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Abstract. In order to evaluate the observed high rural ozonel Introduction
levels in the eastern Mediterranean area during summertime,
vertical profiles of ozone measured in the period 1994—2008Tropospheric ozone plays an important role in atmospheric
in the framework of the MOZAIC project (Measurement of climate, being an important greenhouse gas, and also in the
Ozone and Water Vapor by Airbus in Service Aircraft) over physico-chemical processes of the troposphere, as it is a ma-
the eastern Mediterranean basin (Cairo, Tel Aviv, Heraklion,jor source of tropospheric free radicals responsible for the
Rhodes, Antalya) were analyzed, focusing in the lower tro-oxidation of many atmospheric substances (Finlayson-Pitts
posphere (1.5-5km). At first, vertical profiles collected dur- and Pitts, 1997). The presence of ozone near the ground sur-
ing extreme days with very high or very low tropospheric face is also important because of its strong oxidant prop-
ozone mixing ratios have been examined together with theerties, which may cause damage to humans, animals, veg-
corresponding back-trajectories. Also, the average profilegtation and materials at certain concentration levels (Bates,
of ozone, relative humidity, carbon monoxide, temperature1994).
gradient and wind speed corresponding to the 7% highest The high summer ozone levels in the Mediterranean basin
and the 7 % lowest ozone mixing ratios for the 1500-5000 mand especially in its eastern part have attracted the attention
height layer for Cairo and Tel Aviv have been examined andof research scientists and have been the subject of many field
the corresponding composite maps of geopotential heights agtudies on air pollution in the area during recent years (e.g.
850 hPa have been plotted. Based on the above analysis, Marotsos et al., 1993; Kalabokas et al., 2000; Kourtidis et al.,
turns out that the lower-tropospheric ozone variability over 2002; Kouvarakis et al., 2002; Zerefos et al., 2002; Lelieveld
the eastern Mediterranean area is controlled mainly by theet al., 2002; Roelofs et al., 2003; Kalabokas and Repapis,
synoptic meteorological conditions, combined with local to- 2004). Such high summer levels are a general characteristic
pographical and meteorological features. In particular, theof the ozone vertical profiles in the region. Among all the
highest ozone concentrations in the lower troposphere andgecorded profiles in mid-latitudes, the MOZAIC (Marenco et
subsequently in the boundary layer are associated with largeal., 1998) database has revealed that this region is notewor-
scale subsidence of ozone-rich air masses from the uppghy by presenting such differences (i.e. up to 20 ppb) between
troposphere under anticyclonic conditions while the lowestspring and summer seasonal profiles throughout the free tro-
ozone concentrations are associated with low pressure condposphere (Zbinden et al., 2013).
tions inducing uplifting of boundary-layer air, poor in ozone  The weather conditions over the eastern Mediterranean
and rich in relative humidity, to the lower troposphere. during summer are influenced by eastward extensions of the
Azores anticyclone and the low pressure branch of the large
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South Asian thermal low. Modelling studies of the large- systems, or the extension to the west of the Middle Eastern
scale dynamics (Rodwell and Hoskins, 1996, 2001) also suglow associated with weak pressure gradients over the eastern
gest a strong influence of the Indian Monsoon on the dryMediterranean and an upper air trough in northeastern Eu-
Mediterranean climate in summer, i.e. by Rossby wave inter+tope. The same pattern of summer ozone variability has been
action with the southern flank of the mid-latitude westerlies observed by analyzing the ozone measurements at several ru-
producing adiabatic descent and hence anticyclonic condiral sites in the eastern and central Mediterranean (Kalabokas
tions at the surface over the western Mediterranean. The reet al., 2008), showing that the highest and lowest summer af-
sulting monsoon circulation over the Aegean Sea, togetheternoon ozone levels are strongly associated with characteris-
with the strong pressure gradient due to the surroundingic synoptic meteorological conditions prevailing throughout
mountains of the Greek peninsula in the west and the Anatothe whole lower troposphere.
lian plateau in the east, produces persistent northerly winds, The aim of this work is to investigate the meteorologi-
the so-called “Etesian winds” (annual winds). This flow of cal and/or chemical factors controlling the lower-troposphere
the low troposphere is most pronounced at the 850 hPa levadzone levels, above the boundary layer (1.5-5km altitude)
(Repapis et al., 1977). As a result, the eastern Mediterraneaover the eastern Mediterranean, as a continuation of our pre-
