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[1] In this paper we report on a laboratory study, the Spray Production and Dynamics
Experiment (SPANDEX), conducted at the University of New South Wales Water
Research Laboratory in Australia. The goals of SPANDEX were to illuminate physical
aspects of spume droplet production and dispersion; verify theoretical simplifications used
to estimate the source function from ambient droplet concentration measurements; and
examine the relationship between the implied source strength and forcing parameters such
as wind speed, surface turbulent stress, and wave properties. Observations of droplet
profiles give reasonable confirmation of the basic power law profile relationship that is
commonly used to relate droplet concentrations to the surface source strength. This
essentially confirms that, even in a wind tunnel, there is a near balance between droplet
production and removal by gravitational settling. The observations also indicate
considerable droplet mass may be present for sizes larger than 1.5 mm diameter. Phase
Doppler Anemometry observations revealed significant mean horizontal and vertical slip
velocities that were larger closer to the surface. The magnitude seems too large to be an
acceleration time scale effect. Scaling of the droplet production surface source strength
proved to be difficult. The wind speed forcing varied only 23% and the stress increased a
factor of 2.2. Yet, the source strength increased by about a factor of 7. We related this to an
estimate of surface wave energy flux through calculations of the standard deviation of
small-scale water surface disturbance, a wave-stress parameterization, and numerical wave
model simulations. This energy index only increased by a factor of 2.3 with the wind
forcing. Nonetheless, a graph of spray mass surface flux versus surface disturbance energy
is quasi-linear with a substantial threshold.
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1. Introduction

[2] Present parameterizations of air-sea turbulent fluxes
are reasonably valid up to wind speeds of about 25 ms�1

[Fairall et al., 2003; Drennan et al., 2007]. This wind speed
range covers the vast majority of oceanic wind climatology.
However, forecasts of hurricane intensity are very sensitive
to specification of the transfer coefficients at wind speeds up
to 70 ms�1 [e.g., Bao et al., 2000; Wang et al., 2001; Li,
2004]. Extrapolations of the current parameterizations to
hurricane wind speeds are inconsistent with theoretical
analyses of the potential strength of tropical cyclones

[Emanuel, 1995, 1999]. One major issue is the relative
balance of momentum and scalar (heat/moisture) transfers,
usually expressed as the ratio of the momentum to enthalpy
transfer coefficient. There is recent evidence that the mo-
mentum transfer coefficient levels off at a wind speed of
30–40 ms�1 [Powell et al., 2003; French et al., 2007]. It is
also speculated that the heat and moisture balance is
affected by evaporation of sea spray droplets at very high
wind speeds (U > 25 ms�1). At high wind speeds, the ocean
is a major source of droplets produced by bursting bubbles
and spume (i.e., from sheared-off wave tops) to the lower
troposphere [Andreas et al., 1995]. Because of their much
larger sizes (and larger mass flux) spume droplets are
expected to dominate the hurricane droplet flux problem.
Droplets may play a large role in latent heat transfer
between the ocean and atmosphere [Edson and Fairall.,
1994; Andreas et al., 1995; Makin, 1998] and under
extremely high winds such as found in hurricanes, may
also have a large effect on the air-sea exchange of momen-
tum [Andreas and Emanuel, 2001; Andreas, 2004;
Barenblatt et al., 2005; Makin, 2005]. From a modeling
perspective, there are two fundamental problems, (1) spec-

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 114, C10001, doi:10.1029/2008JC004918, 2009
Click
Here

for

Full
Article

1Earth System Research Laboratory, NOAA, Boulder, Colorado, USA.
2School of Mathematics and Statistics, University of New South Wales,

Sydney, New South Wales, Australia.
3Also at Water Research Laboratory, School of Civil and Environmental

Engineering, University of New South Wales, Sydney, New South Wales,
Australia.

4Applied Physics Laboratory, University of Washington, Seattle,
Washington, USA.

Copyright 2009 by the American Geophysical Union.
0148-0227/09/2008JC004918$09.00

C10001 1 of 19

http://dx.doi.org/10.1029/2008JC004918


ification of the sea surface droplet source strength and (2)
computation (or parameterization) of the thermodynamic
effects of the sea spray [Andreas, 1992; Fairall et al., 1994;
Kepert et al., 1999].
[3] The fundamental parameter required for representing

the effect of sea spray on air-sea exchange processes is the
size-dependent source function, Sn(r), or number of droplets
of a given size produced at the sea surface per unit surface
area per unit time, as a function of the surface forcing (wind
speed, wave breaking, surface stress, etc). Because the
source function cannot be measured directly at present, it
is typically estimated from the height-dependent number
size distribution of droplets, n(r, z) (see section 2). Current
specifications of the source strength are based on laboratory
studies, scaling arguments and a few field measurements at
wind speeds less than 30 ms�1 [Fairall et al., 1990;
Andreas, 1998; Kepert et al., 1999; Andreas and Emanuel,
2001]. Verification of droplet source parameterizations at
high winds has been frustrated because of the difficulty of
measuring n(r, z) and/or near-surface turbulent fluxes in
hurricanes. Thus, their application in hurricane models still
amounts to extrapolation into a domain of great uncertainty.
[4] Current parameterizations of Sn are based on either

wind speed or whitecap fraction which is usually repre-
sented as a function of wind speed [Andreas and Emanuel,
2001]. In recent years, parameterizations in terms of the
physical processes that drive spume sea spray production
have been sought. This is needed to aid in the interpretation
of field measurements, extend the range of extrapolation,
and account for the great spatial diversity in wind and wave
balances in the hurricane environment. In contrast to the
situation in bubble-mediated droplet fluxes, spume droplet
production physics is much less explored. As a result, Lewis
and Schwartz [2004] provide an assessment of the knowl-
edge of large particle production that states ‘‘virtually
nothing is known about this flux or its dependencies on
particle size and wind speed.’’
[5] In 2002, the CBLAST program instituted a multi-

pronged study of air-sea interaction at hurricane force wind
speeds [Black et al., 2007]. One component of the project
includes theoretical development, laboratory studies, and
airborne droplet measurements in tropical cyclones with
both droplet surface source strength and thermodynamic
interactions under investigation. In this paper we report on a
laboratory study, the Spray Production and Dynamics Ex-
periment (SPANDEX), done in January and February of
2003. SPANDEX was conducted at the University of New
South Wales Water Research Laboratory in Manly Vale,
Sydney, Australia. The goals of SPANDEX were to illumi-
nate physical aspects of spume droplet production and
dispersion, verify theoretical simplifications presently used
to estimate the source function from ambient droplet con-
centration measurements, and examine the relationship
between the implied source strength and forcing parameters
such as wind speed, surface turbulent stress, and wave
properties.
[6] In the remainder of this paper we will discuss basic

droplet source and turbulent transport relationships (section 2),
give some background on droplet source parameterizations
and scaling arguments for the source function (section 3).
Details on the SPANDEX instruments, set up, and forcing

condition will be given in section 4. The results will be
given in section 5; conclusions in section 6.

2. Droplet Dynamics and Concentration Profiles

2.1. Turbulent Transport Equations

[7] In reasonably horizontally homogenous conditions,
the aerosol particle conservation equation [Fairall et al.,
1990] can be expressed

Dn

Dt
¼ � @

@z
w0n0 � Dp

@n

@z
� Vgnþ w0sn

0
� �

þ Qn ð1Þ

where z is the height above surface, n the mean and n0

fluctuations in the size-dependent droplet number concen-
tration, w0 the vertical air motion fluctuations, Dp the size-
dependent droplet molecular diffusion coefficient, Vg the
particle mean gravitational settling velocity, ws

0 the air-
particle slip velocity, and Qn a particle size and height-
dependent source function (number of particles of a specific
size increment created per unit volume per second at a
specified height). We move the volume source term inside
the integral and write it as a flux

Dn

Dt
¼ � @

@z
w0n0 � Dp

@n

@z
� Vgnþ w0sn

0 þ Sn

� �
ð2Þ

where

Sn ¼
Z 1
z

Qn zð Þdz ð3Þ

We can then write a flux variable that includes the source
terms

Fz ¼ w0n0 � Dp

@n

@z
� Vgnþ w0sn

0 þ Sn

� �
ð4Þ

When the concentration profile is near equilibrium, the term
inside the derivative is independent of height. Near the
ocean surface, this is a weak constraint providing z is much
less than the depth of the boundary layer. In this surface
layer, the total ‘‘flux’’ at z is essentially the same as at the
top of the molecular diffusive sublayer. We do not actually
require equilibrium, only that the quantity z Dn/Dt is small
compared to the individual terms in Fz. In the wind tunnel
experiment (see section 4) the droplet observations are made
in a well-developed boundary layer considerably downwind
(about 30 boundary layer depths) from the initial breaking
zone so that the droplet concentration is not changing
significantly with fetch. Thus, we expect advection to be
negligible in the balance expressed by (2).
[8] The production of sea spray droplets is confined very

close to the surface in a source region below the height h.
Thus, we can deal with the dynamics of interest here by
assuming Fz = Fo equals constant for heights less than a few
times h. Bubble-generated droplets tend to be characterized
by near-vertical ejection from the interface with an initial
velocity so that in a fraction of a second they reach a height
of several cm above the surface where they join the general
background of turbulent fluid motions. Spume droplets are
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blown off the top of breaking regions near the windward
face of the dominant waves. They are much larger than
bubble-generated droplets and are launched with a princi-
pally horizontal trajectory with an initial upward angle
roughly equal to the wave slope. For spume generated
droplets, it is clear that h scales with significant wave height
(see the discussion by Andreas [1992] or Fairall et al.
[1994]). While there is some interest in the details of the
source distribution along and above the dominant waves, for
our purposes it is sufficient to consider an area-averaged
source of the simplest specification: Qn is a delta function at
the source height h so that Sn is a constant for z < h (region I)
and Sn = 0 for z > h (Region II). It is critical to note that this
simplified form assumes that evaporation of the droplets
is negligible. We do not expect this to be valid for small
droplets, but for droplets 0.1 mm and larger it is a good
approximation. Mathematically we approximate the droplets
produced by flow over waves as a conventional turbulent
surface layer over a flat surface with droplets being contin-
uously created at the source height.

