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Abstract. Megacities are large urban agglomerations with
intensive anthropogenic emissions that have significant im-
pacts on local and regional air quality. In the present
mesoscale modeling study, the impacts of anthropogenic
emissions from the Greater Istanbul Area (GIA) and the
Greater Athens Area (GAA) on the air quality in GIA, GAA
and the entire East Mediterranean are quantified for typical
wintertime (December 2008) and summertime (July 2008)
conditions. They are compared to those of the regional an-
thropogenic and biogenic emissions that are also calculated.
Finally, the efficiency of potential country-based emissions
mitigation in improving air quality is investigated.

The results show that relative contributions from both
cities to surface ozone (O3) and aerosol levels in the cities’
extended areas are generally higher in winter than in sum-
mer. Anthropogenic emissions from GIA depress surface O3
in the GIA by∼ 60 % in winter and∼ 20 % in summer while
those from GAA reduce the surface O3 in the GAA by 30 %
in winter and by 8 % in summer. GIA and GAA anthro-
pogenic emissions contribute to the fine particulate matter
(PM2.5) levels inside the cities themselves by up to 75 %
in winter and by 50 % (GIA) and∼ 40 % (GAA), in sum-
mer. GIA anthropogenic emissions have larger impacts on
the domain-mean surface O3 (up to 1 %) and PM2.5 (4 %)
levels compared to GAA anthropogenic emissions (< 1 % for
O3 and≤ 2 % for PM2.5) in both seasons. Impacts of regional
anthropogenic emissions on the domain-mean surface pol-
lutant levels (up to 17 % for summertime O3 and 52 % for
wintertime fine particulate matter, PM2.5) are much higher
than those from Istanbul and Athens together (∼ 1 % for O3
and∼ 6 % for PM2.5, respectively). Regional biogenic emis-
sions are found to limit the production of secondary inorganic
aerosol species in summer up to 13 % (non-sea-salt sulfate

(nss-SO2−

4 ) in rural Athens) due to their impact on oxidant
levels while they have negligible impact in winter.

Finally, the responses to country-based anthropogenic
emission mitigation scenarios inside the studied region show
increases in O3 mixing ratios in the urban areas of GIA and
GAA, higher in winter (∼ 13 % for GIA and 2 % for GAA)
than in summer (∼ 7 % for GIA and< 1 % for GAA). On
the opposite PM2.5 concentrations decrease by up to 30 %
in GIA and by 20 % in GAA with the highest improve-
ments computed for winter. The emission reduction strategy
also leads to domain-wide decreases in most primary pollu-
tants like carbon monoxide (CO) or nitrogen oxides (NOx)
for both seasons. The results show the importance of long
range transport of pollutants for the air quality in the East
Mediterranean. Thus, improvements of air quality in the East
Mediterranean require coordinated efforts inside the region
and beyond.

1 Introduction

More than half of the world’s population is now living in
urban regions (UNFPA, 2007) that show high demands of
energy, transportation, industry and other facilities in their
extended areas. Large urban agglomerations with more than
10 million inhabitants are characterized as megacities and
represent concentrated sources of anthropogenic emissions
(Lawrence et al., 2007). Their impacts on the surrounding en-
vironment and the regional and global air quality have gained
significant attention in the last decades. Simulations of the
export of air pollution to downwind locations via long-range
transport (LRT) have shown different transport patterns de-
pending on the megacity location: in the tropics export is
occurring mostly via the free troposphere, whereas at mid
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and high latitudes it occurs within the lowest troposphere
(Lawrence et al., 2007). Butler and Lawrence (2009) sim-
ulated small impacts of megacities on the oxidizing capacity
of the atmosphere and larger on reactive nitrogen species on
global scale. Butler et al. (2008) reported large differences in
the contributions of various sectors to the total emissions at
each megacity.

In addition to global studies of megacities’ impacts on re-
gional and global atmosphere, regional studies have focused
on different megacities around the world (e.g. Gaffney et
al. (1999), Tie et al. (2009), Li et al. (2011) and Shrivastava
et al. (2011) for Mexico City; Hodnebrog et al. (2011) for
European megacities and Cairo; Lin et al. (2010) for Bei-
jing and Pearl River extended areas). These investigations
clearly showed the importance of megacities as pollution
sources for the surrounding areas; their contribution to re-
gional scale ozone (O3) and secondary aerosols during LRT
and to peroxyacetyl nitrate (PAN) produced in the megac-
ities extended areas and downwind (Gaffney et al., 1999;
Molina et al., 2010). Large amounts of carbon monoxide
(CO) are transported from urban centers to the downwind
areas and contribute significantly to the hydroxyl (OH) re-
activity in the city and along the outflow (Tie et al., 2009:
MIRAGE-Mex project (Megacities Impact on Regional and
Global Environments- Mexico City Case Study)). Fires and
local anthropogenic pollution induced by stagnant meteo-
rological conditions have been identified by Konovalov et
al. (2011) study with the CHIMERE mesoscale model, as
the main reason of high CO (up to 10 mg m−3) and PM10
(particles, PM, with diameter smaller than 10 µm) (up to
700 µg m−3) concentrations in Moscow megacity during the
2010 Russian wildfires. The extensive field campaign MILA-
GRO (Megacity Initiative: Local and Global Research Ob-
servations) showed that in the urban areas particulate matter
(PM) levels are double than in the rural areas, leading to sig-
nificant human exposure (Molina et al., 2010).

Lin et al. (2010) identified significant differences between
regional and global models in simulating the pollution in-
flow and outflow, particularly due to the vertical mixing of
trace gases that transports pollution to the free-troposphere
and from there to distant locations. In the frame of the
CityZen project (Megacity-Zoom for the Environment;https:
//wiki.met.no/cityzen/start), Hodnebrog et al. (2011) investi-
gated the impact of model and associated emission resolu-
tions for the megacities of London, Ruhr area and Cairo on
large scale ozone levels, using the WRF-CHEM model and
suggested that the fine-scale impacts are more likely to be re-
solved with high resolution mesoscale simulations. Royer et
al. (2011) by comparing ground-based and lidar observations
of PM10 in the Paris area with two different chemistry trans-
port models results in the frame of MEGAPOLI (Megacities:
Emissions, Urban, Regional and Global Atmospheric Pollu-
tion and Climate Effects, and Integrated Tools for Assess-
ment and Mitigation;http://megapoli.dmi.dk/) summer cam-
paign, demonstrated the difficulties to accurately simulate

background conditions, urban plume location and dispersion
and chemistry during transport.

Air pollution is an important environmental problem in
the East Mediterranean where high O3 and PM levels are
observed that often exceed the limits. These elevated levels
result from transported pollution mixed with anthropogenic
and natural emissions in the region under warm and sunny
conditions that affect the region most of the year and enhance
photochemical production of secondary pollutants such as
O3 and secondary aerosols (Kanakidou et al., 2011). East
Mediterranean is sensitive to climate change and expected
to be exposed to higher levels of pollutants in the future (Im
et al., 2011, 2012). The region hosts important megacities,
such as Istanbul, and large urban agglomerations, such as
Athens, that significantly impact on the regional air qual-
ity. Rappengluck et al. (2003), based on PAN observations
at two sites on the island of Crete in the frame of the PAUR-
II campaign and air mass back-trajectory analyses, showed
that Athens and Istanbul urban plumes affect remote sites
in the East Mediterranean. Koçak et al. (2011) based on ob-
servations of PM10 chemical composition from Istanbul and
on forward air mass trajectory analysis showed that Istanbul
emissions influence western Black Sea and East Europe dur-
ing winter and Aegean and Levantine Sea during summer.
Kanakidou et al. (2011) illustrated the main transport path-
ways of air masses from Istanbul, Athens and Cairo based on
forward air mass trajectory analyses for a 30-yr period us-
ing reanalysis data from NCEP/NCAR. However, dedicated
modeling studies on the quantitative evaluation of the im-
pacts of the emissions from the Istanbul and Athens extended
areas on the air quality in the East Mediterranean are miss-
ing. Recent developments of emission inventories for Athens
(Markakis et al., 2010a, b) and Istanbul (Markakis et al.,
2012) provide a solid base for the regional scale modeling
of air quality in the area.

A limited number of mesoscale model investigations of air
quality in the East Mediterranean elaborate the regional im-
pact of specific emission sectors (i.e. shipping; Poupkou et
al., 2008) or of total anthropogenic emission reduction sce-
narios on urban air quality (Im et al., 2010). Im et al. (2010)
showed that under favorable meteorological conditions with
low mixing heights and limited precipitation, wintertime ex-
ceedences in Istanbul can be attributed by more than 90 %
to local anthropogenic sources. A European-wide intercom-
parison study of models with different spatial resolutions,
ranging from 5 to 50 km, CityDelta, covered partly the East
Mediterranean (Thunis et al., 2007) and evaluated that ni-
trogen oxides (NOx) control measures lead to increases in
O3 levels in city centers. It also showed differences in the
simulations of air flow in the urban agglomerations, emis-
sion distribution and NOx conversion to nitric acid due to
the models spatial resolution. Thus, the calculated impacts
of regional and local emission-reduction scenarios can vary
among models.
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Recently, Im et al. (2011, 2012) mesoscale modeling stud-
ies have investigated the response of gaseous and particu-
late air pollutants to increases in air temperature during sum-
mertime, susceptible to occur during climate warming. For
increasing air temperature, they found 9 ± 3 % K−1 increase
in regional biogenic emissions and 0.9 ± 0.1 % K−1 increase
in surface regional O3. Very weak changes in the surface
regional PM2.5 levels have been simulated because the in-
creases in particulate organic carbon (OC) are counterbal-
anced by the decreases in sulfate (SO2−

4 ) levels on regional
scale. Im et al. (2011) also showed that Istanbul and Athens
emissions suppress O3 in the cities while they contribute to
formation of O3 and other secondary species at downwind
locations.

The present study builds upon these earlier works. By the
means of additional mesoscale simulations, the impacts of
the anthropogenic emissions from the region (East Mediter-
ranean), and from the Istanbul megacity and from Athens
extended area on the local and regional air quality are sep-
arately quantified for both summer and winter conditions.
Potential gains or losses for air quality by concentrating the
anthropogenic emissions in the hot spot areas in the region
are also investigated. The contribution of the regional bio-
genic emissions is evaluated for comparison purposes. The
study aims to (1) quantify the present-day contribution of
these emissions to the air quality in the urban areas them-
selves and in the surrounding locations in the East Mediter-
ranean as well as (2) to evaluate the potential impact of a
country-based mitigation of anthropogenic emissions on the
air quality in the region.

