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Abstract. The Mediterranean basin is one of the most sen-over the Mediterranean are key factors in explaining both the
sitive regions in the world regarding climate change and airvariability and the anomalies of ozone in the lower tropo-
quality. This is partly due to the singular dynamical situation sphere in this region.
of the Mediterranean basin that leads to tropospheric-ozone
concentrations that are among the highest over the Northern
Hemisphere. Six years of summertime tropospheric ozone
observed by the Infrared Atmospheric Sounding Interferom-1  Context and problems
eter (IASI) instrument from 2007 to 2012 have been anal-
ysed to document the variability of ozone over this region. Lower-tropospheric ozone ¢is a pollutant harmful to both
The satellite observations have been examined together withuman health and vegetatiohey et al, 2001 Fuhrey
meteorological analyses (from ECMWF) to understand the2009. In the upper troposphere, ozone acts as a power-
processes driving this variability. Our work confirmed the ful greenhouse gasRCC, 2007). The presence of ozone
presence of a steep west—east ozone gradient in the lowdhroughout the troposphere depends on the meteorological
troposphere with the highest concentrations observed ovegonditions driving vertical and horizontal transport and on
the eastern part of the Mediterranean basin. This gradienphotochemical ozone production from its precursors (mainly
is mainly explained by diabatic convection over the Persianhitrogen oxides N@and volatile organic compounds VOCs;
Gulf during the Indian monsoon season, which induces arPelmas et al.2005§ Camredon and Aumon2007 Jacob
important subsidence of ozone-rich air masses from the up2000. Understanding the ozone variability and documenting
per to the lower troposphere over the central and the eastit well are crucial with respect to both climate change and air
ern Mediterranean basin. IASI observations of ozone conguality (Volz-Thomas et a).2003. The Mediterranean basin
centrations at a 3 km height show a clear summertime maxiis sensitive to both climate change and atmospheric pollu-
mum in July that is well correlated to the maximum of down- tion, mainly during summer. Indeed, climate change experts
ward transport of ozone-rich air masses from the upper tro€xpect an intensification of the summertime drynéBEC,
posphere. Even if this feature is robust over the six analyse@007) which is already typical for this region. The combina-
years, we have also investigated monthly ozone anomalieion of the specific meteorological conditions prevailing dur-
— one positive (June 2008) and one negative (June and Juljd summer and the regional air pollution emissions produce
2009) — using daily IASI observations. We show that the rel-an enhancement of lower-tropospheric-ozone concentrations
ative position and the strength of the meteorological systemgver this areaNolle et al, 2001, Lelieveld et al, 2002
(Azores anticyclone and Middle Eastern depression) preseritalabokas and Repapi004 Velchev et al, 201]). These
summertime meteorological conditions are characterized by
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two high-pressure ridges — one over central Europe and one
over the western Mediterranean basin — and a deep trough
extending from the Persian Gulf to the eastern Mediter-
ranean basin (Fig. 1a). The central Europe ridge results from
an extension of the Azores anticyclone, while the western
ridge results from an extension of the North African anti-
cyclone. These systems lead to low winds, persistent clear-
sky conditions and high solar irradiation over the Mediter-
ranean Prezerakosl984 Tyrlis and Lelieveld 2013 Anag-
nostopoulou et al.2014. The eastern trough is associated 4. { £ .
with the strong convection linked to the summertime Indian 0 20 40 60 80
monsoon (Fig. 1b; for further information see alSipert et

al., 2005. Indeed, the ascending motion induced by the In-
dian monsoon produces a cellular circulation, which leads
to strong descending winds just over the central and eastern
Mediterranean. This corresponds to one of the strongest oc-
currences of subsidence over the entire Northern Hemisphere
(about 0.15 Pas in the south of Greece, see Fig. 1b and also
Ziv et al, 2009. In addition, a lower-tropospheric north—
south circulation, referred to as Etesian winds, occurs over
the central Mediterranean basin between these two meteoroy,
logical systems (east of Greecy et al, 2004). These me-
teorological conditions favour (1) the horizontal transport of
polluted air masses, with potentially high ozone concentra-Figure 1.1979-2012 summertime (June, July and August) averages
tions, from eastern continental Europe to the Mediterranear?f meteorological variables taken from 12h ERA-Interim reanaly-
Sea Kalabokas et a].2008 Richards et a).2013 and (2) sis: (a) sea Ievel_ pressure (hPa) (co!our shading gnd black contour
the vertical downward transport of ozone-enriched air masseIlnes) —the red lines represent the high-pressure ridges and the blue

fine the deep troughth) 500 hPa vertical velocity (Pa$) (white
from the upper troposphere and the lower stratosphere. More: P gre) y (Pas) (

