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Abstracl 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 afmospheric
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 budges ofdroplet 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 ofthe
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, turbuience 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 To,
ofdroplets larger than 90 pm in radius do not increase much, compared to their values in still air or over a
flat surface, and th-ey increase with increasing wind speed much less rapidly than the wave height H": In, -
{,É'3 while Ho - U2. Above the wave crest, the droplet concentrations are several orders of magnitud-e
smaller than between wave troughs and crests, The precision of the turbulent diffusivity model for droplets
therefore appears crucial to co[ectly 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 propagatjon of
electrooptical radiation. Suspended aerosols, by scattering and
absorption of radiation, contribute ro 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 budgers near rhe sea surface [Wu, 1974; Ling
and Kao,1976; Andreas, 19921. Since the ocean acts both as a
source and a sink for atmosphenc aerosols, the aerosoi droplets
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may transfer water vapor, heat, pollutants, and bacteria through
the air-sea interface. At higher levels, sea-salt paficles shrink by

evaporation or grow by condensation through interaction with the
humidity field. Hence they play a role in the transporr of marter,
heat, and water vapor throughout the marine boundary layer and
are important to larger scale meteorological processes and clima-
tology. In addition, small dropleß 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)
fGathman, 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 fKneiqs et
al., 19831. 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 lDe Leeuw, 19861 and theoretical

[Gerber,1985] evidence [Hughes, 1987: Gathman, 1989].

NAM applies to a single height of about l0 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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endlGatltman, 1989; De Leeuw et at., l9g9l. In NOVAM, the
concentrarion of aerosol ar 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 beiow about l0 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 modeis 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 resuits from a large
and physical processes. When wave
trained into the water. The air breaks

crest, when the wind speed exceeds about 9 mls fMonahan et al.,
1986: Wu, 1990; Andreas, l9g2l.

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

1.2 Vertical FIux of Spray

sometimes replaced by ðFlðrro, where rro is droplet radius at
807o relative humidity. Monaløn et at. ¡löáZ,l9g6l presenred 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 Fairalt et at. U9E3) [see also Miller
and Fairall, 19881, De Leeuw fl990a) and, Andreas [1990b,
19921. 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 either
le.g., Ling and Kao, 1976: Mestayer gl.

Few measurements exist of the c ls be_
low ship deck level (see, e.g., De Leeuw tl9g9b, 19931 for an
overview), Until recently, the particle concentrations were as_
sumed to increase exponentially toward the sea surface

gested thar 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 meteoroloþical variables on the
one hand, and with the spray production per bubble on the other
hand. The works of Monahan et al. [1992, 19g6],Baldy tlgggl,
Blanc-þrd [1963, 1983, 1989], Dekker and De lzeuw ll993l,
and Spiel U992,19941 address the successive stages ofthe 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 t 19881 discussion).

The above-down approach is ,.indirect" 
since it deduces the

surface source function from its consequences, the ae¡osol con-
centrations in the air, usually measured well above sea level
fFairall et a1.,1983: Fairall, 1990; Fairail ¿t a1.,1994: Mitter
and Fairall, 1988; Wu, 1979, l9ïg, 1990; Wu et at. l9g4; Smith
et al., 19931. Up to now, this approach used simple relationships
between elevated concent¡ations 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 bet,iveen air and spray, and their nonlinear
coupling. Actually, this approach results in ,.effective" 

source
functions that depend on the model assumptions thar 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 [988] and Wu et al.'s [1984] results ro infer a
spectral shape on the whole range of droplet radii of interest.
Fairall et al. ll994l combine this with Monahan et al.,s [19g6]
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 fKatsaros and De
Lzeuw, 1994: Andreas, lg94l.

13 Framework for Describing the Atmospheric
Surface Layer with Spray

The above discussion shows that there is need for models giv-
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 ofthe sparse
experimental observations,

The theoretical framework for the analysis of meæurements
in the marine atmospheric surface Iayer is the constant flux layer
assumption, the basis of Monin-Obukhov similarity theory. In the
absence of strong convection, in the lower pa¡t of the atmo-
spheric boundary layer over a flat surface the flow is horizontal
on average and horizontally homogeneous. The surface layeris a
few tens of meters thick. It is defined as the layer where the ref-
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where v - ¡rlp is kinematic viscosity. Equations (3) and (4)
demonstrate that the surface layer is u ,onrtånt flux layer, where

:T 
.:"t 

1tr* fv, rurbulent plus viscous, is independent of height.
Introducing the eddy viscosity v, and eddy Oìftusivity K*i,
analogy berween turbulent and moiecula¡ ¿iifurionr.
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The budget equations for spray droplets can take different
forms that depend on the parameter thalrepresents aerosol con_
centration: total number concentration lLing and Kao, 1976:
Stramska, 19871, liquid water and salt mÃs concentrations
fFairall and Edson, 1989; Fairall,1990], number concentrarion
in siz€ categones lLing et at., l9B0; Mestayer and Lefauconnier,
19881, mass concentration in size categories fRouaulr et al.,
l99ll, etc. In any case, the droplet budget incluães not only an
additional source tenn S* representing the local influx ofry due
to phase changes (evaporation-condensation) but also flux terms
rcpresenting the specific droplet dynamics: owing to inertia and
weight, neither their mean nor their instantaneous velocities a¡e
equal to those ofthe air. Therefore the budget equation (l) keeps
a general form,

where w* =\+wÇ is a volume averaged vertical velocity
component, whose definition depends on the choice of y.

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

sv =JÉ(sv) (u)
On the other hand, the source tenn in the heat equation (g) is

composed of three parts

#=o= -r-#-*(ry-n#).r_ oo)

ñ--v,#,W=-,<*# (5)

the constant-flux equations (3) an¿ (4) can be rewritten as

r, =-(xrtzt+or)Y?-=4ys =-4,v* (6)

'c= +p (vt(z).r)ry =7, =pu?

In the heat equation, the additional term S, represents the in_
flux of heat due to radiation and phase ctranges of moisture con_
tained in the air. Equation (l) then reduces tJ

pc,#-o=-pcp,3¡,(* - r,#).* (8)

where_Co is the specific heat ofair at constant pressure.
Defiriing the additional vertical heat flux n,b, So = _òqnlò2,

.\lonin and Yaglom [1987] show tirat an equluåTení reutlon to (Z)

Sâ = Sl,, + S^ +.1,

(7)

1.4 Recent Developments in Modeling Spray Behavior

In 1981, the Humidity Exchange Over the Sea program
(HEXOS) was initiared to study rhe warer vapor and dróplet
fluxes from sea to air [Smith et aL,l990], The HEXOS studiei tn
a Simulation Tunnel (HEXISÐ part of the program was aimed at
the development of numerical models to describe the turbulent



transport of evaporating droplets and their interacrions with the

In IMST wind-warer
of droplets were provid
mersed aeration devices

cal formulations, for the simplified configuration of the tunnel

this gradient above the evaporation layer: this results in a simul-
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ofthe evaporation layer (where most droplets evaporate) is ofthe
order of I or 2 m.