2 Materials and methods

The air quality modeling system used for this study con-
sists of the Weather Research and Forecasting model (WRF-
ARW v3.1.1; Skamarock and Klemp, 2008) coupled with
the US EPA Community Multiscale Air Quality (CMAQ)
model, version 4.7 (Foley et al., 2010). The Model of Emis-
sions of Gases and Aerosols from Nature (MEGAN; Guen-
ther et al., 2006) is used for the calculation of biogenic
emissions and the global Transport Model v.4 (TM4-ECPL;
Myriokefalitakis et al., 2011 and references therein) provides
the monthly chemical initial and boundary conditions on a
3◦ longitude × 2◦ latitude spatial resolution on 34 vertical
layers. The WRF-CMAQ domain (Fig. 1) extends over the
East Mediterranean (from 31.89◦ N, 17.34◦ E to 43.69◦ N,
34.46◦ E) on a 30 × 30 km horizontal resolution and on 23
vertical layers. Several studies have shown the sensitivity of
model results and performance to grid resolution (Thunis et
al., 2001; Jimenez et al., 2005; Queen and Zhang, 2008).
They indicate that coarse resolutions such as used in the
present study may not capture the small scale features in the
cities and particularly the local impacts evaluation may be
highly uncertain. Having this limitation in mind, the present

Fig. 1. Model domain, in windows the red frames indicate the
Athens (GAA) and Istanbul (GIA) extended areas. The urban areas
are shown in grey. In GAA, grid boxes 1, 2 and 3 show the loca-
tions of GAA1, GAA2 and GAA3 groups of stations, respectively.
In GIA, all stations are located in grid box 1.

study aims to provide information on the impact of the emis-
sions from the extended areas of the studied cities to the East
Mediterranean.

The WRF model uses the WRF Single Moment 6-
class microphysics scheme (Hong and Lim, 2006), the
RRTM (rapid radiative transfer model) longwave radiation
scheme (Mlawer et al., 1997), the Dudhia shortwave ra-
diation scheme (Dudhia, 1989), the NOAH land surface
model (Chen and Dudhia, 2001), the Yonsei University
Planetary Boundary Layer scheme (Hong et al., 2004) and
the Kain-Fritsch cumulus parameterization scheme (Kain,
2004). The Yamartino scheme for advection (Yamartino,
1993) and asymmetric convective model (ACM2) scheme
(Pleim, 2007) for vertical diffusion have been used in the
CMAQ model. Nudging has been applied for temperature,
wind and moisture parameters towards the NCEP reanalysis
in WRF model for all model grids. The nudging coefficients
are set to 0.0003 s−1 for each variable and forcing every 6
h has been applied. The Carbon Bond-V (CB05) gas-phase
mechanism (Yardwood et al., 2005), the AERO5 aerosols
module and aqueous cloud chemistry (Foley et al., 2010)
have been employed in the CMAQ model. CMAQ model
uses an aerosol component that considers a modal represen-
tation of aerosols. CMAQ calculates the aerosol species in
Aitken, accumulation and coarse modes. It uses the ISOR-
ROPIA v1.7 thermodynamic equilibrium model (Nenes et
al., 1998) that accounts for the major ions but not for the
crustal species of calcium, magnesium and potassium. The
aerosol module (AERO5) accounts for heterogeneous N2O5
hydrolysis and SOA formation (Foley et al., 2010). AERO5
also simulates sulfuric acid condensation on coarse mode
and semi-volatile inorganic species (ammonia, nitric acid and
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hydrochloric acid) condensation on/evaporation from coarse
mode. In this model configuration, secondary organic aerosol
(SOA) production is initiated by gas-phase oxidation of aro-
matics, monoterpenes, sesquiterpenes and isoprene (inter-
mediate volatility organics contribution is neglected) and
aqueous-phase chemistry of carbonyls. CMAQ assumes no
volatility of primary organic aerosol and treats all SOA
species as semi-volatile. More details are provided in Carl-
ton et al. (2010).

2.1 Anthropogenic emissions

The anthropogenic emissions for the model domain are com-
piled by merging emissions from Greece on 10 km, Athens
on 2 km (Markakis et al., 2010a, b) and from Istanbul
on 2 km resolution (Markakis et al., 2012) into the emis-
sion inventory of the French National Institute of Indus-
trial Environment and Risks (INERIS:https://wiki.met.no/
cityzen/page2/emissions), which is a re-gridded product of
the 50 km × 50 km European Monitoring and Evaluation Pro-
gramme (EMEP) inventory (http://www.ceip.at/). The non-
methane volatile organic compound (NMVOC) emissions
are speciated into 23 species using mean profiles from the
EDGAR global inventory (Olivier et al., 2001) and the PM
emissions are speciated into organic (OC) and elemental
(EC) carbon, sulfates, nitrates and other species based on
CARB (2007) profiles. The NMVOC emissions are then con-
verted to CB05 species using the factors provided by Yard-
wood et al. (2005). The vertical distribution of emissions is
calculated based on the Selected Nomenclature for Air Pol-
lution (SNAP) codes provided by Simpson et al. (2003).

The anthropogenic and biogenic emissions from the
Greater Istanbul Area (GIA), the Greater Athens Area (GAA)
and the entire model domain (areas shown in Fig. 1) inte-
grated over the winter (December 2008) and summer (July
2008) simulation periods are presented in Table 1. GAA has
larger NMVOC and CO emissions compared to GIA. On
the opposite, GIA has 3 to 4 times higher NOx emissions,
2 times higher SO2 emissions and∼ 2 times higher PM10
and PM2.5 emissions than GAA. Table 1 also shows that
biogenic NMVOCs are∼ 30 times higher in summer than
in winter. However, even during summer, the anthropogenic
NMVOC emissions in GIA and GAA are by a factor of 2 and
3, respectively, larger than the biogenic NMVOCs. The molar
NMVOC / NOx ratios in the emissions (Table 1) also suggest
a larger potential of O3 production over GAA compared to
GIA in both seasons. Furthermore, according to Table 1, GIA
and GAA emissions can contribute up to more than 20 % of
the total regional anthropogenic emissions, depending on the
pollutant.

The differences in the anthropogenic emissions also in-
tegrate the differences in the sectoral distributions of these
emissions. Table S1 in the Supplement shows the contri-
bution of major sectors (in %) to the total anthropogenic
emissions of the major primary air pollutants and how this

changes between winter and summer. These changes are
marked by the contribution of heating during winter. In both
seasons, on-road traffic is a major source of air pollutants,
particularly for CO and NOx. Industry (including energy) is
important for sulfur dioxide (SO2) and PM. Solvent use and
traffic are the major contributors to NMVOC emissions. Ta-
ble S1 also shows the importance of maritime emissions, par-
ticularly in GAA.

2.2 Scenarios

The impact of regional biogenic emissions and anthro-
pogenic emissions from GIA and GAA, individually and to-
gether, and the whole region on the air quality of the region
during winter and summer has been investigated by a set of
six simulations for each period. Brute force analysis has been
applied in order to zero-out the emissions by perturbing the
emission files. The impact of mitigating the anthropogenic
emissions on a country-based approach has been evaluated
by an additional simulation for each period.

All simulations have been conducted for two 42-day pe-
riods; from 20 November 2008 to 31 December 2008 rep-
resenting winter and from 20 June to 31 July 2008 repre-
senting summer. The first 11 days in both simulation periods
have been considered as spin-up period and are not evalu-
ated in the analyses. Thus, initial conditions of pollutants are
not critical for the results. Tests have shown that, indeed, a
50 % perturbation of the initial conditions has almost no ef-
fect (< 0.004 %) on the results.

The summer period is dominated by northerlies, the so-
called “Etesian” that are characteristic summertime circula-
tion patterns in the studied area over the East Mediterranean
whereas the winter simulation period is characterized by a
higher frequency of southerly and western winds (Kanakidou
et al., 2011). These transport patterns affect also the studied
sites of Istanbul (Im et al., 2008), Athens (Kallos et al., 2007)
and Finokalia (Gerasopoulos et al., 2005). Compared to win-
ter, the summer period experiences stronger winds due to the
existence of Etesian winds in the region leading to transport
of pollutants to longer distances (Im et al., 2011). The stud-
ied periods have been also selected based on the availability
of observations of gaseous and aerosol chemical composition
for the evaluation of the model performance.

The following scenarios have been investigated for win-
ter and summer 2008, using initial and boundary chemical
conditions specific for the month of the simulation but iden-
tical for all investigated scenarios, thus, implicitly assuming
the same air quality conditions outside the study areas for all
scenarios:

1. Base case scenario (Base): the base case simulation uses
anthropogenic and natural emissions as described in de-
tail in Sect. 2.1.

2. Scenario Boundaries: as base but the monthly mean
boundary conditions are increased by 50 % for all
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Table 1. Base case and mitigated anthropogenic (including shipping) and biogenic emissions (including emissions from soils, in tons) of
Greater Istanbul (GIA) and Greater Athens (GAA) areas integrated over the simulation periods of winter (December 2008) and summer (July
2008). OC and EC emissions are emitted in the fine fraction in the CMAQ model. NMVOC / NOx and CO / NOx are molar ratios. Areas
corresponding to land surfaces in the model grid boxes shown in Fig. 1 (inner frames) are GIA: 5286 km2, GAA: 5142 km2 and Domain:
843 220 km2.

Pollutants Season Biogenic Base Anthropogenic Mitigated Anthropogenic

GIA GAA Domain GIA GAA Domain GIA GAA Domain

CO (tons)
Winter < 1 < 1 < 1 36 160 41 253 590 010 24 824 38 543 399 410
Summer < 1 < 1 < 1 31 467 43 017 362 010 21 768 40 369 283 700

NOx (tons)
Winter 4 5 614 22 505 6531 233 676 18 816 6255 213 796
Summer 33 45 6579 22 025 7268 206 891 18 533 6984 188 451

NMVOC (tons)
Winter 134 145 16 866 8432 10 113 99 184 6496 8789 83 514
Summer 3998 4017 503 820 8114 13 328 81 710 6305 11 642 69 100

SO2 (tons)
Winter 16 854 9511 334 630 16 619 9509 330 450
Summer 8912 3033 235 590 8835 3039 233 900

NH3 (tons)
Winter 234 218 3515 234 218 3515
Summer 231 212 26 105 233 212 26 105

OC (tons)
Winter 751 621 9500 407 350 6827
Summer 785 94 9426 424 53 6652

EC (tons)
Winter 548 128 7175 302 70 4406
Summer 416 163 5468 226 89 3357

PM10 (tons)
Winter 6575 3028 72 094 5260 2327 58 668
Summer 5092 2204 52 981 4009 1868 42 910

PM2.5 (tons)
Winter 4486 2070 54 039 3170 1589 40 922
Summer 3494 1502 39 588 2398 1273 29 503

NMVOC / NOx
Winter 23.4 20.1 18.6 0.4 1.8 0.5 0.4 1.6 0.4
Summer 64.6 47.8 42.4 0.4 2.1 0.5 0.4 1.9 0.4

CO / NOx
Winter < 0.1 < 0.1 < 0.1 1.8 7 2.4 1.5 6.9 2.1
Summer < 0.1 < 0.1 < 0.1 1.6 6.6 1.9 1.3 6.4 1.7

pollutants to test sensitivity of the model results to these
conditions.