is influenced by advection from Europe in the lower tropo- vious study and with the scope to better understand the ozone
sphere, associated with the Etesian winds and subsidence irariations observed inside the boundary layer and at the sur-
the middle and upper troposphere associated with the wesface of the examined region. The area under study has been
erly flow in the descending branches of the Asian thermalextended towards the Middle East region (Cairo, Tel Aviv),
low and, to a lesser extent, of the East African monsoon. Itwhere a significant number of MOZAIC vertical profiles has
was also shown that the day-to-day variations in these twdeen recorded over the respective airports, during the period
main factors are linked to the Asian monsoon (Rodwell and1994-2008. Thus, vertical MOZAIC summer ozone profiles
Hoskins, 2001; Lelieveld et al., 2002; Ziv et al., 2004; Tyrlis obtained during approach and departure (horizontal distance
etal., 2012). covered is probably 100-200 km), in the period 1994-2008
In addition, the possibility for an influence of long-range over the eastern Mediterranean airports of Cairo, Tel Aviv,
transport from the European continent, North America andHeraklion, Rhodes and Antalya were analyzed in order to im-
Southeast Asia on ozone and its precursors over the easteprove our knowledge of the atmospheric conditions associ-
Mediterranean troposphere has been discussed (Van Aalsated with high and low ozone levels in the lower troposphere.
1996; Wolz-Thomas et al.,, 2003) and has been studied irln addition, in this study the measurements of relative humid-
more detail during two intensive measuring campaigns (Ml-ity, temperature, wind speed and carbon monoxide have been
NOS and PAUR) over the Aegean (e.g. Lelieveld et al., 2002;examined in parallel with the ozone measurements. In this
Zerefos et al., 2002; Kourtidis et al., 2002; Kouvarakis et al.,respect, vertical profiles of the above-mentioned parameters
2002; Gros et al., 2003; Roelofs et al., 2003; Scheeren et algollected during days with very high or very low ozone mix-
2003; Traub et al., 2003). ing ratios in the lower troposphere have been examined to-
In order to address the above issues and as the first phaggther with the corresponding back trajectories and the com-
of the present study, vertical ozone profiles measured in thg@osite weather maps.
period 1996—-2002 in the framework of the MOZAIC (Mea-
surement of Ozone and Water Vapor by Airbus in Service
Aircraft) project (Marenco et al., 1998) for flights connecting 2 Data
central Europe to the eastern Mediterranean basin (Herak-
lion, Rhodes, Antalya) have been analyzed (Kalabokas et al.Since 1994, within the framework of the MOZAIC program
2007). The 77 flights during summer (JJA) showed over the(Marenco et al., 1998) five commercial airliners have been
eastern Mediterranean significantly (10-12 ppb, 20-40 %)quipped with instruments to measure ozone, water vapor,
enhanced ozone mixing ratios in the lower troposphere andnd (since 2002) carbon monoxide. Measurements are taken
especially at the 1000-700 hPa layer, where ozone frequentlfrom take-off to landing so that vertical profiles can be ob-
exceeds the 60ppb, 8h EU air quality standard, whereained near airports, in addition to the measurements at cruis-
ozone between 700 and 400 hPa was only slightly (3—5 ppbing altitude. Based on the dual-beam UV absorption princi-
5-10%) higher than over central Europe. Analysis of com-ple (Thermo-Electron, Model 49-103), the ozone measure-
posite weather maps for the high and low ozone cases in thenent accuracy is estimated #{2 ppbv+ 2 %] for a 4 s re-
boundary layer, as well as back-trajectories and vertical prosponse time (Thouret et al., 1998). Based on an infrared an-
files of carbon monoxide, suggest that the main factor leadingalyzer, the carbon monoxide measurement accuracy is es-
to high tropospheric ozone values in the area is anticyclonidimated at+5 ppbv+5% (Nédélec et al., 2003) for a 30s
influence, in combination with a persistent northerly flow in response time. The MOZAIC data badstg://www.iagos.
the lower troposphere and the boundary layer during sumifr/web/) was screened for summer (JJA) flights at the air-
mertime over the Aegean Sea. On the other hand, the lowegiorts of the eastern Mediterranean basin. In total, 237 sum-
ozone levels are associated with the passing of low-pressummer profiles were analyzed with the following distribution:
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Fig. 1. (a) Vertical profiles of summer (JJA) ozone over the eastern Mediterranean airports of Cairo (red), Tel Aviv (orange), Antalya (black),
Heraklion (green) and Rhodes (blue), for 1994-20@3;same aga) but for relative humidity;(c) same aga) but for carbon monoxide
(CO); (d) (left), same aga) but for temperature gradient per km; (right), saméagut for wind speed.

