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Abstract. SeaCluse is a code describing and quantifying the nonlinear interactions between spray droplet
concentrations and the scalar fields of water vapor concentration and temperature in the marine atmospheric
surface layer as a function of the basic micrometeorological parameters. It is currently developed to simulate
most of the dynamics of the evaporating sea spray droplets, their transformations, and their influence on the
structure of the marine lower atmosphere. It includes two parts, a “preprocessor” computing the air flow
structure and droplet trajectories over the waves in the absence of turbulence and evaporation, and a “main
program” computing along the vertical the horizontally averaged budgets of droplet and water vapor
concentrations, and sensible heat, including the dynamic and thermodynamic air-droplet interactions. This
paper presents the first simulations, without evaporation, which reveal several characteristic features of the
spray droplet dynamics over the waves. The mean air flow induced by the wave motion generates an effi-
cient transport of many droplets up to the wave crest level or slightly higher, where they accumulate. In con-
trast, turbulence appears to be a rather inefficient process to elevate further the droplets that have nonnegli-
gible weight and inertia (and an efficient process for very small droplets). The residence times in the air Tﬂy
of droplets larger than 90 pm in radius do not increase much, compared to their values in still air or over a
flat surface, and they increase with increasing wind speed much less rapidly than the wave height H;: Tﬂy -~

103 while H, - U2. Above the wave crest, the droplet concentrations are several orders of magnitude
smaller than between wave troughs and crests. The precision of the turbulent diffusivity model for droplets
therefore appears crucial to correctly infer the spray surface source function from concentration measure-

ments in the atmosphere.

1. Sea Spray Modelling

1.1 Sea Spray in the Atmosphere

Aerosols play an important role in the marine atmospheric
boundary layer, in meteorological processes, climatology, envi-
ronmental processes, as well as in the field of propagation of
electrooptical radiation. Suspended aerosols, by scattering and
absorption of radiation, contribute Lo the attenuation of radiation
in the electromagnetic transmission windows. This reduces the
performance of electrooptical systems and limits electrooptical
surveillance of the marine boundary layer and the sea surface
from aircraft and satellites. The reduced albedo may also be of
importance for climatology, as evidenced by recent studies of
global warming negative feedback effects.

On a micrometeorological scale, aerosols contribute to the
moisture and heat budgets near the sea surface [Wu, 1974; Ling
and Kao, 1976; Andreas, 1992]. Since the ocean acts both as a
source and a sink for atmospheric aerosols, the aerosol droplets
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may transfer water vapor, heat, pollutants, and bacteda through
the air-sea interface. At higher levels, sea-salt particles shrink by
evaporation or grow by condensation through interaction with the
humidity field. Hence they play a role in the transport of matter,
heat, and water vapor throughout the marine boundary layer and
are important to larger scale meteorological processes and clima-
tology. In addition, small droplets may act as condensation nuclei
and are therefore important in the formation of fog and clouds.

In view of the above, adequate descriptions of the particle size
distributions for the ambient atmospheric conditions are required
to explain a wide range of processes in the marine atmospheric
boundary layer (MABL). The Navy Aerosol Model (NAM)
[Gathman, 1983] is one of the most widely accepted and used
models to assess the propagation characteristics of electrooptical
radiation. NAM is included in the LOWTRAN code [Kneizys et
al., 1983]. It is an empirical model, based on an extensive data
set composed of observations made at a variety of geographical
locations. Over the years, NAM has been updated and improved
with both experimental [De Leeuw, 1986] and theoretical
[Gerber, 1985] evidence [Hughes, 1987; Gathman, 1989].

NAM applies to a single height of about 10 m above mean sea
level (AMSL). Therefore additional modeling is required to infer
the vertical profiles of aerosol concentration. The Navy Oceanic
Vertical Aerosol Model (NOVAM) has been developed to this
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end [Gathman, 1989; De Leeuw et al., 1989]. In NOVAM, the
concentration of aerosol at deck height is provided by NAM, and
the vertical distribution of aerosols is subsequently calculated
with physical equations.

NAM and NOVAM have been validated for open ocean re-
gions. However, they do not apply below about 10 m AMSL.
Yet, this region is important because an important part of the
aerosol dynamics takes place in the surface layer, and the devel-
opment of models for the marine atmospheric boundary layer re-
quires a comprehensive description of the processes near the air-
sea interface.

Aerosol behavior near the air-sea interface is difficult to de-
scribe because it results from a large number of coupled dynamic
and physical processes. When wave breaking occurs, air is en-
trained into the water. The air breaks up into bubbles, which rise
owing o their buoyancy. When they reach the surface and burst,
film and jet droplets are produced. Film droplets result from the
breaking of the thin water film covering the bubble where it pro-
trudes upward through the water surface, and jet droplets result
from the breaking up of the water jet that is subsequently formed
[Blanchard, 1963, Macintyre, 1972; Blanchard and Woodcock.
1980]. The production of film and jet droplets from both single
bubbles and bubble plumes has been the subject of extensive ex-
perimental studies [e.g., Blanchard, 1963, 1983; Monahan et al.,
1982; Mestayer and Lefauconnier, 1988; Spiel, 1992]. An analyt-
ical description of the jet droplet production has recently been
provided by Dekker and De Leeuw [1993], based on the analyses
of Macintyre [1968, 1972]. In addition to the film and jet
droplets, spume droplets are produced by tearing from the wave
crest, when the wind speed exceeds about 9 my/s [Monahan et al.,
1986; Wu, 1990; Andreas, 1992].

The freshly produced droplets are transported upward by tur-
bulent diffusion and convective flow, which are counterbalanced
by gravitational forces. While they are airborne, they interact
with the scalar fields of temperature and humidity by exchanges
of heat and moisture.

1.2 Vertical Flux of Spray

The number and size distribution of sea spray aerosols that are
produced by breaking waves are described by the surface source
function, often expressed as dF/dr, the number of droplets of ra-
dius r produced at the sea surface per m?, per second, per pwm in-
crement in r, where r is droplet initial radius. This function is
sometimes replaced by ar/arso, where rgo is droplet radius at
80% relative humidity. Monahan et al. [1982, 1986] presented a
source function that consists of two modes, i.e., a bubble-medi-
ated and a spume droplet source function. Alternative formula-
tions have been given by Fairall et al. [1983] [see also Miller
and Fairall, 1988], De Leeuw [1990a] and Andreas [1990b,
1992]. However, there is no report of direct measurements of the
upward surface flux of droplets at sea, and the extension of labo-
ratory studies to oceanic conditions is not straightforward either
le.g., Ling and Kao, 1976; Mestayer and Lefauconnier, 1988].

Few measurements exist of the concentration of aerosols be-
low ship deck level (see, e.g., De Leeuw [1989b, 1993] for an
overview). Until recently, the particle concentrations were as-
sumed to increase exponentially toward the sea surface
[Blanchard and Woodcock, 1980]. De Leeuw (1986, 1987] pro-
vided experimental evidence that the profiles are not always log-
arithmic, and hypothesized that the aerosols are temporarily
trapped in rotor-like eddies generated by the wave motion, which
results in longer suspension times, Alternatively, Wu [1990] sug-

gested that the spume droplet production by the wave tearing
mechanism was to be held responsible for the nonlogarithmic
profiles.

It must be understood that the assessment of the surface
source function is the key to understanding and modeling the
spray behavior and influence, and vice versa. Since this function
cannot be measured directly at present, two rationales have been
used to infer it from measurements, “below-up” and “above-
down”. The below-up approach consists in tracing and modeling
the behavior of whitecap bubbles from production to bursting,
and in convoluting this model with empirical relationships be-
tween whitecap coverage and meteorological variables on the
one hand, and with the spray production per bubble on the other
hand. The works of Monahan et al. [1982, 1986], Baldy [1988],
Blanchard [1963, 1983, 1989], Dekker and De Leeuw [1993],
and Spiel [1992, 1994] address the successive stages of the pro-
cess. This below-up approach could be qualified “direct”, since it
relates the surface flux of spray to its causes. In principle, the
extension of the approach to the flux of spume droplets should be
easy, since the number of stages is much reduced. But in prac-
tice, this extension has not been done yet, owing to the lack of
reliable field data and because the laboratory simulations of
spume droplet tearing are disputable (see, e.g., Mestayer and
Lefauconnier's [1988] discussion).

The above-down approach is “indirect” since it deduces the
surface source function from its consequences, the aerosol con-
centrations in the air, usually measured well above sea level
(Fairall et al., 1983; Fairall, 1990; Fairall et al., 1994; Miller
and Fairall, 1988; Wu, 1979, 1989, 1990; W et al. 1984; Smith
et al., 1993]. Up to now, this approach used simple relationships
between elevated concentrations and surface fluxes, based on the
usual assumptions of the constant flux atmospheric surface layer
over a flat surface, not taking into account the influence of the air
flow over the waves on the droplet dynamics, the physicother-
modynamic exchanges between air and spray, and their nonlinear
coupling. Actually, this approach results in “effective” source
functions that depend on the model assumptions that are used to
derive them, and have validity only within the framework of this
model. Andreas [1992] proposed an empirical synthesis of Miller
and Fairall's [1988) and Wk et al.’s [1984] results to infer a
spectral shape on the whole range of droplet radii of interest.
Fairall et al. [1994] combine this with Monahan et al.’s [1986]
observations of whitecap coverage to infer the droplet spectrum
dependence on wind speed. Yet, owing to the indirect ways used
to derive this surface source function, there is still not consensus,
and it is the object of a passionate debate [Katsaros and De
Leeuw, 1994; Andreas, 1994].

1.3 Framework for Describing the Atmospheric
Surface Layer with Spray

The above discussion shows that there is need for models gjv-
ing a physical description of the behavior of marine spray
droplets in the atmospheric surface layer close to the waves, that
provide an operational framework for the analysis of the sparse
experimental observations.

The theoretical framework for the analysis of measurements
in the marine atmospheric surface layer is the constant flux layer
assumption, the basis of Monin-Obukhov similarity theory. In the
absence of strong convection, in the lower part of the atmo-
spheric boundary layer over a flat surface the flow is horizontal
on average and horizontally homogeneous. The surface layer is a
few tens of meters thick. It is defined as the layer where the ref-
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erence values of air density Po temperature T, and pressure p,
in Boussinesq approximations, have negligible variations with
height and where the effect of Coriolis effect is also negligible
[Monin and Yagiom, 1987]. The averaged budget equation of any
transportable quantity y then reduces to

NN, v_, Py
7 3 +w % —DWaz_2+SW (1)

where the coordinate System x, y,z is such that the x direction is
horizontal and parallel to the mean wind and z is vertical upward,
the wind vector components are u, v, w, respectively, the overbar
indicates an ensemble average, d/dt is the particulate derivative,
and Dw is the molecular diffusivity of W in air, or the molecular
viscosity 1 if y is momentum, Reynolds averaging is used to
separate mean and fluctuating quantities:

V=¥+y' ;W= ; =0 @

Usually the conditions are ergodic and stationary and the ver-
tical component of the mean velocity W = 0. For momentum pU
and any inert gas concentration passively following the air flow,
the additional term .S'w =0; Fairall et al, [1994] verified that the
droplet relative contribution to the air momentum is at most
8x106U%4, ie.. < 10" when U/ < 50 m s°! and < 102 when U <
20 m 5!, Using the continuity equation for an incompressible
fluid, equation (1) then reduces to
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where v = u/p is kinematic viscosity. Equations (3) and (4)
demonstrate that the surface layer is a constant flux layer, where
the total flux F y» turbulent plus viscous, is independent of height.
Introducing the eddy viscosity Vv, and eddy diffusivity Kw by
analogy between turbulent and molecular diffusions,

—-=__ a_U e B 4
uw—v,az,w\y—KWaz 5)
the constant-flux equations (3) and (4) can be rewrtten as
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where F s and T are the surface fluxes, Equations (6) and (7)
also define the scaling variables u, and v, independent of
height. Away from the molecular sublayer, usuaily not thicker
than | mm over the sea surface, v << v(z) and Dw << Kw: the
fluxes in (6) and (7) are actually the turbulent fluxes.

