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Abstract

Observations show that the Mediterranean troposphere is characterized by a marked
enhancement in summertime ozone with a maximum over the Eastern Mediterranean.
This has been linked to enhanced ozone photochemical production and subsidence un-
der cloud-free anticyclonic conditions. The Eastern Mediterranean region has among5

the highest levels of background tropospheric ozone around the globe and it can be
considered as a global air pollution hotspot. A 12 yr climatological analysis (1998–
2009) of free tropospheric ozone was carried out over the region based on ECMWF
(European Centre for Medium-Range Weather Forecasts) ERA-interim reanalysis data
and simulations with the EMAC (ECHAM5-MESSy for Atmospheric Chemistry) atmo-10

spheric chemistry climate model. EMAC is nudged towards the ECMWF analysis data
and includes a stratospheric ozone tracer. A characteristic summertime pool with high
ozone concentrations is found in the middle troposphere over the Eastern Mediter-
ranean/Middle East (EMME) by ERA-interim ozone data, which is supported by Tropo-
spheric Emission Spectrometer (TES) satellite ozone data and simulations with EMAC.15

The enhanced ozone over the EMME is a robust feature, propagating down to lower
free tropospheric levels. The investigation of ozone in relation to potential vorticity and
water vapour and the stratospheric ozone tracer indicates that the dominant mecha-
nism causing the free tropospheric ozone pool is downward transport from the upper
troposphere and lower stratosphere associated with the enhanced subsidence and the20

limited outflow transport that dominates the summertime EMME circulation. The im-
plications of these summertime high free tropospheric ozone values on the seasonal
cycle of near surface ozone over the Mediterranean are discussed.

1 Introduction

Ozone is central in the control of the oxidizing capacity of the troposphere (Chameides25

and Walker, 1973; Crutzen,1988; Penkett, 1988). Furthermore ozone is a greenhouse
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gas and its increase causes a radiative forcing leading to warming at the Earth’s sur-
face (IPCC, 2007). Ozone in the free troposphere has a longer lifetime compared to the
boundary layer, which enables transport on regional to hemispheric scales and it has
a proportionally greater influence on climate than ozone near the surface (Lacis et al.,
1990). The main sources of tropospheric ozone are photochemical production through5

oxidation of VOCs (volatile organic compounds) and CO in the presence of NOx and
stratosphere-to-troposphere transport (e.g. Lelieveld and Dentener, 2000). Nowadays,
there is broad agreement that photochemistry is the major contributor to the observed
background ozone levels in the troposphere (Crutzen et al., 1999; Lelieveld and Den-
tener, 2000). Nevertheless, stratosphere-to-troposphere transport (STT) can be impor-10

tant in the middle and upper troposphere in regions where meteorological conditions
favour downward transport, and in cases of deep stratospheric intrusions reaching into
the lower troposphere (Roelofs and Lelieveld, 1997; Sprenger and Wernli, 2003; Akri-
tidis et al., 2010).

In the Eastern Mediterranean (EM) during summer, comparatively highest levels of15

lower tropospheric ozone are found and the region is considered to be a global air
pollution hotspot owing to the cloud-free conditions and high solar radiation intensity
and because it is at the crossroads of polluted air masses from Europe, Africa and Asia
(Zerefos et al., 2002; Lelieveld et al., 2002; Kanakidou et al., 2011). Furthermore, EM
is also favorable to deep STT events because it lies southwards of the typical position20

of the polar front jet at the ending point of a pathway characteristic of stratospheric
intrusions (Galani et al., 2003; Sprenger and Wernli, 2003).

These high ozone levels have the potential to strongly impact regional air quality
and radiative forcing. The EU air quality standard for human health protection is often
exceeded during summer, as shown by measurements at rural and baseline stations25

located upwind of urban areas (Kourtidis et al., 1996; Kalabokas and Bartzis, 1998;
Kalabokas et al., 2000; Kouvarakis et al., 2000; Kalabokas and Repapis, 2004; Gera-
sopoulos et al., 2005) as well as measurements during campaigns over the Aegean
(Kourtidis et al., 2002; Kouvarakis et al., 2002). Recently, Richards et al. (2013) showed
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that both the Tropospheric Emission Spectrometer (TES) and the Global Ozone Moni-
toring Experiment-2 (GOME-2) satellite instruments were able to detect enhanced lev-
els of ozone in the lower troposphere over the Mediterranean region during the sum-
mer. Results from Chemistry Transport Models (CTMs) indicate that the largest portion
of this high ozone over EM is beyond local emission controls (Zerefos et al., 2002)5

and that ozone in the lower troposphere originates mainly from the European continent
(Roelofs et al., 2003). Biogenic emissions in summer may also impact the ozone levels
in the lower troposphere of the Mediterranean Basin (Liakakou et al., 2007; Richards
et al., 2013), being very sensitive to temperature changes (Im et al., 2011).

