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Abstract. We employ the WRF-Chem model to study sum-
mertime air pollution, the intense photochemical activity and
their impact on air quality over the eastern Mediterranean.
We utilize three nested domains with horizontal resolutions
of 80, 16 and 4 km, with the finest grid focusing on the island
of Cyprus, where the CYPHEX campaign took place in July
2014. Anthropogenic emissions are based on the EDGAR
HTAP global emission inventory, while dust and biogenic
emissions are calculated online. Three simulations utilizing
the CBMZ-MOSAIC, MOZART-MOSAIC, and RADM2-
MADE/SORGAM gas-phase and aerosol mechanisms are
performed. The results are compared with measurements
from a dense observational network of 14 ground stations in
Cyprus. The model simulates T>n, Pgurf, and WD, accu-
rately, with minor differences in WS;o, between model and
observations at coastal and mountainous stations attributed
to limitations in the representation of the complex topogra-
phy in the model. It is shown that the south-eastern part of
Cyprus is mostly affected by emissions from within the is-
land, under the dominant (60 %) westerly flow during sum-
mertime. Clean maritime air from the Mediterranean can
reduce concentrations of local air pollutants over the re-
gion during westerlies. Ozone concentrations are overesti-
mated by all three mechanisms (9 % < NMB <23 %) with
the smaller mean bias (4.25 ppbV) obtained by the RADM?2-
MADE/SORGAM mechanism. Differences in ozone con-
centrations can be attributed to the VOC treatment by the
three mechanisms. The diurnal variability of pollution and

ozone precursors is not captured (hourly correlation coef-
ficients for O3 <0.29). This might be attributed to the un-
derestimation of NO, concentrations by local emissions by
up to 50 %. For the fine particulate matter (PM; s), the low-
est mean bias (9ugm™3) is obtained with the RADM2-
MADE/SORGAM mechanism, with overestimates in sulfate
and ammonium aerosols. Overestimation of sulfate aerosols
by this mechanism may be linked to the SO, oxidation
in clouds. The MOSAIC aerosol mechanism overestimates
PM 5 concentrations by up to 22 ugm— due to a more pro-
nounced dust component compared to the other two mecha-
nisms, mostly influenced by the dust inflow from the global
model. We conclude that all three mechanisms are very sen-
sitive to boundary conditions from the global model for
both gas-phase and aerosol pollutants, in particular dust and
ozone.

1 Introduction

Many years of intense population growth have rendered the
eastern Mediterranean and the Middle East (EMME) re-
gion into a very densely populated area, with more than
350 million inhabitants over an area with a 2000km ra-
dius. Strong industrialization and a lack of air pollution pol-
icy in the countries in the region have resulted, in recent
decades, in an increase of anthropogenic emissions to the at-
mosphere. Compared to other regions in the Northern Hemi-
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sphere, background concentrations of important trace gases
and aerosols over the EMME region are very high (Lelieveld
et al., 2002), whilst the Mediterranean Basin is found to be
the region with the highest background ozone (O3) levels in
Europe. Several locations in the Middle East are character-
ized by much higher nitrogen dioxide (NO;) column densi-
ties than major cities in Europe (Lelieveld et al., 2009).

The eastern Mediterranean atmospheric O3 concentrations
are characterized by seasonal variability with the maxima ob-
served during the summer (Kouvarakis et al., 2000; Gera-
sopoulos et al., 2005; Kalabokas et al., 2008; Kleanthous
et al., 2014) due to intense photochemical activity and the
prevailing meteorological conditions. The collocation of the
south-eastern Europe/Balkan Peninsula high-pressure sys-
tem and the Asian monsoon low-pressure regime to the east
causes northerly circulation over the Aegean Sea that sheers
to north-westerly over the eastern Mediterranean (Tyrlis
et al., 2013; Anagnostopoulou et al., 2014). As a result, the
EMME region is affected by near-surface transport of pol-
luted air masses from various distance sources such as the
Middle East, eastern and central Europe (Lelieveld et al.,
2002; Gerasopoulos et al., 2005; Ladstitter-Weilenmayer
et al., 2007; Kalabokas et al., 2008; Kanakidou et al., 2011).
Kleanthous et al. (2014) reported that long-range transport
(LRT) has important impacts on the air quality over the is-
land of Cyprus and it is directly linked to high O3 levels.
Local precursor emissions such as nitrogen oxide (NO) and
carbon monoxide (CO) have been found to account only for
6 % of the observed O3 levels.

Downward transport from the upper troposphere and lower
stratosphere associated with enhanced subsidence and lim-
ited horizontal divergence has been found to be another im-
portant mechanism, which increases the already elevated O3
concentrations over the EMME region (Zanis et al., 2014).
During the summer period, the contribution of tropopause
folds in mid-tropospheric and lower tropospheric O3 concen-
trations is more significant over the south-eastern Mediter-
ranean (Akritidis et al., 2016). LRT also enhances carbon
monoxide (CO) surface concentrations, with 60 % to 80 % of
the boundary-layer CO over the Mediterranean attributed to
polluted air masses originating from western and eastern Eu-
rope, while the eastern Mediterranean is mainly affected by
emissions from Ukraine and Russia (Lelieveld et al., 2002).

During the second phase of the Air Quality Model Eval-
uation International Initiative (AQMEII), the nine working
groups using the Weather Research and Forecasting model
coupled with chemistry (WRF-Chem) operationally reported
an overall underestimation of the annual surface ozone (O3)
levels reaching up to 18 % over Europe and 22 % over North
America (Im et al., 2015b) with autumn overestimation and
winter underestimation. The meteorological and chemical
configurations of the different groups were found to have a
considerable effect on simulated O3 levels. Model perfor-
mance was strongly influenced from the boundary condi-
tions, especially during autumn and winter. Regarding par-
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ticulate matter 2.5 um or less in diameter (PM3 5) concentra-
tions, large overestimations over Europe were reported (Im
et al., 2015a). Tuccella et al. (2012) compared WRF-Chem
model output against ground-based observations over the Eu-
ropean domain for the year 2007 with time-invariant bound-
ary conditions. The model simulated temperature satisfacto-
rily with a small negative bias, but wind speed was highly
overpredicted. O3 daily maxima were underestimated, while
mean O3 concentrations during spring (autumn) were un-
derestimated (overestimated). Ritter et al. (2013) applied the
model over a Swiss domain for 2 years on a 2 km horizontal
resolution. The model reproduced well temperature and solar
radiation, but failed to capture short-term peaks in pollutant
concentrations for several days.

