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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 acrosol, 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. These profiles are 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
evaporation of sea salt acrosols 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
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SAMENVATTING (ONGERUBRICEERD)

Het CLUSE model werd ontwikkeld om de dynamica van (zoet water) spray druppeltjes in de
1-dimensionale homogene grenslaag van een lucht-water interactie tunnel te beschrijven, alsmede de invioed
van de waterdruppelties op de vochtigheids- en temperatuurprofielen [Rouault et al, 1991]. Voor de
uitbreiding van het model naar ‘open ocean’ condities is vereist dat de zoet water druppels vervangen worden
door zeezout aerosolen, en dat de invioed van de golven wordt gemodelleerd. In dit rapport wordt de
voortgang beschreven van het geschikt maken van het CLUSE model voor toepassing in ‘open ocean’
condities. De berekening van de verticale profielen van de gemiddelde windsnelheid en de turbuleate
diffusie coefficient zijn aangepast aan een maritieme atmosfeer en golven. De initialisatie van het model is
uitgebreid met een module waarin de Inchtstroming over de golven wordt beschreven in een atmosfeer,
waarin geen turbulentie of verdamping voorkomt. Deze module berekent de concentratie profielen van het
acrosol die gebruikt worden in de relaxatie term die de gemiddelde beweging van de deeltjes beschrijft. Deze
concentratie profielen worden vervolgens gewijzigd in een iteratieve budget berekening, waarbij transport
van het aerosol door atmosferische turbulentic en verdamping van het aerosol wordt gemodelleerd. De
module die de verdamping van de aerosol deeltjes beschrijft, werd aangepast voor zeezout serosolen in de
mariene atmosfeer. De resultaten van het nieuwe SeaCluse mcdel bestaan uit de verticale profielen van
temperatuur, vochtigheid en aerosol concentratic vanaf het zee opperviak tot aan de top van de mariene

grenslaag.
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1 - INTRODUCTION

Aecrosols play an important role in the marine boundary layer, both in metearological processes
and in the field of propagation of electro-optical radiation. Suspended acrosols, by scattering and
absorption of radiation, comtribute to the attenuation of radiation in the electromagnetic
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 aircrafts and satellites.
The reduced albedo may also be of importance for climatological studies.

On a micro-meteorological scale, acrosols 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 acrosol 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 matter, 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
atmospheric 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 LOWTRAN code [Kneizys et.al., 1983).
NAM is an empirical model, based on an extensive data set including a variety of geographical
locations. Over the years, NAM has been updated and improved with both experimental [De
Leeuw, 1986] and theoretical [Gerber, 1985] evidence [Hughes, 1987; Gathman, 1989).

NAM applies to a single height of 10 m above mean sea level (AMSL). Therefore, additional
modeling is required to infer the vertical profiles of aerosol concentration. To this end the Navy
Oceanic Vertical Aerosol Model [Gathman, 1989; De Lecuw et.al., 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 information, they cannot be used below
10 m AMSL. Yet, this region is important, because an appreciable part of the propagation path for
detection of targets 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 are not yet ascertained. As described above, an important part of the
acrosol dynamics also takes place in the susrface 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 resuit from the breaking of the thin water film covering the bubble
when it protrudes the water surface, and jet droplets, which result from the breaking up of the jet
that is subsequently formed.

Turbulent
Layer

Laminar
Sublayer _ ~~

-
-

Figure 1.1: f%dh&gmumwwmymfmﬁm(ﬁmmud"
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The production of film and jet droplets from both single bubbles and bubble plumes has been the
subject of extensive experimental studies (see c.g., Blanchard [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 MacIntyre [1968, 1972]. In addition to the film and jet droplets, the so-called spume droplets
are produced by wave crest tearing whea the wind speed exceeds 9 m/s [Monahan et.al., 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 ——>»

MIXING LAYER

TURBULENT
BUFFER
ZONE

PRQODUCTION ~
ZONE

Figure 1.2:  Schematic representation of the wave-rotor model
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However, it is very difficult to obtain pertinent measurements of the upward surface flux of
droplets at sea and the extension of laboratory results to oceanic conditions is not straightforward
cither. 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 are 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 Leecuw [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 Rouanlt 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 (sce Smith et.al. {1990] for a description). The HEXOS
studies in a Simulation Tunne! (HEXIST) subprogram was aimed at the development of
numerical models to study the turbulent transport of evaporating droplets and their interactions
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 Mécanique Statistique de la Turbulence (IMST)
laboratory at Luminy (Marseille, France), and in the whitecap simulation tank at the University of
Connecticut (see, e.g., Mestayer et.al. [1988]).




It was recognized that breaking waves in a laboratory tunnel cannot provide a good simulation of
the net production of aerosols and water vapor over occan 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 acration devices, where there
were no waves and where the air flow was a well-known fully turbulent boundary layer over a fiat
water surface.

Two different types of models were developed:

(a) A Lagrangian Monte Carlo type simulation of droplet trajectories [Edson, 1989];
(b) An Bulerian K-diffusivity model [Rouanlt et.al., 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 d’ Embruns (CLUSE) model by Rouault et al.
considers fresh water jet droplets between 5 and 105 pm 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 preseated in
chapter 2 of this report.

The CLUSE model could successfully demonstrate some of the mechanisms 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 farther 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. Initially, the model code
was optimized and made more flexible to allow introduction of open ocean conditions [De
Leeuw, et.al., 1991]). The exteasion of CLUSE to SeaCluse then requires three basic steps. One
has to provide:

(a) amodel 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-
Cluse 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.

11
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THE ORIGINAL CLUSE MODEL

The CLUSE model was developed by Rouault and Mestayer and has been extensively described
[Rouault, 1989], [Rouault 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:

N AW N -

The fluid is incompressible

The Coriolis force is negligible

There are no chemical reactions

The Boussinesq approximation may be applied

The droplets are spherical and do not split

The number of droplets in the domain of study is conserved

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

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

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 =
1..N) and concentration p,. Category n includes all droplets of radius r defined by: (!

r, - Ar,/2 < r < r,+ Axr /2 @1

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

Yy=a,v,n

dp d(p,V.4)
x * é, Sy {n-l,..,N @2)

1S3 appendix A for a listing of all symbols used in this report
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where V., is the velocity component in direction j of the component y and S, is the net source
term. In the CLUSE model, the exchange of mass between the components can only be due to
droplet evaporation. Therefore:

S, =0

Sy + 3. ,Sn=0

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 ¢, which characterizes the turbulent flow,
into a mean part ® and a fluctuating part @ such that @' = 0. With this, and hypotheses 7 and 8,
the instantaneous budget equations can be averaged to yield the mean budget equations:

2.3)

,

P,
o -
1
g, _ _ dlpaw)  d(ppAn) AP W) .S
1 - 0z oz oz "
1 2 3 4 5 4
dp, 3 (plw’)
o~ ez 2'1 Sa
1 2

where W, 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 2 written as:

pacpn%tr" == P.cp.a_(%z-@l. +L, E-l Sa

1 2
where ¢, and L, denote the specific heat of air at constant pressure and the latent heat of
evaporation, respectively.

25)
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Terms 1 in (2.4) and (2.5) denote the local time rates of changes. As its name implies, the CLUSE
model calculates the stationary solution. Hence, terms 1 are zero at equilibrium.

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 K; are equal for all droplet
categories, water vapor and temperature and are given by the eddy viscosity o,

f r
prwl = - KP Y=n,v

| 5570 _ o O @6
T Ka
K=g9,/0.74

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

K,"

5=
Pnlpn: = - K:: Pa
K;I; -k [1- 1 @7

1+C, (Vi,/ 1.56ud)

where V, and u. denote final fall velocity and friction velocity, respectively. The constant C, is
one of the two model tune parameters to t. adjusted by comparison with experimental data.