In the heat equation, the additional term S, represents the in-
flux of heat due to radiation and phase changes of moisture con-
tained in the air. Equation (1) then reduces to
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where C is the specific heat of air at constant pressure,
Defining the additional vertical heat flux g, by S, = -9¢g,/0z,
slonin and Yaglom [1987] show that an equivalent relation to (7)
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can be written only when gy, 1s constant with height. As shown by
these authors, the smailness of the variation with height of the
vertical flux of radiant heat is not well assessed, but it is a usual
assumption because of the difficulties to model radiation heating.
In addition, in a layer where spray droplets are propelled, sensi-
ble and latent heat are exchanged with air at heights depending
on the spray dynamics. As a consequence, the additional heat
flux g, is certainly not constant with height in atmospheric sur-
face layer with evaporating spray, and S5, cannot be neglected as
is usually done in the “constant flux layer,”

In the same way, the evaporating droplets are elevated sources
of moisture, Therefore an additional term is required in the bud-
get equation of water vapor concentration p,» Which reads
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The budget equations for spray droplets can take different
forms that depend on the parameter that represents aerosol con-
centration: total number concentration [Ling and Kao, 1976;
Stramska, 1987], liquid water and salt mass concentrations
[Fairall and Edson, 1989; Fairall, 1990], number concentration
in size categories [Ling et al., 1980; Mestayer and Lefauconnier,
1988], mass concentration in size categories [Rouault et al.,
1991]), etc. In any case, the droplet budget includes not only an
additional source term S‘v representing the local influx of v due
to phase changes (evaporation-condensation) but also flux terms
representing the specific droplet dynamics: owing to inertia and
weight, neither their mean nor their instantaneous velocities are
equal to those of the air. Therefore the budget equation (1) keeps
a general form,
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where w = WV +w‘;, is a volume averaged vertical velocity
component, whose definition depends on the choice of .

If evaporation and condensation are the only physicochemical
transformations taking place, then §, is directly related to the
droplet source term(s) S‘V

sv=5“’(sw) (11)

On the other hand, the source term in the heat equation (8) is
composed of three parts

Sy = S+ S + 8 (12)

Syr is the heat influx due to radiation, and Sy is the heat influx
due to the sensible heat exchange with droplets. This term arises
because the droplets, generated at sea surface temperature 7,
are rapidly propelled in air having a different temperature T,(2),
and because they are never in thermal equilibrium with the sur-
rounding air owing to evaporative cooling. S8} is the heat influx
due to the consumption/release of latent heat due to droplet
evaporation/condensation. Most of the time, Sy; is a net sink in
the heat budget, while S, can be either a sink or a source, de-
pending on the air-sea temperature difference,

1.4 Recent Developments in Modeling Spray Behavior

In 1981, the Humidity Exchange Over the Sea Program
(HEXOS) was initiated to study the water vapor and droplet
fluxes from sea to air [Smith et al., 1990]. The HEXOS studies In
a Simulation Tunnel (HEXIST) part of the program was aimed at
the development of numerical models to describe the turbulent
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transport of evaporating droplets and their interactions with the
scalar fields of temperature and humidity. Also, experimental
simulations were performed for model validation purposes in the
period 1985-1990 in the Large Air-Sea Interaction Simulation
Tunnel of the Institut de Mécanique Statistique de la Turbulence
(IMST) laboratory at Luminy (Marseille, France), and in the
whitecap simulation tank at the University of Connecticut [e.g.,
Mestayer et al., 1989].

The HEXIST program is a continuous cooperative framework
for a progressive series of modelin g efforts. Most of the resulting
findings have been presented in the proceedings edited by
Mestayer et al. [1990a] or in the review of Andreas et al. [1995].
Since the work presented in this paper takes advantage of the
HEXIST efforts, a brief summary is presented below.

In IMST wind-water tunnel experiments the surface sources
of droplets were provided by bubble plumes generated by im-
mersed aeration devices, without breaking waves. The air flow
was a well-known fully turbulent boundary layer over a flat water
surface [Mestayer et al., 1989; Mestayer and Lefauconnier,
1988]. Using the data obtained during these experiments, two
numerical models were developed in parallel: a Lagrangian
Monte Carlo model that calculates the trajectories of heavy
evaporating droplets [Edson, 1989, 1990; Edson and Fairall,
1994; Edson et al., 1996], and a Eulerian one-dimensional K-dif-
fusivity model [Rouault, 1989; Rouault et al., 1991]. In their ini-
tial stages, these models aimed at testing the basic modeling tools
for turbulent dispersion and evaporation in two different numeri-
cal formulations, for the simplified configuration of the tunnel
experiments: freshwater droplets from 5- to 100-|tm radius in a
fully developed laboratory boundary layer. The intercomparison
of the two modeling efforts with the laboratory measurements
demonstrated the feasibility of the two approaches and allowed
for numerical optimizations of the turbulence models. The two
models of droplet evaporation were based on Pruppacher and
Klert's [1978] equations for freshwater droplets, and demon-
strated their efficiency. Edson [1989] also used these equations to
show that the droplets under study reach very rapidly their ther-
mal equilibrium owing to the combined effects of evaporative
cooling and conductive heat exchange. This result was used by
Rouault et al. [1991] to notably simplify the evaporation model
of the Eulerian code by modeling droplet temperature by the lo-
cal wet-bulb temperature T,

With these models, Rouault [1989) and Edson [1990] assessed
the droplet surface source function in the tunnel, also measured
by De Leeuw [1988]. This source function was used by Mestayer
eral. [1990b] and Rouault et al. [1991] to analyze the measure-
ments of the humidity turbulence with a micro-Lyman-¢t hy-
grometer. These measurements showed a reduction of the turbu-
lent flux of humidity w’p;, in the lower part of the boundary
layer, where the mean humidity P, was increased by the droplet
evaporation. The numerical simulations showed that the humidity
increase, in the layer where the droplets evaporate, reduces the
gradient of vapor concentration close to the surface and increases
this gradient above the evaporation layer: this results in a simul-
taneous decrease of the turbulent flux of humidity at the water
surface, and an increase of the flux in the higher layers that are
not reached by the droplets. The net increase is therefore only a
fraction of the vapor produced by the droplets (which is in tum
only a fraction of the surface flux of (liquid) water). The theoreti-
cal consequences of this negative feedback were first analyzed
by Smith [1990] and were also discussed by Andreas et al.
[1995]. The simulations of Mestayer et al. [1990b] and Rouault
and Larsen [1990] indicate that over a flat surface the thickness
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of the evaporation layer (where most droplets evaporate) is of the
order of 1 or 2 m.

In parallel, Andreas [1989, 1990a] analyzed and simplified
Pruppacher and Klett’s [1978] equations of the microphysics of
aqueous solution drops, for their application to sea spray: his
model equations describe the transient heat and mass exchanges
of sea-spray water droplets with a constant atmospheric envi-
ronment. A major result of his study is that air-droplet heat ex-
change is some 3 orders of magnitude faster than moisture ex-
change (a result extending Edson’s [1989] finding for freshwater
droplets). One consequence is that the two processes can be
modeled independently, as subsequently proposed by Mestayer
[1990]. Another consequence is that all droplets, even large ones,
have enough time to release sensible heat to the air during their
flight. Andreas [1992] constructed a box model where air tem-
perature and relative humidity are constant and droplets are in-
troduced at sea surface temperature at a rate given by a surface
source function extrapolated from the empirical function of
Miller [1987]. The droplet heat and moisture exchanges are com-
puted from Andreas’s (1989] equations, considering that the
droplet residence time in the atmosphere box is

Tp=Ay3/V(r) (13)
where A \s3 is the significant wave amplitude and Vg(r) is the
gravitational free-fall velocity (or terminal velocity) of a water
sphere of radius r. The choice of A 173 to parameterize the droplet
residence time, rather than the cjection heights measured by
Blanchard [1963] (and recently by Spiel [1994]) or the evapora-
tion layer thickness of Mestayer et al. [1990b] and Rouault and
Larsen [1990], has been disputed by Katsaros and De Leeuw
[1994], but it was reaffirmed by Andreas [1994].

Fairall et al. [1994] integrated the parameterizations of
Andreas [1992] in a two-layer model in which the atmosphere
box is replaced by an evaporation layer of thickness equal to
A,/ that is topped by a classical constant-flux surface layer. The
evaporation layer is a buffer where all air-spray exchanges of
heat and moisture take place; this is equivalent to providing new
“surface” conditions for an atmospheric surface layer over a vir-
tual surface at z = A ;. The "virtual surface” fluxes are the sum
of the sea surface fluxes, and of the droplet generated fluxes
multiplied by a reduction factor o that models the negative feed-
back; a value of a = 0.5 is deduced from the simulations of
Rouault and Larsen [1990] and Rouault et al. [1991]. Edson er
al’s [1996] Eulero-Lagrangian simulations demonstrate that the
value of this reduction factor depends dramatically on the initial
behavior of the spray droplet, i.e., on the scale of the evaporation
layer.

1.5 Nonlinear Issues

The models of Andreas [1992] and Fairall et al. [1994]
showed that spray droplets can contribute noticeably to the heat
and moisture budgets, provided that the source function is as
modeled by Andreas [1992]. However, their box-type approach
does not document the non-linear interaction processes generated
by air-droplet exchanges at various heights in the lower atmo-
sphere. The understanding of these near-surface processes is a
key for the definitive assessment of the effective spray contribu-
tion. In tentative reconciliations between the below-up and
above-down approaches to the surface source function, this
problem seems to have been underestimated. The nonlinear pro-
cesses can significantly reduce the spray contributions, and the
net contributions may thus be much smaller than the potential
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ones [De Cosmo et al., 1995]; here “net” refers to the measurable
effects over, e.g., the wave level (as in Fairall et al’s (1994]
two-layer model), while “potential” represents the maximum heat
and moisture droplets could exchange with air as approached by
Andreas’ [1990a] model. For instance, Andreas [1992] and
Andreas et al. [1995] stress that the potential sensjble heat trans-
fer from droplets to air should not be neglected, since it can be
very large, eventually as large as the surface flux. On the other
hand, Andreas [1989, 1992] demonstrated that drop-to-air heat
transfer is extremely rapid, faster than a second. One possible
explanation s that the sensible layer, where air-spray sensible
heat transfers take place (equivalent to the evaporation layer) is
very thin and lies immediately over the surface: by following
Smith’s [1990] and Andreas et al.’s [1995] description of the
negative feedback it might then seem natural to conclude that this
heat transfer is almost exactly compensated by the altered surface
transfer due to the altered temperature gradient in this thin layer
- and that its net effect would then be null or negligible. This
example shows how nonlinear interactions could be difficult to
predict. We think that it is dangerous to draw conclusions too
rapidly without models that explicitly handle the nonlinear inter-
actions. Also, a better assessment of the initial dynamics of
spume droplets is needed.

A major assumption in the recent derivations of the spray sur-
face source function is that 9F/9r has the same dependence on r
as that observed in the measured droplet concentrations
[Monahan et al., 1986]. As the bubble-mediated component of
oF/or is most certainly proportional to the number of bubbles en-
trained in water, which is in tumn proportional to the whitecap
coverage, this assumption extends the proportionality to the
whole droplet spectrum, in which case it js possible to write
0F/or under the form

oF _ of

or (nU) = ZR0) ;(r)
where 9ffor is the wind-independent source function per unit area
of whitecap and 2#{U) is either the fractional coverage of stage B
whitecaps F5(U) = Uy*! [Monahan et al., 1986] or the efficient
whitecap coverage of Miller and Fairall [1988] U)o UG
(as computed by Andreas [1990b]). On the other hand, Andreas
et al, [1995] speculate that the bubble-mediated component of
dF/dr is proportional to the wind-to-sea energy transfer rate and
thus should vary as «,* (or ~ Ut while the spume component
should vary “somewhat slower than u,3,"

Recently, Smith et al, [1993] measured concentrations of
droplets from 2 to 25 |im at one fixed height (z = 14 m) over a
very large range of wind speeds (0-30 m s°1), They deduced the
droplet fluxes, using Slinn and Slinn's [1981] modeled particle
deposition velocities (i.e.. equating upward and downward fluxes
at z = 14 m). Their fluxes appear to vary with /26 for the smaller
droplets (r ~ 2 um) generated by bubbles only and with U5 for
larger droplets (r ~ 20 pm) mixing jet and spume origins. The
relatively good agreement with Monahan et al.'s [1986] below-
up surface fluxes for the smaller droplets seems to indicate that a
large part of those do reach the height of 14 m. As noted by the
authors, their large-droplet flux estimations at this height cannot
be used for conclusive comparisons with below-up surface flux
estimations since they do not have the proper model for large
droplet behavior.

