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Abstract. Observations show that the Mediterranean tropo-served over the region. The implications of these high free-
sphere is characterized by a marked enhancement in summeropospheric ozone levels on the seasonal cycle of near-
time ozone, with a maximum over the eastern Mediterraneansurface ozone over the Mediterranean are discussed.

This has been linked to enhanced photochemical ozone pro-
duction and subsidence under cloud-free anticyclonic con-

ditions. The eastern Mediterranean is among the regions

with the highest levels of background tropospheric ozonel Introduction

worldwide. A 12 yr climatological analysis (1998-2009) of

free-tropospheric ozone was carried out over the regiorfPZone is centralin the control of the oxidizing capacity of the
based on the ECMWF (European Centre for Medium-Rangdroposphere (Chameides and Walker, 1973; Crutzen, 1988;
Weather Forecasts) ERA-Interim reanalysis data and simPenkett, 1988). Furthermore, ozone is a greenhouse gas and
ulations with the EMAC (ECHAM5-MESSY) atmospheric its increase causes a radiative forcing leading to warming
chemistry—climate model. EMAC is nudged towards the at the Earth’s surface (IPCC, 2007). Ozone in the free tro-
ECMWEF analysis data and includes a stratospheric ozon®0osphere has a longer lifetime compared to the boundary
tracer. A characteristic summertime pool with high ozonelayer, which enables transport on regional to hemispheric
concentrations is found in the middle troposphere over thesc@les, and it has a proportionally greater influence on cli-
eastern Mediterranean—Middle East (EMME) in the ERA- Mate than ozone near the surface (Lacis et al., 1990). The
Interim ozone data, Tropospheric Emission SpectrometefMain sources of tropospheric ozone are photochemically pro-
(TES) satellite ozone data and simulations with EMAC. The duction through oxidation of volatile organic compounds
enhanced ozone over the EMME during summer is a robusfYOCs) and CO in the presence of N@nd stratosphere-
feature, extending down to lower free-tropospheric levels.to-troposphere transport (STT) (e.g. Lelieveld and Den-
The investigation of ozone in relation to potential vorticity tener, 2000). Nowadays, there is broad agreement that pho-
and water vapour and the stratospheric ozone tracer indicatdg@chemistry is the major contributor to the observed back-
that the dominant mechanism causing the free-tropospheriground ozone levels in the troposphere (Crutzen et al., 1999;
ozone pool is the downward transport from the upper tro-Lelieveld and Dentener, 2000). Nevertheless, stratosphere-
posphere and lower stratosphere, in association with the erfO-troposphere transport (STT) can be important in the mid-