Term 4 in (2.4) governs the macroscopic fluxes due to ejection of doplets from the surface and
their gravitational fall. Rouault et.al. [1991] proposed to model this term by:
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3 (p W,) - 1

P (z) - pd(2)
CiTriyon [ Pa P ] @8

where T, denotes the flight time of the droplets and p,0 the concentration in non-turbulent 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 [1988]
formulated a model that yields an expression for S,

t ot
S,,=Spn}-:‘:-tn%-:--pn-$: 29)

In the CLUSE model for fresh water the rate of change of droplet mass 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:

. N Y ]

3 "% (KE) *Se=0 2.10)
where Sg, includes every term but turbulent diffusion and inertia counterdiffusion. The solution,
ie., the time limit of the non-stationary equation, is found by an iterative process. The equations
mdimeﬁsed'bytheﬁninvolumemcthod[hmkumdswdhg. 1970] and subsequently
solved with a tridiagonal algorithm [Schiestel, 1991].

Initial and boundary conditions are needed to solve the equations. For water vapor and
temperature these have been defined as:
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Initial: Logarithmic profiles

{ Upper boundary: T(z_,,) = T(z,,) Pelzan) = p.(2,,)

Lower boundary: T(z,. ) = T, Pu(Zagn) = Pya(Toure)

where p,, denotes the saturated water vapor concentration. For the droplets these conditions are:
Initial: Pa(z) =0

Upper boundary: p,(z,,) =0 and 3'9_2(3:“—") =0

Zax
. f S,dz + Pes.nVup.n
Lower boundary: pn(z.j_n) * Pej.n ~ e V.
4

where p; 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.
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3 MODEL FOR THE AIR FLOW OVER THE WAVES

31 Visualization of the calculation

In this chapter we discuss our 2-dimensional mode! of the air flow over the waves (height and one
horizontal coordinate). The model will be used to calculate the trajectories of sea spray droplets
and subsequently, the vertical concentration profiles of the droplets.

It is important to keep in mind that the SeaCluse model is an 1-dimensional Eulerian model
(height only) and that it does not deal with the coordinates x and y. This can be visualized by an
observer who remains fixed at a certain position x and watches the waves go by. The waves
induce changes in the values of U(z), T(z), p,(2), etc. Since the model calculates a stationary
solution, the observer cannot specify these variables as a function of time. Therefore, they have to
be averaged over the waves, i.e., to be averaged over a time t >> -1, where o is the wave period.

In our model, variables like U(z) vary periodically in time with ® and it suffices to average over t
= orl, 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,
n(x,t) = N(x). The integration (averaging) in time mentioned above is then replaced by an
integration in space (over the wave surface).

32 Basic parameters

Our aim was to develop a model that only requires input parameters that are readily available,
such as wind speed and temperature. As a result, the key input parameter for the model is Uq,
ie., the wind speed at a reference height of 10 meters. In our model, U,, directly determines the
amplitude and frequency 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 sce Iater.

The friction velocity u. is calculated from Uyq and the drag coefficient Cpyy:

ul = Con U @G

TNO report
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e meier = -

=4

The value of the drag coefficient has been measured by many authors (see [Geernaert, 1990) for
an overview) and depeads on U, wave state and region. We use values for open ocean (North
Atlantic) and coastal regions (Meetpost Noordwijk) as given by [Smith, 1980] and [Davidson et
al, 1993], respectively:

10° Cp = 0.61 + 0.063 U,, open ocean (G2)
10° Cp, = 0.43 + 0.100 U,, Meetpost Noordwijk

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:

n(x,t) = - 2H, cos (kx-wt) + %Hok cos (2kx-2wt)

3.3)
where the wave amplitude H;, and frequency @ are given by [Edson, 1990):
@ = —L H o= '—I‘i.U_:o.
I',U,, 10g 34)

The factor I'; in (3.4) is the wave age parameter, which in our model is fixed at I'; = 0.7, i.e, the
value for fully developed waves. Obviously, the assumption of fully developed waves will often
be violated in coastal regions (see, e.g., [Maat et al,, 1991]).

33 The eddy diffusivity

The eddy diffusivity is 8. irportant parameter, since it govems the diffusion of heat, moisture
and droplets by the air turbulent movements in the CLUSE model (see equation (2.6)). In additi-
on, the eddy diffusivity appears indircct:~ in (2.7) for the counterdiffusion due to droplet inertia.

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

(2) The wave region, where the waves influence the air flow.
(b) The atmospheric region, where the waves no longer ‘ufluetce the air flow.
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In the atmospheric region, we apply the condition of a fully developed boundary layer (classical
atmospheric surface layer). In that case, the eddy diffusivity o, is given by:

0.(2) =xu, z zZ > H, (33)

In the wave region, we assume that momentum is only transferred to the water and not to the
waves. We also assume that the structure of the mean flow is locally that of a turbulent boundary
layer over a flat surface. In that case, local profiles 0(x,z) may be calculated by:

(3.6)

o.(x,z) =xu, (z - n(x)) n(x) <z <H,
0.(x,2) =0 -%Ho <zsn(x)

where 1(x) corresponds to the beight of the wave surface at position x. Note that 1j(x) is not a

function of time, since we perform the calculation in the coordinate system that moves along with
the waves. The average profile 0,(z) in the wave region is calculated by:

0.(z) = Lm o.(x,2z) dx -—2]=H° <z <H, a1

where it suffices to integrate over half a wave period, ic., from trough to crest, due to
symmetry.[2)

It has been reported that the wave region, where the waves influence the air flow, extends up to 5-
10 times H, (the wave crest is at z = ¥:Ho). However, when constructing the profile of g, by (3.5)
and (3.6), we found that there was no difference between the average of the local profiles and the
‘stmospheric’ 0, above z = H. Figure 3.1 shows the resulting profile of 6(z). The net effect of the
wave surface integration is that the slope of O(z) is decreased and consequently, Oz) = 0 is

2 In gonoral, the intogration is oot straightforward becsuse the 0y(x,s) profiles have 0 be averaged over the wave surface. This requires & grid
that is equidistandy spaced over the wave swrfhce, which is 0ot the same 88 & grid equidistantly spaced in x. In appendix B we show that the
ervor by replacing the wave grid by an x-grid is negligible in the cave that the waves are modeled by a Stokes wave.
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reached below z = 0. The oumber of local profiles that are averaged is not very important. A
minimum of 20 is required; averaging 500 profiles yields essentially the same results.[®)
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Figure 3.1:  Vertical profile of eddy diffusivity in the lower region of the calculation domain
34 The profile of horizontal wind speed
Whhthehypodwds&ndnemmmﬂuxummﬁdonisvﬂidf«momminmcamospbaic

region, the wind profile may be calculated from G(z) by:

au _ ul
=z "o, Z>H, (3.8)

whue’.mmemmmmyfmﬁon(m.e.&,mdwnetd. 1991)). In neutral
maﬁﬁaﬁon’.-l;fwmn—neutdeondiﬁom.ﬂxeMonin—ObhukwhngthLisneededm

| 3 Appendix C discusses another method 0 caiculate G, based on the assumption of » felly developed and dominant wave rosor. However, with
l ﬁmhumwbmmmduhdrwhnﬁo‘d'balpuﬂdhdhhu
! finally leads 10 & wave rosor 100 (ses below).
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calculate §,,. Because z,,, T. and p,+ are not yet available, it is not straightforward to obtain L.
Therefore, SeaCluse is developed first for neutral conditions.