In parallel, Andreas [1989, 1990a) analyzed. and simplified
Pruppacher and Klett's [1978] equations ofthe 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
[990]. Another consequence is that all droples, even la¡ge ones,
have enough time to release sensible heat to the air during their
f\ght. )Andreas [992] constn¡cted a box model where air rem-
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 U9871. The droplet heat and moisture exchanges are com-
puted from Andreas's [1989] equations, considerjng that the
droplet residence time in the atmospherc box is

rÍ=Ayz/Vr(r) (13)

where A,o is the significant wave amplitude and Vr(r) is the
gravitational free-fall velocity (or terminal velocity) õf a water
sphere ofradius r. The
residence time, rather
Blanchard [l963] (and
tion layer thickness of
I¿rsen [990], has been disputed by Karsaros and De Leeuw
î19941, but it was reaffirmed by Andreas tl994l.

Fairall et al. |9941 integrated the parameterizations of
Andreas U9921 which the atmosphere
box is replaced of thickness equal to
A,o, that is topp 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 = Ar,r. The "virn¡al surface" fluxes a¡e the sum
of the sea surface fluxes, and of the droplet generated fluxes
multiplied by a reduction factor c¿ 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 et
øÄ's [996] Eulero-Lagrangian simulations demonstrate that the
value of this reduction factor depends dramatically on the initial
behavior ofthe spray droplet, i.e., on the scale ofthe evaporation
layer.

15 Nonlinear ksues

The models of Andreas [1992] and Fairall et at. [1994]
showed that spray droplets can contribute noticeably to the heat
and moisture budgets, provided that the source function is as
modeled
does not
by air-dr

problem seems to have been underestimated. The nonlinear pro-
cesses can signihcantly reduce the spray contributions, and the
net contributions may thus be much smaller than the potential



ones [D¿ Cosmo et aL., Igg5); 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 dropiets could exchange with air as approached by
Andreas' [1990a] model. For insiance, Andreas [1992] and
Andreas et al. ll995l srress rhar the potential sensjble heat trans_
fer from droplets to air should not be neglected, since it can be
very large' eventually as rarge as the surface flux. on the other
hand, Andreas [1989, 1992] demonstrated that drop_to-air heat
transfer is extremelv rapid, faster than a second. One possible
explanation is rhar the sensible layer, where air_spray sensible
heat rransfers 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 thã
negarive feedback it might then seem narural 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 effecr would then be null or negligible. This
example shows how nonlinea¡ interactions could be difficult to
predict. We think that it is dangerous to draw conclusions too
rapidly without models that explicitly handle the nonlinea¡ 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 âFlðr has the same dependence on ras that observed in the measured droplet concentrations
fMonahan et al., 1986). As the bubble_r.åiut"d component of
âFlðr is most certainly proportional to the number of bubbles en_
trained in water, which is in turn proportional to the whitecap
coverage, this assumption extends the proportionality to the
whole dropler spectrum, in which case ìt ls possible to write
ðFlôr under the form
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for the whole spectrum if the spume component has a different
wind dependency lFairall et al.,19941?

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 []Irr.r, 1989, 1990, 19931 ?

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 e = A16ÍFairall et at.,l994l?

Other nonlinea¡ 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 at.ll99ll proved ro be a
good basis for studying the nonlinear interaction between injec_
tion, evaporation, turbulent diffusion and transport of spray
droplets fMestayer, 1990; Rouault et al., l99lf. 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 fl99}l
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 a¡e
analyzed in the context of the above discussions. In section 4,
three models of droplet rurbulent diffusivity are presented and
the resulting distributions of the dispersed droplers 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 hea¡t 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.

l. 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 srudy 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.

{t,ul= wr.(Ð #Ø (14)



7. The total mass of droplers is too small to noticeably influ_ence the dynamics of air.
8. The molecular sublayer is not under study, and the effect ofmolecuta¡ diffi:siviry is negligible, *rnparJiåiie other fluxes.The fluid is considereã to a. u ;"[p-hr*';ixture of N+2components: dry air, with concentration po, water vapor withconcenkarion pu, and /f droplet categories ofiominal radius ¡ ln- r, ...r /v,t and concentration pn. Category ¿ includes af aro¡íeìsof radius r defined by:

rn_\/2<rSrn+\/2 
(15)

Mass concentrations r

,id;;;;;;î;ffi"*T:lnitvorume Pa' Pv' and Pn are con-

are rhe rransponuur" 
"onrl3r;T: ffiiiå:ensitv 

becäuse these

]he 
installaneous budger equarion of mass of any of rhe ¡f+2trarsportable components is

ðp, alp"v,,)
Ë*ìï- = tr ^l=a,v,n; n=1,...,N (16)
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(t7a)

(l7b)-(17d) are compured over rhe whole computation domain,
up to equilibrium when rerms I equal 0 [see Roiault etat., l99l|.

Since the SeaCluse model is úuilt by exrending rhe CLUSE
model from simple theoretical/laboratory conditions to more re_alistic and complex marine conditions,'it is 

"onu"ni"nt 
to fintbriefly describe the original model and tåen 

"oncent 
ate on theextensions.

22 Original CLUSE Model

The CLUSE model of Rouault tl9g9l änd Roulault et al.[991] considers freshwarer jet droplets U"t*".i 5 and 105 ¡rmin radius, ejected from the water surface by bursting bubbles. Themodel is to be tuned bv an experimenøl surfaceiource funcdon.The droþlets are then dispersed brñ;;;ii a tully devel_oped.boundary layer over a flat air_wate.;;ä;;;. The difft¡sion
!1 

a5 rurbu]ence is represenred by a K difñ¡siviry term, andgravitarional and inertiat,.effects are ;pil;; modeted. Thedropler popularion is split into size iii, 
-C"go¡es). 

Eachdroplet category is allowed to interact 
"in ,f," Loienr humid

budget equations represent the
transfer between droplet cate_
n of water vapor and absorption

.The boundary conditions are those of a theoretical atmo_spheric surface layer: I and pu er andlower boundaries with pr(z_J' where
Puru¡(Ð is the saruration vapor ture ?.computed by means of Buck,
ary is set high enough to ens
the lower boundary the dropl
braic sum of an upward flux
flux offalling/depositing droplets. The upward flux is prescribedfrom the experimental ù.f..e ,our." fuã"tiìrr'*n,r" the down-wa¡d flux is obtained at each rime step Uy intåfating Equation

n domain (Hypothesis 5).
I) are modeled by means of ex_
classical va¡iation of the eddy
is von Karman's constant, K =
le reduction of droplet diffusion
s will be discussed in detail in

-, 
T:-r 2 in (l7b) represent the macroscopic fluxes due toejection of droplets from the surface *a tf,"i, g.uuitational fall.

budget equati
utable closure
terms by relax

a(p^4)_ r r-. ,-- a-=V6;Lo,k)-P1@l (r8)

ompo-

rhe horizontal horog"n"irTi;;:
n the ¡ and y direction, .r. nuil.
re replaced by their usual nota-

s, dry air and water vapor. V.., is
Because of hypothesei 2,6,Hn¿

verocities or the particre, 
", 

*J;:îT J;*lì"i,ï,îiíåïS*:
to their initial ejection
avitational attraction,
The basic equations of

get equations for the concentra_
ed from (16) and written as:

+=-ry-a(Y)-,^ðt
¡

ðz àz

ail=
ðt

I

4

n=l,...,N (t7b)

(t7c)

