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ABSTRACT (ONGERUBRICEERD)

The CLUSE model has been developed to describe the dynamics of (fresh water) spray droplets in the

homogeneous boundary layer of an air-sea interaction simulation tunnel, and their influence on humidity and

temperature profiles [Rouault et aL, 1991]. Extension to open ocean conditions requires that the fresh water

droplets are replaced by sea-salt aerosol, and that the influence of waves is taken into account. In this report

we describe the progress on the development of the SeaCluse model that applies to open ocean conditions.

The calculation of the profiles of the mean wind velocity and turbulent diffusivity has been changed to take

into account the characteristics of the marine atmosphere and of the wave field. A module was added to the

initialization routines that models the air flow over the waves in a non-turbulent and non-evaporative

atmosphere. This module yields vertical profiles of droplet concentrations that enter in the relaxation term

that models the mean movement of the particles. 7hese profiles awe then modified in the iterative budget

calculation that accounts for droplet transport by atmospheric turbulence and their interaction with the

humidity field by evaporation. In this part of the code, the evaporation module was changed to describe the

evaporatim of sea salt aerosols in the marine atmosphere. The output of the new SeaCluse model consists of

vertical profiles of temperature, humidity and aerosol concentration from the sea surface up to the top of the

m atmospheric boundary layer.
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* SAMERVATrING (ONGERUBRICEERD)

Het CLUSE model word ontwlkkold om. de dynamic. van (zoet water) spray druppeltjos in do

1-dimensionale homogene grenslaag van eon lucht-water interactie tunnel to boschrijven, aisinedo do invloed

van do waodrupIoI!'-- op de vochtighids- en Pempeatwtuprofielen [Rouault et al., 1991]. Voor do

* ~uitbreiding van het model uarn'open ocean' condities is vereist dat do zoet wate druppels vervangen worden

door zeezout aorosolon, en dat do inviced van do golven wordt gemodelloerd. In dit repport wordt do

voortgang beschreven van hot geschik maken van hot CLUSE model voor toepassing in 'open ocean'

condiftes. Do berekening van do vertialo profiolen van do geaniddolde windaneihoid en do turbulento

ddiffus coefficient ijn sanagepast an ean maritimeo atmoinober en golven. Do mitialisatic van hot model is

uitgebreid met aen module waarin do luchtstroming over do golven wordt bcschreven in een aftmosfeer,

waarin goon turbulentic of verdamping voodcom Et. oe module berekent do concentratie profileln van Wo

aerosol die gebrulkt wordon in do relaxatie term die do gemiddelde beweging van do doeltjes boschrj&t Deze

concentraide profielen warden vervolgen gewijzid in aem fteratiove budgt berekening, waarbj transport

van bet aerosol door atmosferischo turbulentie en verdamuping van bot aerosol wordt gemodolloerd. Do

module die do verdamping van do aerosol doeltje beacbrijf ward saongepast voor zoezout aerosolen in do

mariene atmoefeer. Do rosultaten van het niouwe SeaCluse mc4el bestann uit do verticale profielen van

temperatour, vochtighid en aerosol concentratle vanaf bet wce oppervIak tot san do top van doeain



Pare
4

CONTENTS

ABSTRACT 2

SAMENVATrING 3

1 INTRODUCTION 6

2 THE ORIGINAL CLUSE MODEL 12

3 MODEL FOR THE AIR FLOW OVER THE WAVES 17

3.1 Visualization of the calculation 17

3.2 Basic parametes 17

3.3 The eddy diffusivity 18

3.4 The profile of horizontal wind speed 20

3.5 The tempersat profile 24

3.6 The humidity profile 25

3.7 The vertical wind speed 27

4 DROPLET MOVEMENT IN THE AIR FLOW 30

4.1 Ejection height and ej.ction velocity 30

4.2 Droplet trajectories 30

4.3 Flight time 33

4.4 Final fall velocities 36

4.5 Profiles of droplet concentration 37

.5 MODEL FOR THE EVAPORATION OF SEA SPRAY DROPLETS 40

5.1 Parent and offspring categi 40

5.2 Andreas' model of evaporating sea spray droplets 40

5.3 Mestay's simplified model for sea spray droplet evaporation 41

5.4 The source trmn. in the SeaCluse model 43



Pare
5

6 IMPLEMENTATION IN THE SEACLUSE CODE 45

6.1 Calculation of radii of droplet categories 45

6.2 alcak tion of r-dependmnt variables 46

6.3 Tay and Vf for droplet categories 47

6.4 Initial and boundary conditions for Sealuse 48

6.5 Thw model parameters C1 and C 2 in SeaCluse 49

6.6 The droplet profiles in a non-tubulent, non-evaporative atmosphere 49

6.7 Calculation of the saturated water vapor density 51

6.8 The vertical grid 52

6.9 Checks during the SeaCluse model run 53

6.10 Checks at the end of the SeaCluse model run 54

6.11 Presentation of final results 54

7 DISCUSSION AND AIMS OF FUTURE RESEARCH 56

8 ACKNOWLEDGEMENT 60

9 REFERENCES 61

APPENDIX A: NOMENCLATURE

APPENDIX B: THE WAVE GRID

APPENDIX C: EDDY DIFFUSIVITY IN THE WAVE ROTOR APPROXIMATION

APPENDIX D: CHARNOCK RELATION AND KITAIGORODSKI MODEL

APPENDIX E: IMPLEMENTATION OF THE CALCULATION OF W(x~z)



TNO rpor

Pagr
6

RINTODUCTION

Aerosols play an important role in the marine boundary layer, both in meeorological processes

and in the field of propagation of crptcal radiation. Suspended aerosols, by scattering and

absorption of radiaton, contribute to the attenuation of radiation in the elec

transmission windows. This reduces the performance of electro-optical systems and limits electro-

optical surveillance of the marine boundary layer and the sea surface from airraft and satellites.

The reduced albedo may also be of importance for climatological studies.

On a micro-meteorological 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 may transfer water vapor, heat, pollutants

and bacteria through the air-sea interface. At higher levels, sea-salt particles shrink by evaporation

or grow by condensation trough interaction with the humidity field. Hence, they play a role in the

transport of matt, heat and water vapor through the marine boundary layer and are important to

larger scale meteorological processes and climatology. 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

atnospheric conditions are required to explain a wide range of processes in the marine

atmospheric boundary layer. The Navy Aerosol Model (NAM) [Gathman, 1983] is one of the

most widely accepted and used models to assess the propagation characteristics of electro-

magnetic radiation. It is the maritime version of the LOWFRAN code [Kneizys et.al., 1983].

NAM is an empirical model, based on an extensive data set including a variety of geographical

locations. Over the yeas, 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 10 m above mean sea level (AMSL). Therefore, additional

modeling is required to infer the vertical profiles of aerosol concenration. To thdi end the Navy

Oceanic Vertical Aerosol Model [Ga•hmAn, 1989; De Leeuw etal., 1989a] is being developed. 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.
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Although NAM and NOVAM provide us with valuable informaton, they cannot be used below

10 m AMSL Yet, this region is important, because an appreciable pat of the propagation path for

detection of targes low above the horizon may be below 10 m AMSL The region is also

important for climatological studies, because the coupling terms between atmosphere and ocean

in global climate models we not yet ascertained. As described above, an important part of the

aerosol dynamics also takes place in the surface layer. Therefore, any model that is developed for

the marine atmospheric boundary layer requires a detailed description of the processes near the

air-sea interface.

The processes near the air-sea interface are difficult to assess, because they consist of a large

number of coupled dynamical and physical processes. When wave breaking occurs, air is

entrained into the water. The air breaks up in bubbles, which rise due to their buoyancy. When

they reach the surface and burst, sea-spray aerosol is produced (see figure 1.1). Sea spray consists

of small film droplets, which result from the breaking of the thin water film covering the bubble

when it protrudes the water surface, and jet driplets, which result from the breaking up of the jet

that is subsequently formed.

z=h

Turbulent
Layer Jet drops

Film
drops

bubbyefilm 1: 
."

.•-, .,• .Wind

Sublsyeramnr, , .- i "_.. -

Surface

Figure 1.: Sketch of breaking waves with bubble and spray droplet formation (from [Lamsen et aL,
19901)

L .. . ...... ...... ..... ....... .... ..... .. ..... .. . . . . . ..
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The production of film and jet droplt from both single bubbles and bubble plumes has been the

subject of extensive experimental studies (see e.g., Blanchad [1963, 1983], Monahan et.al.

[1982], Mestayer and Lefauconnier [1988], Spiel [1992a]). An analytical description of the jet

droplet production has recently been provided [Dekker and De Leeuw, 1993], based on analysis

by Maclntyre [1968, 1972]. In addition to the film and jet droplets, the so-called spume droplets

are produced by wave crest tearing when the wind speed exceeds 9 m/s [Monahan e&l., 1986;

Wu, 1990; Andreas, 1992].

The number and size distribution of sea spray aerosols that is produced is given by the droplet

source function. Monahan et al. [1982] presented a source function that consists of two modes,

that is, a bubble-mediated and a spume droplet source function. Alternative formulations have

been given by Fairall et.al. [1983] (see also Miller and Fairall [1988]), De Leeuw [1990a] and

Andreas [1992].

WIND - 0

MIXING LAYER

TURBULENT
BUFFER " CIRCULATING

ZONE AISTREAM

ZONE

FAgure 1.2: Schematic represeeation of the wave-roeor model
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However, it is very difficult to obtain pertinentm of the upward surface flux of

droplets at sea and the extension of laboratory results to oceai conditions is not stightforward

either. As a result, there is not yet a consensus source function available. In particular, the

contribution of spume droplets has by no means been established [Katsaros and De Lecuw, 1993].

The freshly produced droplets ae transported upward by turbulent diffusion and convective flow,

counterbalanced by gravitational forces. While they are airborne, they interact with the scalar

fields of temperature and humidity by heat exchange, evaporation and condensational growth.

Few measurements exist of the concentration of aerosols below ship deck level (see De Leeuw

[1989b, 1993] for a review). Until recently the particle concentrations were assumed to increase

exponentially toward the sea surface [Blanchard and Woodcock, 1980]. De Leeuw [1986, 1987]

provided experimental evidence that the profiles are not always logarithmic and hypothesized a

wave-rotor model to explain this behavior (see figure 1.2). According to that model, the aerosols

are temporarily trapped in eddies, which results in longer suspension times. Alternatively, Wu

[1990] suggested that the spume droplet production by the wave tearing mechanism was to be

held responsible for the non-logarithmic profiles.

This discussion shows that there is a requirement for a model that gives a physical description of

the behavior of marine spray droplets in the atmospheric surface layer close to the waves, and that

provides an adequate explanation for the (sparse) experimental observations. Over the years,

various interesting models have been reported (see Rousult et.al. [1991] for an overview), but a

detailed description of the behaviour of droplets close to the surface has not yet been given.