An important meteorological factor associated with these high surface and boundary10

layer ozone levels in summer is the anticyclonic flow and associated high pressures
over the Central Mediterranean and the Balkans leading to enhanced photochemical
ozone production but also tropospheric subsidence (Kalabokas et al., 2008). Another
important factor is long-range transport of air masses from northern directions, rich
in ozone and ozone precursors, passing over the sunlit Eastern Mediterranean, espe-15

cially through the Aegean channel, together with emissions from local sources (Zere-
fos et al., 2002; Kouvarakis et al., 2002; Kalabokas et al., 2007). The Etesian wind
system, which is the dominant flow regime during summer and early autumn over the
Aegean Sea and EM, with persistent northerly winds in the lower troposphere, sets up
the typical transport regime (Repapis, 1977; Kallos et al., 1998; Poupkou et al., 2011;20

Anagnostopoulou et al., 2013). Recently, Kalabokas et al. (2013) concluded that the
highest ozone concentrations in the lower troposphere over EM and subsequently in
the boundary layer are associated with large scale subsidence from the upper tropo-
sphere, which is a characteristic feature of the EM summer circulation inhibiting cloud
formation and convection. The dynamics of Etesians are tightly interwoven with the25

large scale subsidence observed over the EM and both are interconnected manifesta-
tions of the remote South Asian Monsoon forcing (Rodwell and Hoskins, 1996, 2001;
Ziv et al., 2004; Tyrlis et al., 2012). Essentially the monsoon regulates the seasonal
cycle of the summer EM circulation, while the shorter term variability is controlled by
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the mid-latitude dynamics and features alternating phases of enhanced northerly flow
(Etesian outbreaks) interrupted by quiet spells (Tyrlis et al., 2013).

There are also a number of studies reporting high ozone values in the middle and
upper troposphere which extend to larger geographical areas over the Eastern Mediter-
ranean and Middle East. Already in earlier observational studies, vertical profiles from5

the MOZAIC program on commercial aircraft indicated high summer mixing ratios over
the area (Marenco et al., 1998; Stohl et al., 2001). Modeling studies showed high ozone
values at 500 hPa over the Middle East in July (Jonson et al., 2001; Li et al., 2001).
Li et al. (2001) simulated with a CTM a summertime ozone maximum over the Mid-
dle East, with mean mixing ratios in the middle and upper troposphere in excess of10

80 ppbv being consistent with the few observations from commercial aircraft in the re-
gion. Roelofs et al. (2003) reported a layer of 4–6 km thickness over the region with up
to 120 ppbv of ozone based on both observations and model simulations.

An important dynamical mechanism controlling the chemical composition of the mid-
dle and upper troposphere over the area is an inherent feature of the Indian summer15

monsoon, the Tropical Easterly Jet (TEJ) stream, a belt of strong easterly winds, which
transports air from Asia over North Africa between 200 and 100 hPa and, aided by
the upper tropospheric anticyclone over the Arabian Peninsula, toward the Eastern
Mediterranean (Scheeren et al., 2003). Li et al. (2001) concluded that the anticyclonic
circulation in the middle and upper troposphere over the Middle East funnels north-20

ern midlatitude pollution, transported in the westerly subtropical jet as well as lightning
NOx from the Indian monsoon and pollution from eastern Asia transported in the TEJ.
Recently, Richards et al. (2013) performed CTM simulations and found that in the mid
and upper troposphere almost all ozone originates from long-range transport, with the
Asian monsoon outflow having the greatest impact.25

On the other hand, there are contradicting results regarding the impact of STT
on these high ozone levels in the middle and upper troposphere. For example, Li
et al. (2001) reported that transport from the stratosphere does not contribute signifi-
cantly to these high ozone levels while Roelofs et al. (2003) found substantial contribu-
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tions by transport from the stratosphere. Also, a study of Stratosphere–Troposphere Ex-
change (STE) over the Eastern Mediterranean indicated that cross-tropopause trans-
port can be intense, related to the distinct summertime meteorological conditions over
South Asia and the Arabian Peninsula (Traub and Lelieveld, 2003). Recently, Lelieveld
et al. (2009) linked the summertime high middle-troposphere ozone levels over Middle5

East to severe near surface ozone air pollution in the Persian Gulf region, pointing also
the important contribution of stratospheric ozone.

The aim of this work is to investigate the role and the contribution of the controlling
transport mechanisms for the characteristic summertime pool with high ozone concen-
trations in the middle troposphere over EMME area propagating down to lower free10

tropospheric levels and the implications for near surface ozone at the Mediterranean
Basin.

