 mm to 5510 mm.
The drop count in each diameter bin was then normalized by
the measurement volume (3.49 cm � 5.26 cm � 2 cm) and
averaged for all the images used. This led to spectral con-
centration function dC/dD, i.e., the number of drops per m3

of air, per diameter increment. These concentration functions
are shown in Figure 4 (symbols). Our results indicate that
the drop number concentrations behave as dC/dD � D�3

to dC/dD � D�5 for the larger drops. The measured drop
concentrations also show a significant fraction of supra-
millimeter size drops which are significantly larger than the
Hinze scale (indicated with the arrow), the size at which
turbulent breakup dominates the fractionation process.
[15] In addition, Figure 4 shows the concentration function

of Fairall et al. [1994], considered a relatively robust esti-
mate, as well as the source function derived in some of our
previous work [Mueller and Veron, 2009] (light gray) and the
concentration function that can be inferred from it. The
source or generation function corresponds to the spectral
drop flux through the interface, i.e., number of drops gener-
ated per m2 of sea surface per s per diameter increment. The
source function is what is generally needed to estimate the
spray mediated fluxes but is typically very difficult to mea-
sure. It is therefore usually either modeled or inferred from
the concentration function dF/dD = V(D)dC/dD where V(D)
is an assumed drop flux velocity (a drop generation velocity).
Consequently, on Figure 4, the difference between the mea-
sured concentration (symbols) and the modeled source
functions (gray area) is the generation velocity V(D) that is
required to reconcile the measured concentration and the
modeled source function. Here, instead of using a prescribed
modeled wave spectrum as in the original formulation of
Mueller and Veron [2009], we have refined the original for-
mulation and used the actual measurements of the wave
spectrum as an input to the model. We also used V(D) sug-
gested by Fairall et al. [1994] to infer dC/dD from the work
of Mueller and Veron [2009].
[16] Figure 4 shows that neither the concentration function

of Fairall et al. [1994] nor the source function of Mueller
and Veron [2009] appear to reproduce the observed num-
ber of very large droplets. The source function of Mueller
and Veron [2009] clearly underestimates the production of
large supra-millimeter size drops. The model of Fairall et al.
[1994], while better, also falls short for the largest droplets
measured here. In fact, one can estimate that the production
velocity that can be inferred from the concentration mea-
surements and generation function (see Andreas et al. [2010]

Figure 4. The spume drop concentration function dC/dD
for (a) U10 = 31.3 ms�1, (b) U10 = 41.2 ms�1, and (c) U10

= 47.1 ms�1. Also shown are the spray concentration func-
tions dC/dD from Fairall et al. [1994] and that inferred from
Mueller and Veron [2009]. The model ofMueller and Veron
[2009] (thick gray lines) shows the whole range of droplets
that are generated (upper range) and those that are expected
to stay suspended in the airflow (lower range). For complete-
ness, we also show the generation function dF/dD from
Mueller and Veron [2009] (in light gray) from which dC/
dD is inferred.
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for details) leads to drop residence times and consequent
ejection heights that are impossibly small (smaller than the
drop size). Therefore, we find the present measurements
puzzling because of the prevalence of numerous large drops
that are not predicted by commonly accepted spume gener-
ation functions.
[17] A frequent spray mechanism that was observed with

the high speed imaging is the formation of elongated glo-
bules or filaments on the front face of a breaking wave.
These filaments subsequently break up into a number of
daughter droplets. This breakup process is in fact the basis
for the predictions of Mueller and Veron [2009] which
actually fails to reproduce the large drops observed. One
possible explanation for this discrepancy, which would also
support the presence of large drops, is the estimation of the
Hinze scale in the model. Indeed, the Hinze scale relies on
estimates of the turbulent kinetic energy dissipation, which in
the presence of a moving free surface and (breaking) waves
can vary by several orders of magnitude in the vertical. Con-
sequently, the Hinze scale also varies significantly with height
and these measurements were done relatively close to the
surface where the turbulence is expected to be somewhat
reduced by the presence of the boundary. In addition, the
generation of spume which is likely coincident with breaking,
may be influenced by the strong alongwave horizontal mod-
ulation of the turbulence (and dissipation) when airflow sep-
aration occurs [Veron et al., 2007]. Lastly, it is probable that
these large drops fall back quickly and remain within a wave
height of the surface. Therefore, these drops surely evade the
routine spray concentration measurements that are made using
fixed platforms from which most theoretical estimates are
based. Despite their short lifetime, the aggregated effect of
these large drops on the total air-sea momentum and heat
fluxes is impossible to assess without an adequate estimate of
the associated generation function.

4. Conclusion

[18] We have performed a series of laboratory experiments
where both high speed and high resolution images were
obtained to study, in high wind speed conditions, the sea spray
generation mechanism and sea spray concentrations respec-
tively. The observed concentration distributions of the spume
reveal the presence of numerous large drops that are not
accounted for in theoretical estimates of the spray generation
function. The existence of these large drops could result from
intermittency and local spatial variability in the near surface
turbulence. Their relevance to the total air-sea fluxes remains
undetermined. In addition, we also observed a previously
unknown generation mechanism. Liquid sheets form at the
crests of breaking waves and are subsequently inflated by the
airflow. These “bubbles” eventually breakup and generate
droplets with sizes at the lower range of the spume regime.
This mechanism is likely to be limited to the high wind speed
regime but the frequency at which it occurred in our obser-
vations suggests that it is prevalent and might need to be

accounted for in estimates of spray loading and generation in
hurricane or strongly forced wave conditions.
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