94 profiles over Cairo (30°IN, 31.2 E), Egypt, 85 profiles Because of its low solubility and its photochemical life-
over Tel Aviv (32.Z N, 34.8 E), Israel, 36 profiles in to- time of the order of weeks, carbon monoxide (CO) is a good
tal over Heraklion (35.3N, 25.2 E) and Rhodes (3624, tracer of anthropogenic pollution. CO profiles have been
28.1°E), Greece and 22 profiles over Antalya (36\8 used for tracking pollution episodes in the boundary layer
30.8 E), Turkey. The analyzed flights cover the period 1994—or even in the free troposphere (cf., Seiler and Fishman,
2008 between June and August. Both ascent and descent dat881; Nédélec et al., 2003). The boundary-layer CO levels
have been used. (Fig. 1c) in Cairo and Tel Aviv are by a factor of 2—3 higher
than the lower troposphere levels, which are slightly lower
than the corresponding levels over Antalya and Rhodes. The
boundary-layer levels of CO over Rhodes and Antalya are
about 20 % higher than the corresponding levels of the lower
troposphere. The temperature gradient (Fig. 1d) in the lower
troposphere is between5 and—10°Ckm™1, the steepest
In Fig. 1 the vertical average summer (JJA) profiles ofgradier_1ts being observed overAntaIyaand Rhodes. The wind
ozone, relative humidity, carbon monoxide, vertical temper-SP€€ed in the lower troposphere is between 5 and 101rpnd
ature gradient and wind speed over the eastern Mediterthe highest values are reqorded over Hera!dlon,. being more
ranean airports of Cairo, Tel Aviv, Antalya, Heraklion and exposed to the northerly air flow of the Etesian winds (Repa-
Rhodes for 1994-2008 are presented. As displayed in Fig. 18IS €t al., 1977).
the boundary-layer (0-1km in general) ozone concentra-
tions over all examined airports are lower than the free-3.2 Case studies of very high and very low ozone profiles
troposphere ozone concentrations (by about 20—-30 %) with
minimum values observed at the ground surface. The loweFive vertical profiles measured over Cairo during a 3-day pe-
troposphere ozone mixing ratios above the boundary layenriod (30 July—1 August 2003) with very high ozone levels in
over Cairo and Tel Aviv are by 10-15 % higher than the cor-the lower troposphere and the boundary layer are examined
responding values over Antalya and Heraklion and about 5-separately (Fig. 2). During this characteristic high ozone pe-
10 % higher than the values over Rhodes (Fig. 1a). riod, the vertical profiles of ozone over Cairo exhibit ozone
Relative humidity (RH) levels (Fig. 1b) inside the bound- values in the range of 70-100 ppb above 1500 m (Fig. 2a).
ary layer are higher than the corresponding lower tropo-The corresponding vertical relative humidity profiles above
sphere levels over all airports. The lower troposphere rela2 km show very low levels, 0—20 %, indicating origin of air
tive humidity levels over Cairo and Tel Aviv are by about masses from the upper troposphere—lower stratosphere (UT-
50 % lower than over Heraklion and Rhodes, and about 65 %4.S) region (Fig. 2b). The CO values in the boundary layer
lower than over Antalya, at the 2—4 km layer (Fig. 1b). are about 200-350 ppb and about 100 ppb in the lower tro-
posphere (Fig. 2c), which are typically upper troposphere

