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Abstract

The Mediterranean basin is one of the most sensitive regions of the world regarding
climate change and air quality. This is partly due to the singular dynamical situation of
the Mediterranean basin that leads to among the highest tropospheric ozone concen-
trations over the Northern Hemisphere. Six years of summertime tropospheric ozone
observed by the IASI instrument from 2007 to 2012 have been analysed to document
the variability of ozone over this region. The satellite observations have been also ex-
amined in parallel with meteorological analyses (from ECMWF) to understand the pro-
cesses that drive this variability. This work confirmed the presence of a steep west—east
ozone gradient in the lower troposphere with the highest concentrations observed over
the eastern part of the Mediterranean basin. This gradient is mainly explained by the
diabatic convection over the Persian Gulf during the Indian Monsoon, which induces
an important subsidence of ozone rich air masses from the upper to the lower tro-
posphere over the central and the eastern Mediterranean basin: IASI observations of
ozone concentrations at 3 km height show a clear summertime maximum in July that is
well correlated to the maximum of downward transport of rich-ozone air masses from
the upper troposphere. Even if this feature is robust over the six analyzed years, we
have also investigated monthly ozone anomalies, one positive (June 2008) and one
negative (June and July 2009) using daily observations of IASI. We show that the rel-
ative position and the strength of the meteorological systems (Azores anticyclone and
Middle eastern depression) present over the Mediterranean are key factors to explain
both the variability and the anomalies of ozone in the lower troposphere in this region.

1 Context and problematic

Lower tropospheric ozone (Oj) is a harmful pollutant for both human health and vegeta-
tion (Levy et al., 2001; Fuhrer, 2009). In the higher troposphere, ozone acts as a power-
ful greenhouse gas (IPCC, 2007). The presence of ozone throughout the troposphere
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depends on the meteorological conditions driving vertical and horizontal transport and
on the production of ozone by the photo-oxidation of its precursors (mainly nitrogen ox-
ides NOx and volatile organic compounds VOCs; Delmas et al., 2005; Camredon and
Aumont, 2007; Jacob, 2000). Studying ozone variability concerns both climate change
and air quality (Volz-Thomas et al., 2003).

The Mediterranean basin is sensitive to both climate change and atmospheric pollu-
tion, mainly during summer. Indeed, climate change experts expect an intensification of
the summertime dryness (IPCC, 2007) which is typical for this region. The combination
of the specific meteorological conditions prevailing during summer and the regional air
pollution emissions produce an enhancement of lower tropospheric ozone concentra-
tions over this area (Nolle et al., 2001; Lelieveld et al., 2002; Kalabokas and Repapis,
2004; Velchev et al., 2011). These summertime meteorological conditions are char-
acterised by a high pressure ridge over the western Mediterranean basin and a deep
trough extending from the Persian Gulf to the eastern Mediterranean basin (Fig. 1a).
The western ridge results from the spreading of the Azores anticyclone, which leads
to low winds, persistent clear sky conditions, and high solar irradiation. The eastern
trough is associated to the strong convection from the summertime Indian monsoon
(Fig. 1b; for further information see also Alpert et al., 2005). Indeed, the ascending
motion induced by the Indian monsoon produces a cellular circulation, which leads to
strong descending winds just over the Central and eastern Mediterranean. This cor-
responds to one of the strongest occurrences of subsidence over the entire Northern
Hemisphere (about 0.15 Pa s~ " in the south of Greece, see Fig. 1b and also Ziv et al.,
2004). In addition, a lower tropospheric north—south circulation, referred as Etesian
winds, occurs over the Central Mediterranean basin between these two meteorologi-
cal systems (eastward of Greece on Fig. 1c; Ziv et al., 2004). These meteorological
conditions favor (1) the horizontal transport of polluted air masses, with potentially high
ozone concentrations, from eastern continental Europe to the Mediterranean Sea (Kal-
abokas et al., 2008; Richards et al., 2013) and (2) the vertical downward transport of
ozone-enriched air masses from the upper troposphere and the lower stratosphere.
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Moreover, the persistence of anticyclonic conditions, associated with high solar irra-
diation and low winds, can induce photochemical ozone production in the plume of
the densely urbanized areas located along the Mediterranean coasts, although the re-
gional background ozone levels are generally more important (Kalabokas and Repapis,
2004).