2.2. Simple Source and Profile Relationships

[9] Turbulent transport in the surface layer is convention-
ally scaled with similarity theory. For example, the turbulent
stress, t, is used to define the friction velocity, u*

t ¼ raw0u0 ¼ �rau2* ð5Þ

Near a flat surface, the height dependence of the mean wind
speed is (neglecting buoyancy effects) logarithmic

U zð Þ ¼
u*
k

ln z=zoð Þ ð6Þ

where k = 0.4 is the von Karman constant and zo the
roughness length. From the vertical derivative of (6) we can
relate the turbulent flux to the vertical gradient

w0u0 ¼ �kzu*
@U

@z
¼ �K zð Þ @U

@z
ð7Þ

where K(z) is called the turbulent eddy diffusion coefficient.
[10] An eddy diffusion coefficient is also used to describe

turbulent transport of passive scalars (e.g., heat, moisture)
in the surface layer. In the case of droplets, the covariance
terms from (4) can be combined

w0n0 þ w0sn
0 ¼ �Kp zð Þ @n

@z
ð8Þ

where Kp is the eddy diffusion coefficient for droplets which
combines both the w0 and the ws

0 covariance terms. In the
case of heavy particles, the slip velocity term has an effect
on the transport. The effect of the slip term is to reduce the
diffusion of massive particles because their inertia prevents
them from following the smaller scales of turbulence, thus
reducing their diffusivity. For example, this can be
approximated as [Kepert et al., 1999]

Kp zð Þ ¼
kzu*

1þ C Vg=sw

� �2 ¼ kzu*fs ¼ K zð Þfs ð9Þ

C � 2.0 and sw is the standard deviation of vertical velocity.
Over the ocean (and in our wind tunnel) the surface is not flat
and the flow is perturbed by waves near the surface in a region
referred to as the wave boundary layer (WBL [Edson and
Fairall, 1998]). However, (6), (8), and (9) are reasonable
approximations above the waves and have been used
successfully to simulate sea spray profiles [Edson and Fairall,
1994]. Flowoverwaves also enhancessw sowe expect the slip
factor fs to be near 1.0 for our experimental study.
[11] Above the source region, Sn = 0 and (4) simplifies to

Fo ¼ �Kp zð Þ @n
@z
� Vgn ð10Þ

Because of the very strong winds relevant to our problem,
we have ignored hydrostatic stability effects. For the large
droplets of interest here (radius greater than about 10 mm)
the two terms in (10) tend to cancel so Fo � 0. This gives a
simple differential equation with a well-known [Toba, 1970]
solution

n zð Þ ¼ n hð Þ exp � Vg

ku*fs
ln z=hð Þ

� �
¼ n hð Þ z

h

h i� Vg

ku� fs ð11Þ

In the region below the source, (4) becomes

Fo ¼ �Kp zð Þ @n
@z
� Vgnþ Sn ¼ 0 ð12Þ

This situation can also be solved analytically [Fairall et al.,
1990; Hoppel et al., 2002] but to a good approximation the
vertical gradient of n becomes negligible just below the
source, so the last two terms balance. Thus, we can write

Sn ¼ Vgn hð Þ ¼ Vgn zð Þ z

h

h i Vg

ku� fs
; z > h ð13Þ

An example of size-dependent droplet profiles resulting
from this simple thin layer Gaussian specification of Qn is
shown in Figure 1. The Sn profile obtained from (3) is
actually an error function but for a sufficiently thin source
region we can approximate that as a step function. Here we
have selected the case u* � 1.6 ms�1 and in Figure 1 (right)
shows profiles of droplet concentration normalized by the
value at source height (n(h)Vg � Sn) at three sample droplet
sizes (31, 100, and 310 mm radius). For these three sizes the
corresponding exponential factors, Vg/ku*, are 0.17, 1.03
and 3.87.
[12] Equation (13) and variations thereof form the basis

of one method of estimating the surface source strength
from measurements of droplet concentration over the ocean
[Fairall et al., 1983; Fairall and Larsen, 1984; Smith and
Harrison, 1998; Lewis and Schwartz, 2004]. Also, (11) and
(13) can be used as similarity concepts to rationalize
measurements of droplet profiles done in the laboratory.

3. Droplet Source Parameterizations and Scaling
Arguments

[13] In their review, Lewis and Schwartz [2004] discuss
nine different methods to estimate the droplet source
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strength. Several examples in popular use today employ
regressions against wind speed of values derived with
measured droplet concentrations using (13) or related ver-
sions [e.g., Smith et al., 1993], from laboratory measure-
ments of particle production from a breaking wave that is
scaled to the open ocean using wind-speed-dependent
whitecap coverage [e.g., Monahan and O’ Muircheartaigh,
1980], or some hybrid of the two [Fairall et al., 1994]. A
simple example, the Fairall et al. [1994] function is
represented as

Sn r;U10ð Þ ¼ W U10ð Þfn rð Þ ð14Þ

where W is the fraction of the ocean area covered by
whitecaps and fn(r) is the size distribution representing the
production of a fully whitecap covered sea. The shape
described by fn(r) is assumed independent of conditions.
One problem with (14) is that typical formulae for the wind
speed dependence of whitecaps reach saturation at wind
speeds of 40 ms�1. This suggests the fraction of active
breaking might be a better variable choice, but really opens
the door to pondering more fundamental processes driving
the introduction of sea spray droplets into the atmosphere.
The term active breaking is used to describe the spilling
wave crests of breaking waves as distinct from the bubble
plume associated with the dissipating remains of the active
breaker (referred to as Stage A and Stage B whitecaps by
Monahan [1989]). Spume droplet production is directly
associated with active breakers while bubble-mediated
spray is more closely linked with the entire bubble plume.

[14] Such source functions must be extrapolated from
their regions of validity (either from laboratory to the open
ocean or from lower wind speeds to hurricane wind speeds).
Extrapolation based on physical scaling is usually preferred
to extrapolation of regression fits, but a physical scaling for
droplet production based on the fundamental dynamics of
the system has yet to be developed. Traditional scaling
methods, such as dimensional analysis, require identifica-
tion of the relevant independent parameters, a tricky busi-
ness in very complicated systems. While complete detail on
Sn is not required, for most purposes information is needed
on the droplet size at the volume distribution peak, total
mass flux, size dependence of the fall off at the upper end of
the spectrum, and how the overall distribution scales with
forcing conditions. In particular, fundamental forcing
parameters are preferred (as opposed to just a crude wind
speed dependence) so we can reliably extrapolate for
hurricane conditions where direct confirmation of the source
term is experimentally problematical.
[15] Andreas [2002] argued that the energy required to

create droplets from flat water came from the wind energy
flux into the ocean (scaling roughly was wind speed or
friction velocity to the third power). This energy input is
usually balanced by wave breaking, giving a natural con-
nection to whitecap fraction. In the spirit of (14), this
implies

Sn r; u*
� �

� u3
*
fn rð Þ ð15aÞ

Sn r;Pbð Þ � Pbfn rð Þ ð15bÞ

Figure 1. Sample normalized droplet profiles to illustrate relationships from section 2. (left) An
example of a narrow Gaussian specification of Qn (solid line) at source height h. The source flux term Sn
(dashed line) is obtained from (3). (right) Expected normalized nonevaporating sea spray profiles
computed using (13) for z > h for droplets of 31 (solid line), 100 (dashed line), and 310 (dotted line) mm
radius. In this case we have used u* = 1.6 ms�1. For z < h we assume n(z,r) is constant with the
value n(h,r).
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where Pb is the energy dissipated by breaking waves. Note
that (15a) requires assumptions about the balance of wind
input and the breaking of waves while (15b) does not. Bye
and Jenkins [2006] made theoretical arguments that about
25% of energy going to the wavefield was used to create sea
spray.
[16] Anguelova et al. [1999] analyzed wind tunnel simu-

lations and argued that droplet production scaled with the
mean length of breaking waves per unit area, L, which they
found goes approximately as wind speed cubed

