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Abstract

The hot summer of 2007 in Southeast Europe has been studied using two regional at-
mospheric chemistry models; WRF-Chem and EMEP MSC-W. The region was struck
by three heat waves and a number of forest fire episodes, greatly affecting air pollution
levels. We have focused on ozone and its precursors using state-of-the-art inventories5

for anthropogenic, biogenic and forest fire emissions. The models have been evalu-
ated against measurement data, and processes leading to ozone formation have been
quantified. Heat wave episodes are projected to occur more frequently in a future cli-
mate, and therefore this study also makes a contribution to climate change research.

The plume from the Greek forest fires in August 2007 is clearly seen in satellite10

observations of CO and NO2 columns, showing extreme levels of CO in and downwind
of the fires. Model simulations reflect the location and influence of the fires relatively
well, but the modelled magnitude of CO in the plume core is too low. Most likely, this
is caused by underestimation of CO in the emission inventories, suggesting that the
CO/NOx ratios of fire emissions should be re-assessed. Moreover, higher maximum15

values are seen in WRF-Chem than in EMEP MSC-W, presumably due to differences
in plume rise altitudes as the first model emits a larger fraction of the fire emissions in
the lowermost model layer. The model results are also in fairly good agreement with
surface ozone measurements.

Biogenic VOC emissions reacting with anthropogenic NOx emissions are calculated20

to contribute significantly to the levels of ozone in the region, but the magnitude and
geographical distribution depend strongly on the model and biogenic emission mod-
ule used. During the July and August heat waves, ozone levels increased substantially
due to a combination of forest fire emissions and the effect of high temperatures. We
found that the largest temperature impact on ozone was through the temperature de-25

pendence of the biogenic emissions, closely followed by the effect of decreased dry
deposition. The impact of high temperatures on the ozone chemistry was much lower.
The results suggest that forest fire emissions, and the temperature effect on biogenic
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emissions and dry deposition, will potentially lead to substantial ozone increases in a
warmer climate.

1 Introduction

Three distinct heat waves and associated forest fire events led to elevated ozone (O3)
and particulate matter (PM) levels in the Eastern Mediterranean region during the sum-5

mer of 2007 (Eremenko et al., 2008; Liu et al., 2009). In Greece, more than 12 % of
the forested area burnt (Kaskaoutis et al., 2011), contributing substantially to the air
pollution levels in Athens (Liu et al., 2009). Extreme levels of carbon monoxide (CO)
were observed from satellites, indicating up to 22 ppmv close to the fires and 4 ppmv
in the plume transported above the Mediterranean Basin (Turquety et al., 2009). The10

Greek forest fires were the most extensive and destructive in the recent history of
the country, and they were a consequence of several heat waves and long periods of
drought (Founda and Giannakopoulos, 2009). In fact, several stations in Greece re-
ported record breaking temperatures (up to 47 ◦C), making this the hottest summer on
record.15

Ozone is formed from photochemical reactions, following emissions of the ozone
precursors CO, nitrogen oxides (NOx) and Non-Methane Volatile Organic Compounds
(NMVOC) (e.g., Crutzen, 1974; Atkinson, 2000), and is also strongly affected by me-
teorological conditions (e.g., Jacob and Winner, 2009). In particular, temperature has
a large impact on ozone and substantial increases in surface ozone have previously20

been documented during heat wave episodes, e.g. during the European heat wave in
the summer of 2003 (Vautard et al., 2005; Solberg et al., 2008). The impacts of temper-
ature on atmospheric ozone occur both directly through the temperature dependence
of ozone forming reactions (Sillman and Samson, 1995), and indirectly through the tem-
perature dependence of dry deposition and biogenic emissions of ozone precursors,25

all of which favours ozone formation when temperatures increase. Additional meteoro-
logical factors associated with heat waves, causing higher ozone, include: increased
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solar radiation leading to both more intense photochemistry and enhanced biogenic
emissions, high-pressure areas leading to stagnant conditions and thereby less venti-
lation of air pollution in the boundary layer, and lower soil moisture causing the plants’
stomata to close and thereby reducing the biogenic uptake. An exception from these
positive ozone responses is that dryer air leads to less formation of the OH radical and5

thereby slower oxidation of the NMVOCs, the “fuel” in the ozone formation.
The Eastern Mediterranean Basin is constantly exposed to air pollution from the sur-

rounding densely populated areas (Kanakidou et al., 2011). Furthermore, the region
is presently experiencing a rapid urbanization. Maximum ozone mixing ratios in and
downwind of major urban areas in Greece are found to exceed the European Union10

(EU) health risk threshold level of 180 µg m−3 (Poupkou et al., 2009), and throughout
the year in large parts of the Eastern Mediterranean region, ozone concentrations ex-
ceed levels known to cause vegetation damages (Kourtidis et al., 2002). The region
acts as a reservoir for anthropogenic pollutants originating from the nearby emission
hotspots Cairo, Istanbul and Athens, from maritime transport emissions (Poupkou et al.,15

2008), and from more distant sources, particularly the European continent (Lelieveld
et al., 2002; Gerasopoulos et al., 2005). Additionally, biogenic emissions of isoprene,
monoterpenes and other VOCs are large on the Balkan Peninsula, and represent 70–
80 % of the annual total NMVOC emissions in most of the countries in this region
(Symeonidis et al., 2008). Considering that isoprene is about a factor of three more20

photochemically reactive than a weighted average of VOCs emitted by e.g. motor ve-
hicle exhaust (Benjamin et al., 1997), the potential impact of biogenic emissions on air
pollution is strong. Ozone formation is also favoured by the meteorological conditions
typical of the Mediterranean climate; strong insolation, high temperatures, and a low
number of precipitation days. Results from regional climate models indicate that heat25

waves may occur more frequently in the future (Beniston, 2004; Schär et al., 2004),
and that the maximum daily temperatures observed over Southeastern Europe during
the exceptionally hot and dry summer of 2007 may be more frequent in the latter half
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of the 21st century (Founda and Giannakopoulos, 2009). Such conditions also imply
an increased risk of forest fires, which would further increase future air pollution levels.

Several studies have investigated gas-phase and particle pollution in Southern Eu-
rope, both by observation analysis and by the use of atmospheric chemistry models
(e.g., Millan et al., 2000, 2002; Andreani-Aksoyoglu et al., 2004; Lazaridis et al., 2005;5

Calori et al., 2008; Astitha and Kallos, 2009; Curci et al., 2009; Schürmann et al., 2009;
Im and Kanakidou, 2011). Many of these studies have highlighted the role of local and
regional meteorological characteristics on air pollution in this region, e.g. sea-breeze
circulation in the Athens area (Melas et al., 1998), the etesian winds in the Aegean Sea
(Kallos et al., 1993), recirculations induced by the mountains surrounding the Mediter-10

ranean Basin (Millan et al., 1997), and long-range transport patterns of air pollutants
to and from the Mediterranean region (Kallos et al., 2007, and references therein).
In a model study by Baertsch-Ritter et al. (2004) a strong dependence of tempera-
ture on net ozone formation was found in Northern Italy with 2.8 ppb O3 K−1 for a high
ozone episode in Milan, while the impact on ozone levels due to changes in humid-15

ity was relatively small. The impact of temperature changes on ozone in the Eastern
Mediterranean was recently studied by Im et al. (2011a). They found an almost linear
ozone increase with temperature of 0.9 ± 0.1 ppb O3 K−1, and a temperature-induced
increase in biogenic isoprene emissions of 9 ± 3 % K−1. Both Vieno et al. (2010) and
Solberg et al. (2008) highlighted the role of surface dry deposition during the Euro-20

pean summer 2003 heat wave, indicating that reduced uptake from vegetation due to
drought contributed significantly to high ozone levels. Furthermore, biogenic isoprene
emissions contributed up to 20 % of the peak ozone values, and a 10 K increase led to
a 5 % increase in peak ozone (Solberg et al., 2008).

The present study was carried out as part of the EU FP7 project CityZen, which25

aimed at determining the air pollution distribution and change in and around emission
hotspots in Europe and Asia. It also builds upon emission data developed in its EU
FP7 sister project MEGAPOLI. The Eastern Mediterranean, which is the focus here,
was one of the selected hotspots within the CityZen project and the extreme summer
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2007 was selected as a case study. This study aims at quantifying the influences of
various processes on the elevated ozone levels in the Eastern Mediterranean during
summer 2007. Several simulations have been conducted for this purpose, using two
regional atmospheric chemistry models. Descriptions of the model tools, emissions
and simulation setups are given in Sect. 2, while the results including comparisons5

with observations are presented and discussed in Sect. 3. Finally, our conclusions are
given in Sect. 4.