Over the eastern Mediterranean basin, the presence of an ozone pool in the middle
troposphere has been made evident by several observational and modeling studies
(e.g., Marenco et al., 1998; Stohl et al., 2001; Jonson et al., 2001; Li et al., 2001;
Roelofs et al., 2003; Liu et al., 2009; Zanis et al., 2014). Most of these studies sug-
gest that this ozone pool is likely produced by downward transport from the upper
troposphere and lower stratosphere. Also, the impact of European emissions on ozone
concentrations over the eastern basin within the boundary layer has been underline
by Richards et al. (2013) even if this contribution remains limited. Kalabokas et al.
(2013) show that high ozone concentrations in the lower troposphere are related to an-
ticyclonic events, which reinforce subsidence and the Etesian advection of potentially
ozone-enriched air masses coming from Europe. On the other hand, they show that
low ozone concentrations in the lower troposphere are related to cyclonic conditions,
characterized by advection of oceanic air masses poor in ozone from the Atlantic to the
Mediterranean. These studies are mainly based on in-situ observations (Kalabokas
et al., 2013, 2008) that are accurate (vertical profiles and surface stations) but cannot
provide a complete description of the spatial and temporal ozone variability in the lower
troposphere over the entire basin. Model simulations have been used by Richards et al.
(2013) and Zanis et al. (2014) to describe the tropospheric ozone distribution, although
their coarse resolution may induce potentially large uncertainties.

To complement these model and in situ measurements approaches, satellite obser-
vations provide interesting datasets. Indeed, in the last decade, satellite observations
of tropospheric ozone have been developed and have become more and more pre-
cise (e.g., Fishman et al., 2003; Liu et al., 2005; Coheur et al., 2005; Worden et al.,
2007; Eremenko et al., 2008). These observations are now able to interestingly com-
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plement in situ observations with their large spatial coverage and good horizontal res-
olution. Thermal infrared nadir sounders like the Tropospheric Emission Spectrometer
(TES) instrument (Beer et al., 2001) aboard EOS-AURA and the Infrared Atmospheric
Sounding Interferometer (IASI) instrument aboard MetOp (Clerbaux et al., 2009) offer
a maximum of sensitivity in the mid-troposphere with an effective vertical resolution of
about 6—7 km and have been used to study atmospheric composition and transport,
climate and air quality (e.g., Worden et al., 2008; Jones et al., 2008; Eremenko et al.,
2008; Boynard et al., 2009; Dufour et al., 2010; Safieddine et al., 2013). Richards et al.
(2013) and Zanis et al. (2014) have used ozone observations derived from TES and/or
GOME-2 to confirm the presence of the ozone pool over the eastern Mediterranean
basin. In the present study, ozone observations derived with the approach developed
by Eremenko et al. (2008) from IASI measurements are used to document the spa-
tiotemporal variability of lower and upper tropospheric ozone over the Mediterranean
basin during summertime. One advantage of IASI with respect to TES is that IASI’s
scanning capacity offers a quasi-global coverage twice a day with dense horizontal
sampling (pixels spaced by 25 km at nadir). Moreover, compared to UV sounders, IASI
measurements exhibit much better sensitivity to lower tropospheric ozone concentra-
tions (Cuesta et al., 2013; Foret et al., 2014). In the present study, six years of IASI ob-
servations are analysed and compared to meteorological reanalyses from the ECMWF
ERA-Interim model in order to make evident the role of the atmospheric dynamical pro-
cesses on the tropospheric ozone distribution and its variability over the Mediterranean
basin. This study complements previous studies adding a new independent set of ob-
servations with relatively fine horizontal resolution and good sensitivity for the lower
tropospheric ozone. Due to the very large number of individual measurements, using
IASI observations allow us to conduct month-to-month analyses (for summer periods)
over the Mediterranean in the lower part of the free troposphere (around 3 km altitude)
and to focus on ozone anomalies analyses with respect to the climatological mean,
including analysis on a daily basis.
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The IASI ozone observations used for the present study are described in Sect. 2 as
well as the meteorological data and the analysis method. In Sect. 3, the spatiotem-
poral variability of summertime ozone over the Mediterranean basin is analysed in
parallel with meteorological conditions for the 2007—-2012 period. From this analysis,
two anomalies of ozone with respect to the climatological evolution are identified in
June 2008 and June/July 2009. They are discussed in Sect. 4 to identify the responsi-
ble meteorological forcing. Conclusions are given in Sect. 5.