Sn r;Lð Þ � Lfn rð Þ ð16Þ

A similar but more complicated scaling was developed by
Kudryavtsev [2006], who convolved a band-limited mean
breaking length with energy production arguments similar
to (15a). This led to a source function proportional to the
fifth power of u*. Emanuel [2003] offered a scale analysis
of spray and found that the criteria for the lofting of spray
by turbulence was characterized by the scaling parameter

R1=4
u ¼

u*

s gð Þ1=4
ð17Þ

where s is water surface tension divided by density and g
the acceleration of gravity. The thickness of the droplet/
bubble layer is related to a Reynolds number on the basis of
the gradient of fluid density. Zhao et al. [2006] found that
spume production data were scaled consistently by a wind-

sea Reynolds number (
u3

*
WA

gn where WA = cp/u* is the wave

age with cp the wave phase speed and n the kinematic
viscosity), while simple wind speed scaling failed to
collapse the data.
[17] Droplet size scaling has been discussed by Hinze

[1955] who suggested that the upper limit of droplet size
was determined by the breakup of droplets by small-scale
turbulent shear. This suggests that the maximum droplet size
should decrease with increasing forcing

rm � s3=e2
� �1=5 ð18Þ

where e is the rate of dissipation of turbulent kinetic energy.
Near the interface, dissipation scales as u*

4/n, so rm would
scale as [s3n2/u*

8]1/5. Bye and Jenkins [2006] offer a
different analysis, suggesting that droplets will be directly
subjected to the mean wind speed at 10 m height. This leads
to the rm scaling as s/u*

2. Newell and Zakharov [1992]
discussed the balance of energy inputs and the breakdown
of the surface into droplets and bubbles, a process that
begins when the energy input to waves, P, exceeds a
threshold

P0 ¼ s gð Þ3=4 ð19Þ

[18] Note that, because P scales roughly as u*
3, (17) is

essentially equivalent to (19). Newell and Zakharov discuss
the size scales in terms of capillary wave number spectra
and the thickness of the bubble/droplet layer. Garrett et al.
[2000] discuss the relationship of oceanic bubble size
spectra and forcing in terms of the dissipation rate. Unlike

sea spray, the size of bubbles changes with pressure, so
analogies with droplet spectra are not useful. The Kolmo-
gorov microscale, hk, is a natural size scale limit for
turbulent processes at the interface

hk ¼
n3

e

� �1=4

ð20Þ

Spume production is a special case because droplets
produced at the interface near the peak of a breaking wave
are easily blown off the top of the wave by turbulent wind
gusts [Andreas, 2004]. In fact, this is probably the only way
the larger droplets can influence the atmosphere. Thus, the
probability that a droplet will be launched into the turbulent
flow and spend a significant time with an airborne trajectory
is related to the slope of its trajectory compared to the slope
of the wave. This can be characterized by the scaling
parameter

Rslope ¼
Vg=Ut

h=l
ð21Þ

where Ut represents the mean wind speed near the wave top
and l the wavelength.

4. SPANDEX Details

[19] SPANDEX is an exploratory water-wind tunnel
study to investigate the scaling of the production of large
(spume) droplets associated with wind/stress interactions
with actively breaking waves. The obvious experimental
tasks are to characterize the flux of sea spray over some
range of wind/stress/wave forcing. In section 2 we used
idealized physics to argue that the droplet flux as a function
of size can be related to profiles of mean droplet concen-
tration, the friction velocity, and significant wave height.
Three different optic systems are used: a droplet imaging
probe to measure drop concentrations in the 0.025 to
1.55 mm diameter range, a phase Doppler system that
measures both droplet concentration (for droplets of about
4–75 mm diameter) and planar motion vector, and a high-
speed video system. Friction velocity was estimated from
pitot-static (PS) wind gradient measurements, and wave
properties were measured with capacitance wire wave
gauges. From these variables we can estimate the total
suspended droplet mass and the droplet flux as realized at
wave top. We are focusing on the large spume droplets
which are known to lose only a few percent of their mass
before reimpacting the surface, so for simplicity we neglect
evaporation effects. This is a poor approximation for
droplets on the order of 10 mm radius, but relieves us of
the experimental complication of controlling or monitoring
profiles of temperature and humidity in the tunnel. To assess
the evaporation issue, we study spray with both fresh and
salty water (droplets near seawater salinity will only lose no
more than about half their diameter through evaporation).
[20] The forcing is characterized by wind speed, friction

velocity, significant wave height, and wave period. To vary
the forcing, we used three different wind speeds and waves
were generated with a paddle system. The lowest wind
speed was near the threshold for significant spume droplet
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production in the tunnel; the maximum was the upper limit
of the fan. From the discussion in section 3 it is clear that
these parameters may not be fundamental, so we seek some
additional index of energy flux to breaking waves. This
turns out to be amazingly problematical, so we chose to use
the small-scale disturbance energy (i.e., high-pass filtered
water surface displacements) as a proxy for Pb. In the
remainder of this section we discuss the details; discussion
of the wave disturbance analysis is given in Appendix A.

4.1. Wind-Wave Tunnel and Setup

[21] Detailed observations of spray flux and the underly-
ing breaking waves were made in a wind-wave tank at the
Water Research Laboratory. This facility is 30 m long, 0.9 m
wide, and 1.55 m high, and is shown schematically in
Figure 2. Monochromatic waves of small steepness were
initiated by an adjustable frequency paddle wave maker,
located approximately 3.5 m downwind of the fan just
below a large speed controllable fan, which could generate
wind speeds typical of severe storms in the air channel
above the water. At its downwind end, the wave tank has a
dissipating beach and a duct to discharge the spray outside
the laboratory.
[22] During these investigations, water depth in the tank

was maintained at two levels. For most of the experiments,
the water depth was 1.10 m with an air channel height of
0.45 m. The maximum wind speed achievable in the facility
in this configuration was 16.7 ms�1. To maximize wind
forcing for one test condition, the water level was raised by
0.05 m thereby providing a wind speed of 17.8 ms�1 in the
air channel. The strong wind-forcing rapidly amplified the
paddle-generated waves, producing a train of heavily break-
ing waves within a few meters of the paddle. An image of a
typical breaking wave is shown in Figure 3. In an effort to
maintain a consistency of waveform and energy flux from
the wind to the waves, low steepness waves were generated
at the paddle. Under the action of the wind, these waves
grew in amplitude along the tank but retained their under-
lying frequency. The fetch where breaking began was set to
be similar for each of the wind and wave conditions
observed. This was achieved by adjusting the steepness of
the initial wave train produced by the paddle. Detailed
measurements were undertaken at an observation point
located approximately 10 m from the paddle.
[23] During the course of the experiments, the water

salinity was adjusted by stirring in salt to the fresh water

from the supply. The salinity was increased from fresh water
to 24 ppt (parts per thousand) incrementally by 6 ppt, and
spray, wave and wind measurements were made for each
salinity.

4.2. Instruments

4.2.1. Concentration Profiles Droplet Probe
[24] The SPANDEX study used the Cloud Imaging

Probe, concentration profiles (CIP) manufactured by Drop-
let Measurement Technologies (DMT) in Boulder, CO,
USA. The CIP is a technology based on a linear array of
64 light detecting diodes [Knollenberg, 1970]. As it transits
the beam, the particle casts a shadow across the array and
the size is deduced from the number of diodes that are
occulted. This technique is a fairly mature technology and
numerous papers have been written on deriving accurate
droplet size information [e.g., Baumgardner and Korolev,
1997]. Droplets are sized from 25 to 1550 mm diameter in
62 equally spaced 25 mm diameter bins. Droplet number

Figure 2. Schematic of wind-wave flume used in this study. All dimensions are in meters.

Figure 3. Typical high-speed video image showing spray
droplets shed by a breaking wave, captured at 200 Hz.

