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Abstract. The Coastal Aerosol Transport (CAT) model was developed to study the 
evolution of aerosol particle size distributions and composition in the coastal environment. 
The model simulates such processes as particle production at the sea surface, mixing of 
particles through the boundary layer by turbulent diffusion, gravitational settling, and dry 
deposition. The model is initialized at the shoreline with continental and/or surf aerosol. 
An empirical source function was developed which better accounts for the production of 
submicron particles than current formulations. Continental and sea spray particles are 
treated separately to account for effects of processes depending on chemical composition. 
CAT has been tested by comparison with independent data sets as regards the prediction 
of particle size distributions, the wind speed dependence of sea-salt aerosol mass 
concentrations, and the evolution of sea spray aerosol plumes generated over the surf 
zone. The model was applied to study effects of sea spray aerosol produced in the surf 
zone on sea spray concentrations, the composition of continental/sea spray aerosol 
mixture, the uptake of nitric acid by sea spray aerosol, and the effect of the latter process 
on nitric acid profiles. The results lead to the conclusion that surf-produced aerosol 
cannot be neglected in studies of processes involving sea spray aerosol in the coastal 
atmospheric boundary layer. 

1. Introduction 

The coastal environment is a special case as regards aerosol 
properties. At the land-sea transition, aerosol sources and 
sinks change abruptly, in addition to the sudden change in the 
surface properties, and thus in turbulent mixing and aerosol 
transport. Sea spray aerosol is produced only at the sea surface, 
while the primary production of rural, and most of the anthro- 
pogenic, aerosol, takes place over land. On either side of the 
coastline, these two types of aerosols are mixed and supple- 
mented by secondary production. However, the surf zone can 
also be an intensive source of sea spray aerosol [De Leeuw et 
al., 2000a] or formation of new particles at low tide [e.g., 
O'Dowd et al., 1999]. In addition, also sources for aerosol 
precursors and other gaseous species that may influence the 
aerosol composition usually change abruptly at the land-sea 
boundary. Consequently, at either side of the shoreline the 
aerosol composition will change due to exposure to different 
sources, the gradual removal of aerosols from sources that 
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abruptly cease to exist, and the injection of a relatively large 
amount of sea spray over the surf zone. 

In the case of an offshore wind, for instance, the very local 
surf source at the coast line changes the aerosol composition in 
the lower layers near the surface instantaneously from a con- 
tinental aerosol to a mixture of continental and surf-generated 
sea spray aerosol. The relative contribution of both aerosol 
types depends on the concentrations advected from land and 
on the source strength and dispersion of the surf-produced 
aerosol. This mixture is gradually removed due to deposition 
and other processes. Since the removal processes are size- 
dependent [e.g., Slinn and Slinn, 1980], not only the concen- 
trations will change but also the size distributions. At the same 
time, at wind speeds exceeding 3-4 m s -q, sea spray is pro- 
duced in response to wave breaking (and thus the developing 
wave field [e.g., Monahah and O'Muircheartaigh, 1986]) and 
dispersed into the boundary layer. This mechanism compen- 
sates, at least in part, for the loss of surf-produced sea spray 
particles. 

Also, as regards the effects of aerosols, the coastal environ- 
ment has its own specific problems. The mixing of continental 
and marine aerosol, evolving with fetch, is an important factor 
for the assessment of observation systems using visible or IR 
detection [e.g., Fairall et al., 1984; Gathman, 1989]. Their per- 
formance depends on the transmission of the electromagnetic 
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radiation in the atmosphere, which, in turn, is reduced due to 
extinction by aerosols in the propagation path. Another im- 
portant application is the effect of sea spray aerosol on coastal 
ecosystems. In onshore winds, large amounts of sea spray aero- 
sol are advected across the coastline and are deposited close to 
the coast, where they strongly affect the soil composition and 
thus maintain the delicate balance that favors the specific 
coastal vegetation [Vertegaal, 1998]. A recent study indicates 
the large impact of surf-generated aerosols, in comparison with 
sea-salt aerosol advected from the open sea [De Leeuw and 
Moerman, 1999]. However, also further inland the effects of 
sea spray cannot be totally ignored, e.g., because of the impact 
of sea-salt aerosols on corrosion of materials such as buildings 
and monuments. In offshore winds the surf-produced aerosol 
offers a large surface area for heterogeneous reactions, such as 
the uptake of nitric acid (HNO3) by sea spray. 

Various models were developed to study the evolution of 
aerosol size distributions in the marine boundary layer; see 
Gong et al. [1997] for an overview. The model of Gong et al. 
[1997] describes the relevant processes of surface generation of 
sea spray, vertical transport by diffusion and convection, grav- 
itational settling, dry deposition, and wet removal processes by 
both in-cloud and below-cloud scavenging. In addition to these 
processes, the Fitzgerald et al. [1998a] model describes aerosol 
containing sea salt, insoluble continental and sulphuric acid- 
water particles. Nucleation, coagulation, condensation, in- 
cloud SO2 oxidation, and exchange with the free troposphere 
are included, as well as gases participating in the sulphur cycle, 
such as DMS, SO2, and H2SO 4. An important aspect of this 
model is the capability to simulate the transport of aerosols in 
an atmosphere with relative humidity gradients without nu- 
merical diffusion. The influence of sources and sinks of sea 

spray and H2SO4/H20 particles in the marine boundary layer 
(MBL) has been studied by Katoshevski et al. [1999] using a box 
model. 

The coastal aerosol transport (CAT) model, presented in 
this contribution, was developed to evaluate the importance of 
sea spray production in the surf zone [Vignati et al., 1998; 
Vignati, 1999]. A simple approach was chosen to evaluate the 
effects of the surf-produced particles on the physical and 
chemical properties of coastal aerosols. 

2. Coastal Aerosol Transport Model (CAT) 
CAT is a one-dimensional sectional model that describes the 

evolution of particle size distributions and aerosol chemical 
composition in the coastal atmosphere. Only clear sky condi- 
tions are treated in the present study and thus such processes 
as in-cloud transformation and wet deposition are not included 
in CAT. For the short timescales and aerosol concentrations 

considered in the present applications, coagulation has no sig- 
nificant influence on the evolution of the particle size distri- 
butions. Likewise, effects of entrainment, i.e., exchange of 
aerosols or gases across the top of the boundary layer, are not 
accounted for because only at longer timescales do coagulation 
and exchange with the free troposphere become important 
[Fitzgerald et at., 1998a]. 