hanced subsidence and the limited horizontal divergence obdle and upper troposphere in regions where meteorological
conditions favour downward transport, and in cases of deep
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stratospheric intrusions reaching into the lower tropospheralence from the upper troposphere, which is a characteristic
(Roelofs and Lelieveld, 1997; Sprenger and Wernli, 2003;feature of the EM summer circulation inhibiting cloud forma-
Akritidis et al., 2010). tion and convection. The dynamics of the Etesians are tightly
During boreal summer, the eastern Mediterranean (EM) isnterwoven with the large-scale subsidence observed over the
considered to be one of the air pollution hotspots featuringEM and both are interconnected manifestations of the re-
comparatively higher levels of lower tropospheric 0zone ow-mote south Asian monsoon forcing (Rodwell and Hoskins,
ing to the cloud-free conditions, high solar radiation intensity 1996, 2001; Ziv et al., 2004; Tyrlis et al., 2013a). Essentially
and because it is at the crossroads of polluted air masses frothe monsoon regulates the summer EM circulation, while the
Europe, Africa and Asia (Zerefos et al., 2002; Lelieveld et al., shorter term variability is controlled by the mid-latitude dy-
2002; Kanakidou et al., 2011). Furthermore, the EM is alsonamics and features alternating phases of enhanced northerly
favourable to deep STT events because it lies southwards dfow (Etesian outbreaks) interrupted by quiet spells (Tyrlis
the typical position of the polar front jet at the ending point of and Lelieveld, 2013).
a pathway characteristic of stratospheric intrusions (Galani et There are also a number of studies reporting high ozone in
al., 2003; Sprenger and Wernli, 2003). the middle and upper troposphere which extend to larger geo-
These high ozone levels can strongly impact regional airgraphical areas over the eastern Mediterranean—Middle East
quality and radiative forcing. The EU air quality standard (EMME). In earlier observational studies, vertical profiles
for human health protection is often exceeded during sum{from the MOZAIC programme on commercial aircraft have
mer, as shown by measurements at rural and baseline statioadready indicated high summer mixing ratios over the area
located upwind of urban areas (Kourtidis et al., 1996; Kal- (Marenco et al., 1998; Stohl et al., 2001). Modelling studies
abokas and Bartzis, 1998; Kalabokas et al., 2000; Kouvarakishowed high ozone values at 500 hPa over the Middle East
et al., 2000; Kalabokas and Repapis, 2004; Gerasopoulos &b July (Jonson et al., 2001; Li et al., 2001). Li et al. (2001)
al., 2005) as well as measurements during campaigns ovesimulated with a CTM a summertime ozone maximum over
the Aegean (Kourtidis et al., 2002; Kouvarakis et al., 2002).the Middle East, with mean mixing ratios in the middle and
Recently, Richards et al. (2013) showed that both the Tropoupper troposphere in excess of 80 ppbv being consistent with
spheric Emission Spectrometer (TES) and the Global Ozon¢he few observations from commercial aircraft in the region.
Monitoring Experiment-2 (GOME-2) satellite instruments Roelofs et al. (2003) reported a layer of 4—6 km thickness
were able to detect enhanced levels of ozone in the lowebpver the region with up to 120 ppbv of ozone based on both
troposphere over the Mediterranean region during the sumebservations and model simulations.
mer. Results from chemistry transport models (CTMs) indi-  An important dynamical mechanism controlling the chem-
cate that the largest portion of this high ozone over the EMical composition of the middle and upper troposphere over
is beyond local emission controls (Zerefos et al., 2002) andhe area is an inherent feature of the Indian summer mon-
that ozone in the lower troposphere originates mainly fromsoon, the Tropical Easterly Jet (TEJ) stream, a belt of strong
the European continent (Roelofs et al., 2003). Biogenic emiseasterly winds which transports air from Asia over northern
sions during summer may also impact the ozone levels in théfrica between 200 and 100 hPa and, aided by the upper-
lower troposphere of the Mediterranean Basin (Liakakou ettropospheric anticyclone over the Arabian Peninsula, toward
al., 2007; Richards et al., 2013) since they are very sensitivehe EM (Scheeren et al., 2003). Li et al. (2001) concluded
to temperature changes (Im et al., 2011). that the anticyclonic circulation in the middle and upper tro-
An important meteorological factor associated with theseposphere over the Middle East funnels northern mid-latitude
elevated boundary layer and surface ozone levels is the arpollution, transported in the westerly subtropical jet, as well
ticyclonic conditions over the central Mediterranean and theas lightning NQ from the Indian monsoon and pollution
Balkans leading not only to enhanced photochemical ozonérom eastern Asia transported in the TEJ. Recently, Richards
production but also tropospheric subsidence (Kalabokas ett al. (2013) performed CTM simulations and found that in
al., 2007, 2008). Another important factor is the long-rangethe mid- and upper troposphere almost all ozone originates
transport of air masses from Europe, which are rich in ozondrom long-range transport, with the Asian monsoon outflow
and ozone precursors, towards the sunlit EM, especially ovehaving the greatest impact.
the Aegean Sea, in addition to emissions from local sources On the other hand, there are contradicting results regarding
(Zerefos et al., 2002; Kouvarakis et al., 2002). The Ete-the impact of STT on these high ozone levels in the middle
sians, which dominate the circulation during the summer ancand upper troposphere. For example, Li et al. (2001) reported
early autumn over the Aegean Sea and EM, with persistenthat transport from the stratosphere does not contribute
northerly winds in the lower troposphere, set up the typicalsignificantly to these high ozone levels, while Roelofs et
transport regime (Repapis, 1977; Kallos et al., 1998; Poup-al. (2003) found substantial contributions by transport from
kou et al., 2011; Anagnostopoulou et al., 2013). Recentlythe stratosphere. Also, a study of stratosphere—troposphere
Kalabokas et al. (2013) concluded that the highest ozone corexchange (STE) over the EM indicated that cross-tropopause
centrations in the lower troposphere over the EM, notablytransport can be intense, which is related to the distinct sum-
in the boundary layer, are associated with large-scale subsimertime meteorological conditions over south Asia and the
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Arabian Peninsula (Traub and Lelieveld, 2003). Recently,be found in Cariolle and Teyssédre (2007). It should be also
Lelieveld et al. (2009) linked the summertime high middle- noted that the ozone data assimilated in ERA-Interim use a
troposphere ozone levels over the Middle East with severdarger data set than was used for ERA-40, for example the
near-surface ozone air pollution in the Persian Gulf region,Global Ozone Monitoring Experiment (GOME) ozone pro-
highlighting also the important contribution of stratospheric files (Dragani, 2011). Dragani (2011) carried out a quality
ozone. assessment of the ERA-Interim ozone product, essentially
The aim of this work is to investigate the role and the con-for the stratospheric levels and the mean total column ozone
tribution of the controlling transport mechanisms accounting(TCO), showing generally consistent results when compared
for the characteristic summertime ozone pool in the middlewith ozone retrievals from a number of satellite instruments.
troposphere over the EMME, which extends down to lower The ERA-Interim data used in the current analysis include
free-tropospheric levels and the implications for near-surfacanonthly mean values of ozone, potential vorticity, specific
ozone at the Mediterranean Basin. Section 2 describes thkumidity and the three components of the wind«{ andw)
ERA-Interim, TES, EMAC and near-surface ozone data usedat 27 pressure levels from 1000 up to 100 hPa for the period
in this study. Section 3 presents the results related to the chat998-2009.
acteristic summertime ozone pool in the middle troposphere
over the EMME, the links with atmospheric circulation and 2.2 TES and EMEP ozone data
the implications for the near-surface ozone, while Sect. 4 dis-
cusses our results and summarizes the main conclusions. The Tropospheric Emission Spectrometer (TES) on the Earth
Observing System (EOS) Aura mission is a high-resolution
infrared imaging Fourier transform spectrometer covering