3. Scenario NoBiog: as Base but masking all biogenic
emissions in the model domain.

4. Scenario NoAnth: as Base but masking all anthro-
pogenic emissions in the model domain.

5. Scenario NoIst: as Base but masking all anthropogenic
emissions from GIA.

6. Scenario NoAth: as Base but masking all anthropogenic
emissions from GAA.

7. Scenario NoIstAth: as Base but masking all anthro-
pogenic emissions from both GIA and GAA.

8. Scenario Mitig: this investigates the impact of emis-
sion mitigation following a country-based scenario de-
veloped in the frame of the CityZen project. It is based

on the energy projections developed within the Global
Energy Assessment (GEA) by using the IIASA MES-
SAGE (Model for Energy Supply Strategy Alternatives
and their Global Environmental Impacts) model (Mess-
ner and Struberger, 1995). Within the CityZen project,
IIASA provided ratios of anthropogenic emissions in
LowGWP climate-friendly scenario for the year 2030
to those for present day. LowGWP mitigates the im-
pacts of several pollutants emitted from anthropogenic
sources on climate, public health and the wider environ-
ment. For this purpose, nearly 2000 measures that are
covered by the GAINS database have been evaluated
considering different degrees of reductions of specific
pollutant species (e.g. CH4, CO, EC, OC, SO2, NOx,
VOC and CO2). The country-based ratios used in the
present study for the countries that are within the model
domain are provided in Table S2 in the Supplement.
These ratios are multiplied with the base case anthro-
pogenic emissions for each country and pollutant. For
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primary aerosol components, factors are provided for
PM2.5, OC and EC. The PM2.5 factors are also applied
to the other primary aerosol components. The highest
reductions are projected for OC and EC emissions. A
projected reduction of 15–40 % in PM2.5 emissions is
calculated while the reductions are up to 10 % for SO2,
3–30 % for NOx, 8–23 % for NMVOCs and 5–40 % for
CO (Table 1).

2.3 Data and metrics for model evaluation

The model calculated surface O3, CO, nitrogen dioxide
(NO2), SO2 and PM10 levels have been evaluated by compar-
isons with ground-based observations from various measure-
ment stations in Istanbul, Athens and Finokalia, where avail-
able (Table S3 in the Supplement). Correlation coefficient
(R), bias, mean normalized bias (MNB), root mean square
error (RMSE), index of agreement (IOA) and mean absolute
gross error (MAGE) values have been calculated in order to
quantify the model performance in reproducing the obser-
vations (see equations in the Supplement). Model calculated
aerosol chemical compositions are also compared with avail-
able observations in Istanbul (Theodosi et al., 2010), Athens
(Paraskevopoulou et al., 2012; Pateraki et al., 2012) and Fi-
nokalia (Mihalopoulos and coworkers, unpublished data).
Due to sparse aerosol sampling, the mean and standard de-
viations are calculated for both the model results and the ob-
servations and are compared.

3 Results

3.1 Model evaluation

Table 2 presents the comparisons of simulated surface levels
of O3, NO2, CO, SO2 and PM10 with ground-based obser-
vations in Istanbul, Athens and Finokalia for the two studied
periods. The stations that correspond to the same model grid
box (Fig. 1 and Table S3 in the Supplement) are grouped to-
gether and their mean value for each pollutant is compared
with the model predictions. In GIA, all available stations fall
into the same grid cell while in GAA, a distinction is made
between GAA1 and GAA2 stations. However, the model res-
olution of 30 km implies that several model grids are a mix-
ture of high and low emission surfaces, thus leading to fast
dilution of the primary pollutants inside these model grids. In
addition, model grids that cover both land and sea are simu-
lated with boundary layer heights that are lower than over
the land and higher than over the sea. Therefore, primary
pollutants are expected to be underestimated by the model
(negative bias) whereas secondary pollutants like O3 are ex-
pected to show positive bias in the model compared to the
observations. For pollutants having strong primary sources
and chemistry, like CO, the impact of chemical feedbacks
in the O3/OH/NOx/CO chemistry (Kanakidou and Crutzen,
1999) is added to the grid resolution effect.

In GIA, the model is able to simulate the temporal vari-
ation of the O3 observations both in winter (Fig. S1a) and
in summer (Fig. S2a). High correlations (R-values of 0.8–
0.9) are calculated particularly for O3, while for the other
pollutantsR is always higher than 0.6 indicating that the
model captures the variability of the observations (Table 2).
In winter, the model slightly underestimates the observations
regarding O3 (MNB of −4 %) while in summer, there is an
overestimation by 13 %. The differences are larger (20–60 %)
for other pollutants. The variability of the wintertime PM10
is successfully simulated (R = 0.8; Fig. S1b) while in sum-
mer a lowerR is calculated (0.6; Fig. S2b). PM10 levels are
underestimated by 52 % in winter and 58 % in summer. Such
underestimations can be explained by the omission of natu-
ral and re-suspended dust in the present study, although this
source is shown to significantly contribute to air pollution
levels in GIA (Koçak et al., 2011). Overall, the comparisons
of model results with observations suggest that in GIA the
model performs better for the winter period.

For GAA1 weaker correlations are calculated compared
to GIA. O3 (Fig. S1c) and PM10 (Fig. S1d) variabilities are
satisfactorily simulated in winter (R = 0.7), while in sum-
mer correlations are significant but lower (R = 0.5–0.6). The
model overestimates the O3 levels in winter by 49 %, while in
summer this difference decreases to 4 %. As discussed above,
these positive biases in O3 simulations can be attributed to
underestimations in NOx levels (Table 2) due to the coarse
resolution of the model leading to dilution of emissions from
urban areas of primary pollutant like NOx. On the opposite,
significantly higher correlations are calculated for NO2 and
CO in summer (R = 0.8 and 0.6) compared to winter (0.5
and 0.4). The differences are also larger in GAA1 compared
to GIA, reaching−84 % and−80 % for CO in winter and
summer, respectively. The model poorly simulates the sum-
mer O3 in GAA2 (R = 0.1; Fig. S2e) while model perfor-
mance for other gases is comparable with GAA1. The com-
parisons of O3 simulations for GAA with observations are
not as good as the higher resolution simulations (10 km) by
Honoŕe et al. (2008) over Western and Central Europe where
pollutant emissions are better constrained. These simulations
seem to better reproduce O3 in high NOx urban conditions.
Finally at Finokalia (FKL), a downwind location on Crete
island in the East Mediterranean, the model poorly simu-
lates the variability in surface O3 during winter (R = 0.3,
Fig. S1g), while the mean mixing ratio is only slightly over-
estimated (5 %). The poor performance of our model in sim-
ulating O3 variability in winter in the East Mediterranean
may be due to the boundary conditions that are applied to
the mesoscale model on a monthly mean basis (simulation
“boundaries” discussed in Sect. 3.2). These conditions pro-
vide information on the influence of long range transport
to the air quality in the region that can drive part of the
day-to-day variability of pollutants. The R-value increases
to 0.7 in summer (Fig. S2g) and the MNB value also in-
creases to 22 %, indicating that the model captures better
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Table 2. Simulated vs. observed surface concentrations of O3, NO2, CO, SO2 and PM10 over GIA, GAA and FKL in winter (December)
and summer (July) 2008. Bias and RMSE are in ppbv for O3, NO2, CO and SO2 and in µg.m−3 for PM10. MNB is in percent.R and IOA
have no units.N denotes the number of points used in the comparisons. The equations used to calculate these statistics are provided in the
Supplement.

Winter Summer

N R Bias MNB RMSE IOA N R Bias MNB RMSE IOA

GIA

O3 744 0.8 −2 −4 4 0.9 744 0.9 5 13 7 0.8
NO2 744 0.8 −36 −45 46 0.5 744 0.6 4 16 9 0.7
CO 744 0.7 −388 −52 456 0.5 744 0.7 −118 −36 127 0.4
SO2 744 0.6 3 38 6 0.7 744 0.8 −1 −8 2 0.8
PM10 744 0.8 −32 −52 39 0.6 744 0.6 −26 −58 27 0.4

GAA1

O3 744 0.7 8 49 9 0.6 744 0.5 2 4 5 0.7
NO2 744 0.5 −2 −16 5 0.7 744 0.8 −9 −47 10 0.6
CO 744 0.4 −1330 −84 1425 0.4 744 0.6 −935 −80 968 0.3
SO2 744 0.2 < 1 2 2 0.4 744 0.4 −8 −76 8 0.3
PM10 744 0.7 −29 −60 33 0.5 744 0.6 −23 −57 25 0.4

GAA2

O3 744 0.5 −5 > −1 15 0.5 744 0.1 12 24 13 0.3
NO2 744 0.5 −17 −73 17 0.3 744 0.4 −16 −82 17 0.4
CO 744 0.2 −555 −69 677 0.5 744 0.4 −157 −48 178 0.4
SO2 744 0.1 1 58 3 0.3 744 0.4 −1 −17 2 0.5
PM10 744 0.6 −21 −64 24 0.5 744 0.4 −14 −52 15 0.5

FKL

O3 454 0.3 2 5 4 0.5 744 0.7 12 22 13 0.4
PM10 373 0.5 −18 −37 34 0.4 598 0.3 −1 −1 6 0.5

the summertime O3 variability when regional photochem-
istry is stronger, but overestimates the O3 levels. The cal-
culated CO levels for winter (134 ± 9 ppbv) are lower by
33 % than earlier observations at FKL (200 ± 25 ppbv for
December 2004, N. Mihalopoulos and G. Kouvarakis, per-
sonal communication, 2012). The wintertime SO2 levels at
FKL seem to be overestimated by the model by∼ 80 %
(0.43 ± 0.42 ppbv mean observations in December 1996 and
1997 by Kouvarakis et al. (2002) against 0.77 ± 0.38 ppbv
computed here for December 2008) that also leads to an un-
derestimation in the wintertime nss-SO2−

4 levels at FKL (Ta-
ble 3). Better agreement is seen for the summertime simu-
lations in terms of CO and SO2, since computed CO levels
(120 ± 8 ppbv for July 2008) underestimate by 5 % the ob-
servations (128 ± 13 ppbv in July 2005) and SO2 levels are
underestimated by 18 % (1.54 ± 0.6 ppbv mean observations
in July 1997 and 1999 versus 1.27 ± 0.60 ppbv calculated for
July 2008). The model moderately reproduces the variability
of the surface PM10 observations at FKL in winter (R = 0.5,
Fig. S1h), underestimating by 37 % the mean observed sur-
face concentrations. In summer, the model shows only a very

small underestimation (∼ 1 %), but it does not capture the
observed PM10 variability (R = 0.3; Table 2; Fig. S2h).