C10001 FAIRALL ET AL.: SPANDEX SEA SPRAY

6 of 19

C10001



concentrations are computed from droplet counts in each
size bin using the expression

n rð Þ ¼ Total Counts rð Þ
a rð ÞU zð Þdrdt ð22Þ

where U(z) is the flow speed through the sample region in
cm s�1, dt the sample time interval, dr the sample radius bin
width (12.5 mm), and a(r) the size-dependent sample cross-
sectional area in cm2 (provided by the manufacturer). The
sample area (in other words, the counting sensitivity of the
device) depends on particle size through the effective depth
of field (which increases with increasing particle size up to
325 mm diameter) and the requirement that both edges of
the particle’s shadow must be resolved for it to be
unambiguously sized (which causes the sample area to

decrease linearly as particle size increases). This declining
sensitivity to larger particles implies the CIP is not ideal for
defining the radius dependence of concentrations for the
larger particle sizes (see below).
[25] The CIP is set to sample at 1 s time resolution. For

the analysis presented in this paper, the counts were totaled
for each run and a single spectrum was computed. A
smoothing routine was run to simplify the spectrum. Exam-
ples of raw counts and smoothed volume spectra from runs
on 6 and 7 February for two cases (12.5 cm height above
mean water level with strong forcing and 24.5 cm with
weak forcing) are shown in Figure 4. The total sample at
24.5 cm height was 29 min long but no droplets were
counted for radius greater than 350 mm. However, between
250 and 350 mm radius zero and nonzero counts were
intermixed. The smoothing routine is a simple mechanism
to estimate the number spectrum in this size region. Note
that for strong forcing the number of counts drops below
100 at a radius of about 500 mm and then plummets rapidly
to a single count at the largest size even though the volume
concentration is approximately constant with increasing
radius. Thus, in these conditions the droplet spectra are
not well sampled for radii exceeding about 600 mm.
[26] For any spectrum we can compute an estimate of the

suspended droplet mass at a given height

M zð Þ ¼ 4prw
3

Z
n z; rð Þr3dr ¼ rw

Z
V rð Þdr ð23Þ

where rw is the density of seawater water and V(r) the
volume concentration. Similarly, we can compute an
estimate of the droplet mass flux realized at the source
height h

Fm

4prw
3

Z
Vgn z; rð Þ exp Vg rð Þ

ku*fs
ln z=hð Þ

�� �
r3dr ð24Þ

For measurements near wave crests, the mass and mass flux
scale as the third and fourth moments of the measured
spectrum. As z increases, the weight of larger sizes increases
further making estimates of mass and mass flux estimates
very sensitive to poor counting statistics.
4.2.2. Wind Measurements
[27] A reference wind speed in the air cavity Uref was

monitored using a hot bulb anemometer mounted from the
roof within the air cavity in the upwind section of the tank
(Figure 2). The anemometer was inserted only 0.125 m into
the air cavity to minimize any spray influence. The atmo-
spheric friction velocity was determined by measuring the
near-surface logarithmic boundary layer profile in the air for
each wind speed condition. These were taken at the point of
spray measurement within the tank. The velocity measure-
ments were made using a small pitot-static tube with its
pressure ports connected to a high-resolution Barocel micro-
manometer, whose output was connected to a data acquisi-
tion computer sampling at 100 Hz.
[28] The measurements of wind speed were extremely

difficult to accomplish, particularly close to the interface.
Spray in the air tended to contaminate the small (�0.5 mm)
Pitot orifices and distort the velocity measurements. How-
ever, this was easy to detect as, once contaminated, velocity

Figure 4. Examples of raw and smoothed volume spectra
for two cases (crosses are 12.5 cm height with strong
forcing and circles are 24.5 cm with weak forcing). The
(top) raw counts and (bottom) volume spectra are shown.
The total sample at 24.5 cm was 29 min long but with
weaker forcing no droplets were counted for radius greater
than 350 mm.
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fluctuations would become strongly damped and the mean
velocity would drift consistently.
[29] To ensure that the velocities were not affected by

water contamination of the Pitot tube, the following method
of measurement was adopted:
[30] 1. The Barocel was disconnected and the PS tube

was cleared of any water droplets by applying a substantial
back pressure.
[31] 2. The Barocel was reconnected and the data acqui-

sition system was reset. The purging process involved a
delay of only a few seconds.
[32] 3. The data acquisition system provided continuous

output of the running velocity averaged over 0.5 s, as well
as the mean velocity since the last reset.
[33] 4. The data acquisition system outputs were moni-

tored for damping of fluctuating velocities or drifting mean
velocities. The average velocity was recorded over a fixed
measurement interval (10 or 20 s) if there was no evidence
of the measurement being contaminated by water in the PS
tube.
[34] Steps 1–4 were repeated for a given elevation within

the logarithmic velocity distribution region until a stable
mean value was achieved. The results of the friction
velocity measurements are shown in Table 1. Supporting
spray measurements indicate that their concentrations
remained strictly less than 3 g�3. As a cubic meter of air
weighs approximately 1.2 kg, the effect of the spray on the
momentum flux is less than 0.3%.
4.2.3. Wave Conditions and Measurements
[35] Two wave paddle frequencies were used during these

observations (1.36 Hz and 1.62 Hz). The wave generator
initiated a train of narrow bandwidth, low steepness waves,
which rapidly amplified under the action of the very strong
overlying wind. The waves grew to breaking, with almost
every wave breaking actively as it passed the observing
station about 10 m down wind of the wave paddle. Strong
modulation of the wave height accompanied the very
frequent breaking. In fact, for the highest wind speed
(17.8 ms�1), we noted that the average wave height was
attenuated to a level below the mean height of the waves
forced by the 16.7 ms�1 winds. The measured wave
parameters at the observation site are shown in Table 1.
The corresponding phase speeds cp were estimated using the
linear dispersion relation cp = g/(2pfp), where fp is the
paddle frequency in Hz. During this investigation, water
surface elevations were monitored using two types of wave
gauges. For redundancy, a four wave probe array with fine
(�200 mm diameter) wire filaments was installed at the
observation point. Each gauge had a range of approximately
200 mm. Two additional wave wire probes 400 mm in
length with filaments constructed of Teflon-coated wire
were located upstream and downstream of the wave probe
array (see Figure 2).

[36] The wave probes were calibrated regularly, and over
the period of our experiments showed repeatability in their
gain of better than 2% in fresh water. The calibration was
also undertaken in water with a salinity of approximately
25 ppt. It was found that any shifts in gain response were
within the 2% variation band observed in fresh water. In
collecting the wave data, a very high sample rate was used
in order to resolve the high-frequency fluctuations in the
free surface elevation in the breaking regions, at the same
time measuring the properties of the underlying dominant
(breaking) waves. For this, water surface elevation measure-
ments of the wave probes were recorded at a frequency of
2322 Hz per channel by a computer with an A/D converter
and stored for subsequent processing. Special data process-
ing was implemented subsequently to characterize the high-
frequency breaking zone disturbance energy distribution
over the dominant breaking waves.
4.2.4. High-Speed Videocamera
[37] A Phantom 4 (http://www.photosonics.com/phantom-

hd_cam.htm) high-speed video camera system was used to
investigate details of the process of water droplet ejection
locally from the wavy water surface. The video camera
was set up to look through the glass tank sidewall and
view droplets ejected within a collimated light sheet
projected from above along the tank centerline. A rudi-
mentary light sheet approximately 10 mm wide was
formed using a bank of three 1500 W lights illuminating
a strip approximately 1200 mm long and 250 mm from the
glass tank wall. The geometry of the illuminated region
was determined using a calibrated scale located within the
light sheet. For the data gathered in this study, a frame rate
of 200 Hz was chosen. A sample of one of these high-
speed video images is shown in Figure 3. While it may
have been possible to extract quantitative kinematic data
on droplet sizes and velocities from this imagery, we were
not set up for such quantitative image analysis. Instead, we
chose to use the imagery to characterize the key qualitative
features of the droplet ejection process. These are summa-
rized below in section 5.2.
4.2.5. Phase Doppler Anemometer
[38] Droplet sizes and velocities were measured using a

Laser Phase Doppler Particle Analyzer (TSI Inc., St. Paul,
Minnesota). The LPDPA, or phase Doppler anemometer
(PDA), was configured to measure droplets with a minimum
radius of 5 mm and a maximum radius of 150 mm with a
radius bin width of approximated 0.5 mm. Detailed discus-
sions of the operational principles of a PDA are available
elsewhere [Bauckhage, 1988]. Briefly, the PDA measured
droplet radius r, streamwise velocity, Ux, and vertical
velocity, Uz, of droplets at a single location determined by
the intersection of four laser beams. The intersection vol-
ume of the beams was located 0.2 m from the sidewall of
the wind tunnel and the instrument was mounted on a
single-axis traverse allowing height profiling of droplet

Table 1. Summary of Measured Airflow Profile and Wave Parameters

Forcing Wind Speed, Uref (ms�1)

Fresh Water 24 ppt Salinity Wave

u* (ms�1) z0 (mm) u* (ms�1) z0 (mm) Amplitude (mm) Frequency (Hz)

Weak 14.5 1.35 3.68 1.06 1.45 47 1.62
Nominal 16.7 1.44 3.34 1.64 4.04 65 1.36
Strong 17.8 1.64 3.12 1.78 5.25 48 1.36
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populations. In these experiments, droplets were measured
at heights of 10, 15, and 20 cm above mean water level
(MWL) for fresh water and 12.5, 15, and 20 cm above
MWL for 24 ppt saltwater.
[39] A capacitance wire wave height gauge was posi-

tioned 1 cm downwind and 5 cm laterally toward center of
the wind tunnel from the PDA measurement volume. The
output from the wave gauge was digitized concurrently with
the PDA data collection so that instantaneous water surface
elevation was recorded along with diameter and velocity for
each droplet. This allowed droplet velocities to be correlated
with wave phase.
[40] The sample volume of the PDA was on order of

1 � 10�5 cm3 which meant that even with the high overall
droplet flux in the wind-wave tunnel, data rates for the PDA
using spray droplets were on average 0.5 Hz. This required
sample times of 1800 s for the PDA in order to acquire
enough spray droplets for reliable statistics on droplet
diameters and velocities. In general, the low data rate from

the PDA, caused in part by droplets accumulating on the
inside window of the wind tunnel, prevented accurate
estimation of droplet number concentrations (number of
particles per unit volume per increment of radius). However,
in the cases where the comparison could be made, the PDA
values for n(r) were consistent with those measured by the
CIP, suggesting that the PDAwas accurately sizing droplets.
[41] Measurements were also made using seeded water

droplets produced by a high-pressure paint sprayer located
3 m upwind of the PDA measurement volume. The sprayer
was oriented so that the droplets were injected perpendic-
ularly to the main wind flow in the tunnel with no vertical
velocity. The measurements with seeded droplets were
always made as the final measurements under each condi-
tion so that there was little possibility of their contaminating
the CIP data set or PDA spray droplet data set. The seeded
particles produced data rates of approximately 100 Hz, and
were used to study flow patterns in the tunnel that were
responsible for producing the spray droplets. Vertical pro-
files of Ux measured using the seeded droplets showed that
for Uref = 16.7 ms�1, the PDA data for Ux resulted in a u*
for freshwater of 1.67 ms�1 and u* for 24 ppt saltwater of
1.71 ms�1, which is in good agreement with the data in
Table 1. This agreement demonstrates that the PDA pro-
vided reasonable data for droplet velocities in the wind-
wave tunnel.

