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Abstract. Open-ocean and surf-zone sea-salt aerosol (SSA)
emission parameterizations are incorporated in the CAMx
aerosol model and applied over an area with an extended
Archipelago (Greece), with a fine grid nested over the highly
populated Attica peninsula. The maximum indirect impact
of SSA on PM10 mass (35%) is located over a marine area
with moderate SSA production and elevated shipping emis-
sions (central Aegean Sea) where SSA interacts with anthro-
pogenic nitric acid forming sodium nitrate. SSA increases
PM10 levels in the Athens city center up to 25% during stable
onshore winds. Under such conditions both open-ocean and
surf-zone mechanisms contribute to aerosol production over
Attica. A hybrid scheme for gas-to-particle mass transfer
is necessary for accurately simulating semi-volatile aerosol
components when coarse SSA is included. Dynamically sim-
ulating mass transfer to the coarse particles leads to a quadru-
pling of predicted PM10 nitrate in the Athens city center and
up to two orders of magnitude in its coarse mass in compari-
son to using a bulk equilibrium approach.

1 Introduction

Sea salt is one of the major atmospheric aerosol components
on a global scale (Lewis and Schwartz, 2004) and can sig-
nificantly impact particulate matter concentrations. Sea-salt
aerosol (SSA) is mainly produced by bursting bubbles dur-
ing whitecap formation in the open-ocean (Monahan et al.,
1986). A more localized mechanism of SSA production in-
volves waves breaking in the surf zone. This mechanism may
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affect areas even at a distance of 25 km from the coastline
and can dominate the coastal SSA levels (Monahan, 1995;
De Leeuw et al., 2000; Woodcock et al., 1963).

The diameter of SSA ranges from less than 0.2µm to
greater than 2000µm. The ambient SSA mass distribution
is dominated by particles in the 1–10µm diameter range. In
a typical urban atmosphere, measured mass size distributions
of sodium and chloride concentrations show a dominant peak
around 4µm (Wall et al., 1988). Particles smaller than 1µm
can make substantial contributions to cloud condensation nu-
clei concentrations (Pierce and Adams, 2006), while particles
larger than 50µm have a very short atmospheric lifetime and
play a negligible role in atmospheric chemistry (Lewis and
Schwartz, 2004).

SSA participates in atmospheric chemistry by interacting
with atmospheric pollutants. For example, sodium chloride
in polluted areas (e.g. cities or areas with ship-routes) reacts
with sulfuric and nitric acid producing sodium sulfate and
nitrate together with hydrochloric acid gas. The timescale of
these reactions with coarse SSA can be several hours (Meng
and Seinfeld, 1996) and leads to a chloride “deficit” in the
SSA (Seinfeld and Pandis, 1998). As sea-salt particles are
transported inland during periods with onshore winds, they
compete with the fine aerosol particles for sulfuric and nitric
acid changing both the concentration and size distribution of
the corresponding sulfate, nitrate and chloride salts.

The first atmospheric aerosol thermodynamics modules
(EQUIL, KEQUIL, MARS, MARS-A) neglected the role
of sea-salt, and focused on the sulfate-nitrate-ammonium-
water system (Bassett and Seinfeld, 1983; 1984; Saxena et
al., 1986; (Binkowski and Shankar, 1995). This can lead
to errors in the simulated chemical composition of aerosol
and the related gas-phase species, especially for coastal and
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marine-affected areas (Bessagnet et al., 2004; Hodzic et al.,
2006). The second generation of such modules (e.g. SEQUI-
LIB, SCAPE, EQUISOLV, ISORROPIA and ISORROPIA
II) describes the interactions among sodium and chloride and
the rest of the major inorganic aerosol species (Nenes et al.,
1998; Zhang et al., 2000; Fountoukis and Nenes, 2007). Nev-
ertheless, even models incorporating such modules can un-
derestimate PM10 aerosol mass in coastal areas when they do
not include SSA emissions (Mebust et al., 2003). Errors can
also occur when models assume instantaneous mass trans-
fer between the gas and condensed phases in areas with high
sea-salt concentrations (Lurmann et al., 1997). Capaldo et
al. (2000) argued that in these cases the total nitrate concen-
tration is underestimated and the nitrate distribution is biased
towards the fine aerosol.

Several authors have proposed parameterizations for sea-
salt emissions fluxes (Ling et al., 1980; Gathman, 1982;
Blanchard, 1963; Fairall et al., 1983; Monahan et al., 1986;
Bortkovskii, 1987; Woolf et al., 1988; Andreas, 1992; Iida et
al., 1992; Wu, 1992; 1993; Smith et al., 1993; O’Dowd et al.,
1997; Andreas, 1998; Smith and Harrison, 1998; De Leeuw
et al., 2000; Hoppel et al., 2002; Martensson et al., 2003;
Gong, 2003; Clarke et al., 2006). These expressions typically
calculate the number flux density of SSA as a function of the
wind speed at 10 m a.s.l. (U10) and at a specific ambient rela-
tive humidity (usually at 80% RH). Martensson et al. (2003)
is an exception and includes a temperature dependence and
O’Dowd et al. (1997) specify the concentration rather than
the emission flux. Parameterization applicability depends on
SSA size range and wind speed. Almost all source func-
tions predict open-ocean produced aerosol, except DEL00
(De Leeuw et al., 2000), which is a surf-zone parameteri-
zation. CL06 (Clarke et al., 2006) is the parameterization
extending to the smallest particle size (0.01µm dry particle
diameter); G-M03 (Gong, 2003) is based on the classical for-
mulation of Monahan et al. (1986) and has been found to
agree reasonably well with observations up to 40µm in di-
ameter (at 80% RH).

A number of attempts have been made to incorporate SSA
source functions in atmospheric models. Most applications
are on a global scale (Alexander et al., 2005; Gong et al.,
1997; Witek et al., 2007; Pierce and Adams, 2006; Gong,
2003; Ma et al., 2008), while fewer studies refer to regional,
though low resolution applications (Spyridaki et al., 2006;
Foltescu et al., 2004; Pryor et al., 2008; Nolte et al., 2008).