The model performance is further evaluated for the aerosol
chemical composition (nss-SO2−

4 , NO−

3 , NH+

4 , Na+, Cl−,
OC, EC) based on the available observations in GIA, GAA
and FKL in 2008 (Table 3). In GIA, the wintertime ob-
served and simulated PM10 aerosol chemical composition
levels are generally comparable, although underestimated by
the model. Particularly Na+ and Cl− are highly underesti-
mated (by factors of almost 7 and 3, respectively), which can
be attributed to the contribution of coastal sea-salt emissions
that are not included in this study. This underestimate persists
also in summer. For other aerosol components, the summer-
time levels agree better with the observations, particularly for
nss-SO2−

4 , OC and EC. Observed and modeled OC / EC ra-
tios suggest that the model captures the primary origin of OC
in GIA. The model shows lower performance in GAA com-
pared to GIA for all species except for nss-SO2−

4 . At FKL,
PM2.5 and coarse mode aerosol (PM2.5−10) measurements
are available for both seasons (Mihalopoulos and co-workers,
unpublished data). Summertime and wintertime simulated
PM2.5 and PM2.5−10 aerosol levels are in agreement with
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Table 3. Simulated (Mod) vs. observed (Obs) aerosol species over GIA, GAA and FKL, averaged over the simulation periods of winter
(December) and summer (July) 2008. Standard deviation is given in parenthesis and units are µg m−3. The stations used in the comparisons
are Bogazici University (ESC) in GIA (Theodosi et al. (2010) for December and July 2008), Penteli in GAA1 (Paraskevopoulou et al. (2012)
for December 2008 and Pateraki et al. (2012) for July 2008) and Geoponiki in GAA2 (Pateraki et al. (2012) for July 2008), Aegina in GAA3
(Pateraki et al., 2012 for July 2008) and FKL (Mihalopoulos, unpublished data for July 2008 and December 2008).

nss-SO2−

4 NO−

3 NH+

4 Na+ Cl− OC EC OC / EC

Winter

GIA (PM10)

Obs 3.5 (1.9) 2.3 (1.3) 0.8 (0.6) 4.0 (1.1) 1.8 (0.9) 4.8 (1.8) 3.7 (2.3) 1.3
Mod 2.4 (0.9) 1.1 (0.4) 0.9 (0.4) 0.6 (0.6) 0.7 (0.9) 2.2 (0.9) 1.7 (0.9) 1.3

GAA1 (PM2.5)

Obs 2.8 (0.9) 0.7 (0.3) 0.2 (0.1) 7.6 (0.4) 0.5 (0.2) 2.5 (0.5) 0.4 (0.2) 6.8
Mod 1.8 (0.6) 0.8 (0.6) 0.4 (0.1) 0.9 (0.9) 1.1 (1.4) 1.0 (0.8) 0.3 (0.2) 3.3

FKL (PM2.5)

Obs 1.0 (0.8) 0.1 (< 0.1) 0.5 (0.3) 0.1 (< 0.1) 0.1 (< 0.1) 0.6 (0.1) 0.2 (0.1) 3
Mod 0.7 (0.1) < 0.1 (< 0.1) 0.1 (< 0.1) 0.1 (0.1) 0.1 (< 0.1) 0.4 (0.2) 0.2 (0.1) 2

FKL (PM2.5−10)

Obs 0.8 (0.4) 1.3 (0.6) 0.1 (0.1) 1.4 (0.4) 2.3 (0.7)
Mod 0.1 (0.1) 0.9 (0.5) < 0.1 (< 0.1) 1.3 (0.8) 2.3 (0.7)

Summer

GIA (PM10)

Obs 4.2 (1.6) 0.6 (0.2) 0.4 (0.2) 3.3 (0.4) 1.2 (0.3) 4.1 (1.0) 2.1 (0.4) 2
Mod 4.3 (0.6) 0.4 (0.1) 1.4 (0.2) 0.1 (< 0.1) < 0.1 (< 0.1) 4.0 (1.2) 1.6 (0.5) 2.5

GAA1 (PM2.5)

Obs 4.8 (2.9) 0.5 (0.3) 1.6 (1.0) 1.2 (0.4) 3.7 (0.5) 0.5 (0.2) 7.4
Mod 3.9 (1.3) < 0.1 (< 0.1) 1.0 (0.3) < 0.1 (< 0.1) < 0.1 (< 0.1) 0.8 (0.2) 0.5 (0.2) 1.6

GAA2 (PM2.5)

Obs 6.2 (3.6) 0.8 (0.5) 1.6 (1.1) 0.6 (0.1) 4.4 (1.1) 1.5 (0.7) 2.9
Mod 3.8 (1.3) < 0.1 (< 0.1) 1.0 (0.3) < 0.1 (< 0.1) < 0.1 (< 0.1) 0.6 (0.1) 0.3 (0.1) 2

GAA3 (PM2.5)

Obs 6.0 (4.1) 0.3 (0.1) 1.6 (1.3) 0.6 (0.1) 2.7 (0.5) 0.5 (0.1) 5.4
Mod 4.1 (1.4) < 0.1 (< 0.1) 1.0 (0.3) < 0.1 (< 0.1) < 0.1 (< 0.1) 0.7 (0.2) 0.4 (0.1) 1.8

FKL (PM2.5)

Obs 6.0 (2.3) 0.1 (< 0.1) 2.0 (0.7) 0.1 (< 0.1) 0.4 (0.1) 0.3 (0.1) 1.2 (0.4) 0.3
Mod 4.2 (0.9) 0.1 (< 0.1) 0.7 (0.1) 0.2 (0.1) 0.1 (0.1) 0.3 (0.1) 0.7 (0.1) 0.4

FKL (PM2.5−10)

Obs 0.5 (0.6) 1.3 (1.5) 0.2 (0.1) 1.0 (0.7) 0.9 (0.6)
Mod 0.5 (0.2) 2.0 (0.5) 0.1 (< 0.1) 1.6 (0.9) 1.6 (1.4)

the measurements. At FKL Na+ and Cl− levels are reason-
ably reproduced by the model due to the dominant northerly
winds that transport the open-sea generated sea-salt parti-
cles to this downwind station. Despite the limited number of
available observational data on aerosol composition for the

studied period, we have compared the MAGE with the stan-
dard deviation of the observations. MAGE is significantly
larger than the standard deviation of the observations for
the sea-salt aerosol components in both seasons as was ex-
pected due to the omission of surf-zone sea-salt emissions in
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Table 4. Surface concentrations of main gaseous and particulate pollutants and NMVOC / NOx and CO / NOx molar ratios simulated for
the base case over urban (Urb.), rural (Rur.) and the extended areas (Ext.) of GIA and GAA, at Finokalia (FKL) and the whole simulation
domain (Dom), averaged over the 31-day periods in winter (December 2008) and summer (July 2008).

Winter Summer

GIA GAA FKL Dom GIA GAA FKL Dom
Urb. Rur. Ext. Urb. Rur. Ext. Urb. Rur. Ext. Urb. Rur. Ext.

O3 (ppbv) 8.1 22.0 18.0 17.6 26.5 25.9 34.7 33.3 33.2 56.5 51.0 47.4 57.6 56.7 65.2 62.9
NOx (ppbv) 121.6 30.5 55.9 32.4 10.2 13.9 2.1 2.9 56.6 5.7 22.0 23.7 2.7 10.0 1.3 2.0
NMVOC (ppbC) 121.6 167.8 195.7 94.0 33.7 43.1 8.0 23.5 62.3 21.1 61.6 109.0 24.6 63.0 8.5 17.6
CO (ppbv) 367.2 201.6 247.2 409.7 205.9 235.6 132.7 147.4 222.5 139.6 165.3 321.7 131.8 189.6 120.0 124.0
PAN (ppbv) 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.3 0.3 0.2 0.3
HNO3 (ppbv) 1.7 1.1 1.2 0.9 0.6 0.8 0.5 0.7 3.5 2.5 2.8 2.2 1.4 2.2 1.2 1.6
NMVOC / NOx 1.0 5.5 3.5 2.9 3.3 3.1 3.8 8.1 1.1 3.7 2.8 4.6 9.1 6.3 6.5 8.8
CO / NOx 3.0 6.6 4.4 12.6 20.2 16.9 64.4 51.4 3.9 24.5 7.5 13.6 48.8 19.0 91.8 61.2
PM2.5 (µg m−3) 27.5 9.2 14.4 19.4 8.5 9.3 2.4 2.9 16.2 6.3 9.5 13.8 6.7 9.1 6.8 6.1
nss-SO2−

4 (µg m−3) 2.7 1.7 2.0 2.4 1.5 1.7 1.0 1.0 3.9 3.2 3.4 4.2 3.6 4.0 3.8 3.3
NO−

3 (µg m−3) 2.7 0.8 1.5 0.9 1.2 0.9 0.7 0.6 0.9 0.9 0.8 0.5 0.5 0.5 1.8 1.6
OC (µg m−3) 6.3 1.9 3.1 5.2 2.0 2.2 0.4 0.5 4.1 1.1 2.0 1.0 0.7 0.8 0.8 0.8
EC (µg m−3) 3.0 1.0 1.5 0.9 0.4 0.5 0.2 0.2 1.6 0.4 0.8 0.8 0.4 0.5 0.3 0.4

the model (Im et al., 2012). Significant negative biases are
also computed for carbonaceous aerosols in the urban areas,
pointing to the emission inventories as a potential source of
uncertainties. Observed and modeled OC / EC ratios in GAA
and FKL also indicate that the secondary formation of OC
is not sufficiently simulated. In summer, the model success-
fully simulates the OC levels and acceptably the EC levels at
FKL. Both OC and EC are largely underestimated in GAA,
both in winter and in summer. The EC underestimate could
suggest either faster removal of EC in the model than in the
atmosphere or an underestimate in the sources. The latter is
a plausible explanation for the differences in summer when
removal of aerosols is slow. Furthermore, the OC / EC ratio
in the observations of GAA2 (Table 3) is higher than in the
emissions (Table 1), suggesting that a significant fraction of
OC in GAA is of secondary origin (SOA). However, the sim-
ulated OC / EC ratio is lower than the observed one, most
probably due to the limitations of the model in simulating the
formation of SOA as described in Sect. 2 and reported by Im
et al. (2012). Grivas et al. (2012) based on OC, EC and PM10
observations in 2003, have indeed estimated the secondary
OC contribution to OC levels in GAA to be∼ 20 % during
the cold and∼ 30 % during the warm periods. They have also
estimated the primary OC / EC ratios at Goudi (GAA1) to
vary between 1.6 and 2.6 with nighttime higher than day-
time ratios and the warm days showing higher ratios than the
cold days. Compared to the emissions of GAA adopted for
the present study, the above mentioned ratios are almost 2
times lower in summer and∼ 3 times higher in winter. These
discrepancies support the urgent need for more systematical
evaluations of emissions of air pollutants and aerosol chemi-
cal characterization monitoring; such work is ongoing.

The above comparisons demonstrate model deficiencies
due to its relatively coarse resolution that dilutes emissions
into the model grid and introduces inaccuracies in the chem-

ical simulations due to the non-linear dependence of sec-
ondary pollutants (like O3) to primary pollutant concentra-
tions (like NOx). In particular coarse models fail in simu-
lating the extent of NO-titration of O3 in the urban areas
and thus also overestimate other oxidants, like OH radicals,
there. Thus, the simulated urban area’s photochemistry is
faster than observed. To quantify these uncertainties system-
atic high resolution simulations are required that are out of
the scope of the present paper. The following calculated im-
pacts on air quality have to be seen keeping in mind these
model limitations.