In the literature various gas-phase chemistry and aerosol
mechanisms have shown different behaviour in terms of pre-
dicting the atmospheric concentrations of pollutants over
specific regions. Gupta and Mohan (2015) compared the
Carbon Bond Mechanism (CBM-Z) and the Regional At-
mospheric Chemical Model (RACM) gas-phase chemistry
mechanisms over the mega city of Delhi, India, at a hori-
zontal grid resolution of 10km for the innermost model do-
main. Results showed that both mechanisms tend to over-
estimate O3 concentrations. It was noted that the use of a
finer grid resolution may improve the overall model perfor-
mance. Mar et al. (2016) evaluated the performance of the
Regional Acid Deposition Model (RADM?2) and MOZART-
4 gas-phase chemistry mechanisms at a horizontal grid res-
olution of 45km over Europe. Simulated O3 consecrations
by MOZART-4 were found to be up to 20ugm™> higher
than RADM2 during the summer due to a higher photo-
chemical O3 production rate. On the other hand, RADM2
showed a negative bias for the whole year, while both mecha-
nisms slightly underestimated nitrogen oxide (NO, ) concen-
trations. Knote et al. (2014) performed box-model intercom-
parison of several formulations for tropospheric gas-phase
chemistry under idealized meteorological conditions in the
framework of the second phase of AQMEII. They found
significant variabilities in the prediction of gaseous pollu-
tants and key radicals and they highlight that the choice of
gas-phase mechanism is a crucial component in modelling
studies. Balzarini et al. (2015) showed that predicted total
PM mass concentrations as well as aerosol subcomponents
vary between the MADE/SORGAM and MOSAIC aerosol
mechanisms. Differences were attributed to the approach
each mechanism uses to simulate the aerosol size distribution
(modal or sectional bin) and the gas-phase chemistry mecha-
nisms these are coupled with in the WRF-Chem model since
they affect the concentrations of aerosol precursors.

A very limited number of studies have dealt with online air
quality modelling over the EMME region, with apparent lim-
itations. Safieddine et al. (2014) employed the WRF-Chem
model to study the tropospheric O3 over the Mediterranean
during the summer season at a horizontal grid resolution of
50km. The coarse model horizontal grid resolution was pro-
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posed by the authors as a possible reason for model biases
in their study. Other studies in the region that utilize coupled
meteorological and chemistry models are usually short term.
For example, Bossioli et al. (2016) carried out WRF-Chem
simulations for a limited time period focusing on the contri-
bution of biomass burning on PM levels. However they re-
ported an increase in O3 levels by 50 % when boundary con-
ditions from the MOZART-4 global model were used. Kushta
et al. (2014) highlighted the importance of natural aerosols
when simulating the photochemical state of the atmosphere
during a dust episode in April 2004.

In this study we employ and intercompare three coupled
gas-phase chemistry and aerosol mechanisms to study the
long-range transport of air pollutants and the intense photo-
chemical activity over the eastern Mediterranean with focus
on the island of Cyprus, over the summer period, using high
temporal and spatial resolution down to 4 km. During July
2014, the CYprus PHotochemical EXperiment (CYPHEX)
campaign took place near Ineia, Paphos, a background mea-
surement site on the western coast of Cyprus, to investi-
gate the photochemistry and air mass transport of the eastern
Mediterranean, providing us with an extensive observation
data set.

The paper is structured as follows. In Sect. 2 we briefly
describe the three gas-phase chemistry and aerosol mecha-
nisms used in the simulations, the basic model configuration
including the model domains, the common parameterizations
and the emission data used. In Sect. 3 we present the results
from sensitivity tests dealing with the effects of boundary
conditions on the concentrations of gas-phase pollutants and
aerosols (Sect. 3.1). We examine the ability of the model to
predict the basic meteorological parameters (Sect. 3.2), the
concentrations of gas-phase pollutants (Sect. 3.3) and fine
particulate matter (Sect. 3.4). Our conclusions are given in
Sect. 4.

2  WRF-Chem model and observations
2.1 Gas-phase chemistry and aerosol mechanisms

The Weather Research and Forecasting (WRF) model is a
state-of-the-art regional meteorological model. Various gas-
phase chemistry and aerosol mechanisms have been imple-
mented into the WRF model, creating the online WRF-Chem
model (Grell et al., 2005). In this study, we employ WRF-
Chem version 3.61 with three widely used gas-phase chem-
istry and two aerosol mechanisms to simulate air quality over
the eastern Mediterranean:

CBMZ-MOSAIC (CM) The Iumped CBM-Z chemical
mechanism (Zaveri and Peters, 1999) is based on the
Carbon Bond Mechanism (CBM-IV) developed by
Gery et al. (1989). The Carbon Bond Mechanism in-
cludes 73 chemical species and 237 reactions. CBM-Z
is coupled with the Model for Simulating Aerosol Inter-
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actions and Chemistry (MOSAIC) developed by Zaveri
et al. (2008). MOSAIC uses a sectional bin approach for
the representation of the aerosol size distribution. In the
WRF-Chem model the user can choose between four
and eight size bins which are defined by their lower and
upper dry particle diameters. In both cases, only one bin
is dedicated to aerosols with diameter between 2.5 and
10 um. Therefore, when four aerosol bins are used, three
bins are dedicated to aerosols less than 2.5 um in diame-
ter, and when eight aerosol bins are used, seven bins are
dedicated to aerosols with diameters within this range.
Since this study focuses on the total PM; 5 mass con-
centrations and not on detailed aerosol microphysics or
effects on clouds, it is sufficient to use the four-bin op-
tion to reduce computational complexity.

MOZART-MOSAIC (MM) The MOZART gas chemical
mechanism, developed by Emmons et al. (2010), is
also used coupled with the MOSAIC aerosol scheme.
It includes 85 chemical species and 196 reactions and
is consistent with the chemistry used in the global
model that provides the chemical boundary conditions
for our simulations. The MOZART mechanism has been
widely used with WRF-Chem for simulations outside
Europe, but only a limited number of studies have ap-
plied it over the European domain.

RADM2-MADE/SORGAM (RMS) The second genera-
tion Regional Acid Deposition Model (RADM2) chem-
ical mechanism for regional air quality modelling
(Stockwell et al., 1990) includes 59 chemical species
and 157 reactions. RADM?2 is a widely used mech-
anism over the European domain and it is coupled
with the Modal Aerosol Dynamics for Europe (MADE)
(Ackermann et al., 1998). MADE uses a modal ap-
proach for aerosol treatment and is coupled with the
Secondary Organic Aerosol Model (SORGAM) (Schell
et al., 2001). SORGAM is capable of simulating sec-
ondary organic aerosol (SOA) formation including the
production of low-volatility products and their subse-
quent gas—particle partitioning.