. X . 1€ ' colour corresponds to out-of-range values).
over, the persistence of anticyclonic conditions, associated
with high solar irradiation and low winds, can induce photo-
chemical ozone production within the plumes of the densely
urbanized areas located along the Mediterranean coast, alvater vapor by Airbus in-service airCraft/In-service Aircraft
though the regional background ozone levels are generalljor a Global Observing System) vertical profiles and surface
more importantKalabokas and Repapiz004). stations Kalabokas et a].2013 Zbinden et al. 2013, but
Over the eastern Mediterranean basin, the presence of aheir specific geographic and temporal sampling only pro-
ozone pool in the middle troposphere has been noticed byides an incomplete vertical description of the troposphere
several observational and modelling studies (&lgrenco  over the entire basin. Model simulations have been used by
et al, 1998 Stohl et al, 2001, Jonson et al.200% Li et Richards et al(2013 andZanis et al(2014) to describe the
al., 200% Roelofs et al.2003 Liu et al, 2009 Zanis et al. tropospheric-ozone distribution, although their coarse reso-
2014. Most of these studies suggest that this ozone pool idution may induce large uncertainties.
likely produced by downward transport from the upper tro-  Satellite observations provide interesting opportunities
posphere and lower stratosphere. In addition, the impact ofo complement these model and in situ measurement ap-
European emissions on ozone concentrations over the eagtroaches. Indeed, in the last decade, satellite observations of
ern basin within the boundary layer has been estimated byropospheric ozone have been developed and have become
Richards et al(2013, and this contribution remains lim- more and more precise (efishman et a).2003 Liu et al,
ited. Kalabokas et al(2013 show that high ozone concen- 2005 Coheur et al.2005 Worden et al. 2007 Eremenko
trations in the lower troposphere are related to anticyclonicet al, 2008. These observations are now able to comple-
events, which reinforce subsidence and the Etesian advegnent in situ observations, offering wide spatial coverage and
tion of potentially ozone-enriched air masses coming fromgood horizontal resolution. Thermal infrared nadir sounders
Europe. Following these authors, low ozone concentrationdike the Tropospheric Emission Spectrometer (TES) instru-
in the lower troposphere are related to cyclonic conditions,ment Beer et al. 2001) aboard EOS-AURA (Earth Observ-
characterized by advection of oceanic ozone-poor air massdéag System — Aura) and the Infrared Atmospheric Sound-
from the Atlantic to the Mediterranean. These studies areing Interferometer (IASI) instrument aboard MetOpIér-
mainly based on accurate in situ observations from ozondaux et al. 2009 provide a maximum of sensitivity in the
sondes or MOZAIC/IAGOS (Measurement of OZone and mid-troposphere with an effective vertical resolution of about
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6—7 km and have been used to study atmospheric composit2 km each. IASI scans the atmosphere with a swath width
tion and transport, climate and air quality (eWorden et  of 2200 km, allowing the monitoring of atmospheric compo-
al., 2008 Jones et al.2008 Eremenko et al.2008 Boy- sition twice a day at any (cloud-free) location. The spectral
nard et al. 2009 Dufour et al, 2010 Safieddine et al. coverage and the radiometric and spectral performances of
2013. Richards et al(2013 and Zanis et al.(2014 have IASI allow this instrument to measure the global distribution
used ozone observations derived from TES and/or GOME-2f several important atmospheric trace gases (@aynard
(Global Ozone Monitoring Experiment — 2) to confirm the et al, 2009 George et a).2009 Clarisse et aJ.2011). Con-
presence of the ozone pool over the eastern Mediterraneaterning ozone, three to four pieces of information are avail-
basin. In the present study, ozone observations derived frorable for the overall retrieved profile, depending on the ther-
IASI measurements using the approach develope@dfey  mal conditions. In the troposphere, up to°1ds freedom are
menko et al(2008 are used to document the spatiotemporal observed under favourable thermal conditions. In particular,
variability of lower- and upper-tropospheric ozone over the Dufour et al.(2010 have shown the ability of IASI to cap-
Mediterranean basin during summertime. One advantage diure separately the ozone variability in the lower and upper
IASI with respect to TES is that IASI's scanning capacity troposphere under summer conditions, thus enabling the use
offers a quasi-global coverage twice a day with dense hori-of this variability in air quality studies of polluted regions.
zontal sampling (pixels spaced by 25 km at nadir). Moreover,

compared to UV sounders, IASI measurements exhibit muct2-1.2  Ozone retrieval

better sensitivity to lower-tropospheric-ozone concentrations , . ,

(Cuesta et 22013 Foret et al, 2014. In the present study, The ozone profiles considered in the present study are re-
6 years of IASI observations are analysed and compared t§i€ved using the method described Eremenko et al.
meteorological reanalyses from the ECMWF ERA-Interim (2008. These. IASI ozone observations are well validated
model in order to evaluate the role of the atmospheric dy-2"d characterized<gim et al, 2009 Dufour et al, 2013).
namical processes in tropospheric-ozone distribution and it8refly, the retrievals are based on the radiative transfer
variability over the Mediterranean basin. This study com- Model KOPRA (Karlsruhe Optimized and Precise Radia-