2 Data and EMAC model description

2.1 ERA-interim data

ERA-Interim is the latest global atmospheric reanalysis produced by the European15

Centre for Medium-Range Weather Forecasts (ECMWF) covering the period from
1 January 1979 onwards, and has been continued to the present (Dee et al., 2011).
The ERA-Interim atmospheric model and reanalysis system is configured with following
spatial resolution: 60 levels in the vertical, with the top level at 0.1 hPa; T255 spherical-
harmonic representation for the basic dynamical fields; a reduced Gaussian grid with20

approximately uniform 79 km spacing for surface and other grid-point fields (Berrisford
et al., 2011). Information about the current status of ERA-Interim production, availabil-
ity of data online, and near-real-time updates of various climate indicators derived from
ERA-Interim data, can be found at http://www.ecmwf.int/research/era.

Focusing on the ozone product, Dethof and Hólm (2004) have described in detail25

the main characteristics the ECMWF ozone system of the ERA-40 reanalysis project.
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As pointed out by Dethof and Hólm (2004), the ozone first guess used at ECMWF
is derived from an updated version of the Cariolle and Déqué (1986) scheme. In this
scheme, the ozone continuity equation is expressed as a linear relaxation towards
a photochemical equilibrium for the local value of the ozone mixing ratio, the temper-
ature, and the overhead ozone column. An additional ozone destruction term is used5

to parameterize the heterogeneous chemistry as a function of the equivalent chlo-
rine content for the actual year. Most of that discussion still applies to ERA-Interim,
although a number of changes and improvements were implemented in the latest re-
analysis project. Description of the implemented scheme improvements can be found
in Cariolle and Teyssédre (2007).It should be also noted that the ozone data assimi-10

lated in ERA-Interim uses a larger dataset than was used for ERA-40, for example the
Global Ozone Monitoring Experiment (GOME) ozone profiles (Dragani, 2011). Dragani
(2011) carried out a quality assessment of the ERA-interim ozone product, basically
for the stratospheric levels and the mean total column ozone (TCO), showing gener-
ally consistent results when compared with ozone retrievals from a number of satellite15

instruments. The ERA-interim data used in the current analysis include monthly mean
values of ozone, potential vorticity, specific humidity and the three components of the
wind (u, v , and w) at 27 pressure levels from 1000 hPa up to 100 hPa for the period
1998–2009.

2.2 TES and EMEP ozone data20

The Tropospheric Emission Spectrometer (TES) on the Earth Observing System (EOS)
Aura mission is a high-resolution infrared imaging Fourier transform spectrometer cov-
ering the spectral range 650–3050 cm (3.3–15.4 m) at a spectral resolution of 0.1 cm−1

(nadir viewing) or 0.025 cm−1 (limb viewing). The major aim is to determine the chem-
ical state of the Earth’s troposphere (extending from the surface to about 10–15 km25

altitude). In particular, TES produces vertical profiles 0–32 km of important pollutant
and greenhouse gases such as carbon monoxide, ozone, methane, and water vapor
on a global scale every other day. Moreover, the TES investigation is especially fo-
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cused on mapping the global distribution of tropospheric ozone and on understanding
the factors that control ozone concentrations (Beer et al., 2001; Beer, 2006).The TES
data used in the current analysis include daily (profile nadir) mean values of ozone for
the period 2005–2009.

Furthermore in our analysis we considered near surface ozone data from four5

baseline maritime ozone stations in the Mediterranean Basin (see Fig. 1) from the
EMEP (European Monitoring and Evaluation Programme) network at: (a) Cabo de
Creus, Spain (ES10, 42.32◦ N, 3.32◦ E), (b) Giordan Lighthouse – Gozo, Malta (MT01,
36.07◦ N, 14.22◦ E), (c) Finokalia – Crete, Greece (GR02, 35.32◦ N, 25.67◦ E) and (d)
Ag. Marina, Cyprus (CY02, 35.07◦ N, 33.12◦ E). The stations MT01, GR02 and CY0210

started operation in 1997 while ES10 in 1999.

2.3 EMAC model description and set-up

The data used in this study are from a simulation with the ECHAM5/MESSy for At-
mospheric Chemistry (EMAC) model, comprising the 5th generation European Centre
– Hamburg general circulation model (GCM), ECHAM5 (Roeckner et al., 2006) cou-15

pled to the Modular Earth Submodel System, MESSy (Jöckel et al., 2005). The EMAC
modelling system represents emissions, multiphase reactions, deposition and trans-
port of chemical species, as well as radiation, cloud and dynamical processes from
the surface up to the mesosphere. The modelled ozone data used in this study are
taken from the EMAC version 2 run (Jöckel et al., 2010), based on an extensive eval-20

uated version of the model (Joeckel et al., 2006; Pozzer et al., 2007). The model has
a horizontal resolution of around 2.8 ◦ in longitude and latitude (T42 in spectral trunca-
tion). In the vertical direction the model has 90 layers from the ground to 0.01 hPa, 19 of
which lie between the middle troposphere and the lower stratosphere (approx. between
500 hPa and 100 hPa) and resolving adequately the region around the tropopause, al-25

lowing for realistic stratosphere-troposphere interactions (Lelieveld et al., 2007). The
model run was originally covering the period 1998–2008 but the simulation was fur-
ther extended for an additional year, i.e. until end of 2009. The simulation was nudged
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towards the actual tropospheric meteorology (excluding the boundary layer and up
to 100 hPa), with temperature, surface pressure, divergence and vorticity data from
the operational forecast analyses of the European Centre for Medium-Range Weather
Forecasts (ECMWF).