5. Results

5.1. Droplet Concentration Profiles

[42] One goal of SPANDEX was to examine the validity
of the simplified scaling model of droplet concentration
profiles. This was done by measuring concentrations at
several heights above mean water for a fixed forcing.
Sample droplet volume size spectra are shown at a nominal
forcing condition (u* � 1.6 ms�1 and h � 0.11 m) for fresh
water (Figure 5 (top)) and for water with salinity of 24 ppt
(Figure 5 (bottom)). The spectrum at each height, n(r,z), can
be converted to an effective concentration at the source
height, n(r,h), using (11). The results are shown in Figure 6.
If the assumptions used to derive (11) are valid, then we
expect all spectra to collapse on a single line. Contrast the
spread of the spectra taken at different heights shown in
Figure 5 with the near collapse to similar values shown in
Figure 6. It is clear that droplet evaporation is playing a
significant role in deviations from (11). The range of
normalized concentrations for the smaller particles is about
1.5 orders of magnitude for freshwater but is only 0.5 orders
of magnitude for the saline water. This is consistent with the
r�2 scaling of the normalized droplet evaporation rate, _r/r,
and with the fact that saline droplets do not completely
evaporate but approach an equilibrium size on he basis of
their salt content and the local relative humidity [Fairall et
al., 1990]. The salinity effect also explains why the volume
spectra for freshwater droplets are still increasing with size
out to 0.8 mm radius while the saline droplets level off at
about 0.1 mm radius. One interesting feature of the nor-
malized spectra is they are relatively constant with increas-
ing radius above 0.1 mm radius and show no tendency to
turn down at the larger sizes. This suggests that the total
mass in the distribution is not well constrained and the mass
flux is poorly constrained. This might also be an evapora-

Figure 5. Sample droplet volume size spectra are shown at
a nominal forcing condition for (top) fresh water and
(bottom) water with salinity of 24 ppt. The height of the
measurement (cm) above the mean surface is indicated at
the side of the curve.
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tion effect, a measurement artifact, or some other weakness
in our assumptions. For example, in reality the source is not
a delta function at h but has some vertical distribution; and
this difference will complicate the conversion to the nor-
malized concentration, particularly for samples further from
the surface (note the deviation of estimates for large droplets
from the highest profile). Another possible factor is the
ballistic trajectory of the largest droplets allows them to
occasionally be nondiffusively transported to well above
wave top (this is easily verified visually in the tunnel).
However, the most likely candidate is counts at the larger
sizes are caused by two smaller droplets passing through the
sample volume at the same time. In that case, the CIP
software would indicate a single drop with a size equal to
the sum of the sizes of the two drops plus the distance
between them (i.e., the outer edges of each drop would be
computed as the outer edge of a fictitious single drop).
[43] The dependence of droplet concentration on the

forcing of the system is illustrated by plotting normalized
concentrations for different wind-wave conditions. To sim-
plify the plots and reduce the sensitivity of (11), we show

only the normalized concentrations from near the surface
(z = 12.5 and 15.0 cm). Normalized spectra are shown for
three levels of wind forcing for freshwater (Figure 7 (top))
and saline water (Figure 7 (bottom)). On this scale, fresh
and saline water droplet spectra are surprisingly similar,
suggesting there is little difference in the production by the
spume mechanism. The large droplet volume concentrations
at source height increased from about 4 � 10�10 to 7 �
10�9 as u* increased from 1.2 to 1.6 to 1.8 ms�1. The
increase from 1.2 to 1.6 is consistent with u*

4.5 but the
exponent for the increase from 1.6 to 1.8 is 13. This is clear
evidence that u* is not the sole scaling parameter for the
source strength. Total near-surface droplet mass and the
estimated mass flux are shown in Figure 8. The parameter-
izations of Kudryavtsev [2006], Fairall et al. [1994], and a

Figure 7. Normalized volume concentration spectra
(volume of water per volume of air per radius increment)
from near the surface (z = 12.5 and 15.0 cm). Normalized
spectra are shown in pairs for three forcings for (top)
freshwater and (bottom) saline water. The forcing is shown
by the value of u* at the right-hand edge of the line. The
curve for z = 15 cm is missing for the fresh water maximum
forcing case.

Figure 6. As in Figure 5 except the spectrum at each
height n(z,r) have been converted to an effective concentra-
tion at the source height n(h,r) using (11).
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recent update of that parameterization obtained from a
physically based model (C. W. Fairall and M. L. Banner,
Sea-spray and air-sea interaction at hurricane wind speeds.
Part I: A physically based sea-spray droplet spectrum source
parameterization, manuscript in preparation, 2009, available
at ftp://ftp.etl.noaa.gov/user/cfairall/onr_droplet/parameteri-
zation/spray_drop_param_3.doc) are shown for reference.
The Fairall and Banner (manuscript in preparation, 2009)
parameterization is described briefly in Appendix B. For
Kudryavtsev [2006] we have taken the spume droplet area
flux, FA = 0.02u*

5, from his Figure 7 assuming droplets of
180 mm radius. For Fairall et al. [1994], u* was converted
to U10 via (6) and that was used directly in the parameter-
ization. There is no reason to expect these parameterizations

to be consistent with the wind tunnel results, but in this case
they are fairly close. The large scatter in the results for the
weaker forcing is associated with the tendency for the
normalized spectra to turn up for large droplets as discussed
above. Also, the tendency for higher values to be associated
with data further from the surface suggests that (11) is
overcorrecting the height dependence.

5.2. PDA Measurements of Droplet Velocity Statistics/
Profiles

[44] Water surface elevation measured by the wave wire
gauge was used to separate both spray and seeded droplets
into two categories on the basis of water surface elevation:
those measured over the wave crests (defined as droplets for
which the water surface elevation was 2 cm and greater,
relative to MWL); and those measured over wave troughs
(defined as droplets for which the water surface elevation
was �4 cm or less, relative to MWL). Figure 9 shows
vertical profiles of the horizontal along-stream velocity, Ux,
for fresh water spray droplets compared to Ux measured
using the injected seeded particles where the data have been
sorted into Ux measured over wave crests and Ux measured
over troughs. As expected, regardless of whether spray
droplets or seeded droplets were used, Ux measured over
both crests and troughs decreased with decreasing measure-
ment height. The spray droplet and seeded droplet data also
show the common feature that for the lowest height mea-
sured, Ux measured over the wave crests is less than Ux

measured over wave troughs. However, there are two key
points to be made concerning the data shown in Figure 9.

Figure 8. Total near-surface droplet mass and the
estimated mass flux near the surface as a function of u*
for the 24 ppt salinity cases. The SPANDEX data are
indicated by symbols (z = 12.5 and 15.0 cm as circles and
z > 15 cm but z < 30 cm as crosses). The dotted line
represents a parameterization by Kudryavtsev [2006], the
dashed line represents the parameterization of Fairall et al.
[1994], and the solid line represents a recent update of that
parameterization obtained from a physically based model
(Fairall and Banner, manuscript in preparation, 2009).