2 Data and EMAC model description the spectral range 650-3050cm (3.3-15.4m) at a spectral
resolution of 0.1cm? for nadir viewing or 0.025cm!
2.1 ERA-Interim data for limb viewing (Beer et al., 2001; Beer, 2006). At the

level 2 (L2) processing step, TES-calibrated spectral ra-
ERA-Interim is the latest global atmospheric reanalysis pro-diances derived from the observed interferograms at level
duced by the European Centre for Medium-Range WeathelB (L1B) are used to retrieve vertical profiles 0-32km
Forecasts (ECMWEF), covering the period from 1 Januaryof atmospheric temperature and chemical species such as
1979 onwards and continuously updated to the present (Deearbon monoxide, ozone, methane and water vapour on a
et al., 2011). The ERA-Interim atmospheric model and re-global scale every other day. These L2 data at the ob-
analysis system is configured with the following spatial res-servation geolocations and times are used as the inputs
olution: 60 vertical levels up to 0.1hPa, T255 spherical-to produce the TES level 3 (L3) data that fill with hori-
harmonic representation for the basic dynamical fields, andzontal interpolation the spatial gaps in global scale of the
a reduced Gaussian grid with approximately uniform 79 kmL2 orbital data fttp://tes.jpl.nasa.gov/uploadedfiles/Level3
spacing for surface and other grid-point fields (Berrisford UserGuide_v1.0.pdlf The TES L3 ozone data provides in-
et al., 2011). Information about the current status of ERA-formation for mapping the global distribution of tropospheric
Interim production, availability of data online and near- ozone with special focus on understanding the factors that
real-time updates of various climate indicators derived fromcontrol ozone concentrations (Osterman et al., 2008; Voul-
ERA-Interim data can be found dittp://www.ecmwf.int/ garakis et al., 2011). The TES data used in the current anal-
research/era ysis include daily L3 ozone values for the period 2005-2009

Focusing on the ozone product, Dethof and HéIm (2004)with grid spacing 4 x 2° in longitude and latitude.

have described in detail the main characteristics the ECMWF Furthermore, in our analysis we considered near-surface
ozone system of the ERA-40 reanalysis project. As pointedozone data from four baseline maritime ozone stations in
out by Dethof and Hélm (2004), the ozone first guess usedhe Mediterranean Basin (see Fig. 1) from the EMEP (Euro-
at ECMWEF is derived from an updated version of the Car-pean Monitoring and Evaluation Programme) network at (a)
iolle and Déqué (1986) scheme. In this scheme, the ozon€abo de Creus, Spain (ES10, 42.88 3.32 E); (b) Gior-
continuity equation is expressed as a linear relaxation to-dan Lighthouse, Gozo, Malta (MTO01, 360N, 14.22 E);
wards a photochemical equilibrium for the local value of (c) Finokalia-Crete, Greece (GR02, 353 25.67 E); and
the ozone mixing ratio, the temperature and the overheadd) Ag. Marina, Cyprus (CY02, 35.0N, 33.12E). The
ozone column. An additional ozone destruction term is usedstations MT01, GR02 and CY02 started operation in 1997,
to parameterize the heterogeneous chemistry as a function afhile ES10 in 1999.
the equivalent chlorine content for the actual year (relevant
for the stratosphere). Most of that discussion still applies t02.3 EMAC model description and setup
ERA-Interim, although a number of changes and improve-
ments were implemented in the latest reanalysis project. AThe data used in this study are from a simulation with
description of the implemented scheme improvements cathe ECHAM5-MESSy for Atmospheric Chemistry (EMAC)
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Fig. 1. Map of the Mediterranean Basin with the locations of the four EMEP stations marked: Cabo de Creus, Spain (ES10); Gozo, Malta
(MTO1); Finokalia, Greece (GR02); and Ag. Marina, Cyprus (CY02). Keep in mind that the positions of the cross sections of Figs. 5 and 7
are indicated in the map by the 88 meridian and the 25E parallel crossing the island of Crete, Greece.

model, comprising the fifth-generation European Centre-stratosphere to the troposphere. A tracer for stratospheric
Hamburg general circulation model (GCM), ECHAM5 ozone (denoted by O3s) is also employed in order to facilitate
(Roeckner et al., 2006) coupled to the Modular Earth Sub-the investigation of stratospheric contribution to tropospheric
model System, MESSy (Jockel et al., 2005). The EMAC ozone. The O3s tracer adopts the model ozone values in the
modelling system represents emissions, multiphase reacstratosphere and follows the transport and destruction pro-
tions, deposition and transport of chemical species, as weltesses of ozone in the troposphere. When (or if) O3s enters
as radiation, cloud and dynamical processes from the surfackack into the stratosphere it is re-initialized at stratospheric
up to the mesosphere. The modelled ozone data used in thislues (Roelofs and Lelieveld, 1997).
study are taken from the EMAC version 2 run (Jockel et al.,
2010), based on an extensive evaluated version of the model
(Jockel et al., 2006; Pozzer et al., 2007). The model has & Results
horizontal resolution of around 2.8n longitude and lati-
tude (T42 in spectral truncation). In the vertical directionthe 3.1 Middle-troposphere summertime ozone maximum
model has 90 layers from the ground to 0.01 hPa, 19 of which
lie between the middle troposphere and the lower strato-The monthly average ozone fields at 500 hPa based on ERA-
sphere (approximately between 500 and 100hPa) and adgnterim ozone over the period 1998-2009 (Fig. 2) show a
quately resolving the region around the tropopause, allowingatitudinal distribution of 0zone with highest values towards
for realistic StratOSphere—trOpOSphel‘e interactions (Lelievelqhe south for all months except from June to September.
etal., 2007). The model run was originally to cover the periodspecifically, in June an area with maximum ozone concen-
1998-2008, but the simulation was extended by an additionadrations deve]ops over the EMME, which becomes more pro-
year, i.e. until the end of 2009. The simulation was nudgednounced in July and August. This characteristic pool of high
towards the actual tropospheric meteorology (excluding theyzone values in the middle troposphere over the EMME is
boundary layer and up to 100 hPa), with temperature, surfacgot solely a feature seen in the ERA-Interim data but is also
pressure, divergence and vorticity data from the operationajn observed ozone data like the TES profiles. The daily TES
forecast analyses of the ECMWF. ozone data were used to calculate the ozone anomalies in the
The chemical mechanism includes 110 SpeCieS and a tq'n|dd|e troposphere (464 hPa) for Ju|y_August over the pe-
tal of 286 gas-phase, heterogeneous and liquid-phase reagpd 2005-2009 (Fig. 3b). Figure 3a shows the 0zone anoma-
tions (Sander et al., 2011; Tost et al., 2006), applied fromjies for July—August at 450 hPa obtained from the ERA-
the surface to the top of the model domain, therefore enqynterim data for the same period (2005—-2009) and using
abling the consistent simulation of ozone transport from thethe same days in accordance with TES data. Comparison
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Fig. 2. Monthly average ozone fields at 500 hPa based on ERA-Interim ozone (ppbv) over the period 1998-@)0afwary(b) February,
(c) March, (d) April, (e) May, (f) June(g) July, (h) August,(i) September(j) October,k) November(l) December.