2 Models and methodology

Two regional atmospheric chemistry models were applied; WRF-Chem (Grell et al.,
2005) and EMEP MSC-W (Simpson et al., 2012). Both models used a horizontal res-10

olution of 25 × 25 km2, and have been run for three summer months of 2007; June,
July and August (plus two weeks of spin-up in May). The WRF-Chem model domain is
centred over the Balkan Peninsula, covers most of the Mediterranean Sea in the south,
and extends up to mid-Germany in the north, while the EMEP model domain is much
larger, covering all of Europe (Fig. 1). In order to simplify the presentation of results,15

a common domain has been defined, which covers the region of most interest in the
Eastern Mediterranean (hereafter denoted EM), and which is well within the domain
borders of both models. A comparison of the model properties and setups is given in
Table 1, while brief descriptions of each of the models are given below.

2.1 WRF-Chem model20

The Weather Research and Forecasting model with Chemistry (WRF-Chem) (Grell
et al., 2005) consists of a mesoscale meteorological model (WRF) (Skamarock and
Klemp, 2008) coupled with a chemistry module. In this study, WRF-Chem version 3.2
has been used with the RADM2 gas-phase chemistry scheme (Stockwell et al., 1990).
The modules and meteorological physics schemes are the same as in Hodnebrog25
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et al. (2011), but the following modification has been applied to the FTUV (Madronich,
1987) photolysis scheme. Instead of a fixed overhead ozone column amount, the model
uses a domain-averaged total O3 column value in the calculation of photolysis rates for
each day of the simulation. The overhead ozone column is calculated by the global
Oslo CTM2 model (Søvde et al., 2008) using a simulation setup described in Colette5

et al. (2011). Of particular interest in this study is dry convection, which is included in
the Grell-3 cumulus scheme adopted here. Meteorological initial and boundary condi-
tions are taken from ECMWF-IFS model analysis at a resolution of 0.25◦ × 0.25◦ and
updated every 6 h (http://www.ecmwf.int/research/ifsdocs/). Furthermore, meteorolog-
ical parameters calculated by WRF are nudged towards the ECMWF-IFS data every10

time step. Initial and boundary conditions for the chemical species are updated every
6 h from results obtained with the Oslo CTM2 model. As the Oslo CTM2 and RADM2
chemistry schemes differ, the NMVOC species in the Oslo CTM2 model had to be
mapped to the appropriate RADM2 components. The calculation of biogenic emis-
sions is done online using the Model of Emissions of Gases and Aerosols from Nature15

(MEGAN) version 2.04 (Guenther et al., 2006), and the calculation of dry deposition
uses the Wesely (1989) scheme.

2.2 EMEP MSC-W model

The EMEP MSC-W model is a chemical transport model (CTM) developed at the EMEP
Meteorological Synthesizing Centre – West (EMEP MSC-W) at the Norwegian Meteo-20

rological Institute. The model is a development of the 3-D model of Berge and Jakobsen
(1998), extended with photo-oxidant chemistry (Andersson-Sköld and Simpson, 1999;
Simpson et al., 2012) and the version used here (rv. 3.7.7) makes use of the EQSAM
gas/aerosol partitioning model (Metzger et al., 2002) Anthropogenic emissions from
European ground-level sources are supplied as gridded annual fields of NOx, NH3,25

SO2, fine and coarse particulate matter, CO, and non-methane VOC (NMVOC), mod-
ified with monthly and daily factors. The methodology for biogenic emissions used in
the EMEP model has undergone a substantial update during 2011, now building upon
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maps of 115 forest species generated by Köble and Seufert (2001). Emission factors for
each forest species and for other land-classes are based upon Simpson et al. (1999),
updated with recent literature (see Simpson et al., 2012 and references therein), and
driven by hourly temperature and light using algorithms from Guenther et al. (1993).
Other emissions include NOx from aircraft and lightning, marine emissions of dimethly-5

sulphide, and SO2 from volcanoes.
Dry deposition is calculated using a resistance analogy combined with stomatal and

non-stomatal conductance algorithms (Emberson et al., 2001; Simpson et al., 2003a,
b), whereas wet deposition uses scavenging coefficients applied to the 3-D rainfall. The
model has traditionally been used at 50× 50 km2 resolution over Europe, but is flexible10

with respect to input meteorological data and domain, with applications ranging from
5 × 5 km2 over the UK to 1◦ × 1◦ globally (Jonson et al., 2010a, b; Vieno et al., 2010).
Full details of the EMEP model are given in Simpson et al. (2012).

2.3 Emissions

Emissions of the ozone precursors CO, NOx and NMVOC have been included in the15

models from anthropogenic and biogenic sources, as well as emissions originating from
forest fires. In both models, the anthropogenic emissions are based on the country to-
tal emissions officially reported to EMEP, but the methods used to grid the emissions
to fine scale are different. In WRF-Chem we have used the TNO-MACC emission in-
ventory (Kuenen et al., 2011), which has a resolution of 1/8◦ longitude×1/16◦ latitude20

(approximately 10 × 7 km2 in the EM region), and is developed within the MEGAPOLI
project. Over North Africa, including Cairo, emissions from the RETRO (2006) inven-
tory were used. Emissions from both inventories were horizontally interpolated to the
model grid. Next, a splitting of the aggregated NMVOC component in the TNO-MACC
inventory was made based on the UK emissions of the 50 most significant NMVOC25

species (Dore et al., 2007). Factors were derived for each NMVOC species and each
emission sector, and then applied to each grid cell in order to obtain individual NMVOC
species, which were then lumped to the RADM2 components. The emissions used in
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the EMEP model are country totals redistributed using Visschedijk et al. (2007), and
are provided for 10 anthropogenic source-sectors denoted by so-called SNAP codes.
The emissions database is available from http://www.emep.int and further details can
be obtained at that site. Before implementing the anthropogenic emissions into the
models, factors to account for diurnal, weekly, and monthly cycles, as well as the ver-5

tical distribution, were applied to both inventories according to Simpson et al. (2003a,
2012).

Table 2 lists the emission totals used in this study, while Figs. 2 and 3 show the hor-
izontal distribution and the time evolution, respectively, of the NOx emissions from the
various inventories for the Eastern Mediterranean region. The anthropogenic emission10

inventories have similar distributions, and show hotspots in Po Valley, Athens, Istanbul
and Cairo, as well as fairly large emissions coming from ship traffic in the Mediterranean
Sea (Fig. 2). In total, however, the anthropogenic emissions of CO, NOx and NMVOC
are higher in the TNO-MACC inventory compared to the regridded EMEP inventory
(Table 2). Both emission inventories are largely based on official reported emission to15

EMEP but gaps are filled using expert estimates. This is relevant for a number of coun-
tries in the region of study e.g., Turkey, Serbia and Ukraine. The origin of the emission
data used in the TNO-MACC emission inventory as well as the procedure to grid the
emissions over the domain is described in detail by Denier van der Gon et al. (2010).

Forest fires turned out to be an important contribution to the atmospheric pollution20

level during the East Mediterranean heat waves in summer 2007. Thus, such emissions
had to be included in the WRF-Chem and EMEP models. Forest fire emissions were
taken from the Global Fire Emission Database version 2 (GFEDv2) (van der Werf et al.,
2006) and from the newly developed Fire INventory from NCAR version 1 (FINNv1)
(Wiedinmyer et al., 2011). The temporal and spatial resolutions differ substantially be-25

tween the two inventories; the first providing 1◦ × 1◦ gridded data for 8-day averages,
whereas the latter provides daily emissions on 1 × 1 km2 resolution. According to Ta-
ble 2, the total emissions provided by each inventory for the summer 2007 forest fires
in the EM are also quite different, at least for NOx and CO, showing higher emissions in
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the GFEDv2 inventory compared to FINNv1. Figure 2 shows that the GFED NOx emis-
sions are higher than FINN for both the Albanian and Greek forest fire episodes, but
slightly lower for the fires occurring in Italy. One of the most intense forest fire episodes
took place between 20–31 July (Fig. 3), when fires broke out both at Peloponnese in
Greece, and along the coast of Albania. Around 21 August, new intense fires emerged,5

mainly in Southern Greece, and continued into early September.
Figure 4 shows that the summer 2007 was exceptional when it comes to forest fire

emissions in the Eastern Mediterranean, with more than 1800 kt of CO emitted in the
EM domain. Within the period of available GFEDv2 monthly data (1997–2008), the
vast forest fire emissions of CO during the summer of 2007 are only exceeded by the10

summer of 2000.
The WRF-Chem model has been run with the FINN emissions, except for a sensitiv-

ity test with GFED. For both inventories, a diurnal profile was added according to WRAP
(2005), and the WRF-Chem online plume rise routine (Freitas et al., 2007) was applied
in order to vertically distribute the fire emissions. The 8-day GFEDv2 inventory (van der15