Therefore the proportionality assumption expressed by
Equation (14) should be re-analyzed from three points of view.

L. As already noted by Monahan er al. [1986], if relation (14)
= »lid for the bubble-mediated component, how can it be valid

(14)
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for the whole spectrum if the spume component has a different
wind dependency [Fairall et al., 1994] ?

2. Considering the differences in the dispersion of droplets
close to the surface due to their different weights, inertia, and
size variations that depend on wind speed, should the below-up
source function present the same radius dependency as the
above-down “effective” functions deduced from concentration
measurements by implicitly neglecting the surface-induced mo-
tions [Wu, 1989, 1990, 1993] ?

3. Is the proportionality assumption consistent with a two-
layer model where practically all droplets are assumed to evapo-
rate in the lower layer, below z = A, ; [Fairall et al., 1994] ?

Other nonlinear issues of importance are the droplet residence
time, the thickness and the structure of the evaporation and heat
exchange layers, their overall efficiency to transfer the droplet
contributions upward, the resulting net distributions of upward
dispersed aerosol, and their variations with wind speed and me-
teorological conditions.

The Couche Limite Unidimensionnelle Stationnaire d’Em-
bruns (CLUSE) model of Rouault et al. [1991] proved to be a
good basis for studying the nonlinear interaction between injec-
tion, evaporation, turbulent diffusion and transport of spray
droplets [Mestayer, 1990; Rouault et al., 1991]. However, since
it was developed for artificial conditions in a wind-wave interac-
tion tunnel (see above), the CLUSE model must be extended to
open ocean conditions before it can describe the behavior of sea
spray droplets. This extension to the new code SeaCluse is de-
scribed in the next section. Since this paper focuses on the
droplet dynamics, the implementation of Mestayer's [1990]
model of seawater droplet evaporation and its results are not pre-
sented here and will be analyzed separately in a sequel paper. As
shown below, the development of SeaCluse required creating a
“preprocessor” for computing mean air flows and droplet trajec-
tories over the waves: this preprocessor is described in section 3,
and the results obtained during the preliminary simulations are
analyzed in the context of the above discussions. In section 4,
three models of droplet turbulent diffusivity are presented and
the resulting distributions of the dispersed droplets are analyzed.
Finally, section 5 presents some provisional conclusions on some
nonlinear issues and suggests fruitful lines for cooperative works.

2. The Model

2.1 Model Bases

The family of CLUSE-derived numerical codes are Eulerian
one-dimensional average codes computing the stationary distri-
butions of droplet concentrations along a vertical axis over the
water surface. The heart of the codes is the computation of the
coupled stationary budget equations of interacting transportable
quantities by a finite volume solver (micro-integral method, see
Schiestel [1993]). The framework of this model family is defined
by the following basic hypotheses.

1. The fluid is incompressible.

2. The Coriolis force is negligible.

3. The Boussinesq approximations may be applied.

4. The droplets are spherical and do not breakup or coalesce.

5. The total number of droplets in the domain of study is con-
served.

6. The boundary layer is fully developed, and the classical
horizontal homogeneity hypothesis is applied. The constant flux
hypothesis can be used in the whole domain for the transportable
variables that have no local source.
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7. The total mass of droplets is too small to noticeably infly-
ence the dynamics of air,

8. The molecular sublayer is not under study, and the effect of
molecular diffusivity is negligible, compared to the other fluxes.

The fluid is considered to be a multiphase mixture of N+2
components: dry air, with concentration P4+ Water vapor with
concentration p,, and A droplet categories of nominal radjus r,(n
=1,..., N) and concentration P, Category n includes all droplets
of radius r defined by:

n=4arn /2 <rg r,+Ar /2 (15)
Mass concentrations per unit volume Pgs Py» and p, are con-

sidered rather than humidity and number density because these

are the transportable conservative variables.

The instantaneous budget equation of mass of any of the N+2

transportable components is

op a(P |4 )
Y YY) _ . . e
7+T = S'Y Y=avn;n=L.,N (16)

where V? ;18 the velocity component in direction j of the compo-
nent y and S, is the algebraic sum of all local sources of P,

Reynolds decomposition is introduced as in (2), and relations
(16) are averaged. Because of the horizontal homogeneity hy-
pothesis, the flux divergences in the x and y directions are null.
The velocity components V.f j re replaced by their usual nota-
tions V’.](Jt = U.rand sz =W

For the gas phase componenis, dry air and water vapor, V. . is
equal to the velocity of air v, j Because of hypotheses 2, 6, and
T W, =0. For particle concentrations, v, j is the average of the
velocities of the particles of category n contained in the elemen-
tary volume under consideration, Owing to their initial ejection
from the surface and their further gravitational attraction,
ITV; #0. Owing to their inertia, W), #w’ . The basic equations of
the models are the averaged budget equations for the concentra-
tions and the specific heat, deduced from (16) and written as:

%, _,
T (17a)
1
0, __30a") 3orw;) s
or oz 0z 2
1 2 3 4
n=1,...N (17b)
a a pfw)
. 2m)
1 3 4
oT AT,

- _ a
panaE— pacpa oz 5

1 3 4

(174)

Terms | represent the time variations of the transported quan-
tities, which tend toward zero in stationary conditions. Terms 2
represent the macroscopic fluxes due to ejection of droplets from
the surface and their gravitational fall. Terms 3 represent the dif-
fusion due to turbulence. Terms 4 are the local source-sink terms,
The solution of the system of coupled stationary equations is
found by an iterative process where, at each time step, equations
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(17b)-(17d) are computed over the whole computation domain,
up to equilibrium when terms | equal O [see Rouault etal., 1991].

Since the SeaCluse model is built by extending the CLUSE
model from simple theoretical/laboratory conditions to more re-
alistic and complex marine conditions, it is convenient to first
briefly describe the original model and then concentrate on the
extensions. E

22 Original CLUSE Model

The CLUSE model of Rouaulr [1989] and Rougult et al
[1991] considers freshwater Jet droplets between 5 and 105 Hm
in radius, ejected from the water surface by bursting bubbles. The
model is to be tuned by an experimental surface source fonction,
The droplets are then dispersed by turbulence in a fully devel-
oped boundary layer over a flat air-water interface. The diffusion
by air turbulence is represented by a X diffusivity term, and
gravitational and inertial effects are explicitly modeled. The
droplet population is split into size bins (categories). Each
droplet category is allowed to interact with the ambient humid
air; source-sink functions in the budget equations represent the
effects of droplet evaporation: transfer between droplet cate-
gories due to shrinking, production of water vapor and absorption
of sensible heat,

The boundary conditions are those of a theoretical atmo-
spheric surface layer: T and P, are prescribed at the upper and
lower boundaries with Py Zmie) = Py gurf = Py sar(T(Zpin)), where
Py ea(T) is the saturation vapor concentration at temperature T
computed by means of Buck’s [1981] formula. The upper bound-
ary is set high enough to ensure that the droplet flux is zero. At
the lower boundary the droplet flux is prescribed from the alge-
braic sum of an upward flux of injected spray and a downward
flux of falling/depositing droplets. The upward flux is prescribed
from the experimental surface source function, while the down-
ward flux is obtained at each time step by integrating Equation
(17b) over the whole computation domain (Hypothesis 5).

The turbulence terms 3 in (I'7) are modeled by means of ex-
change coefficients, assuming a classical variation of the eddy
viscosity V(z) = xu,z (where ¥ is von Karman’s constant, ¢ =
0.4) and by explicitly modeling the reduction of droplet diffusion
by turbulence due to inertia (this will be discussed in detail in
section 4),

Terms 2 in (17b) represent the macroscopic fluxes due to
ejection of droplets from the surface and their gravitational fall,
Rather than computing budget equations for the macroscopic
fluxes p, W, (with disputable closure assumptions), Rouault et
al. [1991] modeled these terms by relaxation terms of the form

3, ¥,) _ 1
dz G Tﬂy' n

where Tﬂy’n denotes the flight time of the droplets and p2(z)
their concentration in nonturbulent and nonevaporative condj-
tions. The constant C, was adjusted by Rouault [1989] to 0.75 by
comparison with experimental data obtained in the IMST simula-
tion tunnel.

Finally, terms 4 in (17) represent the sources due to droplet
evaporation. Within the hypothesis of conservation of the total
number of droplets, Mestayer and Lefauconnier [1988] formu-
lated the relationship between S, the droplet spectrum p,(r), and
the mass rate of change of an isolated droplet m,

W (9P, (r) or
R 4
n "

[P (2)-p5(2)] (18)

19)

n




MESTAYER ET AL.: SEA SPRAY DYNAMICS OVER WAVES

Where 1 =(dr/dr), and 1, =(dm,[dr), =4np,r2F,. In
CLUSE m,, is described by a simplified version of Beard and
Pruppacher's [1971] model of an evaporating droplet falling at
terminal velocity, which also gives good results for evaporating
droplets in a turbulent flow [Edson and Fairall, 1994). In this
version, fresh water is considered and the droplet surface tem-
perature is assumed equal to the wet-bulb temperature of the sur-
rounding air. Since evaporation is the only considered transfor-
mation,

S, =-

v

S, (20)

M=

Sh =—Lv Sv

n

where L, denotes the latent heat of evaporation.

2.3 SeaCluse Model

Since most of the air-droplet exchange processes take place
close to the sea surface, the calculation domain extends now
from the wave troughs to the top of the atmospheric surface
layer. Special treatments are required to model the levels between
wave troughs and crests, since they correspond to regions alter-
nately occupied by air, water, and the surface. The terms of the
modeled equations must represent the effects of the various pro-
cesses averaged over the fraction of time these levels are occu-
pied by air. The intermittent presence of the surface at these lev-
els is modeled by additional elevated source terms. Also, the
model uses several prescribed functions as Vv(z) and p?(z). This
last function requires computing trajectories of nonevaporating
droplets in the absence of turbulent diffusion.

The extension of CLUSE to SeaCluse thus requires three ba-
sic developments: (1) a module for computing the prescribed
vertical profiles, based on a model for the mean air flow over the
waves; this module is called the “mean field preprocessor,” its
calculations being independent of the use of the results in the
“main program”; (2) an evaporation module for seawater
droplets; and (3) a surface source function including jet and
spume droplets. In addition, the extension to open ocean of the
turbulent diffusion models must be assessed.

The evaporation of saltwater droplets is treated in the way that
was previously presented by Mestayer [1990]. Saltwater evapora-
tion differs from fresh water, not only quantitatively but also be-
cause the droplets can only shrink to a minimum size of local
equilibdum determined by their salt content and the ambient rel-
ative humidity. This changes not only the rate at which the water
vapor is released but also, consequently, the height where it is
released.

In its present state, the SeaCluse code considers open ocean
conditions where the wave field is in equilibrium and moves in
the same direction as the wind. It is important to keep in mind
that the SeaCluse model is a 1-D Eulerjan model (height only)
and that it does not deal with the coordinates x and . This can be
visualized by an observer who remains fixed at a certain position
x and watches the waves go by. The waves induce changes in the
values of U(z), T(z), p,(2), etc. Since the model calculates a sta-
tionary solution, the observer cannot specify these variables as a
function of time. Therefore they have to be averaged over the
waves. The wave field is represented by a fifth-order Stokes
wave [Donelan and Hui, 1990], whose amplitude H and period
T,, are prescribed as a function of wind speed (see Figure 1 and
section 3). As a consequence, the mean variables like U(z) vary
periodically in time with the same period, and it suffices to aver-
age over atime r = 7, This can also be seen in a co-ordinate sys-
tem that moves along with the wave with the phase velocity Co
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Figure 1. The wave surface in the preprocessor

where the position of the wave surface does not move: its eleva-
~ tion 1 is N(x,f) = N(») (see section 3). Therefore SeaCluse in-
cludes implicitly the model of the air flow over the wave field
that is explicitly computed in the preprocessor: the model in
SeaCluse is the average of the model in the preprocessor.