2 Ozone observations and methodology
2.1 1ASI measurements of tropospheric ozone

2.1.1 The IASI instrument

The IASI instrument (Clerbaux et al., 2009) on board the MetOp-A platform since
19 October 2006 is a nadir-viewing Fourier transform spectrometer operating in the
thermal infrared between 645 and 2760cm™" with a (apodized) spectral resolution of
0.5cm™". The IASI field of view is composed of a 2 x 2 matrix of pixels with a diameter
of 12km each at the nadir. IASI scans the atmosphere with a swath width of 2200 km
that allows the atmospheric composition monitoring twice per day at any location. The
spectral coverage and the radiometric and spectral performances of IASI allow this
instrument to measure the global distribution of several important atmospheric trace
gases (e.g., Boynard et al., 2009; George et al., 2009; Clarisse et al., 2011). Concern-
ing ozone, the vertical information is sufficient to study separately different atmospheric
layers within the troposphere. In particular, the ability to capture separately the variabil-
ity of ozone at the lower and the upper troposphere in summer conditions is very useful
for studies on lower tropospheric ozone related to air quality in largely polluted regions
(Dufour et al., 2010).
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2.1.2 Ozone retrieval

The ozone profiles considered in the present study are retrieved using the method
described in Eremenko et al. (2008). These IASI ozone observations within the tropo-
sphere are well validated and characterized (Keim et al., 2009; Dufour et al., 2012).
Briefly, the retrievals are based on the radiative transfer model KOPRA (Karlsruhe Op-
timized and Precise Radiative transfer Algorithm, Stiller et al., 2000) and its inversion
module KOPRAFIT (Hopfner et al., 2001). A constrained least squares fit method us-
ing an analytical altitude-dependent regularization is used (Kulawik et al., 2006). The
applied regularization method is detailed in Eremenko et al. (2008). Compared to pre-
vious studies using this algorithm (Eremenko et al., 2008; Dufour et al., 2010, 2012),
a selection between two a priori ozone profiles has been added and it is based on the
detection of the tropopause height. The tropopause height is calculated from the tem-
perature profile retrieved from IASI using the definition based on the lapse rate criterion
(WMO, 1957). A threshold (14 km) has been selected for choosing as well the a priori
and the regularization matrix. If the tropopause height is lower (higher) than 14 km,
a constraint and a priori typical for midlatitudes (tropics) are used. The regularization
matrices are those already used in Eremenko et al. (2008) for the midlatitudes and in
Dufour et al. (2010, 2012) for the tropics. The a priori profiles used during the retrieval
are compiled from the climatology of McPeters et al. (2007). The midlatitude a priori
profile is set to the climatological profile of the 30—60° N latitude band for summer and
the tropical a priori profile is set to the climatological profile of the 10-30° N latitude
band for one year. It has been checked that the use of two different a priori and con-
straints does not induce discontinuities in the retrieved ozone fields. This reduces the
possible oscillations in the ozone profile induced by compensation effects during the
retrieval procedure, especially in the tropics.
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2.1.3 Validation

The IASI ozone product used in this study has been extensively characterized and val-
idated using ozonesondes (Keim et al., 2009; Dufour et al., 2012). Dufour et al. (2012)
showed that the mean bias in the lower troposphere from the surface to 6 km is -2 %
(—0.38 DU) for typical midlatitudes measurements. In the mid-latitudes, the main differ-
ence between IASI and the ozonesondes arises in the UTLS column (between 8 and
16 km) with a bias of 13.2 % (6.3 DU) on average. In the tropics, the biases are larger:
-6.2% (—1.5DU) in the lower troposphere (between surface and 8 km) and 23.6 %
(6.1 DU) in the UTLS (between 11 and 20 km). As the present study is focused on the
Mediterranean basin during summer and some modifications in the retrieval algorithm
have been made, we performed a specific validation restricted to the summer period for
the two WOUDC ozonesondes stations the closest to the Mediterranean (Madrid and
Ankara). The number of available ozonesondes profiles is 72 over the validation period
(summers between 2007 and 2012). The mean bias for the lower tropospheric column
is —1.9 % (-0.4 DU), similar to the one from Dufour et al. (2012). The mean bias for the
UTLS column (16.5 %, 5.0 DU) is slightly larger than the bias reported by Dufour et al.
(2012) for an entire year for all the midlatitudes ozonesonde stations. However, a larger
bias for summer season for this part of the atmosphere has already been noticed (see
Fig. 12 in Dufour et al., 2012). In the present study, we make the choice to present
ozone concentrations rather than columns. We consider ozone concentrations at 3 km
(asl) and 10 km (asl). Due to the vertical sensitivity and resolution of IASI, the 10 km
level is used to describe the variability of ozone at the upper troposphere and lower
stratosphere whereas the 3 km level for the lower to middle troposphere. Ozone con-
centrations retrieved at 3km capture the ozone concentration and variability roughly
from 2 to 8 km and retrievals at 10 km are sensitive to ozone changes approximately
between 5km and 14 km (Dufour et al., 2010). Table 1 gives the mean bias and er-
ror estimates (given by the root mean square of the difference between IASI and the
ozonesondes) at these two levels. The results are consistent with those derived for the
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lower tropospheric and UTLS columns as well as with the validation exercise reported
in Dufour et al. (2012).