3 Results and discussion

3.1 Average vertical profiles over the eastern
Mediterranean airports
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Fig. 2. (a) Vertical profiles of summer (JJA) ozone over the eastern Mediterranean airport of Cairo during the 3-day high ozone period in
the lower troposphere, 30 July—1 August 2003 (Profiles: MD20030730023 (red), MA20030730063 (orange), MA20030730103 (yellow),
MA20030801063 (green), MD20030801054 (blud); same aga) but for relative humidity{c) same aga) but for carbon monoxide (CO);

(d) (left), same aga) but for temperature gradient per km; (right), saméagdut for wind speed. There are missing profilegbpand(c).

background values (Nédélec et al., 2003, 2005). The vertithe summer vertical profiles of ozone over Cairo show sig-
cal temperature gradient indicates strong inversions at thaificantly low ozone values at 25-45 ppb, with a minimum
1-2 km layer, while the wind speed shows stagnant meteoin the 1.5-3.5km layer (Fig. 4a). On the contrary, compared
rological conditions up to 2.5 km, and low winds for the rest to the high ozone period, the corresponding vertical profiles
of the lower troposphere (Fig. 2d). of humidity show considerably higher values in the range of
For the determination of the air-mass origin, the La- 25—-60% in the 1-4.5 km layer. These relatively high humid-
grangian particle dispersion model FLEXPART (version 6.2; ity levels indicate the presence of air masses originating from
Stohl et al., 1998, 2005) was used. FLEXPART was driventhe boundary layer. A gradual increase of humidity is ob-
by model-level data from the European Center for Medium-served with increasing altitude with a maximum at 4-5km
Range Weather Forecasts (ECMWEF), with a temporal reso{Fig. 4b). The CO values in the boundary layer and the lower
lution of 3 h (analysis at 00:00, 06:00, 12:00, 18:00 UTC; 3 htroposphere (Fig. 4c) are quite comparable to the correspond-
forecasts at 03:00, 09:00, 15:00, 21:00 UTC), and 60 verti-ing levels of the high ozone profile. The sharp decrease of air
cal levels. Horizontal resolution was globally11°. 20000  temperature with increasing altitude approaching dry adia-
particles were released from grid boxes (2.8.5°, 100min  batic lapse rate at 3—4 km indicating weaker static stability
height) centered on the MOZAIC profiles. where the wind speed shows relatively high values (Fig. 4d).
Shown in Fig. 3 is the backward integration in time, for  In Fig. 5 the backward integration in time, for 3 days and
3 days and for the 1.5-5km layer, for a MOZAIC verti- for the 1.5-5km layer, for a MOZAIC vertical profile over
cal profile over Cairo (among the five cited above) during Cairo during a day with low ozone levels in the lower tropo-
a day with high ozone levels in the lower troposphere (30sphere (26 July 2002, Flight: MD20020726023) is presented.
July 2003, Flight: MA20030730103). The results are sum-The back-trajectories corresponding to this low-ozone pro-
marized on centroids of 5 clusters (the method to condenséle show more rapidly moving western air masses originat-
the large and complex FLEXPART output using a clustering from the lower troposphere and the boundary layer from
analysis as further described in Stohl et al., 2005), and in-over the central and western Mediterranean and subsequently
clude every 12 h latitude, longitude, pressure and percentagiEom over the Atlantic (for a period longer than 3 days before
of representation (the fraction of particles belonging to thethe measurement).
cluster). The back-trajectories corresponding to this profile For a more accurate assessment of the origin of air masses
show mostly descending upper troposphere air masses frormnd their vertical transport, in Table 1, the calculations of the
over the Aegean, the central Mediterranean and western Ewzontribution of different tropospheric layers to the air masses
rope, which is a typical picture describing the atmosphericarriving over Cairo (at 1.5-5km) for the highest ozone case
circulation on the fringe of anticyclonic conditions. over Cairo on 30 July 2003 are presented, based on the
On the other hand, during a characteristic 2-day low ozond=LEXPART back-trajectories (shown also in Fig. 3). As ob-
period (26—27 July 2002) in the lower troposphere (Fig. 4)served in Table 1, the contribution of the upper troposphere
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Table 1.Percentage contribution of each atmospheric layer to the air
arriving on a high ozone day in Cairo at 1.5-5km on 30 July 2003
(Flight: MA20030730103), for 1-day, 2-day and 3-day FLEXPART
backward simulations.