Ma et al. (2008) show that radiative forcing for sea
salt is similar to that for sulfate aerosol, while Pierce and
Adams (2006) showed an increase in predicted CCN concen-
trations when sea-salt emissions are included, though these
values are quite sensitive to the mean wind speeds and dis-
tributions. Witek et al. (2007) reported good correlation be-
tween SSA simulation results and data from shipboard ex-
periments, although their predictions were higher. This over-
prediction increased at high wind speeds. Higher sodium
predictions at marine-affected ground stations in Northern

Europe were also reported by Foltescu et al. (2004), who
stressed the model’s difficulty in capturing deposition in
complex terrain, the coarse particle sampling difficulties, as
well as mass differences caused by area-to-point compar-
isons. On the other hand, Spyridaki et al. (2006) found
under-predictions of marine aerosol species over the south-
eastern part of Greece, probably due to underestimation of
sea-salt boundary concentrations. Pryor et al. (2008) showed
that sea-spray is not an inert addition to the aerosol, as it
affects particle composition and predominantly nitrate con-
centrations. This is also stressed by Shankar et al. (2005)
although the effect was underestimated by their model due
to the underestimation of the fine SSA and to the exclu-
sion of surf-zone emissions from the applied parameteriza-
tion. The latter is further stressed by the study of Vignati et
al. (2001), which concludes that surf-zone aerosol provides
additional surface for heterogeneous reactions and greatly
impacts marine-affected areas. Another issue is that grid
cells of the regional models cause an artificial smoothing of
the coastline and of the surf-zone width, leading to inaccura-
cies in the calculation of surf-zone emissions.

This paper describes the incorporation of a comprehen-
sive SSA algorithm in the CAMx aerosol model (Environ,
2004). The main goal is to examine the interactions between
anthropogenic pollution and marine aerosol over a popu-
lated area with an extended Archipelago. The selected area
for model application is Greece, situated in the southeast-
ern Mediterranean. The grid system used combines a high-
resolution nested domain over Attica peninsula with a parent
domain over Greece and surrounding areas and the applied
SSA emission algorithms describe both open-ocean and surf-
zone particle production. The system is then used to investi-
gate SSA contributions to aerosol mass together with chemi-
cal interactions between sea salt and atmospheric pollutants.
Additionally, the effectiveness of the open-ocean versus surf-
zone production mechanisms is investigated. Finally, it is ex-
amined whether is crucial to dynamically model the gas-to-
particle conversion of condensable material when it contains
semi-volatile ions (chloride, nitrate).

2 Air quality model

CAMx is a 3-D, Eulerian chemical transport model. The
version of the model used in this study (4.11 s) uses the
CB-IV gas-phase chemical mechanism (Gery et al., 1989),
the RADM algorithm for cloud chemistry (Chang et al.,
1987), the SOAP scheme for the organic species partition-
ing (Strader et al., 1998) and ISORROPIA for the thermody-
namic equilibrium of inorganic aerosol (Nenes et al., 1998).
The system treated by ISORROPIA includes sodium (Na+),
ammonium (NH+4 ), chloride (Cl−), sulfate (SO=4 ), nitrate
(NO−

3 ) and water (H2O), which are partitioned between gas,
liquid and solid phases. Sulfate and sodium completely re-
side in the aerosol phase, while other aerosol species are
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found in both phases, based largely on the value of sulfate
and sodium molar ratio (Na++NH+

4 /SO=

4 and Na+/SO=

4 , re-
spectively).

Mass transfer between gas and condensed phases is calcu-
lated using the hybrid approach (Capaldo et al., 2000), which
assumes instantaneous equilibrium between gases and fine
aerosols (equilibrium approach) and solves the mass transfer
rate equations for the coarse mass (dynamic approach). Fine
particles achieve equilibrium with the gas phase within a few
minutes while tens of minutes or even hours are necessary for
the equilibration of coarse particles. The threshold diameter
between the two approaches was set at 2.5µm in this study,
in order to achieve both speed and accuracy during simula-
tions.

CAMx employs a sectional approach for the aerosol mass
distribution between 0.04 and 40µm (particle diameter). Ten
discrete and internally mixed size sections (bins), each con-
sisting of thirteen chemical aerosol components (primary: or-
ganic and elemental carbon, chloride, sodium, sulfate ions
and crustal material; secondary: four organics, water, ammo-
nium, nitrate and sulfate ions) lead to 130 aerosol “species”
treated by the model.

3 Method

3.1 Modeling domain

The CAMx simulation area covers the greater Greece area
(parent domain) using a spatial resolution of 6 km, while a
finer resolution of 2 km is used in the nested domain cen-
tered on the Attica peninsula (Fig. 1). The areas of the par-
ent and the nested domain are 777 924 km2 (147×147 cells)
and 21 600 km2 (75×72 cells), respectively. In the vertical,
the physical layer height structure consists of 14 levels up to
5.1 km, with the top of the first layer approximately at 72 m.

Greece has an extended coastline and a large number of is-
lands, making it an ideal case for the study of sea salt effects
produced from open-ocean and surf-zone production mech-
anisms. Greece can be divided into four types of environ-
ments with respect to SSA and anthropogenic emissions: 1)
low emission offshore areas with elevated SSA emissions, 2)
offshore areas with SSA and sea-transport (shipping) emis-
sions, 3) inland areas near the coastline, with emissions due
to urban and industrial activities and 4) non-coastal inland
areas less affected by SSA. The most representative area for
the third case is in the Attica peninsula, where Athens is situ-
ated and is surrounded by an airport, three harbors and many
industrial sources.

3.2 Meteorology and episode selection

The criteria for the selection of the simulation period in-
cluded: (a) representative wind speed values over the area
of interest, as wind speed controls SSA emissions, (b) wind
direction favorable for the transfer of sea-salt towards the

Fig. 1. Application domain and monitoring sites:(a) the parent do-
main (covers Greece, with outside ticks at 60 km intervals and(b)
the nested domain (embedded rectangle) covers the Attica penin-
sula, with outside ticks at 10 km. Topography contours at 300 m
intervals.