Werf et al., 2006) only contains gridded emissions for total NMVOCs, but not for the in-
dividual NMVOC species required for the RADM2 and EMEP MSC-W chemistries. The
individual NMVOC components were calculated from the GFEDv2 dry matter burned
data in combination with the GFEDv2 vegetation map and updated vegetation-type
specific emission factors based on Andreae and Merlet (2001). The EMEP model also20

makes use of the 8-daily fire emissions from GFED, for SO2, CO, NOx, NMHC, and
particles. The emissions are homogeneously distributed over the eight lowest layers
of the model (to about 1.8 km), based on recommendations by Sofiev et al. (2009) to
use a PBL height as an approximate height for emission injection. For comparison,
the vertical distribution of the GFED emissions calculated with the plume rise routine25

in WRF-Chem is very inhomogeneous. About 70 % is emitted in the lowermost layer
(to about 60 m) and about 15 % above 1.8 km height, while the remaining 15 % are
distributed between 60 and 1800 m.
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Biogenic emissions are calculated online in both models, and depend on land-use
data and weather conditions. In WRF-Chem, the MEGAN module depends on ambient
temperature, photosynthetic active radiation, humidity, wind speed and soil moisture
when estimating emissions of isoprene, monoterpenes, other biogenic VOCs, and ni-
trogen emissions from soil. In the EMEP model biogenic emissions of isoprene and5

monoterpenes are calculated at every model timestep using near-surface air tempera-
ture and photosynthetically active radiation, the latter being calculated from the model’s
solar radiation, modified by the total cloud fraction.

The temporal evolution of biogenic isoprene emissions calculated by WRF-Chem
and EMEP MSC-W is very similar (Fig. 3), but there is a difference in the magnitude10

(Table 2) and in the horizontal distribution of the emissions (Fig. 2). The isoprene emis-
sions calculated by WRF-Chem/MEGAN is systematically higher than that predicted
by the EMEP model. These differences could be attributed to different emission fac-
tors and land use classifications. In particular, MEGAN predicts large isoprene emis-
sions from shrublands in the western part of Turkey and Southern Greece, and from15

broadleaf trees northwest on the Balkan Peninsula. However, the differences are well
within known uncertainties, which are at least a factor of 2 for natural emissions (Simp-
son et al., 1995, 1999).

2.4 Simulations

For each model, one reference simulation and a number of sensitivity simulations have20

been performed in order to study the impact of different processes on surface ozone
levels (Table 3). The impacts of fire emissions, biogenic emissions, anthropogenic
emissions and dry deposition on ozone have been investigated by turning off the re-
spective emission sector or process in the sensitivity simulations. In addition, as this
study aims at quantifying the impact of high temperatures on surface ozone, sensi-25

tivity simulations have been performed with temperatures restricted to a maximum of
28 ◦C in the calculations of chemical reactions, biogenic emissions, and dry deposition.
Regarding the latter simulation (MD), the Wesely (1989) scheme in WRF-Chem uses
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the surface skin temperature to calculate dry deposition, but the 28 ◦C limit has been
applied to the 2 m temperature in order for the test to be comparable with the other
simulations involving the 28 ◦C limit (MC and MB). The 28 ◦C limit has been chosen
because it represents a typical summer temperature in the EM region. For compari-
son, at the National Observatory of Athens the summer (JJA) normal values (based5

on 1961–1990 averages) are 31.6 ◦C and 26.1 ◦C for the daily maximum and mean air
temperatures, respectively (Founda and Giannakopoulos, 2009).

3 Results and discussion

3.1 Meteorological conditions

The levels of air pollutants in the Eastern Mediterranean region are strongly affected by10

the unique meteorological characteristics. Etesian winds blow over the Mediterranean
and are most pronounced over the Aegean Sea as northerly winds during summer
(e.g., Kallos et al., 1993). The etesians are generated from large-scale dynamical sys-
tems but modulated by local land-sea breezes along the coast, impacting air pollution
levels in e.g., Athens. Air pollution in the region is further impacted by the islands and15

peninsulas which act as chimneys for transfering boundary layer air masses to the
free troposphere, and by differential heating between North Africa, Mediterranean Sea
and Southern Europe (Kallos et al., 2007, and references therein). The synoptic situ-
ation during summer 2007 is described in Founda and Giannakopoulos (2009), who
attribute the heat waves to horizontal advection, downward motion causing adiabatic20

heating, and the preceding winter which was warm and dry in large parts of Southeast-
ern Europe (Luterbacher et al., 2007) impacting land-atmosphere interactions. The
WRF-Chem output of surface temperatures and horizontal winds is given in Fig. 5 as
three-day averages for each of the heat waves occurring in the EM during summer
2007. The wind fields indicate that a high pressure area is located near Southern Italy25

in all three cases, leading to transport of dry and warm air from Northern Africa towards
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the Balkans. Further, the etesian winds can be recognized along the Aegean Sea, most
notably during the July and August heat waves. The heat wave in June was most se-
vere in Greece, Southeastern Italy and Western Turkey, while the July heat wave was
more widespread with daily maximum temperatures around 40 ◦C throughout most of
the Balkan Peninsula. The August heat wave was somewhat less intense, but still the5

surface temperatures exceeded 35 ◦C in many places in the EM region. It is worth not-
ing that both the July and August heat waves coincide with the two most destructive
forest fire episodes that struck the EM area during summer 2007 (Sect. 2.3), and this
increases the potential for ozone production.

3.2 Comparison with observations10

The model results have been compared to ground-based measurements of ozone and
satellite observations of the ozone precursors CO and NO2. The plume from the Greek
forest fires was rapidly advected towards the sea and therefore not captured by ground-
based measurements. Satellite observations therefore proved to be most relevant when
evaluating the modelled forest fire plumes and the forest fire emission inventories used.15

The comparison with ozone measurements is included to provide an evaluation of how
the models perform with the current setup and in the region of interest, although it
should be noted that model validation is not the main purpose of this study.

3.2.1 CO

The Infrared Atmospheric Sounding Interferometer (IASI) onboard the MetOp-A satel-20

lite monitors the abundance of a number of atmospheric species (Clerbaux et al.,
2009). CO is measured on a global scale twice a day and was shown to agree well
with the retrievals of other satellite instruments (George et al., 2009). However, accord-
ing to Turquety et al. (2009), who thoroughly investigated the Greek forest fire episode
in August 2007, the elevated IASI CO concentrations during the 2007 fire episode were25

on average 35 % higher than MOPITT observations (Deeter et al., 2003).
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The IASI CO columns presented here are the same as in Turquety et al. (2009),
where the Fast Optimal Retrievals on Layers for IASI (FORLI) algorithm was used.
When interpreting the observational data, it is important to keep in mind the sources
of uncertainties, e.g. aerosol contamination, and inhomogeneities in the IASI pixels. In
particular, as the IASI operational retrievals for water vapour and temperature were not5

available for August 2007, these profiles were taken from the ECMWF analysis data.
The uncertainties are also larger in the fire plumes than in background conditions,
especially close to the emissions. This means that the emphasis should be put more
on a qualitative rather than a quantitative level, i.e. to identify locations for high CO
rather than focusing on exact CO column values. In order to account for the different10

sensitivities to each vertical layer in the satellite retrievals, the model data have been
weighted with IASI averaging kernels, i.e. artificial satellite retrievals were made from
the model data. The IASI retrievals are performed on a 1 km vertical grid, and here we
have used averages on a 0.2◦ × 0.2◦ horizontal grid. For comparison, the model data
were first interpolated temporally to the satellite overpass time, and spatially to the15

same horizontal and vertical grids. The averaging kernels were then applied to partial
columns in each grid box using the formula

xr = A · xm + (I − A) · xa (1)

where xr is the modelled satellite retrieval (molec cm−2), A is the IASI averaging kernel
vector for the total column, xm is the model data vector (molec cm−2), I is the identity20