Equation (3.8) shows that a reference value for U is needed to construct the profile. For this, we
take the value of the input variable U at z = 10 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 another important parameter for the modelling
of turbulence: the roughness length z,,. To this end, linear regression is applied to fit the wind
profile to:

e Moz
u(z) ‘ln(zm) z > H,

39)
which yields a value for zy,. We may compare the value of z,, with values for the roughness
length z, obtained by Chamnock's relation or the Kitaigorodski model (see appendix D). Up to
now, we have observed that z,,, is nearly equal to z,,

The wind profile in the wave region is calculated in the moving coordinate system, where 1(x,t) =
N(x). In that case, local logarithmic profiles U(x,z) are given by:

U(x,2z) - ug(x) = % 1n {z - n(x) + zox_(x)}

Zo (X) (3.10)

n(x) £z <H,

where ug (x) denotes the local value of U(x,z) at the wave surface and zy (x) represeants the ‘local'
roughness length. It is easily verified that ug (x) = U(x,11(x)) when z = 1(x). The wind speed at
the surface is composed of a local component due to the water orbital movement under the wave
and a constant component due to surface slip:

U(x,n(x)) = on(x) + xu, 3.11)
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where @ is the frequency of the Stokes wave. Subsequently, we apply the condition that all local
profiles U(x,z) must converge to the value of Uyg at z = 10 m, ie., outside the wave region.
Imposing this condition, zg (X) can be calculated by:

u 10 - n(x) + 2Z5 (x)
. (3.12)

Ujo = Yg (%) = -E: 1n )

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

U(z) = f:/z U(x,z) dx '%Ho <z <H, 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 1)(x), ugy (x) and zy (x) for U;g = 10 m/s. The largest values of uy and zy are found at the
crest. Note that the mean value of ugy_ is slightly larger than xu., due to the asymmetry of the
Stokes wave. 4]

Finally, figure 3.3 shows the complete wind profile U(z) for U, = 10 m/s. A nearly perfect match
is observed at the intersection of the atmospheric and wave regions at z = Hj,.

4 The second term in (3.3) conses the wave trough and cromt 10 be located at z = -0.46 Ho and z = 0.53 H, respectively, rather than at
=+ ViHp '
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35 The temperature profile

The initial profile of temperature is calculated in almost the same manner as the wind profile.
Thus, in the atmospheric region, where the constant flux assumption is valid in the absence of
evaporating droplets, 0(z) is used to calculate T(z):

% . .‘hlo't_Pis (z > H,) (3.19)

where the Prandtl number Pr, = 0.74 [Rouault et.al., 1991]. The model input parameter T,q
(temperature at 10 m AMSL) serves as the reference value needed to calculate the profile. The
scaling factor T, is inferred from:

C
T, = E! (Uyo = wu,) (Tyg = Toyee) (3.15)

where we use the average value Cy = 0.001.

The temperature profile in the wave region is again calculated in the moving coordinate system,
from local logarithmic profiles T(x,z):

T(x,2) = Tyuee =

PI;T. in {z - n(x) + ZOL(X)}

Zor, (X) (3.16)

n(x) <z < H,
where we assume that the surface temperature does not vary over the wave. The local temperature

roughness length 2y (x) does depend on x and is again found by imposing the condition that all
local profiles converge to T at z = 10 m:

—

Zg (%)

Pr, T, 10 - n(x) + z, (x)
— 1"{ = } @.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 -
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500. Figure 3.4 shows the temperature profile for Ty = 20 °C and Ty = 10 °C (and U = 10
nvs). Note that the atmospheric profile and the wave region profile match perfectly at the

intersection (z = Hy).
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Figure 3.4:  Profile of temperature as 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:

u, p,, Sc,_
o

9, _

az (z > HO)

(3.18)

where the Schmidt number Sc, = 0.74 [Rouanlt et.al., 1991]. The scaling factor p,. is calculated
from:
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T

C

Poa = == (Uyg - %¥U) (Py,10 = Pu,o) (.19

where we use the average value Cg = 0.0012. The values for p, ;o and p, o are obtained from
conversion of the input parameter RH;, and the relative humidity at the sea surface (RH = 97%,
determined by the salinity), respectively.

In the wave region, local logarithmic profiles p,(x,z) are calculated with p, o = RH,¢ and a local
roughness length zy (x) inferred from p, ;o by expressions analogous to (3.16) and (3.17). The
average profile p (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 RH,, = 75%

(and Ujp = 10 m/s, Typ = 20 °C, T, = 10 °C). For convenience, the profile is given as a relative
humidity profile.
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Figure 3.6:  Parameters for the wind field W(x,2)

a) Height of wave surface versus x-grid index

b) Piston velocity versus x-grid index

c) Example of local profile 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(x,z). In this specific case, Uy = 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 = -}5H, and z = 10 mtr. Figures 3.6a and 3.6b show the height of the
wave surface 1(x) and the piston velocity as a function of x-grid index, respectively. Figure 3.6¢
shows a local wind profile W(x,z) 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(x,z) may be verified in the region well
above the waves, where the waves no longer have any influence on W(x,z). Thus, in that region
W(x,z) should be independent of x. Figure 3.6d shows W(x.z) at a height of 10 mtr (~ 6.5 H,, for
U;0=10 m/s) as a function of x. It was constructed by taking the value W(x,2=10) of each of the
local profiles W(x,z). The curve marked by (+) was obtained from local profiles W(x,z) 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(x,z) that had 10000 vertical grid points. It is easily seen from
figure 3.6d that Nz should be in the order of 104 to obtain a wind field W(x,2) that is independent
of x above the wave region.

Since both U(x,z) 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 direction, 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 2-3H,,

-8
-3
o
.
-8

05

Figure 3.7:  Air flow over the wave
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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
Hg(D) of the droplets from Blanchard's 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 V(D) are calculated from H (D)
by an iterative procedure described previously [Wu, 1979; Rouault et.al., 1991]. The method uses
the equation of vertical motion in non-turbuleat and non-evaporative conditions over a horizontal
still surface (see below, (4.2)) and an initial guess for V,P(D) to infer the maximum height H(D)
that the droplet reaches. The value for V(D) is then gradually adjusted untill H(D) = H (D).

42 Droplet trajectories

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 ug and w, are given by:

ua(D,x,2z,t) =u,(D,t) +U(x,2) - C,
wd(D.x.z.t) =W, (D,t) + W(x,2) 4.1

where U(x,z) and W(x,z) are the local horizontal and vertical wind speed (sec §3.4 and §3.7) and
u,(D,t) and w,(D,t) denote the horizontal and vertical velocity of the droplet relative to the air:

Qu; __ 3 Pa Uelu
D o
4 p, D
aux .- - 3 CD Pa wxlwxl -g “4.2)

4 Py D
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In (4.2), Cp, denotes the drag coefficient; for a spherical droplet Cp, is a function of the Reynolds
number Re:

= D
Re = Uy + Wy 7 4.3)

where v is the kinematic viscosity of air. The drag coefficient is calculated by [Raudviki, 1979):

Cp = 24 / Re Re < 0.5
Cp = 24 (1 + 0.19Re) / Re 0.5 < Re < 2 )
Cp = 24 (1 + 0.15Re®¢*7) / Re 2 < Re '

The initial velocities u(D,t=0) and w(D,t=0) needed to calculate u(D,t) and w(D.t) by (4.2) are
given by:

U, (D, t=0) = U(x,,N(Xyy)) = uy (X,4)
@.5)

w, (D, t=0) = V(D)

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 cjected at x = X¢j- The
calculation is aborted when the droplet hits the water surface, i.c., when:

Zg S N (xy) 4.6)

The calculation is most effectively done in a grid that is equidistantly spaced along the droplet
trajectory.®! Such a grid with step-size 5p(D) is built by recalculating At in each cycle:

At(D,x,z,t) = 8p (D) )
Y Wa(D,x,z,t)% + w,(D,x,2,t)?

s The trajectory can also be calculsted in the more common manner, thet is, with a constant At (typically, At = 50 s is needed), but in that case
5-1C imes as many steps are required 10 obtain the same accuracy.
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The time step At is small when the velocity of the droplet with respect to the wave surface is
high,[6] whereas it becomes iarger when the droplet slows down. The step size 3p(D) depends on
the size of the droplet, and varies between 0.02-0.5 cm for 20 < D < 500 pum.