In 1981, the Humidity Exchange Over the Sea (HEXOS) program was initiated to study the water

vapor and droplet fluxes from sea to air (see Smith eLal. [19901 for a description). The HEXOS

studies in a Simulation Tunnel (HEXISM) subprogram was aimed at the development of

numerical models to study the turboulent transport of evaporaing droplets and their interacions

with the scalar fields of temperature and humidity. The measurements which would provide the

basis for the model formulations were performed in the period 1985-1990 in the Large Air-Sea

Interaction Simulation Tunnel of the Institut de Mdcanique Statistique de la Turbulence (IMST)

laboratory at Luminy (Marseille, Prance), and in the whitecap simulation tank at the University of

Connecticut (see, e.g., Mestayer et.al. [1988D.
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It was recognized that breaking waves in a laboratory tunnel cannot provide a good simuilation of

the net production of aerosols sand water vapor over ocean waves [Mestayer and Lefauconnier,

1988]. Therefore, the tunnel was operated in an artificial configuration, where the surface sources

of droplets were provided by bubble plumes generated by immersed aeration devices, where the

were no waves and where the air flow was a well-known fully turbulent boundary layer over a flat

water surface.

Two different types of models were developed.

(a) A Lagrangian Monte Carlo type simulation of droplet trajectories [Edson, 1989];

(b) An Eulerian K-diffusivity model [Rouaul etal., 1991].

Although fundamentally different, given the same initial conditions, the results from the two

models show excellent agreement between each other and with the tunnel measurements. We will

not further discuss Edson's model in this report, but restrict ourselves to the Eulerian model (b).

The Couche Limite Unidimensionelle Stationnaire dTmbruns (CLUSE) model by Rouault et aL

considers fresh water jet droplets between 5 and 105 pnm in radius, ejected from the water surface

by bursting bubbles. The model is tuned by an experimental source function. The droplets are

then dispersed in a fully developed boundary layer by turbulence over a flat air-water interface.

The diffusion by air turbulence is represented by a K-diffusivity term and gravitational and

inertial effects are explicitly modeled. The droplet population is split in size bins (categories).

Each droplet category is allowed to interact with the ambient humid air. Source-sink functions in

the budget equations for the mass concentration of each droplet category, for the water vapor

concentration, and for the sensible heat represent the effects of droplet evaporation: transfer

between droplet categories due to shrinking, production of water vapor and absorption of sensible.

heat. A brief summary of the original CLUSE hypotheses and model equations is presented in

chapter 2 of thisaepot

The CLUSE model could successfully demonstrate some of the mechanums of the non-linear

interaction between injection, 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 interaction tunnel (see above), the CLUSE model must be extended to open ocean

conditions before it can describe the behavior of marine spray droplets.
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The further development of the CLUSE model for application over sea is a joint effort of the TNO

Physics and Electronics Laboratory and the Ecole Centrale de Nantes. Initally, the model code

was opbimized and made more flexible to allow introduction of open ocean conditions [De

Laeuw, eLal., 1991]. The extension of CLUSE to SeaCluse then requires three basic steps. One

has to provide:

(a) a model for the air flow over the waves

(b) an evaporation module for sea water droplets

(c) a source function for open ocean conditions

The present efforts are mainly aimed at (a) and (b). We describe the air flow over the waves by a

model that leads to the wave-rotors proposed by De Leeuw [1986]. The evaporation of salt water

will be treated in the way that was outlined previously by Mestayer (1990]. Salt water evaporation

differs from fresh water, because the droplets can only shrink to a minimum size determined by

their salt content and ambient relative humidity.

Chapter 3 presents our model for the mean air flow over the waves, which yields vertical profiles

of U(z), W(z), p,(z) and T(z) in the non-evaporative and non-turbulent atmosphere. The

movement of (sea spray) droplets in the non-turbulent air flow and in the absence of evaporation

is discussed in chapter 4. In the budget equations of the SeaCluse model the terms that represent

the fluxes of droplets due to their average movement are modelled by their vertical profiles that

would be observed in the absence of turbulence and of evaporation.

During the actual run of the SeaCluse model, the atmosphere is turbulent and evaporation of

droplets takes place. The algorithm for the evaporation of the salt water droplets is outlined in

chapter 5, whereas chapter 6 discusses the implementation of the evaporation module in the Sea-

Cluie code.

The results are briefly discussed in chapter 7, where we also indicate the line of work to further

develop and test the SeaCluse model.
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2 THE ORIGINAL CLUSE MODEL

"The CLUSE model was developed by Rouault and Mestayer and has been extensively described

[Rouault, 19891, (Ronault and Larsen, 1990], [Rouault et.al., 1991]. Therefore, only a

compilation of the main hypotheses and model equations is given here.

The framework of the model is defined by the following hypotheses:

I. The fluid is incompressible

2. The Coriolis force is negligible

3. There are no chemical reactions

4. The Boussinesq approximation may be applied

5. The droplets are spherical and do not split

6. The number of droplets in the domain of study is conserved

7. The boundary layer is fully developed and the classical horizontal homogeneity hypothesis is

applied. The constant flux hypothesis can be used in all the domain for the transportable

variables that have no local source

8. The density of droplets is too small to have any influence on the dynamics of air

9. Only jet droplets are taken into account

"The fluid is considered to be a multiphase mixture of N+2 components: dry air, with

concentration p., water vapor with concentration p,, and N droplet categories of radius r. (n =

I..N) and concentration P,. Category n includes all droplets of radius r defined by: 1 ]

ra - A•h /2 < r I r. + A n,2 (2.1)

The instantaneous budget equation of mass of any of the N+2 transportable components is:

_. +a(,VJ) U Sy - a,v,n

-k ax =ST In - 1,..,N (2.2)

Q 3C appendix A for a lisdng of ll symbok aud todis rqemt
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where V is the velocity component in direction j of the component y and Sy is the net source

term. In the CLUSE model, the exchange of mans between the components can only be due to

droplet evaporation. Therefore:

SV + E -, Sn - 0 (2.3)

The slip velocity is introduced as the velocity difference between a component and the local

center of mass. We use the decomposition of a quantity 0, which characterizes the turbulent flow,

into a mean part 0 and a fluctuating part W' such that W' = 0. With this, and hypotheses 7 and 8,

the instantaneous budget equations can be averaged to yield the mean budget equations:

-•0

F = a 8(R;7) a 8(7.A2) 8(P~W) .. S
I W O- = z Oz az

1 2 3 4 5 (2.4)

Va- - az S.,n

1 2

where Wn and A. are the vertical components of droplet mean and slip velocity, respectively, and

w' denotes the fluctuating component of the vertical air flow. In addition, the budget equation of

sensible heat can bt written as:

PaC UT P"- Paa + L' E -x sn (2.5)

Sat 8ap z + Ld.
1 2

where cp. and L, denote the specific heat of air at constant pressure and the latent heat of

evaporation, respectively.
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Terms 1 in (2A) and (2.5) denote the local time rates of changes. As its name implies, the CLUSE

model calculaw the stationary solution. Hence, terms 1 am zero at equiilbrium.

Terms 2 in (2.4) and (2.5) represent the diffusion by the air turbulent movements and are

modelled by means of exchange coefficients K,. The coefficients Ki are equal for all droplet

categories, water vapor and temperature and are given by the eddy viscosity G:

PW -- K-W Y -n,v

V -K K (2.6)

K = at / 0.74

where the factor 0.74 represents the turbulence Schmidt (water vapor, droplets) or Prandtl

(temperatu) numbers that are all equal (see also [Melville and Bray, 1979]).

Term 3 in (2.4) denotes the counterdiffusion, which appears because the droplets do not exactly

follow the turbulent motions of the air due to their inertia. Term 3 reduces the turbulent diffusion

as a function of droplet radius and turbulence intensity. It is modelled by an exchange coefficient

K3':

Kn' = -Y, 1 (2.7)

1~ ÷ 1+c, (vI.2, n 1.- 56u,2) 1

where Vf and u. denote final fall velocity and friction velocity, respectively. The constant C2 is

one of the two model tune parameters to &, adjusted by comparison with experimental data.

Term 4 in (2.4) governs the macroscopic fluxes due to ejection of d1oplets from the surface and

their gravitational fall. Rouault et.al. [1991] proposed to model this term by:

-A
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- 1 [n(Z) - Po ] (2.8)
aZ CiTf ly"n

where T denotes the flight time of the droplets and p2o the concentration in non-tublent and

non-evaporative conditions. The constant C, is the other model tune parameter to be adjusted by

comparison with experimental data.

Finally, term 5 in (2.4) represents the source terms due to droplet evaporation. Within the

hypothesis of conservation of the total number of droplets, Mestayer and Lefauconnier [19881

formulated a model that yields an expression for Sn:

Sn W 6 pm-Dn - tn --•n - PU-&n (2.9)

In the CLUSE model for fresh water the rate of change of droplet masu r is described by 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, 1989].

When we substitute (2.6)-(2.8) in (2.4) and (2.5), the set of CLUSE equations is closed. The

CLUSE equations all have the same general form:

at Iz a S - (2.10)S* ST; + OSI.

where So includes every term but turbulent diffusion and inriauerrdffsin The solution,

Le., dte time limit of the non-stationary equation, is found by an iteratve process. The equations

wre discntised by the finite volume method [Patankar and Spalding, 1970] aod subsequently

solved with a tridiagonal algorithm [Schiestel, 1991].

Initial and boundary conditions are needed to solve the equations. For water vapor and

r these ave been defined u:
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J nitial : Logarithmic profiles

Upper boundary: T(~z.) - T (z..) T"'(Zm=) - p,(Zm=)

Lower boundary: T(zi) - Twf Tv(zain) - pvN(T.~uf)

where P denotes the satrated water vapor concentration. For the droplets these conditions are:

Initial: Fn (Z) - 0

Upper boundary: Fn (zm) = 0 and On (z.).

/,"S~dz + p.,.nV,,P.n
Lower boundary: Fn(z-n) -P= ,,- Vf.n

where pq and V, denote the concentration of ejected droplets and the ejection velocity,

respectively. The boundary conditions result from the constraint that the total number of droplets

throughout the domain is conserved. At the lower boundary, the concentration of droplets is the

sum of the concentrations of droplets ejected from the sea and falling back into the sea.

.4
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3 MODEL FOR THE AIR FLOW OVER THE WAVES

3.1 Visualization of the calculation

In this chapter we discuss our 2-dimensional model of the air flow over the waves (height and iOn

horizontal coordinatf). The model will be used to calculate the trajectories of sea spay drople

and subsequently, the vertical coxcentratin profiles of the droplets.

It is important to keep in mind that the SeaCluse model is an 1-dimensional Euleran model

(height only) and that it does not deal with the coordinates x and y. Ths 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,(z), etc. Since the model calculates a stationary

solution, the observer cannot specify these variables as a function of time. Therefore, they have to

be averaged over the waves, ie., to be averaged over a time t> or1 , where m is the wave period.