matrix, and xa is the IASI a priori profile (molec cm−2) (Rodgers, 2000; George et al.,
2009). In the comparison below, the EMEP model has been excluded because the
comparison is very sensitive to processes occurring in the upper troposphere, while the
EMEP model is intended for use in the lower troposphere. If a meaningful comparison
were to be made, the global EMEP model (Jonson et al., 2010a, b) should have been25

used, but this would have put constraints on other factors important for this study (such
as the horizontal resolution).
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Figure 6 shows the observed and simulated total atmospheric column of CO for
the intense Greek forest fire episode occurring in late August 2007. The daytime and
nighttime CO columns are shown separately since the different thermal contrasts lead
to large differences in the CO retrievals for day versus night (Clerbaux et al., 2009).
The high pressure area located over Southern Italy leads to strong winds from north-5

northeast above Greece (Fig. 5), rapidly advecting the Greek fire plumes towards the
Mediterranean Sea and the North African coast (Fig. 6). At the end of the period, the
plumes mix with emissions from intense fires in Algeria, leading to enhanced CO levels
over North Africa (Turquety et al., 2009). The satellite data show that forest fires in
Ukraine, Albania and Italy also lead to CO enhancements, but the signal is weaker10

and the transport less efficient than for the fire plume originating from the Peloponnese
fires.

The locations of the Greek forest fire plumes are reflected fairly well in the simulated
retrievals, but the magnitude of the CO column in the core of the plumes is strongly
underestimated by the model (Fig. 6). Also the fire plumes originating from Ukraine15

and Algeria, evident in the daytime retrievals, are too low in the model results, while the
background levels of CO are overestimated. There are several possible reasons for the
discrepancies between the model and observations. First, it should be noted that the
overestimation of background CO is much less pronounced when the averaging kernels
were not applied (not shown). As the sensitivity of the satellite observations is stronger20

at higher altitudes, the averaging kernels give more weight to the upper model layers,
and this will cause an amplification of possible enhanced CO at these heights. Second,
the comparison is also very sensitive to how the emissions are distributed vertically, and
to the vertical transport in the models. If the fire emissions are implemented too close
to the surface in the models, the simulated CO retrievals (modelled CO columns with25

averaging kernels applied) in the plume will be too low as the sensitivity of the satellite
observations decreases rapidly towards the surface. As previously mentioned, about
70 % of the forest fire emissions in WRF-Chem are emitted in the lowermost layer. The
diurnal profile applied to the forest fire emissions also contribute to the uncertainties,
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particularly because it affects how much of the emissions is in the boundary layer, which
is normally more shallow during night. Other sources of uncertainty include dilution and
chemical reactivities in the model, and the uncertainties related to the observations, as
previously mentioned.

Underestimation of CO fire emissions is perhaps the most important reason for5

the discrepancies explained above. Based on the observed and modelled fire plumes
(Fig. 6), the CO emissions from forest fires seem significantly underestimated in both
the inventories applied (FINN and GFED). The maximum observed CO column, which
occurred on 25 August, exceeded 25 × 1018 molec cm−2 (not shown), while the corre-
sponding model values were about one order of magnitude lower. However, one should10

consider that the GFED simulation may not realistically represent maximum values
due to the 8-day averaging, and that the observed CO column magnitude is uncertain
due to e.g., missing operational retrievals for water vapour and temperature. Turquety
et al. (2009) highlighted the large uncertainties associated with the calculation of fire
emissions. They used the IASI CO burden and a bottom-up approach to estimate 3015

and 41 % larger CO emissions, respectively, compared to the numbers reported in the
GFED inventory for the Greek forest fires in August 2007. Also, Pfister et al. (2011)
estimated that FINN emissions of CO during a forest fire episode in California in June
2008 may have been underestimated by nearly a factor 4, and they attributed this to
possible errors in the MODIS land cover data, which is critical input to FINN as the land20

use category determines the emission factor.

3.2.2 NO2

Modelled tropospheric columns of NO2 have been compared to observations from the
Ozone Monitoring Instrument (OMI), which is onboard the Earth Observing System
Aura satellite (Levelt et al., 2006). OMI covers the globe daily with a spatial resolution25

of 24×13 km2 at nadir. In this study level 2 data containing the individual pixels has been
provided by IUP-Bremen using NASA NO2 slant columns and the tropospheric column
retrieval method described in Richter et al. (2005), and later gridded to a resolution
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of 1/16◦ × 1/16◦. This data set does not provide averaging kernel information and is
compared to the original vertical NO2 column from the model. Since the tropospheric
columns of NO2 are mostly influenced by processes occurring in the lower troposphere
(mainly due to strong surface emission sources and relatively short lifetime of NOx), it
was possible to include the EMEP model in this comparison.5

Figure 7 shows the observed and modelled tropospheric column of NO2 averaged
over the period 21–28 August 2007. This 8-day period is chosen because it coincides
both with the Greek forest fire episode and with the 8-day period in the GFED data set.
As for CO, the fire plumes are clearly visible in the observations, and both models are
able to capture the locations and influences of the fires. The evolution of the fire impact10

is much the same as for CO with northeasterly winds transporting the Peloponnese fire
plume towards the Mediterranean Sea. However, the NO2 plume is more confined to
the origin of the fires due to the shorter lifetime of NO2. The results indicate that the
emissions of NO2 from the Albanian forest fires may be overestimated in the GFED
inventory as the modelled NO2 plume with GFED data gives much higher levels than15

observed and also compared to the model results using FINN emissions. The WRF-
Chem results show that the impact of the Ukrainian forest fire emissions is much more
pronounced for NO2 than what was the case for CO. However, the observations show a
more widespread NO2 impact, and this could indicate that a too low injection height has
been used, as this would cause underestimation of transport due to the rapid increase20

of NO2 lifetime with altitude.
The underestimation of the Greek fire emissions seen for CO is not evident for NO2

(Fig. 7; bottom). On the contrary, the column values in the plume modelled using GFED
are now overestimated and due to the coarse spatial resolution of the emissions, the
simulated plume covers a too large area. The FINN simulation yields NO2 columns25

which are in the same range as the observations. This is in agreement with Pfister
et al. (2011) who also found negative bias only for CO fire emissions, while other com-
ponents in the FINN inventory, including NOx, did not show such bias. As CO and NOx
are co-emitted species calculated using fixed emission factors, our results suggest
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that the CO/NOx emission ratio should be re-assessed. Maximum values for the Pelo-
ponnese fires occurred on 26 August and were about 17 × 1015, 25 × 1015, 18 × 1015,
and 8×1015 molec cm−2 (not shown) for OMI, WRF-Chem with FINN, WRF-Chem with
GFED, and EMEP MSC-W with GFED, respectively. The higher maximum value in the
simulation with FINN compared to GFED is not surprising as the spatial and temporal5

resolution is much coarser in the latter inventory, leading to emissions being smeared
out over a larger area and averaged in time. The simulation with FINN emissions shows
remarkably good agreement with OMI with respect to location and magnitude of the for-
est fire plumes (Fig. 7; bottom). Surprisingly, when comparing the GFED simulations
of WRF-Chem and EMEP MSC-W, the fire plume is much less pronounced in the latter10

model. On the other hand, the EMEP model gives higher NO2 levels in the plume down-
wind of the fires, and this is particularly evident when looking at vertical cross-sections
on 26 August (not shown), which is the day of maximum NO2 impact from the Greek
fires. This inter-model difference can mainly be explained by differences in the vertical
distribution of fire emissions. Although an online plume rise routine has been applied in15

the WRF-Chem simulations, a much larger fraction of the forest fire emissions is placed
near the surface compared to the EMEP model, which evenly distributes the emissions
throughout the model’s lowest eight layers (to about 1.8 km). However, other possible
explanations such as differences in model dilution and reactivity of NOx to NOy can not
be ruled out.20

The observed and modelled tropospheric columns of NO2 (Fig. 7) reveal not only the
location and influences of forest fire plumes, but a number of anthropogenic emission
hotspots can also be recognized. NO2 levels in the Po Valley tend to be underestimated
by the models, while Cairo is relatively well represented in the WRF-Chem simulations
(Cairo is outside the EMEP model domain). It should be noted, however, that any over-25

or underestimation in emissions may also be caused by the relatively crude temporal
scaling factors that have been applied, and not only by potential errors in the annual
numbers provided in the emission inventories. Istanbul is underestimated by both mod-
els and this is probably caused by too low emissions. A new emission inventory for
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the greater Istanbul area had 2–7 times higher annual emissions compared with the
EMEP and TNO-MACC emissions (Im et al., 2010), mainly due to lack of officially re-
ported emissions of Turkey to EMEP. Several other cities, including Athens, Rome and
Napoli, were also captured by the observations and models, although the signal was
weaker.5