An example of a typical trajectory is shown in figure 4.1a. In this case, U, = 10 m/s, the wave is
travelling in the +x direction and a droplet with a diameter of 10° 'm was ejected from the wave
trough. It is emphasized that this trajectory is calculated in a nou-turbulent and non-evaporative
atmosphere.

Different trajectories are obtained when droplets (D < 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

‘This means thet the relative velocity (a,,wy) of the droplet is high, and/o the dropiet is a¢ a position (x,2) where the wind field (U, W) is strong.
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Figure 4.1: ive droplet trajectories
a) Traj not influenced by the wave rotor
b) Trajectory entering the wave rotor
c) Circular trajectory

Clearly, the criterium that the trajectory calculation is finished when the droplet hits the surface
again, will not work for droplets moving in a closed trajectory. In our opinion, the circular
trajectories are an artefact resulting from the perfect symmetry of our model of the air flow over
the waves. In reality, the wave surface is not perfectly smooth. Small variations in 1(x) induce
asymmetry in the wave rotor with the consequence that the droplets do not move indefinitively in
a perfect circle. Therefore, we decided to stop the calculation of circular trajectories after a full
circle,[”} with the simultaneous removal of the droplets from the atmosphere.

43 Flight time

The suspension or flight time Tq,(x,D) of the droplet is the sum of all time intervals At of the
trajectory calculation. A plot of Tg,(x,D) as a function of the position x where the droplet was
cjected, is shown in figure 4.2a. In this case, U;g=10 m/s, D=500 um, x=1 and x=51 correspond to

7 mm.mmhmmmmumx-wnummumnmmmum
swface.
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wave trough and crest respectively, and the wave is travelling in the +x direction. The flight time
is larger at the lee side of the wave (x > 51, surface moves up) due to the airflow that moves the
air upwards. The opposite effect is observed at the windward side of the wave, where the air
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Figure 4.2b shows Ty, (x,D) as a function of x for a droplet of D=120 um. In this case, the
prolongation of the flight time at the lee side of the wave is much larger than the shortening at the
weather side. mmmmmmmpmmmdunnwmmmmem
rotor and complete a semi-circular trajectory (see figure 4.1b).

'As the diameter of the droplet decreases, the prolongation of the flight time becomes larger and
larger. Figure 4.2c shows Tpy(x,D) for droplets of D=20 um. The general shape of the curve in
fig4.2c can be explained in terms of the wave rotor, but there are also two artificial
discontinuities in fig.4.2c (st x=30 and x=68) dve to the discretization of the trajectory

calculation.
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The x-dependency of Tqy(x,D) is removed in the integration over the wave surface:
Tety (D) = [ * 1, (x.D) dx 4.8)

A plot of Ty, (D) versus D is shown in figure 4.3 (curve marked by (+)), where we also present
Tay(D) for the case of a flat surface (curve marked by (x)). It is easily seen that the preseace of
waves has little influence on the flight time of the large and heavy droplets that fall down quickly
due to gravitation, but hag 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.

[} 100 om0 300 ? 500
S S Y o | P B | U
10 rary 0
. e
b +
re -0
+

74 -7

4 L

+

[ r‘
. & -5

s 9
€ o -4

I
t =
* -2

L u
-1 = + Fq

s ek ek

[, LS N L | R Trrr 0

0 100 00 300 400 600

diameter

Figure4.3:  Average flight times for droplets over the waves (+) and over a flat surface (x)

Thé number of x-grid points over the wave (Nx) needed to obtain the average flight time Ty (D)
ranges from only 20 in the case of large droplets to 50 for droplets that may enter the wave rotor
(D<100um).hfact,gfmﬂuinueueofodoanMyieldmreﬁablewuageﬂightﬁm,
because the individual flight times Ty (x.D) are basically divided in 'long’ and 'shart’ flight times
(see figure 4.2¢).
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44 Final fall velocities

The plots of V(x,D) versus x are less complicated, since all except the largest droplets reach their
final fall velocity at a rather early stage of their trajectory. Therefore, V(x.D) is only dependent
on x for the largest droplets (see figure 4.4 for a plot of Vy(x,D) versus x for droplets of D=500
jim). Not surprisingly, the larger values for V(x,D) are found at the lee side of the wave where

Figure 4.5 shows the average final fall velocities V(D) versus D after integration over the wave
surface (+) (Nx as for the flight times, see above). For comparison, the fall velocities in the case
of a flat surface are also plotted (x). The two curves are nearly identical.
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4.5 Profiles of droplet concentration
The last and most complicated of the droplet parameters is the vertical profile of droplet
concentration. This profile is calculated with our model of the airflow over the waves, and
! therefore represents non-turbulent and non-evaporative conditions. It is used in SeaCluse as a
! relaxation term in the modelling of the macroscopic flux of the droplets due to ejection and
‘i ; gravitational fall (see (2.8) in chapter 2).

First, let us consider a single droplet, ejected at a position x at the wave surface. The probability {
of finding the droplet in the height interval [z,2+Az] is related to the time T(z,z+At) that the
droplet spends in that height interval:

- T(z,2+A2
Co.x(z,2+A2) _T!W : 49)
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The x-dependency is removed by taking the sum of the coatibutions of individual droplets ejected
at various positions x over the wave surface:

(p(z,2+A2) = T {p.(z,2+42) (4.10)
Which is renormalized by:

{p(z,2+A2)

lim
o(z) = 4z.
° Az-0 f(,,(z,Z*Az) dz

4.11)

The droplet concentration profile p,%(z) . non-evaporative and non-turbulent conditions is found
by multiplication with the density p.;(D) of droplets ejected at the wave surface:

Po(2z) = pgy (D) {p(z) 4.12)

The deasity po(D) will be discussed in chapter 6. At this stage, we restrict the calculation to the
probabilities {p(z).

The interval Az in (4.9) is fixed to the maximum step-size Sp(D) in the trajectory calculation (see
§4.2). This choice ensures that the droplet never moves more than one height interval Az during
one step At of the trajectory calculation. This facilitates the computation of {y(z), but there is no
specific reason why Az cannot be smaller than the maximum value of Sp(D).