60

50

40

lday 2days 3days

0-850 hPa 4.4 0.2

850-700hPa  19.4 18.1 3.5
700-500hPa  39.2 36.3 43.3
>500 hPa 37.1 45.4 53.2

Total 100 100 100

30

20

10
10

Table 2.Percentage contribution of each atmospheric layer to the air
arriving on a low ozone day in Cairo at 1.5-5km on 26 July 2002
(Flight: MD20020726023), for 1-day, 2-day and 3-day FLEXPART
backward simulations.

(% lday 2days 3days

1o 1Cguster pemente;oges (%) % 0-850 hPa 15.7 0.5

850-700hPa  23.0 83.8 40.3
700-500hPa  47.2 111 55.5
>500 hPa 14.2 5.2 3.7

Total 100 100 100

substantially different if compared to Table 1. The upper tro-
posphere contribution (>500hPa) is only about 4% while
contribution from air masses below 700 hPa to the 1.5-5km

-10 10 30 50 )
Pressure (hPa) layer for 3 days before the measurement is about 41 %.

During the same 3-day high ozone period over Cairo pre-

vertical profile measurements and for air masses arriving at 1500—Sented in Fig. 2 (30 July-1 August 2003), four vertical pro-

Fig. 3. Backward integration in time for 3 days for the MOZAIC

5000 m over Cairo during a period with high ozone levels in the files ha\_/e been also re_corded over Tel Aviv, (Fig. 6). The
lower troposphere (30 July 2003, Flight: MA20030730103). The COMPparison between Figs. 6 and 2 shows that almost the
results are summarized on centroids of 5 clusters, and include ever§@me characteristics in the profiles of ozone (high ozone val-
12 h latitude, longitude, pressure and percentage of representatiobl€S in the range of 80-100 ppb in the 2—-4 km layer), relative
The results shown above are for the 1.5-5 km layer. Top plot showdumidity, CO, wind speed and vertical temperature gradient
the clusters positions at day 0 (black), day-1 (blue), day-2 (red), andare observed during the same period over Tel Aviv and Cairo,
day-3 (cyan). Middle plot shows the percentages of clusters at dayindicating comparable ozone vertical distribution patterns in
3. Finally, bottom plot shows the pressure of the clusters at day-3the |ower troposphere over the entire southeastern Mediter-
The red line is the aircraft trajectory during ascent/descent. ranean area during high ozone situations. The corresponding
back-trajectories of Fig. 7 in combination with Fig. 3 con-
firm the described anticyclonic conditions which affect the

air masses (>500hPa) to the air arriving to the 1.5-5kmlower troposphere ozone over the area (descending upper tro-
layer is very significant (about 53 % of the air parcels, 3 daysposphere air masses over the eastern Mediterranean). It has
before the measurement). On the contrary, there is no meao be added that in this case the calculated contribution to
surable contribution of the boundary-layer air (>850hPa)the 1.5-5km layer from the upper troposphere (>500 hPa)
and only about 4% contribution from air masses belowis about 30 % while the contribution from air masses below
700 hPa to the 1.5-5km layer for 3 days before the measurez00 hPa to the 1.5-5 km layer for 3 days before the measure-
ment. ment is about 21 %.

In Table 2, the corresponding calculation of the contri-
bution of different tropospheric layers to the air masses ar-
riving over Cairo (at 1.5-5km) for the lowest ozone case
over Cairo on 26 July 2002 are presented (FLEXPART back-
trajectories shown also in Fig. 5). In this case the picture is

www.atmos-chem-phys.net/13/10339/2013/ Atmos. Chem. Phys., 13, 1038352 2013
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Fig. 4. (a) Vertical profiles of summer (JJA) ozone over the eastern Mediterranean airport of Cairo during the 2-day low ozone period in
the lower troposphere, 26—27 July 2002 (Profiles: MA20020726043 (red), MD20020726023 (orange), MA20020727013 () kame

as(a) but for relative humidityc) same aga) but for carbon monoxide (COJjd) (left), same aga) but for temperature gradient per km;
(right), same aga) but for wind speed. There are missing profilegdh