The chemical mechanism includes 110 species and a total of 286 gas phase, het-5

erogeneous and liquid phase reactions (Sander et al.; 2011; Tost et al., 2006), applied
from the surface to the top of the model domain, therefore enabling the consistent
simulation of ozone transport from the stratosphere to the troposphere. A tracer for
stratospheric ozone (denoted as O3s) is also employed in order to facilitate the investi-
gation of stratospheric contribution to tropospheric ozone. The O3s tracer is given the10

model ozone values in the stratosphere and follows the transport and destruction pro-
cesses of ozone in the troposphere. When (or if) O3s enters back in the stratosphere it
is re-initialized at stratospheric values (Roelofs and Lelieveld, 1997).

3 Results

3.1 Middle troposphere summertime ozone maximum15

The monthly average ozone fields at 500 hPa based on ERA-interim ozone over the
period 1998–2009 (Fig. 2) show a latitudinal distribution of ozone with highest values
towards the south for all months except from June to September. Specifically, in June
an area with maximum ozone concentrations evolves over the EMME, which becomes
more pronounced in July and August. This characteristic pool of high ozone values20

in the middle troposphere over the EMME is not solely a feature seen in the ERA-
interim data but also in observed ozone data like the TES profiles. The daily TES
ozone data were used to calculate the ozone anomalies in the middle troposphere
(464 hPa) for July–August over the period 2005–2009 (Fig. 3b). Figure 3b shows the
ozone anomalies for July–August at 450 hPa obtained from the ERA-interim data for25

the same period (2005–2009) and using the same days in accordance with TES data.
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Inspection of both TES and ERA-interim ozone fields (Fig. 3) clearly corroborates the
pool with high ozone values in middle troposphere over EMME.

3.2 Ozone links with circulation

The ERA-interim July–August average fields of ozone at 700 hPa (Fig. 4a) indicate
that the pool with high ozone values extends geographically in the lower troposphere.5

Hence it appears that the enhanced ozone over the EMME is a robust feature, propa-
gating down into the lower free troposphere. Inspection of the July–August ozone fields
at 250 hPa (Fig. 4c) shows a structure of high ozone penetrating southwards over
Southeastern Europe and the Eastern Mediterranean implying upper troposphere–
lower troposphere links through meteorological processes.10

It is well known that tropopause folding events at mid-latitudes are characterized by
tongues of anomalously high potential vorticity (PV), high ozone, and low specific hu-
midity (SH) (Holton et al., 1995). Both PV and SH are typical tracers to accompany
ozone analysis in cases studies of transport from the lower stratosphere or upper tro-
posphere into the middle and lower troposphere. It can be inferred from the comparison15

of Fig. 4a and b with Fig. 4d and e and Fig. 4g and h that the high ozone values in mid-
dle and lower troposphere are accompanied by structures of high PV and low SH. The
similarities among the fields of ozone, PV and SH from the upper to lower troposphere
imply the dominating role of transport for the high ozone values over the EMME. The
high ozone, high PV and low SH over the EMME are related through the strong sub-20

sidence over the region as illustrated in Fig. 4i, k and l, showing the strong downward
vertical velocities.

The penetration of dry air rich in ozone and PV from the upper troposphere/lower
stratosphere to the lower troposphere is nicely illustrated from the latitude-altitude
and longitude-altitude cross sections (centered over Crete) in Fig. 5. Specifically, the25

ERA-interim July–August latitude-altitude cross sections at a longitude of 24.5◦ E show
a north–south descending structure of high ozone (Fig. 5a), high PV (Fig. 5c) and low
SH (Fig. 5e) over the EMME. At the same time Fig. 5g shows clearly the strong sub-
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sidence with downward vertical velocities throughout most of the tropospheric column.
It should be also noted in Fig. 5g that there is a lack of divergence for the largest part
of the tropospheric column (zero divergence between 350 hPa and 800 hPa) with the
air masses converging at the top (around 200–300 hPa) and diverging in the boundary
layer (below 850 hPa), thus indicating limited outflow within the tropospheric column.5

Hence this large-scale subsidence over the region from the upper to lower troposphere
accompanied by the limited outflow for the largest part of the tropospheric column ac-
counts for the descending structures of ozone, PV and SH. Similarly, the respective
longitude-altitude cross sections at a latitude of 35.25◦ N (Fig. 5b, d, f and h) illustrate
the large scale transport mechanisms controlling atmospheric composition of Eastern10

Mediterranean (20◦ E to 40◦ E), in contrast to the Central and Western Mediterranean.
Hence, the links between ozone, potential vorticity and water vapour mixing ratios

document that the dominant mechanism for the free tropospheric ozone pool is the
downward transport from the upper troposphere and lower stratosphere, associated
with enhanced subsidence and limited outflow (lack of divergence for the largest part15

of the tropospheric column) that dominate over the summertime EMME. It should be
emphasized that the above mentioned ERA-interim results for the period 1998–2009
are robust and are the same for the extended time period 1979–2009.