In our model, variables like U(z) vary periodically in time with cD and it suffices to average over t

= or'. This is most conveniently done in a coordinate system that moves along with the wave

(with the phase velocity C). In such a system, the position of the wave surface does not move, or,

1l(x,t) = ql(x). The integration (averaging) in time mentioned above is then replaced by an

integration in space (over the wave surface).

3.2 Basic parameters

Our aim was to develop a model that only requires input parameters that are readily available,

such as wind speed and temperatur. As a result, the key input parameter for the model is U10 ,

ie., the wind speed at a refernce height of 10 meters. In our model, U10 directly determines the

amplitude and fiequency of the wave, as well as the friction velocity. The latter parameter plays

an important role in the calculation of the vertical profiles of U, W, p, and T, as we will see later.

The fction velocity u. is calculated from U10 and die drag coefficient CW:

u.2 - C2 , U10  (3.1)

TNO prtcx
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7be value of the drag coefficien has been meauuared by many authrs (wee [Ueernwet, 1990] for

an overview) and depends on U10. wave state and region. We use values for open ocean (North

Atlantic) and coastal regions (Mecepoat Nomdwijk) as given by [Smith 19801 and [Davidson et

aL, 1993J, respectively:

{ -O ,, 0.61 + 0.063 U10  open ocean (2
103 CM~ - 0. 43 + 0. 100 U10G Heetpost Noozdwijk (~

For the first version of the SeaCluse model, we have chosen a simple wave model. We assume

that the waves can be described by a first order Stokes wave:

it (X, t) = -!-H 0 coo (kx-Cwt) + 1 Hok cos (2kx-2Cot) (3

where the wave amplitude H0 and frequency w are given by [Edson, 1990]:

co-i-- H log (3.4)

Thke factor 171 in (3.4) is the wave age paramecter, which in our model is fixed at r, - 0.7, ie, the

value for fully developed waves. Obviously, the assumption of fully developed waves winl often

be violated in coastal regions (see, e~g., LMaat et aL., 1991]).

3.3 The eddy diffuisivity

The eddy diffusivity is a- wiportant parameter, sinc it governs the diffuion of heat, moistue

and droplets by the air turbulent movements in the CLUSE model (see equation (2.6)). in additi-

£ ~on, the eddy diffusivity appears indinmct> in (2.7) for the counterdiffusion due to droplet inertia.

To calculate the eddy diffusivity, we divided the vertical axtis in two regions:

(a) The wave region, where dhe waves influence the air flow.

(b) The aftmospheric region, where the waves no loner 4ufluece me air flow.
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In the eanosphaic region we apply the condition ot a fully developed boundary layer (classica

atmopheric surfam layer). In tht cas the eddy diffusivity a, is given by:

ot(z) -* u. z z > H0  (3.5)

In the wave megom, we assume that momentm is only transfer to the water and not to t&e

waves. We also assume that the sructure of the meam flow is locally that of a turbulent boundary

layer over a flat surface. In that case, local profiles a#x,z) may be calculated by:

{ to (x,z) -=iu. (z-w1(x)) W(x) < z < H0

at(x,z) -0 - Ho < z 1(x) (3.6)

where I1(x) corresponds to the height of the wave surface at position x. Note that 11(x) is not a

function of time, since we perform the calcultion in the coordinate system that moves along with

the waves. The average profile a#z) in the wave region is calculated by:

at(Z) = fo/at (x, z) dx -1Ho < z < Ho (3.7)

where it suffices to integrate over half a wave period, ie., from trough to mat, due to

symmetry.12]

It has been reported that te wave region, wbhee the waves influence the air flow, extends up to 5-

10 times H (the wave crmt is at z a YAW. However, when consmcg the profile of at by (3.5)

and (3.6), we found that there was no difference between the average of the local profiles and the

'atmopheric a, above z - 14 Fgu•e3.1 ihows th resulting profile of a(z). The net effect of the

wave sUrface integration is at the dope of az) is deeased and consequently, ar(z) n 0 is

2 f ga dobottM k M d6imufth becmn do aim.m PIm have tobe & ABW a• vso s TAMa MP. a WN

dot is equi7 Apud over 0w wasve Iues, uhipd ft to t o 0 n a Sd equidlbaft sacsi in x. h qyudlz a we dow an d oi aiwby el~qien a0, ways i'd by - z.pld ia UglI in Os ce a• iOs wares as modeled by Sue wave
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ream ed below z - 0. Mwe mber of local profilmes dd e averaged is not very importanL A

mimmof 201w requiied aveamging S00 profiles yields essentially the mmin results.(3J
0.0 0.5 1.0 1S 3.0

10 * * . . . p p p p I p p

94.• +

+ ++ 5
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• ' i e I s | I l r f ' J I, i •

&.0 O0S 1.0 I.5 .

FigmM .: Vertial proil of eddy diffusivity in the bv reion of th calculation domain

3.4 Thw profile of hoiona wind speed

Wtth yowi that die costn flux asupo is valid for nmom = in the annospheic

region, the wind profile may be caclae fio Oftz) by:.

wheat #,, denotes &he auo•ei smit fimcfon (wee, &&g, [F.Ascm et al., 1991]. In neutral

t.,e

II

I a
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calculate +,. Because z6, T. and p,. a iot yet available, it is not staightforwawd to obtain L
Therefore, SeaCluse is developed first for neutral codikins

Equation (3.8) shows thin a reference value for U is needed to consftruct the profile. For this, we
take the value of the inpn variable Ujo at z =1 0 m. From there, the wind profile is constructed to

the top of the boundary layer and down to z -H.

The wind profile thus obtained can be used to infer anofher important pwarnter for the modelling

of turbulence: the roughness length z.. To this end, linear regression is applied to fit the wind

profile to:

U (z) - 2 in z > H0  (39)

which yields a value for zo.. We may compare the value of zo. with values for the roughness

length zo obtained by Charnocks relation or the Kitaigorodaki model (se appendix D). Up to

now, we have observed that zo. is nearly equal to zo.

The wind profile in the wave region is calculated in the moving coordinate system, where -1(xt) -
11(x). In that case, local logwithic profiles U(xz) are given by:

U(x,z) - UOL('X) - u In Z- (X) +ZOL(X)
IO W (3.10)

q(X) 9 z <Ho

where um.(x) denotes the local value of U(xz) at the wave surface and zk.(x) represents the local
roughne lensth. It is easily verified that ua.(x) - U(xll(x)) when z - il(x). The wind speed at
the surface is composed of a local component due to te wate orbil movement u the wave

and a constant component due to surface slip:

U (x, q Wx) On Wq +x .,. . (3.11)
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where w is the frequency of the Stok= wave. Subsequently, we apply the condition that all local

profiles U(xz) must convage to the value of U10 at z - 10 m, i.e., outside the wave region.

Imposing this condition, za.(x) can be calculated by:

( - !0- 1n(x) + zOL(x)Uo- UoL(X - in ZOL (X) (3.12)

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

U(z) = 1 / 2 U(x,z) dx 2 - < z <(.3fo 2(3.13)

where dx runs over half a wave period, i.e., from trough to crest. The number of local profiles

should be fairly large (- 500) to obtain a smooth wind profile in the wave region. Figures 3.2a-c

show 11(x), um.(x) and zC.(x) for U10 = 10 m/s. The largest values of uOL and z. are found at the

crest Note that the mean value of uM1 is slightly larger than imu, due to the asymmety of the

Stokes wave.[4}

Finally, figure 3.3 shows the complete wind profile U(z) for U1 0 =10 0m/s. A nearly perfect match

is observed at the intersection of the atmospheric and wave regions at z = HO.

4 Mw swmd im k- (33) €• be wm• 6=0 md ara to be hcad at x 4IL46f nd z 0-53 No Npwv, a= at' = Wl

I * 4
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3.5 The temperature profile

Th initial profile of Umperature is calculated in almost the sane manner as the wind profile.

Thus, in the amospheric region, where the constant flux assumption is valid in the absence of

evaporating droplets, at(z) is used to calculate T(z):

aT U. T. Pzt (z > Ho) (3.14)

where the Pandtl number Pr, - 0.74 [Rouault etal., 1991]. The model input parameter TIo

(temperaMe at 10 m AMSL) serves as the reference value needed to calculate the profile. The

scaling factor T. is inferred from

T. - C-- (U10 - Ku.) (T1o - Tint) (3.15)U.

where we use the average value CH = 0.001.

The temperature profile in the wave region is again calculated in the moving coordinate system,

from local logarithmic profiles T(xz):

T(XZ) - _T - Prt T. I Z - (X) + ZOL(X)}
-) ZoL (X) (3.16)

11~x W sz < HO

where we assume tim the surface tempersur does not vary over the wave. The local tempe=ure

roughness length zOL(x) does depend on x and is again found by imposing the condition that all

local profles converge to To ,at z 10 m:

Tio - TS a Prt T. In 10 - i(X) + ZO(x)
K Z0L(X. (3.17)

The average profile T(z) in the wave region is 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 circa



N~e
25

500. Figure 3A shows the temperature profile for Tlo - 20 "C and T,1 f - 10 "C (and U1 0 = 10

m/s). Note that die atmnophA profile and the wave region profile match perfectly at the

intersection (z = He).

10.0 12.5 15O 17.5 20)0

+- 7

+
70.0 +

+ -

+

to--

+
+ ,£

7.5 +
+
+
+ -4
+

-3 -

2

0.0 0

10.0 12 15.0 1.5 20.0

Figure 3.4: Profile of temperature a function of height

3.6 The humidity profile

The humidity profile of humidity is calculated in exactly the same manner as the temperature

profile. Thus, for the atmospheric region:

apv . U. P'. Sc, (z > Ho) (3.18)

where the Schmidt number Sc = 0.74 [Rouault et.aL, 1991]. The scaling factor p' is calculated

froGm:
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CE (U10 - KU.) (Pv, 1o - Pv 0) (3.19)

=U-

where we use the average value CE = 0.0012. The values for P,,1O and pO are obtained from

conversion of the input parameter RH-o and the relative humidity at the sea surface (RH - 97%,

determinf4 by the salinity), respectively.

In the wave region, local logarithmic profiles pv(xz) are calculated with p.0 = RH and a local

roughness length z•(x) inferred from Pv,0 by expressions analogous to (3.16) and (3.17). The

average profile pv(z) is calculated by an integration over circa 500 local profiles (cfr (3.13)).

An example of the resulting overall profile of humidity is shown in figure 3.5, for RHI 0 = 75%

(and Uio = 10 m/s, Tio = 20 "C, To = 10 TC). For convenience, the profile is given as a relative

humidity profile.

