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Abstract The atmospheric chemical composition is affected by the interaction mechanisms
among gases and particulate matter through a wide range of chemical reactions that can
occur with the aid of particulate matter (e.g. particles act as reacting or absorbing surfaces)
or be influenced by the presence of particulate matter in the atmosphere (photochemical
reactions). Physical and chemical processes are also bonded in an interactive way that often
leads to the influence of the radiation budget, cloud physics and the warming or cooling of
the lower atmospheric levels. The Euro-Mediterranean region is a key-sensitive area due to
the unique climatic and air quality characteristics associated with the regional climatic pat-
terns, geomorphology (land and water contrast) and coexistence of pollutants from different
origin. Focusing on this region, the gas-aerosol interactions are studied using state-of-the-art
atmospheric and chemical transport modeling tools following the necessary development in
the chemical transport model CAMx. Sensitivity and large-scale simulations have shown
significant responses of the modeling system to the inclusion of natural species emissions,
the direct shading effect of dust particles on photochemical processes and the formation of
new types of aerosols through heterogeneous uptake of gases on dust particles. Including
such interactions in the chemical transport model often led to the improvement of the model
performance compared with available measurements in the region.
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1 Introduction

The interactions between gases and aerosols and their impacts on atmospheric processes and
climate have been studied extensively during the past. The scientific basis of these interac-
tions is rather wide, requiring the expertise and collaboration of major scientific fields to
reach into some vital conclusions. Results from such collaboration have been stated recently
from the 4th IPCC Assessment Report [1] in which, observations, modeling and analysis
techniques have led to conclusions on the climate change aspects.

Euro-Mediterranean is a region sensitive to interactions between gas-phase and aerosol
chemical processes due to the coexistence of anthropogenic and natural atmospheric pol-
lutants and the morphology of the area [2–14]. In several occasions, such coexistence can
create air quality conditions that exceed the imposed air quality guidelines [15]. The phys-
ico-chemical processes allowing the interactions between gas-phase and aerosol constituents
will be the primary focus of the work presented herein. For that purpose, atmospheric pol-
lutants have been categorized as first generation (primary, such as sulfur dioxide, nitrogen
oxides, desert dust and sea salt, among others), second generation (secondary, like ozone,
sulfates and nitrates) and third generation pollutants which are formed through reaction paths
between the previous categories [14].

The processes linking the above generations of pollutants require extensive investigation
since they are complex and uncertain and model development is essential to include the rele-
vant physicochemical processes [16]. The interactions have been studied using atmospheric
and air-quality modeling tools following the necessary development in a state-of-the-art
chemical transport model. In particular, the new development has included the impacts of
desert dust on photochemical processes, the sea salt particle production and the treatment of
soil dust particles as reactive agents (through the incorporation of heterogeneous chemical
processes).

In the next section, the gas-aerosol interactions dealt by this study are outlined. In the third
section follows the brief description of the modeling systems and the model configurations
for the performed simulations. The fourth section comprises of the model sensitivity studies
on each of the interactions described, beginning with the shading effect of dust on photo-
chemical production, the sea salt production and finally the new particle formation based on
heterogeneous reactions on dust particles. The capabilities of the new model development
and the first results obtained so far are the subject of discussion in the final section together
with the derived conclusions.

2 Interactions between gases and aerosols

The earth’s atmosphere consists of gases and particulate matter, bonded in a dynamic system
that changes its composition depending on the exchanges between atmosphere, ocean and
land. These constituents are emitted directly in the atmosphere or formed during chemical
reactions that occur at several altitudes or near the surface. A great number of physical and
chemical processes are responsible for the alteration of the atmospheric composition, such
as anthropogenic and natural emissions and the interactions among the emitted constituents.

The Euro-Mediterranean region is sensitive to naturally emitted species like sea salt and
desert dust, among others. On the other hand, man-emitted species have their main sources
in the European continent and in several Eastern European countries that do not adhere to
legislative measures. Consequently, the interactions between gases and aerosols are important
for the region, mostly because the results from these interactions can cause several effects
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on air quality and the physical environment. Increased particulate matter concentrations can
produce levels of pollutants high above the EU limit values, affecting the air quality. Influ-
ences on the radiation budget, cloud formation, precipitation efficiency and the heating or
cooling of the atmosphere [17–19], affect the physical environment. Overall, from an air qual-
ity perspective, the feedbacks between atmospheric pollutants and the physical environment
are interesting and worth extensive investigation.

For the definition of the interactions, the first step has been the acknowledgement of
the direct shading effect that dust particles have on photochemical processes [13]. In that
way, the presence of dust aerosols in the atmosphere influence gases like ozone. The sec-
ond interaction is delineated through the direct emissions of sea salt particles from the sea
surface and/or the surf zone [20]. Sea salt particles are speciated into sodium, chloride and
sulfate particles, transported away from their origin and interacting with other species in the
atmosphere [14,21,22]. The third interaction is realized through heterogeneous chemistry
pathways, especially the heterogeneous formation of new aerosols on the surface of desert
dust particles [14,15,18].