3.2 Air quality in the region

The surface monthly mean mixing ratios of O3 and PM2.5
calculated for the base case are shown in Fig. 2a–b and
Fig. 3a–b for December (winter) and July (summer), respec-
tively. Table 4 further provides the surface concentrations of
the major gases and aerosols as well as the NMVOC / NOx
and CO / NOx molar ratios over the urban, the rural and the
entire extended areas of GIA and GAA, the remote site of
FKL and the whole simulation domain. All values are aver-
aged over the month of each simulation.

The lowest O3 mixing ratios are calculated for the urban
sites of GIA (∼ 8 ppbv and∼ 33 ppbv in winter and sum-
mer, respectively) and GAA (∼ 18 ppbv and∼ 47 ppbv in
winter and summer, respectively). They are due to signifi-
cant NOx emissions depressing O3 in both urban areas (Ta-
ble 4) by reaction of O3 with NO to produce NO2 that fur-
ther competes with NMVOC for reaction with OH radicals
decreasing photochemical O3 build-up and producing HNO3
downwind. The large O3 differences between the urban and
rural sites of about 9–14 ppbv O3 (for GAA and GIA, re-
spectively) during winter and 11–24 ppbv O3 during sum-
mer, point out the importance of emissions hot spots for the
air quality in their extended areas. The higher O3 levels in
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Fig. 2. Wintertime (December 2008) surface O3 (a, c, e, g)and PM2.5 (b, d, f, h) levels calculated from the base case scenario (Base:a, b)
and the absolute differences of scenarios “NoBiog”(c, d), “NoAnth” (e, f) and “NoIstAth” (g, h) from the “Base”, averaged for the month
of the simulation. Units are ppbv for O3 and1O3 and µg m−3 for PM2.5 and1PM2.5.

Fig. 3. Summertime (July 2008) surface O3 (a, c, e, g)and PM2.5 (b, d, f, h) levels calculated from the base case scenario (Base:a, b) and
the absolute differences of scenarios “NoBiog”(c, d), “NoAnth” (e, f) and “NoIstAth” (g, h) from the “Base”, averaged for the month of the
simulation. Units are ppbv for O3 and1O3 and µg m−3 for PM2.5 and1PM2.5.

Athens than in Istanbul can be attributed to the elevated back-
ground of O3 and the primary pollutant emissions mixture in
the GAA. The elevated background in GAA is due to long
range transport and regional emissions of primary and sec-
ondary pollutants that react under the favorable climate con-
ditions (temperature and solar radiation) in the region. The
impact of transport is also supported by the CO / NOx molar
ratios (Table 4). This ratio increases from Istanbul to Athens
and then to Finokalia showing the significant impact of local

emissions in Istanbul compared to increased regional back-
ground in Athens and at Finokalia (Kanakidou et al., 2011;
Parrish et al., 2009). It also shows that air masses age chem-
ically when travelling from the north to the south, leading
to lower CO / NOx ratios in the most aged air masses. The
difference in O3 levels in GIA and GAA also reflects dif-
ferences in the NMVOC reactivity between the two cities.
To further analyze these patterns the integrated NMVOC
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Fig. 4. Integrated NMVOC reactivity with regard to OH radical as
a function of NO2 reactivity with regard to OH radical at GIA (pur-
ple) and GAA (green) for summer (July 2008; closed symboles) and
winter (December 2008; open symboles) for the “Base” (squares)
and the “NoIstAth” (circles) simulations. Values averaged for rural
and for urban cases separately. The 10 : 1, 1 : 1 and 1 : 10 lines are
plotted for clarity. Units are s−1.

reactivity with respect to OH

(∑
i

ki
OH [NMVOCi ]

)
has been

computed (i denotes the various NMVOC present in the at-
mosphere). This has been compared to the product of the
rate of NO2 reaction with OH (kOH) with the computed NO2
concentration (kOH· [NO2]). Figure 4 depicts the monthly

mean

(∑
i

ki
OH [NMVOCi ]

)
as a function of the correspond-

ing kOH· [NO2] for GIA and GAA urban and rural areas for
summer and winter. For the base case simulations in both
cities NO2 reactivity is higher than the integrated NMVOC
reactivity. GAA has a higher integrated NMVOC reactiv-
ity than GIA, while GIA experiences higher NO2 levels and
NO2 reactivity than GAA in consistence with the emission
patterns shown in Table 1. Precisely, in Athens rural areas
the integrated NMVOC reactivity is by 10 % to a factor of 2
higher compared to Istanbul rural areas in winter and sum-
mer, respectively. This translates to 2 to 4 times higher ratio

of

(∑
i

ki
OH [NMVOCi ]

)
/kOH· [NO2] in GAA than in GIA

rural areas that, combined with the high NO2 levels in Istan-
bul, favors HNO3 formation than O3 formation in GIA more
than in GAA. Similar conclusions can be drawn when also
accounting for the CO reactivity with respect to OH.

The highest surface O3 mixing ratios are calculated over
the Southeast Mediterranean Sea, particularly east of Crete
for both seasons (Figs. 2a and 3a). Surface O3 at the Fi-
nokalia station is calculated to reach 35 ppbv in winter and
65 ppbv in summer that is very close to the domain mean sur-
face O3 levels (33 ppbv in winter and 63 ppbv in summer).

Opposite to O3, the highest PM2.5 concentrations are cal-
culated over the emission hot spot areas as depicted in

Figs. 2b and 3b in agreement with earlier studies (Im et
al., 2012; Kanakidou et al., 2011). In GIA and GAA, win-
tertime PM2.5 levels (28 µg m−3 in GIA and 19 µg m−3 in
GAA, Table 4 and Fig. 2b) are higher than the summertime
levels (16 µg m−3 and 14 µg m−3, respectively, Fig. 3b) due
to higher anthropogenic emissions in winter (Table 1) and
weaker winds. In both extended areas, PM2.5 decreases by a
factor of∼ 2–3 from the urban areas to the rural suburbs (Ta-
ble 4). Significant PM2.5 levels are also computed over the
Mediterranean Sea, in particular over the shipping lines in the
southwest of Peloponnesus and Crete. Table 4 shows that the
differences between the urban and rural sites of the GIA and
GAA are most pronounced for OC (a factor of∼ 3 in winter
and 1.5–4 times in summer) and EC (2–3 times in winter and
2–4 times in summer) levels. In GIA and GAA large fraction
of OC is primary anthropogenic in winter while secondary
fraction becomes more important in summer, in agreement
with the observations by Theodosi et al. (2010) for Istanbul
and by Grivas et al. (2012) for Athens.

The computed levels of air pollutants significantly de-
pend on the boundary conditions. Perturbation by 50 % of
the boundary conditions of all pollutants for which boundary
conditions are used (monthly mean levels provided by the
global model) leads to more than∼ 50 % change in monthly
and domain mean O3 and PAN levels (Table S4). Domain
mean levels of the major gaseous pollutants change by∼ 10–
50 % in winter and∼ 10–45 % in summer whereas those
of aerosol components change by∼ 15–30 % in winter and
∼ 5–25 % in summer. These results indicate the importance
of the long range transport for the air quality in the region
and thus the sensitivity of the model results to the bound-
ary conditions. They should, therefore, be considered while
quantifying and evaluating the impacts of emissions and mit-
igation.

3.3 Impact of regional biogenic and anthropogenic
emissions

The impact of biogenic emissions on air quality due to the
chemical interactions with emissions of pollutants like NOx
is investigated by the simulation NoBiog, where the biogenic
emissions in the whole model domain are omitted. The dif-
ferences in O3 and PM2.5 from the base case simulation are
depicted in Fig. 2c, d for winter and in Fig. 3c, d for sum-
mer (see also in Table 5 and Table S5 in the Supplement). O3
mixing ratios are reduced throughout the domain with larger
differences in summer, when biogenic emissions are high
(Figs. 2c and 3c). The monthly mean differences in the O3
surface mixing ratios are less than 0.1 ppbv in winter while in
summer they are 1 ppbv (2 %) in GIA, 3 ppbv (6 %) in GAA
and 2 ppbv (3 %) at FKL (Table 5).
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Table 5.Differences (%) in the mean winter (December 2008) and summer (July 2008; in parenthesis) surface concentrations of air pollutants
and chemical indicators in GIA, and GAA (urban, rural suburbs and extended areas), at FKL and the whole domain due to masking of
anthropogenic emissions from the GIA and/or GAA. Changes marked as> −1 refer to values between 0 and−1 and changes marked as< 1
refer to positive values. Values are computed as [100 (Scenario-Base)/Base].

(a) Gases GIA GAA FKL Domain

Urban Rural Extended Urban Rural Extended

O3

NoIst 238 (81) 32 (6) 61 (22) 1 (>−1) 1 (>−1) 1 (>−1) 1 (−2) 1 (>−1)
NoAth 0 (< 1) 0 (< 1) 0 (< 1) 89 (28) 23 (1) 30 (8) 0 (-1) 0 (>−1)
NoIstAth 236 (80) 32 (6) 61 (22) 90 (27) 24 (1) 31 (8) 1 (−2) 1 (−1)
NoAnth 299 (68) 45 (−2) 80 (14) 92 (10) 25 (−13) 31 (−8) −1 (−18) 4 (−17)
NoBiog < −1 (−3) < −1 (−1) < −1 (−2) < −1 (−6) < −1 (−4) < −1 (−6) < −1 (−3) < −1 (−4)

NOx

NoIst −95 (−98) −89 (−86) −93 (−96) < −1 (< 1) −2 (< 1) −1 (< 1) −4 (−1) −18 (−9)
NoAth 0 (0) 0 (0) 0 (0) −95 (−96) −85 (−74) −89 (−92) −1 (−2) −3 (−3)
NoIstAth −95 (−98) −89 (−86) −93 (−96) −95 (−96) −85 (−74) −89 (−92) −5 (−2) −21 (−12)
NoAnth −100 (−100) −100 (−97) −100 (−99) −100 (−99) −99 (−91) −99 (−98) −96 (−90) −94 (−90)
NoBiog 0 (< 1) < −1 (2) 0 (1) < −1 (1) < −1 (−2) < −0.1 (1) < −1 (−2) < −1 (0)

CO

NoIst −59 (−44) −26 (−7) −39 (−23) 0 (>−1) −1 (> −1) < −1 (> −1) < −1 (−1) −1 (-1)
NoAth 0 (> −1) 0 (> −1) 0 (> −1) −67 (−64) −35 (−13) −42.5 (−39) < −1 (−2) −1 (−1)
NoIstAth −59 (−44) −25 (−7) −39 (−23) −67 (−64) −35 (−14) −43 (−39) −1 (−3) −1 (−2)
NoAnth −64 (−46) −34 (−9) −47 (−25) −69 (−66) −38 (−17) −45 (−42) −4 (−7) −9 (−6)
NoBiog < −1 (−1) < −1 (−1) < −1 (−1) < −1 (−1) < −1 (−3) < −1 (−2) < −1 (−3) < −1 (−3)