60 65 70 75 OD 65 9 96 100

+-7

10.0 +
+

+ -6

+
+ 5$

7.5- 
+

4.4+

5.4

2
2.5

0.0

OD iS 70 75 W0 a W n 00

RHuidi

Figur 3.5: Proffile of relative humidity as a function of heigh
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Figure 3.6: Parameters for the wind field W(xz)
a) Height of wave suface versus x-grid index
b) Piston velocity versus X-grid index
c) Example of local pofil of vertical wind component
d) Vertical wind component distribution over the wave at 10 m (see text)

Figure 3.6 shows results for a calculation of W(xz). In this specific case, U10 = 10 m/s and 1000

local U-profiles were used (x-grid density). The wave travels in the +x direction and the z-grid

has Nz grid points between z = -%H0 and z = 10 mr. Figures 3.6a and 3.6b show the height of the

wave surface if(x) and the piston velocity as a function of x-grid index, respectively. Figure 3.6c:

shows a local wind profile W(xz) at the windward side of the wave (i.e., wave surface moving

down), obtained with Nz=1000.
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The success of the calculation of the local profiles W(xzz) may be verified in the region well

above the waves, where the waves no longer have any influence on W(xz). Thus, in that region

W(x,z) should be independent of x. Figure 3.6d shows W(xz) at a height of 10 mtr (- 6.5 H1 for

U16=10 m/s) as a function of x. It was constructed by taking the value W(x,z=10) of each of the

local profiles W(xz). The curve marked by (+) was obtained from local profiles W(xz) that had

been calculated with 1000 vertical grid points between the surface and 10 m AMSL, the curve

marked by (x) from local profiles W(xz) that had 10000 vertical grid points. It is easily seen from

figure 3.6d that Nz should be in the order of 10' to obtain a wind field W(xz) that is independent

of x above the wave region.

Since both U(xz) and W(x,z) are now determined, a vector plot of the wind field over the wave

can be constructed. Such a plot is shown in figure 3.7, where the length and direction of the

arrows represent wind speed and wind dirction, respectively. Our model for the air flow over the

waves results in a perfectly symmetric wind field with a rotor between the wave crests. The

influence of the waves decreases with height and becomes negligible above 2-3Ho.

m• m i0 m no0 t1O m m 4W0 sa

- -- 01.

Figure 3.7: Air flow over the wave
ii
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4 DROPLET MOVEMENT IN THE AIR FLOW

4.1 Ejection height and ejection velocity

In order to calculate the trajectories of the sea spray droplets that result from bursting bubbles, we

need to know their ejection velocities V.,(D). To this end, we first infer the ejection heights

H4j(D) of the droplets from Blanchards ejection data [Blanchard, 1963, 1989] for jet droplets

consisting of distilled water of 22-26 'C. Blanchard's figures show negligible difference between

distilled water and seawater. Subsequently, ejection velocities Vp(D) are calculated from Hq{D)

by an iterative procedure described previously [Wu, 1979; Rouault etal, 1991]. The method uses

the equation of vertical motion in non-twbulent and non-evaporative conditions over a horizontal

still surface (see below, (4.2)) and an initial guess for Vvp(D) to infer the maximwn height H(D)

that the droplet reaches. The value for Vp(D) is then gradually adjusted ,,till H(D) = II(D).

4.2 Droplet tMiectories

The presence of waves complicates the calculation of the droplet trajectories, because the

horizontal displacement of the droplet and the movement of the air itself must also be taken into

account. The trajectories are most conveniently calculated in the coordinate system that moves

along with the waves (phase velocity C,). In this system, the horizontal and vertical droplet

velocities ud and wd are given by:

{Ud(D~x~z~t) a u(D,t) + U(x,z) - Cs
wd(Dwx,z~t) =w,(D,t) +W(X,Z) (4.1)

where U(xz) and W(x,z) are the local horizontal and vertical wind speed (see §3.4 and §3.7) and

u,(D,t) and w,(Dt) denote the horizontal and vertical velocity of the droplet relative to the air.

W - CD

I 3 Pa W. W.1  (4.2)
D 4 P, D g
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In (4.2), C,, denotes the drag coefficient for a spherical droplet CD is a function of the Reynolds

number Re:

Re =U + Wr (4.3)

where v is the kinematic viscosity of air. The drag coefficient is calculated by [Rwxuvki. 1979]:

Cv - 24 / Re Re < 0.5
CD - 24 (1 + 0.M9Re) / Re 0.5 s Re < 2

(4.4)
CD - 24 (1 + 0.15Re°"'87) / Re 2 s Re

The initial velocities 0(D,t=0) and w,(D,t=0) needed to calculate uAD,t) and w,(D,t) by (4.2) are

given by:

Su(D =0 = U (x",q (xOJ)) UoL (Xej)

wr (D, t=0) =Vup(D) (4.5)

Note that the initial velocity u,(D,t=0) depends on the position over the wave surface where the

droplet is ejected (and is equal to the horizontal component of the air flow at the surface).

Equations (4.1)-(4.5) allow the calculation of the trajectory of a droplet ejected at x = x.j. The

calculation is aborted when the droplet hits the water surface, i.e., when:

Zd£ 1 (Xd) (4.6)

The calculation is most effectively done in a grid that is equidistantly spaced along the droplet

trajectory.[Sl Such a grid with step-size pD) is built by recalculating At in each cycle:

At(D,x, z,t) = 8P(D) (4.7)
/ Ud(D,XZ,t)2 + Wd(D,X,Z,t)2

Th ajectmy cm a go be cealcued in Se me ceoo imm, we is, Wi a coamM At (tqimaa. AtSO ps is needed0 bal i di • m
5-IC iusm amaMy sops requd M aso ab e mi
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The time step At is small when the velocity of the droplet with respect to the wave smface is
highI16 whereas it becomes larger when the droplet slows down. T step size a p(D) depends on

the size of the droplet, and varies between 0.02-0.5 an for 20 5 D S500 pm.

An example of a typical trajectory is shown in figure 4.1a. In this case, U10 = 10 m/s, the wave is

travelling in the +x direction and a droplet with a diameter of 1Hr m was ejected from the wave

trough. It is emphasized that this trajectory is calculated in a nou-turbulent and non-evaporative

atmospher.

Different trajectories are obtained when droplets (D 5 110 pm) are ejected from the lee side of the

wave. They do not simply fall back, but are lifted upwards and enter in the wave rotor (figure

3.7). In some cases, they return to the surface (see figure 4.1b), but in other cases they start to

move in a circle (see figure 4.1c).

6 %IU mom do wy de nkn vddy ( 1,w,) at di is k mis. ftd ,oplt i a apaudon O ) vww do wbd fid (UW) is • u• h
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b) Trajectory entering the wave rotou) Ccultajec

Clearly, the mrteritun that the trajectoy calculatlion is finisbed when the droplet hits the surface

again, will not work for droplets moving m a closed trajectory. In our opiwni, the =u~lar
trajectrc w)e an artefa resuling from the perfect symmeUT of our model of the am flow over

die waves. In reality, the wave surface is not perfectly smooth. Small variatios in q(x) induce

asymmetry in the wave rotor with the consequence that the droplets do not move indeffitiively in

a perfect circk. 7b-ir, we decided to stop the calculation of circular trajectories after a funl

circl,M with die simultaneus rmnoval of the droplets from, the atmosphere.

4.3 4.ih t

FIg suspr sion or flight tie 4T.1:x,) of the droplet is the sm of all time intovar At of the
tr lectya e calculation. A plot of Tf(") a a function of the positiwh x e the droplti was
ejected, is nhown in figure 4.2a. In d hs camn, Ug o10 acls, Dtrj eco, xr and xo 51 conespeod to

t7 .Mi aeckt ori carekan artoftd rsm On dmpM th pner xf e fsry met ofmd ou mo dem Io ta fl mve

titer
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wave tough and cetrespectively, andd tewvem is travelling in the +x direction. The flI igh men

is large at the lee side of the wave (x >5 1, surface moves up) due to the airflow that moves the

ar upwards. Th opposite e EfPcr-t is observed at the windward asde of the wave, whee the air

moves down and shortens the fSgh time.

.m me. tuSur U ub.U~

"U 6

/00

IIs

a) :)
6*. hi -f-, - - .-& .- -,-_. -

*u. S m U m S numm *. .U*3mu

Fqur 4.2 .l

aiue 4.2 Fli msht ti n over the wave (we text for explaation of diontim•ities)

b) Ifyfor droplets of D-1 2O
1 pm

c) Tfý for droplets of Dn 20 pmn

Figure 42b shows T*(xD) as a function of x for a droplet of D=120 pm. In this case, the

prolongation of the flight timue at the lee side of the wave is much larger than the shortening at the

weather siL*. This reflects the facts that the droplets ejected at the weather side enter the wave

rotor and complete a semi-circular trajectory (see figure 4.1b).

As the diamete of the droplet decemases, the prolongation of the flight time becomes larger and

larger. Figure 4.2c shows T*OL(xD) for droplets of D,20 pm. T general shape of the curve m

fig.4.2c can be explained in ernie of the wave rotor, but there ae also two atlificial

discontnuites in figA.2c (at x-30 and x=68) due to the discretizatlon of the trajectory

calulaio.
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The x-dependency of Tg.,(xD) is iemoved i, the integration ovw the wave surface:

Tmy (D) - 0f0 Tf3Ly (x, D) dx (4.8)

A plot of T11,D) vaius D is shown in figure 4.3 (curve marked by (+)), where we also pre•ent

Ta.D) for the case of a flat surface (curve maiked by (x)). ft is easily sem that the presence of

waves has little influence an the flight time of the large and heavy droplets that fail down quickly

due to gravitation, but has a large effect on the flight times of the small and light droplets that

may enter the wave rotor and start to move in a circle.

0 noo no go ao

tO 4.

0 4.-
"7 7

"# 4-

8- +$

I- Rx 4" -1
llx xxx xx NwKx x-*Xrlrl•,•llb~xexexl~x•Otx$) rX~

0 . . . I IL I l I I j o g. I I •O ."'W 0

IFigu 4.3: Average flight times for droplets over the waves (+)and over a flat surfao (x)

Tic number of x-grid points over the wave (Nx) needed to obtain the average flight time Tap)

ranges frm only 20 in the cas of lap drople to 50 for droplets that may enter the wave rotor

(D < 100 Pro). In fact, a further increase of Nx does not yield more reliable average flight times,

because the individual flight times Ty(x,D) ane basically divided in 'long' ud 'shorb flight times

(see figure 4.2c).
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4.4 Final faln velocities

The ploes of V(xj)) vers x wre less complicatd, since al- except ft lrge droplets rsch tdiw

fnal, fall velocity at a rh early stog of dthir rajecoy. Thrfr, V(xD) is only dependent

a x for the largest droplees (ee figr 4A for a plot of Vg(xD) ve x for droplem of Dm=00

pu). Not siupisingoy, the lag values for V1(x,D) are found at the lee side of the wave where

the figlt tmes atelonger.