3.3 Mean vertical profiles for highest and lowest ozone  following the procedure of Kalnay et al. (1996). As observed
in the lower troposphere in the 850 hPa charts the highest ozone values at 1500—
5000 m over Cairo and Tel Aviv are associated with anticy-

clonic conditions prevailing over Europe and North Africa,

In the following f|g_ures the differences between hlgh_est and’(he eastern Mediterranean being on the fringe of the anticy-
lowest ozone profiles are analyzed more systematically by

taking int i d ith hiah and I clonic circulation. On the contrary, the lowest ozone values
axing into account more days with very nigh and Very Iow ;.o associated with the weakening of the North-African an-
ozone profiles. In Figs. 8 and 10 the summer vertical pro-

. . . . ticyclone, if compared to the highest ozone days, and low
flloes Qf ozone over Ce(:lro and Tel Aviv r_e?peC“V_e'y for the pressure conditions prevailing over eastern and northern Eu-
7% highest and the 7 % lowest 0zone mixing ratios at 1500_rope as well as over the Middle East. Comparable results

; o ) V€Svere obtained during the first phase of the study by analyzing
of relayve humidity, _carbon monoxide, temperature gre.‘d'emMOZAIC profiles over the Aegean airports (Kalabokas et al.,
and wind speed. .It IS 'clearly observed that the 7% h!gheséom), indicating that over most of the eastern Mediterranean
ozonelconcentratpns n the Iowertropospher'e over Calr.o aN%rea the same processes are responsible for highest and ac-
Tel Aviv are assoma_ted with low relative hgm'd'ty’ low wind cordingly lowest ozone. It is interesting to observe that in
speed and low vertical temperature gradient values. On th airo, both the anticyclonic and low pressure conditions at

0, i —
gghoeor hand, tge.Y % IZV\?sItAogone concen.trtat(ljons.tr?th_lf;]oo850 hPa corresponding to highest and lowest ozone respec-
M Over L.airo and Tel Aviv are associated wi '9 ertively are more intense than those of Tel Aviv and at the

:elatlve Qu m;dml/’ h|g'h é\{ln(:'speedtgmlj'h|gth g/grrtlcaléemper%—same time the differences highest-lowest ozone are higher
ure gradient values indicating vertical instability and ascend-, o cirg at the corresponding to the 850 hPa layer height

ing air movements. It is remarkable that, contrary to the large, 1500-2000 m). It has also to be mentioned that the corre-
ozone and RH differences, the average CO levels are Comp%’ponding composite weather maps of the higher levels at 700

rable between the highest and lowest ozone days over bot nd 500 hPa (not shown) exhibit quite comparable patterns

airports, indicating comparable levels of primary pollution with the presented maps for the 850 hPa layer.
in the air masses under both examined conditions (highest— In the Cairo profiles large differences between the low-

lowest ozone). ;
) . . st (35—-40ppb) and the highest (90-95 ppb) ozone levels
Figures 9 and 11 display the composite weather maps o(fxre observed throughout the lower troposphere, up to 5km

geopotential heights at 850 hPa of the 7% of the days With(Fig. 8a). Over both airports of Cairo and Tel Aviv during the

the highest and the lowest ozone concentrations, at the 1500 : wry
5000 m layer, in Cairo and Tel Aviv, during the day of theomgheSt ozone days at all examined layers, very dry (5-20%

. relative humidity) air masses are observed from the top of
measurement and 2 days ago. The composite weather ma

: e boundary layer up to 5km indicating upper troposphere
were constructed from the NCEP/NCAR reanalysis, base : o :
’ h hile for the 7% | h
on grids of 2.5x 2.5, for the days of the flights in each group or stratospheric) origin, while for the 7% lowest ozone, the
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creation of local sea-breeze cells across the shoreline, do not
allow the creation of atmospheric instability conditions be-
low 3km as observed in Cairo, which is located further in-
land and influenced by the Saharan dessert.

As previously noticed, in contrast to the relative humid-
ity, the CO (Figs. 8c, 10c) levels are in general compara-
ble between the highest and lowest ozone days with only
slightly higher values below 2 km height during the highest

5 30 o0 ozone days, indicating increased influence of air pollution.