PAN

NoIst 4 (−6) 3 (−7) 3 (−8) < 1 (−1) < 1 (−1) < 1 (−1) 0 (−6) < 1 (−2)
NoAth < −1 (< 1) < −1 (< 1) < −1 (< 1) 1 (−29) −1 (−15) −1 (−28) < −1 (−4) < −1 (−1)
NoIstAth 5 (−6) −4 (−7) −7 (−8) −20 (−30) −13 (−16) −24 (−29) −19 (−10) < −1 (−3)
NoAnth −12 (−44) −11 (−47) −12 (−47) −17 (−70) −17 (−62) −17 (−70) −20 (−72) −13 (−53)
NoBiog −2 (−25) −2 (−21) −2 (−23) −1 (−44) −1 (−45) −1 (−45) −1 (−38) −1 (−34)

HNO3

NoIst −51 (−61) −18 (−35) −30 (−47) 1 (−4) 1 (−5) 1 (−4) −3 (14) −3 (−8)
NoAth < −1 (> −1) < −1 (> −1) < −1 (> −1) −19 (−44) 7 (−16) −9 (−41) −2 (−7) −2 (−2)
NoIstAth −51 (−61) −18 (−35) −30 (−47) −20 (−47) 7 (−21) −9 (−44) −6 (−21) −5 (−10)
NoAnth −93 (−83) −91 (−77) −90 (−77) −92 (−79) −89 (−65) −91 (−78) −87 (−79) −75 (−72)
NoBiog < 1(−1) < 1 (1) < 1 (< 1) < 1 (5) 1 (11) 1 (6) < 1 (7) < 1 (7)

For PM2.5 (Figs. 2d and 3d) both positive and negative
responses to the omission of biogenic emissions are com-
puted. In particular, GIA responds differently than GAA and
other locations in the model domain. To understand this be-
havior the changes in the chemical composition of PM2.5
have been investigated. Biogenic emissions impact on the OC
concentrations (Fig. 5a, d) via changes in the secondary or-
ganic aerosol (SOA) formation, particularly in summer when
these emissions maximize (Fig. 5d). Omitting these emis-
sions (NoBiog), the monthly mean summertime OC levels
decrease by 2 % in GIA, 8 % in GAA and 5 % at FKL. On
the opposite, an increase is computed for most other aerosol
components and particularly nss-SO2−

4 in summer and there-

fore, to an overall increase in domain-mean PM2.5 level by
4 % (Table 5 and Fig. 5). The general underestimate of SOA
by the model, discussed in Sect. 3.1, implies that the com-
puted changes could also underestimate the BVOC impact
on OC. However, our results point to the key role of biogenic
NMVOCs in limiting the production of secondary inorganic
species (e.g. nss-SO2−

4 and NO−

3 ) by reducing the oxidant
levels in the region. In particular, the computed increase in
the “NoBiog” case, of significance during summer, can be at-
tributed to the increase in the domain-mean hydroxyl radical
(OH) levels by 25 % in summer (Fig. 5c, f; surface computed
distributions for the Base simulation are depicted in Fig. S3
in the Supplement). The impact of biogenic emissions in
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Table 5.Continued.

(b) Aerosols GIA GAA FKL Domain

Urban Rural Extended Urban Rural Extended

PM2.5

NoIst −85 (−72) −60 (−21) −74 (−50) 1 (−1) 1 (−2) 1 (−1) −1 (−7) −4 (−4)
NoAth < −1 (> −1) < −1 (> −1) < −1 (> −1) −88 (−59) −72 (−15) −75 (−37) −1 (−2) −2 (−1)
NoIstAth −85 (−72) −60 (−21) −74 (−50) −88 (−60) −72 (−17) −75 (−38) −3 (−9) −6 (−5)
NoAnth −95 (−80) −85 (−44) −91 (−64) −94 (−78) −87 (−56) −88 (−67) −49 (−46) −52 (−47)
NoBiog < −1 (> −1) < −1 (< 1) < −1 (< 1) < 1 (3) 1 (7) 1 (4) < 1 (4) < 1 (4)

nss−SO2−

4

NoIst −49 (−29) −23 (−8) −33 (−17) < 1 (−2) < 1 (−2) < 1 (−2) < −1 (−7) −1 (−4)
NoAth < −1 (> −1) −1 (> −1) < −1 (> −1) −55 (−16) −30 (−3) −35 (−11) −1 (−1) −1 (−1)
NoIstAth −49 (−29) −23 (−8) −33 (−17) −55 (−18) −30 (−4) −35 (−13) −2 (−8) −3 (−4)
NoAnth −77 (−48) −63 (−33) −68 (−39) −78 (−56) −66 (−49) −65 (−54) −47 (−49) −48 (−45)
NoBiog 0 (2) 0 (3) 0 (2) < 1 (10) < 1 (13) < 1 (11) < 1 (8) < 1 (8)

NO−

3

NoIst −86 (−45) −40 (−6) -70 (−23) < 1 (−3) 1 (−3) 1 (−3) −7 (−16) −3 (−6)
NoAth < 1 (1) < −1 (1) < 1 (1) −51 (−23) −66 (−19) −47 (−21) −1 (−1) −1 (−1)
NoIstAth −86 (−46) −41 (−6) −70 (−23) −51 (27) −67 (−22) −48 (−24) −8 (−18) −5 (−8)
NoAnth −95 (−63) −75 (−36) −88 (−48) −86 (−71) −90 (−70) −85 (−70) −71 (−72) −57 (−74)
NoBiog < 1 (1) < 1 (1) < 1 (1) 1 (6) 1 (9) 1 (6) < −1 (3) < 1 (4)

OC

NoIst −89 (−84) −72 (−32) −81 (−65) 1 (−1) 1 (−1) 1 (−1) −1 (−7) −5 (−4)
NoAth < −1 (< 1) < −1 (1) < −1 (< 1) −93 (−41) −80 (−8) −83 (−22) −1 (< 1) −3 (< 1)
NoIstAth −89 (−84) −71 (−32) −81 (−65) −93 (−43) −80 (−11) −83 (−25) −2 (−8) −8 (−5)
NoAnth −96 (−88) −87 (−51) −92 (−75) −96 (−63) −90 (−42) −91 (−51) −41 (−48) −46 (−48)
NoBiog < −1 (−1) < −1 (−2) < −1 (−2) < 1 (−6) 1 (−9) 1 (−8) < 1 (−5) < −1 (−6)

EC

NoIst −87 (−84) −67 (−34) −77 (−67) < 1 (−1) < 1 (−1) < 1 (−1) −2 (−9) −5 (−5)
NoAth < −1 (< 1) < −1 (< 1) < −1 (< 1) −79 (−67) −57 (−27) −61 (−47) −1 (−2) −1 (−1)
NoIstAth −86 (−84) −67 (−34) −77 (−67) −79 (−68) −57 (−28) −61 (−48) −2 (−10) −6 (−6)
NoAnth −97 (−89) −91 (−55) −94 (−77) −93 (−81) −85 (−57) −86 (−69) −61 (−52) −61 (−48)
NoBiog 0 (< 1) 0 (< 1) 0 (< 1) < 1 (< 1) < 1 (< 1) < 1 (< 1) < 1 (< 1) < 1 (< 1)

winter is negligible. The largest changes in OH levels are
computed to occur over land where the emissions take place.
Similar conclusions on the role of biogenic emissions and
the PM2.5 behavior have been drawn by Im et al. (2012) for
the summer of 2004. These results agree with the findings
by Kiendler-Scharr et al. (2009) who observed during plant
chamber experiments decreased aerosol concentrations with
increasing isoprene levels, showing that the high reactivity of
isoprene with OH leads to suppression of new particle forma-
tion. However, although the role of biogenic NMVOC in lim-
iting oxidant levels is established, the magnitude of the de-
crease in OH under low NOx and high NMVOC conditions
remains uncertain since recent observations indicate signif-
icant OH recycling under such conditions (Hofzumahaus et
al., 2009; Taraborrelli et al., 2012).

Simulations “NoAnth” enable the evaluation of the con-
tributions of all regional anthropogenic emissions on the
domain-mean surface pollutant levels. In winter these con-
tributions (Fig. 2e; Table 5) are 94 % for NOx, 9 % for CO,
13 % for PAN and 75 % for HNO3. In the absence of all re-
gional anthropogenic emissions the domain-mean PM2.5 lev-
els also decrease to about half due to similar reductions in
all major aerosol components (nss-SO2−

4 by 48 %, NO−

3 by
57 %, OC by 46 %, and EC by 61 %). On the opposite, winter
O3 levels increase by about 4 % when regional anthropogenic
emissions are masked. In summer (Fig. 2f), larger impacts
are computed: Regional anthropogenic emissions contribute
to the domain mean levels of NOx by 90 %, CO by 6 %,
PAN by 53 % and HNO3 by 72 % while O3 levels are sup-
pressed by 17 %. This O3 reduction is comparable with the
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Fig. 5. Impact of biogenic emissions on surface levels of OC, nss-SO2−

4 and OH, calculated as the difference of “NoBiog” simulations

minus the “Base” simulations, averaged over each one-month simulation period: (left)1OC, (middle)1nss-SO2−

4 and (right)1OH. Top

row shows winter (December 2008), bottom row shows summer (July 2008) results. Units are µg m−3 for 1OC and1nss-SO2−

4 and scales

are different. For1OH units are 104 molec cm−3 for (c) and 106 molec cm−3 for (f).

18 % decrease of O3 over East Mediterranean in response
to the 50 % reductions of anthropogenic NOx over the en-
tire Europe, recently calculated by Megaritis et al. (2012).
Overall, the regional anthropogenic emissions can have a
domain-mean impact up to∼ 90 %, depending on the pol-
lutant. PM2.5 percent reductions in summer are also compa-
rable with those in winter (Table 5). These contributions are
of the same magnitude with the impact of boundary condi-
tions for the region (discussed in Sect. 2.2, see Table S4). In
particular for O3, the responses of the domain-mean levels
of O3 (30–50 %) to the boundary condition perturbations are
higher than those to the emission perturbations (4–17 %), in-
dicating the importance of long range transport for O3 levels
in the region, The results (Table S4) show that gaseous pollu-
tants with lifetimes of several days to weeks, particularly O3,
PAN, CO and HNO3, are most sensitive to long-range trans-
port while the shorter-lived particulate pollutants are locally-
controlled.

It is worth discussing the impact of emissions from ship-
ping on O3 surface levels over the sea southwest of Pelopon-
nesus and of Crete, where the shipping tracks are marking
O3 distribution (Figs. 2a and 3a). A corridor of lower O3 than
in the surroundings is calculated for both seasons. Over the
shipping tracks (as well as over GIA and GAA that are rich
in NOx emissions) strong summertime diurnal variation in
surface O3 is calculated as shown in Fig. S4 in the Supple-
ment. For summer, our results show an increase in the day-
time maximum surface O3 by shipping emissions as recently

reported by Hodnebrog et al. (2012) indicating that sufficient
NMVOC are available to fuel O3 production in this NOx-
rich environment. However, our results also show a stronger
nighttime loss of O3. This is due to the reaction of O3 that is
formed during day in the shipping plumes or is transported
from upwind locations with NO that is emitted from ship-
ping. HNO3 enhancement over shipping tracks also shows up
in the computed surface HNO3 distribution in summer. Such
a pattern is not evident in winter when removal of HNO3 by
deposition is important (not shown). In the absence of re-
gional anthropogenic emissions, including shipping, less O3
is formed in the region and transported from upwind loca-
tions and, on the other hand, O3 titration does not occur over
the shipping tracks. Overall, in winter O3 is higher there in
the “NoAnth” compared to the “Base” case by about 2 ppbv
(Fig. 2e) because the titration effect is higher than the O3
build up. On the opposite in summer, the reduction in the re-
gional background of O3 and its precursors in the “NoAnth”
simulation (Fig. 3e) is very high and is not compensated by
the absence of O3 titration over the shipping tracks. Thus, a
decrease in O3 is computed in the “NoAnth” compared to the
“Base” simulation.