The calculation domain extends from Zyin = -H /2, where z =
0 corresponds to mean sea level, to an arbitrary upper limit Zrax-
In all the computations presented here this limit is fixed at FANE
100 m, and the top boundary conditions are those of an open at-
mospheric surface layer: constant fluxes, with Pp(Zmag) = 0 and
Nz,,,) and Py (Zmay) fixed to their initial values actually deduced
from T, and p,,, the values at the reference height of 10 m
AMSL (see section 3). The condition of zero droplet fluxes is
actually not imposed but only checked during the simulations.
This assumes that most of the air-droplet exchanges take place in
the lower part of the atmospheric surface layer and that the layer
above does present the characteristics of a Monin-Obukhov con-
stant-flux layer. If the condition is not well verified, e.g. in the
case of a very low inversion, then the present boundary condi-
tions need be replaced by conditions representing an entrainment
layer. The conditions at the lowest boundary (z = -H /2) are the
following: T'= T, p, =P 5 = Py se(Tss)s P, = O (see below).

The turbulence terms 3 of (17) are modeled in a way rela-
tively similar to that of the original CLUSE model (see section
4). The terms 2 in (17b) are modeled as in (18), but the computa-
tion of Tay,» 2nd pp (z) is more complicated over a wavy sur-
face. Over a flat surface they are obtained by computing the bal-
listic trajectory of one droplet of radius r, whose initial ejection
velocity V, is matched to Blanchard's [1963, 1989] data (see
section 3). In the absence of turbulent diffusion, the vertical pro-
jection of the trajectory is independent of the wind speed and is
therefore computed with zero horizontal wind, Here p2(z) is
proportional to the droplet time of presence at level z, i.e.,

pa(a)=(

and proportional to the surface source function dF(r,)/dr. The
distribution of p2(z)/(dF(r,)/dr) is therefore a function of r,

w,,""(z)l-'+|w,,d°‘"“(z)|")/rﬂy',, (21)
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only, computed once for a given computational grid. Over the
wavy surface, the droplet trajectories depend not only on the
droplet size but also on the wave shape, the wind speed, and the
initial position of the droplet at ejection. Tqy.» and p2(z) must
therefore be computed for each run by averaging the flight times
and times of presence at level z of a series of droplets of radius r,
ejected from various positions along the wave profile with the
same initial ejection velocity V. (r,). This is done by the mean
field preprocessor (see section 3.3).

The source terms 4 of (17) include the effects of air-droplet
exchanges and the intermittent presence of the surface at level %

Sp(2)=E () +G,(2) + D, (2) (22)

The exchange source function E, (z) is similar to (19). The
droplet generation source function G, (z) expresses the “‘creation”
of mass in a grid mesh located between -H /2 and +H /2 due to
the upward flux of droplets through the elements of the surface
that are between z - dz(z)/2 and 7 + dz(z)/2. It is expressed by

Gn(2)=p5 W; 0% (:)/dz @3
where p% W¢ is the bulk droplet surface flux ejected from the
surface (see below), and 0% (z) is a distribution function deduced
from the wave profile geometry, the grid mesh distribution, and
the distribution of the sources of droplets along the wave surface
(e.g., jet drop sources are homogeneously distributed, but spume
drop sources are distributed in the vicinity of wave crest only).

The droplet deposition source function D, (z) expresses the
sink of mass in a grid mesh located between -} /2 and +H /2 due
to the downward flux of droplets depositing on the surface ele-
ments. It is expressed by

D,(2)=pd(z) Wd 0d(z)/dz 4)

where pjf[‘z}l‘/f is the mass flux of droplets of category n de-
positing on the surface elements and d};‘,(z) is another distribu-
tion function. Here, ¢%(z) and ¢4 (z) are defined from - H /2 to
+ H,/2 and equal to O higher, with

Hy/2 Hy/2
[o5(2)de= [0d(z)dz=1 (25)
-Hy/2 -Hy/2

In the “main program” the parameters in (23)-(24) are ob-
tained in the following way. The computational grid is defined
from i = 1 to IMAX, and the first grid mesh is chosen such as to
include a portion of the surface (Zmip = -H,/2) but no portion of
air, making it possible to write the boundary condition Pn(zmin) =
0. In the discrete form of (23)-(25), dz is replaced by Az(z,), the
thickness of the ith computational grid mesh centred at level z; =
¢ and the distribution functions ¢¢ and ¢4 by f£ and £4. Since
the droplet deposition is expected to be homogeneously dis-
tributed along the surface, f,," (z,-) is the relative length of the
surface elements intersected by the jth grid mesh:
28z) ,on

ox

et

fnd(zi)=
fnd(zr')=0

-H,/2<z<H, /2

z>H,/2

IMAX
with 3 fd(z)=1  (26)
i=|

where on/ox is the wave slope and A the wavelength (see section
3.1); while f,,"(z,-)=fnd(z,-)fn‘(zi), where f3(z;) is the pre-

scribed distribution of the droplet sources, with

?

IMAX

Efne(zi)= L

G, (z) is constant, while the other source terms are computed
at each time step. In (23), p2 W¢ is obtained from dF/dr. The
prescribed surface source function dF/dr is the number of
droplets ejected per m2, per second, per micron radius increment
(m2 5" umY). The droplets are ejected at the initial velocity we
= V,(r,) (ms™"). Therefore the source mass flux is

dF |

Pa Wi =($nrlp, ) =-ar, 27)
where p, is the density of water and Ar, is the width of the ra-
dius bit: Ar, is in um, r, inm, p,, and pg in kg/m®. In (24), W4
is modeled by the average final fall velocity of droplets n, Wﬂ“' =
Vp—n). obtained from the preprocessor calculations of droplet tra-
jectories without evaporation and turbulent diffusion (see section
3.3). Here, p;f{z‘-J is the mass of droplets n that depose on the
elements of surface intersected by the grid mesh: it is propor-
tional to the mass of droplets n that is present in the mesh and in-
versely proportional to the length of air that is “contained” in the
mesh (see Figure 1):

pd(z;) =0, p,(2)/Al(z;) (28)

The proportionality constant a, (in meters) is independent of z,
but it is computed at each time step to ensure conservation of
mass. This is done by computing the budget of the category n
over the whole calculation domain, which reduces to

| (5T oo w’ 4
z.[ - (pgzwn)- (P,,wn)+s (2) dz=ZT§"(z) dz=0 (29)

a n
Zoun ‘o
since the integrals of the vertical transfer terms amount to zero,
because of the choice of the first grnd mesh and hypothesis 5. In
discrete form, this reads

IMAX
;IEn(z)Az(z,) +(pewe)

IMAX
;fhe(zi)
T
+a, Vf(rn ) an (Z)fnd(zl')/Al(Z") =0
i=1
or
IMAX

pewe 4 %En (2)Az(z;)

1 non

IMAX

2pnlz) £ (z)/81()
i=1

o, =—=——
b Vn)

(30)

The source of water vapor mass is obtained from the loss of
liquid water mass:

(€2))

The source term in the equation of specific heat of air is com-
posed of two parts corresponding to the sensible and latent heat
exchanges with the droplets:

This equation does not include a third term for the influx due to
radiation, since it would complicate the simulations and would
not furnish additional information about air-spray interactjons.




MESTAYER ET AL.: SEA SPRAY DYNAMICS OVER WAVES

The latent heat term is the sink of hea lost by air to evaporate the
droplets

H()=-L,5,(0)= 1, 35, (2) €
n=|

Hs(z) represents the sensible heat exchange between air and
droplets. Its modeling is still in progress. Since it is not used in
the simulations that are presented here., ts detailed description is
postponed to a further publication.

3. The Mean Field Preprocessor
3.1 Wave Model

In this section we discuss the two-dimensional model (2-D) of
the air flow over the waves and the trajectories of droplets in the
absence of turbulence that are used to compute the parameters
and reference vertical profiles that are prescribed in SeaCluse.

Our aim is to develop a code that requires as inputs only the
standard micro-meteorological parameters: wind speed, humidity,
air temperature, and sea surface temperature. The key input is
U\o» the wind speed at a reference height of 10 m: it directly de-
termines the friction velocity, and the amplitude and frequency of
the waves. The friction velocity is computed from the “bulk for-
mula”

ul=-u'w'= Cp Uy = Con U|20N G4
where Cpy, is the reference drag coefficient in neutral condition,
that depends on U, and wave state, that jn turn, depends on the
wind speed and direction, the water depth, the fetch, the wave
field “history,” etc. (see Geernaert [1990] for an overview). On
the open ocean, with a fully developed equilibdum wave field,
Cpp is given by [Smith, 1980, 1988]

103 Cpy =0.61+0.063U,, (35)
In practice, u, is obtained cither by computing the value of Cp
from
-1/2
CYr=Ccli[1-cv, (2/L)/x| (36)
where vy, is the profile stability function [Panofsky and Dutton,
1984] or by obtaining U, from (50), as described in the next
section.

The wave field is described by a fifth-order Stokes wave.
Although this is not a good representation of the wave field in the
presence of breaking waves, it is assumed that this analytical rep-
resentation will provide a good enough framework for computing
a mean air flow field and that the averaged vertical profiles of
turbulent diffusivity and droplet concentrations over the wavy
surface do not depend much on the exact shape of the wave. The
fifth-order Stokes wave can be seen either as a 2-D stationary
wave in the (x.z) plane (i.e., infinite in the direction normal to the
wind) in a frame of reference traveling at the wave celerity C,

- N N
N(x1)=n(x)=k lz}_:lﬂj(h)cos(jkx) 37
or as a time-dependent surface elevation in the 1-D space of

SeaCluse:
n(xe)=n(0)=(C, /o) B, (k) cos(~jor)  (38)

where i.:.o., Donelan and Huj, 1990]:

_—
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3 211
=h-Zh3—Z_p5
By 8 192

1 1
==h2 +—p4
B, 273

—h3 (39)

The Sfokes parameter 4 defines the average wave slope or
steepriess,
H

H
h=kH,[2=n—2=g—2_ (40)
A C,T,
where H _ is the trough-to-crest height, k the wave number, A the
wavelength, T, the wave period (A = C,T,) and o = 2T, The
Stokes wave celerity is given by

C§=%(l+h2 +hi)2) (41)
while its wave age I is defined by
r'=C, /U, (42)

Most of the present simulations use the value of the Stokes

parameter & = 0.135 observed by Janssen et al. [1989), and the
value of the wave age for a fully developed wave field, I' = 0.85
[Geernaert, 1990] (Figure 1).
Obviously, the assumption of fully developed waves will often
be violated in coastal regjons [e.g., Maat et al., 1991] and a
fetch-dependent model is also being developed for those situa-
tions [Mestayer, 1991].

3.2 Mean Air Flow Model and Vertical Profiles

The SeaCluse assumption 5 considers that the air dynamics is
not influenced by the presence of the droplets because their total
momentum is negligible with respect to that of air. To calculate
the vertical profiles, the calculation domain is split into two re-
gions: the wave region, where the waves influence the air flow,
and the upper region, where the waves do not influence the air
flow.

The structure of the upper region is that of a classical turbu-
lent boundary layer over a flat surface, i.e., an atmospheric sur-
face layer where the eddy viscosity v, is given by

v (z)=xu, z/9,(z/L)

where ¢, (/L) takes into account the influénce of thermal stabil-
ity (see below). L is the Monin-Obukhov length, defined by

z>H, (43)

w'T’+0.61Tw'p’, Jp,
-u3 [(xz)

In the wave region the assumption of a fully developed wave
field makes it possible to further assume that momentum is only
transferred to the water and not to the waves. Considering that
local surface slopes have small values, it is therefore natural to
assume that the structure of the mean flow is locally that of a tur-
bulent boundary layer over a flat surface. Of course, this assump-
tion is limited to conditions when the mean wave profile is not

= Ti (44)
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very steep, so that there is no air flow separation at the crest. In
that case, local profiles v,(z,t) may be calculated by

vi(zt)=xu, [z- (). (z/L)
Vv, (z1)=0

n(e)<z<d,

45
-H,[2<z<n(r) @

where 11(¢) corresponds to the height of the wave surface at time
t. The average profile v(2) in the wave region is calculated by

T,/2
v,(z):v,(z,:):Ti J/v,(z,t)dt ~-H,/2<z<H, (46)
w 0

where it suffices to integrate over half a wave period because of
symmetry.