of both TES and ERA-Interim ozone fields clearly corrob- 3.2 Ozone links with circulation

orates the pool with higher ozone values in the middle tro-

posphere over EMME. A geographical shift of the maximum The ERA-Interim July—August average fields of ozone at

ozone anomalies between ERA-Interim and TES ozone data00 hPa (Fig. 4a) indicate that the pool with high ozone val-

can be attributed to the coarser grid resolution of L3 TESyes is also present in the lower troposphere. Hence it ap-
data (4 x 2°) compared to ERA-Interim (0.75% 0.75) and  pears that the enhanced ozone over the EMME is a robust
limitations of the simplified ozone chemistry scheme in the feature, extending down to the lower free troposphere. In-

ECMWF model, which misses part of the photochemical spection of the July—August ozone fields at 250 hPa (Fig. 4c)
ozone buildup over the EM. shows a structure of high ozone penetrating southwards
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Fig. 2. Continued.

over south-eastern Europe and the EM, implying upperthe middle and lower troposphere. It can be inferred from the
troposphere—lower troposphere links through meteorologicatomparison of Fig. 4a and b with Fig. 4d, e, g and h that the
processes. high ozone values in middle and lower troposphere are ac-
It is well known that tropopause folding events at mid- companied by lower SH and structures of higher PV stream-
latitudes are characterized by tongues of anomalously higlers extending southwards. The 500 and 700 hPa PV values
potential vorticity (PV), high ozone and low specific humid- are below typical stratospheric values (> 2 pvu) due to aver-
ity (SH) (Holton et al., 1995). Both PV and SH are typical aging in monthly timescales and mixing processes. Itis inter-
tracers to accompany ozone analysis in case studies of transsting to note in Fig. 4e and k (at 500 hPa) as well as in Fig. 4f
port from the lower stratosphere or upper troposphere intcand | (at 250 hPa) that the region with the highest subsidence
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ERA Interim 2005—2009 of strongest subsidence. Most importantly, the location of
- 03 Anomalies (ppbv)—450 mb the 0zone maximum is observed further downstream towards

=T the south-eastern Mediterranean at lower tropospheric levels.
For example, the maximum of ozone and the minimum of
specific humidity at 700 hPa are located over the Sinai Penin-
sula, whereas in the mid-troposphere the ozone pool and drier
air masses are encountered further to the north-west. This is
related to the nearly isentropic sloping and downgliding of
the air masses towards the Levantine region that also results
in the formation of rare deeper folds over the Levantine re-
gion (Tyrlis et al., 2013b).

Itis interesting that the horizontal divergence in the middle
and the lower free troposphere at the area of subsidence is
minor (Fig. 4j and k). In fact there is limited divergence for
the largest part of the tropospheric column between 350 and
800 hPa, with the air masses converging at the top around
03 Angliﬁal?gsta(gp%fﬁjggﬂﬁ b 200-300 hPa (e.g. see Fig. 4l) and diverging in the boundary

, layer (below 850 hPa).

The consistency among the fields of ozone, PV and SH
from the upper to lower troposphere imply the dominating
role of transport for the higher ozone values over the EMME.
The higher ozone, higher PV and lower SH over the EMME
are related through the strong subsidence over the region in
combination with the horizontal advection, as illustrated in
Fig. 4i, kand I.