plements previous studies, adding a new independent set /€ transfer Algorithm;Stiller et al, 2000 and its inver-
observations with relatively fine horizontal resolution and Sion module KOPRAFIT (Karlsruher optimierte und genaue

good sensitivity to lower-tropospheric ozone. The very largeStrahlungstransport-AlgorithmusHépfner et al. 2001).
number of individual IASI measurements allows us to con-A constrained least-squares-fit method using an analytical
duct month-to-month analyses (for summer periods) over thédtitude-dependent regularization is usétllawik et al,
Mediterranean in the lower free troposphere (at around &009- The applied regularization method is detailedire-

3km altitude) and to focus on ozone anomalies analyses witffi"enko etal(2008. Compared to previous studies using this
respect to the climatological mean on a daily scale. algorithm Eremenko et 22008 Dufour et al, 2010 2013,

The IASI ozone observations used for the present study? S€lection of one of two a priori ozone profiles has been
are described in Sect. 2, as are the meteorological data arffided. which is based on the detection of the tropopause
the analysis method. In Sect. 3, summertime spatiotempord!€/ght. Tropopause heightis calculated from the temperature
variability of ozone over the Mediterranean basin is analysed?rOfile retrieved from IAS| using the definition based on the
in parallel with meteorological conditions for the 2007-2012 !apse rate criterionWMO, 1957. A threshold (14 km) has
period. From this analysis, two tropospheric-ozone anoma@/S0 been selected for choosing the a priori and the regu-
lies with respect to the climatological evolution are identi- 2rization matrix. If the tropopause height is lower (higher)

fied in June 2008 and June/July 2009. They are discussed iffia" 14 km, a constraint and a priori typical for midlatitudes
Sect. 4. Conclusions are given in Sect. 5. (tropics) are used. The regularization matrices are those al-

ready used irEremenko et al(2008 for the midlatitudes
and inDufour et al.(201Q 2012 for the tropics. The a pri-
ori profiles used during the retrieval are compiled from the
climatology ofMcPeters et a2007). The midlatitude a pri-
ori profile is set to the climatological profile of the 30260
latitude band for summer and the tropical a priori profile is
211 The IASI instrument set to the climatological profile of the 10-38 latitude band

for 1 year. It has been checked that the use of two different
The IASI instrument Clerbaux et al. 2009, on board the a priori and constraints does not induce discontinuities in the

MetOp-A platform since 19 October 2006, is a nadir-viewing retrieved ozone fields. This reduces possible oscillations in
Fourier transform spectrometer operating in the thermal in-{N€ ©Zone profile induced by compensation effects during the

frared between 645 and 2760 chwith an apodized spec- Tetrieval procedure, especially in the tropics.
tral resolution of 0.5 cm!. The 1ASI field of view is com-
posed of a 2x 2 matrix of pixels with a diameter at nadir of

2 Ozone observations and methodology

2.1 IASI measurements of tropospheric ozone

www.atmos-chem-phys.net/14/10589/2014/ Atmos. Chem. Phys., 14, 103886Q 2014
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Figure 2. Sea mask used to calculated ozone averages over the
Mediterranean (blue dots). The dots represent the grid cells con-
sidered in the averages.

Table 1.Mean relative bias and root mean square of errors (RMSE) p,

of IASI ozone observations at 3 and 10 km. They are derived from _10 0 10 20 a0
the comparison of IASI observations and ozone-sonde measure- 2007-2012 Summertime (JJA) Mean 500 hPa Vertical Velocity (Pa.s")
ments at Madrid and Ankara over the summertime periods between o A 0.15

2007 and 2012 (see text for more details). Bias and RMSE are given ¥
in percent and in ppbv (in parenthesis).

40
I

Bias RMSE 9
3km  —3.2(2) 16(10)
10km 15.8(16) 21 (21) ¢ 3

45

2.1.3 Validation

40

The IASI ozone product used in this study has been exten-
sively characterized and validated using ozone sorieisn

et al, 2009 Dufour et al, 2012. Dufour et al.(2012 showed

that the mean bias in the lower troposphere from the surfaced.
to 6 kmis—2 % (—0.38 DU) for typical midlatitude measure-
ments. In the midlatitudeg, thg main difference between IASIFigure 3. 2007-2012 summertime (June, July and August) aver-
and the ozone sondes arises in the UTLS (upper tropospher‘,gge of ozone measured by IASI (morning overpasses) and mete-
and lower stratosphere) column (between 8 and 16 km) with &oogical variables taken from 12h ERA-Interim reanalys:

bias of 13.2% (6.3 DU) on average. In the tropics, the biase® km ozone concentration (ppbfb) 300 hPa potential vorticity

are larger—6.2% (~1.5DU) in the lower troposphere (be- (PVU); (c) 500 hPa vertical velocity (Pa$); (d) 850 hPa geopo-
tween surface and 8km) and 23.6 % (6.1 DU) in the UTLS tential (n?s~2).