2.2 Model configuration

All our simulations are conducted with the same model
physics configuration (Table 1) to facilitate intercompar-
ison. We modified the WRF-Chem v3.6.1 code to take
into account dust particles in the accumulation size mode
(0.1 ugm=3 < particle size <2.5ugm~3) for the calculation
of the total PM mass concentration in the RMS mechanism.
Three nested domains are used, as shown in Fig. la. The
outermost domain (d1) with a horizontal grid resolution of
80km extends from 16 to 4° N and from 10° W to 50°E in
order to include a large part of Europe and the Black Sea re-
gion, which have a significant contribution to the pollution
of air masses that reach the EMME region, as well as a large
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Table 1. Physics options used, common in all simulations

Atmospheric process Scheme

Morrison double moment
(Morrison et al., 2005)

Cloud microphysics

Cumulus parametrization  Grell 3D
(Grell, 1993, 2002)
Land-surface physics Noah Land Surface Model
(Chen and Dudhia, 2001)
Longwave radiation RRTM scheme

(Mlawer et al., 1997)

Photolysis Fast-J Photolysis

Planetary boundary layer ~ Yonsei University PBL
(Hong et al., 2006)

Shortwave radiation RRTM scheme

(Mlawer et al., 1997)

part of the Sahara and Middle Eastern deserts in order to uti-
lize the dust emission schemes included in the WRF-Chem
model. The second domain (d2) with a horizontal grid reso-
lution of 16 km is located over the Levantine Basin, including
all the surrounding major urban centres. The third innermost
domain (d3) is located over the island of Cyprus (Fig. 1b)
with a horizontal grid resolution of 4 km, allowing for a more
accurate representation of the state of the atmosphere over
the complex terrain of the island close to the surface observa-
tion stations. The WRF-Chem model uses a terrain-following
hydrostatic-pressure vertical coordinate system. In our study
29 layers are used from the surface up to 50 hPa. The first
layer on average extends to a height of 70 m. Control exper-
iments that were conducted during the model set-up showed
that increasing the number of vertical layers (in the lowest
70m or throughout the vertical extent of the atmosphere)
does not significantly alter the concentrations of pollutants
near the surface, at the station locations, due to mixing within
the boundary layer.

Meteorological initial and boundary conditions are pro-
vided by the Global Forecast System (GFS) at a horizon-
tal grid resolution of 0.25° x 0.25°. Time-variant chemical
boundary conditions are provided from the global Model
for OZone And Related chemical Tracers (MOZART-4; Em-
mons et al., 2010). The MOZART-4 model output datasets
are available at a horizontal grid resolution of 1.9° x 2.5°
and interpolated in space every 6h to our model domain
and the chemical species of each mechanism. Biogenic emis-
sions are calculated online by the the Model of Emissions of
Gases and Aerosols from Nature version 2.1 (MEGAN2.1)
by Guenther et al. (2012). We use the Air Force Weather
Agency (AFWA) dust scheme that was developed based
on the Marticorena and Bergametti (1995) dust emission
scheme in the Goddard Global Ozone Chemistry Aerosol
Radiation and Transport (GOCART) model (Chin et al.,
2000). The EDGAR-HTAP (Emission Database for Global
Atmos. Res. for Hemispheric Transport of Air Pollution) Ver-
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sion 2, compiled by the European Commission, Joint Re-
search Center (JRC)/Netherlands Environmental Assessment
Agency (LRTAP-Wiki, 2014) is utilized. This dataset in-
cludes emissions of gaseous pollutants such as sulfur dioxide
(80,), NO,, CO, non-methane volatile organic compounds
(NMVOCs) and ammonia (NH3) and particulate matter with
carbonaceous speciation (PMjg; PM» s; black carbon, BC;
and organic carbon, OC) from anthropogenic and biomass
burning sectors (Janssens-Maenhout et al., 2012). PM; 5 is a
subset of PM o and includes BC, OC, SOi_, NO3_ , crustal
material, metal, and other dust particles. The dataset used
in this study is available in 0.1° x 0.1° emission grid maps
for the year 2010 and can be downloaded from the EDGAR
JRC website per year, per substance, and per sector. Anthro-
pogenic emissions were interpolated in space and time to
produce daily emissions using the anthro_emiss utility (Ku-
mar, 2017).

2.3 Observational data

The model output is compared against observational data
from a dense station network which spans the island of
Cyprus and covers a large variety of monitoring sites, in-
cluding seaside and mountainous areas. Specifically, the
modelled meteorology is compared against meteorological
hourly observations from eight ground stations operated by
the Cyprus Department of Meteorology (Fig. 1, squares), and
meteorological data from the CYPHEX campaign, which
took place from 7 to 31 July 2014, near the village of In-
eia (Fig. 1, star). Modelled pollutant concentrations are com-
pared against observational data from five background air
quality monitoring ground stations operated by the Cyprus
Department of Labour Inspection — DLI (Fig. 1, circles)
and data from the CYPHEX campaign. The Finokalia sta-
tion in Crete, which is part of the European Monitoring and
Evaluation Programme (EMEP) network, is used as a ref-
erence station to discuss O3 discrepancies on measurements
over Cyprus. The frequency of all air pollutant concentra-
tions measurements is hourly, except for PMj; 5 concentra-
tions measurements by the CYPHEX campaign, which are
provided every 6 h. The location of the air pollution and me-
teorology monitoring stations and the measurements carried
out at each station are given in detail in Table 2.

3 Results and discussion
3.1 Boundary condition sensitivity tests

Previous studies have shown that lateral boundary conditions
affect the modelled near-surface O3 concentrations. Akri-
tidis et al. (2013) highlighted the importance of time variant
chemical boundary conditions on O3 concentrations over Eu-
rope. Kushta et al. (2017) (accepted for publication) showed
that chemical boundary conditions from the MOZART-4
global model have an important effect on the modelled con-
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Figure 1. Model simulation domains, terrain elevation, mean wind direction at 850 hPa for July 2014, and the location of the Finokalia
station (a) and meteorological stations (squares), air pollution stations (circles), CYPHEX campaign (star), and mean night-time (red vectors)
and mean daytime (green vectors) wind direction at 10 m (b). Monitoring station details are shown in Table 2.