FIgure 4.5 shows the avemg final fall velocities Vt(D) vens D afe intgration over the wave

surface (+) (Nx as for the flight times, see above). For comparison, the fail velocities in the cae

of a flat surface are also ploed (k). The two curves ae nearly identical.
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I~Fpu 4.5: Avem rage fiall 6Hvlocitis for droplets over the waves (+) and over a flat surface (x)

4.5 Prof4 & of droplet4c

Tne last and most complicated of the droplet parameters i the vertical profile of droplet
conc ntraion M hs profile is calculated with our model of the ahirlow over the waves, and
WOMrepresents non- t and non+ -evaporative conditiow. It is used in Sea-u. 0 a

relaxation tamn i the modenlm of the macosopi flux of the droplts due to ejci and
V •iain fan (we (2.8) in chapter 2).

First lot us consider a single droplet, ejected at a position x at the wave surfae. The proabi
of finding the drople tn the height Wanvl [z~z+Az] is related to the time T(zz+At) dint thedr 0mh in ti beht 

400vo

CID...(Z,Z÷Az) - T(z,z+Az)
Tfly (D) (4.9)

Fiue45 vrg fnlfl eoiis.o rpesoe tewvs()adoerafa ufc x
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The x-dependency is removed by takig tie -m of the contibutions of individual droplets ejected

at various Positions x. over the wave surface:

CD(,ZA) ~ CD,X(ZZ4A&Z) (4.10)

Which is renormalized by:

CA(z) f CD(z,z+Az) dz (4.11)

The dropet concentration profile p,)(z) i. non-evaporative and non-turbulent conditions is found

by multiplication with the density pejýD) of drolets ejected at the wave surface:

pDO(Z) - p*1 (D) CD (Z) (4.12)

The density p.j(D) will be discussed in chapter 6. At this stage, we restrict dhe calculation to the

probabilities ;D(Z).

Thie interval Az in (4.9) is fixed to the maximum step-size 8p(D) in the trajectory calculaion (wee

P4.2). This choice ensures that the droplet never moves more than one height interval Az during

one step At of dhe trajetMy calcuaton. T-his facilitae the computation Of CAD(Z), but there is no

specific reason why Az cannot be smaller than the maxaimum value of Sp(D).

The number of individual profiles that are averaged to remove the x-dqpendncy (see (4. 10)) wad

first set to 20 (50 for D~l0O pm). Figure 4.6a. shows the resulting profile CO(z) for Dm200 pm. In

this cue, U10 - 10 /s and the wave trugh and crest we located at z =-073miand z - 0.84 m,,

respectiveily. It iU easily verified thad 20 individual proffile we not sufficient to obtain a smooth

average profile. In fact, the individual profiles can easily be recognized in figure 4.6s.

A, rther, large nubrof individual profiles is needed before the contributions of the individual

profiles ame no longe easily recognized in the averag profile. Even then, the average profile is

-- ---- --
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not very smooth and a Gaussian smoothing routne1 ] had to be applied. Figure 4.6b shows CD(z)

for D-200 pm and 100 individual pofiles, and after smoothing.

"*10' "10*
0.0 0.0 0.5 0.73 1.a Ia •Ll 05 0. 0. 0.73 t,, tuIs 1o

In 1..

I II*

4" 4 . 4 +

+++
+ + + +

+ ++

4) bi'.
*10.........................................-l. j

0.0 iiU 0.5 0.73 In 1 . .. 4I 0 05 0 .. 1 1.7 ID I.l. .
"ang* "10*

Figure 4.6: Nomalized droplet proffies after averaging. MWxm ae probay due to the choice of the
wave profile
a) average of 20 individua profiles
b) average of 100 individual profiles and additional smoothing

The number Nx of individual profiles needed depends on the horizontal wind speed U10 (which

determines the wave heiht) and vaies between 50 (U10 < 5 m/s) and 200 (U10 > 16 mrs). In fact,

N720 is only just sufficient for the largest wind apeeds for which the SeaCluse model is

developed (U1o - 25 m/s). However, with Nx-200 and U10 - 25 m/s, the CPU-time needed to

calculate the pofiles •0z) for droplets with D < 100 pm is very high (up to 3040 min CPU-

fta for D-20 pnm). An average over even more individual profiles would result in unacceptable

cIu mtioal demands.

iif
xOl - a(14W-,IJ-4 + - +a•iJa + _ + a(s44i+4L. vIe

_ •[1]J -= e- / e(k] and a-i
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5 MODEL FOR THE EVAPORATION OF SEA SPRAY DROPLETS

5.1 Parent and offpring categores

As pointed out by Mestayer [1990J, salt waft droplets must be described by at least two

pa IneterI their radius r, and a parameter describing their chemical conten In the SeaCluse

model dts is done by defining prem categories, which contain the drople•s with ejection radius

rq(i) ± Ar.ýi). Subsequently, offspring categories with radii r6(i#j) ± Ara(ij) are defined, which

contain all droplets whose current radius is rdij) and whose ejection radius was rq$i). This leads

to a model with variables that may have up to 3 indetes: parent category, offspring category and

height. Thus, V - V(ijz).

5.2 Andreas' model of evaporating sea spray droplets

Andreas [1989] started with eq.(13-26) of Pruppacher and Kit [1978] and showed that for sea

spray droplets this equation could be rewritten as a set of three equations:

Pv (Z) y

r t Pv.(T(Z))

DI pv.(T(z) T(z)k) - (5.1

y a

___2__,__at Mn(14,/l4.)

T(Z) P r m -rme (5.2)

P A 1 + mlM,,

+ = P m (5.3)Nov M W •

where p denotes the density of the drople;i m, m. and in. the total mass of the droplet, the mas of

watrw and the mns of salt in t droplet, respectively,; p,, p, mad p,, the density of water, water

vapor and saturated water vapor density, respectively; 4 the lbae eat of evaporation; Mw •ad
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h% the molecular weight of water and Na, respectIvely; y the number of ions into which NaCI

dissociates; and [Pruppacher and Klet 1978], [Millero, 1972]:

Va(T) - v,, (T) + Sv(T) VE (5.4)

S(IL/MS) - in aw, (P/M,)
V, M, j/M,

D'(T) (T) rT+Dv (T)_ _ (5.7)v o + -A D 6 C R T (5.6)

r k, (T) 2 w Ma ]-ka CT) -ka CT) + 'g T, ( ,• , 5.7)

In (5.4)-(5.7) v. is the apparent molal volume, * the practical osmotic constant, D,' the modified

molecular diffusivity of water vapor in air and k,' the modified thermal conductivity of air. Other

symbols are explained in appendix A and in the text below.

5.3 Mestayer's simplified model for sea spray droplet evaporation

Mestayer [1990] showed that Andreas' equations may be simplified with five assumptions, valid

forr> 1 pr,0:T< 30"C and RH >75%:

>1: The apparent moWal volume v. (eq.5.4) is not a function of temperature. In that case, the third

equation of Andreas may be written as:

1~)=p ÷ is(z)(.)
1~ ~ + ,M

1 + __ ()__1_+ . 10 p(r) S(r)N3 ~ _________me
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where

fitr) = m_..+W

[S(r) =Ma = . = + 1)-i (5.9)m p r3

S(r) is the salinity of the droplet. Equation (5.8) can be solved by an iterative procedure for a

given value of rd,.

>2: The practical osmotic coefficient * (eq.5.5) is not a function of solution molality gL / M, but

a constant.

>3: The fint term in (52.) may be neglected. This introduces only 1% error in the temperature

and humidity range considered here. Assumptions 2 and 3 allow us to rewrite the second

equation of Andreas as:

y(r) - 0.6776 IL(r) (5.10)

where the values for the constants have been entered (with# =- 1.1, the value at equilibrium

at RH = 85%).

>4: The molecular diffusivity of water vapor in air D, (eq.5.7) is not a function of temperature.

In that case, (5.6) reduces to:

DV. (r) = 2.26 10-5
1 + 4.36 10-4 r -I

1 + 8.10"0 " 4 (5.11)

where, once again, the values for the constants have been entered (with T = 283 K, and

D,(283 K) - 2.26 10- m2is).
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>5: Te thrmal conductivity of air k, (eq-5.8) is not a function of tempertre. In that case, (5.8)

may be writtm as.

f r) k0.95 >1 L
Ya o ,1.0o r > 5 IM (5.12)

For the range of radii considered here (r> 1 Ipm), we may approximate:

ka- = ka - 0.0249 (T a 283 K) (5.13)

Assumptions 4 and 5 allow us to rewrite the first equation of Andreas as:

P( - - y(()

() ( -5(T(z))
+ 1.o004 1 P ( 45.14)

D,(r) p,.(T(Z) ) T(z) T(z) (

With these five assumptions equations (5.1)-(5.3) of Andreas are replaced by (5.14), (5.10) and

(5.8), respectively. A closer inspection of the latter equations reveals that (5.8) and (5.10) contain

only constants or variables depending on the droplet radius r and the dry radius rdkr Thus, given

the radii of the parent and offspring categories, the parameters y(r) and p(r) are fixed.

5.4 The source terms in the SeaCluse model

Let us now turn to the modeling of the source-sink term S,(r) for droplets with radius r. Mestayer

and Lefanconnier [1988] derived an expression for the source-sink term S.(r) for droplets

(equation (2.9) in chapter 2):

S,(r) = 6 p, ,o - Pt - (5.15)

unde the conditions that the total number of droplets in the calculation domain is conserved and

that the bins of the droplets are adjacent. In the above expression, Pr denotes the mam
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concentration of droplets with radius r091Jin contrast to Rouault etLaL [1991], who simplified

(5.15) by assuming that the t•m df (see (5.14)) depends only weakly on r, we will not further

simplify (5.15).

Equation (5.15) governs the exchange between droplets of different radii. Since the evaporation of

sea spray droplets with ejection radius rej(i) is monitored via its offspring categories, droplets of

different pa t categories il and i2 ae independent. Thus, we use (5.15) to caclae the exchange

between a parent category r,(ill and its various offspring categories rniij), and we repeat this

for all n parent categories:

S U E(5.16)

SI = ri-. Sn(i)

The total sum S, allows us to calculate the source terms of temperature and water vapor, which

couple all independent parent categories (see (2.3) and (2.5) in chapter 2):

ISv - - Sn

ST a(. 17 Sn (5.17)

9 1% WO Of z 0 pr hr &mp~d comemam (Tai") mtro M aomh~n. be dsyme d p i - oo m t d a
stamme (comam *0. How .-w ohm dmViW com em eou m Ja a*8 Seeome mm"d m inpa e f tA R] di• umo l W " p
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6 TPLEMMT ION IN T7HE SEACLUSE CODE

6.1 Calculation of radii of droplet categmies

The radii of the opring categories should be chosen in amcodan with the expected shruking

of the droplets, which is limited to an equfhilbim size determined by the ambient relative

humidity. Theore, Mestayer [1990] uses the lowest value of the relative humidity RHO, in the

calculation 4d.ain to infer the smaUest radius of the of •ring categories by the procedure

outlined below.