(between 11 and 20 km). As the present study is focused on

the Mediterranean basin during summer and some modifi-

cations in the retrieval algorithm have been made, we periatitude ozone-sonde stations. Indeed, a larger bias for the
formed a specific validation restricted to the summer periodsummer season for this part of the atmosphere has already
for the two WOUDC (World Ozone and Ultraviolet Radia- been noticed (see Fig. 12 Bufour et al, 2012. Several hy-

tion Data Centre) ozone-sonde stations located closest to theotheses (coarse vertical resolution, spectroscopic and radia-
Mediterranean (Madrid and Ankara). The number of avail- tive transfer uncertainties) have been discusseDudpur et

able ozone-sonde profiles is 72 over the validation periodal. (2012 to explain this bias. We refer the reader to this pa-
(summers between 2007 and 2012). The same coincidengaer for more details. In the present study, we make the choice
criteria (1° in longitude and latitude and 7 h) asDufour  to present ozone concentrations rather than columns. We con-
et al. (2012 have been used. The mean bias for the lower-sider ozone concentrations at 3km (a.s.l.) and 10 km (a.s.l.).
tropospheric column is-1.9 % (0.4 DU), similar to the one  Table 1 gives the mean bias and error estimates (given by
from Dufour et al.(2012. The mean bias for the UTLS col- the root mean square of the difference between IASI and
umn (16.5 %, 5.0 DU) is slightly larger than the bias reportedthe ozone sondes) at these two levels. Results are consis-
by Dufour et al.(2012 for an entire year for all the mid- tent with those derived for the lower-tropospheric and UTLS

35

30
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2007-2012 Summertime (JJA) Mean 10 km Ozone Conc tion (ppb) 3 km Ozone Concentration (ppb) Monthly Time Series over the Mediterranean
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Figure 4.2007-2012 summertime (June, July and August) average ©
of 10 km ozone (ppb) measured by IASI (morning overpasses). g -

CLIM 2007 2008 2009 2010 2011 2012

columns as well as with the validation exercise reported in .

Dufour et al.(2012. It is worth noting that some caution Figure 5. Monthly means of 3km ozone concentrations (ppb) mea-

has to be exercized when interpreting the ozone distribution§uréd by IASI during the summertime period between 2007 and

derived from IASI observations. Due to the reduced vertical2012 over the Mediterranean (IASI morning overpasses). Only

sensitivity and resolution of IASI. ozone concentrations re_the observations over the sea are considered in the averages. The
. Y . ! o monthly means referred to as “CLIM” represent the averages over

trieved at 3 km describe the ozone variability from roughly 2 the entire period (2007—2012)

to 8 km (lower/mid-troposphere), and ozone concentrations '