2.2 Methodology to analyse tropospheric ozone over the Mediterranean

Our analyses are based on the morning overpasses of IASI for which the thermal con-
ditions are more favorable to retrieve relevant information in the lower troposphere. The
monthly and daily variations of ozone at 3 km and 10 km altitude during the summertime
period are used. Monthly averages over the considered IASI observation period (2007—
2012) are used as a reference to analyze the ozone variability and anomalies. In the fol-
lowing, averages over the 6 years period are named climatology by convenience even
if the 6years period is too short to clearly address a climatological mean. A land/sea
mask has been applied to calculate the averages only over the Mediterranean sea. The
role of the atmospheric dynamical processes on the tropospheric ozone distribution
and its variability over the Mediterranean basin is then assessed comparing ozone ob-
servations to meteorological reanalyses. The meteorological data used in this study are
taken from the ECMWF ERA-Interim Analysis atmospheric model. It is characterised
by a 12h 4D-Var data assimilation system, a 0.75° x 0.75° horizontal resolution and
91 vertical layers (Dee et al., 2011). To be compared to the IASI late morning observa-
tions, the meteorological parameters are taken at 12:00 UTC. The 850 hPa geopotential
is used as a proxy for describing the lower tropospheric horizontal transport. It allows
the characterisation of the meteorological systems, their relative positions and strength
as well as the induced flux direction. The 200 and 300 hPa potential vorticity (PV) fields
are used as tracers of the (partial) stratospheric character of air masses and of vertical
exchange processes. Indeed, stratospheric ozone rich air masses are characterized
by large potential vorticity corresponding to enhanced vertical stability (Holton, 1992).
This induces a positive vertical gradient of PV as well as of ozone in the UTLS. A posi-
tive temporal correlation between ozone and PV can thus be interpreted as a dynamic
control (control by transport processes) of ozone concentrations, both due to the al-
ternating presence of air masses with varying tropopause height and stratospheric
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character, and due to subsidence of air from the UTLS region down to the middle
troposphere (e.g., Beekmann et al., 1994). In this study, the ozone concentrations ob-
served by IASI at the 10km level can be compared to the 200 hPa potential vorticity
to infer the dynamic control of the ozone concentration variability. The PV at 300 hPa
turned out to best describe vertical transport from the lower stratosphere down to the
mid-troposphere, especially when important subsidence is present, largely mixing up-
per tropospheric air masses within the free troposphere. Note that potential vorticity at
lower altitudes are less reliable for such analysis due to the non-conservative character
of PV in the troposphere induced by diabatic processes (Holton, 1992). These contri-
butions of ozone at the mid-troposphere are analysed using IASI retrievals at 3 km.