The penetration of dry air rich in ozone and PV from
the upper troposphere/lower stratosphere to the lower tro-
posphere is nicely illustrated from the latitude-pressure and
longitude—pressure cross sections (centred over Crete) in
Fig. 5. Specifically, the ERA-Interim July—August latitude—
20W 1w 0 10E 20F  30E  40E  SOE GOE pressure cross sections at a longitude of 2E.Show a

north—south descending structure of higher ozone (Fig. 5a),

Fig. 3. July—August average ozone anomaly fields (ppbv) over thehigh PV (Fig. 5¢) and lower SH (Fig. 5e) over the EMME.
period 2005-2009 based &) ERA-Interim ozone at 450 hPa, and At the same time Fig. 5g clearly shows the strong subsi-
on(b) TES ob_served ozone at 464 mb. Ozone anomalies were Calcu_dence throughout most of the tropospheric column accom-
Iatgd as the differences between the July—August mean at each grlganied by persistent north-westerly flow in the middle and
point and the July—August mean of the whole area of the domain. e

lower free troposphere and almost northerly flow within the

boundary layer. This large-scale subsidence over the region

from the upper to lower troposphere accompanied by the
is located on the western flank of the higher PV streamers exnorth-westerly advection and the limited divergence for the
tending southwards, as would be expected from a dynamicadlrgest part of the tropospheric column accounts for the de-
perspective with anomalous subsidence upstream a positivecending structures of ozone, PV and SH. Similarly, the re-
PV anomaly (Hoskins et al., 1985). Taking into account thespective longitude—pressure cross sections at a latitude of
study of Sprenger et al. (2007), which identified a STT max-35.25 N (Fig. 5b, d, f and h) illustrate the large-scale trans-
imum on the western flank of the stratospheric PV stream-ort mechanisms controlling atmospheric composition over
ers, a coincidence of the region with the strongest subsidencthe EM (20 E to 40 E), in contrast to the central and west-
and that of maximum STT is implied. It is also interesting to ern Mediterranean.
note that there is a shift towards the south-east (at 500 and Hence, the links between ozone, potential vorticity and
700 hPa) or towards the east (at 250 hPa) of the maximunwater vapour mixing ratios provide evidence that the dom-
of ozone and the minimum of specific humidity structures inant mechanism for the free-tropospheric ozone pool is the
with respect to the maximum of subsidence. This horizontaldownward transport from the upper troposphere and lower
shift can be attributed to the persistent north-westerly flowstratosphere, associated with enhanced subsidence, north-
at 500 and 700 hPa (Fig. 4j and k) or the westerly flow atwesterly advection and limited horizontal divergence, which
250 hPa (Fig. 4l). Hence the maxima of ozone or the min-dominate over the summertime EMME. It should be empha-
ima of specific humidity lie a bit downstream to the areassized that the above-mentioned ERA-Interim results for the
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Fig. 4. ERA-Interim July—August average fields of ozone (ppbv), potential vorticity (pvu), specific humidity 9 lemd vertical velocity

(Pas1) over the period 1998-2009 at 700 h@aad, g, j), at 500 hPdb, €, h, k)and at 250 hP&, f, i, 1), respectively. The vectors i),

(k) and(l) denote the horizontal vectors based on the zonal and meridional wind components, while the contour lines indicate the respective
average values of horizontal divergence126™1).

period 1998-2009 are robust, being similar for the extende®.3 EMAC results

time period 1979-2009. Furthermore it should be noted that

the subsidence over the EM during summer is a persistenihe EMAC-simulated July—August average ozone fields

feature from year to year. (1998-2009) in the middle (486 hPa) and lower free tropo-
sphere (714 hPa) are shown in Fig. 6a and b, respectively,
and illustrate the pool of high ozone values over the EMME,
in agreement with the ERA-Interim results. To quantify the
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Fig. 4. Continued.

contribution of stratospheric ozone to these elevated tropotower free troposphere (Fig. 6d), the EMAC simulations also
spheric ozone values in the middle and lower free tropo-clearly indicate a pool of high O3s over the EMME (up to
sphere, the simulated in EMAC stratospheric ozone tracearound 26 ppbv) which corresponds to around 30-35 % of the
(O3s) was investigated. The July—August average fields obzone in the lower free troposphere. At the top of the bound-
the EMAC-simulated O3s clearly illustrate (Fig. 6¢) a struc- ary layer (at 850 hPa) O3s contributes around 16—20 % of the
ture of high values (up to 42 ppbv) in the middle tropospheretropospheric ozone over the EMME (not shown). The model
over the EM and Asia Minor, which actually also extend ge- results indicate the important contribution of stratospheric
ographically to central Asia (east of the Caspian Sea). Thiozone to the pool of high ozone values over the EMME
structure of high O3s values corresponds to around 40-45 %down to the lower free troposphere. This free-tropospheric
of the ozone in the middle troposphere. Furthermore, in theozone pool is a persistent feature from year to year over the
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b) July—August 03 (ppbv) cross—section at 35N
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Fig. 5. Left column: ERA-Interim July—August latitude—pressure cross sections at longitudeE2df fa) ozone (ppbv)(c) potential vorticity
(pvu), (e) specific humidity (gkg?l) and(g) vertical velocity (Pas!) averaged over the period 1998—2009. Right column: ERA-Interim
July—August longitude—pressure cross sections at 3HJ4&titude of (b) ozone (ppbv)(d) potential vorticity (pvu)(f) specific humidity
(gkg~1) and(h) vertical velocity (Pas1) averaged over the period 1998—2009. The solid black life)idenotes the dynamical tropopause
at 2 pvu. The vectors ifg) and(h) denote the horizontal vectors based on the zonal and meridional wind components.
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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 hPda, c)and at 714 hPéb, d), respectively.