In conclusion, the regional anthropogenic emissions con-
tribution to pollutant levels is calculated to be much higher
than that of the regional biogenic emissions, indicating the
importance of anthropogenic emissions for air quality in the
area, particularly in summer.
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3.4 Impacts of megacity emissions

3.4.1 Gases

The impacts of Athens and Istanbul emissions, individually
(Fig. S5 in the Supplement) and combined (Fig. 6), on the
spatial distributions of winter and summer mean surface O3
and PM2.5 concentrations in the studied region are calculated
by subtracting the results of the Base simulation from those
of the simulations “NoIst”, “NoAth” and “NoIstAth”, respec-
tively (Table S5 reports the domain mean values at surface for
all simulations). The percent changes in the major gas and
aerosol component concentrations in the cities, at FKL and
in the model domain for these scenarios with respect to the
“Base” simulation are also provided in Table 5 for winter and
summer. Significant fractions of the surface mixing ratio of
CO in both cities are associated with the anthropogenic emis-
sions of the cities themselves (23–39 % in GIA and 39–43 %
in GAA) with higher contributions in winter. When omitting
the anthropogenic emissions of both GIA and GAA, NOx is
drastically reduced in the extended areas (89–93 % in winter
and 92–96 % in summer) with the highest reductions in GIA.

In winter, both cities have a larger impact northward due
to the prevailing southerly winds (Fig. 2g, h). Thus, GIA
impacts the western Black Sea and to a lesser extent the
Marmara Sea and the Northern Aegean Sea. GAA impacts
largely towards the Northern Aegean Sea and less towards
Peloponnesus that is situated south-westward. On the other
hand, in summer, both cities have a pronounced southward
outflow (Fig. 3g, h). GIA emissions show a large outflow
towards the south, mostly over the Marmara Sea and the
Northern Aegean but also extending to the East Mediter-
ranean Sea while GAA has a clear effect on the south-
ern Aegean and East Mediterranean (Figs. 2g, 3g). Omis-
sion of anthropogenic emissions lowers the NOx levels, and
thus the O3 loss by reaction with NO. It also increases the
NMVOC / NOx ratio favoring NMVOC oxidation to fuel O3
production than the reaction of NO2 with OH to form HNO3.
Thus, it leads to an increase in O3 in the urban areas (Ta-
ble 5). Because of the intensive photochemistry in the re-
gion and the relatively coarse model grid, NO-titration is
not the only mechanism acting on O3 levels in urban areas.
This is also suggested by the change in the sum of O3 and
NO2 concentrations in the urban GIA and GAA areas by 10–
20 % in winter and by 7 % in summer. As shown in Fig. 4,
when GAA and GIA anthropogenic emissions are omitted
in the “NoIstAth” case, the NO2 reactivity against OH rad-
ical is decreasing. In both cities, NO2 levels supported by
atmospheric transport from upwind areas and biogenic emis-
sions (Table 1) remain reasonably high to favor O3 formation
(Lei et al., 2007). Therefore, in the absence of anthropogenic
emissions, NMVOC oxidation in the urban areas is enhanced
and produces hydroperoxy (HO2) radicals. Overall, monthly-
mean HO2 levels increase by∼ 80 % to ∼ 120 % in GIA
and ∼ 30 % to ∼ 40 % in GAA during summer and win-

ter, respectively. This favors HO2 reaction with NO during
NMVOC oxidation and thus increases the efficiency of the
remaining NOx molecules to produce O3 (Lin et al., 1988;
Finlayson-Pitts and Pitts, 2000).

In winter, the GIA anthropogenic emissions depress the
surface PAN levels by 3 % in the entire GIA due to the above
explained O3 titration and NMVOC oxidation suppression.
In summer these emissions contribute by 8 % to PAN lev-
els because photochemistry is faster and biogenic NMVOC
emissions are high, limiting the NO titration of O3 and en-
hancing the O3 and PAN production pathways of NMVOC
oxidation chains (Table 5). In GAA extended area, the GAA
anthropogenic contribution increases PAN by 0.5 % in winter
and by 28 % in summer. The differences in the impact of the
anthropogenic emissions in GIA and GAA can be explained
by the larger reduction in OH radical in GIA than in GAA
(Table 5). Masking anthropogenic emissions of GIA results
in a very large increase in O3 mixing ratios in the urban ar-
eas by 20 ppbv (238 %) in winter and by 27 ppbv (81 %) in
summer (Figs. 2g and 3g; Fig. S5 in the Supplement shows
results for the “NoIst” and “NoAth” simulations). The impact
on the entire GIA is lower (∼ 11 ppbv both in winter (61 %)
and in summer (22 %)). When masking the GAA emissions
(Fig. S5c, d, g, h) an increase in O3 by 8 ppbv (∼ 30 %) in
the city itself is computed in winter (Table 5) whereas in
summer, the emissions have opposite impact on O3 increas-
ing by 5 ppbv (8 %) the mean surface O3 levels in the GAA.
The smaller effect of city emissions in GAA compared to
GIA is due to the higher background levels of pollution in
Athens than in Istanbul (Im et al., 2011; Kanakidou et al.,
2011) as discussed earlier. It is also due to a larger change in
the NMVOC / NOx emission molar ratios in GIA when an-
thropogenic emissions are masked (from about 0.4 to 23.4 in
winter and about 0.4 to 64.6 in summer) compared to that in
GAA (from about 1.8 to 20.1 in winter and about 2.1 to 47.8
in summer, respectively; Table 1). These ratios are higher
when only biogenic emissions are taken into account and
lower when both anthropogenic and biogenic emissions are
considered due to the strong anthropogenic sources of NOx
and biogenic sources of NMVOC. Thus, computed changes
in the NO2 and integrated NMVOC reactivity against OH are
larger in GIA than in GAA (Fig. 4).

GIA and GAA outflows also affect the O3 mixing ratios
downwind. In winter, both GIA and GAA anthropogenic
emissions have negative contribution to O3 at downwind lo-
cations since under their influence high amounts of NO emit-
ted in the cities are finally converted to HNO3 and do not
produce O3. In addition, in winter the cities outflow patterns
(Fig. 2g, h) that are driven by the dominant winds show rela-
tively short spatial-range impacts of these emissions mainly
over the West Black Sea and the North Aegean. Contrary, in
summer (Fig. 3g, h) when both chemistry and atmospheric
transport are faster, the cities outflows are oriented south-
ward over the East Mediterranean and increase the regional
background in the region. Im et al. (2011) indicated that in
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Fig. 6. Regional changes in surface levels of O3 (left panels) and PM2.5 (right panels) due to the mitigation of anthropogenic emissions
(Mitig), calculated as the difference of “Mitig” minus “Base” results and averaged over each one-month simulation period in winter (Decem-
ber 2008;a, c) and summer (July 2008;b, d). Units are ppbv for1O3 and µg m−3 for 1PM2.5.

summer GIA urban areas act as a chemical sink for O3 due
to the high NOx emissions as shown in Table 1. As explained
above, GIA anthropogenic emissions have a negative con-
tribution to the O3 levels at FKL (0.2 ppbv that is 0.5 %) in
winter and a positive contribution (1 ppbv, i.e. 1.5 %) in sum-
mer. GIA anthropogenic emissions also contribute by 0.8 %
and 0.4 % to the O3 mixing ratios in GAA in winter and sum-
mer, respectively. Anthropogenic emissions of both urban ag-
glomerations (NoIstAth) depress by 0.4 ppbv (1.3 %) the do-
main mean surface O3 mixing ratios in winter and increase it
by 0.4 ppbv (0.7 %) in summer (Table 5). The urban centers
are mainly affected by their own emissions. Athens air pol-
lution further benefits from reduction in GIA anthropogenic
emissions in summer since GIA emissions contribute to the
elevated background air pollution levels in GAA.

It is worth comparing the impacts of GIA and GAA an-
thropogenic emissions as deduced from the “NoIstAth” sim-
ulations with these of the entire anthropogenic emissions in
the model domain (“NoAnth”; Table 5) taking into account
the contribution of the hot spot emissions to the regional an-
thropogenic emissions (Table 1). Such comparison can pro-
vide hints on the importance for the air quality in the region
of the concentration of emissions in hot spot areas. Impacts
of regional anthropogenic emissions on the domain-mean
surface pollutant levels (up to 17 % for summertime O3 and
up to 52 % for wintertime PM2.5) are much higher than those
from GIA and GAA together (∼ 1 % for O3 and∼ 6 % for

PM2.5, respectively). However, during winter the concentra-
tion of the NOx emissions in the hot spot regions is shown
to enhance their impact on the domain mean levels of NOx
and HNO3 whereas this is not the case for summertime emis-
sions.

3.4.2 Particulate matter

Anthropogenic emissions from GIA have a larger influence
on the aerosol mass concentrations and chemical composi-
tion in the area and downwind than those from GAA, both in
terms of the area influenced and the magnitude of the impact
(Figs. 2h, 3h, see also Fig. S5 in the Supplement for individ-
ual hot spot impacts and Table 5 for percent changes).

Wintertime anthropogenic emissions of GIA are respon-
sible for 24 µg m−3 (∼ 85 %) of the calculated PM2.5 levels
in its urban areas and 6 µg m−3 (60 %) in its rural suburbs
(Table 5), whereas the summertime contributions are lower,
being 12 µg m−3 (72 %) in the urban and 1 µg m−3 (21 %) in
the rural areas of GIA (Table 5). Overall, a 50–74 % contribu-
tion of anthropogenic emissions of GIA to the PM2.5 surface
levels in the extended area of GIA is computed for summer
and winter, respectively. For GAA anthropogenic emissions
this contribution is 37 % and 75 % for summer and winter,
respectively. Furthermore, masking the GAA anthropogenic
emissions results in a 17 µg m−3 (88 %) reduction in surface
PM2.5 in the urban Athens area and 6 µg m−3 (72 %) in the
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rural areas in winter, while in summer anthropogenic emis-
sions of GAA contribute by 8 µg m−3 (59 %) in the urban
and 1 µg m−3 (15 %) in the rural areas. Worth noting is also
that in summer, GIA anthropogenic emissions have a con-
tribution of 0.06 µg m−3 (1 %) to the PM2.5 levels in GAA
whereas GAA has almost no effect on the GIA levels (less
than−0.1 %). The wintertime percent contribution of the an-
thropogenic emissions from GIA to the domain-mean surface
PM2.5 levels (4 %) is larger than that from GAA (2 %) while
both have similar contributions to PM2.5 at the downwind lo-
cation of FKL (1 %). The summertime percent contributions
to surface PM2.5 at FKL are higher (7 % for GIA and 2 %
for GAA) while domain-mean contributions remain similar
to those in winter.