Pacp:#= - Pfpop.ro
134

T:irc^-þ,,.denores rhe flighr time of the droplets and pfl(z)rnetr concentration in nonn¡rbulent and nonevaporative condi_tions. The consrant C, was adjusted by Rouault [19g9] to 0.75 by(l7d) comparison with experiment"i dut" oúønø in the IMST simula-tion tunnel.
Finally, terms 4 in (17) represent the sources due to droplet

evap.oration. within the hypothesis of conservation of the totalnumber of droplers, Mestayer and kfauconn¡iìùgAq formu_
lated the reiarionship berween. Sn, the ãroplet,;;*, pr(r), andthe mass rare ofchange ofan isóiated C.opf"t ,1"--

;-'^(+),^-,^(#),^ ce)
Sn = 6Pn
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where I =(drldt\ and, rñn=ldmofd¡o=4npnrlin. Ín
CLUSE i;, ìt a..r'AUed by a'simplifí.¿ uJlrion of Beard and
Pruppachels [1971] model of an evaporating droplet falling at
terminal velociry, which also gives good results for evaporating
droplets in a rurbulent flow [Edson and Fairall, t994]. In this
version, fresh water is considered a¡d the droplet surface tem_
perature is assumed equal to the wet-bulb temperatüe of the sur_
rounding air. Since evaporation is the only considered transfor_
mation,

x [m]
't0 15

/v
I --S ç-v L¿ 'n

n=l
i Sr, = -4 S, (20)

E
N

where Z, denotes the latent heat ofevaporation.

23 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
Iayer. Special trearments are required to model the levels betwe¿n
wave troughs and crests, since they corrcspond to regions alter-
nately occupied by air, water, and the surface. The terms of the
modeled equations must represent the effecß ofthe various pro_
cesses averaged over the fraction of time these levels are occu-
pied by air. The intermittent presence ofthe surface at these lev_
els is modeled by additional elevated source terms. Also, the
model uses several prescribed functions as vl¿) and pfl(z). This
last function requires compuring trajectories of nonevaporating
droplets in the absence of turbulent diffusion.

The extension of CLUSE to SeaCluse thus requires three ba_
sic developments: (l) a module for computing the prescribed
vertical profiles, based on a model for the meanãir 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 æsessed.

The evaporation of saltwater droplets is treaæd in the way that
was previously presented by Mestayer tl990l. Saltwater evapora_
tion differs from fresh water, not only quantitatively but ¿só Ue_
cause the droplets can only shrink to a minimum size of local
equilibrium determined by their salt content and the ambient rel_
ative humidity. This changes not only rhe 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 l-D Eulerian model (height only)
and that it does not deal with the coordinates ¡ and y. This can be
visualized by an observer who remains fixed at a certain position
.r and watches the waves go by. The waves induce changãs in the
values of U(z),T(z), pu(z), 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 held is represented by a fifth_order Stokes
wave fDonelan and Hui, 19901, whose amptitude /lo and period
Î,u are prescribed as a function of wind speed (see Égure I and
section 3). As a consequence, the mean variables ltki Ue¡ vary
periodically in time with the same period, and it suffices to uu"r_
age over a time r = ?n . This can also be seen in a co_ordinate sys_
terx that moves along with the wave with the phase velociry ô'n,

0.0 0.25 0.5 0.75 1.0

- VTw

Figure l. The wave surface in the prcpmcessor

where the position of the wave surface does not move: its eleva-
a tion r1 is n(¿r) = r'¡(.r) (see section 3). Therefore SeaCluse in-

cludes irnplicitly the model of the air flow over the wave field
that is explicitly computed in the preprocesson the model in
SeaCluse is the average of the model in the prcprocessor.

The calc -Hol2,where z=
o correspon upþer fimit zn -..
In all the co is ñxed ur.";-:
100 m, and se of an opéirìt_
mospheric surface layer: constant fluxes, with pn(z,n*) = 0 and
T(zr*,) and pr(2.*) fixed to their initial vatues aótuâity deduced
from I,o and prl', the values at the reference height of l0 m
AMSL (see section 3). The condition of zero droplet fluxes is
actually not imposed but only checked during the simulations.
This assum exchanges take place in
the lower p layer and that the layer
above does a Monin-Obukhov con-
stant-flux layer. If the condition is not well verified, e.g. in the
cæe of a very low inversion, then the present boundary condi_
tions need be replaced by conditions representing an entrainment
Iayer. The conditions at the the
following: I= 1,., p, = p^,

The turbulence terms , la-
tively similar to that of the original CLUSE model (see section
4). The terms 2 in (l7b) a¡e modeled as in (18), bur the compuø-
tion of Tay,n and pí (e) is more complicated over a wavy sur-
face. Ovef a flat surface they are obtained by computing the bal-
listic trajectory of one droplet of radius rn whose initial ejection
velocity V" is matched to Blanchard,s f1963, l9g9l data (see
section 3). In the absence of turbulent diffusion, the vertical pro-
jection of the trajectory is independent of the wind speed anà is
thercfore computed with zero horizontal wind. Here pí(z) is
proportional to the droplet time of prcsence at level z, i.e.,

e"^k) *(lw:' ( z)l-t +lwao, t rtl-')rror,^ (zt)

and proportional to the surface source function dF(rn)tdr.The
distribution of pfl(z)l@f(r)ldr) is therefore a funciion of rn

-_,!
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The source terms 4 of (17) include the effects of air_droplet
exchanges and the intermittent presence ofthe surface at level e

IMAX

Z.¡i(r,)=t.
l=l

Gr(l) is constant, whiie the other source tenns are computed
at each rime srep. In (23), p¿^Wf is obtained ftom dFldr.The
prescribed surface source function dFldr is the number of
droplets ejected per m2, per second, per micron radius increment
(T-"'' pm'r¡. The droplets are ejected ar rhe initial veloctty Wf
= V"(r) (m s-l). Therefore the source mass flux is

(22)
piw: =(t",] pì#*,

The exchange source function Enk) is similar ro (19). The
droplet generation source functio n C r,(z) expresses the ,.creation,,

of mass in a grid mesh ìocated betwéen -Ho/2 and +Ho/2 due to
the upward flux of droplets through the elelments of the surface
that are berween z - dzk)12 and ¿ + dz(z)l2.It is expressed by

Sn(z)= Enk)+Gne)+Dnk)

G,(z)=pe^ wf þfl(z)/dz (23)

D nQ) = Odn { z ) w^a þfle) / dz (24)

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 ofair that is ,,contained" in rhe
mesh (see Figure l):

(27)

Ql(2,) = anpn(Ð/N(z¡) (28)

(31)

S¿(z)= Hr(z)+H¡(z) (32)

ux of droplets of category n de_
s and 0l(z) is another distribu-
0f(z) are defìned trom - Ho/2 to
rh

Ho/2 Ho/2

IO"^k)¿r= 
-lþ!e)dz=t 

(2s)
_Ho/2 _Ho/2

In the "main program" the parameters in (23)_(24) are ob_
tained in the following way. The computational grid is defìned
lrom i = I to IMAX, and the fìrst grid mesh is chòsen such as to
include a portion of the surface (¿o,in = -Ho/2) but no portion of

boundary condition p,(rr) =
), dz is replaced by Åz(z), the
grid mesh centred at level z, =
and 0l by ff nd /d. sinle

tri buted aron g the surrace, # (ii' :",*',:,iÏ::ffi ä':rii,';
surface elements intersecred ly itre ittr grid mesh:

¡l(,,)='\:') /*Ø -Ho/2<ztHo/2
.f^'(r,)=o z> Ho/2

IMAX
with 2¡l(r,)=t e6)

i=l

where àr¡l& is the wave slope and l, the wavelengrh (see section

1:lì: lli': !:\,,)=.flk,) f:(zt), *i'..' 4(?,¡'i;;; p'*
scribed distriburion ofthe drôplei sources, with" ' '

The proportionality consrant crn (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 ro

'Tl_a(p,4,)_31-,f) I Z*

,, | òz ar!*snk)laz= [s,Q)az=o (2s)
'nnL -l Z*n

since the integrals of the vertical transfer terms amount to zero,
because of the choice of the fÌrst grid mesh and hypothesis 5. In
discrete form, rhis reads

IMAX IMAX

>f:k)
IMAX

le^çz¡tz(2,) +(oíwÍ)

+ a nv, ( rn ) 2p 
^( 

Ð f! (z,l r,t(r, ) = o
i=l

IMAX

i=l

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

(30)

N
Su(z)= ->E^(z)

n=l

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 equarion does not inc.lude a third term for the influx due to
radiation. since it would complicate the simulations and would
not lurnish additional information about air_spray interactions.
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The latent heat term is rhe sink of heat lost by air to evaporate the
droplets

H JÒ=- L,.Su(z) = ,-,Ll^k)

uJ =-fi=CoU?o=CoN U?ou (34)

In pracrice, ø* is obtained either by computing the value of C,
from

cA, = ctlî, [, - ,tlî, y ,( z/ e¡ç]-1/2 (36)

þt = h- 
^2n3 -Tnt8 192

pr=!¡z ¡!¡+23
þ, =1ht ,, 9?-¡s 

(39)8 128

9a =!n+
J

Þ, =Jë.¡s
384

The Sfokes parameter å defines the average wave slope or
steepness,

h=kHo/2="þ="#

where /1o is the trough-to-crest height, k the wave number, À the
wavelength, 1, the wave period (À = CnTn) and c0 = 2tt|Tn. Tlte
Stokes wave celeriry is given by

(33)

20.779

(40)

n=l

115(z) represents the sensible heat exchange between air and
d¡oplets. Its modeling is stiil in progress. Si'nce it is nor used in
the simulations that a¡e presented here, its detailed description is
postponed to a further publìcation.

3. The Mean Field preprocessor

3.1 lVave Model

In rhis 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 prescrited in SeaCluse.

Our aim is to develop a code that iequires as inputs only the
standa¡d micro-meteorologìcaì p*urn.t.ri, wind speed, trunriaity,
air temperature, and sea surface temperature. ffre tey input is
U,o, the wind speed at a reference height of l0 m: it directly de_
termines the friction velocity, and the amplitude and frequenty of
the rvaves. The fïction velocity is computed from the ,,bulk 

for_
mula"

cl =f,1+n2 +nalz) (41)

while its wave age f is defined by

| =CnfUp

v,(¿)= ru. zlguk/L) Z) Ho (43)

(44)

3.2 Mean Air Flow Model and Vertical profìles

The SeaCluse assumption 5 considers rhat the air dynamics is
not influenced by the presence of the droplets because their total

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

(42)

where Cr¡ is the reference drag coefficient in neutral condition. Most of the present simulations use the value of the Stokes
that depends on U,o and wave srare, har in rum, oep"n¿s on rtã pTamele: h = 0.135 observed by Janssen et al. U9B9l, and the
wind speed and dirèction. rhe warer oepttr, trre'ferci. ;;;; value of the wave age for a fully developed wave fielo, r = o,¡s
fteld "history," etc. (see ceernaerr ¡le9-ol for un ou..ui.*1. on L(iee.maert, 19901 (Figure l).
the open ocean, wirh a fuuv deveroped equlibrium ;."; f;.il: ,".ri,,üjl];,f i::äiff,""rr",j]Ë:î::ï:l;rïili,åi.ïc'" is given by fsmirh' 1980' 1988] 

fetch-dependent model is also being developed for rhose sirua-
l03CDN =0.61+0.063Ur0 (35) tionsfMesta¡ter, l99ll.

y^h^.1: V, is the profìle srabiliry function [panofskv and Dutton,
19841 or by obtaining U,o" from (50), ai ¿esc.iUe¿ in rhe nexr
section.

The wave field is desc¡ibed by a fifth-order Stokes wave.
Although this is not a good represenration of the wave fierd in the
presence ofbreakìng waves, it js 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 oi
turbulent diffusivity and droplet concenirations over the wavy
surface do not depend much on the exacr shape of the wave. The
fifth-order Stokes wave can be seen either às a 2_D stationary
wave in the (x,z) plane (i.e., infinire in the direction normal to the
wind) in a frame of reference traveling ar the wave celerity Cr:

rt( x, t ) = tl( x ) = k-tlrl=, pl' (¿) cos(¡fx)

or as a time-dependent surface eleva¡ion in the l_D
SeaCluse:

\(x,t)=¡1(t) =(c,,ll{j)Ii=,Ê, (h) cos(_j(jjt) (38)

where ¡,: t., Donelan and Hui, 19901:

where çuQlL) takes into account the influènce of thermal stabil_
ity (see below). Z is the Monin-Obukhov length, defìned by

fr+o.atrfi/p.wZP
-=åLTo

(37)

space of
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very steep, so that there is no air flow separation at the crest. In
that case, locai profiles v,(z,r) may be calculated by

v,(z,t)=rn* [z-rl(t)]fq"Q/ L) 1(t)<z< Ho 
rá5rv,(z,r)=O -Hol2<¿<n(,) \+J''

where q(r) corresponds to the height of the wave surface at time
f. The average profile vfz) in the wave region is calculated by

With rhe hypothesis that the constanr flux æsumprion is valid
for momenrum in the upper region, the wind profile may be cal_
culated from vfz) by the .,flux-gradient 

relationship," i.e., by in-
verting (5):

#=h=þo,(zrt) z>Ho Ø7)

where rhe atmospheric stability function grislldson et al,,
l99ll

eue/ L)=1t-zo z¡t¡a/o ,lr=o .

e,Q/ L)=t+B zlL zlL>o (48)

The inirial value of dL is obtained by means of the bulk aero-
dynamic formula of DeCosmo et aL [1995]:

-ry =u,7.=ca(\o-4r)u,0" c" = 1.g,1g-3

-fi' = u,pyt =c"(pu,o -prrr) u,o, c, =l).1g1 
g9)

u k) = +U^(zlz"")-y ,(zl L)l z) Ho (50)

where- the profile stability.function \r,¿ is obtained from g, [seePanofsþ and Dunon, l9g4; Geemaeri, tgSOl.This also makes it
possible to obtain Uror= Ltt(l\lzo) u,¡.

-Hol2<Z<Ho Ø6) 
1

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

(a) U,o= lQ ¡.g

- 
SeaOluse model

"-. rotor model

/!
l.
,,

, |,I ¡ I I I I I tfï--l-l--r-l
0.2s 0.5 0.75 1.0

4(z) [m'?.s'']

3

-¿N
or

l-
N

-1
I

0.0

oT
N

E
N

01234
4(z) [m'.s'']

FiS-u_rg 2. Average eddy viscosity profile for (a) Uro = l0 m/s
and (b) Uro = 20 m/s.