CAT is initialized at the coastline with a continental particle 
size distribution, to which the surf aerosol is added. The rele- 
vant processes are described in terms of the particle dry radius, 
to avoid numerical problems due to growth effects in an envi- 
ronment with humidity gradients [Fitzgerald et at., 1998a]. 

2.1. Governing Equation 

The general dynamics equation which governs the evolution 
of the aerosol size distribution n(r) (r is particle radius; in the 
equations below n(r) is simply written as n) can be written as 
[see, e.g., Friedlander, 1977] 

Ot ½ V (vn) V (KVn) q- -•- cond/evap coag 

q- •-• (/d#//) q- -•- ...... /sink (1) 

where 

v fluid velocity; 
K eddy diffusivity coefficient; 
v a particle gravitational settling velocity; 
z height above the surface. 

The terms V. (vn) and V ß (KVn) represent advection and 
turbulent diffusion. In CAT the advection term is set to zero, 

and the diffusion term in (1) describes only vertical turbulent 
mixing. The term (0rt/0t)cond/evap describes the rate of change 
of the aerosol size distribution due to condensation or evapo- 
ration, (0rt/0t)coag accounts for coagulation, (0rt/0t)source/sink 
is the rate of change due to nucleation, emission, and removal, 
and 0/0 z(van) describes gravitational settling. 

CAT accounts for the dependence of aerosol processes on 
meteorological parameters such as wind speed, relative humid- 
ity, air temperature or micrometeorological parameters, the 
values of which can be obtained from measurements or mete- 

orological models. In the simulations presented in this paper, 
their values are fixed, i.e., horizontal gradients are zero. Ver- 
tical profiles of relative humidity and temperature were param- 
eterized [Vignati, 1999], and for wind speed vertical variations 
were neglected. 

Nucleation and coagulation are not accounted for in CAT. 
Nucleation is mainly important in very clean environments. In 
polluted areas the available aerosol surface promotes conden- 
sation, thus leaving little material for nucleation. The continu- 
ity equation (1) is solved numerically, as described and tested 
for aerosol processes by I4gnati [1999]. 

2.2. Description of Aerosol Properties 
The aerosol is described as an external mixture of continen- 

tal and sea spray particles. Each component is characterized by 
a discrete size distribution with 26 classes ranging from 0.04 to 
12.59 /•m dry radius. The geometrical mean radius of each 
class is given by r I -- 0.001 x 10 (I+15)/lø), I = 1 - 26. The 
choice of the extremes of the interval is determined by the 
selection of the parameterizations for the thermodynamic pa- 
rameters used in the model and covers the range of aerosol 
sizes important in the coastal zone. 

The sea spray aerosol, represented in the model by sodium 
chloride, is composed of particles that are produced both from 
waves breaking in the surf zone, and from waves breaking on 
the open sea. The continental component, consisting of a va- 
riety of chemical constituents, is represented by ammonium 
sulphate ((NH4)2504). The continental and marine compo- 
nents are treated separately, to account for the differences in 
thermodynamic and microphysical properties of sea salt and 
ammonium sulphate (see section 3.5), and their consequences 
for the various processes. 

The aerosol is distributed over an air column divided into 10 
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vertical layers. In each layer the particle concentration is ho- 
mogeneous. The layer thicknesses increase logarithmically 
with height to allow for a finer resolution close to the ground 
where the surface has a relatively large effect on the particle 
populations and the vertical gradient is largest. The column is 
advected along a horizontal path, with the speed of the wind. 

The time evolution of the particle concentrations Ntype,i in 
class I (type equal to 1 for continental particles and type equal 
to 2 for sea spray) in the generic layer L is described by the 
discretized form of equation (1). Equation (1) is written as a 
function of the dry particle radius. However, the effects of 
processes that depend on particle radius are calculated with 
the wet sizes, i.e., for the particles in equilibrium with ambient 
relative humidity. 

3. Description of Processes Included in CAT 

3.1. Sea Spray Production by Breaking Wind Waves 

Sea spray aerosol is produced as film and jet droplets when 
bubbles, entrained in the water by breaking waves, disrupt the 
sea surface [e.g., Blanchard, 1983], and at wind speeds exceed- 
ing about 9 m s-•, by direct disruption of the wave tops (spume 
droplets) [Monahah et al., 1983]. The surface flux of sea spray 
aerosol, i.e., the number of droplets produced per unit surface 
area and per unit of time is described by the source function. 
Andreas [1998] presented an overview of various source func- 
tions. The two most commonly used source functions were 
derived by Monahah et al. [1986] (hereinafter referred to as 
M86) and by Smith et al. [1993] (referred to as S93). 

The M86 source function is based on laboratory measure- 
ments of the amount of sea-salt droplets produced from an 
artificially generated breaking wave, expressed as the droplet 
flux per unit whitecap, and field observations of whitecap cover 
as a function of wind speed: 

dF 

d•: l'373U264•r-3(1 + 0'057r•'øs)X 10 l'19e-a2, (2) 
where U•o is the wind speed in m s -• at a height of 10 m, B = 
(0.380 - log r)/0.650, and dF/dr is given in m -2/xm -• s -1. 
A second mode was added to describe the spume droplet flux. 
However, application of the latter in models describing effects 
of sea spray aerosols does not give realistic results [e.g., Burk, 
1984; Stramska, 1987; Andreas, 1990a; Smith et al., 1990]. M86 
(p. 173) explicitly mention that "the short-comings of their 
equation as a description of the spume droplet production 
term are such that its use is not recommended." Therefore the 

spume droplet contribution as described by M86 is not consid- 
ered in this work. 

S93 derived a sea spray source function from field measure- 
ments, using a budget method that considers the atmospheric 
concentrations as the result of the balance between surface 

production and removal. This aerosol source function contains 
contributions from both bubble-mediated droplet production 
and spume droplets: 

dF I ( 2] dr8o = • Ai exp -fi In r8ø/ (3) r0i / ' 
i=1,2 

wheref• and rot are constants (f• = 3.1, f2 = 3.3, ro• = 2.1 
/am, and ro2 = 9.2 /am), r8o is the particle radius at 80% 
relative humidity, and the amplitudes A i are wind speed de- 
pendent coefficients given by 

wind speed 9 m/s / 
. 