Athens basin, (c) elevated pollution over Athens and (d)
available anthropogenic and biogenic emission inventories.
Open anti-cyclonic (OA) synoptic conditions frequently oc-
cur over Greece (38%yr−1), are usually clear and sunny and
are characterized by relatively weak synoptic winds that fa-
vor development of sea-breeze circulation over the Athens
basin during summer (Kassomenos et al., 1998; Melas et al.,
1998; Ziomas et al., 1995). Thus, we focused on summer OA
events. Unfortunately, for the candidate periods that satisfied
the above four criteria there were no available measurement
data sets (e.g., aerosol composition) for the evaluation of the
model. The period of 21–24 June 1998 was selected, with
24 June being the focus of the modeling (the first three days
were used for model initialization).
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Fig. 2. Spatial distribution of the daily average NOx emission rates
(kg km−1hr−1) over Greece, during summer. Solid rectangles show
point source emissions greater than 500 kg hr−1 and circles are the
rest industrial sources.

Meteorological fields used in CAMx are produced by the
fifth generation Penn State/NCAR Mesoscale Model, MM5
(Anthes and Warner, 1978). The applied MM5 version in-
cludes recent advances in the description of the urban bound-
ary layer, such as incorporation of the anthropogenic heat
and heat storage fluxes, as well as modifications in surface
stress and fluxes of heat and momentum (Dandou et al.,
2005). MM5 meteorological output is used to generate the
CAMx input fields through the pre-processor “mm5camx-
v4.2” (http://www.camx.com/down/support.php). The ver-
tical diffusivity (Kv) profiles can be calculated by different
methods. Sensitivity runs for the current application revealed
that the O’Brien (1970) parameterization produced more re-
alistic first layerKv values compared to that of Byun et
al. (1999).

During the day examined in detail (24 June 1998) West-
North West (WNW) wind speed maxima (about 11 m s−1)

are predicted around the island of Crete, while lower wind
speed values (up to 4 m s−1) are predicted north of Crete (Cy-
clades islands area). Winds from the south sector are constant
over the central and northern Aegean Sea. The Attica penin-
sula is affected by the WNW flow (about 7 m s−1) during the
early morning and late night hours and by a SSW flow during
the rest of the day. SSW flow is intensified by the air-mass
entrainment from the Cyclades area (southern boundary) and
is fully developed during the afternoon (about 6 m s−1).

3.3 Initial and boundary conditions

Initial and boundary conditions for the day examined are as-
sumed to be spatially and temporally invariant for the par-
ent domain. The concentrations for the main gaseous pol-
lutants are typical values for the area during the warm pe-
riod, i.e. 50 ppb for CO, 1 ppb for NOx, 3 ppb for SO2
and 40 ppb for O3. For the rest of the gaseous species,
lower bound concentrations are automatically set by the
model (10−6 ppb). The simulated synoptic condition (OA)
does not have southern winds that favor African dust trans-
port in the Mediterranean atmosphere, and this was con-
firmed by satellite imagery for the specific period (http:
//toms.gsfc.nasa.gov/aerosols/aerosolsv8.html), thus the de-
fault aerosol boundary concentrations are used for this study
(10−9 µg m−3). Tests showed that sea salt boundary condi-
tions have a significant aerosol impact to only about 20 km
into the domain, thus default values are again acceptable.

In order to avoid the transient effects associated with initial
conditions, we use a 3-day “spin-up” modeling period. Sen-
sitivity tests have indicated that this 3-day start-up period is
sufficient to minimize the role of initial conditions on aerosol
concentrations for the parent domain.

4 Emissions – implementation of SSA in the model

Hourly emissions of NOx, SO2, NMVOC, CO, NH3, iso-
prene, terpenes and bulk PM10 from Greek industries, road
transport, central heating, maritime activities, railways, air
traffic, agricultural activities and forests were provided by
the Greek Ministry of the Environment for a typical summer
and a winter weekday and weekend of 2002. The typical
summer weekday emission rates (without fire emissions) are
used in the current study. There were no major biomass burn-
ing events during the simulated period. The NMVOC emis-
sion speciation profiles used here are described by Bossioli
et al. (2002). The spatial distribution of anthropogenic emis-
sions shows the importance of both on-shore and shipping
emissions (Fig. 2). Seasonal NH3 emissions from agricul-
tural activities were provided by Sotiropoulou et al. (2003)
for the Attica area. This information was then combined with
the land type database to estimate NH3 emission rates from
forest, agricultural and range land types which were then ap-
plied to the rest area of Greece. Hourly NH3 emission rates
follow the daily temperature variation over Attica.

PM10 dust emission factors for road abrasion and
tire/brake wear per vehicle were based on IIASA (http:
//www.iiasa.ac.at/∼rains/PM/). This information was
then combinened with the spatial-temporal distribution
of vehicles and the NOx traffic emissions distribu-
tion. Bulk PM10 mass rates, by source, were split
into 5 chemical species and distributed by size, accord-
ing to literature review (CARB database:http://www.
arb.ca.gov/ei/speciate/dnldopt.htm; SPECIATE (version 3.2)
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Fig. 3. Speciation profiles of PM10 emissions from the main area (lower section) and point (upper section) sources. Crosses define the main
size sections of PM10 speciation. Their cut-off diameters (µm) are shown on top.

software: http://www.epa.gov/ttn/chief/software/speciate/
speciate32.html; TNO/CEPMEIP database:http://www.
air.sk/tno/cepmeip/emfactors.php; EMPA, 2000) (Fig. 3).
Transportation sources emit mostly fine aerosol mass
(PM2.5) comprised mainly of elemental carbon and organic
PM, while re-suspended mass (from soil or roads) is mostly
coarse inorganic and entails with a small amount of sec-
ondary nitrates. Point aerosol emissions distribute more
evenly to the size bins and are mainly inorganic (sulfates and
crustal material).