3 Ozone spatio-temporal variability measured by IASI during the 2007 to 2012
period

In this section, we analyse the variability of ozone over the Mediterranean basin at the
lower (3km) and the upper (10 km) troposphere using six years of IASI observations.
A month-to-month analysis and ozone anomalies analyses with respect to the climato-
logical evolution on a daily basis are conducted. Results are discussed with respect to
the associated meteorological conditions. Figure 2a shows the mean ozone concen-
trations retrieved with IASI at 3km over the Mediterranean basin for the 6 summers
(June, July and August) between 2007 and 2012. Larger ozone values are located
at the eastern part of the Mediterranean basin. The 3km ozone concentrations in-
ferred from IASI range between 70 and 80 ppbv in this region, in agreement with in
situ measurements made during summertime periods (e.g., Kalabokas et al., 2013). At
this altitude, a steep horizontal west/east concentration gradient is observed over the
basin. The eastern part of the basin (eastward 15° E) presents larger 3km ozone con-
centrations than the western Mediterranean basin with a difference of about 20 ppbv
between the two regions. The largest ozone values are observed over Turkey where
the 300 hPa potential vorticity is also the largest (Fig. 2b). The large PV values indi-
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cate an activation of the vertical exchanges due to the presence of the trough in this
region. The large vertical downward velocities at 500 hPa eastward of 15° E (Fig. 2c)
suggest that the downward vertical transport of ozone-enriched air masses from the
upper troposphere to the lower troposphere can explain the enhancement of ozone
over the eastern Mediterranean basin in the lower troposphere. The ozone gradient is
then mainly associated to the pronounced subsidence over the Central and eastern
Mediterranean basin, arising from the diabatic convection over the Persian Gulf dur-
ing the Indian monsoon. These results are in agreement with previous studies based
on in situ measurements (Kalabokas et al., 2013) and model analyses (Zanis et al.,
2014). In addition, it is worth noting that the western part of the basin is located down-
wind of the Atlantic ocean and influenced by advection of more pristine air masses
(Fig. 2d). For the western basin, ozone enhancements occur over shorter time periods
and are usually local events. They can be explained by local dynamics such as sea
breeze that can transport polluted air masses over the sea (Velchev et al., 2011; Millan
et al., 2000). The low sensivity of IASI near the surface, where these local processes
arise, makes their observation difficult with IASI. Note that the west/east gradient of
ozone can be potentially reinforced by the Etesian winds in the lower troposphere,
which transport air masses from European continental areas. For comparison, we also
analyze the ozone distribution observed by IASI in the upper troposphere (10 km) dur-
ing summer (Fig. 3a). This comparison shows that the ozone concentrations retrieved
from IASI at 3km and at 10km are clearly uncorrelated and that IASI observations
provide reliable information on the ozone spatial variability at the lower and the upper
troposphere. A north/south horizontal gradient all over Europe is observed in the upper
troposphere (Fig. 3a). This gradient is about 400 to 500 ppbv between the north and
the south of Europe. A similar north/south gradient is observed for the 200 hPa poten-
tial vorticity (Fig. 3b) and the tropopause height (not shown). Northward of about 40° N,
the 200 hPa potential vorticity is larger than 3.5 PVU which corresponds climatologi-
cally to the position of the thermal tropopause (e.g., Bethan et al., 1996). The ozone
concentrations observed at 10 km with IASI for these latitudes are then representative
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of lower stratospheric ozone values. Southward, the 200 hPa potential vorticity values
between 1 and 3 PVU reflect the mixed stratospheric—tropospheric origin of air masses
characteristic for the upper troposphere. The analysis of the tropopause height (not
shown) also confirms the difference of air masses origin between the north and the
south of Europe.

A particular interest of our study is to be able to investigate the temporal variability
of ozone over the Mediterranean basin at an interannual scale and on a monthly basis,
given the large number of profiles available. The monthly variability of ozone at the
scale of the basin has been very little investigated and satellite observations have not
yet been exploited for this purpose to our knowledge. The temporal variability of lower
tropospheric ozone is driven by both the vertical and horizontal dynamics of the tropo-
sphere. Indeed, our analysis suggests that vertical exchanges between the higher and
the lower troposphere lead to a maximum of the monthly mean 3 km ozone concentra-
tion in July (Fig. 4). This lower tropospheric maximum is correlated to a 300 hPa po-
tential vorticity maximum occurring also in July (Fig. 5). The Pearson correlation coef-
ficient between ozone concentrations at 3 km (Fig. 4) and potential vorticity at 300 hPa
(Fig. 5), calculated over the 3 summer months of the 6 considered years, is 0.99. The
0zone maximum corresponds also to a 850 hPa geopotential maximum in July. Indeed,
the North African anticyclone is stronger in July with values Iarger than 15300 m?s~2
(Fig. 6b) compared to June (maximum values of 15100 m?s~2, Fig. 6a) and August
(maximum values of 15200 m?s™2, Fig. 6¢). As well, the depression over the eastern
basin is deeper in July (14200 m?s™2, Fig. 6a) than in June (14400m?s~2, Fig. 6a)
and in August (14 300 m?s~2, Fig. 6¢). That also means that the north/south horizontal
advection flux located between these two systems, which can also increase ozone con-
centrations over the basin by the transport of ozone-enriched air masses from Europe,
is more pronounced during July. Tyrlis and Lelieveld (2013) have also shown that Ete-
sian wind and the subsidence over the Mediterranean basin have maxima in July and
that these maxima were very well correlated with the monsoon convection over north-
ern India. As a consequence, the variability of ozone concentrations at 3 km over the
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Mediterranean basin is then characterized by a maximum in July. This feature seems
fairly stable over years (Fig. 4) nevertheless few anomalies with respect to the average
behavior are also present. Especially during summer 2009, the monthly mean of the
3 km ozone concentration increases between June and August, with particularly low
values for June and July (about 60 ppbv for June 2009 against about 65 ppbv for the
2007-2012 June monthly mean of 3 km ozone). Summer 2008 also shows an anomaly
compared to the climatology with a large ozone concentration at 3km in June (about
69 ppbv against about 65 ppbv for the 2007—2012 June monthly mean of 3 km ozone).
A detailed analysis provides a better understanding of how the dynamics controls the
ozone concentrations over the Mediterranean basin. A day-to-day analysis of these
anomalies is presented in the next section.