The wind profile in the wave region is calculated as a fi¡nction
of the surface elevation rl(x,r) = r¡(l). In rhar case, .,local,, 

loga_
rithmic profiles u(z,t) are given by

(J(z,t)-uor(t,=it[#]
¡(r)sz <Ho 6t)

whe¡ usft) denores the local value of ll(z,t) atthe wave surface,
uO,.Q) = U(11Ø,t), and zo¿G) is a free pa¡amerer identical to a
"local" roughness tength. Ttre 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

uoÁt)=u(nØ,t)=ror¡(r)+ru, ,J)2)

The values of zo¿O are obtained by imposing the condition that
all local profiles U(z,r) converge to the v¿ue of Urcatz= l0 m

U'o = 20 m.s

- 
SeaOluse model

---. rotor model

(J,o-uor(t)=?r[#) (s3)
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for the roughness length zo obtained by Chamock's relation and
Kitaigorodskii's model. Charnock's [1955] relation is

..2
zu=d"2 (55)

I
where g is the acceleration due to gravity and a, = 0.01 I for the
open ocean lSmith,l988l. The model of Kitaigorodskii et al.

[973] is given by

."- = o- 
f 

Ts( 
^¡ "*çr* ¡ 

^,,5]'''
where A¿ = 0.028 lGeernaert, 19881 and.S(ó) denotes the fre-
quency wave spectrum. S( rõ) is taken to be a Philips wave sp€c-
trum

s(õ)= p s2 õr-s ó> o¡ (57)

where o is the frequency of the Stokes wave and ß is given by
Geemaert et al. 11986l for open ocean conditions:

Ê = 0.005+0.002 a+t.s(¡o,u,ls)2 (58)

0.0 2.5 5.0 7.5 10.0

05101s20
U [m.s'']

Average wind profile, (a) Urc = l0 m/s, (b) Ul, =

I
N

(56)

1.s 4.0

U [m.s'']

U [m.s'']
Figure 3. Local wind profiles over the wave for (a) Uro = l0 m/s
and (b) Urc=20 rnls.

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

" T*12

U(z)=U1.,¡¡=| [u(z,t)dt -Ho/2<z<Ho 64)In 
o

The condition (53) thar is imposed to rhe 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 4 < l0
m, about U rc < 20 m/s. For simulating flows in very higtr wind
conditions, both the wave profìle and this condition will need to
be improved.

The number of local profiles musr 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,t) for U1s = l0 and 20 m/s and the conesponding average
wind profile U(z) respectively. A nearly perfect match is ob
served at the intersection of the upper and wave regions at ¿ =
/lo. Figure 5 shows u6r?) and zo¿(r). The largest values of uo,
and zo¿are found at the crest. Note that rhe mean value of 16, ii
slightly larger than ra*, owing ro the asymmetry of the Stokes
wave. The value of eoa(t) is compared with zou and with values

E
N I

N

or
N

1813

o
I

N

E
N

Figure 4.
m/s.

(b) U,o = 20 m.s''

-frw=0

-ffiw=0'1
(a) U,o = 1O m.s''

U [m.s'']

(b) U,o = 20 m.s''

20
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2.50.0

x [m]
5.0 7.s 10.0

0.2 0.3 0.4

-tff*

x [m]
5.0 7.5 10.0

4). The scaling factors I* and pr, are obtained from the bulk re-
lations (49).

ln the wave region the profiles are again computed by averag-
ing in time the local logarithmic profiles T(z,t) and pr(z,t):

where we assume that the surface temperature and water vapor
concentratirn The local temperature
and hurnidity zor¿G) do depend on r
and are again itiõñ that all local pro_
f,tles converge , at z = l0 m:

1.5

't 0

Ø.

E
J

f
00

1.0

(ól)
0.1

2.5

0.0

0.0

0.5

o
I

N

0.0 0..1 0.2 0.3 0.4 0.5

- lTw
of the wind value
function of r ength
t, compared ] and

9731 roughne

Figure 5b shows that the local values zo, are in good agree-
ment with zo" autrd zor ,

#=*erk/L)
âgu _ pu* 

a,e/L\dz Kz

14.0 14.25 14.5

r rcl
14.75 15.0

or
N

Z> Ho (59) 1.15'10" 1.2'10-" 1.25*10'
p"(z) [kg.m'']

where grl9,' and qulq, are the stability dependenr turbulent
Prandtl and Schmidt numbers, equal to I for JL = 0 (see Section

Figure 6. Average profiles of (a) temperature and (b) water va_

lol.lp|*oution 
(U'o = l0 m,/s, 4o = l4'C, R4o = 95Vo,T,uo



MESTAYER ETAL.: SEA SPRAY DYNAMICS OVER V/AVES 20,783

:.h"r:_Ì = -Cwt and U is obtained from rhe individual local pro_
files U(z,l); see (51). The resulting wind field l(z,r) also .onrirt,
of local profìles, constructed by steps from the values of W at the
wave surface. W(n(f),Ð is equal to the local vertical velocity of
the wave surface:

w(n(r),r)= %(r)=# (63)

The computatio tion presents some
numerical difficulti to the strong gradi_
ents of U andW in the surface. This ,._
quires an especially adapted computation grid, constant at all alti-

Figure 7 shows results for a calculati on of W(z,t) in the cæe
Ulo = l0 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 =-Ht2 nd z = l0 m. Figures Taand jb show the surface vertical

region.

tion, respectively, relative to the surf¿ce, í.e. vectors of compo_
nents (U-Cr,lÐ. The model that describes the effect of the sur_
face motion on the air flow results in a perfectly symmetric wind
fieiC with a rotor-like structure between the wave crests. The in_
flurnce ofthe waves decreases with height and becomes negligi_

(62)
au aw

-=-_ä¡ àz

r
N

E
N

0.25 0.5

- Vfw

-1 0

W (z,t) [m.s'']

i (t
E
ã 0.0
o
il
N

3 -o.zs

-0.5

0.0 0.25 0.5 0.75 1.0

- t/Tw

Figure 7. Parameters for the mean flow field over the waves: (a)
wave surface vertical velocity, (b) local profiles of the vertical
wind componenr, and (c) vertical wind component distribution at
e = l0 m (see text).

ble above 2-3Ho. De I¿euw [1987] hypothesized that rhe roror
structure is responsible for the nonloga¡ithmic droplet concentra-
tion profiles. This structure is also observed in Cdson,s [1990]
simulations of flows over developed waves, with a flow model
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diffusivity by considering rhat betwe€n trough and crest the tur-
bulence mixing length is not proportional to z but constant with
height and equal ro the wave height, i.e.,

v, (z) = rcu, zf g,(z/ L) z2+ Hof2
v,(z)= r".(n"¡z)(t*(òlr,) zs+Hof2

(43')

0.0 0.5 1.0

- ùTw

Figure 8. Mean wind field over the waves for (a) Urc= l0 m/s
and (b) Urc=20mls.

that is marhematically different but physically close to the model
described here. Note in Figure g the difference in the rotor loca_
tion at l0 and 20 m/s. While at 20 m/s its center is close to ¿ = 0

rly
of
of
he

symmetry of the wave profile. The sensidviry of the results to the
model assumptions is still under study, but the simulations al_
ready done show that the general fearures of the mean flow do
not change with the values of the basic parameters å and f.