EM in EMAC simulations. Nevertheless it should be pointed ozone to the pool of high ozone values over the EMME in
out that photochemical processes dominate for the control ofhe middle and lower free troposphere, in agreement with the
ozone in the lower free troposphere and hence photochemERA-Interim analysis (see Sect. 3.2).
cal produced ozone in the free troposphere can be more im-
portant than ozone of stratospheric origin for affecting near-3.4 Implications for the near-surface ozone in
surface ozone. Mediterranean

The downward transport of EMAC-simulated ozone and
the stratospheric ozone tracer from lower stratosphere/upperhe middle/lower troposphere ozone pool over the EMME
troposphere is further illustrated from the latitude-pressuremay have important implications for the spatial distribution
and longitude—pressure cross sections in Fig. 7. The avelof the near-surface ozone over the Mediterranean. It was
age July—August latitude—pressure cross sections at a lomointed out earlier that there is a difference between the east-
gitude of 23 E show a north—south descending structure ofern and central-western Mediterranean concerning the down-
high ozone (Fig. 7a) and O3s (Fig. 7b) from the upper intoward transport of stratospheric ozone associated with the
the lower tropospheric levels (down to 800 hPa), in agree-enhanced subsidence that dominates over the EMME. This
ment with the ERA-Interim analysis (Fig. 5). A similar pic- leads to highest ozone in the middle and lower free tropo-
ture emerges from the respective longitude—pressure crossphere over the EMME during summer, illustrated by ERA-
sections at a latitude of 3% (Fig. 7c, d). Figure 7 also il-  |nterim, TES and EMAC data. Here we discuss the possible
lustrates the different impacts of downward transport of thejmplications for the seasonal cycle of the near-surface ozone
stratospheric ozone tracer between the eastern and centrak the Mediterranean Basin. We selected four EMEP base-
western Mediterranean. In general, the investigation of theine maritime ozone stations along the Mediterranean Basin
EMAC simulations reveals the downward transport pathway(Fig. 1). From the EMAC-simulated ozone and O3s data, the
and corroborates the significant contribution of stratosphericzlosest grid cells to the stations’ coordinates were selected.

www.atmos-chem-phys.net/14/115/2014/ Atmos. Chem. Phys., 14, 11322014



126 P. Zanis et al.: Summertime free-tropospheric ozone pool

b) 03s (ppbv)

a) July—August 03 (ppbv) cross—section at 25E

July—August

cross—section at 25E

300 300

4004 400

500

- / / 600

i\ =
\

N\
'y B
WOUOL&‘ K O ) 4 1000

]

15N 20N 25N 30N 35N 40N 45N 50N 55N 60N 65N 70N

10N 15N 20N 95N 30N 35N 40N 45N 50N 55N 60N 65N 70N 10N
~aEmEm

- I | I

30 35 40 45 50 55 B0 65 70 75 8O 85 80 95 100 110 3 & 8 1z 15 18 21 Z4 27 30 33 36 32 42 45 50

)

¢) July-August 03 (ppbv) cross—section at 35N

300 [
4001 ‘
\/\
500 ]
75—
7\/ \\
600 “
7001 \70/\ \
800 1 \
1000 \\ 2 S . - ,, gl " SR
20 10w 0 10E 20E  30E  40E S0 BOE 200 10W 0 IE 20E 306 40E  SOF
i E——— - —— i E—— -

30 35 40 45 50 55 B0 65 70 75 80 85 90 95 100 105 3 & @ 12 15 18 21 24 27 30 33 36 39 42 45 50

Fig. 7. Upper plates: EMAC July—August latitude—pressure cross sections & Phgitude of simulateda) ozone (ppbv) andb) strato-
spheric ozone tracer O3s (ppbv) averaged over the period 1998—-2009. Bottom plates: EMAC July—August longitude—pressure cross section:
at 35 N latitude of(c) ozone (ppbv) an€d) stratospheric ozone tracer (ppbv) averaged over the period 1998-2009.

The EMAC-simulated ozone in the lower free tropospheresummertime ozone distribution in the lower free troposphere
(714 hPa) illustrates a summer maximum over the EM sta-over the Mediterranean Basin.
tions at Cyprus (CY02) and Crete (GR02) peaking in July— However, near the surface the distinction of O3s among
August and broad spring—summer maximum at Gozo, Maltathe four stations in summer months (Fig. 8d) becomes small
(MTO01), over the central Mediterranean and Cabo de Creus(about 1.5 to 2 ppbv higher at CY02 and GR02 than at MTO1
Spain (ES10), over the western Mediterranean (Fig. 8a)and ES10). Furthermore, the four stations show similarities
The highest summertime values of ozone in the lower freein the shape of near-surface modelled seasonal ozone cy-
troposphere simulated by the EMAC model are locatedcle with a broad spring—summer maximum peaking in Au-
over the easternmost station at Cyprus (Fig. 8a), confirm-gust (Fig. 8c). This result implies that photochemical pro-
ing the enhanced subsidence over this region with respeatesses dominate over downward transport processes in the
to the western and central Mediterranean. This distinction inseasonal ozone cycle in the Mediterranean boundary layer in
the seasonal cycle of the modelled lower free-troposphericthe EMAC simulations.
ozone with higher values during summer over the EMME The observed near-surface ozone seasonal cycles at the
is due to the predominant contribution of stratospheric ozondour stations (Fig. 8e) show some similarities and some dif-
(Fig. 8b). Figure 8b suggests a west—east gradient in the sunferences to the modelled ones. The EMAC model clearly
mertime O3s values across the Mediterranean Basin. Indeedyerestimates ozone at all four stations during the summer
the lower free-tropospheric O3s values in August at CY02months, typically by about 10 to 20 ppbv (20-35 %), as is
and GRO2 are 13 ppbv and 8 ppbv higher than at MTO1 andllustrated in Fig. 8f. This is attributed to overestimated pho-
ES10, respectively. The above results indicate the ability oftochemical ozone production in the boundary layer in the
the EMAC model to reproduce spatial characteristics of theEMAC simulations during summer. This is further illustrated