M86 / 

.... S93 / 
ß 

this work / 

0.01 0.1 1 10 

radius (gin) 

Figure 1. Sea spray aerosol source functions dF/dr, as a 
function of radius, for wind speed of 9 m s-1. 

log (A1) = 0.0676U + 2.43 

log (A2) = 0.959U •/2- 1.476, 
(4) 

where U is the wind speed. These relations were obtained from 
aerosol particle size distributions and meteorological parame- 
ters measured at a height of 10 m above the beach, approxi- 

--2 
mately 14 m above mean sea level. DF/dr8o is given in m 
/am -• s -1, and U is given in m s-•. Equation (3) is valid for 
actual radii of up to 20/am (at 80% relative humidity), corre- 
sponding to a dry radius of approximately 10/am. 

The M86 and S93 source functions are shown in Figure 1 for 
a wind speed of 9 m s-•. They are similar for particles with 
radii between 4 and 8 /am. For larger particles, S93 provides 
higher fluxes; for smaller particles the curves diverge rapidly. 
Comparison with surf zone source functions indicates that M86 
applies better for smaller particles, whereas S93 appears to 
better describe the larger particles [De Leeuw et al., 2000a], 
which supports arguments presented by Andreas [1998] con- 
cerning the application of M86 and S93. However, comparison 
with experimental data will show (see below) that simulations 
using M86 overestimate the concentrations of the smallest 
particles. 

Therefore a practical solution has been sought in the form of 
an effective source function based on data presented by 
O'Dowd et al. [1997] (this source function is further referred to 
as OD97). These measurements were made on a ship on the 
North Atlantic, where coastal effects have no influence. CAT 
was used to iterate the source function until the data presented 
in OD97 were reasonably well reproduced. The resulting 
source function is a sum of three lognormal distributions with 
parameters given in Table 1. Figure 1 shows that OD97 is in 
good agreement with M86 for particles with radii larger than 
0.1-0.2 /am, and with S93 for particles larger than about 10 
/am. OD97 applies to a relative humidity of 80%, and for the 
wind speeds for which data are available (6-17 m s-1). In the 
applications of CAT presented in section 5, the OD97 source 
function is used. 
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Table 1. Effective Source Function Used in CAT, OD97, 
Is Formulated as the Sum of Three Lognormal 
Distributions a 

Number N, 
cm -3 Radius R, /am Standard Deviation 

10 (0'095U+0'283) 0.2 1.9 
10 (0'0422U+0'288) 2 2 
10 (0'069U- 3'5) 12 3 

aF(log r) = N/•/•--• log rrexp (- (log r - logR)2/2 log 2 rr), where 
r is the particle radius. The geometric mean radius R applies for RH 
equal to 80%; U is the wind speed in m s-•. 

3.2. Turbulent Mixing 

Vertical transport of aerosol particles due to turbulence is 
parameterized by an eddy diffusivity formulation. The rate of 
change of the particle number concentration is given by 

The diffusivity coefficient Kz is assumed to vary with height in 
the surface layer according to [cf. Stull, 1988] 

KU•Z 

Kz = ok(z/L)' (6) 
where K is the von Karman constant (K = 0.4), u. is the friction 
velocity, and &(z/L) is a stability correction given by 

1 + 4.7 z/L z/L > 0 stable 1 z/L = 0 neutral (7) dp(z/L) = (l- 15 z/L) -1/4 z/L < 0 unstable. 
Above the surface layer the diffusivity coefficient is assumed to 
be constant throughout the boundary layer, and in the top layer 
it decreases to zero [cf. Seinfeld and Pandis, 1998]. The height 
of the surface layer was set to 50 m. The height of the boundary 
layer was in the presented simulations set to either 260 or 
1000 m, but observed values can be substituted for actual 
conditions. 

The surface layer expression for the diffusivity coefficient 
(equation (6)) derives from Monin-Obhukov similarity theory 
which does not strictly apply in the coastal zone because the 
sudden land-sea transition leads to a nonequilibrium situation 
which violates the basic assumptions. However, observations of 
temperature and humidity profiles at the North Sea near the 
coast, in offshore wind with often very stable thermal stratifi- 
cation, compare quite well with model predictions based on 
Monin-Obhukov similarity theory [De Leeuw and Neele, 1994]. 
Similarly, observations of optical turbulence over coastal wa- 
ters show discrepancies with theoretical predictions, particu- 
larly in stable conditions, but in other conditions the predic- 
tions are quite reasonable [Frederickson et al., 2001]. These 
observations justify the use of equation (7), although the re- 
sults must be critically interpreted. To the best of our knowl- 
edge, no other formulations than those based on Monin- 
Obhukov similarity theory are presently available. 

2ppgr2Cc 
--, (8) v• = 9r/ 

where # is the gravitational constant, r• is the dynamic viscosity 
of air, and C c is the Cunningham coefficient given by 

Cc = 1 +- [1.257 + 0.4 exp (-1.1r/X)], (9) 
F 

where X is the mean free path. Equation (9) shows that the 
settling velocity is a nonlinear function of particle size. 

3.4. Dry Deposition 

Dry deposition is usually described as the results of three 
processes [e.g., Slinn and Slinn, 1980], i.e., transport in the 
surface layer, transport in the very thin quasi-laminar layer 
adjacent to the surface, and the actual uptake by the surface. 
Surface layer transport is described by aerodynamic processes 
due to turbulence and gravitational settling. In the quasi- 
laminar layer, no turbulence occurs, and the air is stagnant. 
Thus transport takes place by Brownian motion and gravita- 
tional settling. 

The deposition velocity over water is commonly parameter- 
ized using an application of the resistance method to a two- 
layer model proposed by Slinn and Slinn [1980]: 

1 1 1 vg(ra) 
va k; + va(ra) kb + va(rw) [k• + va(ra)][k b + va(rw) ] ' 

(•o) 

where the first and the second term of the left-hand side of the 

equation are the resistances in the constant flux layer and in 
the deposition layer, respectively, with 

1 

t : __ CDU(Sc-1/2 'Jr' 10 -3/St) (11) ko t< 

1 

•5 = (• _ •) cou, (•2) 
where Co is the drag coefficient, • is von Karman's constant, 
U is the wind speed, Sc is the Schmidt number defined as the 
ratio between the kinematic viscosity and the particle diffusiv- 
ity, rd and rw are the dry and wet radii, respectively, St is the 
Stokes number: 

vau . 2 
St = --, (13) 

#v 

and v is the kinematic viscosity of air. 
Deposition velocities of submicrometer particles are deter- 

mined by turbulence, which can easily keep them in suspension 
due to their small size. For particles larger than 10 tzm the 
gravitational effect is dominant, and the dependence of depo- 
sition velocity on wind speed vanishes. Because the actual 
particle size is determined by the chemical composition, the 
deposition velocity is different for the two populations that are 
considered in CAT. 