In the discussion following Edson,s It990] presentation [see
Mestayer eî al. , l990al it was proposed that, if this rotor structure
dominates the rurbulent field in the lowest part of the marine at-
mospheric surface layer, its effect can be modeled in the eddy

33 Droplet Mean Motion Over the Vgaves

nonevaporative conditions over a horizontal still surface and an

are very small, and the resulting errors on the initial velocities a¡e
negligible. Nevertheless, this will be taken inro account in the
near future when recomputing these data from the newer mea_
surements of Spiel ll992, 19941.

The presence of waves complicates the calculation of the
droplet trajectories because the horizontal displacement of the
droplet and thé motion of the air itself must arsobe taken into ac-counr. iently calculated in thecoordi the waves with celerity
Cn. In hæ a position given by
its coo f the air flow and of thl
position -r, where it was ejected from the wave surface. The hori_
zontal and vertical components of the droplet velocity uo urd, wo
are given by

,o(r, rr, t') = ur(r,t')+ U(ro, zo)- Cn

,o(r, x,, t') = w,(r,t')+W(x¿, z¿) 
(64)

where U(x¿,2¿) and W(x¿*¿) are the local horizontal and vertical
air velocit-v components urd ufr, r, ) and wr(r, t')denote the hor-
izontal and vertical velocity of the droplet relative to the air. At
each position of the droplet, U@¿,2ì and W(x¿z¿) a¡e compured
by a four-point interpolation from the four croiesi tabulated var-
ues of the local wind speed profiles Il(z,t) andW(z,t), with z= z¿
and t = -¡r/ Q*. The equations of droplet motion are

T
N

0.0 0.5

- Vfw

x [m]
20 40 60

o
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N
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*=-lr,*+ 2.01.60.40.0
(65)

o
I

N

= 0.95

(66) F

. .¡-t-tt2 -E
+wo(r,x¿,2¿,t')') (69) N

o
I

N

- VTw

x [m]
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E
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Figure 9. Representative droplet trajectories (lJrc= 10 mis) (a,
b) Trajectories nor influenced by the wave rotoi(c) Trajectory
enrering the wave rotor.

0.5

- UTw

*=-*,"*+-'
where C, denores the air drag coefficient. For a spherical
droplet, C, is a function of the Reynolds number Re¿

R,¿ - z, (ul +,1)v2

and it is calculated with Raudviki's [1979] formula:

Cp =24fRe¿ Reo <0.5

Co=24(t+o.t9Reo)f Reo 0.5< Reo <2 (67)

co =24(t+o.tsnefl.eet)f ne¿ 23 Re¿

The droplet initial relative velocities ufr,t, =0) and
wr(r, t' = 0) a¡e given by:

u,(r,(=0)=O u¿(r,x,t'=O)=øor(.r")-C,"
w,(r,t' = 0)= V"(¡) wo(r,x,t')=Vr(r)+Wr(x,) (oöj

wherc lVr(.t) is the surface vertical velocity Wr(t = xrlC).
The droplet trajectory is computed with (6a)-(68)-and stopped

when the droplet hits the water surface, i.e., when z¿ S q(.r¿). To
improve the precision, the calculation is done in ã griO ttrat is
equidistantly spaced along the droplet trajectory, with constant
steps Â/(r), i.e., by recalculating År' in each cycle:

N' (r, t') = u(ò.lu ¿þ,, ¿, z¿, t')2

The time step Ar' is small when the droplet velocity with re-
spect to the wave surface is large (this means that the relative ve-
locity (urwr) of the droplet is large, and./or the droplet is at a po-
sition (r¿,2¿) where the wind field (U,tÐ is strong) whereæ it be-
comes larger when the droplet slows down. The step size A/(r)
depends on the size of the droplet and varies between 0.02 and
0.5 cm for l0 S r 1250 pm.

Examples of typical trajectories a¡e shown in Figure 9 (U rc =l0 m/s) for different diameters and different places of ejeciion
(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 a¡e lifted upward and enter in the wave rotor (Figures
9b and 9c). In some cases, they retum to the surface (Figure 9b),
but in other cases they start to move in a closed trajectory Gigure
9c). Cleady, 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
a¡e thought to be an afefact resulting from the perfect synmetry
of the air flow model. In reality, the wave surface is not perfectly
smooth, and small variations in r¡(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
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x lml
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since they all rapidly reach their limit velocity. Figure I I derails
the comparison of V, for the two wind speeds, for each of the
three larger categoriés. The figure shows that 7, does not vary
much with wind speed, although it must be noted that the Stokes
wave amplitude Ho/2is 4 times larger at 20 m/s than at l0 m/s.
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Figure 10. Final fall velocities /rover rhe wave as a funcrion of
gjgc¡lon rime r, for dropte_t¡ with íadii of 10, 60, t00, 250 pm for
(a) Uro = l0 m./s and (b) U rc = 20 ¡nls.

criteria for ending the trajectory calcuiation are acruaily 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 z¿ 3t1(x¿) +
År¡/2. where Ar1 = max(zoaQ), 3 mm) accounrs for thã prese-nce
of capillary waves at the surface of the Stokes wave.

The computation of series of droplet trajectories, for all posi_
tions .r" of the source and for all diameters, makes it possible to
obtain the pafameters necessary for Seacluse calculations: final
fall velocities, flight times, and normalized reference concenrra-
tion profiles.

The final fall velocity for each droplet is its vertical velocity
component at the lasr time step of its trajectory, Figures l0 and
I I display rhese values as a funcrion of the droplet initial posi_
tion. expressed in terms of the ejection time with respect to the
wave period. Figure l0 compares the variations of V, for four
typical caregories of droplets, l0-, 60-, 100_ and Z5}_itmradius,

for Uto = l0 m/s (Figure lOa) and 20 m/s @igure lOb): only the
larger droplets experience large variation, of Vr; the la¡ger fall
velocities being found at the lee side of the waJe. where the tra-
jectories are longer, as shown below. The final fall velocity of
the lO-pm droplets is independent of the snn of the trajecrory,
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E

t
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Figure 11. Comparison of final fall velocities Vrover the wave
as a function of ejection time r, for Ulo = l0 mls and lJro=20
m/s: (a) r = 60 pm, (b) r = 100 pm, and ic) r = 250 pm.

(a) r=60#,rn I_ UF Omsf
l-.- U,o = 10 m.s' I
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0 50 100 150 2oo 250

r [pm]
Figure. 12. Average final fall velocities for droplets over the
waves (plus signs) and over a flat surface (crosses).