4.1 Implementation of SSA in the model

The SSA emission algorithm implemented in this study com-
bines the CL06 source function for smaller particles (reaches
submicron particles but is applicable for sizes not exceeding
8µm in diameter) and G-M03 for the larger particles (Ta-
ble 1). Both equations are applied in the open-ocean cells of
both domains. DEL00 is used for the parameterization of the
surf-produced SSA and is applied at the coastal cells (land
cells adjacent to cells covered totally by sea). The original
source functions were adjusted to ambient RH (45–99%, as
predicted by MM5) and salinity (S=38.5) for the Mediter-
ranean Sea conditions (Lewis and Schwartz, 2004) by us-
ing the correction factors (C0, C80) proposed by Zhang et
al. (2005ab) and Lewis and Schwartz (2006). Additionally,
the conversion factor of number to mass fluxes of aerosol
(NM) depends on particle density (ρ) and solute weight frac-
tion (x), as defined by Zhang et al. (2005a). SSA emissions

Fig. 4. Spatial distribution of the daily average SSA emission rates
(g km−1hr−1) over Greece. The SSA emissions are distributed uni-
formly over the coastal computational cells.

were split into the ten size bins of the model application, each
having the chemical composition of the dissolved mass in
seawater (55% Cl−, 31% Na+, 8% sea-salt sulfate (ss-SO=

4 )
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Table 1. SSA source functions and parameters employed by this study.
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rRH =particle radius at local/ambient RH (fraction from 0 to 1)
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and 6% the rest ionic species: 4% Mg2+, 1% Ca2+, 1% K+),
which is acceptable for short times after SSA emission (Sein-
feld and Pandis, 1998; Lewis and Schwartz, 2004). The surf-
zone is assumed to cover 0.25% of the area of each coastal
cell (0.01 km2 for the nested domain), as no other informa-
tion is available. This rather conservative value could cor-
respond to a surface of 200 m coastline and 50 m surf-zone
width for the nested domain. The value of 50 m is considered
a mean surf-zone width (De Leeuw et al., 2000; Lewis and
Schwartz, 2004).

The SSA emissions algorithm provides the spatial distri-
bution of the hourly rates over the parent and nested do-
mains (Fig. 4). The areas of highest SSA emissions are in
the Southern Aegean (around Crete), while small values are
predicted in the central and northern Aegean Sea, following
the wind speed distribution. SSA PM10 emissions are simi-
lar in magnitude to the rest of the aerosol emission rates (not
shown) over the nested domain and are larger over the par-
ent domain. Open-ocean emissions are more important over
offshore areas of the parent domain. In the central Aegean
Sea, the open-ocean aerosol production is of equivalent im-
portance to the surf-zone mechanism due to the complex and
long coastline. Over Attica (in the nested domain), the surf-

zone mechanism produces most of the total SSA mass, al-
though the surface from which it originates is small. This
is due to the higher intensity of surf-zone compared to the
open-ocean aerosol production, combined with a relatively
limited open-ocean area inside the nested domain, compared
to that of the parent domain.

At a 10 m-wind speed (U10) of 13 m s−1 open-ocean SSA
with diameters greater than 0.6µm and up to 40µm com-
prises 95% of the particle mass, but only 2% of the particle
number (Fig. 5). For the same wind speed and surface area,
surf-zone SSA emissions are about two orders of magnitude
greater than SSA coming from open-ocean. The size range
of the calculated surf-produced aerosol is narrow (De Leeuw
et al., 2000; Lewis and Schwartz, 2004).

RH affects the size range of SSA emissions for both pro-
duction mechanisms. In particular, the doubling of RH al-
most doubles SSA sizes, thus under highly humid condi-
tions (RH greater than 90%) little particle mass has diameters
less than 1µm which is uniquely produced from the open-
ocean. SSA with diameters greater than 10µm is produced
by both mechanisms (and not just from the open-ocean) only
when RH is greater than 70%. Larger SSA particles are of
minimal importance because production typically does not
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Fig. 5. Sea-salt number (N, upper part) and mass (M, lower part)
fluxes as a function of particle size calculated from the applied
source functions (U10=13 m s−1), which are shown near the curves.
Flux values are for dry particles (at 40% RH). The discontinuity
around 8µm is due to the combination of two different source func-
tions (G-M03 and CL06) while the other discontinuities are due to
the different polynomials used in the CL06 parameterization.

exceed 40µm (even when RH is 95%), but even when it
does (spume droplets production) it comes from open-ocean
mechanisms and particles deposit rapidly.

Over the surf-zone, minimum U10 values produce about
1×10−4g m−2 s−1 SSA, which exponentially increases up to
1.7×10−3 g m−2 s−1 when U10 reaches the maximum calcu-
lated coastal value of 12.3 m s−1 (Fig. 6). SSA mass fluxes
at two coastal sites in California were measured between
3×10−4 and 1×10−3g m−2 s−1 for wind speeds lower than
9 m s−1 (De Leeuw et al., 2000). This similarity is expected,
as DEL00 is based on these experimental data. The varia-
tion of wind speed affects the open-ocean SSA production
more than the surf zone. In particular, although insignificant
amounts of SSA mass are emitted during calm conditions,
the maximum calculated wind speed (13 m s−1,for the se-
lected event) results in 2.5×10−6g m−2s−1. A prior approx-
imation for open-ocean SSA emissions for the SE Greece
(Alexandropoulou and Lazaridis, 2003) gave similar results.

5 Model results

The hybrid method is used for calculating mass transfer be-
tween the gas and condensed phases in the base-case simula-
tion and is compared to available data from the literature and
to the bulk-equilibrium approach. In order to isolate and ex-
amine the impact of SSA production on PM10 concentrations
and composition, additional simulations are performed with
zero SSA emissions. Additional simulations address the rel-
ative importance of open-ocean and surf-zone SSA produc-

Fig. 6. Wind dependence of SSA emissions, calculated for open-
ocean and surf-zone areas.

tion. To examine the boundary entrainment of SSA into the
nested domain from the parent domain, a test case calculated
the SSA concentrations, assuming no SSA emissions in the
parent domain.