Table 2. Air pollution monitoring and meteorological stations.

Code Station name Lat(°) Long(°) Alt(m) Measurements

CYPH  CYPHEX campaign 34.96 32.39 629 03,NO,, CO, SO,, PM; 5, T2, PSFC, WS
AQO1 Ayia Marina 35.04 33.06 532 03,NOy, CO, SO,, PM; 5
AQO2 Cavo Greco 34.96 34.08 17 03, NOy

AQO03 Ineia village 34.96 32.38 664 O3, NO,

AQO4 Stavrovouni 34.88 33.44 512 03, NOy

AQO05 Troodos 34.92 32.88 1745  0O3,NOy

AQO6 Finokalia 35.32 25.67 250 O3

METO01  Athalassa 35.14 33.40 158 T2, PSFC, WS, WDy
MET02 Larnaca 34.87 33.62 2 T2, PSFC, WS;(, WDy
METO03 Limassol 34.87 33.62 3 T2,PSFC, WS;o, WDy
METO04  Pafos 34.72 32.48 10 T2, PSFC, WS, WDjq
METO05 Paralimni 35.06 33.97 68 T2, WSj9, WDy

METO06 Polis 35.04 32.44 22 T2,PSFC, WS;o, WDy
METO07  Prodromos 34.95 32.83 1401 T2, WS19, WDy

MET08  Zygi 3475 33.33 40 T2, WS;0. WDy

centrations over the region of study. More specifically, in
their study, an important O3 overestimation by the WRF-
Chem model was attributed to the effect of chemical bound-
ary conditions. When the O3 inflow from the boundaries was
reduced by 30 %, model results were closer to observations.
Based on these results and the MOZART-4 model evaluation
(Emmons et al., 2010), O3 inflow from the global model was
reduced by 30 % in our study. Figure 2a shows the observed
O3 concentrations at the five air quality stations and the
CYPHEX campaign and the modelled concentrations from
(a) the base run using the RMS mechanism (blue) and (b)
a simulation where initial O3 concentrations and O3 inflow
from the global model were reduced by 30 % (red). The aver-
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age NMB decreased from 21 to 9 % when O3 from the global
model was reduced. Similar results appear at the Finokalia
background station, where NMB was reduced from 18 to 7 %
when O3 inflow from the global model was reduced by 30 %.
The results for the CM and MM mechanisms are analogous.
O3 overestimation due to the effect of boundary conditions
from the MOZART-4 model was also reported by Abdallah
et al. (2016). In their study, the Polyphemus chemical trans-
port model was found to highly overestimate O3 concentra-
tions over Lebanon when using boundary conditions from
the MOZART-4 model. Bossioli et al. (2016) also reported a
significant contribution of boundary conditions over the O3
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levels in the area. Therefore, O3 from the global model was
reduced by 30 % for the simulations of this study.

Since dust is an important parameter of air quality in the
region of study and important dust sources are not included
in our outermost domain, dust inflow from the global model
was taken into account in our simulations. The effect of dust
from the boundaries by the MOZART-4 on the WRF-Chem
PM; 5 concentrations is examined. In the CM mechanism
much higher PM» 5 concentrations than those observed oc-
cur between 11 and 13 July. To investigate this discrepancy
we performed two CM simulations (Fig. 3) with (continuous
blue line) and without (dashed blue line) dust influx from the
boundaries.

Incoming dust results in an increase of the order of 19 %
in PM3 5 modelled concentrations during the whole study pe-
riod. This increase is more pronounced from 11 to 13 July
(40 %). Dust presence also influences O3 concentrations
though aerosol-radiation feedbacks and their impact on pho-
tolysis rates. Figure 2b shows the observed and modelled O3
concentrations with (blue markers) and without (red mark-
ers) dust influx from the global model. The inclusion of dust
particles results in a decrease of 10 % in modelled O3 con-
centrations due to changes in solar radiation through aerosol—
radiation interactions.

The comparison of model to station data is performed us-
ing the first free model layer. The actual altitude of four
stations, located in regions with very complex terrain, was
found to differ from the model terrain height (CYPHEX cam-
paign, Ineia village, Troodos air quality monitoring station,
and the nearby Prodromos meteorological station). As a test,
we performed the comparison using modelled concentrations
taking into account the actual altitude of the stations. This
resulted only in a slightly better agreement in the predicted
surface pressure at the CYPHEX campaign and the Prodro-
mos station. Results in all other locations were not influenced
because of the mixing within the model boundary layer.

3.2 Meteorology

We evaluate the model performance regarding basic meteo-
rological parameters. Statistical metrics are derived by com-
paring the output of the three model simulations to hourly
measurements at ground stations. Pearson’s correlation coef-
ficient (R), mean bias (MB), normalized mean bias (NMB),
and root mean squared error (RMSE) for temperature at 2 m
(T2m), wind speed at 10m (WS1om), and surface pressure
(Psurf) averaged over all stations are shown on Table 3. Me-
teorology statistical metrics for individual stations can be
found in the Supplement (Table S1). Modelled T>y, is in
good agreement with observations (NMB =2 to 3 %) with
similar RSME values (2.72 to 2.78 °C) for all three mecha-
nisms. The diurnal cycle of T» 1, is reproduced at the majority
of the stations (R ~ 0.66). The model though does not cap-
ture the T, diurnal variability at the Larnaca meteorological
station (R < 0.20). The station is very close to the sea and the
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Larnaca Salt Lake, which might influence the thermal circu-
lation in the area.

The model tends to overestimate WS¢, at the majority of
the stations by an average of 1.71 to 1.83ms™! (R ~0.46)
for all three mechanisms. Mar et al. (2016) and Zhang et al.
(2013) also reported WSiony overpredictions by the WRF
model over the Mediterranean. The latter study attributed this
model behaviour to the poor representation of surface drag
exerted by the unresolved topography (mountains, hills and
valleys) and other smaller scale terrain features.

Local circulation is successfully predicted by the model.
Figure 1a shows the average 10 m wind direction from 12:00
to 17:00LST in green and from 00:00 to 05:00 LST in red.
The model simulates sea breezes during daytime and kata-
batic winds during the night in agreement with observations.
The wind roses at the Athalassa station from the observa-
tional data (Fig. 4a top left panel) and the three simula-
tions show that wind direction is reproduced quite well by
the model (Fig. 4). The inland dominating wind direction is
mainly westerly and north-westerly with frequency of occur-
rence 60 and 20 % respectively. Similar results appear for the
majority of the stations (not shown here). Some discrepan-
cies between model and observations at the Prodromos sta-
tion are attributed to the complex mountainous topography of
the Troodos area. Both model simulations and observational
data reveal predominant south-westerly winds at the south-
ern coastline of the island during day and night. The sum-
mertime general circulation pattern over the eastern Mediter-
ranean with predominant northerly and westerly winds, as
well as the anticyclonic flow over western Africa (Fig. 1a), is
also resembled by the model.