Figure 12 shows the average final fall velocities Vfr) venus r
after integration along the wave surface, compared to the final
fall velocities over a flat surface; the two curyes are nearly iden-
tical. For the sake of comparison, the terminal free fall velocities
V, of these droplets are 0.012, 0.332,0.7M, and2.02 m/s, re-
spectively. Figure 3 of. Rouault et al. ll99ll showed thar, over a

< 120 ¡rm.
n time of the droplet is
re 13 presents plots of

lR, * u function of droplet ejection time foi the four'typical size
categories, for U,o = 10 and 20 mls. The flight time is larger
when the droplets are ejected from the lee side ofthe wave where
the surface moves up and propels them into air that itself is
moving upward. The opposite effect is observed at the windwa¡d
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 lO-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. Fliehr rimes In." over_the wave as a funcigl of ejection time r, for U¡6 = l0 m/s and Urc=2lm/s: (a) r
= l0 pm. (b) r = 6¡ pm, (ði r = 100 pm, and (d) r = 250 pm.'----"
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flight times as a function of droplet radius,
wave (U,o = l0 and 20 mis) andover a flat
mpared to Andreas, [1992] suspension times
and 20 m/s).

gives even larger values by about 502o. Nevertheless, these new
results do not take into account the effect of diffusion by rurbu-
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 pí(z) used to mddel the me¿n momen-
tum terms in droplet equation (18) correspond to conditions with
no turbulent diffusion and no evaporatlbn, while the wind ñeld in
which the dropiet 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 grid mesh centered on height z, then

P,,,(z- Az/2,2+ Lz/2)=7,,,(z- M2, z+ 
^zl2)f 

rrryþ,t) (71)

of the M computed individual droplets ejected at various posi-
tions t over the wave surface:

l,(z- Azl2, z+ 
^z/2)= *# Zrr,,,^(z- 

Lzl2,z+ Lzl2)
(72)

E,k) = fn oE,(z 
- e/2, z + Lz/2)

Here, l,(z) is the drople the sur_
face flux, in (droplets/m3) ars as a
"transfer function" of the surface

0 s0 100 150 2oo 250

r Wmj
Figure 15. Same as Figure 14, except that the maximum flight
t¡mes over the wave a¡e shown (Ulo = l0 and 20 m/s).
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The average flight times obtained by integrating over the
wave period
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* (70)
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source function to the concentration in air. Thus
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Vr. Thus the droplet vertical velocity is written

wn = frn * tv'n = frn + w'" + L!* (78)
(73)

wittr 4 = Ç, since w- =w" = 0. using (78), ir is possible to
rewrite term 3 of (l7b) as

,(ffi)

(#)' =8,Ø (#)

Pne)=(#'i,(T",:0,)o,

= E,^ (z) (#) 
^(T",:0, 

) 
o,

(7e)

to simulate a given situation, i.e., the source function dFldr is
prescribed in the model. Al be ad_
justed in (30) and (74) ro m
mental data ro deduce the iå:i
(27).Inorder to be independent ofthe choice ofthe source func_

4. Droplet Dispersion By Turbulence

In the equations for vapor concenrration (l7c) and heat (l7d),
the turbulent flux terms 3 are modeled by introducing the classi-
cal exchange coeffi cients:

where Sc, and Pr, arc the turbulence Schmidt and prandtl num_
bers and v, is the eddy viscosiry function calculated by the pre_
processor (see Section 3). In neutral conditions, following the
reevaluation of Högström [1988],

Sc7= Pry= I e6)
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 \, relative to the fluid

vvi= vj+ Lti Q7)

where, because of the basic hyporhesis 7, only the particulate
phase (i.e. the droplets) have a nonzero slip velocity: Vo, = Vr r=

33'
Term 3' is similar to terrns 3 of(l7c) and (l7d). It represents

the diffusion by air rurbulence and is modeled by means of an
exchange coefficient equal to that ofvapor:

p,^,/"=-K^*=-#* (so)

and term 3" represents the effect of droplet inertia on the turbu-
lent motion, i.e., a reduction of turbulence diffusion. Rouault et
al. ll99ll modeled this "counter-diffusion" term with a size-de-
pendent exchange coeffi cient:

¡Ã- f ' -r,\l-tl
m= -K;+, K' =-*:L'-Í.'. r,ry) 

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

o* =1.?5u* (82)

[e.g., Panofsþ 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
experimenral data obtained during the HEXIST-CLUSE experi-
ment. Therefore, in the atmospheric surface layer where o,u =
1.3a,, rhe model of Rouault et al. tl99ll (RMS) becomes

m=ffi+W=-(Kn.r)+

4nvs= Kn+Ki= t l, *r^'lþ^)f-' 
(83)

=ËL'*"ffi) cz=s

Alternatively, other authors proposed to directly model the
particle flux term p'nw'n with an exchange coefficient based on a
variable Schmidt number, depending on particle inertial scales

" âól
p'n '^=- 

-^Ë 
, Scn = Scn(u,rn,...) (84)

Two models are analyzed here: the first one (called MM) is
derived from rhe work of Mostafa and Elgobashi [19g4] and
Mostafa and Mongia tl987l, and the second one (called MB)
from Melville and Bray [19791. Both original 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

(r*o.rln-uj1lu'
.scn =l l+0.3 :* I rssl" [ [o"]' )

where the rms of the droplet velocity is given by

=E,^k) plrl e4)

(75a)

(75b)

ñ=-K..4.=- u, âil
' òz Sc, àz

r¡¡ =-x-ú=- v, àT
' àz Pr, ðz
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where t, is the Lagrangian timescale of the
timescale for the droplet inertial drag, given by

(86)

flow and tn the

(87)

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 ta by

r , = v,(z)f oz" = v,(z)f (t.ssuJ) (88)

F ¿V a|=(Z.ZSu,)2 ¡fanoþtq and Dutton,l984l), and the
slip velociiy nìodulus'lO-U"l by the gravitational free-fall ve-
locity lzr(rn) in (85) and (87): Co is obtained from (66)-(67) with
Re¿=2rnVr(rn)/v' The MM model then becomes

where Sc, has been added for consistency with gas diffusiviry
when rn -> 0,

The MB original model can be written as

KnlKr =W lø =(t+qn¡t r)-l (e0)

where r.n is the Stokes relaxation timescale, the response time
for droplet inertia. Introducing t,n=Vr(rn)lg and using (88)
makes it possible to re$,rite the MB mode-l as

It is interesting to se€ that the three models result in three rela_
tionships (83), (89) and (91) rhar have functional resemblances,
but different dependencies on Vu and 2..

Figures l6 to l9 compare thä 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 l0-, 60-, 100-, 250-pm ra-
dius, and for the two wind speeds, 20 and l0 m/s. The wave pa-
rameters are h = 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 m/s, and (b) the
profile obtained with the MB model in a Cartesian plot thar also
contains the nonturbulent profiles Ën(z) computed by the prepre
cessor (dots), in the lower part ofthe domain and especially be_
tween wave trough and crest (se€ the height scate normalized by
/lo on the right side of the frames). In addition the frames (a)
show for comparison the profiles obtained a¡ l0 m/s with the
MB model (plotted versus z, not versus zlH).T\e calculation
grid is designed with g¡eat care to satisfy thè numerical solver
requirements lsee Rouault et al., l99l; Schiestel, 1993 Van Eijk
et al.,1993). The required spacing appea$ ro be ofthe order of
the value of the eddy diffusivity. A logarithmic gnd lRouauh et
al., l99ll of 50 grid points is introduced in rhe wave trough re-
gion, with meshes ranging from l0-5 m to abour l-5 cm. The re-
mainder of the wave region is covered by a constant mesh grid,
and the upper region by a logarithmic grid exrending from the
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Figure 16. Profiles of concentration normalized by the surface
flux for droplets of 250-¡rm 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 m/s, and (b) in the wave region, with-
out turbulence (dots) and with turbulence (MB model). In addi-
tion, Figure l6b displays the integral ratio Rn(z).
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wave crests (z = 0.53H) to the top of the calculation domain (¿ =zr-) where the grid spacing is typically l-5 m. The total number
of grid points is of the order of 200-500. Here, with 1n_ = 100
m, the numbers of calculation points are 50, 252, an¿-210, in
each of the three domains respectively, summing to 512, for all
droplet categories. Figures lGl9 call for several comments. The
first general comment is that the three largest droplet categories
manifest somewhat simila¡ behavior, with size-dependent details,
while the 10-¡rm category behaves somewhat differently because
ofits reduced weight and inertia. This is why the display ranges
are different in Figures 16-18 from that of Figure 19. The rwo
types ofbehavior are discussed separately. Note that on the right
side of the frames the altitude e is normalized with the value of
Hoat Uto= 20 m/s.