It has been reported that the wave region, where the waves
influence the air flow, extends up to 5-10 times A (the wave
crestis at z = H /2). However, when constructing the profile of v,
with (41)-(46), above z = H  there is no visible difference be-
tween the average of the local profiles and the atmospheric v, .
Figure 2 shows the resulting profiles of v,(z) for Uy =10 and 20
m/s (the dashed curves are discussed at the end of this subsec-
tion). The net effect of the wave surface integration is that the
slope of v(z) is decreased, and consequently v(z) = 0 is reached
below z = 0. The number of local profiles that are averaged is not
very important: a minimum of 20 is required, but averaging more
profiles yields essentially the same resuits.

With the hypothesis that the constant flux assumption is valid
for momentum in the upper region, the wind profile may be cal-
culated from v(z) by the “flux-gradient relationship,” i.e., by in-
verting (S):

U u?

== 0, (/L) @7

z>H
oz v,(z2) xz ?

where the atmospheric stability function 9, is [Edson et al,,
1991]

0, (2/L)=(1-20 z7L)™*
¢, (z/L)=1+8 z/L

ZL<0
JL20

The initial value of Z/L is obtained by means of the bulk aero-
dynamic formula of DeCosmo et al. [1995]:

(48)

TW =T =Cy(To-T,) oy Cy=10-107

— 49)
—PyW =up,, = CE(pVIO ‘vas) Uiony Cg=12-10"3

where the “neutral” U, is defined below. In simulations of real
experiments, the value of z/L must be readjusted after a complete
computation of the SeaCluse model has furnished the actual
fluxes of heat and moisture, including the droplet induced fluxes.
This implies reiteration of the calculation. In the present simula-
tions neutral conditions are used.

Using (47), the wind profile is constructed from the reference
level z = 10 m where U(10) = U, up to the top of the domain
and down to z = H . The wind profile thus obtained is used to in-
fer an important parameter for the modeling of turbulence, the
roughness length z,, by a regression to fit the wind profile to

U(z)= u?’[ln(z/zw )=V, (zL)] >H,  (50)
where the profile stability function V, is obtained from ¢, [see
Panofsky and Durton, 1984; Geernaert, 1990]. This also makes it
possible to obtain Uiov= Ln(10/z,,) u,/x.
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Figure 2. Average eddy viscosity profile for (a) Up = 10 m/s
and (b) U, = 20 mvs.

The wind profile in the wave region is calculated as a function
of the surface elevation n(x,r) = N(). In that case, “local” loga-
rithmic profiles U(z,r) are given by

U(z,t)—uOL(t)=u?*ln[z-—n({)J T'|(I)Sz<"-1(J (51)

zo. (1)

where uq () denotes the local value of Ulz,1) at the wave surface,
uo () = U(n(),¢), and Z,,() is a free parameter identical to a
“local” roughness length. The wind speed at the surface is com-
posed of a local component due to the orbital motion of the water
and a constant component due to surface slip. These components
are approximated by

up (1) =U(n(e) 1) = om(r) + xu, (52)

The values of 2,,(f) are obtained by imposing the condition that
all local profiles U(z,r) converge to the value of Uipatz=10m

Uio —ug, (1) = %ln(lo__n(’)J

(53)
ZoL (‘)
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Figure 3. Local wind profiles over the wave for (a) Ujp=10m/s
and (b) U;, =20 m/s.

Finally, the average profile U(z) in the wave region is calculated
by

2

T2
U(Z)=U(Z,;)=T— J/U(z,l)a’t -H,/2<z<H, (54)
w o0

The condition (53) that is imposed to the local profiles is con-
sistent with the simulations of flows over waves that do not pre-
sent very high steepness and for wind speeds such that H, <10
m, about U\, < 20 m/s. For simulating flows in very high wind
conditions, both the wave profile and this condition will need to
be improved.

The number of local profiles must be fairly large (=500) to
obtain a smooth average wind profile in the wave region. Figures
3 and 4 show respectively examples of the local wind profiles
U(z,r) for U, = 10 and 20 m/s and the corresponding average
wind profile U(z) respectively. A nearly perfect match is ob-
served at the intersection of the upper and wave regions at z =
H,. Figure 5 shows u, () and z,,(r). The largest values of Uy,
and z,, are found at the crest. Note that the mean value of Uy is
slightly larger than Ku,, owing to the asymmetry of the Stokes
wave. The value of z, () is compared with z,, and with values
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for the roughness length z, obtained by Charnock's relation and
Kitaigorodskii’s model. Charnock’s [1955] relation is

2
—a = (55)

8

Zoc

where g is the acceleration due to gravity and a_=0.011 for the
open ocean [Smith, 1988]. The model of Kitaigorodskii et al.
[1973] is given by

- 12
Zox = AK[ [ 5(®) exp(-2xg/du, )J (56)

where Ay = 0.028 [Geernaert, 1988] and S(®) denotes the fre-
quency wave spectrum. S( @) is taken to be a Philips wave spec-
trum

S(@)=p g2 @5 ®>0 (57)
where o is the frequency of the Stokes wave and B is given by
Geernaert et al. [1986] for open ocean conditions:

B=0.005+0.002 +1.5(wwu, /g)° (58)
3 =
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Figure 4. Average wind profile, (a) U,y = 10 ms, (b) Uyp=20
m/s.
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2o () as a function of r, compared to Charnock’s [1955] and
Kiraigorodskii et al's [1973] roughness lengths.

Figure 5b shows that the local values 24, are in good agree-
ment with z,.and z .

The initial profiles of temperature and water vapor concentra-
tion are calculated in almost the same way as the wind profile. [n
the upper region, where the constant flux assumption is valid in
the absence of evaporating droplets, Vv,(2) is used to calculate T(z)
and p,(z):

or T,

S /L

B R ‘PT(Z ) ; -
z>

P, Pye ’

T 9,(z/L)

where ¢, /¢ and @ /¢, are the stability dependent turbulent
Prandt! and Schmidt numbers, equal to 1 for /L = 0 (see Section
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4). The scaling factors T, and p,. are obtained from the bulk re-
lations (49).

In the wave region the profiles are again computed by averag-
ing in time the local logarithmic profiles 7(z,r) and p(z.0):

g Pl [z=n(1)
el he==g f”(zmm}-

n(t)<z<H, (60)

Serp..
pr("--r)“pvss= Txp‘ [ﬂ[

rn(f)]

zcmt.(r }

where we assume that the surface temperature and water vapor
concentration do not vary along the wave. The local temperature
and humidity roughness length Zopg(®) and 2,,,(f) do depend on ¢
and are again found by imposing the condition that all local pro-
files converge to T}, and Pyio» Fespectively, at z = 10 m;

Pl 100 )

Ti() ‘7;5 =

K Zo72.(1)
(61)
p -p — SCT pv- In Iu_rl(f)'{'zm-f_(’)J
vi0 ViS5 ZDVL(:)
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Figure 6. Average profiles of (a) temperature and (b) water va-
por concentration (U, = 10 m/s, T = 14°C, RH,, = 95%, Tt
=15°C).
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with p, = RH 5Py o Tyg)- The average profiles T(z) and p,(2)
in the wave region are calculated by integrating the local profiles
over the wave surface. Just as in the case of the wind profile, the
number of local profiles should be about 500. Fi gure 6 shows ex-
amples of these averaged profiles for T, = 14°C, RH,, = 95%,
and T, = 15°C (and Uyp = 10 m/s). Note that the profiles of the
upper region and of the wave region match perfectly at the inter-
section (z=H ).

The vertical component of the local mean wind speed is ob-
tained from the horizontal wind speed component using the con-
tinuity equation for a steady, homogeneous flow [e.g., White,
1988]:

(62)

where x=-C_r and U is obtained from the individual local pro-
files U(z,r); see (51). The resulting wind field W(z,s) also consists
of local profiles, constructed by steps from the values of W at the
wave surface. W(n(),) is equal to the local vertical velocity of
the wave surface:

or (63

The computation of the continuity equation presents some
numerical difficulties which are mainly due to the strong gradi-
ents of U and W in the immediate vicinity of the surface. This re-
quires an especially adapted computation grid, constant at all alti-
tudes except close to the surface with very narrow spacings (for
numerical implementation procedures see Van Eijk et al. [1993]).
Although (54) uses only the local profiles up to A, the values of
Ulzr) and W(z,r) are normally computed up to the altitudes re-
quired by the computation of droplet trajectories (see section
3.3), while the full 2-D flow field can also be computed up to z =
10 m to verify the precision of the calculation.

Figure 7 shows results for a calculation of W(z,9) in the case
U, = 10 m/s, where 1000 local U profiles were used. The wave
travels to the right and the z grid has Nz grid points between z =
-H /2 and z = 10 m. Figures 7a and 7b show the surface vertical
velocity as a function of ¢ and the local wind profiles Wi(z,r) at
various locations over the wave, respectively, obtained with
Nz=10,000. The success of the calculation of the local profiles
W(z,r) may be verified in the region well above the waves, where
the waves no longer have any influence on the velocity field.
Thus, in that region, W(z,1) should be close to zero. Figure 7c
shows W(z,r) at a height of 10 m (= 5.1H for U,g=10 m/s) as a
function of 1. It was constructed by taking the value Wi(z=10,r) of
each of the local profiles W(z,r). The curve marked by plus signs
was obtained from local profiles W(z,) that had been calculated
with 1000 vertical grid points between the surface and 10 m
AMSL, the curve marked by crosses from local profiles Wiz,
that had 10,000 vertical grid points. It is easily seen from Figure
7c that Nz should be of the order of 10* to obtain a wind field
W(z,1) that is independent of ¢ and close to zero above the wave
region.

Since both U(z,r) and W(z,r) are now determined, a vector plot
of the wind field over the wave can be constructed, Such plots
are shown in Figure 8 for U, = 10 and 20 m/s, where the length
and direction of the arrows represen: wind speed and wind direc-
tion, respectively, relative to the surface, i.e. vectors of compo-
nents (U-C,,,W). The model that describes the effect of the sur-
face motion on the air flow results in a perfectly symmetric wind
fieid with a rotor-like structure between the wave crests. The in-
fluence of the waves decreases with height and becomes negligi-
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Figure 7. Parameters for the mean flow field over the waves: (a)
wave surface vertical velocity, (b) local profiles of the vertical
wind component, and (c) vertical wind component distribution at
z=10m (see text).
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ble above 2-3H . De Leeuw [1987] hypothesized that the rotor
structure is responsible for the nonlogarithmic droplet concentra-
tion profiles. This structure is also observed in Edson’s [1990]
simulations of flows over developed waves, with a flow model
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Figure 8. Mean wind field over the waves for (a) Uyp= 10 m/s
and (b) Ulo =20 m/s.

that is mathematically different but physically close to the model
described here. Note in Figure 8 the difference in the rotor loca-
tion at 10 and 20 m/s. While at 20 m/s its center is close to z = 0
and it extends to about z = o» At 10 m/s its center is slightly
higher than the wave crest and it extends higher than z = 2H,. Of
course, the structure of the flow depends on the assumptions of
the model. In particular, the symmetry of the flow is linked to the
symmetry of the wave profile. The sensitivity of the results to the
model assumptions is still under study, but the simulations al-
ready done show that the general feamres of the mean flow do
not change with the values of the basic parameters 4 and I".

In the discussion following Edson’s [1990] presentation [see
Mestayer et al., 1990a] it was proposed that, if this rotor structure
dominates the turbulent field in the lowest part of the marine at-
mospheric surface layer, its effect can be modeled in the eddy
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diffusivity by considering that between trough and crest the tur-
bulence mixing length is not proportional to z but constant with
height and equal to the wave height, i.e.,

v,(z)=xu,z/9,(z/L) Z2+H /2

43'

V,(z)=Ku, (Ha/z)(,+(z)/Tw) ZS+H0/2 =0
where 1,(z)/T,, is the fraction of time when the height z is above
the wave surface. The eddy diffusivity profiles obtained with
these relationships are shown in Figure 2 for.comparison (dashed
lines). Yet in SeaCluse, where the mean motion of the droplets
and their dispersion by turbulence are modeled separately, it is
preferred to consider that the rotor-like flow structure belongs to
the mean motion and that the turbulent diffusivity scales with
height as in all flows where the turbulent field is generated by
surface stress.