The interactions described above are implemented in the chemical transport model CAMx
[23] enabling the possibility to study the impacts of such interactions in the Euro-Mediter-
ranean atmosphere. The implementation procedure comprises of the following steps: imple-
mentation of dust optical depth in the calculation of photolysis rates during severe dust
transport episodes [13], development of sea salt production directly inside the air quality
model [20] and heterogeneous uptake of gases on dust particles [14]. The production of sea
salt has been based on the work of Gong [22], Zhang et al. [24] for the open ocean function
and the work of de Leeuw et al. [25] and Gong et al. [26] for the surf zone function. The
heterogeneous reactions on dust particles follow the formulation of Fuchs and Sutugin [27],
Saylor [28] and Dentener et al. [29]. The implemented reactions and the uptake coefficients
for each reaction are:

SO2(gas)
dust−→ DSO4(aerosol) (γ = 1.0 ∗ 10−4)

NO2(gas)
dust−→ DNO3(aerosol) (γ = 1.0 ∗ 10−4)

HNO3(gas)
dust−→ DNO3b(aerosol) (γ = 0.01)

O3(gas)
dust−→ O2 (γ = 5.0 ∗ 10−5)

Uptake coefficients (γ -values) for each heterogeneous reaction have been selected based
on published work for experimental and modeling studies, trying to assign the most appro-
priate values for Saharan dust particles. Table 1 presents the uptake coefficients for each of
the above reactions based on several publications. The values denoted with bold fonts are the
ones chosen for the performed simulations. A brief description of the modeling systems used
for this study is the subject of the following section, including the analytical representation
of the model configuration for the simulations performed with the chemical transport model.

3 Model description

A short description of the modeling systems used for performing simulations is provided in
this section: The SKIRON/Dust is a modeling system developed at the University of Athens
from the Atmospheric Modeling and Weather Forecasting Group [4,48,49]. It incorporates
several state-of-the-art parameterizations for the description of the production, transport and
removal processes of the desert dust cycle. The soil moisture and turbulent state of the atmo-
sphere play a critical role for dust uplift and injection into the air. Since the dust cycle module
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Table 1 Uptake coefficients (γ -values) of gases on dust particles based on published work

Reference γSO2 γNO2 γHNO3 γO3 Method

Seisel et al. [30] (7.6 ± 0.5) ×
10−2

Laboratory

Chang et al. [31] 2 × 10−7−
6 × 10−6

Laboratory

Adams et al. [32] (6.6 ± 0.8) ×
10−5

Laboratory

Seisel et al. [33] (5.4 ± 0.5) ×
10−2

Laboratory

Ullerstam et al. [34] (5.7 ± 1.9) ×
10−6

Laboratory

Hanisch and Crowley [35] 0.1 7 × 10−6

−3 × 10−5
Laboratory

Usher et al. [36] (1.6 ± 0.5)×
10−4

Laboratory

Ullerstam et al. [37] (2.0 ± 0.4) ×
10−4

(geom.surface)
(6.3 ± 1.0) ×
10−7 (BET
surface)

10−2−10−4

(geom.surf)
10−6−10−8

(BET surf)

Laboratory

Hanisch and Crowley [38] (11 ± 3)× 10−2 Laboratory
Underwood et al. [39] 10−4 (2.0 ± 0.1) ×

10−5
Laboratory

Goodman et al. [40] 10−4 Laboratory
Bauer and Koch [41] 10−4 Simulation,

field exp.
Tang et al. [42] 10−4 10−4 0.01 5 × 10−5 Simulation
Liao et al. [43] 3 × 10−4

(RH < 50%)
0.1 (RH > 50%)

10−4 0.1 5 × 10−5 Simulation

Bauer et al. [44] 0.1 10−5 Simulation,
field exp.

Liao et al. [45] 3 × 10−4

(RH < 50%)
0.1 (RH > 50%)

10−4 0.1 5 × 10−5 Simulation

Bian and Zender [46] 4.4 × 10−5 1.1 × 10−3 5 × 10−5 Simulation
Zhang and Carmichael [47] 10−4 0.01 10−4 Simulation
Dentener et al. [29] 3 × 10−4

(RH < 50%)
0.1 (RH > 50%)

0.1 5 × 10−5 Simulation

is dynamically coupled to the atmospheric model, the prognostic atmospheric and hydrolog-
ical conditions are used to calculate the effective rates of the injected dust at each time step.
The version of the model used for this study, has four particle size bins with centered diame-
ters at 1.5, 12, 36, and 76 µm [50]. The ability of the model to predict the dust concentration
has been validated with available measurements in several studies [4,5].