Atmos. Chem. Phys., 14, 115832 2014 www.atmos-chem-phys.net/14/115/2014/
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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 hPé&c, d) as well as observed near-surface oz@geand the difference between modelled and observed near-
surface ozone valud€§ at the stations Gozo, Malta (MTO1, red); Finokalia, Greece (GR02, green); Ag. Marina, Cyprus (CYO02, purple); and
Cabo de Creus, Spain (ES10, light blue). For the EMAC-simulated data the closest grid cell to the station coordinates was selected.

by the larger amplitude of the seasonal cycle of near-surfaceeality NOy transport from pollution sources to these back-
ozone in EMAC compared to observations and the factground stations is limited by its short atmospheric lifetime in
that the model bias (modelled—observed near-surface ozongummer. As a consequence, the fractional contribution by the
monthly values) has a seasonal behaviour with the highesin situ-produced ozone is overestimated and the contribution
biases attained during summer (Fig. 8f). This discrepancy iy O3s is underestimated. The coarse horizontal resolution
related to the coarse horizontal grid resolution of the modelof EMAC has been a compromise to allow for high vertical
version used (250-300 km), which artificially mixes ozone resolution in the stratosphere and upper troposphere. Future
precursors, notably NQ over a large volume, whereas in work should consider increased horizontal resolution.
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Nevertheless, the shape of the seasonal cycle, e.g. thever the EMME is a robust feature, propagating downward
observed near-surface ozone maximum at GRO2 in July-to lower free-tropospheric levels.
August, is reproduced by the model, while at CY02 there The links of ozone with other transport tracers such as PV
is a slight difference as it peaks in July (observations) ratheland specific humidity indicate that the dominant mechanism
than in July—August (model values). Over MTO1 and ES10for the free-tropospheric ozone pool is downward transport
there is a distinct ozone spring maximum in the observationsfrom the upper troposphere and lower stratosphere associated
which is in better agreement with the modelled ozone cyclewith the enhanced subsidence and limited horizontal diver-
in the lower free troposphere (at 714 hPa) than at the surfacegence that characterize the summertime EMME circulation.
Again the discrepancy between observations and model dt was shown that the region with the highest subsidence is lo-
the surface is explained by the overestimated photochemicatated on the western flank of the higher PV streamers extend-
ozone formation within the boundary layer by EMAC, as- ing southwards, implying co-location of the region with the
sociated with long-distance transport of N@nd other pre-  strongest subsidence and the region of maximum STT. Ac-
cursor gases from the polluted European continent towaratording to the study of Sprenger et al. (2007) the STT max-
the considered marine background stations, which masks thenum is found on the western flank of the stratospheric PV
contribution of downward transport. streamers. It should be pointed out that as we move to lower
As pointed out earlier, the free-tropospheric ozone pool istropospheric levels, the location of the ozone maximum shifts
a persistent feature from year to year over EMME in EMAC towards the south-eastern Mediterranean, downstream from
simulations. Looking into the year-to-year relation betweenthe areas of strongest subsidence, in association with the per-
the free-tropospheric ozone pool and near-surface ozone, waistent north-westerly to northerly flow for the middle and
found that the mean July—August observed O3 values atower free troposphere which is related to the nearly isen-
GRO2 correlates positively with the mean July—August mod-tropic sloping and downgliding of the air masses towards the
elled EMAC O3 and O3s values at 714 hRa=£0.53 and  Levantine region.
p =0.57, respectively) over the period 1998-2008. These Furthermore the EMAC simulations indicate the large con-
positive correlations imply that the interannual variability of tribution of stratospheric ozone to the pool of high ozone val-
the near-surface ozone over the EM is related to the interandes over EMME in the middle and lower free troposphere.
nual variability of the free-tropospheric ozone pool and the Traub and Lelieveld (2003) investigated the cross-tropopause
stratospheric ozone tracer. Future work is needed to investransport over the EM by analysing trajectories for the MI-
tigate the interannual variability of the summer circulation NOS campaign (August 2001) and found from analysis of
and the free-tropospheric ozone pool and how it is related tahe residence times in the stratosphere and troposphere after
the interannual variability of the near-surface ozone over thecrossing the tropopause (set at 3.5 PVU) that the transport is
EMME. vertically shallow and that this mixing of tropospheric and
stratospheric air is largely confined to the upper troposphere
during summer. According to the study of Sprenger and
4 Discussion and conclusions Wernli (2003), the geographical distribution of the downward
(STT) cross-tropopause exchange mass in summer shows
A 12yr climatological analysis (1998-2009) of free- maxima occurring to the north of the EMME region, over
tropospheric ozone was carried out based on the ERAthe continental mid-latitudes of Europe and Asia. Sprenger
Interim reanalysis data and simulations with the EMAC et al. (2007) showed that the most of the STT events are
atmospheric chemistry—climate model nudged towardsrather shallow on short timescales, with most of the strato-
ECMWF analysis data. A characteristic summertime poolspheric tracer mass remaining in the upper troposphere over
of high ozone concentrations is found in the middle tropo- periods of up to a few days. The more deeply intruded the
sphere over the EMME in the ERA-Interim ozone data. Thisair, the greater the age of the stratospheric air, which is sub-
characteristic pool of high ozone in the middle tropospheresequently embedded into the large-scale general circulation.