retrieved at 10 km describe the ozone variability from 5 to

14 km (upper troposphere/lower stratospheB)four etal,  similation system, a.05° x 0.75° horizontal resolution and
2010. Moreover, the height of maximum sensitivity for one 91 vertical layersDee et al. 2011). The meteorological pa-
level (i.e. the atmospheric layer up to which the measurerameters are taken at 12:00 UTC for this study. The 850 hPa
ment iS the most representative) can Val’y Signiﬁcantly fromgeopotentia| is used as a proxy for describing the |0wer_
one pixel to another. This may happen mainly in the vicinity tropospheric horizontal transport. It allows the characteriza-
of the coasts, where the thermal contrast, driving the sensitjon of the meteorological systems, their relative positions
tivity of the observations, can vary dramatically from a land and strength as well as the induced flux direction. The 200
to a sea piXel, Ieading to some discontinuity in the retrievedand 300 hPa potentia' Vorticity (PV) f|e|ds are used as trac-
ozone fields as the atmospheric layers sounded may be dikrs of the (partial) stratospheric character of air masses and
ferent. One example of this arises in Fig. 3a in the Black Seaf vertical exchange processes. Indeed, stratospheric ozone-
area. rich air masses are characterized by large potential vorticity
corresponding to enhanced vertical stabilijo(ton, 1992.
2.2 Methodology to analyse tropospheric ozone over the  This induces a positive vertical gradient of PV as well as
Mediterranean of ozone in the UTLS. A positive temporal correlation be-
tween ozone and PV can thus be interpreted as a dynamic
Our analyses are based on the morning overpasses of IAStontrol (control by transport processes) of ozone concen-
in which the thermal conditions are more favourable for re-trations, both due to the alternative presence of air masses
trieving relevant information in the lower troposphere. The with varying tropopause height and stratospheric character
monthly and daily variations of ozone at a 3 and 10km al-and due to subsidence of air from the UTLS region down
titude during the summertime period are used. Monthly av-to the middle troposphere (e.Beekmann et al.1994. In
erages over the considered IASI observation period (2007+his study, the ozone concentrations observed by IASI at the
2012) are used as a reference to analyse the ozone variabilityo km level can be compared to the 200 hPa potential vor-
and anomalies. In the following, averages over the 6-year peticity to infer the dynamic control of the ozone concentra-
riod are referred to as a climatology for convenience even if 6tion variability. The PV at 300 hPa turned out to best de-
years is too short a period to clearly address a climatologicakcribe vertical transport from the lower stratosphere down to
mean. A land/sea mask has been applied to calculate only théxe mid-troposphere, especially when important subsidence
averages over the Mediterranean Sea (BjgThe role ofthe  is present. Note that potential vorticity at lower altitudes is
atmospheric dynamical processes for the tropospheric-ozongss reliable for such an analysis due to the nonconservative
distribution and its variability over the Mediterranean basin is character of PV in the troposphere induced by diabatic pro-
then assessed by comparing ozone observations to meteorgessesHolton, 1992. These contributions of ozone in the
logical reanalyses. The meteorological data used in this Studyhid-troposphere are analysed using IASI retrievals at 3 km.
are taken from the ECMWF ERA-Interim Analysis atmo-
spheric model. It is characterized by a 12 h 4-D-Var data as-

www.atmos-chem-phys.net/14/10589/2014/ Atmos. Chem. Phys., 14, 103886Q 2014
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300 hPa Potential Vorticity (PVU) Monthly Time Series over the Mediterranean 2007-2012 June Monthly Mean of 850 hPa Geopotential (nt.s?)

15500

45

— June

—— July e (L K 15000
—— August o =7 i
? 4 ’
N 14500
o | 8 14000
w_ —
o by
n a. 8 : 13500
u'\a. B -10 0 10 20 30
i 2007-2012 July Monthly Mean of 850 hPa Geopotential (nt.s?)
- . Tk 15500
0 T E
© ~ i, 5 - 3 o
o o B ; 15000
- S X \N -
" 14500
CLIM 2007 2008 2009 2010 2011 2012 3 , i 14000

Figure 6. Same as Fidb for 300 hPa potential vorticity (PVU) taken b, 8 13500

from 12 h ERA-Interim reanalysis. -10 0 10 20 30

15500

3 Summertime ozone spatiotemporal variability 15000

during the 2007-2012 period

40

14500

35

. . . e 14000
In this section, we analyse the variability of ozone over

the Mediterranean basin at the lower (3km) and the upperc, |
(10km) troposphere using 6 years of IASI observations. A 10 0 10 20 30 m®.s”
month-to-month analysis and daily ozone anomaly analyses _
with respect to the climatological evolution are conducted,'9ure, 7. 20072012 monthly mean of 850hPa geopotential
Results are discussed with respect to the associated meteor{)rTJ s ©) taken "0”? 12 h ERA-Interim reanalysis (colour shading
. . . and black contour lines) fd@) June,(b) July and(c) August.
logical conditions. Figure 3a shows the mean ozone concen-
trations retrieved with IASI at 3 km over the Mediterranean
basin for the six summers (June, July and August) between
2007 and 2012. Higher ozone values are located in the eastate a global “hot spot” of summertime tropopause fold ac-
ern part of the Mediterranean basin. The 3km ozone concertivity over a sector between the eastern Mediterranean and
trations inferred from IASI range between 70 and 80 ppbv in Afghanistan, in the vicinity of the subtropical jet. Accord-
this region, in agreement with in situ measurements madéng to a study bySprenger et al(2007), a maximum in
during summertime periods (e.¢alabokas et al.2013. stratosphere-to-troposphere transport (STT) is identified at
At this altitude over the basin, a steep horizontal west—easthe western flank of the stratospheric PV streamers, which
ozone gradient is observed, with greater concentrations eadinplies a collocation with the area of the strongest subsi-
of 15° (by about 20 ppb) than west of this. The highest ozonedence. The observed ozone gradient over the Mediterranean
values are observed over Turkey, where the 300 hPa potens then mainly associated with the pronounced subsidence
tial vorticity is also the largest (Fig. 3b). The large PV val- over the central and eastern Mediterranean basin, arising
ues indicate an activation of the vertical exchanges due to th&rom the diabatic convection over the Persian Gulf during the
presence of the trough in this region. The large vertical down-ndian monsoon. These results are in agreement with previ-
ward velocities at 500 hPa east of B5(Fig. 3¢) suggest that ous studies based on in situ measuremedfadapokas et al.
the downward vertical transport of ozone-enriched air masse2013 and model analyseZénis et al.2014). In addition, it
from the upper troposphere to the lower troposphere can exis worth noting that the western part of the basin is located
plain the enhancement of ozone over the eastern Mediterdownwind of the Atlantic Ocean and influenced by advec-
ranean basin in the lower troposphere. It should be notedion of more pristine air masses (Fig. 3d). For the western
that the downward vertical transport actually takes place abasin, ozone enhancements occur over shorter time periods
the western flank of the high PV streamer (Fig. 3b) as theo-and are usually local events. They can be explained by lo-
retically expected from a dynamical point of viewdskins cal dynamics such as sea breeze that can transport polluted
1985. Apart from the important role of subsidence, the high air masses over the sede{chev et al. 2011, Millan et al,
probability of tropopause folds over the area should also be2000. The low sensitivity of IASI near the surface, where
considered. This phenomenon advects stratospheric air intthese local processes arise, makes their observation difficult.
the upper and middle tropospheiigrlis et al. (2014 indi- Note that the west—east gradient of ozone can be potentially