Figure 9. Average horizontal along-stream droplet velo-
city Ux for spray droplets generated from the breaking
waves and seeded droplets injected into the flow using a
high-pressure paint sprayer. The spray droplets and the
seeded droplets have been sorted into two bins as those
measured over the tops of wave crests and those measured
over wave troughs.
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[45] The first point is that Ux for spray droplets (i.e.,
droplets generated by the breaking waves) are less than Ux

for the seeded particles at all heights regardless of whether
the droplet velocities are measured over troughs or crests.
Because there was good agreement between Ux measured
using the hot bulb anemometer and u* determined from the
Pitot tube profiles with Ux and u* derived from the PDA
measurements of the seeded droplets, it is reasonable to
assume that Ux for the seeded particles represents an
accurate measurement of the local free stream wind velocity.
Therefore, the data in Figure 9 suggest that the spray
droplets had not accelerated to the mean free stream wind
velocity when they were sampled by the PDA.
[46] A noteworthy finding is that for the spray droplets,

the near-surface difference between Ux measured over the
wave crests and troughs is much greater than the difference
in Ux for the seeded droplets. Although the crest-trough
difference in Ux for the seeded drops is likely to be real and
caused by increased drag at the water surface, the larger
crest-trough difference in Ux for the spray drops might be
controlled by somewhat difference physics. The video
measurements show that droplets are generated on the wave
crests, and therefore the droplets measured over the wave
crests are in general younger than droplets measured over
the troughs. Therefore, the larger difference in Ux reflects
the fact that at low heights above the water surface, the
younger droplets have had less time to accelerate than the
older droplets over the troughs. Age becomes less important
in determining Ux as the spray droplets rise above the water

surface, as is shown in the data by there being no difference
in the velocity for heights greater than 15 cm above MWL.
[47] Figure 10 shows the vertical profile in Uz measured

for spray droplets over wave crests and troughs along with
the vertical profile in Uz averaged over all data for the
seeded droplets. At a height of 20 cm above the MWL, there
is no difference between Uz measured for spray drops over
crests, Uz measured for spray drops over wave troughs, or
Uz measured for the seeded drops. This suggests that at a
height of 20 cm, the droplets are above the source acceler-
ation region, which is supported by the plots of size-
segregated droplet concentrations measured by the CIP.
[48] The value of Uz for the spray droplets is positive at

the lowest elevation measured regardless of wave phase,
near zero at a height of 15 cm, and negative at a height of
20 cm. Because the seeded droplets show a large average
negative vertical velocity at all three elevations, a positive
Uz for the spray droplets implies they are moving quite
rapidly upward until they reach a height of 20 cm. It is not
clear why on average the seeded drops and spray drops at
20 cm have such large downward velocities associated with
them. It is possible these motions are caused by secondary
flows in the wind tunnel.
[49] Overall, the PDA data support the conclusions

regarding droplet formation from the video data that
droplets are generated from near the breaking wave crests,
launched with upward trajectories, and rapidly accelerate
to the free streamflow velocity. The actual magnitude of
the mean spray droplet slip velocities is also interesting.
Andreas [2004] computed horizontal acceleration times of
spray droplets as a function of size and wind speed. His
calculations suggest that a 100 mm radius droplet would
accelerate to within a few ms�1 of the mean wind speed at
0.1 m above mean water in about 0.05 s. Thus, the observed
slip velocities seem large, implying that we are seeing the
droplets almost at formation or perhaps the droplets tend to
be preferentially occupying air that is moving more slowly
(e.g., updrafts). The updraft hypothesis is consistent with
the mean vertical slip velocity also. These results are an
interesting complement to the wind tunnel study of Koga
[1986] who used particle imaging techniques to examine
velocity deficits of much larger droplets (1.2, 3.5, and
5.5 mm). These particles had horizontal velocities about
half the mean flow and velocities on the upslope of the wave
were considerably larger than the downslope and trough.
Thus the mm-size droplets either have not had time to reach
the mean flow speed or are occurring preferentially in
slower moving air; the difference in upslope and downslope
speeds is also puzzling.

5.3. Breaking Wave Statistics

[50] The wind-forcing conditions in our experiments were
very strong (U/cp � 14.4 to 15.5). These are certainly well
beyond wind-forcing conditions for the dominant waves in
a hurricane, but are likely to be typical of forcing levels of
intermediate-scale waves in such conditions. In any event,
we observed through careful visual monitoring that for each
of the reference wind/wave conditions, every crest was
breaking as it passed our observation point. Under less
strongly forced conditions, the results would need to be
conditioned by a breaking probability multiplier.

Figure 10. Average vertical droplet velocity Uz for spray
droplets generated from the breaking waves and seeded
droplets injected into the flow using a high-pressure paint
sprayer. The spray droplets have been sorted into two bins
as those measured over the tops of wave crests and those
measured over wave troughs. The seeded drops are
averaged over all wave phases.
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5.4. Analysis of Breaking Surface Energy Flux

[51] We sought to relate the spray mass flux to an
effective wind-forced flux of surface energy fluctuations
associated with active breaking crest regions, which
requires quantifying the properties of the turbulent region
of whitecaps [see Kudryavtsev, 2006, Figure 1]. Even in the
laboratory it is extremely difficult to directly measure
kinetic energy dissipation rate by breaking waves. We made
three estimates of this quantity for each wind/wave condi-
tion as described in methods 1–3 below, and averaged the
results to obtain mean values and the indicative uncertainty.
[52] 1. We used the root mean square surface displace-

ment �rms =
D ffiffiffiffiffiffi

h2hf
q E

of the high frequency wavy oscillations

localized around the crests of the breaking dominant wind
waves a surface expression of the breaking dissipation rate.
This measure reflects the mean potential energy level of the
breaker-induced surface fluctuations, phase-averaged along
the actively breaking crest region. Extracting the local high
frequency surface height fluctuations from the wave eleva-
tion signal required subtracting from the total wave height
signal an optimally low-pass filtered signal representing the
local dominant waveform. In the surface disturbance analy-
sis, �rms is the average over 30 sampling interval partitions,
each of approximately 200 s and each corresponding to the
passage of O(300) waves. From the resultant residual high
frequency ‘‘riding’’ disturbances, the root mean square high

frequency surface displacement was calculated, as described
in Appendix A.
[53] Our first method for estimating the breaking dissipa-

tion rate combines Terray et al. [1996] and TKE arguments:

"0Hs

Pw

¼ Ce ð25Þ

Here Pw is the kinematic energy flux on the water side
(vertical integral of the dissipation rate), Hs is significant
wave height, Ce is a constant, and "0 is the dissipation rate
of TKE at the surface. Standard turbulence theory [Soloviev
and Lukas, 2006] gives

" ¼ q3

16Lb
ð26Þ

where q = (2*TKE)1/2 = (su
2 + sv

2 + sw
2 )1/2. Assuming su

2 =

sv
2 = sw

2 = g�rms, and taking into account the finite extent
of the active breaking region, we have q = (3g�rms)

1/2, where
a�0.25 is the fraction of the wavelength supporting the
breaker-agitated surface layer fluid. In a turbulent surface
shear layer, Lb = kz, where k is the von Karman constant. In
the breaking wave layer, Terray et al. [1996] give Ce = 0.83
and wave turbulent layer depth Lb �0.6Hs but subsequent
papers and measurements [e.g., Soloviev and Lukas, 2006]

Figure 11. Observed dependence for the 25 ppt salinity case of spray mass flux measured by the CIP
probe on the mean breaker surface layer energy flux determined by averaging three different estimates
(see section 5.4). Note the significant threshold in the surface disturbance energy flux before a spray flux
develops. The horizontal scatter and vertical error bars indicate the uncertainty in these measurements.
The solid line is the linear fit, and the dashed line is a log-log (power law) fit.
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suggest Ce is closer to 2 and the wave turbulent layer depth
Lb �0.2Hs, giving

Pw ¼
�

16 *Ce * Lb=Hs

3g�rms½ �3=2 ð27Þ

It should be noted that in this expression for Pw the
product Ce*Lb/Hs is not sensitive to the choice of value
pairs from Terray et al. [1996] or Soloviev and Lukas
[2006].
[54] 2. The atmospheric energy flux to the water surface

can be estimated as raPa = ra�cu*a
2 , where �c, the effective

wave phase speed associated with pressure-wave stress, can
be estimated using Figure 8 in the work by Terray et al.
[1996]. Assuming the excess wind input to these very
strongly forced young waves is balanced predominantly
by wave breaking yields raPa = ra�cu*

2 = 0.4rau*
3.

[55] 3. A third method was used to estimate the breaking
dissipation rates using a high resolution wind wave model
[Banner and Morison, 2006]. Model runs of duration
limited wave growth were initiated for extremely young
JONSWAP spectra, with initial Hs of several centimeters. A
range of 10m-height driving winds, U10, was used from
18 to 36 ms�1. The wind friction velocity and integrated
dissipation rate together with the dominant wave properties
were produced as the waves evolved. The results were
extrapolated over a modest range to younger seas to match
the wind friction and wave height conditions in the wave tank
experiments. The resulting dissipation rate levels were found
to closelymatch the levels estimated by the other twomethods.
[56] The observed relationship between spray mass flux

and breaking wave dissipation rate is shown in Figure 11,
with horizontal and vertical uncertainty bounds indicated.
Two least squares fits (one linear and one log-log) to the
data were made and the best fit curves are shown in this
figure. The log-log fit gives an exponent very close to
quadratic. The chi-square (RMS difference between points
and line) are 1.42 and 1.38 g�2 s�1 for the linear and log-log
fits, respectively; hence, there is no clear preference for
either of these fits. A future investigation using a wider
dynamic range of wind and wave conditions is needed to
resolve this issue.
[57] It is noteworthy that the dynamic range observed for

the spray flux of nearly an order of magnitude was surpris-
ingly large. For comparison, the observed dependence of
spray mass flux against the friction velocity u* is shown in
Figure 8. Another interesting feature of the data was
evident. As the wind speed was increased, the observed
mean wave height was seen to decrease. This is clearly
evident for the two highest wind speeds, but is also apparent
for the lowest wind speed when the influence of the higher
dominant wave frequency for that case is taken into
account. This leads to the possibility that the spray flux is
enhanced at the expense of the water mass in the dominant
wave form, in addition to emanating from the high frequency
breaking zone disturbances. However, we did not see any
evidence of ‘‘flattened’’ crests where the crest fluid had been
‘ripped’ from the underlying waveform. The observed large
increase in spray flux needs further investigation.
[58] Assuming a linear fit is applicable, the data show a

threshold behavior, and the result in Figure 11 can be
interpreted as providing the following relationship between

the near-surface spray flux Fm and the associated equivalent
surface energy flux, Pw, for these specific experimental
conditions

Fm ¼ MAX 0; s0�w Pw � Pw thð Þ½ � ð28Þ

where rwPw_th = 0.7Wm�2 and s0 = 3.7 � 10�3 s2m�2. This
threshold for spume production is significantly greater than
the value of (0.013 to 0.038 Wm�2) for whitecap fraction
found by Hwang and Sletten [2008]. This is consistent with
observations that the wind speed threshold for whitecapping
is lower than for spume droplet production. For open ocean
conditions, 0.7 Wm�2 corresponds to a 10-m wind speed of
about 10 ms�1. Generalizing this result to other breaker/
wind-forcing scales is explored in the following section.