The Comprehensive Air Quality Model with Extensions (CAMx) [23] is an Eulerian pho-
tochemical model that allows for integrated assessment of air-pollution over many scales
ranging from urban to super-regional (http://www.camx.com). CAMx has also model struc-
tures for modeling aerosols, processes that are linked to the CB4 gas phase chemical
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mechanism, science modules for aqueous chemistry (RADM-AQ) inorganic aerosol
thermodynamics/partitioning (ISORROPIA, [51]) and secondary organic aerosol forma-
tion/partitioning (SOAP).

The atmospheric modeling system SKIRON/Dust is coupled offline with the chemical
transport model CAMx. Meteorological and dust-related fields produced from SKIRON,
feed CAMx model to drive the air quality simulations. Improvement of the coupling between
the two models consists of the development of sub-systems handling processes that are not
included in the chemical transport model. Specifically, calculated desert dust optical depth
in the preprocessing stage of the air quality simulations is used to influence the rates of
photolytic reactions in the presence of desert dust. Also, surface fluxes of desert dust enrich
the emissions preprocessor providing the capability of simulating particles originated from
soil in different size sections within the CAMx model (CAMx model identifies desert dust
as crustal material, [23]). More details related to the techniques and methodologies adopted
are provided in Sect. 4.1.

During each stage of the development/improvement of the chemical transport model, sen-
sitivity and long-run simulations took place. The sensitivity tests relate to the shading effect
of dust particles on photochemical processes. The long-run simulations incorporate all of the
gas-aerosol interaction processes described in the previous section. Tables 2 and 3 summarize
the configuration of the modeling systems, for each type of simulation performed. Constant
in space and time boundary conditions (concentrations of the relevant species) are imposed
in all of the performed simulations. The species involved are NO, NO2, O3, NMVOC, CO,
HONO, HNO3, SO2, NH3, PSO4, PNO3, N2O5, isoprene etc. The values chosen for the
boundary conditions are based on climatological data and the area covered is large enough
to reduce the boundary effects.

In the simulations (meteorological and air quality) the domains are focused on the Med-
iterranean region with some differences in the extension of the area covered, depending on
the type of simulation. In brief, SKIRON/Dust modeling system domain covers the Medi-
terranean region, Europe and the largest part of the African continent. The domain used for

Table 2 Model configuration for the sensitivity simulations

SKIRON/Dust modeling system
Input data ECMWF initial and lateral boundary conditions (0.5◦ × 0.5◦) on 11 iso-

baric levels; topography (30′′ × 30′′): US Geological Survey (USGS) data-
set; vegetation (30′′ × 30′′): USGS dataset; Soil (2′′ × 2′′)—ZOBLER and
FAO/UNESCO

Horizontal resolution 0.24◦ × 0.24◦
No of grid points 135 × 213
No of vertical layers 38 (up to 22 km)
Simulation period 15–18 April 2005 22–25 February 2006

CAMx
Input meteorological data 3D meteorological fields from SKIRON/Dust
Input air quality data Gridded initial and boundary conditions, time/space constant concentrations
Input emission data Gridded area sources from EMEP database (16 × 16 km2; Hertel et al. [65])
Horizontal resolution 0.235◦ × 0.18◦
No of grid points 200 × 108
SW corner of the grid (−7◦, 28◦)

No of vertical layers 14 (up to 4 km)
Chemical mechanism CB-IV with full aerosol chemistry (ISORROPIA, SOAP,

RADM). CF approach (coarse/fine)
Simulation period 15–18 April 2005 22–25 February 2006
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Table 3 Model configuration for the large-scale simulations

SKIRON/Dust modeling system
Input data ECMWF initial and lateral boundary conditions (0.5◦ ×0.5◦) on 16 isobaric

levels; topography (30′′×30′′): US Geological Survey (USGS) dataset; veg-
etation (30′′ × 30′′): USGS dataset; Soil texture (1′′ × 1′′)—ZOBLER and
FAO/UNESCO

Horizontal resolution 0.24◦ × 0.24◦ 0.16◦ × 0.16◦
No of grid points 135 × 213 245 × 315
No of vertical layers 38 (up to 22 km)
Simulation period 28 July–22 August 2001 1–20 April 2003

CAMx
Input meteorological data 3D meteorological fields from SKIRON/Dust
Input air quality data Gridded initial and boundary conditions, time/space constant concentrations
Input emission data Gridded area sources from EMEP database (16 × 16 km2; Hertel et al. [65])

Gridded area sources from GEIA (1◦ × 1◦) (www.geiacenter.org)
Horizontal resolution 0.235◦ × 0.18◦
No of grid points 200 × 108 305 × 231
SW corner of the grid (−7◦, 28◦) (−16.5◦, 11.5◦)
No of vertical layers 14 (up to 4 km) 22 (up to 8 km)
Chemical mechanism CB-IV with full aerosol chemistry (ISORROPIA, SOAP, RADM). CMU

approach (3 size bins): 0.03–0.1, 0.1–2.5, 2.5 − 10 µm
Simulation period 1–22 August 2001 1–20 April 2003

CAMx simulations differs for the two-types of simulations on the width of the selected area.
For the sensitivity simulations and the large-scale simulation for August 2001, the domain
covers mostly the Mediterranean region, Central, Eastern and part of Western Europe, as
well as part of North Africa. For the case of April 2003, the extended domain includes the
desert areas of the African continent (north and central Africa) and large part of the Arabian
Peninsula. During April, the transport of desert dust towards the Mediterranean is favored and
large quantities of dust particles travel thousand of kilometers from Saharan desert to Eastern
and Central Mediterranean region. The horizontal resolution is rather coarse (approximately
20 km) due to the necessity to analyze the pollutant movement in the large area of interest
and due to restrictions in the emission inventory spatial resolution.