13500

30
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10 km Ozone Concentration (ppb) Monthly Time Series over the Mediterranean 2008 Summertime Daily 3 km Ozone Concentration (ppb) Time Series over the Mediterranean
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37 Figure 9. 2008 summertime day-to-day mean 3km ozone
- concentrations(ppb) time series measured by IASI (thin blue curve)
over the Mediterranean (IASI morning overpasses). Only the ob-
CLim 2007 2008 2009 2010 2011 2012 servations over the sea are considered in the averages. 2007-2012

3 km ozone concentration monthly means are plotted as the thick
dark blue curve. Horizontal coloured lines represent the 2007—-2012
summertime (JJA) 3km ozone quantiles for the data set of individ-
ual profiles.

Figure 8. Same as Figb for 10 km ozone concentrations measured
by IASI.

reinforced by the Etesian winds in the lower troposphere,
which transport air masses from European continental areassig. 7a) than in June (14 4002, Fig. 7a) and in August
For comparison, we also analyse the ozone distribution ob{14 300 nfs~2, Fig. 7c). This also indicates that the north—
served by IASI in the upper troposphere (10 km) during sum-south horizontal advection flux located between these two
mer (Fig. 4). This comparison shows that the ozone concensystems is more pronounced during July, potentially leading
trations retrieved from IASI at 3km (Fig. 3a) and at 10km to an additional enhancement of ozone concentrations due
(Fig. 4) are clearly uncorrelated and that IASI observationsto the transport of ozone-enriched air masses from Europe.
provide reliable information on the ozone spatial variabil- Tyrlis and Lelieveld(2013 have shown that the strength of
ity in the lower and the upper troposphere. As expected, &tesian winds and of the subsidence over the Mediterranean
north—south horizontal gradient is observed in the upper trobasin are at a maximum in July and that these maxima were
posphere (Fig. 4). temporally very well correlated with the monsoon convec-
The large number of IASI observations available pro- tion over northern India. As a consequence, the variability of
vides the opportunity to investigate the temporal variabil- 0zone concentrations at a 3 km height over the Mediterranean
ity of ozone over the Mediterranean basin on an interan-basin is characterized by a maximum in July. This feature
nual scale and on a monthly basis. The monthly variability seems fairly stable over different years (F&j; neverthe-
of ozone on the scale of the basin has been investigated vergss, a few anomalies with respect to the average behaviour
little, and satellite observations have not, to our knowledge are also present. Especially during the summer of 2009, the
been exploited for this purpose . The temporal variability of monthly mean ozone concentration at a 3 km height increases
lower-tropospheric ozone is driven by both the vertical andbetween June and August, with particularly low values for
horizontal dynamics of the troposphere. Indeed, our analyJune and July (about 60 ppbv for June 2009 as compared to
sis suggests that vertical exchanges between the higher arabout 65 ppbv for the 2007-2012 June monthly o0zone mean
the lower troposphere lead to a maximum of the monthlyat 3 km). The summer of 2008 also shows an anomaly com-
mean 3 km ozone concentration in July (Fig. 5). This lower- pared to the climatology, with a large ozone concentration at
tropospheric maximum is correlated to a 300 hPa potentiaB km in June (about 69 ppbv compared to about 65 ppbv for
vorticity maximum, occurring also in July (Fi§). The Pear-  the 2007-2012 June monthly mean of 3 km ozone concentra-
son correlation coefficient between ozone concentrations ation). A detailed analysis provides a better understanding of
3 km (Fig.5) and potential vorticity at 300 hPa (Fif), cal- how the dynamics control the ozone concentrations over the
culated over the 3 summer months of the 6 considered yeardJlediterranean basin. A day-to-day analysis of these anoma-
is 0.99. The correlation is calculated from 18 data points (6lies is presented in the next section.
yearsx 3 months). The ozone maximum corresponds alsoto By comparison, we also present the interannual varia-
an 850 hPa geopotential maximum in July. Indeed, the Northtions of summer monthly average concentrations at a 10 km
African anticyclone is stronger in July with values higher height, which is different compared to that at 3 km (F8y.