At equihilium, t = 0, and (5.14) reduces to:

Y Pv (z) 1 RH - 1 0.6776 p
P -p (T(Z)) 100 (6.1)

where we have also used (5.10). In the case of equilibrium, y and Ip no longer depend an the

droplet radius r, but only on the relative humidity. Consequently, the salinity and droplet density

are also independent ofr (see (5.9)). The maximum mixing ratio in the domain is given by:

_ RHin(621.., 0-o.67-76 1 0- 100 (62)

Subsequently, (5.8) is solved iteratively to yield p,, using (5.9b) to calculate the droplet salinity

S,=, and with an initial value of p = p,. Typically, this takes 5 iterations.

Equation (5.9) is used once more to infer a relation between the dry radius of the particle and its

ejection radius. To this end, it is noted dht the original salinity and density of the particle am
equal to the salinity Saw and density p., of sea surface water.:

s = P'esz' 3.96 1 , (6.3)
Pow r fy .9

Combining (6.3) and (5.9b), r,.(i) of each parent category i can be calculated:
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3.9 z.6(i) ( 3- (6.4)

Finally, an equidistant radius grid is built for the nU offspring categories (ij) of parent categosry i:

A (i) z.U(i) - ZjUf(t ) - U)( I - Am(.

(6.5)
r U,) J ) (i) - (J-1) Ar(i) 1 M j 5 nflf

Strictly speaking, there are only (nr1) offipring categories. For j=1 we have: rQl) - rq(i), or in

words, the parent category is also the first offspring category.

Relation (6.5a) furnishes the key of the grid of the parent categories, i.e., their bin widths we

proportional to their nominal radius. "his defines a non-equidistant parent grid: the mal] r(i),

the smaller the bin width.

6.2 Calculation of r-dependent variables

As mentioned in the previous chapter, Dg'(r) (eq.5.11), IL(r) (eq.5.8) and p(r) (eq3.9) may be

calculated once the radii of the droplet categories have been determined. Unformnately, (5.8) and

(5.9) are coupled and have to be computed together in an iterative process. Mestayer [1990] gives

the initial values for this calculation:

P PS

P• (z/d,) 3 - 1 (6.6)

p.(r) P, [ 1 (r)

Typically, It(r) and p(r) converge after 10 iterations.

In principle, O(r) and p(r) ae a function of both parent category i and offspring category j, tat it.
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ILr) - ANJ)

p(r) - P(Q)

However, we have chosen a radius gi in which nf does not depend on i In that cae the ratio

r(Q)/.r(i) is also independent of i. We may vei this by earanging (6.5):

r(i,I) ) j- -1)Ar (i) - 1 (i-i)(1-Am}) (6.7)
j Ui) nf 0 -1

Consequently:

JL<r) =•
p(r) a p)

6.3 Tn and Vf for droplet categories

Values for the flight tme Tft(ij) and final fall velocity V1(ij) are retrieved from a database. In

general, the database will not have entries for the radii r(ij) and linear interpolation of the nearest

entries r+ and r. is then used. When the radius r(ij) is smaller tha the smallest radius rd, in the

database, the final fall velocity is approximated by the Stokes Velocity:

V,(i,j) = _ r2a• z(i,j)
9 Pa V (6.8)

This approximation is only correct for r < 50 pm [Rosault edaL, 1991], and SeasCuse issues a

warning when r > 50 pmL When r(ij) < rk, the flight time is extrapolated from the first two

entries r, and r2 in the database:

I __
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r fl . T- l' () - Tfl•,(II)

r ~r 2 -r1
Apr (6.9)

Te1y(i,j) - Tzy(zx) - [r3 - r(ij)J _(.

6.4 Initial and boundary conditions for SeaaCue

The initial conditions for the offspring categories should be identical to the initial conditions for

the parent categories. In this manner, the model run star with smaU (no) gadients p,/'& (see
(5.15)). Therefore, we use the initial condition previously given by Rouault etaL [1991] (see also

chapter 2):

pU(i,j,z) - 0 Vi.j.2  (6.10)

We have not changed the boundary conditions at the top and the bottom of the calculation

domain, that is, we use the equations given in chapter 2 for both the parent and the offspring

droplets:

Px(i,j.hwt) - o Vi.1  (6.11)

f Sn M dz + p~j Mi)p

p U(i,l,z.in) - pJ(i) - 50sZ *p*(i,1)
I S.S i,jVdz (6.12)

PC(i,J,z z.) - - sV.Ui J) 2 ( J 1 n...

where pqi) denotes th coneatwn of ejected droplets with radus r.0Q) and we have ud that

pej - 0 for offspring categories. Tae bounday condition that the grmdient in p, must be zero at the
top of tee domain is not inpaged, but is checked at the end of the model run (se below).
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6.5 The model param C, red C2 in SeaCus

Ome again, we ose expresiuim epremiouly by [Rnal eLaL, 19911 to introduce the

ror, -d1ia uEoin and the macroscopic fhu (am equations (2.7) an (2.8)), adapted for parent ad

oftfaing CaeOMMes:

I 1TUi 1 pr(is Z) - pO(i,z) ]C 1T(61 (), 1)

i I Pr(iJZ) 1 2 : j N (6cff

v (I, j)
Swe(i,j) = Sn t [ 1 +c C]2 1 j paen (6.14)1.56 u,

whee p~O denotes the cocenatio prfl of pset •catoy i in non-turbulent non-eaoaie

ce ondiation (wevapoera4iandbow. (vosy 0frofpigctgre ic hyol

6.6 The droplet prfie in a non-bulent, non-evaqprtive atmosphe

The vertical pofle of droplet concentration p0 in non-turbulent and non-evaporative condition

wre u=ed in the modelling of the macroscopic flux of the droplets due to ejection and gravitational
fail (see (2.8) in chapter 2). Normalized profiles V(iz) have been calculated previou•y (fee J4.5)

and me available in a database. The numbers ;(iz) we converted into concentration p(iz) in

PV/" by multiplication with the densiy p(i) of droplets ejected at the wave surfae:
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p(i, z) C (i, z) p.J (i) (6.15)

Mw density pi) is found from the relaton between dhe source function aF/& in [qr 2s-rpm-I] and
die flux of ejected droplets pfi)Vq,(i):

SAz(i) . -ixpv j (i)
Ep (i M _________ (____) ___3 (6.16)p~j (i)i=

where Ar(i) is the size bin of paent category i. As a first guess, the source, fuctiom aFfdr is taken

from Andreas [1992], who uses data from Miller [1987M for small droplets (0.8 Pzm : r8o 5 15
pm):

lg(i o-) "Bo + B 1(log Zoo) + B 2 (log ro.) 2

90o) (6.17)

+ B3 (log 3 + B4 (log Zoo)'

and data from Wu etaL [1984] for larger droplets (rso > 15 pi):

Oz7 aC ro-1 15 : Zoo .1 37. 5 Im

-2 Z°" 37.5 S Zoo :9 100 pm (6.18)

OT -
B&7 C3 zoo Zoo 100 Pin

go

In these source functions, rgo denotes the radius of the droplet at an ambient relative humidity of
80%. To convert rso into r, Andreas [1989, 1992 gives the foilowing conversion foroua's:
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reo - 0.518 z 0 '. 7 'I ,.& s o C•a . .. o 0 . 5 0 6( 6 .1 9 )-- 0.506 -. 2 0

The coefficients BoB 4 in (6.17) and CI-C 3 in (6.18) ae a function of U10 . Andreas [1992]

tabulates values for these coefficient in the wind speed rangp 6-18 m/s. By interpolation, Sea-

Cluse determines the value of I/&r for the value of U10 specified for the model run. Since

extrapolation is not (yet) supported, the range of values of U10 in SeaCluse is restricted to 6-18

10/S.

The source function given above is by no means a consensus source function. The establishment

of such a source function is rather difficult, because experintal data are sparse and hard to

accomplish. An elaborate discussion of this subject would be outside the scope of this report (we

Andreas [1992], and references therein). However, the validity of Andreus' source function is

questionable [Katsaros and De Leeuw, 1993]. The two major objections are:

a) The dataset of Miller is small and shows a large amount of scatte in the region 105 rs05 15

b) The dataset of Wu is based on data obtained in low-wind speed conditions (U1o < 8 m/s) and

therefore not representative for spume droplets.

6.7 Calculation of the saturated watr. vapor density

In order to calculate the saturated water vapor density p41') in (5.14), we use Buck's formula

[19811 to compute the saturated water vapor pressure est

1%7.*502_05

*cat(T) - (1.0007 + 3.46 10' P) 6.1121 e(2 47 ) (6.20)

where 0 - T - 273.15, and the standard ;P sae P=1013 mbar is used to obtain e4T) in mber.

Subseuetly we apply the ideal gas law, as suggested by Andreas [1989] to compute the

sauated water vap density:
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() 100 Xw evat (T)
p•R(T) - 0 T  (6.21)

with T in K to obtain p(MT in ftWJ.

6.8 The vertica grid

The vertical Wid in the SeaCluse model has to extend from the wave trough up to the top of the

boundary layer. As mentioned previously, we have divided the vertical axis into two regions: a
wave region below the wave crests and an atmospheric region above the wave crests. The origin

of the vertical axis is located at mean sea level

The grid in the wave region starts at a height zo above the wave trough (located at z - -0.46 H0).

Our previous work on the CLUSE model for fiesh water and the first tests of the SeaCluse model

have shown that it is necessary to start with a small grid spacing. We found that the spacing

should be of the order of the value of the eddy diffusivity, or the numericd solver will not work.

Since the eddy diffusivity near the wave trough is rather small and the number of grid points is

limited for computational reasons, a Iogaithmic' grid [Rousult et al., 1991] of 50 grid points is

introduced.

z [1] - -0.46 Ho + Z.

z [i] = z i-1] + Zi-2 Az [1] (2 s i 1 50) (6.22)

where Az[l] is typically in the order 0" m and the irregularity parameter z is chosen such that

Az[50] is in the order of 1-5 cenfimetes

The remainder of the wave region is covered by a linear grid, with a grid spacing equal to Az[50].

In this man r we ensure tha the region below the crests, when the production of sea qr

aerosol takes place, is well covered by the grid. Coninuing the non-linear grid would lead to an

unacceptable large grid spacing near the cres. Thus:

z(i] - z[i-1] + Az[50] (51 5 1 S N,,") (6.23)
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where N. is the total number of grid points in the wave reioL To ensure that z[N.J

coincdies exactly with the wave rest, the interval between z[N,,.-l] end z[N,,,J is somewhat

enlarged or reduced

The atmospheric region of the grid extends from the wave esMts (at z - 0.53H0) up to the top of

the calculation domain (at z - hbl). Since the exchange of vapor of the freshly generated sea spray

aerosols mainly takes place in the lower regions of the atmosphere, it seems appropriate to use a

grid in the atmospheric region which is znxe denn near the wave crests:

fz i] - z i-i] + Xi-2 AZ (N•,m+]

Az [N..+11 = (htot-0.53H0 ) (1-X) (6.24)
1 -XVxM

where the number of grid points N., is adjusted to obtain an initial spacing Az[N,.+l] that is

close to Az[50]. Typical values for the i•,.gubaity parameter X we 1.04-1.08, leading to a grid

spacing of 1-5 m at z - 100 m. The total number of grid points (N... + Nm.) is then in the order

of 200.