Synoptic meteorological conditions are of major interest during the process of selecting
the simulation periods, always depending on the objectives of the conducted study. In this
manuscript, we discuss simulations for three different periods (August 2001, April 2003 and
February 2006). In brief, the meteorological conditions differ during the mentioned periods
of the year, sharing one common ground: the transport of desert dust from Central and North-
ern Africa toward Europe. In the present work, the coexistence of pollutants originated from
different sources is of major importance in order to study the interactions among them.

During August, the synoptic conditions in the Mediterranean region are driven by strong
northerly winds, limited amounts of precipitation and intense photochemical activity.

During April, the formation of low-pressure systems is evident. These systems move east-
ward relatively fast. Precipitation occurs in several parts of the domain and western, south-
western or sometimes southern winds transport large amounts of desert dust from Africa to
Europe over the Mediterranean Sea.

February is a month of the year with limited photochemical activity in general, but during
the specific days of February 2006, a severe episode of dust transport toward the Eastern
Mediterranean occurred. This is an interesting case study for simulating the radiative effects
of dust.
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In general, desert dust transport occurs on an episodic basis. A summary of the synoptic
conditions favoring the long-range transport of natural and anthropogenic pollutants can be
found in Kallos et al. [5] and references therein.

4 Model sensitivity studies on the gas-aerosol interactions

4.1 Sensitivity of photolysis rates

The description of the first gas-aerosol interaction focuses on the shading effect of dust parti-
cles that cause alterations in the photolysis rates. Primarily, Astitha et al. [13] have presented
such interaction for an extreme desert dust episode in the Eastern Mediterranean (for April
2005). A second episode occurred on February 2006, lasted for 3–4 days and affected the vis-
ibility and air quality of Greece as shown in Fig. 1. PM10 levels for both episodes have been
recorded high above 1,000 µg m−3 for Athens and Crete Island (sources: Hellenic Ministry
for the Environment, Physical Planning and Public Works and Professor N. Mihalopoulos
ECPL, Department of Chemistry, Crete).

The episode of February 2006 has been analyzed using SKIRON/Dust and CAMx models
(model configuration is presented in Table 1), considering only the effects of dust opti-
cal depth on photochemical reactions. Dust optical depth is calculated using the dust load
fields from SKIRON and mass extinction coefficients for each particle size and wavelength
(Dust Optical Depth = Dust Load (g/m2) × Mass Extinction Coe f f icient (m2/g),
from Seinfeld and Pandis [52], Tegen et al. [53] and Chin et al. [54]). The appropriate mass
extinction coefficient for each particle size at 340 nm wavelength is obtained from Anderson
et al. [55] and the database of the Geophysical Fluid Dynamics Laboratory (GFDL) radiation
model. For dust particles with centered diameter at 1.5 µm, the mass extinction coefficient
is 0.8912 m2g−1 and for dust particles with centered diameter at 12 µm, the mass extinction
coefficient is 0.0782 m2g−1 at 340 nm. The other two larger size sections (36 and 76 µm)
are not included in this study, since they are quite heavy to transport far away from their
source. Calculated dust optical depth at 340 nm wavelength is in accordance with the TUV

Fig. 1 a Dust transport from Northern Africa toward Eastern Mediterranean from NASA GSFC Satellite
(http://earthobservatory.nasa.gov/). b Photographic image of Athens centre for February 24, 2006
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COMPARISON  WITH  AERONET 
MEASUREMENTS FOR 24 FEBRUARY 2006 
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Fig. 2 a Dust optical depth calculated by the model at 12:00 UTC, February 24, 2006. b Comparison of dust
optical depth with measurements at several AERONET sites for the same day

(Tropospheric Ultraviolet-Visible Model, [56]) model, which uses a look-up table for aerosol
optical depths for a standard atmosphere at 340 nm.

The dust optical depth calculated from the dust concentrations has reached values higher
than 0.9 as shown in Fig. 2a. These values compare well with the available AERONET Aero-
sol Optical Depth measurements (Fig. 2b). The model-observation comparison for the period
of February 2006 gave correlation coefficient (r) 0.92 (Fig. 2b), providing some assurance
on the credibility of the applied methodology.