3.3 EMAC results

The EMAC simulated July–August average ozone fields (1998–2009) in the middle20

(486 hPa) and lower free troposphere (714 hPa) are shown in Fig. 6a and b, respec-
tively, and illustrate the pool with high ozone values over the EMME, in agreement with
the ERA-interim results. To quantify the contribution of stratospheric ozone to these
elevated tropospheric ozone values in the middle and lower free troposphere, the sim-
ulated in EMAC stratospheric ozone tracer (O3s) was investigated. The July–August25

average fields of the EMAC simulated O3s clearly illustrate (Fig. 6c) a structure of
high values (up to 42 ppbv) in the middle troposphere over the Eastern Mediterranean
and Minor Asia which actually also extend geographically to central Asia (east of the
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Caspian Sea). This structure of high O3s values corresponds to around 40–45 % of the
ozone in the middle troposphere. Furthermore, in the lower free troposphere (Fig. 6d)
the EMAC simulations also clearly indicate a pool of high O3s over the EMME (up to
around 26 ppbv) which corresponds to around 30–35 % of the ozone in the lower free
troposphere. These results indicate the important contribution of stratospheric ozone5

to the pool of high ozone values over the EMME down to the lower free troposphere.
The downward transport of EMAC simulated ozone and the stratospheric ozone

tracer from lower stratosphere/upper troposphere is further illustrated from the latitude-
altitude and longitude-altitude cross sections in Fig. 7. The average July–August
latitude-altitude cross sections at a longitude of 25◦ E show a north–south descending10

structure of high ozone (Fig. 7a) and O3s (Fig. 7b) from the upper into the lower tropo-
spheric levels (down to 800 hPa), in agreement with the ERA-interim analysis (Fig. 5).
A similar picture emerges from the respective longitude-altitude cross sections at a lati-
tude of 35◦ N (Fig. 7c and d). Figure 7 also illustrates the different impacts of downward
transport of the stratospheric ozone tracer between the Eastern and Central-Western15

Mediterranean. In general, the investigation of the EMAC simulations confirms the large
contribution of stratospheric ozone to the pool of high ozone values over the EMME in
the middle and lower free troposphere, in agreement with the ERA-interim analysis
(see Sect 3.2).

3.4 Implications for the near surface ozone in Mediterranean20

It was pointed out earlier that there is a difference between the Eastern and Central-
Western Mediterranean concerning the downward transport of stratospheric ozone as-
sociated with the enhanced subsidence that dominates over the EMME. This leads to
highest ozone in the middle and lower free troposphere over the EMME during summer,
illustrated by ERA-interim, TES and EMAC data. Here we discuss the possible impli-25

cations for the seasonal cycle of near surface ozone in the Mediterranean Basin. We
selected four EMEP baseline maritime ozone stations along the Mediterranean Basin
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(Fig. 1). From the EMAC simulated ozone and O3s data, the closest grid cells to the
stations coordinates were selected.

The EMAC simulated ozone in the lower free troposphere (714 hPa) illustrates
a summer maximum over the Eastern Mediterranean stations at Cyprus (CY02) and
Crete (GR02) peaking in July–August and broad spring-summer maximum at Gozo,5

Malta (MT01) in Central Mediterranean and Cabo de Creus, Spain (ES10) in Western
Mediterranean (Fig. 8a). The highest summertime values of ozone in the lower free
troposphere simulated by the EMAC model are located over the most eastern station
at Cyprus (Fig. 8a), confirming the enhanced subsidence in this region with respect
to the Western and Central Mediterranean. This distinction in the seasonal cycle of10

the modelled lower free tropospheric ozone with higher values during summer over
the EMME is due to the predominant contribution of stratospheric ozone (Fig. 8b). It
should be noted from Fig. 8b that the O3s values in summer increase in easterly di-
rection over the Mediterranean Basin. For example the lower free tropospheric O3s
values in August at CY02 and GR02 are 13 ppbv and 8 ppbv higher than at MT01 and15

ES10, respectively. The above results indicate the ability of the EMAC model to re-
produce spatial characteristics of the summertime ozone distribution in the lower free
troposphere over the Mediterranean Basin (namely the spatial differences of Eastern
Mediterranean vs. Central and Western Mediterranean).