5.1 Comparison of simulated and observed concentrations

The lack of measurements of aerosol composition during the
simulation period does not allow the evaluation of the model
results. The model predictions are compared to averages of
measurements during similar periods as an order of magni-
tude test. The results for Na+, Cl− and sulfate (Fig. 7a, b, c,
f) are encouraging. For example, the simulated average PM10
Na+ concentrations in central Athens and Crete (Finokalia)
are 0.8µg m−3 and 2.3µg m−3, respectively, values consis-
tent with measured values in previous field campaigns (Ta-
ble 2). Chloride and sulfate predictions and observations are
also similar to the observed. These results suggest that the
SSA emissions algorithms provide reasonable mass fluxes,
as also indicated in Nolte et al. (2008) for a similar sea-salt
modeling application.

Nitrate and ammonium mass is underestimated (Fig. 7d,
e). Simulated PM10 nitrate average values are less than
1µg m−3, on average, while available measurements in sim-
ilar summer periods suggest greater values (Table 2). At the
same time the model predicts high concentrations of HNO3
in the gas phase (around 5µg m−3, Fig. 7g) while obser-
vations indicate much lower values. The overprediction of
HNO3 and the underprediction of ammonium nitrate suggest
that gas-to-particle conversion is underestimated. Ammo-
nium predictions are around 1µg m−3, for the whole PM10
mass, while observations exceed 2µg m−3 even for PM2.5,
alone (Athens). Uncertainties in NH3 emissions are believed
to play an important role in the above discrepancies. Ammo-
nia predictions (Fig. 7h) are extremely low (typically around
10−1 µg m−3), and this leads to negligible production of fine
NH4NO3, as also found by Athanasopoulou et al. (2005).
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Fig. 7. Spatial distribution of average daily PM10 species concentrations (µg m−3) over Greece:(a) surfzone sodium (Na+), (b) open-ocean
Na+, (c) chloride (Cl−), (d) nitrate (NO3

−), (e) total ammonium (NH4
+), (f) total sulfate (SO4

=), (g) nitric acid (HNO3), (h) ammonia
(NH3), (i) non-SSA PM10 (inorganic and carbon).

Atmos. Chem. Phys., 8, 5755–5769, 2008 www.atmos-chem-phys.net/8/5755/2008/



E. Athanasopoulou et al.: Sea-salt and heterogeneous chemistry in coastal areas 5763

Table 2. Inorganic aerosol and gaseous species concentrations (µg m−3) observed during other studies and predicted from the present study.
Data in parentheses show either minimum and maximum values (2 numbers) or the standard deviation of the average value (1 number).

Location Time period Cl− Na+ SO=
4 NO−

3 NH+

4 HNO3 NH3 HCl Wind (m s−1) Reference

Athens 03/1995–03/19961 3.7 (3.1) 2.6 (3) 9.8 (4.2) 2.3 (2) 2.1 (1.4) – – – SE-SW (Siskos et al., 2001)
15/04–12/06/19871 0.3 (0–1.3) 0.4 (0–0.2) 10.4 (4–24) 2 (0.5–5) – – – – 2 (0.3–10.3) (Scheff and Valiozis, 1990)
29/08–16/09/1994∗# 0.5 0.5 5.5 (3-10) 2 (1–5) 1.5 (0.5–4) 1.5 (0.6–3) 0.5 (0.1–0.8) (1–14) (Eleftheriadis et al., 1998a)

25/05/1990 – – – – – – 2.5 – – (Sotiropoulou et al., 2003)
03–04/1989 – – – – – – 2.4 – – (Kirkitsos and Sikiotis, 1993)

12/2002–11/20031 – – – 3.1 – 1.6 – – – (Ferm et al., 2005)
OA (24/06/1998)3 0.6 (0.3) 0.8 (0.2) 5.8 (1) 0.4 (0.4) 1 (0.5) 5.1 (1.3) 0.2 (0.2) 0.7 (0.2) 1.9 (0.8) this study

Piraeus OA (24/06/1998)3 2.6 (1) 2 (0.5) 4.9 (1.2) 0.5 (0.4) 0.7 (0.3) 4 (1.8) 0.4 (0.5) 0.9 (0.4) 2.6 (0.9) this study
Piraeus (Castella) 17/07–06/08/1997∗# 0.3 0.7 4 1.5 2.5 2 2 1.2 –

(Colbeck et al., 2002)
N.Suburb (Ag. Stefanos) 17/07–06/08/1997∗# 0.5 1 8 3 3.5 2.5 2 4.3 –

N. Suburb (Thrakomakedones) OA (24/06/1998)3 0.1 (0.1) 0.4 (0.2) 7.4 (2.4) 0.1 (0.1) 1.2 (0.3) 6.3 (3.1) 0.1 (0.1) 0.6 (0.2) 2.2 (1.3) this study

Eleusis 2-year period2 4 (3.7) 1.6 (0.6) 8 (9.3) 3.1 (3.2) – – – – – (Torfs and Grieken, 1997)
OA (24/06/1998)3 2.4 (1.2) 2 (0.7) 11.7 (6.3) 0.6 (0.6) 1.5 (1.2) 5.3 (1.5) 0.3 (0.4) 1.2 (0.4) 1.9 (1.2) this study

Thesaloniki 07/1997–07/19983 0.9 (0.5) 0.6 (0.6) 4.8 (2) 2.8 (1.4) 2.7 (1.6) – – – –
(Tsitouridou et al., 2003)07/1997–07/19983 1.4 (0.8) 0.6 (0.5) 7.2 (5.8) 3.4 (1.9) 3.5 (2.3) – – – –

07/1997–07/19983 1 (0.7) 1 (1.1) 7.3 (5.8) 4 (2.1) 4.2 (3.2) – – – –
04/2002–03/20034 – – 6.6 (3.1) 2.9 (2.7) 2.7 (2.1) 0.8 (0.5) 2.3 (1.5) 0.3 (0.3) weak SW, NW (Anatolaki and Tsitouridou, 2007)
OA (24/06/1998)3 0.2 (0.1) 0.6 (0.2) 13.4 (2.8) 0.2 (0.3) 2.2 (0.9) 6.5 (2.3) 0.2 (0.3) 0.7 (0.2) 1.8 (0.9) this study