3.2.3 Ozone

The reference simulations of the WRF-Chem and EMEP models have been compared
with ozone measurements (Hjellbrekke et al., 2011) from the 10 surface monitoring
sites shown in Fig. 8 (top left). The Eastern Mediterranean region has a rather sparse
selection of ground-based O3 measurement stations categorized as rural background,10

which is needed for a meaningful comparison considering the model resolution used.
For this reason we have extended the region for comparison to also include sites in
Central Europe, but only those that are well within the borders of the WRF-Chem do-
main. The selection of stations is also based on data coverage, data quality, and ge-
ographic location (to represent as wide a region as possible). The modelled ozone15

values are extracted from the lowest model layer in WRF-Chem, corresponding to
approximately 28 m height, while the extraction in EMEP MSC-W is based on a ver-
tical gradient from the lowest model layer (∼45–50 m) to 2 m height using boundary
layer theory as described in Simpson et al. (2003a). Previously, WRF-Chem simula-
tions have been compared to European ground-based O3 measurements in Zabkar20

et al. (2011), Hodnebrog et al. (2011) and Schürmann et al. (2009), while comprehen-
sive validations of EMEP model results are given in the annual EMEP status reports
(e.g., Gauss et al., 2011). One of the reports (Aas et al., 2010) included a special
section on the Mediterranean region and pointed out the many modelling limitations
in this area, with special emphasis on biogenic emissions and soil-moisture effects on25

stomatal exchange.
The comparisons are presented in Fig. 8 and Table 4 as time series and statis-

tics, respectively, for daily maximum O3 at each station and for the whole simula-
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tion period. Overall, the models perform reasonably well with an average correlation,
bias and root-mean-square error (RMSE) of 0.62/0.56 (WRF-Chem/EMEP MSC-W),
−1.0/−5.5 ppbv and 9.8/11.7 ppbv, respectively, but with large variations between the
stations. Correlations range from around 0.1 to 0.8 and the bias is between −14 and
6 ppbv. The fact that both models have a low correlation and relatively high RMSE at5

the Slovakian station Starina could indicate that the measurements are influenced by
local effects (e.g. biogenic emissions from nearby vegetation) which the models are
not able to capture at this resolution, or there could be inaccuracies in the emission
data. In general, ozone levels are slightly higher in WRF-Chem than in EMEP MSC-W,
and this could be due to the different height extraction. The ozone mixing ratios based10

on the 2 m reduction in EMEP MSC-W is likely to be lower than the ozone values ex-
tracted from the lowest model layer due to the increasing impact of dry deposition near
the surface, although this effect is less important when comparing daily maximum O3.
The negative bias in EMEP MSC-W is most notable for the Finokalia station, which is
located near the coast of Crete. On the other hand, evaluation of the EMEP model for15

this site at other periods shows mixed results, also with overpredictions during some
periods (Gauss et al., 2011). Im et al. (2011a) also had relatively large bias and only
moderate correlation when comparing WRF/CMAQ model results to ozone observa-
tions at the Finokalia station, indicating that the ozone levels at this station are difficult
to represent in a model at this resolution.20

The modelled and observed ozone concentrations shown in Fig. 8 are not directly in-
fluenced by the Greek forest fire emissions due to their rapid advection towards south-
west. However, the July heat wave episode seems to elevate daily maximum ozone
considerably at several stations. This increase in ozone levels is well represented by
the models, although with underestimation of the peak in most cases (e.g., Illmitz,25

Payerne, K-puszta and Iskrba). The WRF-Chem simulations reveal daily maximum
temperatures reaching 35 ◦C and relatively calm winds in Central/Eastern Europe in
the period 14–20 August (not shown), and this leads to effective build-up of ozone in
this area. During the following days the combination of a temperature decrease and
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stronger winds causes a drop in ozone concentrations, while in the southeast, on the
Balkan Peninsula, an intense heat wave is established (see Sect. 3.1).

3.3 Processes impacting daily maximum O3

In the following we present results from sensitivity studies where we have estimated
the impact of various processes on the atmospheric chemistry. As the perspective of5

this study is air quality, we have focused on daily maximum ozone near the surface.
Figure 9 shows the time evolution of daily maximum surface ozone (simulation REF),
and the ozone impacts of the following processes; forest fire emissions (REF – NF and
GF – NF), biogenic emissions (REF – NB), high temperatures (> 28 ◦C) on biogenic
emissions (REF – MB), high temperatures on chemistry (REF – MC), and high temper-10

atures on dry deposition (REF – MD), averaged over the EM region (dashed rectangle
in Fig. 1). Additional sensitivity studies include ozone impacts of dry deposition (REF
– ND) and anthropogenic emissions (REF – NA). The models show a very similar evo-
lution of ozone in the reference run, although the results from WRF-Chem are slightly
higher than from the EMEP model throughout the summer period (averages of 63 and15

58 ppbv, respectively).
Two distinctive high ozone episodes can be found in the results of both models,

namely the latter half of July and the end of August (Fig. 9). The elevated O3 concen-
trations in these episodes can be attributed to a combination of forest fire emissions
(∆O3 up to 8 ppbv when averaged over the EM region), and heat waves leading to20

temperature-induced increases in biogenic emissions (avg. ∆O3 up to 3 ppbv). Addi-
tionally, a sensitivity simulation with WRF-Chem reveals that the high temperatures
during heat waves lead to reduced dry deposition of ozone (avg. ∆O3 up to 1.5 ppbv),
and this is caused by a reduction of the plant’s stomatal openings. The impact of high
temperatures on chemistry, however, only led to relatively small perturbations in sur-25

face ozone (avg. ∆O3 less than 1 ppbv) in both models. It is important to note that the
numbers mentioned above are averaged over a large region, while maximum O3 per-
turbations have a very inhomogeneous spatial distribution and can reach significantly
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higher values locally. This is shown in Table 5 which gives maximum and percentile
values for each of the processes. For example the maximum O3 impact of high temper-
atures on chemistry is more than two order of magnitudes larger than the mean ozone
impact. Another process, which is not quantified here, is the effect of stagnant air and
thereby slower transport, often associated with heat waves. Based on the synoptic sit-5

uation (Fig. 5), less advection over land may have led to increased ozone during the
heat wave episodes.

During the first heat wave, occurring in late June, ozone levels were only slightly
elevated. The reason is probably that forest fires only took place during the latter two
heat waves (except a small contribution from FINN at the end of June), and emissions10

from these fires caused significant ozone production (Fig. 9). However, the magnitude
of forest fire impact on ozone is uncertain, with GFED emissions leading to more ozone
compared to the FINN emission inventory (3-month mean ∆O3 of 1.6 and 1.2 ppbv,
respectively, when averaged over the EM region). Furthermore, GFED emissions in
EMEP MSC-W caused higher ozone than GFED emissions in WRF-Chem (1.9 and15

1.6 ppbv, respectively).
Figure 10 shows the spatial distribution of seasonally averaged daily maximum near-

surface O3 for the two models. The ozone distribution of both models largely reflect
the distribution of precursor emissions (Fig. 2), and are also in good agreement with
Poupkou et al. (2009) who studied the summer 2000 and found mean daily maximum20

ozone mixing ratios ranging from 65 to 95 ppbv in areas influenced by the pollution
plume from Athens – mainly near the east coast of Peloponnese – and corresponding
values of 65–75 ppbv near Thessaloniki. As previously mentioned, WRF-Chem gives
higher surface ozone than the EMEP model, and this is more evident over sea than
land. Shipping is likely a major contributor to ozone over the Mediterranean Sea, but25

differences in ship emissions can not explain the differences seen between WRF-Chem
and EMEP MSC-W. NOx is the most important ozone precursor from ship emissions
and the NOx emissions from shipping used in each of the models are about the same
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(Fig. 2). Also, the factors applied to account for diurnal variation and vertical distribution
are the same in both models.