6.9 Checks during the SeaCluse model run

During the model run, three checks with regard to the calculation of the source terms S., S, and

ST are made:

>1: t(i~j) > 0 (see eq.5.14)

This meas that ar(ij)/dt > 0 and that the droplet tends to condensate. In other words, the

SeaCluse model moves away from the conrect solution. However, in the end the model

should still be able to arrive at the correct solution, provided that the timestep of the model is

suf iciently small. Therefore, the cse t > 0 is noted, but no further action is taken.

>2: p,(ij) < 0 (see eq.-.15)
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Although negraive oneftnsfoe any droplet category we physically impossible, we
cannot juog ft p(ij) to O. In tha cae we wo•ld violate the model constraint tht the number

of droplets is couserved. At the end of thke model run, all p1(ij) dhould be positive (again).

Therf•re, the case p, < 0 is noted, but no further action is taken.

b-3: 6 "± - ,at > 0

The numerical method (mee chapter 2) used in the model has the constraint that this pert of
(5.15) must be negative. Therefore, in the case that the above factor is positive, it is noted

and the factor is reset to zeo.

6.10 Checks at the end of the SeaCluse model run

At the end of the model run, three important checks related to the validity of the final results are

made:

>1: Tbe value RHj. of the relative humidity in the domain is determined. If RHIW is much

lower than the value previously determined to set up the offspring radius grid (see J6.1), the

radius grid may not extend to sufficinly small radii and droplets may not have been able to

evaporate to their equilibrium sizes. In such a case, the calculation should be restarted with

an extended offspring radius grid.

>2: The boundary condition OPA& - 0 at the top of the calculation domain (see chapter 2) is not

imposed during the model run. Therefore, it must be checked at the end of the model run to

ensum that the number of droplets in the domain has been conserved.

>3: The convergence of the model solution is verified for the profiles of water vapor,

temperature and droplets. Convergence is checked independently for water vapor,

temperature and droplet concentration.

6.11 Presentation of final reults

One of our aims is to compare the results of the SeaCluse model with experimental data obtained

with (optical) particle counters or Rosotrod. However, it is not possible to directly compare the
model results and the data, because te experimental daft is presented in adjacent siz bi
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Rj(k) *±A&R1(k) and the model results in partly overlapping parent and offspring categories. In

addition, the droplet concentrations in the Sea~use model are expressed in [kg/r 3], whowes

edata is often presented in [pm2Ic1m3 .

Therefore, the parent and offqsing categories r(ij) ± AAr(i) must be mapped onto the radius grid

Rj(k) ± %AR.A), once the model run is completed. The mapping is done by trnsferring a

proportional part of p,(ij) to Rt) whenever the size bin of droplet category r(ij) (p•a y)

overlaps with a size bin R.(k). After this, we convert the p, values (in kg/n 3) into dV/dr values (in

r 2 i/cm 3) by:

8V . 1012 PZ
p, Ax (6.25)

where Ar is inpm.
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7 DISCUSSION AND AIMS OF FUTURE RESEARCH

The previous chapters have outlined the SeaCluse model, which extends the CLUSE model to
'open ocean' conditions. Several new hypotheses had to be made in order to describe the air flow

over the waves (chapter 3):

1. The waves are modelled by a 2-dimensional Stokes wave

2. The waves a&e fully developed

3. Momentum is only transferred to the water (no form drag)

4. The atmospheric stratification is neutral

An additional hypothesis was introduced to describe the movement of the droplets in the air flow

(chapter 4):

5. The droplet flight times in non-turbulent and non-evaporative conditions are finite

Furthermore, approximations were made in the equations that govern the evaporation of salt water

droplets (chapter 5). These limit the applicability of the SeaCluse model to:

r> I pin 0: T< 30"C RH! <75%

Whether or not the new hypotheses are acceptable cannot be discussed here, because the

SeaCluse model has not yet been tested and validated with experimental data from the HEXOS

program [De Leeuw, 1990a]. Testing, and subsequent comparison of the model results with

experimental data will be the primary objective in the continuation of this research.

The outcome of these tests determines whether our model for the air flow over the waves needs to

be further elaborated. Also, it may be necessary to modify or to replace the aerosol droplet source

function (see the discussion in chapter 1 and 6.6). New and more detailed experimental results

on the number of jet droplets released from bursting bubbles, their ejection heights and their velo-

cities will be available soon [Spiel, 1992a and 1992b] and may be included in the SeaCluse

model.
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The SeaChe model only takes jet droplets into account, neglecting film droplets that e also

produced from bursting bubbles. In fact, the large bubbles produce no jet drops at all, only film

droplets [Blanchmd, 1983]. Even so, the relative contribution of film drops is small [Wu, 1989],

because the film droplets are very small and ae ejected with small vertical velocities. Therefore,

we feel that negl" the film droplets is justified.

In addition to the bubble-mediated prduction spume droplets may be directly produced by wave

tearing. Tihis mechanism comes into play at wind speeds exceeding 9 rm/s [Monahan et.al., 1986].

The question as to what extent the spume droplets contribute to the total droplet flux has not yet

been definitively answered. Wu [1990] estimates a contribution of 33% at wind speeds of 13 m/s,

based on experimental data by De Leeuw [1986]. On the other hand, more recent experimental

evidence by De Leeuw [1990b] shows that spume droplets are unlikely to contribute much to the

total aerosol concentrations at this wind speed.

The SeaCluse model may be extended with a module that describes the production of spume

droplets at the wave crests. In this manner, the effect of spume drops on the humidity profile and

the heat fluxes can be studied. However, it should be emphasized that only qualitative results are

to be expected in the absence of a reliable aerosol source function.

Our model of the air flow over the waves leads essentially to a wave-rotor between the wave

crests (compare figures 1.2 and 3.7). The wave rotor model has been proposed by De Leeuw

[1986] to explain the observed minima and maxima in the particle concentration profiles (10 < D

< 100 pun) between 0.2 and 20 m AMSL [De Leeuw, 1986, 1987]. With our wave-rotor model,

we conjecture that the largest droplet concentrations will exist in the lee side of the waves. Tis

conclusion is based on the extended droplet suspension times at that location and the droplet

trajectories (see figures 4.1 and 4.2).

This is in accordance with laboratory experiments by Koga and Toba [1981], who also observed

larger concentrations at the lee side of the waves, resulting from droplets produced at the

downward slope of the same wave trough. On the other hand, De Leeuw [1989c] indicated that in

the field the production may be higher on the windward side of the crest, because the whitecap of

a trailing wave can be at the windward side of the crest. This could be an impetus to include a

module in SeaCiuse that describes the wave breaking.
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The SeaCluse model yields mformatin on the vertical astucture of the atmosphere (waw vapor,

droplet distribution, temperature), from which important parameters such as the refractive index

and the extinctio may be infered. Therfore, the model could be used to ass the ma

effective range of electro-optical sensors. One of the requirements for an operational range

predictor is dih the input paramete can be easily obtained. In this respect, the SeaCinse model is

nearly perfect its input consists of only four parameters, that can be obtained by standard instru-

mentation: U10  R- 1 o TIo Tu.

In addition, the SeaCluse model uses the droplet source function given by Andreas [1992]. This

function (see §6.6) is a function of U10 only.

Theoretically, the smallest droplets that can be handled by the SeaCluse model have a radius of I

pm. However, computational demands become rather high when the droplet radius is in the order

of a few microns. This is a severe drawback for the application of the model in range prediction,

since droplets with radii smaller than 10 pm determine the visibility in the visible wavelength

region and contribute appreciably to the visibility in the IR.

In order to overcome this drawback, the CLUSA model is being developed at the Ecole Centrale

de Nantes [Mestayer etal., 1991]. CLUSA describes the dispersion of a distribution of aerosols

from 0.05 to 2.5 pm radius in the marine atmospheric surface layer. In its present state, CLUSA

starts from an initial profile of dry aerosol that is transformed to marine conditions by calculating

the aerosol growth by water vapor condensation. Subsequently, the effective deposition velocity

of the aerosols is calculated as a function of their original size and chemical composition, of the

hygro-thermodynamic atmospheric condition, and of the sea state. The calculation includes

gravitational settling, Brownian diffusion and the presence of the diffusive sub-layer close to the

sea surface.

In the future, merging CLUSA and SeaCluse, the model should include the interactions of the

smaller aerosols with sea spray droplets by coalescence and with the water vapor field. The

combined model would then govern the complete size range of aemmosols that determine the

propagation properties of the atmosphere.

The SeaCluse model only deals with freshly produced sea-spray aerosols. The total aerosol

concentration in the atmosphere results from a balance between local production and removal and
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the advection of aerosol produced elsewhee. It is conjectured that the advected aersol is in

effect a backgtound' that adds to the plofie due to the locally produced smopoL In view of the

long mixing times, the lte constitutes only a sma fraecon of the total amosol concentraton.

The badcground aerosol consists of a mixture of man-made, biological and natural aosol of

continental and marine origin, containing a large variety of hygroscopic and non-hygroscopic pe-

ties which strongly influece the dependence on relative humidity. Furthemore, aerosol droplets

are not inert and their composition can change through many chemical reactions which take place

in the atmosphere.

Van Eijk and De Leeuw [1992] recently addressed the importance of taking the background

aerosol of continental origin into account when predicting propagation parametmrs (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 S-- and the

Mediterrmaen [Tanguy et.aL, 1991].