Aegean sea OA (24/06/1998)3 6.7 (4.7) 5.2 (3.2) 5 (0.6) 0.4 (0.3) 0.2 (0.2) 2.1 (0.4) 0 (0) 2.4 (0.9) 5 (1.8) this study
25–29/07/2000∗ 0.01 (0.1) 0.1 (0.1) 10.1 (1.1) 0.2 (0.0) 7.2 (2.9) – – – 3.7 (Eleftheriadis et al., 2006)
25–30/07/2000∗ 2 – 8.5 2.9 1.5 – – – – (Lazaridis et al., 2006)
26–29/07/20003 0.6 0.8 9.3 3.2 5.7 – – – –

(Smolik et al., 2003)Finokalia 13–16/07/20003 3.1 4.1 4.2 3.4 1 – – – –
26–30/07/20003 0.2 0.6 8.2 2 3.7 – – – –

10–31/07/20005 2.3 (0.4) 2 (0.3) 6.9 (0.9) 2.75 (0.41) 2.4 (0.4) – – – – (Lazaridis et al., 2006); (Bardouki et al., 2003)
10/1996–09/1999 – – – 1.7(0.8) 0.9(0.4) 1.2(0.8) 0.2(0.1) – – (Kouvarakis et al., 2001)
1–6/08/20016/∗ 0.1/2.1 0.12/2.28 3.7/0.81 0.11/2.12 1.09/0.05 0.69 0.63 2.4 moderate N-NW (Metzger et al., 2006)
25–29/07/2000∗ 0.1 (0.1) 0.1 (0.0) 6.9 (1.7) 0.27 (0.09) 3.7 (0.7) – – – 3.7 (Eleftheriadis et al., 2006)

OA (24/06/1998)3 2.5 (1) 2.3 (0.8) 5.3 (1) 0.9 (0.3) 0.4 (0.1) 4.1 (1.3) 0.1 (0) 0.9 (0.2) 4 (2) this study

Patras
OA (24/06/1998)3 0.7 (0.4) 0.9 (0.3) 3.8 (0.5) 0.4 (0.1) 0.4 (0.2) 7 (1.3) 0 (0) 1.1 (0.3) this study
11/1995–08/1996 – – – 0.6–1.59 1.7–3.7 1.6–4.2 2–4.4 – – (Danalatos and Glavas, 1999)

Rio (10 km NE of Patras)
14–19/06/1996 – – – 0.7 (0.3) – 2.7 (1.1) – – 8 (Danalatos and Glavas, 2002)

11/2004–11/20051 0.1 0.1 3.2 0.4 1.6 – – – – (Glavas et al., 2008)

Delos isl. OA (24/06/1998)3 0.9 (0.4) 1.6 (0.4) 7.1 (1.3) 1.6 (0.3) 0.4 (0.2) 12.5 (2) 0 (0) 2.3 (0.4) 2.8 (1.1) this study
07/95∗ 10.63 (2.72) 12.9 (1.82) 8.94 – – – – – 10 (Chabas and Lefevre, 2000)

Average ion concentration in:1PM2.5 mass;2 in PM2 mass;3 in PM10 mass;4in PM5 mass;5 in PM15 mass;6 in PM1.2 mass
∗ Unidentified fraction of aerosol mass measured;# Rough mean approximations from data shown in figure plots

To study the sensitivity of the model predictions to NH3,
an additional simulation was conducted increasing the agri-
cultural ammonia emissions by a factor of 10 for the parent
domain. This adjustment substantially improves the model
performance in terms of NH3, aerosol ammonium and ni-
trate. Predicted ammonia concentrations approach observed
values (about 2µg m−3) over most of the sites of interest.
Sulfate concentrations are slightly affected, as (NH4)2SO4
production is limited by available H2SO4. Nitrate and am-
monium predictions improve at downwind areas of the high
NH3 emissions.

Reasonable NO−3 concentrations (mainly coarse mass,
around 3µg m−3) are predicted over the marine area North
of Crete in the base-case simulation (Fig. 8a). Aerosol com-
position in this area is dominated by the marine-affected
species and its daily variation follows the wind speed fluctu-
ation (maximum values over night). The high marine-related
NO−

3 and an absence of submicrometer NO−

3 is also seen in
other studies over marine areas (Bardouki et al., 2003; Eleft-
heriadis et al., 1998a; 1999).

The above results suggest that the SSA, SO2 and NOx
emissions, and the oxidation of SO2 and NOx, are simulated
reasonably well by the model, but that the ammonia emis-
sions are low. The ammonia sensitivity test indicates that

Fig. 8. Daily variability of the PM10 aerosol composition over:(a)
the marine area North of Crete and(b) Thrakomakedones. The sites
are indicated by red crosses in Fig. 7d.
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Fig. 9. Chemical speciation of the SSA-derived mass in the PM10 concentrations at selected sites (the difference in PM10 results between
the base-case simulation and the simulation without SSA emissions, expressed as a percentage of the base-case concentrations). Chemical
species are shown at the top. Values inside bars are the daily average concentrations (µg m−3) of each species

original NH3 emission rates should be increased both for the
parent and the nested domains. Uncertainties of local dust
emissions and their interaction with nitric acid may also be
contributing to the nitrate underestimation (Hien et al., 2005;
Hodzic et al., 2006; Nolte et al., 2008).

5.2 Impact of SSA on aerosol concentrations and composi-
tion

The difference in PM10 results between the base-case simula-
tion and the simulation without SSA emissions (expressed as
a percentage of the base-case concentrations) provides both
the direct (addition of sea-salt) and indirect (heterogeneous
reactions with sulfuric and nitric acid) effects of SSA in the
PM10 concentrations in the area. Marine-affected PM10 is
highest in the south (around 30µg m−3), with the rest of the
mass mainly in the form of sulfate and carbon (Fig. 7f, i).
At coastal sites, the fraction of PM10 from SSA and its reac-
tion products ranges from 20 to 60% and is calculated 25%
(6.5µg m−3) at the coastal site of Piraeus. Experimental data
(Na+, Cl− and ss-SO=4 species) from a coastal site in Spain
(Salvador et al., 2007) indicate a similar PM10 contribution.
SSA production also affects the aerosol inland, especially
under onshore winds. For example, marine-related aerosol
(2.5µg m−3) comprises 15% of the daily average PM10 mass
9 km inland in the Athens basin. This contribution drops to
1µ g m−3 representing 7% of PM10 at Thrakomakedones,
27 km inland. SSA contributions to PM2.5 mass are much
lower and in the Athens basin are around 10%.