Since the calculation of dust optical depth has shown reasonable results compared to
the observations, the next step has been the utilization of dust optical depth in the calcula-
tion of photolysis rates. The TUV model (Tropospheric Ultraviolet-Visible Model, [56,57])
calculates the photolysis rates, using the clear-sky assumption. The correction for the pres-
ence of clouds occurs during runtime, within CAMx model [58]. The procedure followed
for the inclusion of dust optical depth in the calculation of photolysis rates begins with the
SKIRON/Dust simulation. The dust-related fields from SKIRON/Dust modeling system are
incorporated in a pre-processor to handle the changes in geographical projection and cal-
culate the dust optical depth for specific wavelengths on an hourly basis, as described in
the previous paragraph. The standard version of TUV model uses a look-up table for the
vertical profile of aerosol optical depth (standard atmosphere) at 340 nm (wavelength) from
Elterman [59]. Dust optical depth in combination with that look-up table for each grid cell of
the modeling domain, result in the calculation of photolysis rates, which are different from
the calculation via the original version of the TUV model.

Photolysis rates for ozone (J(O1D)) have showed a reduction at the surface and up to
1.5–2 km for Athens area, where the dust plume was located. Figure 3a shows the vertical
distribution of the ozone photolysis rates with and without the inclusion of the dust influence,
focused on Athens area in the model domain, at 12:00UTC. The blue line shows the photoly-
sis rates using the original version of TUV model and the red line the rates after implementing
the radiative effects of dust in the TUV model. Figure 3b presents the vertical distribution
of dust concentration above Athens area for the same period and reveals the stratification of
the dust plume in the lower atmosphere. The dust plume extends to 1.5 km above the surface
and that explains the small increase in photolysis rates above the plume in Fig. 3a, probably
because of scattering effects on the dust particles.
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Vertical Distribution of Desert Dust 
for 24 February 2006, 12:00UTC
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Fig. 3 a Vertical distribution of ozone photolysis rates for Athens area during February 24, 2006, at 12UTC,
calculated by the model. The blue line denotes the photolysis rates without the dust influence and the red line
the altered rates with the inclusion of dust. b Vertical distribution of total dust concentration calculated by
SKIRON/Dust model for Athens area during February 24, 2006, at 12UTC

On the 24th of February, during noon time above Athens, the dust optical depth was approx-
imately 0.55 and the dust concentration reached 750 µg m−3. This resulted in a decrease in
NO2 and O3 photolysis rates, approximately 14.8% and 14.5% at the surface (the decrease is
calculated as (Jdust − Jnormal)/Jnormal ∗ 100%). In areas where dust optical depth was 0.7–0.8
the photolysis rates decrease reached 20% for both reactions. J(O1D) at the surface above
Athens was 0.0003 min−1 = 0.5∗10−5 s−1 (Fig. 3a) and J(NO2) was 0.3 min−1 = 0.005 s−1

for February at noon time. Both values are in agreement with the measurements of Balis et al.
[60] and Gerasopoulos et al. [61] for Crete Island.

In general, the sensitivity tests conducted for the influence of desert dust on photochem-
ical reactions, showed reduction of photolysis rates at the surface, reaching 20% in severe
Saharan dust episodes (dust concentration 1,100 µg m−3). In Martin et al. [62], the model
results showed 5–20% reduction of the photolysis rates for NO2 and O3 during August, over
most of the Northern Hemisphere, which agrees with the results from our simulations. After
performing two simulations with the chemical transport model CAMx, the outcome was the
estimated differences in ozone and sulfate concentrations. The first simulation, called ‘nor-
mal’ has utilized the photolysis rates from the original version of the TUV model, whereas
in the second simulation called ‘dust’, the altered photolysis rates due to the presence of dust
particles are used. The simulations performed with and without the radiative effects of dust
on photochemical reactions, showed a maximum reduction in ozone and fine sulfate con-
centration of the order of 1–2 ppb and 1–2µg m−3, respectively, at the surface and at higher
atmospheric layers. The maximum reduction in ozone concentration was approximately 2–
3% of the base-case concentration, a result that agrees with the work of Tang et al. [42] during
the ACE-ASIA experiment. Figure 4 illustrates the discussed reductions for ozone and fine
particulate sulfate at the first layer of the model, for February 24, 2006 at 12:00UTC.