3.3. Gravitational Settling 

Owing to gravitation, a spherical particle with density pp and 
radius r falls with a characteristic velocity, the settling velocity 
v a, given by 

3.5. Condensation and Evaporation 

The equilibrium of a solution droplet with the ambient rel- 
ative humidity (RH) is described by the Kelvin equation [Prup- 
pacher and Klett, 1997]: 



VIGNATI ET AL.: MODELING COASTAL AEROSOL TRANSPORT AND EFFECTS 20,229 

( / S = aw exp RTpwr?' 
where 

S saturation ratio, equal to RH/100; 
rr surface tension of the droplet; 

Mw molecular weight of water; 
Pw density of water; 
aw water activity; 
T ambient temperature; 
R universal gas constant, equal to 0.08204 L atm K -• 

mol -•. 

Water activity and surface tension depend on the particle 
chemical composition. In CAT the water activity for sodium 
chloride and ammonium sulphate as function of solute con- 
centration are calculated using data from Low [1969]. The 
surface tension of an electrolyte solution is calculated using an 
empirical relation [Pruppacher and Klett, 1997]. The use of 
these data is described in detail by Vignati [1999]. 

Two opposing effects control the relationship between the 
particle size and the saturation ratio. The Kelvin effect, rep- 
resented by the exponential term in equation (14), tends to 
increase the vapor pressure when the particle size decreases, 
while on the other hand the solute reduces the vapor pressure. 
The latter process is described by Raoult's law. 

Equation (14) is used also to derive the source function Fo 
of dry sea spray particles from the flux F of sea spray at 80% 
RH: 

dFo drso dF 
: (•S) 

dra dra drs0' 

where r a is the dry radius. The relation between rso and r a can 
be derived from (14); for sodium chloride this results in 

r80 = 1.98894r• 'øø•69. (16) 

For practical applications, r8o = 2rd. It is noted that effects of 
other chemical components, and in particular organic material 
that is often present in sea spray, would change this result. 

The times required for particles of various sizes to reach 
thermodynamic equilibrium are presented by Andreas [1990b]. 
The equilibration time of sea spray particles, i.e., the time 
required to be in equilibrium with ambient relative humidity, is 
longer than for ammonium sulphate particles [Fitzgerald et al., 
1998b]. The time step used in the model is chosen to ascertain 
that enough time is available to reach the equilibrium size of 
all particles in each layer. The characteristic time for a sea-salt 
particle emitted at the sea surface with an initial wet radius of 
50 •m to reach its equilibrium size at 97.5% relative humidity 
is 150 s. This upper limit implies that particles with a wet radius 
larger than 50/•m cannot be included in the model. The cor- 
responding dry particle radius is about 12.5/•m, large enough 
to ensure that the majority of the particles of interest for 
processes involving sea spray aerosol are included. For RH < 
97.5%, shorter time steps are used. 

4. Model Performance: Comparisons 
With Experimental Data 

CAT was tested by comparisons with experimental data. 
Comparisons were made for various fetches. Where a long 
fetch is indicated, the model was run for 300 km. Although 
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Figure 2. Comparison of model results with measurements 
reported by Smith et al. [1993]. 

strictly the assumptions may not apply for such long fetches (or 
long run times), these tests are mainly to check on the model 
performance as regards reproducing reasonable size distribu- 
tions and their wind speed dependence, mainly for particles 
that are less dependent on processes not included in CAT. 

4.1. Size Distributions 

The first test was a comparison of size distributions calcu- 
lated with the model at a long fetch, at wind speeds of 5 and 
10 m s -1, with measurements reported by Smith et al. [1993]. 
The measurements were made at the island of South Uist 

situated approximately 100 km off the northwest coast of the 
Scottish mainland, with optical particle counters mounted 
close to the high water mark at a height of 10 m above the 
beach, i.e., 14 m above the water surface. As described by 
Smith et al., the data were not influenced by local effects and 
are representative of the open sea. Results for wind speeds of 
0, 5, and 10 m s-• binned in intervals with a width of 1 m s-1 
(Figure 1 of Smith et al.), are reproduced in Figure 2, together 
with particle size distributions calculated using CAT. The 
model results and the Smith et al. data compare favorably. 

Having established that the model runs well for particle size 
distributions measured in the same area as for which the S93 

source function was developed, a second test was made using 
all three source functions to reproduce data presented by 
O'Dowd et al. [1997]. The results presented in Figure 3 show 
that the simulated particle size distributions at long fetch with 
each of the source functions compare favorably with the data 
from O'Dowd et al. [1997] at the large particle end. As ex- 
pected, the S93 source function fails for particles smaller than 
2-3/zm, but the particle size distributions calculated using the 
M86 source function give excellent results down to about 0.2 
/zm. Obviously, the OD97 source function reproduces the par- 
ticle size distribution over the whole range down to 0.07 tzm. 

4.2. Wind Speed Dependence 

The next test concerns the variation of the aerosol mass 

concentration with wind speed. CAT was initialized with zero 
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Figure 3. Comparison of modeled particle size distributions 
with data from O'Dowd et al. [1997] for a wind speed of 9 m 
s -•. The data were calculated with different source functions. 

aerosol concentrations, and the only aerosol source was sur- 
face-generated sea spray. The concentrations were evaluated 
for various wind speeds, with neutral thermal stratification and 
well-mixed water vapor concentrations, over a long fetch. At 
the end of the runs the total sea spray aerosol mass was eval- 
uated from the particle size distributions at a height of 10 m 
above the sea surface. The calculations were made using M86 
and S93. Results are presented in Table 2, where the coeffi- 
cients are given for power law fits to the aerosol mass versus 
wind speed relations (lnc = In b + a U). The results are 
compared with parameterizations published by Gong et al. 
[1997], based on results from Extort et al. [1986], derived from 
aerosol size distributions measured at the coast of the Heb- 

rides (Scotland), and from Marks [1990], measured on Meet- 
post Noordwijk, an offshore tower in the North Sea at 9 km 
from the Dutch coast. The wind speed dependence derived 
from the CAT calculations is in good agreement with the 
results from Exton et al. This similarity was to be expected 
because the source function of Smith et al. [1993] used in the 
model was derived from aerosol data collected at the same site, 
but from a different data set. 