However, near the surface the distinction of O3s among the four stations in summer20

months (Fig. 8d) becomes small (about 1.5 to 2 ppbv higher at CY02 and GR02 than
at MT01 and ES10). Furthermore, the four stations show similarities in the shape of
near surface modelled seasonal ozone cycle with a broad spring-summer maximum
peaking in August (Fig. 8c). This result implies that photochemical processes dominate
over downward transport processes in the seasonal ozone cycle in the Mediterranean25

boundary layer in EMAC simulations.
The observed near-surface ozone seasonal cycles at the four stations (Fig. 8e) show

some similarities and some differences with the modelled ones. The EMAC model
clearly overestimates ozone at all four stations during the summer months, typically
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by about 10 to 20 ppbv (20–35 %) as it is illustrated in Fig. 8f. This is attributed to
overestimated photochemical ozone production in the boundary layer in the EMAC
simulations during summer months. This is further illustrated by the larger amplitude
of the seasonal cycle of near surface ozone in EMAC compared to observations and
the fact that the model bias (modelled-observed near surface ozone monthly values)5

has a seasonal behaviour with the highest biases attained during summer (Fig. 8f).
This discrepancy is related to the course horizontal grid resolution of the model version
used (250–300 km), which artificially mixes ozone precursors, notably NOx, over a large
volume whereas in reality NOx transport from pollution sources to these background
stations is limited by its short atmospheric lifetime in summer. As a consequence, the10

fractional contribution by in situ produced ozone is over- and the contribution by O3s is
underestimated. The course horizontal resolution of EMAC has been a compromise to
allow high vertical resolution in the stratosphere and upper troposphere. Future work
should consider increased horizontal resolution.

Nevertheless, the shape of the seasonal cycle, e.g. the observed near-surface ozone15

maximum at GR02 in July–August is reproduced by the model, while at CY02 there is
a slight difference as it peaks in July (observations) rather than in July–August (model
values). Over MT01 and ES10 there is a distinct ozone spring maximum in the obser-
vations, which is in better agreement with the modelled ozone cycle in the lower free
troposphere (at 714 hPa) than at the surface. Again the discrepancy between observa-20

tions and model at the surface is explained by the overestimated in EMAC photochem-
ical ozone formation within the boundary layer, associated with long-distance transport
of NOx and other precursor gases from the polluted European continent toward the
considered marine background stations, which masks the contribution of downward
transport.25
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4 Discussion and conclusions

A 12 yr climatological analysis (1998–2009) of free tropospheric ozone was carried
out based on ERA-interim reanalysis data and simulations with the EMAC atmospheric
chemistry–climate model nudged towards ECMWF analysis data. A characteristic sum-
mertime pool with high ozone concentrations is found in the middle troposphere over5

the Eastern Mediterranean/Middle East (EMME) in the ERA-interim ozone data. This
characteristic pool of high ozone in the middle troposphere over the EMME is also ap-
parent from observed TES ozone profiles (2005–2009) and further supported by EMAC
simulations. The EMAC model resolves adequately the region around the tropopause
and it includes a stratospheric ozone tracer to facilitate the investigation of stratospheric10

contributions to tropospheric ozone.
The middle troposphere summertime ozone feature over the EMME area has

been mentioned previously in a number of observational and modelling studies (e.g.
Marenco et al., 1998; Stohl et al., 2001; Jonson et al., 2001; Li et al., 2001; Roelofs
et al., 2003). The analysis of ERA-interim data and EMAC results corroborate that the15

enhanced ozone over the EMME is a robust feature, propagating downward to lower
free tropospheric levels.

The links of ozone with other transport tracers such as potential vorticity and wa-
ter vapour indicate that the dominant mechanism for the free tropospheric ozone pool
is downward transport from the upper troposphere and lower stratosphere associated20

with the enhanced subsidence and limited outflow that characterize the summertime
EMME circulation. Furthermore the EMAC simulations indicate the large contribution
of stratospheric ozone to the pool of high ozone values over EMME in the middle
and lower free troposphere. Traub and Lelieveld (2003) investigated cross-tropopause
transport over the Eastern Mediterranean by analyzing trajectories for the MINOS cam-25

paign and found from analysis of the residence times in stratosphere and troposphere
after crossing the tropopause (set at 3.5 PVU), that the transport is vertically shallow
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and that this mixing of tropospheric and stratospheric air is largely confined to the
tropopause region during summer.