There is very good agreement between observed and mod-
elled Pgyr with high hourly correlation coefficients (R >
0.87) and normalized mean bias of 1 %. Some negligible dis-
crepancies exist between the three mechanisms. The differ-
ences in the meteorological components are attributed to the
inclusion of the aerosol-radiation feedbacks in the simula-
tions. The model performance regarding aerosol concentra-
tions is discussed later in the paper.

3.3 Main gaseous pollutants

Observed average monthly O3 concentrations for July 2014
fall within the climatological averaged summer values given
by Kleanthous et al. (2014). In their study, July monthly
means of O3z concentrations over a period of 15 years were
found to be 54.3+£4.7ppbV over all stations. The mean
observed value during our simulation period at the DLI
stations is 52 ppbV. The mean modelled values vary from
56.2 ppbV (NMB =9 %) in the RMS mechanism to 63 ppbV
(NMB =22 %) and 65.2 ppbV (NMB =23 %) in the CM and
MM mechanism respectively, showing a strong overestima-
tion of the latter two. Figure 5 shows the average O3 ground-
level modelled concentrations for the three mechanisms for
the outermost domain (Europe — Mediterranean and North

www.atmos-chem-phys.net/18/1555/2018/
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Figure 2. O3 observed and modelled concentrations using the RADM2 chemical mechanism with 100 % (blue markers) and 70 % (red
markers) Oz inflow from MOZART-4 (a), and O3 observed and modelled concentrations using the CBMZ chemical mechanism with (blue

markers) and without (red markers) dust influx from MOZART-4 (b).
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Figure 3. Observed (black markers) and modelled PM» 5 concentrations from the CM (blue line), MM (red line), and RMS (green line)
mechanisms. The dashed blue line represents the CM simulation without dust influx from the global model. All model simulation output and
observations are given in hourly resolution, expect for the CYPHEX campaign measurements, which are provided in 6-hourly resolution.

Africa). Differences between the three mechanisms are more
pronounced over southern Europe and the Mediterranean.
Over these regions O3 concentrations predicted by the MM
mechanisms are up to 10 and 20 ppbV higher compared to
the CM and RMS mechanisms respectively.

The CYPHEX campaign station has been excluded from
the analysis of Os3. This station gives significantly higher
average monthly O3 concentration (71.40 ppbV) that devi-
ates from the climatological and observed mean, even though
the station of the campaign was located only a few hun-
dred metres away from the Ineia site of DLI (51.93 ppbV).

www.atmos-chem-phys.net/18/1555/2018/

A direct comparison between these two stations is shown on
Fig. S1 in the Supplement. We further investigated this devi-
ation by comparing with the mean monthly O3 for July 2014
at the Finokalia station (from the European Monitoring and
Evaluation Programme — EMEP), which reaches 52.43 ppbV.
We choose Finokalia because it is located on the island of
Crete (approximately 600 km west of Ineia) with no pollu-
tion sources in between (Fig. la, red star). Thus Ineia and
Finokalia have similar pollution features, being subject to air
mass transport from eastern Europe.

Atmos. Chem. Phys., 18, 1555-1571, 2018
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Table 3. Pearson’s correlation coefficient (R), mean bias (MB), normalized mean bias (NMB), and root mean squared error (RMSE) of
hourly values of temperature at 2 m, wind speed at 10 m, and surface pressure for the CBMZ-MOSAIC (CM), MOZART-MOSAIC (MM),
and RADM2-MADE/SORGAM (RMS) mechanisms, averaged over all stations, with O3 inflow (reduced by 30 %), and dust inflow from the

boundaries. Hourly data availability exceeds 90 % at all stations.

2 m temperature (°C) ‘

10 m wind speed (ms~1)

‘ Surface pressure (hPa)

Mechanism R MB NMB RMSE ‘ R MB NMB RMSE ‘ R MB NMB RMSE
CM 066 —0.59 —0.02 273 | 047 1.76 1.28 277 | 0.88 3.46 0.01 12.18
MM 0.66 —0.76 —0.03 278 | 047 1.83 1.32 282 | 0.87 3.67 0.01 12.08
RMS 0.67 —0.63 —0.02 272 | 046 1.71 1.26 274 | 0.87 3.41 0.01 12.24

Table 4. Pearson’s correlation coefficient (R), mean bias (MB), normalized mean bias (NMB), and root mean squared error (RMSE) of hourly
values of O3, NOy, CO, PMj 5, and SO, for the CBMZ-MOSAIC (CM), MOZART-MOSAIC (MM), and RADM2-MADE/SORGAM
(RMS) mechanisms, with O3 inflow (reduced by 30 %), and dust inflow from the boundaries. Average metrics over all stations are shown in
bold. The CYPHEX campaign was excluded from the monthly mean calculations for O3. Hourly data availability exceeds 90 % at all stations
except the Ineia station (> 72 %) and from the CYPHEX campaign (> 82 %).