4.3. Aerosol Transport: Evolution of Surf Plume 

A qualitative test of the model was obtained from a com- 
parison with data from an experiment in Duck, North Carolina 

Table 2. Dependence of Sea-Salt Mass Concentrations on 
Wind Speed (lnc - In b + a U)' Results From CAT 
Using M86 and S93, and Comparison With Experimental 
Data 

Maximum Wind, 
Reference m s- • a, s m -• b, /xg m -3 

Extort et al. [1986] 20 0.17 14.3 
Marks [1990] 24 0.23 1.13 
CAT, using S93 -.. 0.17 3.9 
CAT, using M86 ... 0.14 8.1 

(United States), in February 1998. Horizontal and vertical pro- 
files of aerosol backscatter coefficients over the surf and fur- 

ther out to 3 km offshore were measured with the LIDAR of 

the Naval Research Laboratory (NRL) in Washington, D.C. 
[Hooper et al., 1996] (see also http://wvms.nrl.navy.mil/7221/ 
vil.html). Data from a previous LIDAR experiment at this site 
[Hooper and Martin, 1999] compare favorably with the results 
from the EOPACE surf measurements on the California coast 

[De Leeuw et al., 2000a] shown in Figure 4. Based on this 
similarity, the EOPACE data were used as input for CAT for 
an independent simulation to test the model versus the 
LIDAR measurements. 

An example of a lidar scan of aerosol backscatter by plumes 
produced over the surf and transported out over the ocean by 
an offshore wind is shown in Figure 5a (W. A. Hooper, private 
communication, 1999). The backscatter levels have been set 
such that signals from ambient aerosols are masked and only 
the surf-produced plumes are shown. The plumes grow with 
distance from the beach, to heights of about 100 m after 600 m, 
while the backscatter intensity decreases due to dilution of the 
aerosol concentrations by dispersion. Operation of the LIDAR 
in a different mode, allowing for visualization of the plumes 
over much larger distances, confirms that the plumes continue 
to grow with fetch. Figure 5a also shows backscatter from a 
height of about 200 m, suggesting that this is the cloud layer. 
Hence it is anticipated that the boundary layer height for this 
day was about 200 m. 

A simulation was made with CAT, using the meteorological 
parameters measured during the experiment, for very short 
fetch to reproduce these data. Results are shown in Figure 5b, 
as a contour plot of the aerosol surface area (as a measure of 
the aerosol backscatter coefficient). The development of the 
aerosol plumes and the diminishing concentrations with in- 
creasing distance from the coast are similar to those measured 
with the LIDAR. The initial plume heights in Figure 5b are 
higher than in the LIDAR data. This is due to the initialization 
of CAT with the EOPACE data that were measured on the 

beach at an average distance of 75 m from the water line, 
where the plume heights were somewhat higher than immedi- 
ately over the surf. The growth of about 40 m over a distance 
of 500 m observed with the LIDAR (Figure 5a) is similar to 
that shown in Figure 5b for the 20 gm 2 cm -3 contour line. 
Also, the variation of particle concentrations, at a certain 
height, with distance from the coastline is well reproduced by 
CAT. 

The similarity between the aerosol plumes calculated with 
CAT and those observed with the NRL LIDAR in Duck sug- 
gests that CAT provides a reasonable description of the aero- 
sol transported over a short distance by offshore winds. Qual- 
itatively, both the vertical dispersion and the dilution with 
distance are well reproduced. 

5. Applications 
CAT was used to determine to what extent the effect of 

surf-produced sea spray must be taken into account for the 
description of various processes. The simulations were made 
for fetches up to 25 km, and for wind speeds up to 8 m s -•, the 
highest wind speed for which surf data are available [De Leeuw 
et al., 2000a]. Studies were made of (1) the contribution of 
surf-produced sea spray aerosol to the total concentrations 
including surface production by breaking waves, (2) the mixing 
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Figure 4. Mean initial sea spray size distributions over the 
surf for (a) 1, (b) 3, and (c) 8 m s -•. The levels are identified 
by their mean height. 

of sea spray aerosol and continental aerosol, and (3) the het- 
erogeneous reaction between sea-salt aerosol and nitric acid 
and the evolution of aerosol and nitric acid profiles with fetch. 
In all cases, the sea spray population was initialized with the 

EOPACE experimental data for the size distributions and ver- 
tical profiles of surf-produced aerosol (see Figure 4). 

5.1. Horizontal Transport and Effect 
on Sea Spray Concentrations 

The contribution of surf-produced aerosols to the sea spray 
size distributions in offshore winds was simulated for wind 

speeds of 1 and 8 m s -•. Only surf-produced aerosol and 
production at the sea surface were considered. Continental 
backgrounds were set to zero. The computations were made 
for a column with a thickness of 260 m, which is representative 
for the marine boundary layer height off the California coast. 
Particle size distributions calculated for different fetches are 

presented in Figure 6. Initially, the concentrations are decreas- 
ing fast for all sizes. For the smaller particles the concentra- 
tions at a fetch of 25 km are about 1 order of magnitude 
smaller than the original values. As can be seen from (10)- 
(12), the removal rate is wind speed dependent, with higher 
deposition velocities for larger wind speed. 

The removal of particles larger than 1 /•m is partially bal- 
anced by surface production. At the lowest wind speed, obvi- 
ously no primary production occurs. The effect of surface pro- 
duction at 8 m s- • is clear from a comparison of Figures 6a and 
6b. Where at the lower wind speed the concentrations of par- 
ticles larger than 2-3 /•m decrease very rapidly, the primary 
production at the higher wind speed appears to sustain the 
concentrations at the largest fetches. 