By comparison, we also present the interannual variations of summer monthly aver-
age concentrations at 10 km, which is different compared to that at 3km (Fig. 7). The
monthly mean ozone in the upper troposphere decreases from June to August with
a marked maximum in June (Fig. 7). This ozone decrease is related to the well known
annual cycle of ozone that presents mid-latitude spring maximum at these altitudes.
The interannual variability of upper tropospheric ozone is weak especially in July and
August and the June to August decreases in concentrations persist all over the years.

4 Anomalies analysis: June 2008 and June/July 2009

In the 3km ozone monthly variations presented in Fig. 4, two years (2008 and 2009)
present anomalies compared to the climatological average between 2007 and 2012.
During summer 2008, June ozone concentrations at 3km are significantly larger than
for the other years whereas during summer 2009, ozone concentrations increase pro-
gressively from June to August with unusual low ozone values in June and July. In
this section, we present an analysis of the meteorological situation for the two specific
years that explains the anomalies.
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41 Case of June 2008

In order to explain the June 2008 positive ozone anomaly, we investigate the link be-
tween the synoptic meteorological conditions and the ozone daily variations for this
month. Figure 8 shows that two high ozone events are observed by IASI at 3km
altitude: one around 10 June 2008 and another one between 20 June 2008 and 4
July 2008 (Fig. 8). The ozone concentrations averaged over the Mediterranean sea
reached during these periods are about 72.5 ppbv, much larger than the median value
(64 ppbv) calculated over the 6 years period. For two days (1-2 July 2008), the ozone
values even exceed the 75 % quartile (76 ppbv) calculated over all the ozone profiles
measured over the basin. These two events are well correlated to 300 hPa potential vor-
ticity, which also presents two maxima for the same periods with values about 1 PVU
over the Mediterranean basin (Fig. 9). The Pearson correlation coefficient between the
300 hPa potential vorticity and the 3km ozone concentration time series is 0.87 for the
month of June 2008. This suggests again that the large ozone amount observed in this
case is related to the vertical exchanges with the upper troposphere. In addition, the
3 km ozone concentration time series are also correlated with the 850 hPa geopotential
time series calculated both over the entire basin. The Pearson correlation coefficient is
about 0.85. Figure 10 shows the mean 850 hPa geopotential for the period between 15
June 2008 and 7 July 2008. The Azores Anticyclone was stronger during this period
compared to the mean situation between 2007 and 2012 (Fig. 6a). It was also located
at higher latitudes. The ridge over the western Mediterranean basin is then strengthen
as well as the horizontal Etesian flux over the lower troposphere of the Central and
eastern Mediterranean basin. In addition, the low-pressure system located at the east-
ern part of the basin was also deeper during this period compared to the mean over
the 6 years period, suggesting an intensification of the vertical subsidence of ozone
rich air masses. This is also confirmed by larger vertical descending winds at 500 hPa
for June 2008 compared to the climatological mean (relative difference of 14.3 %).
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4.2 Case of June and July 2009