CBMZ-MOSAIC \ MOZART-MOSAIC \ RADM2-MADE/SORGAM
Station R MB NMB RMSE | R MB NMB RMSE | R MB NMB RMSE
CYPHEX 028 —672 —0.09 13.66 034 —6.63 —0.09 13.46 039 —1576 —022  19.29
AQO1 0.22 12.46 025 16.14 0.30 13.50 027 1683 0.19 6.07 0.12  11.71
AQ02 0.20 15.00 032  17.53 0.11 15.10 032  18.07 0.03 7.65 0.16 1236
03 AQO3 0.28 12.20 024  15.05 0.42 12.88 025 1532 0.49 4.4 0.08 8.76
AQO04 0.24 12.95 026 1586 0.32 13.81 028 16.63 0.31 7.17 0.14 11.34
AQO5 0.28 2.29 0.04 9.37 0.29 3.07 0.05 9.64 022 =390 —0.07 9.69
Average 0.24 10.98 0.22 14.79 0.29 11.67 0.23  15.30 0.25 4.25 0.09 10.77
CYPHEX 0.09 —032 —045 5.14 0.09 —031 —043 5.14 0.08 —029 —0.40 5.14
AQO1 003 —093 —0.71 1.16 0.03 —090 —0.69 1.16 0.02 —083 —0.64 1.10
AQO2 0.17 —0.12 —0.10 1.36 0.24 0.07 0.06 1.38 0.22 0.08 0.07 1.51
NO, AQO03 029 —135 —0.77 1.76 030 —133 —0.76 1.74 042 —-132 -0.75 1.71
AQU4 —-0.10 —096 —0.42 239 | —0.08 —0.75 —0.32 247 | —0.09 —0.61 —0.27 2.49
AQO05 0.06 —054 —0.72 0.65 0.06 —055 —0.73 0.66 | —0.16 —0.47 —0.63 0.62
Average 0.09 —0.70 —0.53 2.08 011 —0.63 —0.48 2.09 0.08 —0.57 —0.44 2.10
CYPHEX 0.03 —9.85 —0.10 43.82 0.02 —7.04 —0.07 4328 0.06 —062 —0.01 4226
CcoO AQO1 029 —21.41 0.18 27.85 027 —1848 —0.16 25.80 039 —13.53 —0.12 21.79
Average 0.16 —1563 —0.14 3584 015 -12.76 —0.12 34.54 023 —-7.08 —0.07 32.03
CYPHEX 0.02 19.24 091  43.08 0.11 13.55 0.64  29.64 0.15 15.40 0.73 3015
PM,s5 AQO1 —0.01 25.49 1.94 3733 0.04 20.40 1.55  25.66 0.17 2.32 0.18  13.00
Average 0.01 22.37 143  39.71 0.08 16.98 1.10  27.65 0.16 8.86 046  21.58
CYPHEX 0.39 0.90 2.89 1.16 0.32 0.39 1.25 0.65 0.36 0.36 1.17 0.83
SO, AQO1 0.12 0.57 1.33 0.84 0.21 0.19 043 0.46 0.11 0.30 0.70 0.62
Average 0.26 0.74 2.11 1.00 0.27 0.29 0.84 0.56 0.24 0.33 0.94 0.73

Table 4 shows the statistical performance of the three gas-
phase and aerosol mechanisms against hourly observations
from six ground stations. The CM and MM mechanisms sig-
nificantly overestimate O3 concentrations with normalized
mean biases of 22 and 23 % respectively. A normalized mean
bias of 9% appears for the RMS mechanism, which cor-
responds to 4.25 ppbV. This mechanism shows the lowest
RMSE (10.77 ppbV) compared to CM and MM (14.79 and
15.30 ppbV respectively), which is a significant improvement
compared to the global MOZART-4 model (NMB =37 %,
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RMSE =20.96 ppbV). A further improvement of the order
of 3% is shown when moving from the coarse to the finer
WRF-Chem domain on O3 concentrations (Supplement Ta-
ble S2, Fig. S4).

Air quality modelling studies over the eastern Mediter-
ranean in the literature focus on O3. During the second phase
of the Air Quality Model Evaluation International Initiative
(AQMEIID), the majority of the modelling groups using the
RMS and CM mechanisms with the WRF-Chem model also
reported O3 concentrations overestimation over the eastern

www.atmos-chem-phys.net/18/1555/2018/
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Figure 4. Wind roses (monthly mean wind speed and direction
at 10m) at the Athalassa meteorological station (a), and from the
CM (b), MM (c¢), and RMS (d) simulations.

Mediterranean (Im et al., 2015a). However, Mar et al. (2016)
reported an underestimation of about 5 ppbV on summertime
O3 concentrations WRF-Chem model using the RMS mech-
anism.

Our sensitivity tests showed that high PMj; 5 concen-
trations affect the O3z concentrations through the aerosol-
radiation feedbacks by altering the radiation budget and as
a consequence, the photochemical activity and the concen-
tration of secondary pollutants. Specifically, when the dust
inflow from the boundaries for the CM mechanism was not
taken into account, O3 concentrations at the stations loca-
tions increased by 10 %. Since the CM mechanism shows the
higher PM> 5 concentrations and relatively high Oz concen-
trations, we conclude that we can rule out the aerosol con-
centrations and therefore the different aerosol mechanisms,
as the responsible factor for the differences in O3 concen-
trations between the three simulations. Knote et al. (2014)
attributed the differences in pollutants concentrations be-
tween these mechanisms to the differences in the treatment
of VOCs, since the rate constants for the basic O3 produc-
tion and loss reactions are similar. Hourly correlation coeffi-
cients for O3 are low (less than 0.30) for all three mechanisms
which is comparable to the findings of Mar et al. (2016). In
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their study, summertime O3 hourly correlation coefficients
at the Ayia Marina station (AQO1) were close to 0.2. The
low correlation coefficients for O3 in combination with un-
derestimated NO,. concentrations (NMB varies from —54 to
—44 %) and low hourly correlation coefficients for NO, as
well suggest that nearby anthropogenic emission sources are
not represented in the emission inventory used in the simula-
tions. The monthly average diurnal cycles for Oz and NO,
(Figs. S2 and S3 respectively) show a weak diurnal cycle
from observational data at the majority of the stations, indi-
cating that long-range transport is an important aspect of air
quality over Cyprus. A more pronounced diurnal cycle for
NO, appears at the Stavrovouni station due to the fact that
the station is located close to the highway.

The hourly modelled and observed O3 concentrations at
six background stations over Cyprus are depicted in Fig. 6.
The three mechanisms show similar behaviour for 1 to
13 July. However, from 13 July until the end of the month O3
concentrations from CM and MM appear slightly higher than
RMS. The fact that such differences do not appear for O3 pre-
cursors NO, (Fig. 7) indicates that the different behaviour
during this period is possibly due to aerosol-radiation inter-
actions and changes in photolysis rates. Similar patterns ap-
pear for CO (Fig. 8). There is a good agreement between the
three mechanisms from 1 to 13 July. The RMS mechanism
gives higher CO concentrations for the rest of the simula-
tion period. Due to the long CO atmospheric residence time,
these differences can be attributed to long-range transport,
and therefore the effect the three different gas-phase chem-
istry and aerosol mechanisms have on the predicted meteo-
rology.