This is further illustrated with the results presented in Figure 
7 for 8 m s-l, where concentrations of particles in the layer 
centered around 12 m are plotted as a function of the distance 
from the coastline for two situations. One set of curves shows 

a simulation of the evolution of the concentrations of the 

surf-produced particles with fetch, in the absence of surface 
production. For the calculation of the other set of curves, the 
concentrations over the surf were set to zero, and the evolution 
of the sea spray concentrations due to primary production was 
calculated. Obviously, the concentrations of the surf-produced 
particles decrease with fetch, fastest for the largest particles 
due to removal by dry deposition. Also as expected, the con- 
centrations of the surf-produced particles increase. However, 
the rate of increase is determined by the balance between 
production and removal, and is faster for the 0.5/•m particles 
than for the larger ones. For the simulations presented in 
Figure 7, with the EOPACE surf concentrations and the OD97 
source function, this results in a situation where the surf- 
produced particles provide the largest contribution to the sea 
spray concentrations to fetches of more than 35 km. As sug- 
gested by the results in Figure 6b, two modes develop, roughly 
around 0.5 and 5 /•m, and for these modes the surface pro- 
duction becomes more important only at fetches of 45 and 38 
km, respectively. For particles of 10/xm radius this occurs at a 
fetch of 50 km. Even at this fetch, the concentrations are still 
increasing for all sizes. 

5.2. Mixing of Continental and Sea Spray Aerosol 

The mixing of continental and sea spray aerosol in offshore 
winds was studied for fetches up to 100 km, accounting for 
both surf and surface production of sea spray. The continental 
aerosol is initialized with a size distribution which represents 
the average of the size distributions obtained during the 
EOPACE experiments in La Jolla during offshore winds, and 
is modeled as the sum of three lognormal size distributions 
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Figure 6. Modeled sea spray size distributions at 0, 2, 5, 10, 
and 25 km from the coastline at 12 m height. Wind speed is (a) 
1 and (b) 8 m s -•. Initial conditions as shown in Figure 3. 

(see Figure 8). It is assumed to be uniformly mixed throughout 
the boundary layer. 

The particle chemical composition at various fetches, i.e., 
the percentages of the total particle numbers consisting of 
either sea salt or ammonium sulphate is presented in Table 3 
for particles with wet radii of 0.2, 2, and 20 /•m. The results 
apply to calculations at a height of 12 m. 

As expected from the overwhelming amount of particles 
advected from land, as compared to both the surf production 
and the primary production at sea, the smallest particles (r - 
0.2 /•m) are mainly ammonium sulphate. Even at low levels 
over the surf zone, sea-salt particles contribute only 2%. Their 
contribution decreases rapidly due to redistribution of the par- 
ticles over the column by diffusion. 

Supermicron sea spray particles are produced over the surf 
zone in relatively much greater quantities, and hence their 
contribution to the total concentration is much more impor- 
tant. Over the surf the particles with a radius of 2/•m consist 
of similar amounts of sea salt and continental aerosol. While 
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Figure 7. Modeled particle concentrations as a function of 
distance from the coastline for particles of 0.5 (diamonds), 5 
(triangles), and 10 (circles)/•m at 12 m height. Wind speed is 
8 m s -•. Initial conditions represented by EOPACE data. 
Open symbols represent the contribution of the surf-produced 
particles; solids symbols denote that of the surface-produced 
particles. 

advected over the sea, effective mixing takes place due to 
vertical transport, and the concentrations are also influenced 
by removal by dry deposition and production of sea spray. 
Thus, initially, the fraction of sea spray decreases due to dilu- 
tion over the column and then increases again because of the 
primary production of sea salt and the removal of continental 
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Figure 8. Comparison of the lognormal size distributions 
used in the calculations (line) with experimental data obtained 
during the EOPACE experiments in La Jolla (triangles and 
crosses). Two different particle size distributions are shown, 
with slightly different characteristics, which were both mea- 
sured in an offshore wind, upwind from the surf zone, and are 
representative for the aerosol advected from land. 
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Table 3. Contribution of Sea-Salt (SS) and Ammonium Sulphate (AS) Particles to the 
Total Particle Number Concentrations at 0.2, 2, and 20/•m Wet Radius at Various 
Fetches, Calculated With CAT 

Initial at 2 km at 25 km at 100 km 

r, •m SS, % AS, % SS, % AS, % SS, % AS, % SS, % AS, % 

0.2 2 98 1 99 1 99 1 99 

2 51 49 34 66 20 80 26 74 

20 97 3 90 10 63 37 73 27 

aerosol that is not replaced from any sources. At 25 km the 
continental component contributes 80% to the total mass in 
the 2/•m fraction. The extended simulation shows that at 100 
km this contribution is reduced to 74%. 

The largest particles (20/•m) are dominated by sea salt at all 
fetches from the surf zone up to 100 km. This is explained by 
the very small initial contribution of continental aerosol to 
particles of this size, which are effectively removed by gravita- 
tional settling and dry deposition. Thus the continental parti- 
cles disappear relatively fast, while sea spray is efficiently pro- 
duced at the sea surface. 

5.3. Interaction Between Nitric Acid and Sea 

Spray Particles Close to the Coast 

Nitric acid (HNO3) is produced from NO2, a gas phase 
product from combustion processes, at a rate of a few percent 
per hour. It reacts in the presence of ammonia to form nitrate 
in the aerosol phase. In the marine atmosphere, HNO3 is 
removed by reaction with sea-salt aerosol: 

HNO3(g) + NaCl(s)-• NaNO3(s) + HCl(g). (17) 

Both HNO3(g) and NaNO3(s) are deposited to the sea sur- 
face where they contribute to eutrophication. The C1 replace- 
ment reaction (17) is important because of the different dep- 
osition velocities for gaseous species and particulate matter. 
Hence also the fluxes of HNO3 are influenced by reaction (17) 
[Geernaert et al., 1998]. The following simulation is focused on 
the effect of surf-produced particles on nitric acid profiles. 
Therefore the production of HNO 3 due to dissociation of 
ammonium nitrate is neglected. 

The variation of HNO 3 profiles with fetch due to surf- 
produced particles was evaluated using CAT for a wind speed 
of 8 m s -1. In the calculations, only sea spray particles were 
considered and no continental aerosol. Both the sea-salt aero- 

sol surface available for condensation of HNO3, and the very 
HNO 3 concentrations change with distance to the coast. Apart 
from the transformation of HNO 3 into the aerosol phase, the 
gas is also removed by deposition to the water surface. The dry 
deposition velocity of nitric acid to the sea surface is related to 
the atmospheric conditions and the sea surface characteristics 

VdHNO3--Ra + Rb + Rs' (18) 
where R a is the aerodynamic resistance, R•, is the resistance of 
the "quasi-laminar boundary layer" adjacent to the sea surface, 
and Rs is the surface resistance. The resistances are calculated 
following Ganzeveld and LelieveM [1995]. 