3.3.1 Impact of forest fires

Figure 11 shows the impact of forest fire emissions on daily maximum near-surface
ozone. The uncertainties in the ozone impact are evident, and it is quite clear from5

these simulations that the choice of emission inventory is more important than the
choice of model. In line with the differences in emissions (Fig. 2), the WRF-Chem sim-
ulation with FINN emissions yields much lower ozone impacts from the Albanian and
Greek forest fires than WRF-Chem with GFED. On the other hand, fires that took place
north of the Black Sea had a much stronger impact on ozone. Although maximum NO210

columns were higher in FINN (Fig. 7), the EM maximum of summer mean daily maxi-
mum near-surface ozone concentrations (over Albania) were about three times higher
with GFED (5.3 and 17.7 ppbv, respectively). The overall maximum O3 perturbation
calculated with GFED reached extremely high values, almost 160 ppbv in one grid box
on 23 August, compared to 65 ppbv on 24 July when using FINN emissions (Table 5).15

CO concentrations in this region are much smaller in the FINN simulation (Fig. 6), but
this is a less probable explanation of the ozone differences as CO is relatively unre-
active on these temporal and spatial scales. More likely, the higher NOx emissions in
GFED than FINN leads to increased O3 production, but it could also be an effect of the
different emission resolutions used. For this study with 25 × 25 km2 model resolution,20

the GFED emissions (1◦ × 1◦) are spread over approximately 16 grid cells, while FINN
emissions (1 × 1 km2) can reproduce the model scales. Due to non-linearities in the
ozone chemistry, NOx concentrations are more likely to be saturated in the latter case,
leading to reduced O3 production efficiency.

The two models yield similar impact of GFED emissions on ozone concentrations.25

However, in WRF-Chem the ozone impact is more confined to the origin of the fires,
leading to higher maximum values than in EMEP MSC-W (17.7 and 11.4 ppbv, respec-
tively), while the latter model shows a more widespread ozone impact near the fires
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and particularly in the northeastern part of the region. The same signal was seen for
the ozone precursor NO2 in Sect. 3.2.2, and this points to differences related to plume
rise in the models.

3.3.2 Impact of biogenic emissions

Sensitivity simulations with both models show that the impact of biogenic emissions5

on daily maximum ozone is large, but very uncertain (Fig. 12). Even in the 3-months
mean summer concentration, the influence of biogenic emissions is calculated to con-
tribute significantly to daily maximum ozone; up to 10 ppbv in certain areas. The ozone
impacts calculated by WRF-Chem are larger than by the EMEP model in most of the
region, and reach a maximum in Southwestern Turkey where impacts of about 15 ppbv10

are seen in WRF-Chem, while the same area in EMEP MSC-W yields less than 5 ppbv.
The large impact of biogenic emissions on ozone in Southwestern Turkey was also
found by Im and Kanakidou (2011). On average in the EM region, the daily maximum
ozone impact of biogenic emissions is 5.8 and 5.2 ppbv in WRF-Chem and EMEP
MSC-W, respectively (Table 5). These differences can be attributed mainly to the differ-15

ences in magnitude and distribution of biogenic isoprene emissions (Fig. 2). As men-
tioned in Sect. 2.3, the isoprene emissions in WRF-Chem are significantly higher than
in the EMEP model, and in addition, biogenic NO emissions from soil are only included
in WRF-Chem.

It is worth noting the large ozone impact of biogenic emissions over anthropogenic20

hotspot regions, such as the Po Valley and Cairo in WRF-Chem, and downwind of
Athens in EMEP MSC-W (Fig. 12). The relatively modest biogenic emissions in these
regions suggest that the large ozone impacts are not caused by biogenic emissions
alone, but most probably these emissions act to increase the ozone production effi-
ciency in regions dominated by anthropogenic emissions. Hotspot areas are often in a25

VOC-limited regime, and when nearby sources add biogenic emissions of VOCs, which
are dominated by the very reactive isoprene gas, the ozone production may become
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much more efficient (Simpson, 1995). Im et al. (2011b) showed that biogenic VOC
emissions intensified ozone production downwind of Istanbul.

A similar model sensitivity study keeping the temperature below 28 ◦C in the calcu-
lation of biogenic emissions caused a similar pattern, although much lower in mag-
nitude (Fig. 12). Also, the distribution is more influenced by the temperature distribu-5

tion (Fig. 5) with the strongest ozone impacts in regions where there is a combination
of strong biogenic emissions and high temperatures, particularly in and downwind of
Greece and Southern Italy. In WRF-Chem the temperature effect on ozone through
biogenic emissions is particularly strong in Cairo and Southwestern Turkey, while the
Po Valley is only slightly affected. The difference between the two models is large,10

with summer mean daily maximum ozone averaged over the EM region of 0.68 and
0.43 ppbv calculated by WRF-Chem and EMEP MSC-W, respectively (Table 5), and
this is due to two reasons. Firstly, the WRF-Chem biogenic emissions are larger in
regions where the temperature is high, e.g. Western Turkey and Southern Greece.
Secondly, a comparison of the daily mean 2 m temperature fields for the heat wave15

periods (not shown) reveals that the HIRLAM meteorology used in EMEP MSC-W has
lower temperatures over land compared to WRF, with differences up to 5◦ C at many
places.

3.3.3 Impact of high temperatures on chemistry

The impact of increased temperatures on photo-oxidant chemistry is normally driven20

by several factors. As well as changing emissions of BVOC and deposition processes
as already addressed, higher temperature affects many reaction rates, usually pro-
moting ozone production. An important mechanism is that enhanced dissociation of
PAN to NO2 leads to more production of ozone (Sillman and Samson, 1995). Solberg
et al. (2008) demonstrated the large impact (order of 5 %) high temperatures had on25

peak ozone during the European heat wave in August 2003. From Fig. 9 and Table 5 it
seems that the effect of high temperatures on chemistry calculations in the EM region
is relatively small with summer mean daily maximum ozone contributions of 0.063 and
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0.069 ppbv calculated by the WRF-Chem and EMEP models, respectively; much lower
than the ozone impact of high temperatures on biogenic emissions and dry deposi-
tion. However, there are large differences in the horizontal distribution (Fig. 13). The
summer mean impact on daily maximum ozone is up to 1 ppbv in many places, par-
ticularly over large cities located in areas strongly affected by the heat waves, such as5

Thessaloniki and Athens. Additionally, large signals are seen near regions influenced
by biogenic emissions, as e.g. Southwest Turkey (in WRF-Chem), South Italy, and the
northern part of the Balkan Peninsula. A small signal is also seen where the Albanian
forest fires took place.

In the WRF-Chem model results, regions with slightly negative (down to −0.3 ppbv)10

ozone impacts of high temperatures can be seen, most notably over the Mediterranean
Sea and North Africa. The reason is that high temperatures lead to faster decomposi-
tion of PAN to NO2, and as a consequence the ozone formation will take place closer
to the emission sources. As the winds come from north during the heat waves (Fig. 5),
high temperatures lead to lower production of ozone south (downwind) of the major15

emission regions. This is related to the findings of Sillman and Samson (1995) who
suggested that ozone in the free troposphere did not increase with temperatures in
the polluted PBL, because decreased export of PAN balances the increased export of
ozone.

3.3.4 Impact of dry deposition20

Dry deposition is the major sink for surface ozone, and contributes to a summer mean
decrease in daily maximum ozone of 17 ppbv in the EM region (Table 5). The ef-
fect on daily mean concentrations would probably be even larger as dry deposition
is more important during night when the PBL height is low. The horizontal distribution
of the dry deposition effect on daily maximum ozone shows impacts between −20 and25

−30 ppbv over, and north of, the Balkan Peninsula (Fig. 14). Areas further south are
more sparsely vegetated, particularly the desert in North Africa, and the impacts are
therefore lower in these regions. It should be noted, however, that any ozone reduction
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due to dry deposition taking place outside the model domain has not been taken into
account, as the lateral boundary conditions are the same in all simulations. Further-
more, the total impact of heat waves on dry deposition is probably underestimated as
the Wesely (1989) dry deposition scheme used in WRF-Chem only considers changes
in temperature, and not in soil moisture or near-surface humidity. The extremely low5

soil moisture in the summer 2007 (Founda and Giannakopoulos, 2009) is likely to have
caused a significant increase in the deposition surface resistance, as highlighted by
Vautard et al. (2005), Solberg et al. (2008) and Vieno et al. (2010) for the European
summer 2003 heat wave.