3.3 Droplet Mean Motion Over the Waves

To calculate the trajectories of sea spray droplets that are gen-
erated by bursting bubbles, the first parameter that is required is
the ejection velocity V,(r). In the present version of SeaCluse,
only jet droplets are considered, as a consequence of the lack of
knowledge on the initial dynamics of the spume droplets. The
ejection heights H,(r) of the droplets are inferred from
Blanchard's ejection data [Blanchard, 1963, 1989]. The ejection
velocities V,(r) are computed from H (r) by an iterative proce-
dure described previously [Wu, 1979; Rouault et al., 1991]. The
method uses the equation of vertical motion in nonturbulent and
nonevaporative conditions over a horizontal still surface and an
initial guess for V () to infer the maximum height H(r) that the
droplet reaches; the value for V.(r) is then gradually adjusted un-
til H(r) = H ,(r). Actually, as noted by an unknown reviewer,
Blanchard's data were obtained in evaporative conditions, usu-
ally 80% RH, while these calculations assume no evaporation.
Yer the changes in the ascending part of the droplet trajectories
are very small, and the resulting errors on the initial velocities are
negligible. Nevertheless, this will be taken into account in the
near future when recomputing these data from the newer mea-
surements of Spie/ [1992, 1994).

The presence of waves complicates the calculation of the
droplet trajectories because the horizontal displacement of the
droplet and the motion of the air itself must also be taken into ac-
count. The trajectories are most conveniently calculated in the
coordinate system that moves along with the waves with celerity
C,,. In this system, at time ¢’ the droplet has a position given by
its coordinates X 2y that are a function of the air flow and of the
position x, where it was ejected from the wave surface. The hori-
zontal and vertical components of the droplet velocity uyand w,
are given by
t’) =u, (r,t')+U(xd, zd)— C,

ud(r,xt,,

(64)
w, (r, x,, l’) =w, (rt')+ W(xd,zd )
where Ulxy.z,) and W(x,;.z4) are the local horizontal and vertical
air velocity components and ur,t") and w,(r, t") denote the hor-
izontal and vertical velocity of the droplet relative to the air. At
each position of the droplet, Ulxy.z) and W(x;.z,) are computed
by a four-point interpolation from the four closest tabulated val-
ues of the local wind speed profiles U(z,r) and W(z,r), with z = Z;
and ¢ = -x,/C,,. The equations of droplet motion are
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aur 3 pa u’l”’l
== -—CD —_—
or &8 “p, r
(65)
ow

3 w_ |w
=F=-3C s_:#_g

where C, denotes the air drag coefficient. For a spherical
droplet, C, is a function of the Reynolds number Re,

3r (u? +w2)"”

v

Re, = (66)

and it is calculated with Raudviki's [1979] formula:
Cp =24/Re, Re; <0.5
Cp=24(1+0.19Re;)/Re;  0.5<Rey<2  (67)
Cp =24(1+0.15Re3687) [Re, 2< Re
The droplet initial relative velocities u r,t’ =0) and
w,(r, ¢’ =0) are given by: '
u,(r,’=0)=0 ud(r,xe,t'=0)=u°L(xe)—Cw
w,(r,t'=0)=V.(r) wd(r, xe,l') =V,(r)+ M(xe)

€

(68)

where W (x,) is the surface vertical velocity W(r=x/C,).

The droplet trajectory is computed with (64)-(68) and stopped
when the droplet hits the water surface, i.e., when 23 <M (xy). To
improve the precision, the calculation is done in a grid that is
equidistantly spaced along the droplet trajectory, with constant
steps Al(r), i.€., by recalculating A’ in each cycle:

A"("")=N(’)’[“d("xdvzd"')z +wd(r'xd'zd"')2:|—m (69)

The time step A¢” is small when the droplet velocity with re-
spect to the wave surface is large (this means that the relative ve-
locity (u,,w,) of the droplet is large, and/or the droplet is at a po-
sition (x;,z4) where the wind field (U, W) is strong) whereas it be-
comes larger when the droplet slows down. The step size Al(r)
depends on the size of the droplet and varies between 0.02 and
0.5 cm for 10 < r <250 pm.

Examples of typical trajectories are shown in Figure 9 (U=
10 mv/s) for different diameters and different places of ejection
(since the droplets travel more slowly than the wave, all trajecto-
ries here are from right to left in the wave-following coordinate
system). Different trajectories are obtained when droplets are
ejected from the lee side of the wave. They do not simply fall
back, but are lifted upward and enter in the wave rotor (Figures
9b and 9c). In some cases, they return to the surface (Figure 9b),
but in other cases they start to move in a closed trajectory (Figure
9c). Clearly, the criterion that the trajectory calculation is fin-
ished when the droplet hits the surface again does not work for
droplets moving in a closed trajectory. These closed trajectories
are thought to be an artefact resulting from the perfect symmetry
of the air flow model. In reality, the wave surface is not perfectly
smooth, and small variations in M(x) induce asymmetry in the
wave rotor, with the consequence that the droplets do not move
indefinitely in a perfectly closed loop. Therefore the alternative

Figure 9. Representative droplet trajectoies (U)o = 10 mss) (a,
b) Trajectories not influenced by the wave rotor (c) Trajectory
entering the wave rotor.
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Figure 10. Final fall velocities V,over the wave as a function of
ejection time ¢, for droplets with Tadii of 10, 60, 100, 250 pwm for
(@) Uyp =10 m/s and (b) U, = 20 mys.
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criteria for ending the trajectory calculation are actually the fol-
lowing: when the droplet has passed x = x, for a second time and
starts to move away from the wave surface, or when ZSN(xy) +
An/2. where An = max(z,(x,), 3 mm) accounts for the presence
of capillary waves at the surface of the Stokes wave.

The computation of series of droplet trajectories, for all posi-
tions x, of the source and for all diameters, makes it possible to
obtain the parameters necessary for SeaCluse calculations: final
fall velocities, flight times, and normalized reference concentra-
tion profiles.

The final fall velocity for each droplet is its vertical velocity
component at the last time step of its trajectory. Figures 10 and
11 display these values as a function of the droplet initial posi-
tion, expressed in terms of the ejection time with respect to the
wave period. Figure 10 compares the variations of V. for four
typical categories of droplets, 10-, 60-, 100- and 250-pm radius,
for U, = 10 m/s (Figure 10a) and 20 s (Figure 10b): only the
larger droplets experience large variations of V;; the larger fall
velocities being found at the lee side of the wave, where the tra-
jectories are longer, as shown below. The final fall velocity of
the 10-pm droplets is independent of the start of the trajectory,
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since they all rapidly reach their limit velocity. Figure 11 details
the comparison of Vf for the two wind speeds, for each of the
three larger categories. The figure shows that Vf does not vary
much with wind speed, although it must be noted that the Stokes
wave amplitude H /2 is 4 times larger at 20 m/s than at (0 m/s.
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Figure 11. Comparison of final fall velocities V, over the wave

as a function of ejection time 1, for Uy = 10 m/s and U, = 20
m/s: (a) r = 60 wm, (b) »= 100 ptm, and (c) r = 250 pm.
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Figure 12 shows the average final fall velocities Vj(r) versus r
after integration along the wave surface, compared to the final
fall velocities over a flat surface: the two curves are nearly iden-
tical. For the sake of comparison, the terminal free fall velocities
Vi of these droplets are 0.012, 0.332, 0.704, and 2.02 ms, re-
spectively. Figure 3 of Rouaulr et al. [1991] showed that, over a
flat surface Vy=V, for all droplets with r < 120 pm.

The flight time Tﬂy(r.xe) or suspension time of the droplet is
the total duration of the trajectory. Figure 13 presents plots of
Tﬂy as a function of droplet ejection time for the four typical size
categories, for U,y = 10 and 20 mv/s. The flight time is larger
when the droplets are ejected from the lee side of the wave where
the surface moves up and propels them into air that itself is
moving upward. The opposite effect is observed at the windward
side of the wave, where the air moves down and shortens the
flight time. This different behavior is especially striking for the
smallest droplets with 10-pm radius, which have extremely short
suspension times on the windward side where they are “aspirated
back” to the surface, and extremely long flight times on the lee
side where they are entrained in the “rotor” and experience
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Figure 13. Flight times T4, over the wave as a function of ejection time ¢, for U = 10 m/s and Uyp=20ms: (a) r
=10 um, (b) r =60 pm, (c) r = 100 um, and (d) r = 250 Lm.
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Figure 14. Average flight times as a function of droplet radius,
for droplets over the wave (U)o =10 and 20 m/s) and over a flat
surface (U 10 = 0), compared to Andreas’ [1992] suspension times
Am/Vg(r) (Uyp =10 and 20 mvs).

closed loop or spiralling trajectories (see Figure 9c). Larger
droplets experience lengthened trajectories of the type illustrated
in Figure 9b. The flight time dependence on wind speed U\, is
extremely small, except around the maximum on the lee side of
the wave. While its amplitude does not vary with Uy, the posi-
tion of this maximum shifts toward the wave crest with increas-
ing radius, while the maximum of the surface vertical velocity
an/dr takes place at -t/T,, = 0.25.

The average flight times obtained by integrating over the
wave period

1 %
T— J.Tﬂy (r.t) dt

w1=0

Ty (r) = (70)

are the parameters entered in SeaCluse equations (18) and (21),
Tﬂy.n = T“y(rn), when a homogeneous distribution of droplet
sources is considered. The values of Tq,(r) are shown in Figure
14 as a function of r, for the two wincr speeds 10 and 20 m/s.
Three other curves are also included in this figure for compari-
son: the flight times over a flat surface (identical to U,3=0) and
the residence times of Andreas [1992] as given in (13), i.e., the
time for the droplets to fall from the wave crest to mean sea level
at its free-fall limit velocity, '/,H /V,. This figure shows that, for
all droplets larger than ~ 90-um radius, the average flight times
are not significantly influenced by the waves and the wind veloc-

ity, while Andreas' residence times increase about as U2, as
shown by (40)-(42). This results in timescales larger than those
obtained here by about a factor 2-4 at 10 m/s and a factor 6-12 at
20 m/s. Figure 15 portrays the maximum flight times obtained
from the wave lee side for each droplet radius, compared to the
same three curves. These maximum flight times could be repre-
sentative of the behavior of the spume droplets (note, however,
that they do not correspond to droplets ejected from the wave
crest). The figure shows that the maximum flight times increase a
little with wind speed, by about a constant factor of 25% from 10
to 20 m/s, but are still 4 times smaller than Andreas’ residence
times. Actually, (40)-(42) with = 0.135 and I" = 0.85 yield H /2
= (.01 Ulzo , while Andreas [1992] used A ;=0.015 Ulzo, which
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gives even larger values by about 50%. Nevertheless, these new
results do not take into account the effect of diffusion by turbu-
lence, and it is important to quantify this effect for the different
droplet sizes before drawing conclusions: this will be done in
sections 4 and 5, respectively.

3.4 Reference Profiles of Droplet Concentrations

The reference profiles p?(z) used to model the mean momen-
tum terms in droplet equation (18) correspond to conditions with
no turbulent diffusion and no evaporation, while the wind field in
which the droplet trajectories are computed is the mean turbulent
wind field. This method separates the effects of turbulence on the
air flow and on the droplet dispersion.

The profiles p?(z) are constructed by recording the residence
times of the droplets in each grid mesh during their trajectories
described above. If Tr‘t(z-dz(:!, z+Az/2) is the time of residence of
the droplet, ejected at a position ¢ from the wave surface, within
the grid mesh centered on height z, then

Pr.(2=82/2.2+ 82)2)=T, (2~ Ag/2. 2+ 82f2) [Ty () (7))

is the probability of finding this droplet in the height interval [z-
AZ/2.z+A7/2), i.e., the (fractional) number of droplets of radius r
observed in this z interval if one droplet is ejected from the sur-
face every Tn},[r.r) time interval. If one droplet is ejected per sec-
ond, the observed number of droplets is Pi: T{Iy{r.r) =T,,.Ifthe
surface flux of droplets is 1 droplet per m per second, then
T, {z-Ad2,2+42/2) | Az is the concentration of droplets of radius r
observed per unit volume in grid mesh z (in droplets per m?), The
t dependency is removed by taking the sum of the contributions
of the M computed individual droplets ejected at vadous posi-
tions ¢ over the wave surface:

i1 M

E, (2-4z22,2+A2)2) = T, (2-A22,2+472)
i

4L
Az M, (72)
§.(2)= lim E (z-Az/2,2+Az/2)
Az—0
Here, & (2) is the droplet concentration normalized by the sur-
face flux, in (droplets/m?) / (drop/m?/s) or s/m. It appears as a
“transfer function” of the droplet dynamics, from the surface

10-1]IIII|II|I|IIII|IIII]II
0 50 100 150 200

F[um]
Figure 15. Same as Figure 14, except that the maximum flight
times over the wave are shown (U, =10 and 20 mys).
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source function to the concentration in air. Thus

&ol) o
and
- (2 (e
=5, (&) ($mr0 Jon =t @ pgw; 0

where pg w¢ is defined by (27), and where the superscript o de-

notes the absence of turbulence and evaporation. The number of
individual droplet trajectories needed to obtain a representative
transfer function depends on the wind speed U jo» Which deter-
mines the wave height; it must be higher than 200 for the largest
wind speeds for which the SeaCluse model is developed (Ujp=
25 m/s).