In conclusion, a model that aims to provide an adequate description of the propagation properties

of the atmosphere cannot be confined to the freshly produced sea-salt aerosols. In addition,

modules that handle the continuously changing chemical composition and the dispersion of the

bdakground' aerosols at needed. Only then the model can truly govern the production, advection

and deposition of the aerosols.
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NOMENCLATURE A.1

NOMUENCLATURE

Symbol Unit

a,, water activity of an aqueous solution
c mol/l molar concentration of an aqueous solution
CP JikgK specific heat of air at constant pressure
CO Drag coefficient (neutral stratification)
C MI/s phase velocity of the waves
D m diameter
D, m2/s molecular diffusivity of water vapor in air
D,' m 2 /s modified D,
g M/s 2  acceleration of gravity
!u m height of the calculation domain

mIj I jet droplet ejection height
HO m wave amplitude
i index of parent categories
j index of offspring categories
k m-I propagation constant
ka' W/mK modified thermal conductivity of air

J/kg latent heat of vaporization of water
m kg mass of the droplet
ms kg mass of NaCI in the droplet
m,, kg mass of pure water in the droplet

kg molecular weight of air
kg molecular weight of NACI

Skg molecular weight of water
n number of parent categories
noff number of offspring categories
Nx number of horizontal grid points
Nz number of vertical grid points
Pr, Prandtl number
r m radius of droplet
ra m dry radius of the droplet
roj m radius of parent category (ejection radius)

~ra mn radius of offspring catepory
R J/WolK universal gas constant
Re Reynolds number
RH % relative humidity
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NOMENCLATURE A.2

RH., % relative humidity at the surface

RHIo % relative humidity at z =-l0 m

S salinity of the droplet

Sa source-sink term for droplets

SEW salinity of sea surface water

ST source term of temperature

Sv source term of water vapor
S m31 / function of T in finding the apparent molar

mo13 2  volume of an aqueous solution
Sct Schmidt number

T K temperature

Tfy s flight or suspension time of droplet
T=f "C sea surface temperature

TIo "C temperature at z =- 0 m
T. C temperature scaling factor
U m/s horizontal wind speed

U10  m/s horizontal wind speed at z = 10 m

Ud n/s horizontal speed of droplet

ur n/s horizontal speed of droplet, relative to air

u. W/s friction velocity
vo m2/mol apparent molal volume of an aqueous solution
Vmo m2/mol v. at infinite dilution

Vf m/s final fall velocity of the droplet

Vip n/s droplet ejection velocity

W mn/s vertical wind speed
wd m/s vertical speed of droplet
wr m/s vertical speed of droplet. relative to air

t stime
x horizontal coordinate

z m vertical coordinate, z = 0 at mean sea level

zo m roughness length calculated with Charnock or

Kitaigorodski mo4 el

z nm Zo for local profiles of U, p, and T

Z02m z for the atmospheric profile U(z)

CEC empirical constant used in computing D,'
empirical constant used in computing k'

y total number of ions into which a salt molecule in the

droplet dissociates

8p m step size in droplet trajectory calculation

A• m empirical length scale used in computing ka'
Am empirical length scale used in computing D,'
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A.3

Ar m size bin of droplet categry
At a time step in droplet tMjectory calculaton
1 m height of the wave surface

K Von Karan constant
m length of the wave

mass ming ratio of NaCI and H20 in the droplet
v m2/s kinematic viscosity of air
p kg/r 3  density of droplet
P& kg/m3  density of dry air
PD0  kgrn3  concentration of droplets of diameter D in non-evaporative and

non-tubulent conditions
Pej kgrn3  concentration of droplets ejected from the surface
Pr kg/m3  concentration of droplets with radius r
PS kg/n 3  density of NaCI

PSw kg/m3  density of sea surface water
PV kg/rm water vapor density
P,5  kg/m3  saturated water vapor density
PV. kg/n 3  scaling factor for humidity profile

Pw kg/n 3  density of water
Of J/m2  surface tension of a flat surface with the same

salinity and temperature as the droplet
Ot m2/s eddy diffusivity
* practical osmotic coefficient of the droplet

atmospheric stability function
x irregularity of vertical grid
O -1  wave period

A
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THE WAVE GRID B.1

THE WAVE GI

When a variable is to be averaged over the wave surface, a grid is needed that is equidistantly

spaced over the wave surface. This is not the same as a grid equidistantly spaced in z or x,

because the wave surface has to be followed. When we denote the coordinate along the wave

surface by s, the trajectory along the wave surface may be calculated by a triangular method.

Az AxA-z= tan a cos a Ax (.1)

Thus, for sufficiently small triangles (say, 1000 over a wave period), we may calculate As with

(B.1), using the derivative of the Stokes wave (see equation 3.3):

-= sin (kx-wt) - X- sin (2 (kx-wt)) (B.2)
9 20 400

The total path length S along the wave surface is equal to:

S = Z As

If we neglect the curvature of the wave by taking an x-grid, the path length X is given by:

X=ZAx

We calculated both X and S and it turned out that S is only 0.6% longer than the horizontal path

length X. Therefore, we make only a minor error if we replace the wave surface grid (along s) by

a horizontal grid (along x). The physical reason for this is that the length of the Stokes wave is 20

times its amplitude, i.e., the slope of the wave surface is rather low.
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EDDY DIFFIJSIVITY IN THE WAVE ROTOR APPROXIMATION C.I

EDMyDFUSRT=T IN THE WAVE ROTO APPROXIMATION

When we assume that the wave rotor plays an dominant role below the wave crests, the eddy

diffusivity in that region is given by:

aot(zt) - ot(crest) z > wj(t) (C.1)
at(z,t) - 0 z < j1(t)

where I(t) is the instantaneous wave height at time t To calculate at below the wave crests, we
need to know t,(z), i.e., the amount of time that height z is above the wave surface (relative to the

wave period To).

We may obtain t,,(z) from the expression for the Stokes wave (eq.3.3). To this end, we set x=0,

which yields:

-LH cos (-Wt) + -!-- COS (-2wt) (C.2)

Subsequently, this equation is inverted for 0 < t ½TW . Using the goniometric rule cos 2P =2

cos2 P - 1 and the abc-rule for quadratic expressions, this yields:

X2
0 H9 +o * "HOZ + -j---00 (C.3)t.(z W -1 azccos 10H

The eddy diffusivity below the wave crests is then given by:

ot(z) - t,(z) X at(crest) z < H0 (C.4)

An example of this calculation is shown in figure C. 1. Below the wave crests, the eddy diffusivity

follows the inverse of the Stokes wave, whereas above the waves the linear relation (eq.3.10)
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EDDY DIFFUSIVITY IN THE WAVE ROTOR APPROXIMATION C.2

applies. There is a muls discontinuity at the wave crest caused by rounding arms. Le., at dte

wave crest at as calculated by the liner function is not exactly equal to at as calculated by the

inverse function. Typically, the dffence amounts to 0.5%.

0.0 0.1 0.2 0.3 04
3.0 * 1 * I p

2.5- +
++

is 1.0

2.0 0.0

00.

0.5- 0+.0

-00.5

,-0.5

"-1.0 . .I ' ' ' I ' I I. I

0.0 0.1 0.2 0.3 0.4

sigma [m2/s]

Figure C.l: Eddy diffusivity calculated with the wave rotor approximation
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CHARNOCK RELATION AND KCITAIGORODSKI MODEL D.1

Thne SeaCuse model calculates the roughness length zo by Chaemock's relation or the

Kitaigoroks model for verification purposes (sem 13.4).

Charnock's relation [Chamnock,, 19551 is given by:

z0  -C a (D-l)

where a, = 0.011 for open ocean [Smith, 1988] and ac = 0.019 for coastal areas (average value

firom [Garatt, 19771, [Wu, 1980] and [Geerneart et al., 1986).

For open ocean conditions, we may also calculate the roughness length z0 by the Ktaigoroddak

model [Kitaigorodski et al., 1973], given by:

rr*,. 0.5
Zo y[ S Wj exp (-2V.g/WU*) (DZ

where Ar - 0.028 [Geernaert, 1988] and SOO, denotes the wave spectrum. In our model, S(03) is

taken to be a Philips wave spectrum:

where coo denotes the firequency of the Stokes wave (wee equation 3.3) and is given by Geerneart

et @L., [1986]:

P- 0. 005 + 0.002w3 + 1. 5(g/03 0 U.)- 2  (D.4)

for open ocean conditions. Note that this relation for 0 was established for wave spectra measured

during the MARIE experiment foir wunlimted fetch conditions but for water depths of only 15

meter. For application to coastal eas, this model should be improved to take into account the

limited fetch in thejcase of wind from the @hore.
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Th integral (D2) is solved nwmmcally with fhe parabolic rule [KLyper and Tinman 1963]
(baed on pair-wise application of Simzpbon role), 505 inrvals in f ierabto, 500 increase for

each mubsequent iteration, w integration• wi e - % + 107) and w2 - 1000. Increasing the

upper limit beyond c= 1000 did not change &e value of the integral significantly. Th integral
is calculated to a precision of 10-5.
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IMPLEMENTATION OF THE CALCULATION OF W(xz) El

MPIBv•JMITATION OF THE LC UIA-XTXON OP Wtxz)-

The wind field W(xz) is calculated in a rectangular, equidistantly spaced grid of Nx horizontal

grid points and Nz vertical grid points. Although the actual mlculation starts at the water surface,

it is convenient to first look at a regular grid point well above the water surface. The grid spacings

am denoted by 2Ax and 2Az (see figure).

W(x;,z 4

U(x,-AXZ1 Az) U(x1+AXz-Az)

W(;,zr-.Az)

The value of W at a specific grid point (x,z is then given by:

W(xj,zi) = W(xi, zi-2Az) + A (E.1)

where

AW = U(xi+Axoz,-Az) - U(x,-Ax,zj-Az) (E-2)2Ax

Let us now turn our attention to the first grid Point (x,z) that is at a height *Az < 2Az above the

water surface 'l("). Close to the water surface, the gradients in U and W become large and a more

dense grid is needed to correctly calculate AW. Therefor, GcAz is divided in 10 equidistant inter-

vals with spacing A1 z. The horizontal grid is expanding with height:



Appendix E Page
IMMLEMNTATION OF THE CALCULATION OF W(x,z) E.2

Ak X - k Axz 1 s k s 10 (E.3)

where k = I in the z-intrval closest to the surface. For each of the 10 intmrvals AW is calculated

and added to the surface value W(x,¶l(x)) to obtain W(x,.%)

A difficulty arises when one of the grid points U(xi±Ax, z1 -Az) used to calculate AW is below the

water surface (see figure above). In that case the grid point is neglected and AW is calculated

from the remaining grid point

AW ± U(xj+Ax, zi-Az) * UO(xi,zi-Az) (E.4)
Ax

"The large number of Nz that is needed for an accurate calculation of W(xz) presents another

numerical problem since the database of the wind field W(x,z) grows very large when both Nx

and Nz we large. To keep its size within acceptable limits, W(xz) is only calculated from the

wave trough to 1 mtr above the wave crest. Even then, it is necessary to store only every nth z-grid

point, which results in a z-grid spacing of typically 1-5 cm in the database (depending on the

wave height).['J

The database may be used to infer W(xz) at any location (xz). To this end, the database is

searched for the 4 entries near (xz), see figure:

W(xi,%+i) W(xi 1 ,zi+1 )

* (x, z)

w(NAi) W(a. a1 U

NOWa dW W(Z•) 60PMO. M U1O. 69 MY hV VOW Th dfitabo ofW(x4z we ody nad fo w,, opw ata of UjO.
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When one of doe grid points (xz%) or (xi,,z%) is in the wate, W(x~z) is cgoalclaed from the wate

surface (x,¶1(x)) in the manw described above. In the odher cae, firs W(x4z) is calculated by 2-

point interpolation in the x-itio. Subwqel, W(xz) is calculated from W(x,zx by the

continuity equatim This method yields accu& t values for W(x,z) when the x-grid is demsely

Vpaced

Altematively, but less accurately, a 4-poin intiolmoatio may be used to detmine W(x 4 ,

W(x,zx 1) and W(xz), neglecting may missing grid points. Thus, W(x,z) = W(x;,z 4 when (xiz)

is in the water. However, in the model code this method is preferrd, because it saves computation

time and yields nearly identical droplet trapecties (see 14.2).
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