The number of individual profiles that are averaged to remove the x-dependency (see (4.10)) was
first set to 20 (50 for D<100 jum). Figure 4.6a shows the resulting profile {;,(z) for D=200 um.In

‘this case, Uyg = 10 m/s and the wave trough and crest are located at z = -0.73 m and z = +0.84 m,

respectively. It is easily verified that 20 individual profiles are not sufficient to obtain a smooth
waagepmﬁh.hfaa,theindividndpmﬁlumusﬂybemg_niudinﬁgm4.&

A rather large number of individual profiles is needed before the contributions of the individual
profiles are no longer easily recognized in the average profile. Even then, the average profile is




TNO report
Page
39
not very smooth and a Gaussian smoothing routinef®] had to be applied. Figure 4.6b shows {;(z)
for D=200 pum and 100 individual profiles, and after smoothing.
40 0
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Figure 4.6: Normalized droplet profiles after averaging. Maxima are probably due to the choice of the
wave
a) average of 20 individual
b) average of 100 individual profiles and additional smoothing
The number Nx of individual profiles needed depends on the horizontal wind speed U, (which
determines the wave height) and varies betweea 50 (Uyo < 5 m/s) and 200 (U, > 16 m/s). In fact,
' Nz=200 is only just sufficient for the largest wind speeds for which the SeaCluse model is
developed (Uyq ~ 25 m/s). However, with Nx=200 and U, = 25 nys, the CPU-time needed to
| calculate the profiles {p%(z) for droplets with D < 100 pm is very high (up to 30-40 min CPU-
tiie for D=20 ym). An average over even more individual profiles would result in unacceptable
computational demands.
]
§  In@is routies, each dampoint x{1] is smoothed with the datapoiats x{H-4)... x(1]... x(i+4):
‘ ! (i) = ol 1-43xli-4] + . + afilx(i] + ... + afi+4]x(i+4], where
S - -l :
- alj) =e ¥ /Y1 alk] and o =1
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5 MODEL FOR THE EVAPORATION OF SEA SPRAY DROPLETS

51 Parent and offspring categories

As pointed out by Mestayer {1990], salt water droplets must be described by at least two
parameters: their radius r, and a parameter describing their chemical content. In the SeaCluse
model this is done by defining parent categories, which contain the droplets with ejection radius
1;(i) % Ar,;(i). Subsequently, offspring categories with radii roe(ij) & Are(ij) are defined, which
contain all droplets whose current radius is re(i,j) and whose ejection radius was r(i). This leads
to a model with variables that may have up to 3 indexes: parent category, offspring category and
beight. Thus, V = V(i;j,2).

52 Andreas’ model of evaporating sea spray droplets

Andreas [1989] started with eq.(13-26) of Pruppacher and Klett [1978] and showed that for sea
spray droplets this equation could be rewritten as a set of three equations:

Py (2) a4
rt = pv.(T(Z)) 1 y
p . Ly P ( L M, 1) .1
D! pye(T(z))  T(z)k, \RT(2)

2M, 0, _yYém M/M,)

Y RT() po 1 m-m, G2
1+m/m,
P = Py
p T Peom .3)
‘M, m,

where p denotes the density of the droplet; m, m, and m,, the total mass of the droplet, the mass of
water and the mass of salt in the droplet, respectively; p,,, p, and p,, the density of water, water
vapor and saturated water vapor density, respectively; L, the latent heat of evaporation; M, and -
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M, the molecular weight of water and NaCl, respectively; ¥ the number of ions into which NaCl
dissociates; and [Pruppacher and Klett, 1978), [Millero, 1972]:

Vv (T) = v, (T) + SJ(T) yC (54)

ln a, (p/M,)
Va M, B/M,

b4 . D, (T) I 2%x M,
r+ A, ra RT

/ - r k,(T) | 27 M,
ko (T) = k,(T) [ T8, T u e, on = ] 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.

d(p/M,) = - 5.5)

-1
DJ(T) = D (T)

(5-6)

53 Mestayer's simplified model] for sea spray droplet evaporation
Mestayer [1990] showed that Andreas’ equations may be simplified with five assumptions, valid
forr>1 um,0ST<30°Cand RH275% :

>1: The apparent molal volume ¥, (¢q.5.4) is not a function of temperature. In that case, the third
equation of Andreas may be written as:

1+ p(r)

14 207D B[ 5,06 [200p(x) S(X) ¢
M, ) M,

p(r) =p,
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where

p(r) =

S(r) =

22 2|2

3
= .gp.._ .L‘;l = (“(I)'I + 1)-1 (5.9)
I

S(r) is the salinity of the droplet. Equation (5.8) can be solved by an iterative procedure for a
given value of 14,

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

>3: The first term in (5.2) 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 u(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:

-5
D/ (z) = 2.26 10

i - 51
T+ 6 1095 +4.36 10°r (5.11)

where, once again, the values for the constants have been entered (with T = 283 K, and
D,(283 K) = 2.26 10-5 m?/s).
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>5: The thermal conductivity of air k, (¢q.5.8) is not a function of temperature. In that case, (5.8)

may be written as:
k! - e {209 r>1pm
*. ) 1«1.00 z>5pm (5.12)

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

[}
K. = k, = 0.0249 (T = 283 K) (5.13)

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

P, (2)

rt = P"(T(Z)) -1- Y(I)
e (z) +1.004 10° p2lr) (.2.‘_]1 - 1) (5.14)
DJ(x) pye(T(2)) 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 1. Thus, given
the radii of the parent and offspring categories, the parameters y(r) and p(r) are fixed.

54 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 Lefauconnier [1988] derived an expression for the source-sink term S,(r) for droplets
(equation (2.9) in chapter 2):

d ot
Sa(x) = 6p, % -t —5‘;—’ - P 3 (5.15)

under 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, p, denotes the mass
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concentration of droplets with radius r.®! In contrast to Rouault et.al. [1991], who simplified
(5.15) by assuming that the term nf (see (5.14)) depends only weakly on r, we will not further
simplify (5.15).

Equation (5.15) govemns the exchange between droplets of different radii. Since the evaporation of
sea spray droplets with cjection radius r(i) is monitored via its offspring categories, droplets of
different parent categories i; and i, are independent. Thus, we use (5.15) to calculate the exchange
between a parent category r.(i;) and its various offspring categories rox(i;,j), and we repeat this
for all n parent categories:

S,(i) = Y g (i,3)

(5.16)
Sa = Y., Sali)

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):

Sy = - sn
L,
S. = S 617
T Pa Cpa n

9 The wse of the symbol p, for droplet concentration (varisbie) may lead to confusion, because the symbol p is also used to denote densities of
mw-m.m,mmmuumuunwhwuhumlp,m
appropriste.
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6 IMPLEMENTATION IN THE SEACLUSE CODE

6.1 Calculation of radii of droplet categories

The radii of the offspring categories should be chosen in accordance with the expected shrinking
of the droplets, which is limited to an equilibrium size determined by the ambient relative
humidity. Ther~fore, Mestayer [1990] uses the lowest value of the relative humidity RH,, in the
calculation d..asin to infer the smallest radius of the offspring categories by the procedure
outlined below.

At equilibrium, f = 0, and (5.14) reduces to:

pv‘Z) _ = _RH _ - - .
y Pa(T(z)) 1 100 1 0.6776 u ©.1)

where we have also used (5.10). In the case of equilibrium, y and p no longer depend on the
droplet radius 1, but only on the relative humidity. Consequently, the salinity and droplet density
are also independeat of r (see (5.9)). The maximum mixing ratio in the domain is given by:

= 1 RH,ipn
mex = 576776 {1 ~ oo } ©2)

Subsequeatly, (5.8) is solved iteratively to yield p,,,,, using (5.9b) to calculate the droplet salinity
S axs 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 that the original salinity and density of the particle are

equal to the salinity S,,, and density p,,, of sea surface water:

3
P.~Idxy -

S B cm—
-~ Pavw I.’j

1
Tery = Fg6 ' ©3)

Combining (6.3) and (5.9b), I.(i) of each parent category i can be calculated:
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. 3
1 | P 1
. Tan(i) = r (i) [ 396 P.:. S ) = Agax To3(i) ©4)

Finally, an equidistant radius grid is built for the n 4 offspring categories (i,j) of parent category i:

CIg@ e ) 1o R

Ar (i)
g Dgee = 1 Doee = 1

65)
r(i,j) =r, (i) - (3-1) Ax(i) 1 <3 sng,

Strictly speaking, there are only (ngr-1) offspring categories. For j=1 we have: r(i,1) = r 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.c., their bin widths are
proportional to their nominal radius. This defines a non-equidistant parent grid: the smaller r (i),
the smaller the bin width.