Sodium is well suited to characterize SSA as it completely
resides in the condensed phase and is dominated by sea emis-
sions. Offshore areas away from the coastline are primarily
affected by the open-ocean aerosol production mechanism.
Over coastal areas, surf-zone mechanism is also important
(Cyclades islands) or more important (Attica coastal zone)
than open-ocean aerosol production. Over inland areas af-
fected by stable onshore winds (e.g. Attica) open-ocean and
surf-zone mechanisms contribute almost equally on aerosol
production (Fig. 7a, b).

Low emission offshore areas away from the coastline find
the chemical composition of the portion of aerosol mass
linked to SSA, mainly (95%) as primary sea-salt ions (Na+,
Cl−, ss-SO=4 , Mg2+, Ca2+, K+, Br− etc), as chlorine re-
mains mostly in the condensed phase (southern Aegean site
in Fig. 9). Secondary aerosol production from reactions be-
tween SSA and nitric and sulfuric acid is minimal in these
areas. Alternatively, in the Cyclades area (e.g., Delos is-
land in Fig. 9), shipping routes are quite dense (Fig. 2) re-
sulting in significant production of HNO3 which reacts with
SSA forming NaNO3. Here, primary sea-salt ions constitute
64% of marine-related PM10, and aerosol NO−3 another 32%.
Aerosol Cl− is displaced and the resulting HCl is lost by dry
deposition. In the Attica peninsula, marine-related secondary
species (NO−3 , SO=

4 and NH+

4 ) take lower concentration val-
ues as we move further north and inland, but are of greater
importance, reaching 32% of the marine-affected aerosol at
Thrakomakedones (N. suburb). Simulated peak nitrate con-
centrations (4.5µg m−3) occur over the marine area north of
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Fig. 10. Daily average fine (upper part) and coarse (lower part) nitrate concentration fields (μg m-3) in 
the nested domain. (a) and (c): hybrid (base-case) approach, (b) and (d): bulk-equilibrium approach. 

 

 

Fig. 10. Daily average fine (upper part) and coarse (lower part) nitrate concentration fields (µg m−3) in the nested domain.(a) and (c):
hybrid (base-case) approach,(b) and(d): bulk-equilibrium approach.

Crete due to high local NOx emissions from shipping, re-
duced deposition and the availability of Na+, especially dur-
ing early morning hours (Fig. 7d, Fig. 8a). As the day passes,
peak values decrease by 2 to 3µg m−3, but expand spatially.
Winds transport nitrate into Attica from the southern sector
(embedded rectangle in Fig. 7d) during the whole daylight
period, leading to an effective penetration inland with ele-
vated values during the evening hours (Fig. 8b). Peaks near
Eleusis and at Evoicos Gulf, coincide with high Na+ratios
and local industrial sources emitting NOx (Fig. 2). Use of
the finer grid in this region allowed capturing the importance
of surf-zone SSA production and relatively rapid chemical
dynamics and gas-to-particle conversion near the coast.

Inclusion of SSA can also impact the formation of ammo-
nium nitrate when liquid aerosol is present. Over Thessa-
loniki, in the early morning during rush hour, significantly
more ammonium nitrate is predicted to be formed when SSA
is included, because the presence of additional ions in the
solution reduces the ammonium nitrate equilibrium constant,
shifts its’ partitioning towards the particulate phase and in-

creases the ammonium and nitrate concentrations in the liq-
uid particles. The phenomenon is especially pronounced in
the Thessaloniki area due to the stably high RH over Thesa-
loniki gulf (around 90%) during the simulation period.

The identification of the areas predicted to be affected by
SSA during the present work could be taken into account
when designing field campaigns fort he study of air qual-
ity in the the Aegean sea. The Cyclades islands provide
appropriate sites for measuring the relevant aerosol species
(sodium, nitrate etc.), and studying the interaction between
ship pollution and SSA, as they belong to the peak area of
anthropogenic-SSA interaction and shipping lanes are quite
dense. Delos island is especially promising as it is near the
maximum ship emissions, and has very low local anthro-
pogenic emissions. These measurements should take place
at the same time, as measurements in the Attica peninsula.

5.3 Sensitivity to mass transfer between phases

Bulk PM10 predictions are affected by the treatment of mass
transfer between the gas and condensed phases, but can have
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an important effect on specific constituents. The differ-
ence in the inorganic PM10 results of the base-case simu-
lation and the simulation with the bulk-equilibrium approach
(expressed as a percentage of the base-case concentrations)
reaches 10% over the central Aegean area (not shown), coin-
ciding with elevated aerosol nitrate concentrations (Fig. 10).
The instant equilibration dictated by the equilibrium ap-
proach fails to accurately represent the competition between
the fine and coarse particles for the condensing sulphuric and
nitric acid especially in the marine areas of the modelling do-
main. In the bulk equilibrium approach the sulphuric acid re-
acts with the larger NaCl particles forming sodium sulphate.
This reaction leaves only small amounts of alkaline NaCl
available to react with the nitric acid vapour and therefore
the equilibrium approach predicts relatively small amounts
of coarse nitrate. In the marine areas, the concentrations of
ammonia are low, so there is also little ammonium nitrate
formed in the fine particles. Therefore, in the marine ar-
eas the bulk equilibrium approach predicts significantly less
nitrate than the hybrid approach. This leads to large differ-
ences (around 90%) in inorganic PM10 nitrate concentrations
between the base-case simulation and that with the bulk-
equilibrium approach over most of the marine-affected do-
main (not shown).