Mg model. U,o = l0 m s
MB mo(bl, U,o = 20 m.s

--MM mod€|, U,o=20m.s

- 
RMS mod€|. U.^ = 20 m.s
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Figure 17. Same as Figure 16, but for r = 100 Fm.

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 lsee Rouault et al., 1991, Figure 5l:
70 to 80Vo of the droplets are transported higher than -ifol4 and
about25Vo 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 zJH), but this is largely compensated for by the in-
crease of llo with U,o. For the lO-¡rm droplets, the transport effi-
ciency is even larger, since more than 8070 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 Uto = l0 m/s ils center is at z = Ho and it ex-
tends up to z= 2-2.5 Ho.

As regards the turbulent diffusivity, the two models MM and

i ìlì appear to produce unexpectedly close results, considering

20,791

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 differcnce increases at
lower wind speeds); note, however, the considerable range of
concentrations in the logarithmic scale of frames a. Comparcd to
these two models, Rouault et aL's ü9911 diffusivity reduction
due to inertia appea¡s to increase much more rapidly with in-
creasing droplet size, reducing the diffusion of the 25Gpm
droplets by turbulence to practically zero. For the lo-¡rm
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 n¡rbulent difñ¡sion, mixing, is to rcduce
the gradients and to smooth the pcaks. This is cleady illustrated
in the b'frames, where the low-level profiles a¡e well smoothed,
although the very weak diffusivity in the wave trough is unable
to erase the lowest peaks. Since the concentrations arc 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 ofthe transport
by turbulence is demonstrated by the additional curves of frames

l0-. .10." 
10.'o
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R(z) t%l
25 50 75

0.0 0.1 0.2 0.3 0.4

Concentration / Flux

Figure lE. Same as Figure 16, but for r = 60 pm,
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Figure 19. Same as Figure 16, but for r = 10 pm.

b obtained by compuring the integrals

Pz,* Fz*
4(z)= | p"(z') dz' / | p,(z') dz' (sz)

Jz " Jr*;'

from the results of the simulations with the MB model at 20 mls.
Rr(z) indicates how much of the droplet popularion has been
transported higher than ¿. For instance, it appears that only about
lÙVo of the droplets are rransported by turbulence higher than the
highest level reached without turbulence, except for the l0-pm
droplets that are well transported upward and for which this
number is of the order of 50Vo. For those droplets that have non-
negligible inertia and weight, rurbulence does not appear to be a
very efficient transport process. Except for the smailest category,
no more than l2-l8Vo of the droplets reach the wave crest level
or go higher, and no more than3-5%o at 20 m/s (I-2Vo at l0 m/s)
reach a level I m above the wave crest. This last 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 merhod. Figures l6-19 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 magnirude smaller at l0 m
than at wave crest level, and they do not exhibit constant-slope
ranges in rhe 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 smäll and the model
used to analyze the data is too crude or poorly assessed, espe-
cially since droplet partial evaporation is expected to highly
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 conc.entration is well obeyed by all droplet categories ex-
cept the smallest one, which obviously reflects a thwarted ten-
dency to diffr¡se 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 strucfure 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
fìelds 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 ma¡ine 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 ofdroplet and
water vapor concentrations, and sensible heat, including the dy-
namic and thermodynamic air-droplet interactions. To minimize
the model a¡tifacts, it is constructed on a small number of robust
assumptions, as e.9., 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:

l. 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 transfened 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 a¡e finite. Also, the
evaporation model of Mestayer |9901 includes assumptions that
restrict its validity domain [Van Eijk et al. 19931. 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
model for coastal areas, cunently in development lMestayer,
l99ll, while a more realistic description of the air flow over
breaking waves probably requires an asyrnmetric 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 conesponding 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 trajectories. This is in agreement
with laborarory experiments by Koga andToba tlggll, 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 l¿euu¡ [l9g9a] 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 dro
tion). The mean air flow
face results into a large
intensity depend on the
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 Hol2 or even higher. Due to the
displacement of the center of the rotor-like structure, the effi-
ciency of this transport process decreæes relatively with increæ_
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 enrer_
in
rh

th
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

movement. Can this account for the difference in the wind de_
pendence of Tnr? It musr first Uggzl
formula,.In, = H ,olvr, obviou of the
wave-rncluced movement more ince 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, rhe results ofFigures l6-19 illustrate well that the role óf
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 inenia. Figures 16-19 show that only a very

small part travel higher over the waves in the presence ofturbu-
lent diffusion than without ü¡rbulence. 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 viscosify v,,
i.e., -U,o (see (a3)-(a6) and (88).) In conclusion, we think thai"
although rurbulence does increase the flight times of the small

models,or two-layer models, where the influence of turbulence
on the residence times and droplet transport arc prescribed.

Turbulence appears here to have a weak influence on thè ver_
tical profÌles of most droplet concentrations: these profiles are
mainly determined by the structure of the mean flowlnduced by
the wave motion, and only extremely small concentrations a¡e
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.
l. 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 is of comparable importance,
due ro cess ro obrain Ç(¿) and pfl(z);
this is atic studies.

2. To estimate the contribution of spray droplets to the humid_
ity flux from a known surface source function, the turbulence

ce, since the droplets
not greatly displaced
relatively thin layer

3. The previous point is true only if the humidity and tem_
peran¡re 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 grearest
importance when the desired outputs a¡e 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 ofthe aünosphere).

5. Finally the diffi¡sion 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 a¡e often obtained at markedly higher elevations with
airborne sensors.

Since the present simulations showed a relatively good con-
from Mostafa and
and a rather large
It et al. [1991] it

seems necessary to proceed to an independent reassessment, This
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is one of the stt¡dies in progress. which also include a series of
tests and validations versus experimenhl data from the HEXOS
program [De Leeuw, 1990].

This paper does not present direct comparisons of the simura-
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-generatedjet drops. To simulate spume drops, notonly a quantitative spectral source function is required, but also
the spatial distri rces and
which implies a ledge of
cess and initial s availa
Observational e led. Finally, it must be stressed
again that, up to now, the basic assumptíons of the mean flow
preprocessor are consistent with high but not extreme wind con_
ditions and fully developed wave fiãr¿s. ror orher 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 imiroved by taking into account
not only the shape of the average wave. but that ofseveral waves.

_ Theoretically, the smallest droplets rhat can be handled by the
SeaCluse model have a radius of ì pm. 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 l0 ¡rm determine the visibiliry in the visible wave_
length region and contribute appreciably io t¡. uiri¡ility in theIR. In order ro overcome this dìawback, the CLUSA model is
being developed to describe the dispersion of a Oistribution of
aerosols from 0.05- to 2.5_pm radius in the marine atmospheric

-,u.fu-.^r 
layer with an emp_hæis on the dry deposition process and

the effect of Brownia¡ diffusion fMesta:ter i, ot.,'tggtl.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 rhe rop of the domain. The code could thei include some
interactions of the smaller aerosols with sea spray droplets by
coalescence,

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