The reference transfer functions &, (z) computed by the pre-
processor for a given value of U (and a given set of wave pa-
rameters & and I') are stored for further use by the main program
SeaCluse, In the latter the reference profiles p2(z) can be com-
puted using (74) with a given empirical surface source function
to simulate a given situation, i.e., the source function dF/dr is
prescribed in the model. Alternatively the p; values can be ad-
justed in (30) and (74) to match the simulation results to experi-
mental data to deduce the actual surface source function from
(27). In order to be independent of the choice of the source func-
tion, the results of the present simulations are normalized by the
surface fluxes, i.e., the reference (nonturbulent) transfer func-
tions &, (z) are compared, in the next section, to the normalized
concentrations p,, (z)/(p¢ w¢) obtained with the main program
including turbulent diffusion.

4. Droplet Dispersion By Turbulence

In the equations for vapor concentration (17c) and heat (17d),
the turbulent flux terms 3 are modeled by introducing the classi-
cal exchange coefficients:

p, v, p
4 ’=—K —_ 4 5
P vV oz Scr 0z (752)
oT v, oT
Tw =-K. 2o "t 94
T 5z Pr. oz (75b)

where Sci-and Pry are the turbulence Schmidt and Prandtl num-
bers and v, is the eddy viscosity function calculated by the pre-
processor (see Section 3). In neutral conditions, following the
reevaluation of Higstrom [1988],

SCT= PV‘T =] (76)

while the original CLUSE model used a value of 0.74 for labora-
tory flows.

To take into account the effect of droplet inertia in the turbu-
lent diffusion, Rouault et al. [1991] introduced the phase slip ve-
locity A{ j relative to the fluid

Vii=Vi+a, &

where, because of the basic hypothesis 7, only the particulate
phase (i.e. the droplets) have a nonzero slip velocity: Vej= V=
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Vj. Thus the droplet vertical velocity is written
W, =W, +w =W +w; +4], (78)
with Wn = A_nz since W = Wa =0. Using (78), it is possible to
rewrite term 3 of (17b) as
o) _pama) , 3(ordne)
2 9z (79)
3 3 <A

Term 3’ is similar to terms 3 of (17c) and (17d). It represents
the diffusion by air turbulence and is modeled by means of an
exchange coefficient equal to that of vapor:

AN
Scp oz

’ ’ ap_
Pp¥Wa = _Kn az" (30)
and term 3” represents the effect of droplet inertia on the turbu-
lent motion, i.e., a reduction of turbulence diffusion. Rouault et
al. [1991] modeled this “counter-diffusion” term with a size-de-
pendent exchange coefficient:

Pl ==K, 2n Ky =

2
w

3p, v V)g(’n) B
A R et E L (81)

n

where the air vertical velocity variance was modeled by the at-
mospheric surface layer relation

o, =125u, (82)
[e.g., Panofsky and Dutton, 1984] which is also verified in the
IMST wind-wave tunnel [e.g., Edson and Fairall, 1994], and a
value of 5 was obtained for the' constant C, by adjustment to the
experimental data obtained during the HEXIST-CLUSE experi-
ment. Therefore, in the atmospheric surface layer where o, =
1.3u,, the model of Rouault et al. [1991] (RMS) becomes

7 ’ /’ ’ /’ /’ 4 ap
Pa'n =PpWq +pnAnz = _(Kn +Kn) azn
s sz(’n) -1 i (83)
Krvs =K, +K, —_Scr 1+C, 156 a2 C,=5

Alternatively, other authors proposed to directly model the
particle flux term p;w, with an exchange coefficient based on a
variable Schmidt number, depending on particle inertial scales
e 3

P ==t

Sc,,

. 8¢, =S, (g1, (84)

Two models are analyzed here: the first one (called MM) is
derived from the work of Mostafa and Elgobashi [1984] and
Mostafa and Mongia [1987], and the second one (called MB)
from Melville and Bray [1979]. Both orginal models were de-
rived from the pioneering analysis of Meek and Jones [1973] to
simulate two-phase turbulent jets. The original MM model is ex-
pressed by

2\V2

Sc. =|1+0.3 I_‘"'

’ (85)
[5.]

Wwhere the rms of the droplet velocity is given by
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(86)

w2 - 1+r"/rL

where 1, is the Lagrangian timescale of the flow and T, the
timescale for the droplet inertial drag, given by

T,, = Srrl p\v/p(! (87)
3CH V-V,

The constant 0.3 in (85) was optimized by comparison to previ-
ous experimental data. For application to the marine atmospheric
surface layer, SeaCluse models T, by

=V, (2)/0} = v, (2)/(156u?)

u'? by o2 =(2.39u.)2 [Panofsky and Dutton, 1984]), and the
slip velocity modulus |V—Vn| by the gravitational free-fall ve-
locity Vg(r") in (85) and (87); Cp, is obtained from (66)-(67) with
Rey=12r, Vg(rn)/v. The MM model then becomes

2
AN PP (r")[n

(88)

KnMM

Scr ST 3CpV,(r)v,(2)

-2 .
2
L5642 8rnpw/pa] @)
where Scp has been added for consistency with gas diffusivity
when r, = 0.
The MB original model can be written as

ey -1
Ko /Kr=V2[V2=(1+1,,/7,) (90)
where T, is the Stokes relaxation timescale, the response time
for droplet inertia. Introducing 7, , = Vg(r")/g and using (88)

makes it possible to rewrite the MB model as

A

L56u2 v, (r,) "
8v(2)

It is interesting to see that the three models result in three rela-

tionships (83), (89) and (91) that have functional resemblances,

but different dependencies on V_ and u,.

Figures 16 to 19 compare the concentration profiles, normal-
ized by the surface flux, obtained with SeaCluse in nonevapora-
tive conditions with these three models of turbulent diffusivity,
for each of the four typical categories 10-, 60-, 100-, 250-jm ra-
dius, and for the two wind speeds, 20 and 10 m/s. The wave pa-
rameters are & = 0.135 and I' = 0.85. Each figure includes two
frames, with (a) the three turbulent profiles on a log-linear plot
covering the whole domain of calculation at 20 mvs, and (b) the
profile obtained with the MB model in a Cartesjan plot that also
contains the nonturbulent profiles §, (z) computed by the prepro-
cessor (dots), in the lower part of the domain and especially be-
tween wave trough and crest (see the height scale normalized by
H_ on the right side of the frames). In addition the frames (a)
show for comparison the profiles obtained at 10 m/s with the
MB model (plotted versus z, not versus ZJH ). The calculation
grid is designed with great care to satisfy the numerical solver
requirements [see Rouault et al., 1991; Schiestel, 1993; Van Eijk
et al., 1993]. The required spacing appears to be of the order of
the value of the eddy diffusivity. A logarithmic grid [Rouault et
al., 1991] of 50 grid points is introduced in the wave trough re-
gion, with meshes ranging from 103 m to about 1-5 cm. The re-
mainder of the wave region is covered by a constant mesh grid,
and the upper region by a logarithmic grid extending from the
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Figure 16. Profiles of concentration normalized by the surface
flux for droplets of 250-um radius (a) in the entire domain of
calculation, with the three models of turbulence at 20 m/s and
with the MB model at 10 my/s, and (b) in the wave region, with-
out turbulence (dots) and with turbulence (MB model). In addi-
tion, Figure 16b displays the integral ratio R, (z).

wave crests (z = 0.53H) to the top of the calculation domain (z =
Zax) Where the grid spacing is typically 1-5 m. The total number
of grid points is of the order of 200-500. Here, with Zmax = 100
m, the numbers of calculation points are 50, 252, and 210, in
each of the three domains respectively, summing to 512, for all
droplet categories. Figures 16—19 call for several comments. The
first general comment is that the three largest droplet categories
manifest somewhat similar behavior, with size-dependent details,
while the 10-pum category behaves somewhat differently because
of its reduced weight and inertia. This is why the display ranges
are different in Figures 16-18 from that of Figure 19. The two
types of behavior are discussed separately. Note that on the right
side of the frames the altitude z is normalized with the value of
Hjat U); =20 mss.
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Figure 17. Same as Figure 16, but for r= 100 pm.

Consideration of the nonturbulent profiles (dots in frames b)
shows that the rotor-like flow structure is a rather efficient trans-
port mechanism for the droplets when compared to the profiles
obtained over a flat surface [see Rouault et al., 1991, Figure 5]:
70 to 80% of the droplets are transported higher than -H_/4 and
about 25% reach the wave crest height. For the largest droplets,
the observation of similar plots at various wind speeds (not
shown here) shows that the vertical transport seems relatively
less efficient at higher wind speed (i.e., when compared in rela-
tive scale z/H ), but this is largely compensated for by the in-
crease of H  with U),. For the 10-pum droplets, the transport effi-
ciency is even larger, since more than 80% of the droplets are
transported to around the wave crest level or higher. At lower
wind speed, although weaker in strength, the rotor-like flow be-
comes relatively more efficient for the transport of the smaller
droplets because it takes place much higher with respect to the
wave height: for U, = 10 m/s its center is at z = H_ and it ex-
tendsuptoz=2-25H.

As regards the turbulent diffusivity, the two models MM and
i iB appear to produce unexpectedly close results, considering
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their functional differences: it is only for the largest droplets (250
pm) that they introduce noticeable differences in the higher part
of the concentration profiles (although the difference increases at
lower wind speeds); note, however, the considerable range of
concentrations in the logarithmic scale of frames a. Compared to
these two models, Rouault et al.’s [1991] diffusivity reduction
due to inertia appears to increase much more rapidly with in-
creasing droplet size, reducing the diffusion of the 250-pm
droplets by turbulence to practically zero. For the 10-um
droplets, the effect of inertia is so small that the lines correspond-
ing to the three different models cannot be separated.

The primary effect of turbulent diffusion, mixing, is to reduce
the gradients and to smooth the peaks. This is clearly illustrated
in the b’'frames, where the low-level profiles are well smoothed,
although the very weak diffusivity in the wave trough is unable
to erase the lowest peaks. Since the concentrations are zero at the
top of the calculation domain, the secondary effect of turbulent
diffusion is to transfer droplets upward, from high concentration
layers to low concentration layers. The efficiency of the transport
by turbulence is demonstrated by the additional curves of frames
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Figure 18. Same as Figure 16, but for » = 60 pum,
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Figure 19. Same as Figure 16, but for r = 10 pm.

b obtained by computing the integrals

zma.[ zm
R,(2)= j oy f orle) d 2
Z Z

from the results of the simulations with the MB model at 20 my/s.
R,(z) indicates how much of the droplet population has been
transported higher than z. For instance, it appears that only about
10% of the droplets are transported by turbulence higher than the
highest level reached without turbulence, except for the 10-um
droplets that are well transported upward and for which this
number is of the order of 50%. For those droplets that have non-
negligible inertia and weight, turbulence does not appear to be a
very efficient transport process. Except for the smallest category,
no more than 12-18% of the droplets reach the wave crest level
or go higher, and no more than 3-5% at 20 m/s (1-2% at 10 ms)
reach a level 1 m above the wave crest. This Jast comment ad-
dresses the experimental attempts to deduce the surface source
function from the droplet concentrations measured in the atmo-
sphere, i.e., with the above-down method. Figures 16-19 show

MESTAYER ET AL.: SEA SPRAY DYNAMICS OVER WAVES

that the concentrations decrease very rapidly with increasing
height, e.g., they are about 2 orders of magnitude smaller at 10 m
than at wave crest level, and they do not exhibit constant-slope
ranges in the log-linear plots that would correspond to exponen-
tial laws. This demonstrates that the above-down method to de-
duce the surface flux function from fits to experimental data can
easily produce erroneous estimates. The errors can be extremely
large if the number of measurement levels is small and the model
used to analyze the data is too crude or poorly assessed, espe-
cially since droplet partial evaporation is expected to hxghly
complicate the transfer functions.