The attenuation of the photolysis rates due to clouds is a very crucial factor that drives
the photolytic loss or production of atmospheric species. In the simulations described herein,
cloud effects are accounted for during runtime, correcting the photolytic reactions with and
without the inclusion of desert dust shading effect. The net reduction in ozone and sulfate
concentration discussed in this section is a result solely from the inclusion of dust in the
calculation of the j-values. A small increase in the base-case value appeared in ozone and
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Fig. 4 Hourly changes in (a) ozone and (b) fine particulate sulfate for February 24, 2006, at 12:00UTC.
The difference is between a simulation with the inclusion of dust optical depth (called dust) and a simulation
without dust (called normal)

sulfate concentrations at the first model layer, for specific locations in the domain, instead
of the expected decrease (Fig. 4). This can be attributed to low photolytic losses below the
dust plume that can produce accumulation of the photochemical species formed during the
previous day. For fine sulfate, the increase is of the order of 0.04–0.2 µg/m3 and spans an
area of approximately 20 grid cells (total area of 4.7◦ × 3.6◦). Another reason additive to
the transport from the previous day relates to the aerosol optical depth. The main difference
between the base-case simulation and the one with the inclusion of dust is the calculation of
the photolysis rates. Predictive aerosol optical depth is used instead of the constant value of
“haze” (0.094 in CAMx version 4.03 and 0.1 in later versions) in the base-case simulation.
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Consequently, there are parts of the simulation domain where the calculated photolysis rates
are using lower values for optical depth than the default value (base-case simulation). Overall,
the impact of Saharan dust on the photochemical production of ozone and particulate sulfate
can be described as minor but not negligible for areas like the Euro-Mediterranean region
characterized by high photochemical activity.

4.2 Sensitivity of sea salt production

Sea salt particle production has been the second step toward the study of the interactions
between gases and aerosols of natural and anthropogenic origin. The purpose of including
the sea-salt production module in the chemical transport model was the strengthening of the
physical and chemical processes with naturally originated species. Sea-salt aerosols inter-
act with gases on an indirect way, enriching the chemical processes with sodium, chloride
and sea-salt sulfate that consequently influence the production/destruction of several other
species. Sea-salt is not treated as a reactive surface in the current version of the model.

Large-scale simulations (described in Sect. 3) have been performed with the inclusion of
sea-salt production (sea-salt is speciated into sodium, chloride and sulfate aerosol using the
factors fNA = 0.3856, fCl = 0.5389, fSO4 = 0.0755, respectively), as suggested by Shankar
et al. [20] and Gong [22]. Available measurements of sodium aerosol concentration in the
Euro-Mediterranean region assist in the evaluation process. The statistical analysis performed
for the modeled versus observed coarse sodium aerosol concentration (PM10) is summarized
in Table 4. The analysis showed a reasonable linear correlation with correlation coefficients
ranging from 0.67 to 0.76. The biases and root mean square errors are rather acceptable,
revealing the model over/underestimation depending on the seasonality, frequency sampling
and location of the station.

As expected from the theoretical formulation of sea-salt production, the sodium and
chloride aerosols generated from the model experienced peak concentrations in cases with
high surface wind and relative humidity. Surface wind speed of the order of 15–20 m s−1

gave hourly concentrations of aerosol chloride and sodium that reached 70 and 60 µg m−3,

Table 4 Statistical analysis of modeled versus observed sodium aerosol concentrations

Finokalia station, Crete Spain

Model (µg/m3) Obs (µg/m3) Model (µg/m3) Obs (µg/m3)

1–22 August 2001
3 h average Na (bulk) 2.34 ± 1.43 1.69 ± 1.14
Daily average Na (PM10) 0.95 ± 0.8 1.29 ± 0.6
Linear correlation (trend line) y = 0.873 × +0.904 y = 0.94 × −0.27

r = 0.67 r = 0.7
Bias 0.61 −0.34
RMSE 1.31 0.67
1–18 April 2003

Finokalia station, Crete
Model (µg/m3) Obs (µg/m3)

Daily average Na (PM10) 1.17 ± 0.83 1.73 ± 0.76
Linear correlation (trend line) y = 0.838 × −0.283

r = 0.76
Bias −0.56
RMSE 0.75
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Table 5 Modeled PM10 sodium
aerosol concentration for specific
grid cells

PM10 Sodium
aerosol
concentration
(µg/m3)

Hourly
maximum
value

Daily
maximum
value

Average in the
simulation period

1–22 August 2001 21.7 15.72 2.59
1–20 April 2003 61.5 18.4 3.02

respectively. In an attempt to justify the high amounts of sodium aerosol within the first
model layer (0–50 m), we gathered information from publications related to sea-salt.

Monthly averages of bulk sodium aerosol obtained from Gong et al. [26] in the Atlantic
Ocean were 20, 8 and 4 µg m−3 for February, April and August, respectively. Measurements
in Crete Island [63] gave a summer average sodium aerosol concentration of 2.027 µg m−3.
Finally, Alastuey et al. [15] measured sodium aerosol concentration (Total Suspended Parti-
cles-TSP) of the order of 20 µg m−3 at the Canary Islands (three-day average). For the case
of August 2001, the selected modeled point is in the Central Mediterranean, while for the
case of April 2003, the selected point is in the Western Mediterranean. Each of the simu-
lation periods covers practically 1 month in length. The calculated average is referred to as
a mean monthly value as illustrated in the last column of Table 5. The modeled quantities
shown in Table 5 compare with the ones from the referred publications on an acceptable way.
Nevertheless, the uncertainties attributed to various factors such as the representation of the
meteorology, salinity and coastline complexity are still high.