6.2 Calculation of r-dependent variables

As mentioned in the previous chapter, D,'(r) (eq.5.11), p(r) (eq.5.8) and p(r) (¢q.5.9) may be
calculated once the radii of the droplet categories have been determined. Unfortunately, (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 1

Bo(x) =
: p' 3. 1
¢ (I/Im) 6.6)

Polz) =p, [ 1 + p,(r)]

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

In principle, ju(r) and p(r) are a function of both parent category i and offspring category j, that is:
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W) = p(ij)
P = p(.j)

However, we have chosen a radius grid in which n. 4 does not depend on i. In that case the ratio
1(i\j)/rey(i) is also independent of i. We may verify this by rearranging (6.5):

r{i,j3) _ .- (3-1) Axr{d) _ 4 . (3-1) (1-A,,,) 67
I.j (i) I.j (i) nou-l :
Consequently:
K@) = 1Gj)
P = p()
6.3 Tay and V¢ for droplet categories

Values for the flight time Tq,(i,j) and final fall velocity V(i,j) are retrieved from a database. In
general, the database will not have entries for the radii r(i,j) and linear interpolation of the nearest
entries r, and r_ is then used. When the radius r(ij) is smaller than the smallest radius r,,;, in the
database, the final fall velocity is approximated by the Stokes Velocity:

Veli,j) = -%%!% £2(i,3) 8
& .

This approximation is only correct for r < 50 pm [Rouault et.al., 1991}, and SeaCluse issues a
warning when r > 50 pum. When 1(i,j) < rgy,, the flight time is extrapolated from the first two
catries r; and 1, in the database:
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aTu - Tflz (I,) - Tglz(rl)
6.9)

Tey(i,3) = Ty, (xy) - [, - 2(1,3)) _6_:_;11

64 Initial and boundary conditions for SeaCluse

The initial conditions for the offspring categories should be identical to the initial conditions for
the parent categories. In this manner, the model run starts with small (no) gradients dp/or (see
(5.15)). Therefore, we use the initial condition previously given by Rouault et.al. {1991] (see also
chapter 2):

p:(i,3,2) =0V, ,, (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:
Pr{i,J.hee) =0 Vid (6.11)
{ Zpax
8,(1)dz + p (i) V(i)
Pr(1,1,2,,) = pgy(i) - L‘. Ve(i,1) =

{

[ st e €12
‘ Pz(ioj:z‘u,) .-—W 2‘j € Dyee

whuep,ﬂi)mumua&ndewmmmrﬁ)aﬁwmmm

Pej = O for offspring categories. The boundary condition that the gradient in p, must be zero at the
* top of the domain is not imposed, but is checked at the end of the model run (see below).
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6.5 The model paramesers C; and C, in SeaCluse

Once again, we use expressions given previously by [Rouault et.al, 1991] to introduce the
counterdiffusion and the macroscopic flux (see equations (2.7) and (2.8)), adapted for parent and

-1 e
Cthly(ivl) [P,(i,l,z) pe(i,z) ]
L , (6.13)
Ty Ay [Pelledm) ) 2 <3 < g
vi(i,
sceli,d) =8c, [14¢, Ltd) ) 153 SNy (6.14)
1.56 u’

where p,0 denotes the concentration profile of pareat category i in non-turbulent, non-evaporative
conditions (see chapter 4 and below). Obviously, p,% = O for offspring categories since they only
get populated by evaporation.

6.6 The droplet profiles in a non-turbulent, non-evaporative atmosphere

The vertical profiles of droplet concentration p,° in non-turbulent and non-evaporative conditions

'mnndhdwmdeningofthemueopkﬂuoﬂhedmpmduemejwﬁmmdgrwinﬁond

fall (see (2.8) in chapter 2). Normalized profiles {(i,z) have been calculated previously (see §4.5)
and are available in a database. The numbers {(i,z) are converted into concentration p,%i,z) in

[kg/m*] by multiplication with the deasity p (i) of droplets ejected at the wave surface:
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pr(i,2) = ((i,2) pgy(i) : (6.15)

The density (i) is found from the relation between the source function JF/@r in [mx2s-lum-!] and
the flux of ejected droplets (i) Vg i):

oF (i) 4 3
o ,(i) ] T . Ar (i) . -;'P'I.j(i) (6.16)
. Ve (D)

where Ar(i) is the size bin of parent category i. As a first guess, the source function dF/dr is taken
from Andreas {1992], who uses data from Miller [1987] for small droplets (0.8 pm < rg < 15
pm):

log (-52%) = By, + B,(log ry,) + B,(log ry,)?

(6.17)
*+ By(log x4g)? + By(log ry,)¢
and data from W et.al. [1984] for larger droplets (rgo > 15 pm):
a?:o =C, Xeo 15 < 1y € 37.5 pm
! & ¢, oz 37.5 < 100 (6.18)
ox,, 2 Leo +9 S Ig pm
?a: = C, Ig Ig 2 100 pm

In these source functions, rg) denotes the radius of the droplet at an ambient relative humidity of
80%. To convert ry, into r, Andreas (1989, 1992) gives the following conversion formula's:




X = 0.518 r°?¢

F _%w ¥ 0.506 r-o-02¢ _IF €19

Tr T Or,, Oty

The coefficients By-B, in (6.17) and C,-C, in (6.18) are a function of Uy, Andreas [1992)
tabulates values for these coefficients in the wind speed range 6-18 m/s. By interpolation, Sea-
Cluse determines the value of JF/or for the value of U,y specified for the model run. Since
extrapolation is not (yet) supported, the range of values of U,q in SeaCluse is restricted to 6-18
my/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 experimental data are sparse and hard to
accomplish. An elaborate discussion of this subject would be outside the scope of this report (see
Andreas [1992], and references therein). However, the validity of Andreas’ 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 scatter in the region 10 S 1y < 15

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

therefore not representative for spume droplets.

6.7 . Calculation of the saturated water vapor deasity

In order to calculate the saturated water vapor deasity p,(T) in (5.14), we use Buck's formula
- [1981] to compute the saturated water vapor pressure e,,:

17.502 &
€,..(T) = (1.0007 + 3.46 10° P) 6.1121 ol TEST=Y (620)

where 6 = T - 273.15, and the standard pressure P=1013 mbar is used to obtain ¢,(T) in mbar.
Subsequently we apply the ideal gas law, as suggested by Andreas [1989] to compute the
saturated water vapor deasity:
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100 M, e, (T)
Pra(T) = M‘;ﬁ.'-‘i (621)

with T in K to obtain py(T) in [kg/m?).
6.8 The vertical grid

The vertical grid 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 z, above the wave trough (located at z = -0.46 Hy).
Our previous work on the CLUSE model for fresh water and the first tests of the SeaCluse model
bave 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 numerical 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 'logarithmic' grid [Rouault et al., 1991] of 50 grid points is
introduced:

{ z[1] = -0.46 H, + 2, 2
©

z[i] =2z[i-1] + 32 Az[1] (2 £ i <50)

where Az[1] is typically in the order 104 m and the irregularity parameter X is chosen such that
Az[50] is in the order of 1-5 centimeters.

The remainder of the wave region is covered by a linear grid, with a grid spacing equal to Az{S0].
In this manner we ensure that the region below the crests, where the production of sea spray
aerosol takes place, is well covered by the grid. Continuing the non-linear grid would lead to an
unacceptable large grid spacing near the crests. Thus:

z{i] = z[1-1] + Az[50) (51 < 1 < N,.,,) (623)
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where N, is the total number of grid points in the wave region. To ensure that z[N,,.,]
coincides exactly with the wave crest, the interval between z{N,,,-1] and z[N,,.] is somewhat
enlarged or reduced.