than 15300 rAs 2 (Fig. 7b) compared to June (maximum The monthly mean ozone in the upper troposphere decreases
values of 15100s 2, Fig. 7a) and August (maximum from June to August with a marked maximum in June
values of 15200 rhs ™2, Fig. 7c). In addition, the depres- (Fig. 8). This ozone decrease is related to the well-known
sion over the eastern basin is deeper in July (14 20§71 annual cycle of ozone that presents a midlatitude spring
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2008 time Daily 300 hPa Potential Vorticity (PVU) Time Series over the Mediterranean The ozone concentrations averaged over the Mediterranean
Sea during these periods are about 72.5 ppbv, much more
than the median value (64 ppbv) calculated over the 6-year
period. For 2 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. Studying the eastern
and the western basin separately shows that the eastern basin
is the most affected. Ozone concentrations exceed 80 ppb
during these periods and even exceed the 93 % quartile for
some days, whereas the ozone concentrations remain lower
Figure 10. Same as Fig9 for the 2008 summertime daily mean than 70 ppb on average over the western basin (not shown).
of 300 hPa potential vorticity (PVU) time series over the Mediter- These t,W,O ever.1ts are well correlated to the 300hPa poten-
ranean (12 h ERA-Interim reanalysis). tial vorticity, which also presents two maxima for the same
periods with values of about 1 PVU over the Mediterranean
basin (Fig.10). The Pearson correlation coefficient between
15500 the 300 hPa potential vorticity and the 3km ozone concen-
tration time series is 0.87 for the month of June 2008. This
again suggests that the large ozone amount observed in this
14500 case is related to the vertical exchanges with the upper tropo-
sphere. This is confirmed by the analysis of the daily Indian
Monsoon Index (IMl;http://apdrc.soest.hawaii.edu/projects/
13500 monsoon/seasonal-monidx.h)mwhich indicates positive-
m?s? anomaly events in the diabatic convective activity over the
Indian Ocean during the month of June 2008. In addition, the
Figure 11. Mean 850 hPa geopotential frs~2) for the 15 June  3km ozone concentration time series is also correlated with
2008—7J_u|y 2008 period. The data are taken from 12 h ERA-Interiminhe 850 hPa geopotential time series, both time series being
reanalysis. averaged over the entire basin. The Pearson correlation co-
efficient is about 0.85. Figur&l shows the mean 850 hPa
. . . I geopotential for the period between 15 June 2008 and 7 July
maximum at thes_e altltudt_as. The mterannua] variability Of2008. The Azores anticyclone was stronger during this pe-
upper-tropospheric ozone is weak, espeplally in July and Au'riod compared to the mean situation between 2007 and 2012
gust, and the June-August concentration decreases pershs_tig_ 7a). It was also located at higher latitudes. The ridge
over the 6 years. over the western Mediterranean basin is then strengthened as
is the horizontal Etesian flux over the lower troposphere of
the central and eastern Mediterranean basin. In addition, the
low-pressure system located in the eastern part of the basin

In the 3km ozone monthly variations presented in Fg. is also deeper_ during this period _compg_red to the mean over
two years (2008 and 2009) present anomalies compared ithe 6-year period, suggesting an intensification of the vertical

the climatological average between 2007 and 2012. Durin ubsidence of ozone-rich air masses. This is also confirmed
the summer of 2008, June ozone concentrations at 3 km ar@Y larger vertical descending winds at 500 hPa for June 2008
significantly larger than for the other years, whereas duringcompared to the climatological mean (relative difference of

the summer of 2009, ozone concentrations increase progre§=4-3 %).

sively from June to August with unusually low ozone values

in June and July. In this section, we present an analysis of-2 The case of June and July 2009

the meteorological situation for the two specific years that
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4 Anomaly analysis: June 2008 and June/July 2009

explains the anomalies. As in the previous case, we analysed the meteorological con-
ditions and the daily ozone variations for June and July 2009
4.1 The case of June 2008 (Fig. 12). A low-ozone episode is observed by IASI between