As previously, we analysed the meteorological conditions and the daily ozone varia-
tions for June and July 2009 that present low ozone values in the lower troposphere
(Fig. 11). A low ozone episode is observed by IASI between 9 and 25 June 2009 and
the first half of July 2009, with 3 km ozone values below the median and even below the
first quartile between 11 and 21 June 2009 (Fig. 11). The daily 300 hPa potential vor-
ticity over the Mediterranean presents moderate values (0.6 PVU) and indicates a low
vertical exchange activity (Fig. 12). The potential vorticity at 300 hPa is not correlated
with the 3 km ozone time series for June 2009 (Pearson correlation coefficient of 0.44).
This suggests that vertical exchange is not the major driving force for the ozone vari-
ability at 3km. In order to investigate which other dynamical process can play a key role
in this low ozone value period, we examine the mean daily 850 hPa geopotential value
over the basin (Fig. 13). The Pearson correlation coefficient between the 3km ozone
observed by IASI and the 850 hPa geopotential shows an anti-correlation with a value
of —0.79. For this period, the low values of 3 km ozone concentrations are then associ-
ated with high values of 850 hPa geopotential (Fig. 13), whereas the high geopotential
values was associated to large ozone values for June 2008. The difference between
June 2008 and 2009 arises from the fact that the meteorological systems (high/low
pressure structures) are not located at the same positions in June 2008 and 2009. In-
deed, in 2009, the high pressure levels are positioned on the North Africa and the low
pressure levels are located over both the Atlantic and the central Europe (Fig. 14a).
These positions lead to a flux in the lower troposphere from the Atlantic Ocean to the
Mediterranean Sea inducing horizontal advection of oceanic clean air masses over the
Mediterranean, as it has been observed also during low-ozone concentration periods
in the area (Kalabokas et al., 2008, 2013). This meteorological situation persists from
the beginning of June to the middle of July 2009 (Fig. 14b) and mainly explains the low
values of lower tropospheric ozone for June and July 2009.
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5 Conclusions

Six years (2007-2012) of satellite observations from IASI have been used to analyse
the spatial and the temporal variability of ozone over the Mediterranean basin during
summertime periods (June, July, August). IASI with more than 200 000 ozone profiles
per summer over the Mediterranean basin provides a unique dataset to investigate the
intraseasonnal variability of ozone in this region. The availability of the data since 2007
allows also the characterization of the interannual variability of ozone.

IASI ozone observations at 3km and at 10 km provide reliable information to char-
acterize the lower and the upper tropospheric ozone variability, respectively. In the
lower troposphere, a steep west/east horizontal gradient over the basin is observed, in
agreement with the summertime pool of high ozone concentrations over the eastern
Mediterranean, already reported in literature (e.g., Zanis et al., 2014). Vertical veloci-
ties at 500 hPa and 300 hPa potential vorticity (from ERA-Interim reanalysis) presents
similar pools of high values or gradient over the eastern basin confirming the key role
of the vertical exchanges in controlling the ozone concentrations in this region. Indeed,
our analysis confirms that upper tropospheric air masses with high ozone concentra-
tions are efficiently transported downward into the middle and lower troposphere and
largely modify the ozone budget over the Central and eastern Mediterranean basin. In
the upper troposphere, the monthly analysis of IASI ozone observations shows a June
maximum (with respect to July and August) related to the annual cycle of upper tro-
pospheric ozone (spring maximum). In the lower troposphere, ozone concentrations
exhibit a July maximum that is related mainly to the relative position and the inten-
sification of the Azores anticyclone and the Middle eastern depression associated to
Indian summer monsoon in July. Over the six considered years, the temporal evolution
of ozone during summer turns out to be fairly stable. Nevertheless, two ozone anoma-
lies were detected: June 2008 that presents high ozone concentrations compared to
other years and June and July 2009 that presents unusually low ozone concentrations.
The June 2008 anomaly is explained by an intensification of the vertical exchanges
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over the eastern basin associated to stronger anticyclonic conditions than usual over
the Mediterranean.

The June and July 2009 anomaly is explained by the position of a strong anticyclone
over North Africa and of low pressure systems over the Atlantic and Central Europe
that induce a transport of clean oceanic air masses over the Mediterranean. The rel-
ative position and the strength of the key meteorological systems (Azores anticyclone
and Middle eastern depression) are then determinant factors for the ozone variability
observed in the lower troposphere over the Mediterranean. The use of new data sets
(i.e IASI tropospheric ozone observations) to analyse the eastern Mediterranean tropo-
spheric ozone pool allows one to reinforce the hypothesis of the control by downward
transport of upper tropospheric air masses. The possibility of a daily analysis (due to
the high sampling capability of IASI) also permits to show how horizontal fluxes (here
the import of clean oceanic air masses over the basin) can perturb the mean situation.