An abrupt decrease in O3 concentrations in observations
from 11 to 13 July is also captured by all three mechanisms
at all stations except Cavo Greco, which is located in the east-
ern part of the island (Fig. 6). This decrease in O3 concentra-
tions is accompanied by a decrease in CO concentrations as
demonstrated from the observational data from the CYPHEX
campaign and the WRF-Chem model. No abrupt changes are
shown in NO, concentrations either by the observational data
or the model. During this period model results reveal that
westerlies account for more than 70 % at the stations where
decreases in O3 and CO concentrations occur, indicating the
transfer of cleaner maritime air from the Mediterranean. In
general, wind direction appears to have an important impact
on pollutant concentrations over Cyprus. Kleanthous et al.
(2014) showed that at the Ayia Marina station northerlies are
associated with 3—-5 % higher O3 concentrations compared to
westerlies and southerlies during all seasons. Similar results
appear for modelled O3 concentrations at this station. More
specifically, northerlies are associated with 4—12 % higher
O3 concentrations compared to westerlies and southerlies for
July 2014.

All three mechanisms tend to underestimate NO, concen-
trations at the majority of the stations (NMB varies from —53
to —44 %). The Ayia Marina and the Troodos stations are

Atmos. Chem. Phys., 18, 1555-1571, 2018
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Figure 6. Observed (black markers) and modelled O3 concentrations from the CBMZ-MOSAIC (blue line), MOZART-MOSAIC (red line),
and RADM2-MADE/SORGAM (green line) mechanisms.
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Figure 7. Observed (black markers) and modelled NO, concentrations from the CBMZ-MOSAIC (blue line), MOZART-MOSAIC (red

line), and RADM2-MADE/SORGAM (green line) mechanisms.

located in a mountainous region which is characterized by
steep changes in altitude within short distances. The com-
plexity of the terrain results in inaccuracies in the represen-
tation of the local wind circulation by the model, which af-
fects the transport of pollutants. This is also supported by
the CO model underestimation at the Ayia Marina station.
Modelled NO, concentrations are significantly higher, and
in better agreement with observations at the Cavo Greco and
Stavrovouni stations. The latter is located a few kilometres to
the east of an industrial area, which is represented in the an-
thropogenic emission inventory used in the simulations. On
the other hand, a large nearby highway is not captured by

www.atmos-chem-phys.net/18/1555/2018/

the anthropogenic emission inventory, resulting in peaks in
NO, concentrations from traffic, which are not captured by
the model. The Cavo Greco station is located in the eastern
part of the island. Model results showed that when westerlies
occur at this location, NO, concentrations are significantly
higher compared to southerlies for all three mechanisms, in-
dicating that the eastern part of Cyprus is affected by trans-
ported pollutants, which are emitted within the island. Av-
erage NO, concentrations during northerlies are also higher
compared to southerlies since the station is located south of
the main power station of the island (Dekeleia).

Atmos. Chem. Phys., 18, 1555-1571, 2018
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Figure 8. Observed (black markers) and modelled CO concentrations from the CBMZ-MOSAIC (blue line), MOZART-MOSAIC (red line),

and RADM2-MADE/SORGAM (green line) mechanisms.

3.4 Fine particulate matter (PM3 s)

As shown previously in Fig. 3, all three mechanisms overes-
timate PM> 5 concentrations at the Ayia Marina station and
the CYPHEX campaign site. The lowest MB appears for
MADE/SORGAM (MB = 8.96 ug m—3), whereas the MB for
MOSAIC is 22.37ugm™> when coupled with CBMZ and
16.98 ug m—3 when coupled with MOZART.

Differences in PMj s concentrations between the three
simulations are pronounced from 11 to 13 July. During this
period, the average PMj 5 concentrations at the Ayia Marina
station were 93.95, 53.81, 7.17 ug m~3 for CM, MM, and
RMS respectively, whereas the average PM» 5 concentration
from observational data was 13.72 ugm™3.

Investigating the inorganic mass in the MOSAIC aerosol
mechanism, which represents fine dust particles (Zaveri
et al., 2008), we find the overestimation is drve by the dust
component. Since observations do not show elevated aerosol
levels near the surface from 11 to 13 July, the dust com-
ponent has been subtracted from the simulated total PM3 5
concentrations (Fig. 9). PM» s concentrations were signifi-
cantly reduced and are in better agreement with observations
for CM and MM simulations, especially from 11 to 13 July.
This indicates that in the MOSAIC aerosol mechanism dust
has a great contribution to PM» 5 concentrations during this
period. On the other hand, smaller differences are shown
for the MADE/SORGAM aerosol mechanism. The large dif-
ference in PMj; 5 from mid-month coincides with the time
frame where large discrepancies in gaseous pollutants oc-
cur between the three mechanisms, as discussed in Sect. 3.3.
This underlines the importance of the interactions between

Atmos. Chem. Phys., 18, 1555-1571, 2018

aerosols and radiation and consequently photolytic reactions
and air quality.

In order to better understand individual components of
PM, s, and examine differences in behaviour by the aerosol
mechanisms, we analyse the aerosol species that dominate
the PM> 5 concentrations separately. Figure 10 presents the
components from observed and modelled sulfate (SOi_),
ammonium (NH;’), and nitrate (NO3) aerosol mass con-
centrations and elemental carbon concentrations at the Ayia
Marina station during the study period. Monthly mean sul-
fate aerosol concentrations for the three mechanisms vary
from 5.14 to 7.02ugm—3, which is close to observed val-
ues (5.05 ug m~3). The lowest monthly mean concentrations
are produced by the CM mechanism. This mechanism shows
the highest sulfate dioxide (SO) concentrations during the
whole study period (Fig. 11). Since this simulation uses the
same aerosol mechanism with the MM simulation, and there-
fore the same heterogeneous nucleation rates from sulfuric
acid (H,SOy) to sulfate aerosols, the differences between the
CM and MM simulations are attributed to the chemical pro-
cesses that act as sources/sinks of HySO4. The RMS mech-
anism includes the heterogeneous SO, cloud oxidation (de
Brugh et al., 2011; Balzarini et al., 2015), which results in
higher sulfate aerosol concentrations compared to CM and
MM.

Elemental carbon is underestimated by all three simula-
tions. The lowest NMB appears for RMS (—34 %) followed
by CM (—35 %). Since the three simulations use the same
anthropogenic emission inventory, these differences between
RMS and MM can be partially attributed to the different
treatment of aerosols by the modal and sectional bin ap-
proaches. The MM mechanism highly underestimates EC

www.atmos-chem-phys.net/18/1555/2018/
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Figure 9. Time series of observed and modelled PM; 5 concentrations from the CM, MM, and RMS mechanisms (a) and scatter plots (b) at
the Ayia Marina station and the CYPHEX campaign. The dust component from the modelled concentrations has been removed from all

simulations.

concentrations due to the absent of anthropogenic emissions
in this mechanism.