9 and 25 June 2009 and in the first half of July 2009, with
In order to explain the June 2008 positive 0zone anomaly3 km ozone values below the median and even below the first
we investigate the link between the synoptic meteorologi-quartile between 11 and 21 June 2009 (Rig). The daily
cal conditions and the ozone daily variations for this month.300 hPa potential vorticity over the Mediterranean presents
Figure9 shows that two high-ozone events are observed bymoderate values (0.6 PVU) and indicates low vertical ex-
IASI at a 3km altitude: one around 10 June 2008 and an-change activity (Figl3). The potential vorticity at 300 hPa
other one between 20 June 2008 and 4 July 2008 @ig. is not correlated with the 3km ozone time series for June
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2009 Summertime Daily 3 km Ozone Concentration (ppb) Time Series over the Mediterranean
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Figure 12. Same as Figo for the summer of 2009. Figure 14.Same as FigL3for 850 hPa geopotential éis~2) taken
from the 12 h ERA-Interim reanalysis.
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2009 (Pearson correlation coefficient of 0.44). This suggests 14500
that vertical exchange is not the major driving force for the ] 14000
ozone variability at 3km. Indeed, the IMI daily variation 13500
shows strong negative anomalies, indicating a lower diabaticP- 3
-10 0 10 20 30 m?s?

convective activity than the climatological mean during June

and July 2009. In order to investigate which other dynami-gjgyre 15. Mean 850 hPa geopotential #s2) for (a) the June

cal processes can play a key role in this low-ozone-value pe2009 period angb) the 1-10 July 2009 period. Data are taken from
riod, we examine the mean daily 850 hPa geopotential valughe 12 h ERA-Interim reanalysis.

over the basin (Figl4). The Pearson correlation coefficient

between the 3km ozone observed by IASI and the 850 hPa

geopotential shows an anticorrelation with a value-6t79. 5 Conclusions

For this period, the low values of 3km ozone concentrations

are then associated with high values of 850 hPa geopotentidix years (2007-2012) of satellite observations from IASI
(Fig. 14), whereas the high geopotential values were assohave been used to analyse the spatial and the temporal ozone
ciated with high ozone values for June 2008. The differencevariability over the Mediterranean basin during summer-
between June 2008 and 2009 arises from the fact that the méime (June, July, August). IASI observations with more than
teorological systems (high-/low-pressure structures) are no200 000 ozone profiles per summer over the Mediterranean
located in the same positions in June 2008 and 2009. Indeedhasin provide a unique data set to investigate the intrasea-
in 2009, the high-pressure levels are positioned over Northsonal variability of ozone in this region. The availability of
Africa and the low-pressure levels are located over both thehe data since 2007 allows the characterization of the inter-
Atlantic and central Europe (Fig. 15a). These positions leadannual ozone variability.

to a lower-tropospheric flux directed from the Atlantic Ocean 1ASI ozone observations at a 3 and at a 10 km height pro-
to the Mediterranean Sea, inducing horizontal advection ofvide reliable information for characterizing the lower- and
oceanic clean-air masses over the Mediterranean, as it hake upper-tropospheric-ozone variability, respectively. In the
been observed also during low-ozone-concentration period®wer troposphere, a steep west—east horizontal gradient over
in the areaKalabokas et al2008 2013. This meteorologi- the basin is observed, in agreement with the summertime
cal situation persists from the beginning of June to the middlepool of high ozone concentrations over the eastern Mediter-
of July 2009 (Fig. 15b) and mainly explains the low values ranean already reported in literature (&gnis et al.2014).

of lower-tropospheric ozone for June and July 2009. Vertical velocities at 500 hPa and 300 hPa potential vorticity
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(from ERA-Interim reanalysis) present similar pools of high Eumetcast system distribution. The authors acknowledge the
values or gradients over the eastern basin, confirming théther French atmospheric databasatty://ether.ipsl.jussieu)r
key role of the vertical exchanges in controlling the ozonefor providing the IASI L1C and L2 data. The authors thank the
concentrations in this region. Indeed, our analysis confirmgnstitut fir Meteorologie und Klimaforschung (IMK), Karlsruhe
that upper-tropospheric air masses with high ozone conceninstitute of Technology (KIT), Germany, for a licence to use the
trations are efficiently transported downward into the middle KOPRA radiative transfer model and especially M. Hopfner for

. is help in setting up the code. The ozone-sonde data used in
and lower troposphere and largely modify the ozone budge

; . his study were provided by the World Ozone and Ultraviolet
over the central and eastern Mediterranean basin. In the URSata Centre (WOUDC). The authors thank all those respon-
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vations shows a June maximum (with respect to July and Authe ozone-sonde data available. Clément Doche is grateful to
gust) related to the annual cycle of upper-tropospheric ozon@/étéo-France for financial support. ECMWF ERA-Interim data
(spring maximum). In the lower troposphere, ozone concen-used in this study have been obtained from the ECMWF data server.
trations exhibit a July maximum that is related mainly to the
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