The description of the reaction between HNO3 and sea salt 
in CAT accounts for gas-phase diffusion, interface mass trans- 
port, and the rapid aqueous-phase equilibrium between the 
gas-phase and the dissolved phase. At any relative humidity 

where particles can be considered dilute solutions, the mass 
transport can be calculated by assuming the rapid establish- 
ment of aqueous-phase equilibria, expressed by Henry's law 
[Schwartz, 1986; Dentener, 1993]. The dynamics of species in 
the gaseous phase can then be described by the following 
equations: 

dp• = wL kmci(aq) _ WLkmPi, (19) dt 

where Pi is the partial pressure (atm) of the gas phase species 
i, wL is the aerosol water content (nondimensional), H i is the 
effective Henry's law coefficient (mol L -1 atm), and ci(aq) is 
the concentration of the species i in the water phase (mol L-l). 
The parameter k m is a transfer coefficient (s -1) given by 

( r2 4r ) -1 (20) km = 3--•mm + 3 VmCr ' 
where D m is the diffusion coefficient of the species in the gas 
phase, Vm is the average molecular speed, and cr is the accom- 
modation coefficient [Schwartz, 1986]. The two terms on the 
right-hand side of the equations describe the gas phase trans- 
port and the interfacial mass transport, respectively. The co- 
efficient k m approaches the correct values both in the contin- 
uum and in the kinetic regimes. The time variation of the 
aqueous phase concentration is given by 

dci(aq) 1 1 
d-• = RT kmp, H,RT kmci(aq), (21) 

where R is the gas constant, equal to 0.08204 L atm K- • mol-•. 
Accounting for aqueous phase reactions would require an ad- 
ditional term in (21). 

The particle pH is accounted for in the calculation of the 
effective Henry's law coefficient. When the particles become 
very acidic, the transfer of HNO 3 from the gas phase will stop. 
Only the equations for HNO3-NO•- dynamics have been im- 
plemented, and the droplet pH decreases as nitric acid con- 
denses. 

Results of the simulations, i.e., profiles for sea spray and 
HNO 3 for various fetches, are presented in Figure 9. Initially, 
the sea spray concentration profile (Figure 9a) shows a large 
gradient from the surface level to the height of the surf plumes 
(30 m). After 2 km, the concentrations near the surface have 
significantly decreased, mainly due to diffusion into the upper 
layers. With increasing fetch the vertical gradients gradually 
decrease further, but even at 25 km some vertical variation is 
still visible in Figure 9a. 

The nitric acid profile was initialized with a constant value of 
200 ppt (0.5/•g m -3) at the coastline. In the evolution of the 
gas concentration profile, compare with Figure 9b, the influ- 
ence of the two competing processes, dry deposition of HNO 3 
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and uptake by sea spray aerosols, is evident. Gaseous deposi- 
tion obviously only takes place in the lowest layer, and the 
profile is shaped by diffusion between the various layers and 
uptake by sea spray, which initially occurs only in the lowest 
layers. As the aerosols are dispersed in the vertical, the sea 
spray provides a distributed sink throughout the boundary 
layer. This is best illustrated with a simulation where the gas- 
eous deposition was set to zero (Figure 9c). This figure shows 
that after 2 km the HNO3 concentrations are significantly 
reduced near the surface. At higher levels the concentrations 
become lower as the fetch increases and the sea spray concen- 
trations are more homogeneously distributed over the column. 
Comparison with the data in Figure 9b, where both effects 
were taken into account, shows that the initial decrease of the 
HNO3 concentrations in the lowest layer is mainly due to 
gaseous deposition, but in the layers above, sea spray becomes 
increasingly important. Overall, at a fetch of 2 km, about 40% 
of the HNO• removal in the lower 20 m is due to uptake by 
sea-salt particles. The comparison of Figures 9b and 9c also 
shows that at longer fetches the HNO• concentrations in the 
highest layers are mainly determined by the removal due to the 
uptake by sea spray. Further, in the lowest layer the dry dep- 
osition flux is limited by the amount of HNO• diffusing down- 
ward from higher layers, and thus the influence of deposition 
on the HNO• concentrations in the column is reduced with 
respect to the sea-salt effect. At the longest fetch of 25 km, 
about 80% of the reduction of the HNO3 concentrations in the 
column is due to the effect of sea spray. 

6. Discussion 

CAT has been developed to evaluate processes in the coastal 
atmosphere involving aerosols. The simulations were made 
with continental aerosol, represented by ammonium sulphate, 
and sea spray, each with their own thermodynamic properties. 
Obviously, the chemical composition can be chosen according 
to data applying to a particular site, or based on emission 
inventories. However, for each compound the thermodynamic 
properties are different, and thus require proper formulation 
for inclusion in CAT. 

The meteorological parameters used in the presented sim- 
ulations are simplified. The purpose of the present study is to 
indicate the importance of various effects, rather than to pro- 
vide an exact quantitative analysis for a given situation. The 
latter requires a sophisticated meteorological model describing 
the coastal meteorology including the values for the various 
micrometeorological parameters used in CAT at each time 
step. In addition, the evolution of the wind speed with increas- 
ing fetch, and thus the wave field, implies that the wave break- 
ing characteristics are different from those in a well-developed 
wave field in balance with the wind. This will also have conse- 

quences for the sea spray source function. Model results by 
Geernaert and Astrup [2000] indicate that for neutral stratifi- 
cation the wind speed profile and drag coefficient are signifi- 
cantly affected by coastal influences only for fetches smaller 
than 10 km. Hence also the effect on the source function will 

be significant at such fetches, where, according to results pre- 
sented above, the surf-produced aerosol dominates the sea 
spray concentrations. Thus the influence of the developing 
wave field on the sea spray concentrations at short fetches is 
not expected to significantly affect the results of CAT. 

This conclusion is based on the dominance of the surf- 

produced sea spray aerosol, and the question arises whether 

the surf aerosol source used in CAT, derived from measure- 
ments on the California coast, also applies elsewhere. De 
Leeuw et al. [2000a] derived their source function from mea- 
surements at two different sites with significantly different surf 
widths. The results for both sites were similar. CAT results also 

compare favorably with LIDAR measurements in Duck (North 
Carolina) on the North Atlantic coast. These observations in- 
dicate the general applicability of CAT for oceanic coastal 
sites. 