Taking into account the results of Traub and Lelieveld (2003) we infer that shal-
low STT processes feed stratospheric ozone into the upper troposphere, and sub-
sequently these air masses (rich in ozone) are transported to lower free tropospheric5

levels through the characteristic strong summertime EMME subsidence and the limited
outflow. Nevertheless, the contribution of deep STT events should not be disregarded
since the Eastern Mediterranean is a region favorable to deep STT events (Sprenger
and Wernli, 2003), though these events preferentially develop from the North Atlantic
sector. Our results are in agreement with the findings of Kalabokas et al. (2007, 2013)10

who concluded that the highest ozone concentrations in the lower troposphere over
the Eastern Mediterranean and subsequently in the boundary layer are associated
with large scale subsidence of ozone rich air masses from the upper troposphere.
They are also in agreement with Roelofs et al. (2003) who showed substantial contri-
butions to elevated ozone in the middle troposphere by transport from the stratosphere.15

Furthermore, our findings are partially in line with the study of Li et al. (2001) who con-
cluded that large-scale subsidence over the region with continued net production of
ozone and little mid-level outflow is a major mechanism, but in contrast to our results
they deduced that transport from the stratosphere does not contribute significantly to
the ozone maximum. This substantiates the need to apply a model that realistically20

simulates stratosphere–troposphere exchange processes (in the present work at the
expense of horizontal resolution near the surface).

The differences in the seasonal cycle of the modelled lower free tropospheric ozone
across the Mediterranean Basin (with highest values during summer towards the east)
indicates the ability of the EMAC model to reproduce notable spatial characteristics25

of the ozone distribution in the lower free troposphere over the region. This is a con-
sequence of the emphasis of the selected EMAC version to accurately reproduce the
dynamical processes around the tropopause. In support of this, it should be noted that
simulations with a regional air quality model (CAMx) showed an underestimation of
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surface ozone during summer at baseline stations in the Eastern Mediterranean due to
the limited vertical domain (top at around 6 km) and hence the lack of realistic middle
tropospheric conditions to simulate the effects of subsidence on near surface ozone
(Akritidis et al., 2013).

However, within the atmospheric boundary layer long-distance pollution transport5

and photochemical processes dominate over downward ozone transport in EMAC sim-
ulations. The overestimate of NOx and other ozone precursor transport from the Eu-
ropean continent due to the coarse horizontal resolution of the EMAC model leads to
a rather spatially uniform seasonal ozone cycle over the Mediterranean Basin. This re-
sult is not supported by the EMEP observations which show a seasonal cycle peaking10

in summer for Eastern Mediterranean stations and a seasonal cycle peaking in spring
for Central and Western Mediterranean stations (Fig. 8e). The discrepancy between
EMAC and observed ozone near the surface is attributed to overestimated modelled
photochemical ozone production during summer related to the course horizontal reso-
lution thus partially masking the contribution of downward transport which is stronger15

over Eastern Mediterranean than over Central and Western Mediterranean. Further-
more, it is important to accurately resolve boundary layer processes because the rep-
resentation of entrainment from the lower free troposphere is expected to be important
as well. For example, Gerasopoulos et al. (2006) based on observations showed that
the dominating factor for the maximum ozone values during summer at Finokalia sta-20

tion is the entrainment of ozone rich air masses from the free troposphere.
Therefore, it is suggested that model studies focusing on tropospheric ozone over the

EMME region should realistically represent both stratosphere-troposphere exchange
processes and boundary layer transport and photochemistry at high horizontal and
vertical resolution.25
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 730 

Figure 1. Map of the Mediterranean basin with the locations of the 4 EMEP stations 731 

marked: Cabo de Creus, Spain (ES10), Gozo, Malta (MT01), Finokalia, Greece 732 

(GR02) and Ag. Marina, Cyprus (CY02). Mind that the positions of the cross sections 733 

of Figures 5 and 7 are indicated in the map by the N35
o
 meridian and the E25

o
 parallel 734 

crossing the island of Crete, Greece. 735 

Fig. 1. Map of the Mediterranean Basin with the locations of the 4 EMEP stations marked:
Cabo de Creus, Spain (ES10), Gozo, Malta (MT01), Finokalia, Greece (GR02) and Ag. Marina,
Cyprus (CY02). Mind that the positions of the cross sections of Figs. 5 and 7 are indicated in
the map by the 35◦ N meridian and the 25◦ E parallel crossing the island of Crete, Greece.
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 737 

Figure 2. Monthly average ozone fields at 500 hPa based on ERA-interim ozone 738 

(ppbv) over the period 1998-2009 for a) January, b) February, c) March, d) April, e) 739 

May, f) June, g) July, h) August, i) September, j) October, k) November, l) December.  740 

  741 

Fig. 2. Monthly average ozone fields at 500 hPa based on ERA-interim ozone (ppbv) over the
period 1998–2009 for (a) January, (b) February, (c) March, (d) April, (e) May, (f) June, (g) July,
(h) August, (i) September, (j) October, (k) November, (l) December.
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 742 

Figure 2. (continue) 743 
Fig. 2. Continued.
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 744 

Figure 3. July-August average ozone anomaly fields (ppbv) over the period 2005-745 