4.3 Sensitivity of new particle formation

The final step in studying the interactions between gas-aerosol chemistry has been the inclu-
sion of the previous processes along with the heterogeneous reactions of gases on dust particle
surface. Thus, the coexistence and interaction of pollutants from different origins (natural and
anthropogenic) can be fully handled by the chemical transport model. The large-scale simu-
lations discussed in Sect. 3 have been performed with all the new processes included, using
meteorological fields from SKIRON/Dust modeling system. CAMx multi-sectional approach
has been implemented for the treatment of particulate matter, with three size sections, each
having diameters in ranges: 0.03–0.1, 0.1–2.5, 2.5−10.0 µm. CAMx model runs on a lati-
tude–longitude projection, with horizontal resolution 0.235◦ × 0.18◦ (Table 3). Results for
the April 2003 simulation are discussed in this section, since April is the month of significant
dust transport towards the Mediterranean region and efficient photochemical activity. Figure
5 displays the concentrations of the new aerosols formed on dust particles for two model
layers, near the surface (0–50 m) and in the upper troposphere (3–4 km), for April 11, 2003,
a day with significant transport of dust to the Eastern Mediterranean Region.

In general, the amount of sulfate produced on dust (DSO4) is rather small, about 2−4
µg m−3 (in 2 h average), except in areas with fresh and continuous sulfur dioxide emis-
sions in conjunction with the availability of dust in the area, like southern Italy and Saudi
Arabia (Fig. 5b1 and b2). The 2 h-average values of DSO4 are in accordance with Zhang and

�Fig. 5 2 h average total concentration in two vertical layers, 0–50 m (left graphs) and 3–4 km (right graphs)
for: (a) crustal material (Saharan dust), (b) sulfate produced on dust (DSO4), (c) nitrate produced on dust
via NO2 reaction (DNO3), (d) nitrate produced on dust via HNO3 reaction (DNO3b), for April 11, 2003, at
12:00UTC
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Fig. 6 Time series and linear-correlation of ozone concentration at the first model layer with observations at
three sites: (a) Station in Athens basin (Galatsi-urban background) for 11–14 April 2003, (b) EMEP station in
Spain (Els Torms-rural background) for 16–19 April 2003 and (c) EMEP station in Spain (Cabo de Creus-rural
background) for 16–17 April 2003. The green lines on the left plots and green dots on the right scatter diagrams
are associated with the original model simulation. Red lines on the left and red dots on the scatter diagrams
are associated with the new-processes model development

Carmichael [47]. The overall contribution of DSO4 to the total sulfate concentration can be
characterize as minor, except in cases with fresh and continuous sulfur emissions and dust
transport (as discussed previously) where the DSO4 can alter the general trend of sulfates
in the area. Nitrate produced on dust from the nitrogen dioxide reaction is rather small, with
values lower than the DSO4 produced (Fig. 5c1 and c2) for both atmospheric layers. Nitrate
produced on dust from the nitric acid reaction exhibits larger concentration values, reaching
20−40 µg m−3 (2 h average) (Fig. 5d1 and d2).

The major uncertainties in these simulations relate to the uptake coefficient (gamma value-
γ ) used for the calculation of the heterogeneous uptake of gases on dust surface. Overall,
the model simulated total sulfate (as sum of anthropogenic and formed on dust) in a reliable
way, coinciding with various publications on this field [41,43,45,47]. The comparison with
observations showed correlation coefficients that varied from 0.5 to 0.8 depending on the
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location, with the model slightly over-predicting the observations (modeled values were 1 to
1.5 times the measured ones). The results were also satisfactory for the nitrate formed on dust
based on the published data, but because CAMx has a tendency to over-predict nitrates in
its original code [64], the comparison with observations revealed such over prediction once
more.

One aspect of the new processes embedded in the chemical transport model has been
the production of new aerosols from the interaction of gases with aerosol surfaces. Another
aspect is the impacts that these processes have on other species like ozone, sulfur dioxide
and nitrogen oxides. In the previous section, the discussion focused on the ozone and sulfate
reduction due to the shading effects of dust, for a small simulation period. The inclusion of all
the gas-aerosol interaction processes changed the scenery by reducing ozone concentration
up to 10–20 ppb at the surface and the upper layers of the model.

For ozone particularly, such reduction was useful and necessary when compared with
observations in three locations in the Mediterranean region. During the case of April 2003,
there were days with significant dust transport to the Eastern Mediterranean affecting Greece
(10–15 April) and to the Western Mediterranean affecting Spain (14–18 April). For these
days, the modeled ozone concentrations using the original version of CAMx and the version
with the new processes compared to observations, revealed an improvement in the model
performance (Fig. 6).