5.5. Scaling/Extrapolation Perspective

[59] The present correlation between spray mass flux, the
energy flux to waves, and/or breaker surface disturbance
energy flux (Figure 11) was observed for a narrow range of
wave scales and forcing wind speeds. To be able to use this
correlation more generally, a reliable extrapolation to other
wave scales and forcing wind conditions is needed. For
example, for our strong forcing case the friction velocity
is 1.78 ms�1 and the wave breaking energy flux is about
2 Wm�2. In the open ocean, the same value of friction
velocity would correspond to a wave breaking energy flux
of about 30 Wm�2. If u* is the fundamental variable to scale
droplet mass flux, then the mass flux over the open ocean at
u* = 1.78 ms�1 would be the same as observed in the wind
tunnel at strong forcing. Whereas, if wave breaking energy
is the fundamental scaling variable, then we expect about
15 times more droplet mass flux over the ocean at u* =
1.78 ms�1 for the linear fit in Figure 11. Incidentally, the
log-log fit would imply a mass flux of more than four orders
of magnitude larger for wave breaking energy flux of
30 Wm�2. In other words, we can reject the log-log fit as
a useful tool for extrapolation. A second factor to consider is
the probability droplets at the interface are actually
injected into the turbulent flow. This error function factor
in equation (B9) is an example of a method to estimate this
probability. Conditions in the wind tunnel are ideal for the
maximum injection; that is, very strong winds over small,
steep waves. Over the open ocean, this factor would be less
favorable for large droplets and lower mass flux would result.
[60] Another issue to consider is how to integrate differ-

ent contributions from a bandwidth of breaking scales. The
wind tunnel is essentially monochromatic while the open
ocean has a spectrum of waves. To lowest order, a linear
breaker dimension such as the along-wind extent scales with
the breaker wavelength; the RMS wave height of the high
frequency disturbances is assumed to do likewise. The data
for the two wavelengths observed in our study conformed to
this scaling. According to the proposed surface disturbance
energy flux described in the previous section, for a given
upstream fetch and for comparable driving wind speeds, the
cumulative contribution of a large number of short breakers
could be comparable with the net contribution from a much
smaller number of larger breakers. For a broad bandwidth of
breaking wave scales, the various scale contributions to the
surface energy flux would require weighting by their
breaking probabilities. Future observations over a wider
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range of wave scales are needed to investigate this impor-
tant scaling issue.

6. Conclusions

[61] SPANDEX used laboratory data to examine scaling
relationships for the production of spume sea spray droplets.
In section 3, a variety of available scaling approaches from
the literature was presented, showing there is no clear
consensus on the fundamental parameters of this process,
although surface stress, wave breaking energy, and other
wave parameters are obvious candidates. Unraveling the
fundamental forcing from field measurements is difficult
because the various candidates are highly correlated (e.g.,
whitecap fraction, wave breaking energy, and mean break-
ing length may all scale as wind speed or friction velocity to
a power of 3 to 4). Furthermore, wave breaking energy
might scale as cp * u*

2 but, since cp is often roughly
proportional to u*, cp * u*

2 may be experimentally indistin-
guishable from u*

3. A laboratory study offers the advantage
of controlling some of the parameters independently, for
example, one might fix u* and vary cp to see the effect on
spray production. The disadvantage of a laboratory study is,
of course, the need to provide a defensible link between the
results and the real world. In our case, we do not claim that
the spray source function we measure in the laboratory is
the same as over the ocean. Rather, we assert that the wind
stress interactions with breaking waves in the laboratory are
reasonably similar to oceanic waves. Thus, we can explore
fundamental scaling behavior of the spray production.
[62] Our observations of droplet profiles (Figure 5 versus

Figure 6) give reasonable confirmation of the basic profile
relationship (11) that is commonly used to relate droplet
concentrations to the surface source strength. This also
confirms that even in a wind tunnel, the constant flux profile
(4) is approximately valid. The PDA observations revealed
significant mean horizontal and vertical slip velocities that
were larger closer to the surface (Figures 8 and 9). The
magnitude seems too large to be an acceleration time scale
effect, so we hypothesize that the droplets tend to be found in
vertically moving air masses (e.g., updrafts departing from
wave crests). Scaling of the droplet production surface
source strength proved to be difficult to explain. The wind
speed forcing varying only 23% and the stress increased a
factor of 2.2. Yet, the source strength increased by about a
factor of 7 (Figures 8 and 11). We attempted to relate this to
an estimate of surface wave energy flux through calcula-
tions of the standard deviation of small-scale surface dis-
turbance; this index was found to be quite close to an
independent estimate of the wind input to the waves and a
numerical wave model calculation of wave dissipation for
the wind tunnel conditions. This energy index only increased
by a factor of 2.3 with the wind forcing, so it is not clear that
we have characterized Pb correctly. Nonetheless, a graph of
spray mass surface flux versus surface disturbance energy is
quasi-linear with a substantial threshold.

Appendix A

[63] Since the local dominant waveform is modulated in
both frequency and amplitude, we introduced a phase-
averaged approach. The zero crossings of the dominant wave

signal z = h formed the basis for setting up a 50 point phase
space for the h > 0 region of the dominant wave. Each phase
bin accumulated the respective deviation of the actual wave
height from the local dominantwave elevation. Phase averaging
of the squared deviation provided the local distribution of
breaking-induced disturbance potential energy. We noted that
at the highest wind speed, a significant reduction was observed
in the dominant wave height associated with the increased
strength of the breaking events.
[64] The wave height signal was composed of a relatively

steep dominant wave with superimposed high-frequency
disturbances, including spikes from water droplets impact-
ing the wave wires. The data were despiked subsequently
with a detection and replacement code. To extract the
dominant wave signal from the total wave height signal,
several low-pass filtration techniques were investigated. The
steepness of the dominant waveform provided a very
considerable challenge. As with most filtering techniques,
some arbitrariness is implicit in the choice of ‘‘optimal’’
filter parameters and we used visual inspection of the low-
passed signal superposed on the original signal to choose
the most appropriate technique. We finally chose a smooth
spline method using the Matlab routine spaps.m. With this
technique the fitted spline does not pass through each data
point, but represents a least squares fit to the data trend for a
given spline tension. Adjusting the tension allows fitting the
low-frequency dominant wave while smoothing over
the high-frequency roughness elements associates with the
breaking. Optimizing the spline tension is crucial in this
analysis, and is described in detail below.
[65] For an initial choice of spline tension, the smooth

spline was applied to the whole elevation data record.
The typical ensemble size was about 400,000 points, or
6000 waves. The mean difference hDi between the actual
surface elevation and the smoothed surface elevation was
calculated over the data record, and the degree of filtering
assessed visually for removal of the high-frequency features
and goodness of fit to the dominant wave form. Because of
differences in the dominant wave frequencies and wave
heights, a given spline tension value had different filtering
effects on the wave height signal for these various cases. We
chose a different tension value for each case to conform to
the common upper bound of 2 mm for the mean difference
hDi, and to have the same visual degree of filtering. The
high-frequency data were then despiked with a detection
code based on local signal gradient and the spike region was
replaced locally with a cubic interpolation.
[66] Typical results are visualized below in Figure A1,

which shows a small segment of the data and the low-pass
filtered signal which yields the local surface fluctuation
signal. Following the choice of appropriate spline tension,
the zero crossings of the smoothed wave profile were
identified. Each crest subdomain (h > 0) was divided into
50 phase segments. The distribution of the phase averaged
high-frequency disturbance energy was found similarly
from the square of the deviation between the actual surface
and the smoothed surface at each phase point, which was
then phase averaged over the ensemble.
[67] Typical results for the phase averaged kinematic

wave energy and breaking disturbance energy distributions
are shown in Figure A2. Visual inspection shows that these
choices were reasonable. The equivalent high-frequency
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disturbance height distribution was then used to construct
the mean dissipation rate due to wave breaking described in
section 5.4. For this calculation, only a subset of the 50 point
distribution was used, namely the phase points spanning the
‘‘active crest region.’’ This spanned 25 points centered on
the phase-averaged wave crest maximum for each case. This
allowed us to include the physically relevant breaker dis-
turbance contributions, while minimizing any residual
errors in fitting the very steep forward faces of some of
the dominant waves.