The temperature effect on dry deposition gives increases in summer mean daily10

maximum ozone up to 1.5 ppbv in several places (Fig. 14). Both the magnitude and
geographical distribution is similar to the temperature effect on biogenic emissions,
but dry deposition has a stronger impact in the northern part of the domain. A few
exceptions from the sparse vegetation in North Africa can be seen over the Nile Delta
north of Cairo, and over the northern parts of Algeria and Tunisia. The temperature15

impact on dry deposition is relatively strong here, which is partly because these areas
rather frequently experience summer temperatures above 28 ◦C, not only during heat
wave episodes.

3.3.5 Impact of anthropogenic emissions

Ozone precursor emissions from anthropogenic sources are the single most impor-20

tant factor impacting ozone among the sensitivity tests studied here. In the EM region,
the increase in daily max ozone concentration averaged over the summer, due to an-
thropogenic emissions, is 26 ppbv (Table 5), and in some regions the concentration
change exceeds 45 ppbv (Fig. 15). Note that the boundary conditions are the same in
all simulations, excluding impacts of anthropogenic emissions taking place outside the25

model domain. The horizontal distribution largely follows the pattern of NOx emissions
(Fig. 2), and also the ozone fields in the reference simulation (Fig. 10). Several large
cities can be recognized, but our results indicate that emissions from shipping have the
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strongest anthropogenic impact on ozone in the region (Fig. 15). The highest contribu-
tions are found west of Crete and north of the Nile Delta, where emissions from Athens
and Cairo, respectively, mix with ship emissions and effectively produce ozone. Due
to the large fraction of NOx in ship emissions, regions near the ship tracks are usually
VOC-limited, and inflow of urban pollution plumes, containing a larger fraction of VOCs,5

therefore leads to an increase in the ozone production efficiency. The ozone levels are
further intensified by the ineffectiveness of dry deposition over sea.

4 Conclusions

Model calculations for the Eastern Mediterranean hotspot area in summer 2007 are
presented using the WRF-Chem and the EMEP MSC-W models. Three heat waves10

and numerous wildfires struck the Eastern Mediterranean area and strongly affected
air pollution levels during summer 2007. Comparisons with satellite observations of
CO and NO2 columns from IASI and OMI, respectively, show that the models are able
to capture the location and influence of the fires relatively well. However, the extreme
levels of CO that were observed in the Peloponnese fire plume were not reflected in15

the model results. This is most likely caused by underestimation of CO in the forest
fire emission inventories (FINN and GFED). As the magnitude of the NO2 fire plumes
were better reflected by the models, our results suggest that the CO/NOx fire emission
ratios should be re-assessed. The NO2 comparison showed very good agreement for
the simulation using FINN emissions, confirming the importance of high temporal and20

spatial resolution emission data. Inter-model differences were also seen, presumably
caused by the different methods used for distributing the fire emissions vertically. Fur-
thermore, the NO2 satellite observations reveal several anthropogenic hotspots of air
pollution with the Po Valley as the most dominant. The models represent the hotspot
NO2 levels relatively well, except that the tropospheric NO2 columns over Istanbul are25

underestimated by at least a factor of 2 due to underestimation of emissions in this
region. Model-calculated daily maximum surface O3 concentrations are in fairly good
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agreement with observations from 10 European stations. Both models and observa-
tions show elevated ozone levels in mid-July due to higher temperatures and calm
winds in Central/Eastern Europe.

Results from sensitivity simulations show that anthropogenic emissions of ozone
precursors are the largest contributor to daily maximum near-surface ozone concen-5

trations in the Eastern Mediterranean during summer 2007. In some regions the sum-
mer average concentration change due to anthropogenic emissions exceeds 45 ppbv
with the largest ozone perturbations located near the ship tracks. Biogenic emissions,
dominated by isoprene and terpenes, react with anthropogenic NOx emissions and
contribute up to 10 ppbv ozone (3-month mean) in certain areas. However, the model10

differences are large with stronger ozone impact in WRF-Chem than in EMEP MSC-W,
mainly because of differences in biogenic emissions. Daily maximum ozone concen-
trations are reduced by 20–30 ppbv in large parts of the region due to dry deposition,
the major sink for surface ozone.

Forest fire emissions from Greece and Albania contributed substantially to ozone15

production, particularly in the latter half of July and the end of August. Even in the
seasonal (JJA) average the models calculated forest fire impacts on daily maximum
ozone up to 18 ppbv in the core of the plume, but with large differences between the
FINN and GFED emission inventories. The most intense forest fire episodes coincided
with the two most severe heat waves, leading to more intense ozone production. Bio-20

genic emissions increased as a response to high temperatures (> 28 ◦C), and this led
to increased daily maximum ozone by up to 3 ppbv on some days when averaged over
the Eastern Mediterranean region. The high temperatures also reduced dry deposition,
causing up to 1.5 ppbv increase in ozone. The direct impact of high temperatures on
ozone chemistry was surprisingly low with less than 1 ppbv on average over the region,25

but there were large spatial differences within the region.
Thus, if summers such as in 2007 occur more frequently in the future, ozone levels in

the Eastern Mediterranean region could increase substantially due to the temperature
impact on biogenic emissions and dry deposition. (Future biogenic VOC emissions will

7645

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/7617/2012/acpd-12-7617-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/7617/2012/acpd-12-7617-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 7617–7675, 2012

A model study of the
Eastern

Mediterranean ozone
levels

Ø. Hodnebrog et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

likely be affected by factors other than temperature also, e.g. CO2 levels or soil water
changes, see e.g., Arneth et al. (2007), Possell and Hewitt (2011), but such biogeo-
chemical factors are beyond the scope of this study.) Moreover, heat wave episodes
lead to increased risk of forest fires, which could further intensify ozone formation. As
a consequence, these processes need to be taken into account when assessing miti-5

gation options for the future.
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Table 1. Setups of the participating models; WRF-Chem and EMEP.

Model WRF-Chem v. 3.2 EMEP MSC-W rv. 3.7.7

Operated by Univ. of Oslo NILU
Developed by NOAA/NCAR and others Met.no
Model type Regional NWP + CTM Regional CTM
Horizontal resolution 25 × 25 km2 25 × 25 km2

Horizontal grid size 104 × 99 264 × 318
Number of vertical levels 27 20
Model top 50 hPa 100 hPa
Meteorology WRF (coupled w/chemistry) HIRLAM

(interp. from 10 × 10 km2)
Meteorological initial and
boundary conditions

ECMWF-IFSa ECMWF-IFSa

Chemistry scheme RADM2, Stockwell et al. (1990) EMEP, Simpson et al. (2012)
Chemical initial and
boundary conditions

Oslo CTM2, Søvde et al. (2008),
Colette et al. (2011)

Climatological, based upon
measurements and ozone-
sondes, see Simpson
et al. (2003a, 2012)

Chemical species 63 71
Chemical reactions 158 140
Anthropogenic emissions TNO-MACC,

Kuenen et al. (2011)
Redistributed EMEP
(http://www.emep.int),
Visschedijk et al. (2007)

Biomass burning emissions FINNv1, Wiedinmyer et al.
(2011)/GFEDv2, van der Werf
et al. (2006)

GFEDv2, van der Werf
et al. (2006)

Biogenic emissions MEGAN v. 2.04, Guenther
et al. (2006) online calculation

EMEP isoprene, Simpson
et al. (1999) online calculation

References Grell et al. (2005) Simpson et al. (2003a, 2012)

a Documentation can be found at http://www.ecmwf.int/research/ifsdocs/.
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Table 2. Emissions from various sources averaged over the region marked by the dashed line
in Fig. 2 and for the summer period (June, July, August) of 2007, as used in the reference
simulations of the two models.

NOx CO NMVOC
(kg(N) km−2 yr−1) (kg(C) km−2 yr−1) (kg(NMVOC) km−2 yr−1)

WRF-Chem
TNO-MACC anthropogenic 364.1 860.4 791.1
FINNv1 forest fires 30.9 809.1 413.7
MEGANv2 biogenic/soil 23.9 – 1918.0a

EMEP MSC-W
Regridded EMEP anthrop. 338.2 743.7 565.3
GFEDv2 (8-day) forest fires 49.0 1233.9 387.8
EMEP biogenic/soil – – 949.4a

a Only isoprene emissions (kg(C5H8) km−2 yr−1) given here, but note that the biogenic emission modules include also
other NMVOCs such as terpenes.
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Table 3. Overview of the model simulations performed by each of the two models. The WRF-
Chem simulations include only gas-phase chemistry, while the EMEP MSC-W simulations in-
clude also aerosol chemistry.