In Fig. 6, the blue line denotes the observed values, the green line is for the ozone con-
centration using the original version of the model and the red line is for the model with the
new processes included. The ozone concentration simulated by the new model showed a
decrease that enhanced the correlation with the observations. Model performance is different
for each station due to their location. The station in Athens (Galatsi, Fig. 6a) is characterized
as urban-background, whereas the two stations in Spain (Els Torms, Cabo de Creus, Fig. 6b,
c) are characterized as rural background. Given the coarse horizontal resolution of the model,
it is obvious that urban air quality cannot be resolved adequately, whereas for rural stations
the model displays an overall substantial performance. For all the measuring sites, the trend
line in the scatter diagrams showed enhanced performance when applying the new model
development that lowered ozone concentration compared to the original code. Correlation
coefficients also revealed an increase that reached 0.88 as shown in Fig. 6.

Besides the direct uptake of ozone on the dust particle (reaction 4, Sect. 2), the other
gaseous species participating in the heterogeneous reactions influence the final ozone con-
centrations. The relative role of nitrogen oxide and nitric acid in the decrease of ozone
concentrations is complicated and was the subject of several studies in the past (e.g. 29, 42,
44, 46 and 47). Overall, the mentioned decrease in ozone concentration is the result primarily
of the heterogeneous processes and secondarily of the radiative effects of dust particles on
photochemical processes as discussed in the sensitivity tests (Sect. 4.1).

Finally, the impacts of the interactions between gas-aerosol chemistry, on other species in
the atmosphere are highlighted in Fig. 7 for April 11, 2003, at 12:00UTC. The differences
shown in Fig. 7 are the result of two simulations with the chemical transport model, one
with the original version of the code (named after ‘orig’) and one after implementing all the
discussed processes (named after ‘new’). Ozone concentration decrease appears in areas with
high dust loading, as discussed previously. Ozone decrease reaches 20 ppb near the surface
and 30 ppb at the upper model layer because of the new gas-aerosol interaction processes
(Fig. 7a). Nitrogen dioxide is slightly decreased (maximum decrease 6 ppb) at the first layer
and shows descending decrease at the higher layers (Fig. 7b). Likewise, sulfur dioxide is
slightly decreased (maximum decrease 5 ppb, Fig. 7c), whereas nitric acid changes are more
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�Fig. 7 Changes in 2 h average concentration in two vertical layers, 0–50 m (left graphs) and 3–4 km (right
graphs) for: (a) Ozone, (b) Nitrogen dioxide, (c) Sulfur Dioxide and (d) Nitric Acid, for April 11, 2003, at
12:00UTC. The differences are the result of two simulations, one with the new processes and one with the
original version of CAMx model

rapid and reach 20 ppb in the lowest model layer. The enhancement shown in all species in
the upper layer can be attributed to the accumulated effects of low photolytic losses.

5 Summary and conclusions

The work presented in this paper has emphasized on the impacts of gas-aerosol chemistry
interactions from the modeling point of view, focusing on the Euro-Mediterranean region.

Gases interact with aerosols like desert dust and sea-salt in various ways, including the
direct radiative effects of particles on photochemical processes and the heterogeneous uptake
of gases on dust particles that are discussed in the present study. The above interactions
revealed that ozone anti-correlates with Saharan dust as has been stated in previous studies.
The model performance concerning the ozone cycle has shown improvement according to
statistics.

Sea-salt production embedded in the model has provided emissions of chloride and sodium
species and an additional contribution to the particulate sulfate concentration. Sea-salt inter-
acts with gases on an indirect way, enriching the chemical processes with the mentioned
species that influence the cycle of other atmospheric pollutants.

The production of 3rd generation pollutants like particulate sulfates on dust particles seems
to be important in areas with continuous and fresh release of sulfur dioxide together with the
coexistence of dust particles, and of minor importance in other areas.

Third generation nitrates formed from the uptake of nitric dioxide on dust have shown
negligible amounts compared to the anthropogenic nitrates, in agreement with the litera-
ture. Nitrates formed from the uptake of nitric acid were much higher in quantity and this
result together with the model overestimation of the nitrates intensified the uncertainty of the
constant uptake coefficient used for the relevant heterogeneous reaction.

The new model development discussed in the previous sections revealed the necessity
of specified pollutant measurements including chemical speciation for the Mediterranean
region. Also revealed the uncertainty of such processes based on the assumptions during the
implementation of the relevant coefficients and algorithms. The generation of new aerosols
and the removal of gases on dust surfaces can be significant for both the middle and the upper
troposphere, not because of the high amounts of produced species, but due to the different
properties of such generation. Interactions between gases and particles influence the atmo-
spheric and chemical cycle of several other species, beyond the interacting ones. Combining
this information with the capability of each species to affect solar radiation (absorption,
scatter, extinction) and taking into account their deposition pathways, interesting insights
can emerge on the potential climatic and environmental impacts for the Euro-Mediterranean
region. Moreover, dust particles acting as reactive surfaces in a wet environment might lead
to new climate modifiers for “desert dust-sensitive areas” like the Mediterranean region.
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