Ammonium aerosol mean monthly values are close to ob-
served 1.43 ugm™3 for the CM and MM simulations (1.74
and 1.87 ug m 3 respectively), while a higher value is shown
for RMS (3.24 ugm~3). Nitrate aerosols are highly overes-
timated by the RMS mechanism with maximum values and
outliers well above the period average. These outliers are due
to nitrate aerosol transport from the north, when favoured
by wind speed and direction. In contrast, nitrate aerosols are
slightly underestimated by CM and MM. These differences
lie in the differrent treatment of the gas-to-particle partition-
ing from the nitric acid to ammonium nitrate as a function of
humidity from the two aerosol mechanisms used (Balzarini
et al., 2015). MADE uses the Mozurkewich (1993) approach
and MOSAIC uses the Zaveri et al. (2008) method. The diur-
nal cycle of compounds that are crucial to night-time chem-
istry (NOs3, N»Os) vary significantly between the three mech-
anisms (not shown). The RMS mechanism exhibits 3 times
higher night-time NO3 concentrations than the CM mech-
anism. This indicates considerable uncertainty in the repre-
sentation of this important part of tropospheric chemistry that
also affects aerosol formation. These results are supported by
the findings of Knote et al. (2014) that also report 3 times
higher pan-European averaged NO3 in the RADM?2 mech-
anism compared to CBMZ in the middle of the night-time
chemistry cycle.
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Figure 10. Box-and-whisker plots of observed and modelled sul-
fate, ammonium, and nitrate aerosols and elemental carbon at the
Ayia Marina station for July 2014.

4 Conclusions

We simulated atmospheric gases and aerosols using the
WRF-Chem model over the eastern Mediterranean during
the summer. The performance of three gas-phase chemistry
and aerosol mechanisms is investigated during the CYPHEX
campaign in July 2014. Model output is compared with mete-
orological and air quality observational data from 14 ground
stations. The model reproduces the summertime synoptic
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Figure 11. Observed (black markers) and modelled SO, concentrations from the CBMZ-MOSAIC (blue line), MOZART-MOSAIC (red

line), and RADM2-MADE/SORGAM (green line) mechanisms.

wind circulation over the region and the local circulation. It
overestimates wind speed at the majority of the stations by
an average of 1.71 to 1.83 ms~!. Near-surface temperature
and pressure are reproduced accurately both in magnitude
and diurnal variation. Some discrepancies in modelled and
observed meteorological parameters may be attributed to the
limited representation of the topography by the model.

Monthly average concentrations of O3 are overestimated
by the CM and MM mechanisms by 22 and 23 % respec-
tively, whereas a small underestimation is obtained by RMS
(9 %). Sensitivity tests showed that PMj s concentrations
can affect secondary pollutant formation though aerosol-
radiation feedbacks. A decrease of the order of 19 % in PMj 5
concentrations, as a result of setting the dust inflow from the
global model to zero, resulted in 10 % increase in O3 concen-
trations. The differences in O3 concentrations are attributed
to the different treatment of VOCs as suggested by Knote
et al. (2014). Hourly correlation coefficients are low for all
three mechanisms. NO, concentrations do not differ between
the simulations, with underestimation at the majority of the
stations, suggesting that nearby/local anthropogenic emis-
sion sources are not well represented in the emission inven-
tory.

Differences in O3 and CO concentrations between the
three simulations, during the second half of the simula-
tion period, are attributed to differences in meteorology that
derive from the aerosol-radiation interactions. Concurrent
abrupt decreases in O3 and CO concentrations (observations
and model) during specific days are accompanied by dom-
inance of westerlies carrying clean maritime air from the
Mediterranean. Northerlies at the Ayia Marina station are
associated with 4-12 % higher O3 modelled concentrations
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compared to westerlies and southerlies for July 2014, which
is in good agreement with previous studies.

The terrain complexity in the mountainous areas is the rea-
son for the inaccuracies in the representation of the local
wind circulation by the model that affects the transport and
vertical mixing of pollutants. As a result, the model perfor-
mance at these stations (Ayia Marina, Troodos) regarding all
pollutants is less satisfactory. On the other hand, the model
performance is better in locations with less complex terrain
such as the Stavrovouni and Cavo Greco stations. Increased
NO, concentrations at the Cavo Greco station when wester-
lies occur indicate that the eastern part of Cyprus is affected
by emission sources located on the island.

The model skill to reproduce PM> 5 concentrations is ex-
amined. The MOSAIC aerosol mechanism highly overesti-
mates PM> 5 concentrations (NMB > 100 %). When the dust
component is subtracted from the total PM, 5 concentrations
from all mechanisms there is a better agreement with obser-
vations. The RMS mechanism slightly overestimates sulfate
and ammonium aerosol at the Ayia Marina station. The CM
and MM modelled concentrations of these species are closer
to observations (NMB =2 and 34 % respectively). The low-
est sulfate aerosol concentrations are produced by the CM
mechanism and are accompanied by higher SO, concentra-
tions. The differences between the two simulations using the
MOSAIC aerosol mechanism may be attributed to the chem-
ical processes that act as sources/sinks of SO». The inclu-
sion of the heterogeneous SO, cloud oxidation in the RMS
mechanism results in higher sulfate aerosol concentrations
(NMB =38 %), as described in de Brugh et al. (2011) and
Balzarini et al. (2015). Elemental carbon is underestimated
by all three mechanisms indicating lack of emission sources.
Differences between the RMS (NMB = —34 %) and the CM
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(NMB = —34 %) mechanisms are attributed to the different
approach for the simulation of the aerosol size distribution.
Observed and modelled (by CM and MM) nitrate aerosol
concentrations at the Ayia Marina site are negligible. RMS
simulations yield higher values, probably attributed to ni-
trate aerosol formation upwind of the measurement site. It
is found that key night-time compounds like NO3 and N>Os
differ significantly between the three mechanisms.

We conclude that all three mechanisms are very sensitive
to boundary conditions from the global model for both gas-
phase and aerosol pollutants. Care has to be taken, for ozone
in particular, which has an important impact on the mod-
elled gas-phase pollutants for all mechanisms. In addition,
dust has a great contribution to PM5 5 concentrations from
the MOSAIC aerosol mechanism, while the corresponding
concentrations from CBMZ-MOSAIC were found to be very
sensitive to dust from the boundaries.
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