2009 based on a) ERA-interim ozone at 450 hPa, and on b) TES observed ozone at 746 

464 mb. Ozone anomalies were calculated as the differences between the July-August 747 

mean at each grid point and the July-August mean of the whole area of the domain. 748 

 749 

a)

b)

Fig. 3. July–August average ozone anomaly fields (ppbv) over the period 2005–2009 based on
(a) ERA-interim ozone at 450 hPa, and on (b) TES observed ozone at 464 mb. Ozone anoma-
lies were calculated as the differences between the July–August mean at each grid point and
the July–August mean of the whole area of the domain.
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 750 

Figure 4. ERA-interim July-August average fields of ozone (ppbv), potential vorticity 751 

(pvu), specific humidity (g/kg) and vertical velocity (Pa/s) over the period 1998-2009 752 

at 700 hPa (a, d, g, j), at 500 hPa (b, e, h, k) and at 250 hPa (c, f, i, l), respectively. 753 

  754 

Fig. 4. ERA-interim July–August average fields of ozone (ppbv), potential vorticity (pvu), spe-
cific humidity (gkg−1) and vertical velocity (Pas−1) over the period 1998–2009 at 700 hPa (a, d,
g, j), at 500 hPa (b, e, h, k) and at 250 hPa (c, f, i, l), respectively.
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 755 

 756 

Figure 4. (continue) 757 

  758 

Fig. 4. Continued.
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 759 

Fig. 5. Left column: ERA-interim July–August latitude-altitude cross sections at longitude 24.5◦ E of (a) ozone (ppbv),
(c) potential vorticity (pvu), (e) specific humidity (gkg−1) and (g) vertical velocity (Pas−1) averaged over the period
1998–2009. Right column: ERA-interim July–August longitude-altitude cross sections at 35.25◦ N latitude of (b) ozone
(ppbv), (d) potential vorticity (pvu), (f) specific humidity (gkg−1) and (h) vertical velocity (Pas−1) averaged over the
period 1998–2009. The solid black line in (c) denotes the dynamical tropopause at 2 pvu. The contour lines in (g) and
(h) denote the respective average values of divergence (s−1).
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 771 

Figure 6. EMAC July-August average fields of simulated ozone (ppbv) and the 772 

stratospheric ozone tracer O3s (ppbv) over the period 1998-2009 at 486 hPa (a, c) and 773 

at 714 hPa (b, d), respectively. 774 

 775 

 776 

Fig. 6. EMAC July–August average fields of simulated ozone (ppbv) and the stratospheric
ozone tracer O3s (ppbv) over the period 1998–2009 at 486 hPa (a, c) and at 714 hPa (b, d),
respectively.
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 777 

 778 

Figure 7. Upper plates: EMAC July-August latitude-altitude cross sections at 25°E 779 

longitude of simulated a) ozone (ppbv) and b) stratospheric ozone tracer O3s (ppbv) 780 

averaged over the period 1998-2009. Bottom plates: EMAC July-August longitude-781 

altitude cross sections at 35°N latitude of c)ozone (ppbv) and d) stratospheric ozone 782 

tracer (ppbv) averaged over the period 1998-2009. 783 

Fig. 7. Upper plates: EMAC July–August latitude-altitude cross sections at 25◦ E longitude of
simulated (a) ozone (ppbv) and (b) stratospheric ozone tracer O3s (ppbv) averaged over the
period 1998–2009. Bottom plates: EMAC July–August longitude-altitude cross sections at 35◦ N
latitude of (c) ozone (ppbv) and (d) stratospheric ozone tracer (ppbv) averaged over the period
1998–2009.
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 784 

Figure 8. Mean seasonal cycle over the period 1998-2008 of EMAC simulated ozone 785 

(ppbv) and stratospheric ozone tracer O3s (ppbv) at 714 hPa (a, b) and at 1009 hPa (c, 786 

d) as well as observed near surface ozone (e) and the difference between modelled 787 

and observed near surface ozone values (f) at the stations Gozo, Malta (MT01, red), 788 

Finokalia, Greece (GR02, green), Ag. Marina, Cyprus (CY02, purple) and Cabo de 789 

Creus, Spain (ES10, light blue). For the EMAC simulated data the closest grid cell to 790 

the station coordinates was selected. 791 
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Fig. 8. Mean seasonal cycle over the period 1998–2008 of EMAC simulated ozone (ppbv)
and stratospheric ozone tracer O3s (ppbv) at 714 hPa (a, b) and at 1009 hPa (c, d) as well
as observed near surface ozone (e) and the difference between modelled and observed near
surface ozone values (f) at the stations Gozo, Malta (MT01, red), Finokalia, Greece (GR02,
green), Ag. Marina, Cyprus (CY02, purple) and Cabo de Creus, Spain (ES10, light blue). For
the EMAC simulated data the closest grid cell to the station coordinates was selected.
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