The atmospheric region of the grid extends from the wave crests (at z = 0.53Hy) up to the top of
the calculation domain (at z = h,,). Since the exchange of vapor of the freshly generated sea spray
acrosols mainly takes place in the lower regions of the atmosphere, it seems appropriate to use a
grid in the atmospheric region which is more dense near the wave crests:

z(i] =z[i-1] + x1? Az [N, +1]

(hyye-0.53H,) (1-%) 624)
l_x'nn

Az [N, +1] =

where the number of grid points N, is adjusted to obtain an initial spacing Az[N,,,.+1] that is
close to Az[50). Typical values for the irregularity parameter x are 1.04-1.08, leading to a grid
spacing of 1-5 m at z = 100 m. The total number of grid points (Nyye + Nyp) 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
Sy are made:

>1: #(ij)>0 (seeeq5.14)
This means that dr(i,j)/0t > O and that the droplet tends to condensate. In other words, the
SeaCluse model moves away from the correct 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
sufficiently small. Therefore, the case > 0 is noted, but no further action is taken.

>2: pfij) <0 (see eq.5.15)

53




TNO report

Page
54

Although negative concentrations for any droplet category are physically impossible, we
cannot just set p(i,j) to 0. In that case we would violate the model constraint that the number
of droplets is conserved. At the end of the model run, all p,(ij) should be positive (again).
Therefore, the case p, < 0 is noted, but no further action is taken.

t ot

»3: (69,;—9,-;;))0

The numerical method (see chapter 2) used in the model has the constraint that this part 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 zero.

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: The value RH,, of the relative humidity in the domain is determined. If RH,,;, is much
lower than the value previously determined to set up the offspring radius grid (see §6.1), the
radius grid may not extend to sufficiently 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 dp,/dz = 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
ensure 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 results

One of our aims is to compare the results of the SeaCluse model with experimental data obtained
with (optical) particle counters or Rotorods. However, it is not possible to directly compare the
model results and the data, because the experimental data is presented in adjacent size bins




RAk) t%AR(K) and the model results in partly overlapping parent and offspring categorics. In
addition, the droplet concentrations in the SeaCluse model are expressed in [kg/m?], whereas
experimental data is often presented in {um?/cm?].

Therefore, the pareat and offspring categories r(i,j) + %Ar(i) must be mapped onto the radius grid
Ryk) * ¥%AR(Kk), once the model run is completed. The mapping is done by transferring a
proportional part of p(ij) to Re(k) whenever the size bin of droplet category r(ij) (partially)
overlaps with a size bin R(k). After this, we convert the p, values (in kg/m3) into dV/dr values (in
pum?2/cm3) by:

- 1012 P
x "1 oar | (625)

where Ar is in pjim.




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):

The waves are modelled by a 2-dimensional Stokes wave
The waves ace fully developed

Momentum is only transferred to the water (no form drag)
The atmospheric stratification is neutral

Pl o L

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>1pm 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 SeaCluse model only takes jet droplets into account, neglecting film droplets that are also
produced from bursting bubbles. In fact, the larger bubbles produce no jet drops at all, only film
droplets [Blanchard, 1983]. Even 30, the relative contribution of film drops is amall [Wu, 1989,
because the film droplets are very amall and are ejected with small vertical velocities. Therefore,
we feel that neglecting the film droplets is justified.

In addition to the bubble-mediated production, spume droplets may be directly produced by wave
tearing. This mechanism comes into play at wind speeds exceeding 9 m/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 acrosol 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 pm) between 0.2 and 20 m AMSL [De Lecuw, 1986, 1987]. With our wave-rotor model,
we conjecture that the largest droplet concentrations will exist in the lee side of the waves. This
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 Lecuw [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 SeaCluse that describes the wave breaking.

>
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The SeaCluse model yields information on the vertical structure of the atmosphere (water vapor,
droplet distribution, temperature), from which important parameters such as the refractive index
and the extinction may be inferred. Therefore, the model could be used to assess the maximum
effective range of electro-optical sensors. One of the requirements for an operational range
predictor is that the input parameters can be easily obtained. In this respect, the SeaCluse model is
nearly perfect: its input consists of only four parameters, that can be obtained by standard instru-
mentation: Uy RHyg Typ Tor

In addition, the SeaCluse model uses the droplet source function given by Andreas [1992]. This
function (see §6.6) is a function of U, only.

Theoretically, the smallest droplets that can be handled by the SeaCluse model have a radius of 1
pum. 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 et.al., 1991]. CLUSA describes the dispersion of a distribution of aerosols
from 0.05 to 2.5 um 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 acrosols with sea spray droplets by coalescence and with the water vapor field. The
combined model would then govem the complete size range of acrosols 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 acrosol produced elsewhere. It is conjectured that the advected aerosol is in
effect a 'background’ that adds to the profile due to the locally produced aerosol. In view of the
long mixing times, the latter constitutes only a small fraction of the total acrosol concentration.

The background aerosol consists of a mixture of man-made, biological and natural aerosol of
continental and marine origin, containing a large variety of bygroscopic and non-hygroscopic spe-
cies which strongly influence the dependence on relative humidity. Furthermore, 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
acrosol of continental origin into account when predicting propagation parameters (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
Mediterranean [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
‘background' acrosols are needed. Only then the model can truly govem the production, advection
and deposition of the aerosols.
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3

mol/l

gk

m?/s
m?/s
m/s?

FERERE

STBBBB
:

R

water activity of an aqueous solution
molar concentration of an aqueous solution
specific heat of air at constant pressure
Drag coefficient (neutral stratification)
phase velocity of the waves

diameter

molecular diffusivity of water vapor in air
modified D,

acceleration of gravity

height of the calculation domain

jet droplet ejection height

wave amplitude

index of parent categories

index of offspring categories
propagation constant

modified thermal conductivity of air
latent heat of vaporization of water
mass of the droplet

mass of NaCj in the droplet

mass of pure water in the droplet
molecular weight of air

molecular weight of NaCl
molecular weight of water

number of parent categories

number of offspring categories
number of horizontal grid points
number of vertical grid points

Prandt]l number

radius of droplet

dry radius of the droplet

radius of parent category (ejection radius)
radius of offspring category

universal gas constant

Reynolds number

relative humidity
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AR FE TR

TREFR

FEe

mdl/
mol32

BB

B BB

relative humidity at the surface

relative humidity at 2= 10 m

salinity of the droplet

source-sink term for droplets

salinity of sea surface water

source term of temperature

source term of water vapor

function of T in finding the apparent molar
volume of an aqueous solution

Schmidt number

temperature

flight or suspension time of droplet

sea surface temperature

temperature at z = 10 m

temperature scaling factor

horizontal wind speed
horizontal wind speed at z= 10m
horizontal speed of droplet

horizontal speed of droplet, relative to air
friction velocity

apparent molal volume of an aqueous solution
v, at infinite dilution

final fall velocity of the droplet

droplet ejection velocity

vertical wind speed

vertical speed of droplet

vertical speed of droplet, relative to air
time

horizontal coordinate

vertical coordinate, z = 0 at mean sea level
roughness length calculated with Chamock or
Kitaigorodski model

2, for local profiles of U, p, and T

2, for the atmospheric profile U(z)
empirical constant used in computing D,
empirical constant used in computing k,'

total number of ions into which a salt molecule in the

droplet dissociates

step size in droplet trajectory calculation
empirical length scaie used in computing k,'
empirical length scale used in computing D,
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Pe
Pr
Ps
Psw
Py
Pvs
Pye