Acronym Description WRF-Chem EMEP MSC-W

REF Reference (setup described in Sects. 2.1–2.3) X X
GF FINN emissions replaced by GFED emissions Xa

NF No fire emissions X X
NB No biogenic emissions X X
NA No anthropogenic emissions X
ND No dry deposition X
MC Max. 28 ◦C for chemistry calculations in the PBLb X X
MB Max. 28 ◦C when calculating biogenic emissions X X
MD Max. 28 ◦C when calculating dry deposition X

a FINN fire emissions are used in the WRF-Chem REF simulation, but an additional WRF-Chem simulation has been
done with GFED fire emissions (GF) for comparison with EMEP MSC-W simulations.
b Planetary Boundary Layer (PBL) taken here as the lowest 2.5 km.
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Table 4. Comparison between observed and modeled daily maximum O3 mixing ratios (ppbv)
for 10 stations (see http://ebas.nilu.no).

Observed WRF-Chem EMEP MSC-W
Station Mean Mean Bias RMSE r Mean Bias RMSE r

Illmitz 60.1 60.7 0.6 11.0 0.68 54.5 −5.6 11.4 0.77
Payerne 51.5 50.9 −0.6 7.7 0.71 48.9 −2.6 8.8 0.65
Svratouch 48.6 54.6 6.1 9.9 0.80 51.6 3.0 9.6 0.72
Kosetice 52.5 53.9 1.3 8.5 0.75 49.8 −2.8 10.4 0.62
Finokalia 69.9 66.3 −3.4 9.2 0.36 55.4 −14.4 16.5 0.35
K-puszta 65.8 59.3 −6.5 9.3 0.75 55.7 −10.1 13.2 0.56
Montelibretti 69.5 66.1 −3.3 11.3 0.68 60.5 −9.0 14.4 0.65
Iskrba 58.5 56.4 −2.1 10.2 0.63 53.9 −4.6 11.5 0.56
Stara Lesna 54.0 52.1 −1.9 7.3 0.70 50.3 −3.7 8.4 0.63
Starina 54.4 54.4 0.0 13.5 0.12 49.1 −5.3 12.8 0.11

Average 58.5 57.5 −1.0 9.8 0.62 53.0 -5.5 11.7 0.56
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Table 5. Surface ozone mixing ratios (ppbv) in the reference run (1st row), and perturbations of
surface O3 due to various processes (rows 2–9). All values are based on model output of daily
maximum surface O3 in each gridbox in the EM region for the summer 2007. Note that for dry
deposition the percentiles and the maximum represent the highest negative values.

WRF-Chem EMEP MSC-W

Mean 99th 99.99th Maximum Mean 99th 99.99th Maximum
percentile percentile percentile percentile

Reference run 62.7 93.6 139.7 190.8 57.7 88.8 131.2 158.2
Forest fires (GFED) 1.6 23.4 90.2 157.5 1.9 23.9 69.4 94.0
Forest fires (FINN) 1.2 10.1 39.7 64.7
Biog. emissions 5.8 19.4 37.5 55.0 5.2 17.4 38.6 63.8
High T in biog. emis. 0.7 5.0 11.6 17.7 0.5 4.2 10.5 19.4
High T in chemistry 0.1 2.3 12.4 18.8 0.1 1.4 7.7 14.3
High T in dry dep. 0.5 3.3 6.2 8.4
Dry dep. −16.9 −37.7 −49.8 −55.4
Anthrop. emis. 25.7 57.0 99.2 154.9
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Fig. 1. Locations of the domains used in the EMEP MSC-W and WRF-Chem simulations, and of
the study region (11◦ E–30◦ E, 32◦ N–45◦ N) covering most of the Eastern Mediterranean (EM).
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Fig. 2. Seasonally (June, July, August) averaged emissions of NOx (kg(N) km2 yr−1) from an-
thropogenic sources (top) and forest fires (middle), and emissions of isoprene (kg(C) km−2 yr−1)
from biogenic sources (bottom) as used in the reference simulations of the WRF-Chem (left)
and EMEP MSC-W (right) models. The dashed rectangle in the topleft plot marks the EM re-
gion.
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Fig. 3. Temporal evolution of NOx emissions from various sources (left; kg(N) km−2 day−1), and
of isoprene from biogenic sources (right; kg(C) km−2 day−1) averaged over the region marked
by the dashed rectangle in Fig. 2. Biogenic soil emissions of NO are not included in the EMEP
model.
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Fig. 4. Biomass burning emissions of CO (kt CO) integrated over the summer period (June,
July, August) and over the region marked by the dashed rectangle in Fig. 2, as reported in the
GFEDv2 emission inventory (van der Werf et al., 2006).
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Fig. 5. Daily maximum 2 m temperature (◦C) and mean 10 m wind vectors (10 m s−1 vector
shown for scale in legend) averaged over the periods 22–24 June (left), 22–24 July (middle),
and 24–26 August (right) in 2007. The winds are averaged separately in each horizontal direc-
tion (u and v wind components), and both temperature and wind averages are based on hourly
output from the WRF-Chem model (i.e. 72-h averages for the winds).

7665

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/7617/2012/acpd-12-7617-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/7617/2012/acpd-12-7617-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 7617–7675, 2012

A model study of the
Eastern

Mediterranean ozone
levels

Ø. Hodnebrog et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 6. Kernel weighted total columns of CO (1018 molec cm−2) as retrieved from the IASI satel-
lite instrument (left), and as modelled with WRF-Chem using FINN (middle) and GFED (right)
forest fires emissions. The data is averaged over the period 23–28 August 2007 for daytime
(top) and nighttime (bottom) retrievals. The model data has been weighted with the same aver-
aging kernels as the IASI data.
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Fig. 7. Tropospheric columns of NO2 (1015 molec cm−2) as retrieved from the OMI satellite
instrument (1st column), and as modelled with the WRF-Chem (2nd and 3rd columns) and
EMEP (4th column) models, averaged over the period 21–28 August 2007 (corresponding to
the 8-day period in the GFED data set). In the second column, FINN forest fire emissions have
been used in the simulations, while in the two rightmost columns, GFED emissions have been
used. The bottom plots have different colour scale and are zoomed in on the Peloponnese fires.
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Fig. 8. Time evolution of daily maximum surface O3 (ppbv) as measured and modeled by WRF-
Chem and EMEP MSC-W for 10 stations during the summer 2007. The top left plot marks the
location of each station included in the comparison.
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Fig. 9. Daily maximum surface ozone in the reference run (ppbv; right y-axis) and the dif-
ferences between the reference run and the sensitivity runs showing the impact of various
processes on daily maximum surface ozone (ppbv, left y-axis), averaged over the EM region,
calculated by the WRF-Chem (left) and EMEP (right) models. Seasonally averaged values are
shown next to the curves.
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Fig. 10. Daily maximum near-surface ozone (ppbv) calculated by WRF-Chem (left) and EMEP
MSC-W (right) averaged over the summer (JJA) 2007. The dashed rectangle marks the com-
mon EM region.
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Fig. 11. Change in daily maximum near-surface ozone (ppbv) due to forest fire emissions
(REF-NF and GF-NF) calculated by WRF-Chem using FINN emissions (left), WRF-Chem using
GFED emissions (middle), and EMEP MSC-W using GFED emissions (right) averaged over the
summer (JJA) 2007.

7671

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/7617/2012/acpd-12-7617-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/7617/2012/acpd-12-7617-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 7617–7675, 2012

A model study of the
Eastern

Mediterranean ozone
levels

Ø. Hodnebrog et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 12. Change in daily maximum near-surface ozone (ppbv) due to biogenic emissions (REF-
NB) (top) and due to high temperatures (above 28 ◦C) in the computation of biogenic emissions
(REF-MB) (bottom), calculated by WRF-Chem (left) and EMEP MSC-W (right) averaged over
the summer (JJA) 2007.
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Fig. 13. Change in daily maximum near-surface ozone (ppbv) due to due to high temperatures
(above 28 ◦C) in the chemistry computations (REF-MC), calculated by WRF-Chem (left) and
EMEP MSC-W (right) averaged over the summer (JJA) 2007.
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Fig. 14. Change in daily maximum near-surface ozone (ppbv) due to dry deposition (REF-ND)
(left) and due to high temperatures (above 28 ◦C) in the computation of dry deposition (REF-
MD) (right), calculated by WRF-Chem and averaged over the summer (JJA) 2007.
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Fig. 15. Change in daily maximum near-surface ozone (ppbv) due to anthropogenic emissions
(REF-NA) calculated by WRF-Chem and averaged over the summer (JJA) 2007.
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