Insights in the differences between surf aerosol production 
along the shores of the open Pacific Ocean and along the 
shores of relatively enclosed seas such as the Baltic and the 
North Sea are available from De Leeuw et al. [2000a, 2000b] 
and De Leeuw and Moerman [1999]. De Leeuw et al. [2000a] 
compared the EOPACE results with data obtained on the 
Polish coast of the Baltic from Petelski and Chomka [1996], 
after accounting for differences in both measurements and 
data analysis, as well as factors such as swell and salinity. They 
concluded that at higher wind speeds the surf production at 
each location is quite similar. At very low wind speeds, large 
differences remain due to the absence of swell. 

Also, results presented by De Leeuw and Moerman [1999] 
indicate the large contribution of surf-produced aerosols to the 
sea spray concentrations. Furthermore, LIDAR measurements 
along the North Sea coast clearly reveal the existence of surf- 
produced aerosol plumes in offshore winds and their transport 
over sea over distances of at least 5 km [De Leeuw et al., 
2000b]. 

No ideal data set is presently available that could be used for 
the validation of CAT, i.e., a data set containing vertical pro- 
files of aerosol particle size distributions as a function of dis- 
tance from the coast line. A comparison of CAT with available 
other types of experimental data yields good qualitative results. 
The particle size distributions calculated with CAT for long 
fetch compare favorably with data from two different experi- 
ments on the North Atlantic [Smith et al., 1993; O'Dowd et al., 
1997]. The variation of the aerosol mass with wind speed is 
reasonably reproduced by CAT, as deduced from comparisons 
with data sets for the North Atlantic [Exton et al., 1986] and the 
North Sea [Marks, 1990]. The concentrations over the North 
Sea are lower (see Gong et al. [1997] for a discussion of the 
wind speed dependence observed at various locations). Finally, 
the evolution of the sea spray aerosol plume produced over the 
surf zone is well reproduced by CAT. 

Having established that CAT reasonably predicts the spec- 
tral shape, the concentrations, and their wind speed depen- 
dence, as well as aerosol dispersion, the model was applied to 
several situations to assess the influence of surf-produced sea 
spray aerosol on processes in the MBL. First, the influence of 
surf production on the total concentrations of sea spray was 
investigated for fetches up to 25 kin. The results depend on 
particle size. It is noted that secondary production, which often 
dominates the accumulation mode aerosol concentrations, is 
not included in CAT. O'Dowd et al. [1997, p. 75] note that 
"under clean marine conditions and moderate to high winds, 
the sea-salt aerosol could readily dominate the accumulation 
mode aerosol." This refers to a wind speed of 17 m s-•, which 
is much higher than the maximum wind speed of 8 m s -• 
considered in the present work. 

The calculations apply for the highest wind speeds consid- 
ered in this work, 8 m s- •. For higher wind speeds the situation 
may be different, but unfortunately no data are available for 
the surf source function. This is a limitation, but it is noted that 
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for many coastal regions a mean wind speed of 8 m s -• is 
rather high. Hence, in modeling studies of coastal effects in- 
volving sea spray aerosol, the effect of production in the surf 
zone needs to be accounted for. 

Similarly, the effect of surf-produced aerosol cannot be ne- 
glected for applications in which the aerosol composition is 
important. Results presented show that at a height of, e.g., 
12 m, the sea spray size distribution varies with fetch and that 
this variation is wind speed dependent. Results in Table 2 show 
that the contributions of continental and sea spray aerosols to 
the total aerosol concentrations are size-dependent and in fact 
the fraction of continental aerosol in certain size ranges may 
initially increase, due to dilution of the sea spray fraction 
because of vertical diffusion, before the effect of removal 
causes a decrease of this fraction. 

Finally, an example was presented of the effect of sea spray 
on flux profiles of nitric acid. In the absence of surf-produced 
aerosol, there would initially only be gaseous deposition at the 
sea surface, until enough sea spray would have been produced 
to have a significant effect. With the high concentrations of sea 
spray immediately available at the coast line, nitric acid is 
effectively removed also at very short fetches, thus providing a 
possible explanation for observed effects in coastal regions as 
regards aerosol composition [e.g., Schulz, 1996]. Estimates for 
the deposition of HNO3 are usually based on measurements 
taken on the open ocean. Effects close to the coast line, where 
they may be largest in view of the vicinity of sources for gas- 
eous species and the large sea spray surface area, were thus far 
not addressed [De Leeuw et al., 2001]. With a contribution of 
about 30%, atmospheric transport and dry deposition have 
been indicated as an important pathway for eutrophication of 
coastal seas [North Sea Task Force, 1993]. Therefore an accu- 
rate estimate of the deposition of nitrogen compounds such as 
HNO3 is important for the evaluation of reduction strategies. 

An important aspect of the surf-produced aerosol may be 
that even at very low wind speeds, where wave breaking and 
thus production of sea spray does not occur on the surface of 
the open ocean, the presence of swell still causes wave break- 
ing at the coast line and thus surf production. Thus, even at 
very low wind speeds, sea spray aerosol is available that offers 
surface for heterogeneous reactions. 

7. Conclusions 

CAT was developed to study effects of surf-produced aero- 
sols on processes in the coastal marine boundary layer, both 
over sea and over land. Here only studies were reported in 
offshore winds, where the surf-produced aerosol is advected 
over the sea. The surf can be an intensive source of sea spray 
aerosol. Such effects were either ignored, or avoided when 
measurements were made at coastal sites. 

The present work shows clearly that surf-produced aerosol 
has a large influence on the sea spray concentrations in the 
coastal marine atmospheric boundary layer, and thus on the 
relative contributions of continental and marine aerosol, which 

in turn is important to assess effects on transmission of elec- 
tromagnetic radiation and thus the performance of electro- 
optical systems and visibility. Furthermore, sea spray aerosol is 
produced in the surf zone in very high concentrations that 
immediately at the coast line are available for heterogeneous 
chemical reaction, and thus influences, e.g., atmospheric input 
of nitrogen in coastal waters. 

Hence surf-produced aerosol cannot be ignored and needs 

to be accounted for both in modeling and in experimental 
work. A simple assessment of the particle size distribution at 
either side of the coastline is not sufficient. A transport model 
such as CAT could be used in the evaluation of processes in the 
coastal atmospheric boundary layer involving aerosols. 
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