Pw
Oy

m?/s

kg/m3
kg/m3
kg/m?

kg/m?
kg/m3
kg/m3
kg/m3
kg/m3
kg/m?
kg/m?
kg/m?
J/m?

mi/s

gl

size bin of droplet category

time step in droplet trajectory calculation

height of the wave surface

Von Karman constant

length of the wave

mass mixing ratio of NaCl and H,O in the droplet
kinematic viscosity of air

deasity of droplet

density of dry air

conceatration of droplets of diameter D in non-evaporative and
non-turbulent conditions
concentration of droplets ejected from the surface
concentration of droplets with radius r

density of NaCl

density of sea surface water

water vapor density

saturated water vapor density

scaling factor for humidity profile

density of water

surface tension of a flat surface with the same
salinity and temperature as the droplet

eddy diffusivity

practical osmotic coefficient of the droplet
atmospheric stability function

irregularity of vertical grid

wave period
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THE WAVE GRID B.1

THE WAVE GRID

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 = 4 = A§
A, “tana@ ; cosa = = ®.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):

%’2(_ = 'é% sin (kx-ot) - -410% sin (2 (kx-wt)) (B.2)

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

S=ZAs

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.c., the slope of the wave surface is rather low.
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EDDY DIFFUSIVITY IN THE WAVE ROTOR APPROXIMATION Cl1

When we assume that the wave rotor plays an dominant role below the wave crests, the eddy
diffusivity in that region is given by:

{

where 1(t) is the instantaneous wave height at time t. To calculate O, 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 Top).

o.(z,t) = o, (crest)
o.(z,t) =0

z > n(t)

C1
z < qg(t) ©n

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

zH,
80

.- H

c2

n(t) cos(-wt) +

cos(-2wt)

Subsequently, this equation is inverted for 0 < t < 1T, Using the goniometric rule cos 2f = 2
cos?f - 1 and the abc-rule for quadratic expressions, this yields:

1yz2, % X2 u3
t.(z) = X arccos Ao *\ 4H° ’ muoz . 800“0 €3
* x x
2000
The eddy diffusivity below the wave crests is then givea by:
0.(z) = t,(2) x o, (crest) z < —;-Ho (C4)

Anexampleofthisalcuhﬁonisahowninﬁgmec.l.Belowmewavecrests,theeddydiﬂ'uxivity
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 c2
applics. There is a small discontinuity at the wave crest caused by rounding errors. Le., at the
wave crest O, as calculated by the linear function is not exactly equal to O, as calculated by the
inverse function. Typically, the difference amounts to 0.5%.
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Figure C.1: Eddy diffusivity calculated with the wave rotor approximation
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CHARNOCK RELATION AND KITAIGORODSKI MODEL D.1

The SeaCluse model calculates the roughness length z, by Chamock's relation or the
Kitaigorodksi model for verification purposes (see §3.4).

Charnock's relation [Chamock, 1955] is given by:

u?
z° = ac '_g_ (D.l)

where a_ = 0.011 for open ocean [Smith, 1988] and a, = 0.019 for coastal areas (average value
from [Garatt, 1977], [Wu, 1980] and [Geerneart et al., 1986]).

For open ocean conditions, we may also calculate the roughness length z, by the Kitaigorodski
model [Kitaigorodski et al., 1973], given by:

Z, = Ay [ L’ S(w) exp(-2xg/wu,) dw ]°°5 ®-2)

where Ay = 0.028 {Geernaert, 1988] and S(®) denotes the wave spectrum. In our model, S(®) is
taken to be a Philips wave spectrum:

S(w) =p g 0s 0> @ ®.3)

where ) denotes the frequency of the Stokes wave (see equation 3.3) and B is given by Geerneart
et al, [1986]:

B =0.005 + 0.0020 + 1.5(g/wau,) 2 D.4)

for open ocean conditions. Note that this relation for f was established for wave spectra measured
during the MARIEN experiment for unlimited fetch conditions but for water depths of only 15
meter. For application to coastal seas, this model should be improved to take into account the
limited fetch in the case of wind from the shore.
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- CHARNOCK RELATION AND KITAIGORODSKI MODEL D.2

The integral (D.2) is solved numerically with the parabolic rule [Kuypers and Tinman, 1963]
(based on pair-wise application of Simpson's rule), 505 intervals in first iteration, 500 increase for
each subsequeat iteration. The integration limits are ®, = @ + 107) and ®, = 1000. Increasing the
upper limit beyond ; = 1000 did not change the value of the integral significantly. The integral
is calculated to a precision of 105,
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IMPLEMENTATION OF THE CALCULATION OF W(x,2)

The wind field W(x,2) is calculated in a rectangular, equidistantly spaced grid of Nx horizontal
grid points and Nz vertical grid points. Although the actual calculation starts at the water surface,
it is convenient to first look at a regular grid point well above the water surface. The grid spacings
are denoted by 2Ax and 2Az (see figure).

Wi(x;z;)

U(x;-Ax,2i-Az) U(x;+4x,2;-47)

W(xy,21-2A2)

The value of W at a specific grid point (x;,z;) is then given by:

W(xi121) = W(Xi'zi-ZAZ) + AW (E-l)

where

_ U(x;+4x,2;-Az) - U(x,-Ax,z,~-Az)
aw - 2Ax (E2)

Let us now turn our attention to the first grid point (x;.z) that is at a height 0Az < 2Az sbove the
water surface 1)(x). Close to the water surface, the gradients in U and W become large and a more
dense grid is needed to correctly calculate AW. Therefore, @Az is divided in 10 equidistant inter-
vals with spacing A,z. The horizontal grid is expanding with height:
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IMPLEMENTATION OF THE CALCULATION OF W(x,z)

nd

Akx=kAlz 1 skcg<10 (E.3)

where k = 1 in the z-interval closest to the surface. For each of the 10 intervals AW is calculated
and added to the surface value W(x‘,n(x.,))wobuinW(xi.zj).

A difficulty arises when one of the grid points U(x,+Ax, z,-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 = 2 U(xitAx,zi-AAz))( F U(x;,z;~-A2) E4)

The large number of Nz that is needed for an accurate calculation of W(x,z) presents another
numerical problem since the database of the wind field W(x,z) grows very large when both Nx
and Nz are large. To keep its size within acceptable limits, W(x,z) is only calculated from the
wave trough to 1 mtr above the wave crest. Even then, it is necessary to store only every ntb z-grid
point, which results in a z-grid spacing of typically 1-5 cm in the database (depending on the
wave height).[1)

The database may be used to infer W(x,z) at any location (x,z). To this end, the database is
searched for the 4 entries near (x,z), see figure:

W(x;2441) W(x1,2541)

¢ (x,2)

Wi(x;.z;) W(xg1.2)

1 Note that W(x.2) depends 0a Uy, the key input variable. Therefore, databases of W(x,2) are caly valid for oae specific value of Uyq.
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IMPLEMENTATION OF THE CALCULATION OF W(x,2) E3

When one of the grid points (x;,2,) or (x;,,%) is in the water, W(x,z) is calculated from the water

. surface (x,1)(x)) in the manner described above. In the other case, first W(x,z) is calculated by 2-
point interpolation in the x-direction. Subsequently, W(x,z) is calculated from W(x,z) by the
continuity equation. This method yields accurate values for W(x,z) when the x-grid is densely
spaced.

Alternatively, but less accurately, a 4-point interpolation may be used to determine W(x,z),
W(x,z;,,) and W(x,z), neglecting any missing grid points. Thus, W(x,z) = W(x,z,) when (x;,,,2)
is in the water. However, in the model code this method is preferred, because it saves computation
time and yields nearly identical droplet trajectories (see §4.2).
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