Finally, it can be noted from a consideration of the upper end
of the profiles in frames a that the boundary condition of zero
droplet concentratjon is well obeyed by all droplet categories ex-
cept the smallest one, which obviously reflects a thwarted ten-
dency to diffuse higher than 100 m.

5. Conclusions

The preceeding sections have presented the first steps in the
construction of a numerical code having capabilities to simulate
most of the dynamics of the evaporating sea spray droplets, their
behavior, and their influence on the structure of the lower marine
atmosphere. It should, in principle, be able to describe and quan-
tify the nonlinear interactions between the droplets and the scalar
fields of water vapor concentration and temperature. It would be
useful in the assessment of the spray surface source function.
Finally, it will be able to predict the marine aerosol content of the
atmospheric surface layer as a function of the basic micrometeo-
rological parameters.

The code includes two parts: the preprocessor computes the
air flow structure and the droplet trajectories over the waves in
the absence of turbulence and evaporation, while the main pro-
gram computes along the vertical the local budgets of droplet and
Wwater vapor concentrations, and sensible heat, including the dy-
namic and thermodynamic air-droplet interactions. To minimize
the mode] artifacts, it is constructed on a small number of robust
assumptions, as e.g., the horizontal homogeneity of the momen-
tum transfer from the air to the sea surface. Also, to keep the
model simple during the period of its construction and validation,
several restrictive assumptions are provisionally introduced in
the mean air flow description:

1. The wave field is modeled by a 2-D Stokes wave.

2. The waves are fully developed and they travel in the direc-
tion of the wind.

3. Momentum is only transferred to the water surface, with no
form drag.

An additional hypothesis is introduced to describe the motion
of the droplets in the mean air flow: the droplet flight times in
nonturbulent and nonevaporative conditions are finite. Also, the
evaporation model of Mestayer [1990] includes assumptions that
restrict its validity domain [Van Eijk et al. 1993]. However, the
code is constructed with a deep modular structure, allowing easy
introduction of advanced or additional models. For instance, the
above assumptions on the wave field, that limit the model use to
open ocean, will be relaxed with the introduction of a wave field
mode] for coastal areas, currently in development [Mestayer,
19911, while a more realistic description of the air flow over
breaking waves probably requires an asymmetric wave model.
Also, while the model for spume droplet initial dynamics is still
in construction, the source function module is constructed as a
“tool-box” for introducing the corresponding additional sources.

‘The results presented here make it possible to surmise that the
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largest droplet concentrations exist on the lee side of the waves,
based on the extended droplet suspension times at that location
and the observation of droplet trajectores. This is in agreement
with laboratory experiments by Koga and Toba [1981], who also
observed larger concentrations on the lee side of the waves, re-
sulting from droplets produced on the downward slope of the
same wave trough. On the other hand, De Leeuw [1989a] indi-
cated that in the field the production may be higher on the wind-
ward side of the crest because the whitecap of a trailing wave can
be at the windward side of the crest. These observations form
some of the bases for the construction of the advanced droplet
source module.

To avoid entering prematurely into a controversial choice of
the empirical droplet surface source function, in the first simula-
tions presented here the droplet concentrations are normalized by
their surface flux. These simulations provide several results on
the dynamics of the droplets over the waves (without evapora-
tion). The mean air flow induced by the motion of the wavy sur-
face results into a large rotor-like structure whose position and
intensity depend on the wind speed and wave amplitude. This
mean flow appears as a powerful transport process for the
droplets of all sizes, typically propelling a large proportion of
them about the wave crest height H /2 or even higher. Due to the
displacement of the center of the rotor-like structure, the effi-
ciency of this transport process decreases relatively with increas-
ing wind speed. This relative decrease is more than compensated
for by the increase in wave height, which is proportional to the
square of the wind speed. Yet, this transport does not appear to
change dramatically the trajectories of most droplets. Although
those that are ejected from the lee side of the waves see their
trajectories greatly lengthened, the smallest of them even enter-
ing in closed-loop or very long spiralling trajectories, on average,
the final fall velocities and the flight times of the droplets larger
than about 90 wm do not differ much from those observed over a
flat surface, while the smallest droplets have greatly lengthened
flight times. The average flight times, as well as the maximum
flight times, of the medium and large droplets appear to depend
rather weakly on the wind speed and to increase much less
rapidly than the wave height, in contradiction with the model of
residence times equal to H,,/V,, increasing as U, 2.

Andreas [1992] proposed this model for the droplet residence
time in the presence of turbulence, while the results of Figures
13-15 are obtained without turbulent diffusion, reflecting essen-
tially the influence of the droplet transport by the wave-induced
movement. Can this account for the difference in the wind de-
pendence of Ty 7 It must first be noted that Andreas’ [1992]
formula, T, = A, 4/V,, obviously reflects the influence of the
wave-induced movement more than that of turbulence, since it
parameterizes the mean residence time as a that of a simple
gravitational fall from the height of the significant wave but does
not include any parameterization of the turbulent diffusivity.
Second, the resuits of Figures 16-19 illustrate well that the role of
turbulence is much more to diffuse than to transport. Diffusion
by turbulence does smooth concentration profiles and tends to
rub out their peaks. For the passive scalars, the gases, and the
small droplets that have a negligible weight, this diffusion does
generate an important transfer from the regions where the con-
centrations are high toward those where the concentrations are
low; but for those larger droplets that have nonnegligible
weights, the downward gravitational flux opposes the turbulent
transfer, while this transfer is also reduced because these droplets
have nonnegligible inertia. Figures 16-19 show that only a very
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small part travel higher over the waves in the presence of turbu-
lent diffusion than without turbulence. Third, since the wave-in-
duced movement is accounted for in the mean movement, the in-
fluence of turbulent diffusion can be parameterized with the tur-
bulence timescale, which is proportional to the eddy viscosity v, ,
ie., ~U 10 (see (43)-(46) and (88).) In conclusion, we think that,
although turbulence does increase the flight times of the small
percentages of droplets which are entrained in the upper layers, it
does not increase largely the average flight times of most droplet
categories (typically, r > 60 jm). Our results show that modeling
the residence time with H, 1V, most certainly overestimates
them largely at high wind speeds. This conclusion can be of great
importance for the development of simplified models such as box
models, or two-layer models, where the influence of turbulence
on the residence times and droplet transport are prescribed.

Turbulence appears here to have a weak influence on the ver-
tical profiles of most droplet concentrations: these profiles are
mainly determined by the structure of the mean flow induced by
the wave motion, and only extremely small concentrations are
diffused higher than the wave region. Should it be concluded that
the precision of the turbulence model for droplets, i.e., the inertial
reduction of turbulent diffusivity, is of little importance com-
pared to that of the model of the air flow over the waves ?

In answering this question, several points must be considered.

1. While the model of the wave field is obviously of crucial
importance since a large amount of droplets are concentrated
around the level of the wave crest, it is not obvious that the de-
tailed structure of the mean flow is of comparable importance,
due to the horizontal averaging process to obtain &(z) and p(2);
this is the subject of current systematic studies.

2. To estimate the contribution of spray droplets to the humid-
ity flux from a known surface source function, the turbulence
model is possibly of relatively small influence, since the droplets
that contribute most to the humidity flux are not greatly displaced
by diffusion and therefore evaporate in a relatively thin layer
around the wave crest level.

3. The previous point is true only if the humidity and tem-
perature profiles do not exhibit very large gradients in this layer,
and if the wind speed is not extreme. In conditions of very strong
winds, which are the most important in this issue, the wave crests
are very high, the turbulent diffusion is very strong, and the
droplet turbulence models diverge for relatively small droplet
sizes, in the range of the most productive droplets. Moreover, the
precise quantitative assessment of the nonlinear negative feed-
back in the humidity flux requires a precise description of the
droplet dynamics in this evaporation layer.

4. The droplet diffusion model is obviously of the greatest
importance when the desired outputs are the vertical profiles of
droplet concentrations and the atmospheric aerosol content close
to, and away from, the sea surface (e.g., to compute the effects of
aerosols on the electrooptical properties of the atmosphere).

5. Finally the diffusion model is of crucial importance for de-
termining the surface source function from the above-down
method, or to validate it, because in the open ocean, experimental
data are rarely obtained with precision at levels lower than deck
height, and are often obtained at markedly higher elevations with
airborne sensors.

Since the present simulations showed a relatively good con-
vergence of the MM and MB models derived from Mostafa and
Mongia [1987] and Melville and Bray [1979] and a rather Jarge
divergence from the RMS model of Rouault et al. [1991] it
seems necessary to proceed to an independent reassessment. This
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is one of the studies in progress. which also include a seres of
tests and validations versus experimental data from the HEXOS
program [De Leeuw, 1990].

This paper does not present direct comparisons of the simula-
tions with open sea measurements because no surface source
function has been selected yet. In addition, these simulations use
a homogeneous distribution of the surface sources, as expected
for the bubble-generated jet drops. To simulate Spume drops, not
only a quantitative spectral source function is required, but also
the spatial distribution of their sources and their initial velocity,
which implies a much better knowledge of their generation pro-
cess and initial kinematics than is available in the literature.
Observational efforts are needed. Finally, it must be stressed
again that, up to now, the basic assumptions of the mean flow
preprocessor are consistent with high but not extreme wind con-
ditions and fully developed wave fields. For other conditions, in-
cluding coastal seas and sea states with a large number of steep
and breaking waves, these assumptions will need to be revised.
The preprocessor can also be improved by taking into account
not only the shape of the average wave. but that of several waves.

Theoretically, the smallest droplets that can be handled by the
SeaCluse model have a radius of 1 Hm. However, computational
demands become rather high when the droplet radius is of the or-
der of a few microns. This is a severe drawback for the applica-
tion of the model in range prediction, since droplets with radii
smaller than |0 m determine the visibility in the visible wave-
length region and contribute appreciably to the visibility in the
IR. In order to overcome this drawback, the CLUSA model is
being developed to describe the dispersion of a distribution of
aerosols from 0.05- to 2.5-um radius in the marine atmospheric
surface layer with an emphasis on the dry deposition process and
the effect of Brownian diffusion [Mestayer et al., 1991]. It is ex-
pected in the future to merge the two models or to introduce the
small droplets in SeaCluse, using more realistic boundary condi-
tions at the top of the domain. The code could then include some
interactions of the smaller aerosols with sea spray droplets by
coalescence.

Presently, the SeaCluse code only deals with freshly produced
Seaspray aerosols. The total aerosol concentration in the atmo-
sphere results from a balance between local production and re-
moval and the advection of aerosol produced elsewhere, It is
conjectured that the advected aerosol is in effect a “background”
that adds to the profile due to locally produced aerosol. In view
of the long mixing times of the former, the latter constitutes only
a small fraction of the total aerosol concentration. The back-
ground aerosol consists of a mixture of man-made, biological,
and natural aerosol of continental and marine origin, containing a
large variety of hygroscopic and nonhygroscopic species which
strongly influence the dependence on relative humidity.
Furthermore, aerosol droplets are not inert, and their composition
can change through many chermical reactions which take place in
the atmosphere. Van Eijk and De Leeuw [1992] recently ad-
dressed the importance of taking the background aerosol of con-
tinental origin into account when predicting propagation parame-
ters (e.g., atmospheric extinction) for a coastal region.
Apparently, well-established aerosol models such as the Navy
Aerosol Model [Gathman, 1983] fail for “polluted inner seas”
like the North Sea and the Mediterranean Sea (Tanguy et al.,
1991]. In conclusion, a model that aims to provide an adequate
description of the propagation properties of the atmosphere can-
not be confined to the freshly produced sea-salt aerosols. In addi-
tion, modules that handle the continuously changing chemical
composition and the dispersion of the “background” aerosols are

needed. Only then can the resulting aggregate model truly de-
scribe the production, advection, and deposition of the aerosols.
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