over the EMME is also present in the TES ozone profilesThe contribution of the rare deep STT events (lower than
(2005-2009) and further supported by EMAC simulations. 3 km) should not be disregarded since the EM is a favourable
The EMAC model adequately resolves the region around thelestination region of deep STT events, as has been shown
tropopause and it includes a stratospheric ozone tracer to fan both case studies (Zanis et al., 2003; Galani et al., 2003;
cilitate the investigation of stratospheric contributions to tro- Papayannis et al., 2005; Gerasopoulos et al., 2006a; Akritidis
pospheric ozone. etal., 2010) and climatological studies (Sprenger and Wernli,
The middle-troposphere summertime ozone pool over the2003; James et al., 2003). In the study of James et al. (2003)
EMME has been mentioned previously in a number of ob-it is shown that the EM (e.g. see their Fig. 4) is a favourable
servational and modelling studies (e.g. Marenco et al., 1998destination region not only of deep STT events but also of
Stohl et al., 2001; Jonson et al., 2001; Li et al., 2001; Roelofsmedium and shallow STT events affecting the whole tropo-
et al., 2003; Liu et al., 2009). The analysis of ERA-Interim spheric column over the area during summer. Recently, Tyrlis
data and EMAC results corroborate that the enhanced ozonet al. (2013b) indicated a global “hot spot” of summertime
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tropopause fold activity over a sector between the eastermnd hence the lack of realistic middle-tropospheric condi-
Mediterranean and Afghanistan, in the vicinity of the sub- tions to simulate the effects of subsidence on near-surface
tropical jet, with the rare deeper folds penetrating towardsozone (Akritidis et al., 2013).
the Levantine region. However, within the atmospheric boundary layer, long-
Taking into account the above results we infer that STTdistance pollution transport and photochemical processes
processes feed stratospheric ozone into the upper tropadominate over downward ozone transport in EMAC simu-
sphere, and subsequently these ozone-rich air masses dagions. The overestimate of N@nd other ozone precursor
transported to the lower free-tropospheric levels through theransport from the European continent due to the coarse hor-
characteristic strong summertime EMME subsidence at thézontal resolution of the EMAC model leads to a rather spa-
western flank of the higher PV streamers extending southtially uniform seasonal ozone cycle over the Mediterranean
wards and in association also with the persistent north-Basin. This result is not supported by the EMEP observa-
westerly to northerly flow for the middle and lower tropo- tions, which show a seasonal cycle peaking in summer for
sphere. the EM stations and a seasonal cycle peaking in spring for
Furthermore, it should be pointed out that upper- andthe central and western Mediterranean stations (Fig. 8e). The
middle-tropospheric ozone levels can be additionally en-discrepancy between EMAC and observed ozone near the
riched by accumulated ozone production from troposphericsurface is attributed to overestimated modelled photochem-
photochemical processes on the hemispheric scale duringal ozone production during summer related to the coarse
summertime over the Middle East and northern Africa (Liu horizontal resolution, thus partially masking the contribution
etal., 2009). Our results are in agreement with the findings ofof downward transport, which is stronger over the EM than
Kalabokas et al. (2007, 2013), who concluded that the high-over the central and western Mediterranean. Furthermore, it
est ozone concentrations in the lower troposphere over thés important to accurately resolve boundary layer processes
EM and subsequently within the boundary layer are assobecause the representation of entrainment from the lower
ciated with large-scale subsidence of ozone-rich air massefee troposphere is expected to be important as well. For ex-
from the upper troposphere. Several years of ozone records ample, based on observations, Gerasopoulos et al. (2006b)
different Greek stations as well as ozone measurements alorghowed that the dominating factor for the maximum ozone
the Aegean Sea from an intensive ship campaign showed spaalues during summer at Finokalia station is the entrainment
tial homogeneity with comparably high ozone levels to Fi- of ozone-rich air masses from the free troposphere.
nokalia during summer (Kouvarakis et al., 2002; Kalabokas Therefore, it is suggested that model studies focusing on
et al., 2008), thus indicating the importance of large-scaletropospheric ozone over the EMME region should realisti-
subsidence for the near-surface ozone over the area. cally represent both stratosphere—troposphere exchange pro-
Our results are also in agreement with Roelofs etcesses and boundary layer transport and photochemistry at
al. (2003), who showed substantial contributions to elevatechigh horizontal and vertical resolution.
ozone in the middle troposphere by transport from the strato-
sphere. Furthermore, our findings are partially in line with
the study of Li et al. (2001), who concluded that large-scaleAcknowledgementsThe research leading to these results has
subsidence over the region with continuous net productiorfeceived fundi_ng from the European Research Council under the
of ozone and limited mid-level divergence is a major mech-European Union’s Seventh Framework Programme (FP7/2007-

anism, but in contrast to our results, they deduced that trans2°-3) / ERC grant agreement no. 226144. Part of the study was
supported within the framework of the Greece—Germany Exchange

port from the Stra.tOSphere.doeS not gontribute Signiﬂcamtlyand Cooperation Programme, IKY-DAAD 2012. The authors would
to the ozone ma>.<|n.1um. Th's substantiates the need to applm(e also to thank the two reviewers for their constructive comments.
a model that realistically simulates stratosphere—troposphere
exchange processes (in the present work at the expense gited by: P. Monks
horizontal resolution near the surface).
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