The impact of European emissions potentially connected to the Etesian winds has
not been investigated here. Even if this impact is not dominant (Richards et al., 2013),
it probably needs to be quantified more precisely. The joint use of satellite O3, CO and
NO, observations as well as of regional chemical transport model simulations with high
resolution are probably needed to understand and quantify this impact.
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Table 1. Mean relative bias and Root Mean Square of Errors (RMSE) of IASI ozone obser-
vations at 3km and 10km. They are derived from the comparison of IASI observations and
ozonesonde measurements at Madrid and Ankara over the summertime periods between 2007
and 2012 (see text for more details). Bias and RMSE are given in percent and in ppbv (in paren-
thesis).

Bias RMSE

3km -32(2) 16(10)
10km 15.8 (16) 21 (21)
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Figure 1. 1979-2012 summertime (June and July) averages of meteorological variables taken
from 12h ERA-Interim Reanalysis: (a) sea level pressure (hPa) (shades colours and black
contour lines) — the red line represents the high pressure ridge and the blue line the deep
trough; (b) 500 hPa vertical velocity (Pas™); (c) 10 m horizontal winds (ms™").
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Figure 2. 2007—2012 summertime (June, July, and August) average of ozone measured by IASI ~ Z- — ,
(morning overpasses) and meteorological variables taken from 12h ERA-Interim Reanalysis: -
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Figure 3. 2007—2012 summertime (June, July, and August) average of (a) 10 km ozone (ppm)
measured by IASI (morning overpasses) and (b) 200 hPa potential vorticity (PVU) from 12h
ERA-Interim Reanalysis.
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3 km Ozone Concentration (ppb) Monthly Time Series over the Mediterranean
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Figure 4. Monthly means of 3km ozone (ppb) measured by IASI during summertime period
between 2007 and 2012 over the Mediterranean (IASI morning overpasses). Only the obser-
vations over the sea are considered in the averages. The monthly means referred as CLIM

represent the averages over the entire period (2007-2012).
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300 hPa Potential Vorticity (PVU) Monthly Time Series over the Mediterranean
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Figure 5. Same as Fig. 4 for 300 hPa potential vorticity (PVU) taken from 12h ERA-Interim

Reanalysis.
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Figure 6. 2007—2012 monthly mean of 850 hPa geopotential (m2 s_z) taken from 12h ERA-
Interim Reanalysis (shade colours and black contour lines) for (a) June, (b) July and (c) August.
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10 km Ozone Concentration (ppm) Monthly Time Series over the Mediterranean
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Figure 7. Same as Fig. 4 for 10 km ozone measured by IASI.
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2008 Summertime Daily 3 km Ozone Concentration (ppb) Time Series over the Mediterranean
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Figure 8. 2008 summertime day-to-day mean 3 km ozone (ppb) time series measured with IASI
(thin blue curve) over the Mediterranean (IASI morning overpasses). Only the observations over
the sea are considered in the averages. 2007—2012 3km ozone monthly mean are plotted in
thick dark-blue curve. Horizontal coloured lines represent the 2007-2012 summertime (JJA)
3 km ozone quantiles for the data set of individual profiles.
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2008 Summertime Daily 300 hPa Potential Vorticity (PVU) Time Series over the Mediterranean
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Figure 9. Same as Fig. 8 for the 2008 summertime daily mean of 300 hPa potential vorticity
(PVU) time series over the Mediterranean (12 h ERA-Interim Reanalysis).
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2008/06/15 to 2008/07/07 Mean 850 hPa Geopotential (m?.s?)

15500

45

15000

40

14500

35

14000

13500
m?2.s?

30

-10 0 10 20 30

Figure 10. Mean 850 hPa geopotential (m2 3'2) for the 15 June 2008-7 July 2008 period. The
data are taken from 12 h ERA-Interim Reanalysis.
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Ozone concentration (ppb)

Figure 11.

2009 Summertime Daily 3 km Ozone Concentration (ppb) Time Series over the Mediterranean
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Same as Fig. 8 for 2009 summer.
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Potential vorticity (PVU)
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Figure 12.

2009 Summertime Daily 300 hPa Potential Vorticity (PVU) Time Series over the Mediterranean
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Same as Fig. 9 for 2009 summer.
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2009 Summertime Daily 850 hPa Geopotential (nf.s”) Time Series over the Mediterranean
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Figure 13. Same as Fig.
Reanalysis.
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12 for 850 hPa geopotential (m2 3‘2) taken from 12h ERA-Interim
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Figure 14. Mean 850 hPa geopotential (m2 s'2) for (a) the June 2009 period and (b) the 1 July
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2009-10 July 2009 period. Data are taken from the 12 h ERA-Interim Reanalysis.
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