In the urban parts of the domain the bulk-equilibrium ap-
proach continues to seriously under predict the coarse ni-
trate concentration (Fig. 10). In particular, the daily average
value of PM10 NO−

3 concentration in the Athens city center
is predicted to be 0.1µg m−3. The dynamic mass-transfer
between phases results in a quadrupling of aerosol NO−

3 at
the city center, similar to Capaldo et al. (2000) for Los An-
geles. This discrepancy is mainly attributable to the coarse
nitrate mass differences and reaches two orders of magni-
tude. The bulk-equilibrium method predicts slightly higher
concentrations of fine nitrate due to the accumulation of the
condensing material in the smallest bins, as seen by Capaldo
et al. (2000). PM10−40 differences are negligible for nitrate
due to low PM10−40 emissions.

Previous studies have recommended 1µ m as the cut-off
diameter between the equilibrium and dynamic approach
(Capaldo et al., 2000; Koo et al., 2003; Gaydos et al., 2003).
Our base-case results use an increased threshold (2.5µ m), in
order to reduce the computational cost of the model. A sen-
sitivity test using of lower cut-off (1µ m) resulted in small
(less than 0.5µ g m−3) changes in average nitrate concentra-
tions. This effect of the cut-off diameter is expected to be
different when ammonia emissions are increased, and there-
fore future applications of the model should probably use the
recommended lower threshold diameter.

5.4 Local versus regional SSA contribution

The use of a greater parent domain in which the area of in-
terest is nested, is found necessary during this event, as the
transport of SSA from its boundaries is temporally and spa-

tially variable. A significant fraction of the sea-salt over the
urban area is produced in marine areas relatively far from it.
The southern and western boundaries contribute most to to-
tal SSA boundary penetration (from 0.2µ g m−3 over land to
23µ g m−3 over sea), and is found to vary diurnally with the
winds. The northern and the eastern boundaries contribute
less to total SSA boundary penetration, although higher val-
ues are expected to appear during more intense wind regimes
over Greece, such as the frequently occurring NE etesian.

If medium or low resolution Chemical Transport Models
are used to describe sea-salt production, transport and chem-
istry in an area where the anthropogenic emissions are more
spatially homogeneous than in this work nesting would not
have such a significant effect. In our case it is the existence of
the quite different scales (small length-scale for the descrip-
tion of Athens together with the larger scale for transport of
sea-salt from the Aegean to Athens) that makes necessary
the nested description. If the appropriate coastline length is
used in each cell together with the appropriate meteorolog-
ical fields, then the SSA representation would be relatively
independent of the resolution (at least in the 1–10 km scales
investigated here).

6 Conclusions

Use of SSA emissions in a simulation of atmospheric chem-
ical dynamics over Greece led to greater PM10 levels than
these predicted when excluding such emissions and allowed
investigation of the importance of gas-to-particle conversion
in areas with an extended Archipelago. SSA emissions are
comparable to all other PM10 emissions in this case. Over
much of the domain, open-ocean emissions contribute most
to SSA, but near and over land, surf-zone emissions become
important. SSA further impacts PM10 by reactions with ni-
tric and sulfuric acid, displacing chloride.

The use of a greater parent domain in which the area of
interest is nested, is found necessary during this event, as
the transport of SSA from its boundaries is temporally and
spatially variable. Above land, SSA comprised even 60%
of the PM10 but only 10% of the PM2.5, near the coast, de-
creasing rapidly inland. For example, near the Athens coast
(Piraeus port), of the 27µg m−3 total PM10, 6.5µ g m−3 was
due to SSA emissions. At Thrakomakedones 27 km inland,
this dropped to 1µg m−3. Nitric and sulfuric acid displace-
ment was found to be important both above land and over
the sea. Interestingly, the highest nitrate levels were found
over and downwind the shipping lanes in the Aegean due
to NOx emission oxidation forming HNO3, along with the
relatively low deposition rates, allowing ample time for the
rate-limited mass transfer through the displacement of chlo-
ride. The long residence time of the aerosol nitrate formed
over the sea allows this peak to be transported northward to-
wards Athens. The nested approach contributes to the simu-
lation both of the finer-scale processes (e.g., surf-zone SSA
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production and near-coastal gas-aerosol interactions), and of
the effects of sea-salt production, chemical transformation
and transport from the Aegean to the urban area of interest
(Athens).

While the simulated Na+, Cl− and SO=

4 levels agreed with
the averages of observations during similar periods, suggest-
ing the SSA emissions algorithms used are providing rea-
sonable estimates, the simulated nitrate and ammonium lev-
els are low. Summing simulated NO−

3 and HNO3(g) found
that ample nitrate is formed, but gas-to-particle conversion
is underestimated. This is traced to very low levels of total
ammonia (ammonium + ammonia), suggesting a bias in the
emissions, also identified by a sensitivity run. Further, com-
paring the size distribution of simulated nitrate and ammo-
nium to observations provides further evidence it is the lack
of ammonium nitrate formation that leads to a low bias in the
simulated levels of those two aerosol components. Improve-
ment of the ammonia emission inventory for Greece (abso-
lute amounts, spatial and temporal resolution) is needed.

Examining the size distribution of both SSA emissions
and aerosol concentrations shows that SSA mainly affects
the coarse mass, thus the adoption of a gas-to-particle mass
transfer scheme is necessary. Using a hybrid scheme that
combines the equilibrium approach for PM2.5 with a dy-
namic approach for coarser particles, led to a quadrupling of
aerosol nitrate in the Athens city center versus use of a pure
equilibrium approach. A sensitivity test using of lower cut-
off (1 µm) resulted in small (less than 0.5µg m−3) changes
in average nitrate concentrations, given the low ammonia
emission rates.

The lack of suitable measurement sets for model evalu-
ation highlights the need for further aerosol observational
studies in Greece or similar areas, and a more complete rou-
tine monitoring effort as well, at areas affected by both nat-
ural (marine) and anthropogenic emissions. Measurement
sites could be indicated by this (see for example Figs. 2, 4
and 7) and other relevant studies.
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