Domain-wide, surface nss-SO2−

4 levels experience a larger
reduction (4 % in summer and 1 % in winter) when GIA an-
thropogenic emissions are masked compared to the impact
of GAA emissions (∼ 1 % in both seasons). These impacts
on secondary aerosol components integrate changes in the
aerosol precursors (e.g. SO2 emissions) as well as in the ox-
idant levels. Wintertime simulations show a large primary
origin of OC in GIA and GAA, with contributions of cities
emissions by∼ 80 % (3 µg m−3 and 2 µg m−3, in their ex-
tended areas, respectively) in agreement with observations
by Theodosi et al. (2010), Koçak et al. (2011) and Grivas et
al. (2012). Summertime contributions are smaller (65 % in
GIA and 22 % in GAA) suggesting increased importance of
SOA and atmospheric transport from upwind areas. A maxi-
mum contribution of GIA to OC levels at FKL of 7 % is cal-
culated while GAA impact is small (∼ 1 %). Domain-wide,
GIA and GAA emissions contribute by 5 % and 3 % to the
OC levels in winter and by 4 % and< 1 % in summer, respec-
tively. For EC, cities anthropogenic emissions contribute by
77 % (1.2 µg m−3) and 61 % (0.3 µg m−3) to the wintertime
levels over GIA and GAA respectively; smaller contributions
are calculated for summer (67 % (0.5 µg m−3) in GIA and
47 % (0.24 µg m−3) in GAA).

Furthermore, the impacts of anthropogenic emissions of
PM and their precursors concentrated in the hot spots of GIA
and GAA (NoIstAth) are compared to those of the total re-
gional anthropogenic emissions (NoAnth) (Table 5) taking
into account the contribution of the hot spot emissions to
the regional anthropogenic emissions (Table 1). This com-
parison shows that the concentration of the PM2.5 anthro-
pogenic emissions in the hot spot areas does not significantly
affect the impact of these emissions on the domain mean
PM2.5 levels although a small environmental gain is com-
puted (< 15 %) with regard to PM2.5 domain mean levels at
surface.

3.5 Impact of mitigation on air quality

The impacts of the mitigation scenario (Mitig; Table 1) on
the wintertime and summertime O3 and PM2.5 levels at sur-
face are presented in Fig. 6. As explained in Sect. 2.2, these

calculations assume no change in the boundary conditions of
the model compared to the “Base” simulations, thus, imply-
ing no mitigation out of the model domain. Although, ac-
counting for changing boundary conditions due to mitiga-
tion of emissions outside of the model domain would provide
more “realistic” results, such study would require mitigation
simulations with a larger scale model with zooming capabil-
ities that is out of the scope of the present study. Simulation
“Mitig” can provide useful information on the potential ef-
ficiency only of measures taken inside the region. Table S6
in the Supplement summarizes the computed changes in the
main pollutants and chemical indicators in GIA, GAA and
the region. Impacts in winter are different from those in sum-
mer, particularly for O3.

Unfortunately, the investigated country-based emissions
mitigation inside the studied region does not appear suffi-
cient to suppress O3 levels due to the non-linear chemical re-
sponse of O3 to NOx reductions, discussed in Sects. 3.3 and
3.4.1. Surface O3 levels are computed to increase domain-
wide by less than 1 % in winter, with changes higher than
2 ppbv over central Turkey (Fig. 6a) and also significant in-
creases in the urban areas of the cities (1.1 ppbv: 13 % in GIA
and 0.4 ppbv: 2 % in GAA; Fig. S6a, c). In summer, surface
O3 are projected to decrease domain-wide except in GIA and
GAA outflows. Thus, summertime O3 increases (Table S6)
of 2.3 ppbv and up to 4 ppbv are calculated for GIA urban
areas and over the Marmara Sea, respectively (Fig. S6e). O3
increases smaller than 0.5 ppbv are computed over southeast
Attica and the Saronikos Sea downwind GAA (Fig. S6g).
Overall, a very small environmental gain of 0.5 ppbv (1 %)
reduction is calculated for the domain mean surface O3. Win-
ter levels of other gaseous pollutants are projected to de-
crease (Table S6). CO levels are reduced by 3 ppbv (2 %)
averaged in the entire region, with the largest reduction in
the urban areas (74 ppbv (20 %) in GIA and 19 ppbv (5 %)
in GAA). Smaller reductions are computed for CO levels in
summer. NOx levels decrease by∼ 4 % (up to 1.5 ppbv in
GAA) to ∼ 16 % (up to 20 ppbv in GIA) depending on loca-
tion (Table S6). Significant reductions in winter are also com-
puted for surface PAN levels whereas in summer PAN shows
similar behavior with O3, with increases over GIA and the
Marmara region (up to 2 % not shown). Larger reductions are
calculated for the central and south-western Turkey as well
as over Albania and Serbia. Overall, PAN levels decrease in
the studied domain (by 3 %).

Mitigation appears more efficient for particulate pollutants
since wintertime surface PM2.5 levels decrease over GIA and
to a lesser extent over GAA (Fig. 6c, d). The largest PM2.5 re-
ductions are computed to occur in the urban areas (8 µg m−3:
30 % in GIA and 4 µg m−3: 20 % in GAA) whereas a domain-
wide 0.3 µg m−3 (10 %) reduction can be achieved. Among
the aerosol species, the highest percent reductions are pro-
jected for OC and EC, due to the mitigation ratios applied to
their emissions that decrease by∼ 70 % for OC and∼ 60 %
for EC in the domain (Table S2). In the GIA, OC and EC are
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reduced by 1.3 and 0.7 µg m−3 (42 % both) while in GAA the
reductions are 0.9 µg m−3 (39 %) and 0.2 µg m−3 (37 %), re-
spectively. For summer significant reductions in PM2.5 lev-
els are computed due to emission mitigation (Fig. 6d). Re-
ductions as important as 3.9 µg m−3 (24 %) are projected for
the urban areas in GIA and 1.5 µg m−3 (17 %) when the en-
tire GIA area is considered. GAA is expected to experience
lower but also significant reductions of∼ 1.3 µg m−3 (10 %)
in the urban areas and∼ 0.7 µg m−3 (8 %) when the whole
extended area is accounted. The largest reductions are calcu-
lated for OC and EC, as was in the case in winter. They are
∼ 30 % for GIA, 20–30 % for GAA and∼ 15 % for the down-
wind remote locations in the region. As earlier discussed nss-
SO2−

4 are mainly of secondary origin therefore these changes
integrate those in the emissions of their precursor (< 1 %, Ta-
ble 1 and Table S2) and in the oxidant levels. Therefore, they
are computed to decrease by only a few % (1 % in GIA, 3 %
in GAA and 3 % in the domain mean levels). For the same
reasons, computed changes for NO−

3 are larger (3 % in the
domain mean levels) since NOx emissions are projected to
decrease significantly (Table 1).

In conclusion, the studied scenario of emissions mitiga-
tion applied only to the countries in the East Mediterranean,
is expected to increase urban surface O3 both in winter and
summer. In winter, O3 is expected to increase also domain-
wide whereas in summer a decrease in O3 levels is to be
expected downwind, including the rural suburbs of Athens.
Emission mitigation can be efficient for PM2.5 levels both in
summer and winter. Environmental gain is higher in the cities
themselves than at downwind locations. Secondary aerosols
are more important downwind pollution sources and do not
show clear behavior since they integrate the changes in the
emissions and in tropospheric oxidants as above discussed
for O3. It is worth mentioning that for the longer lived pollu-
tants, the computed changes are smaller than those driven by
long-range-transport changes, discussed in Sect. 3.1 based on
the “Boundaries” scenario. This implies that improvements
of air quality in the East Mediterranean require not only co-
ordinated efforts inside the region but also beyond.

4 Conclusions

In the present study, WRF/CMAQ modeling system, cou-
pled with the MEGAN biogenic emissions model, has been
employed to investigate the impacts of East Mediterranean
megacity emissions on the air quality of the cities and of
the region for typical wintertime (December 2008) and sum-
mertime (July 2008) conditions. A number of emission sce-
narios have been applied over the extended areas of Istan-
bul and Athens to quantify the responses of urban and rural
air quality to potential abatement strategies. GIA emissions
have generally larger regional and downwind impacts on the
gaseous pollutants than GAA emissions. Contributions from
both cities to surface pollutant levels are generally higher in

winter than in summer. Impacts of regional anthropogenic
emissions on the domain-mean surface pollutant levels (up to
17 % for summertime O3 and 52 % for wintertime PM2.5) are
much higher than those from GIA and GAA anthropogenic
emissions together (∼ 1 % for O3 and∼ 6 % for PM2.5, re-
spectively). However, the strong concentration of the pollu-
tant emissions in the hot spot regions is shown to enhance
NOx emissions impact on the domain mean levels of NOx
and HNO3 during winter, whereas this is not the case for
summertime emissions. For surface PM2.5, small but not sig-
nificant environmental gain is computed for the entire region
when pollutant emissions are concentrated in the hot spots.
Biogenic emissions have a limiting effect on the aerosol for-
mation in the region during summer while in winter, the im-
pact is negligible due to considerably lower biogenic emis-
sions.

Mitigation of anthropogenic emissions based on IIASA-
provided country-based ratios is calculated to result in
domain-mean surface O3 mixing ratios by∼ 1 % higher in
winter and lower in summer. Urban increases are large in Is-
tanbul (13 % and 7 % in winter and summer, respectively)
while in Athens, they are 2 % in winter and less than 1 % in
summer. Significant reductions are calculated for pollutants
dominated by primary emissions like CO in GIA (15 % in
winter and 7 % in summer). In GAA, CO levels are reduced
by about 3 % in both seasons. Wintertime PM2.5 levels de-
crease by up to 30 % and 20 % in the urban areas of GIA and
GAA, respectively. In summer, the reductions are smaller,
being∼ 24 % for GIA and∼ 10 % for GAA. Domain-mean
PM2.5 levels are projected to decrease by∼ 10 % in winter
and∼ 6 % in summer.

The results point out improvements for some gaseous
and several aerosol species in the urban areas of the cities,
which could decrease the exceedences and the human expo-
sure. Thus, mitigation can be efficient for pollutants that are
mostly of primary origin like CO and PM2.5 but the system
is more complex for secondary pollutants and in particular
for O3 due to the non-linear behavior of the chemistry of O3-
NOx-NMVOC system as above discussed. The results show
that the impact of long range transport is significant in the
region, even higher than the contributions of the local an-
thropogenic emissions and therefore, should be considered
when quantifying and evaluating the impacts of emissions
and mitigation. Due to the non-linear responses of air pollu-
tion levels to the emission changes, higher spatial resolution
and longer simulations that also include sector-based eval-
uations are needed to increase the robustness of the results
presented in this study.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/12/
6335/2012/acp-12-6335-2012-supplement.pdf.
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