Appendix B

[68] The physically based sea spray model of Fairall and
Banner (manuscript in preparation, 2009) is based on the
assumption that some fraction of the energy going into wave
breaking is consumed by breakdown of the interface into
droplets and bubbles. The actual droplet source function is
then the number produced at the interface times the prob-
ability that wind gusts near the interface are able to
accelerate the droplets into the turbulent surface layer.
Following Andreas [1998], we represent the rate of turbu-
lent kinetic energy (TKE) converted to potential energy in
the surface tension of droplets as

@DW
@t
¼ G

Z1
0

4

3
pr2ns rð Þdr ðB1Þ

where DW is some small fraction of the total energy input,
rwP, to breaking waves (Wm�2), G the surface tension of
the water-air interface (Nm�1), r the droplet radius, and
ns(r) the number of droplets produced per second per square
meter of surface. We assume that the energy to produce the
droplets comes from the turbulent cascade of TKE from the
breaking scale to the dissipation scale. From Tennekes and

Lumley [1972], the energy spectral density in wave number
space, E(k), is

E kð Þ ¼ aKe2=3k�5=3 exp �
3

2
ak khkð Þ4=3

� �
ðB2Þ

where e is the rate of dissipation of TKE

e ¼ 2n
Z1
0

k2E kð Þdk ðB3Þ

Here hk = (n3/e)1/4 is the Kolmogorov microscale, ak is the
Kolmogorov constant (�0.54), and n is the kinematic
viscosity of the fluid. In dynamic equilibrium, E(k) is
related to the rate of spectral energy transfer in wave
number space, T(k), by

@T kð Þ
@k

¼ �2nk2E kð Þ ðB4Þ

Since we are interested in droplets of some size, we
transform from a wave number spectrum to a size spectrum,
T(r). We assume that k = p/r and TKE is conserved in
density space [E(k)dk = E(r)dr]. It then follows that in the
inertial subrange, T(r) is given by

T rð Þ ¼ e exp � 9

4
ak

ph
r

	 
4=3� �
ðB5Þ

Figure A1. Typical wave height data for 17.8 ms�1 wind
speed sampled at 2322 Hz, with the superimposed dominant
wave obtained by smooth spline filtration. The high-
frequency breaking disturbance height signal is the
difference between these, shown as the small high-
frequency signal oscillating about the zero wave height axis.

Figure A2. The phase-averaged wave kinematic energy
(surface height squared) and mean square breaker dis-
turbance energy for 17.8 ms�1 wind speed plotted against
the wave crest phase point, where the 50 points span the
wave crest region. Note the unfiltered (‘‘Data’’) and filtered
(‘‘Filtered’’) phase-averaged mean squared wave height
signals are indistinguishable. The breaker disturbance
mean-squared height has been multiplied by a factor of 50.
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Now, we relate energy input per unit area, P, versus energy
dissipated near the surface (per unit volume). The total wave
dissipation is distributed vertically such that

P ¼
Z

e zð Þdz � e0Lb ðB6Þ

where Lb is a characteristic depth scale for breaking wave
turbulence near the surface of a breaking wave and e0 the
dissipation rate near the interface on the ocean side.
[69] We now assume that some small fraction, fd, of the

energy being transferred in r space is lost to the droplets.
This implies

4

3
Gpr2ns rð Þ ¼ fdrwT rð Þ ðB7Þ

where T is the value in the region very close to the interface.
This gives a final expression for ns expressed as the droplet
volume flux

4pr3

3
ns rð Þ ¼

fd Pr

sLb
exp � 9

4
ak

ph
r

	 
4=3� �
ðB8Þ

where s = G/rw = 7.4 * 10�5 m3 s�2 and we have assumed
that the ‘‘appropriate’’ size scale describing the dissipation
rate near the surface on the upwind side of the breaking
wave is proportional to Lb (so that fd now incorporates an
additional factor).
[70] This approach gives an estimate of the droplet

spectrum produced by the breakdown of the air-water
interface, but it says little about the introduction of those
droplets into the turbulent surface layer over the water. To
do this, we postulate that the large droplets will be accel-
erated along the windward face of the breaker, blown off the
top of the wave and execute a nearly ballistic trajectory into
the trough ahead of the breaker. They will spend a signif-
icant time airborne if their fall velocity is less than the local
wind speed near the wave crest times the local slope of the
waves. If we assume a Gaussian distribution of horizontal
wind speed fluctuations, then an error function describes the
integral probability that a droplet of size r is ejected from
the top of the wave. Thus

4pr3

3
ns rð Þ ¼

fd Pr

sLb
exp � 9

4
ak

ph
r

	 
4=3� �

* 1þ erf
Ud hð Þ þ Ub � Vg=Slope

su

� �� �,
2 ðB9Þ

where Vg(r) is the gravitational settling speed of the droplet,
Ud(h) the mean wind speed at height h, Ub the forward
speed of the breaking wave top, and su the standard
deviation of wind speed fluctuations at h. For large droplets,
low wind speeds, or small wave slopes the argument of the
error function would be significantly negative [erf(�1) =
�1] and no droplets are observed. For very small droplets,
hk/r becomes large, and no droplets are produced because it
takes too much energy to overcome surface tension. For the
simulation discussed in Figure 8, we specified Lb = 0.1 m,
fd = 0.02, Slope = 0.09, and su = 0.6 � U10. A more

detailed derivation and Matlab codes for this model can
be found at ftp://ftp.etl.noaa.gov/user/cfairall/onr_droplet/
parameterization/.

Notation

a(r) size-dependent sample area of CIP.
cp wave phase speed.
�c mean wave phase speed associated with pressure

input to the wave growth.
dr droplet radius increment, as in CIP size resolution.
dt particle sample time interval.
fd fraction of TKE spectral transfer that

is consumed to form droplets.
fn(r) whitecap-normalized particle source

size distribution.
fp wave maker paddle frequency.
fs factor characterizing reduction of turbulent

diffusion for large particles.
h wave height (one-half the significant wave height).
k turbulent fluctuation wave number.

n(r) droplet concentration size spectral density.
n0 fluctuation in droplet concentration.

ns(r) droplet source size spectral density right
at the air-water interface.

r particle radius.
rm maximum particle radius permitted

by viscous forces.
so linear slope of particle mass flux and surface

disturbance energy.
t time.
u0 horizontal velocity fluctuation.
w0 vertical velocity fluctuation.
ws
0 particle vertical slip velocity fluctuation.

w0n0 vertical turbulent flux of particles.
w0sn

0 vertical turbulent flux of particles associated
with slip-particle correlations.

w0u0 vertical turbulent flux of particles.
z height above mean surface level.
zo surface roughness length.
Ce ratio of Hs* eo to Pw.
Dp molecular diffusion coefficient for particles.

E(k) spectral energy density for turbulent fluctuations.
FA droplet area flux from Kudryavtsev [2006].
Fz total vertical flux of particles.
Fm mass flux of particles estimated at the interface.
Fo total vertical flux of particles at the interface.
Hs significant wave height.

K(z) turbulent eddy diffusion coefficient.
Kp(z) turbulent eddy diffusion coefficient for particles.

Lb vertical length scale of breaking wave dissipation
region.

M(z) suspended particle mass as a function of height.
P energy flux (kinematic) from atmosphere to the

ocean.
Pb energy flux to wave breaking.

Pw_th energy flux threshold (water side) for breaking.
Qn volume source function for particles.
Ru stress capillary wave scaling parameter.
Sn area source function for particles.

T(k) rate of spectral energy transfer for turbulent
fluctuations.
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U wind speed.
Ud mean wind speed at h.
Ut wind speed near wave tops.

Uref wind speed from reference at tunnel entrance
from hot film sensor.

Ux horizontal droplet velocity.
Uz vertical droplet velocity.

V(r) volume of droplet of radius r.
Vg particle mean gravitational fall velocity.
W whitecap areal fraction.
WA wave age
a fraction of the surface-supporting breaker agitated

surface layer fluid.
ak Kolmogorov constant (0.54).
e rate of dissipation of turbulent kinetic energy.
eo rate of dissipation of turbulent kinetic energy

near the interface on the oceanside.
h water surface elevation.

hhf high-pass filtered surface elevation.
hk Kolmogorov microscale.
k Von Karman constant (0.4).
l surface gravity wavelength.
ra density of air.
rw density of water.
s kinematic surface tension of water-air interface

(G/rw).
su horizontal velocity standard deviation.
sw vertical velocity standard deviation.
t horizontal momentum flux (w0u0/ra).
n kinematic viscosity of air.

hDi mean surface displacement from smooth wave
function.

G surface tension of water-air interface.
L mean wave-breaking length per unit area.
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