Clusters in backward frajectories at DO (black), D-1 {blue), D-2 (red), D-3 (cyan) The Comparable CO average IeVElS in com parison to the |arge
difference in ozone concentrations between the highest and
the lowest ozone days is a strong indication that the meteo-
rological conditions are mainly the regulating factor of the
lower tropospheric ozone levels, concerning the short-term
variability (several days). Photochemical ozone production
might play an important role over longer timescales (weeks)
and larger geographical scales (hemispheric or global) but
not in the short-term local tropospheric variability over the
examined region.
1% 0 20 50 The wind speed at all examined layers (Figs. 8d, 10d) is

Cluster percentages (%) higher for the lower ozone cases, which is to be expected
during low-pressure weather conditions. Also the tempera-
ture gradient in the lower troposphere is steeper for the lowest
ozone days indicating vertical instability favoring the uplift-
ing of boundary-layer air masses to higher levels.

As observed on the composite weather maps (Figs. 9, 11)
the highest ozone concentrations in the lower troposphere
and the boundary layer occur during high pressure (anti-
cyclonic) conditions, extended over large areas in western
and central Europe as well as over the Mediterranean and

% 10 30 50 North Africa. These atmospheric conditions are generally
Pressure (hPa) . . . .
associated with the transport and subsidence of air masses
Fig. 5. Backward integration in time for 3 days for the MOZAIC from the higher tropospheric layers, which might lead to
vertical profile measurements and for air masses arriving at 15004ncrease in ozone and decrease in relative humidity. Under
5000 m over Cairo during a period with low ozone levels in the such conditions, the boundary-layer ozone is expected to in-
lower troposphere (26 July 2002, Flight: MD20020726023). The crease due to the influence of the high ozone values in the
results are summa_lrized on centroids of 5 clusters, and include evenhwer troposphere, maximized in the afternoon hours when
12h latitude, longitude, pressure and percentage of representatiog, o daily maximum of the boundary-layer mixing height,
The results shown above are for the 1.5-5km layer. Top plot Show%aused by the thermal instability, occurs, transporting down

80

50

40

30

201

the clusters positions at day 0 (black), day-1 (blue), day-2 (red), an . .
day-3 (cyan). The middle plot shows the percentages of clusters a the surface ozone-rich air masses located above. At the

day-3. Finally, the bottom plot shows the pressure of the clusters ab2Me time, during anticyclonic conditions there is trapping

day-3. The red line is the aircraft trajectory during ascent/descent. @nd accumulation of primary pollutants emitted in the bound-
ary layer due to low atmospheric dispersion or stagnation.

Also, the anticyclonic conditions are generally characterized

by a pronounced mixing state and aging of boundary-layer
relative humidity is substantially higher in the same atmo- air. The anticyclone over the central Mediterranean conducts
spheric region (up to 60 %), indicating uplifting of boundary- air masses to the eastern Mediterranean region by the es-
layer air masses (with low ozone and high relative humidity) tablished northerly flow on the eastern fringe of the anti-
towards the lower troposphere (Figs. 8, 10). An interestingcyclone. During the transport these air masses can be en-
observation is that the smaller differences between highestiched with ozone precursors while passing over polluted ar-
and lowest ozone at 1500-3000 m in Tel Aviv compared toeas of the European continent, especially over eastern Europe
Cairo are also associated with smaller (almost negligible)and the Balkans. Eventually, this can lead to an accumula-
corresponding differences in relative humidity, wind speedtion of ozone over the eastern Mediterranean region. In the
and vertical temperature gradient values. This is an indicaAegean the frequent presence of the central Mediterranean
tion that local meteorological factors in Tel Aviv, such as the and the Balkan high pressure systems in combination with
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Fig. 6. (a) Vertical profiles of summer (JJA) ozone over the eastern Mediterranean airport of Tel Aviv during the 3-day high ozone period
in the lower troposphere, 30 July—1 August 2003 (Profiles: MD20030730084 (red), MA20030731024 (orange), MD20030731102 (yellow),
MA20030801012 (green)fb) same aga) but for relative humidityjc) same aga) but for carbon monoxide (COJd) (left), same aga)

but for temperature gradient per km; (right), saméag$ut for wind speed.

the Middle Eastern low pressure system results in a persisterd.g. over the mountainous northwestern Africa under west-
northerly flow in the boundary layer, frequently quite strong erly flow. The upward air movement is enhanced by the fact
and containing high ozone amounts, which is in agreementhat the weak pressure gradients during Mediterranean sum-
with the results of field campaigns (Lelieveld et al., 2002; mers are linked to vertical instability due to thermal convec-
Zerefos et al., 2002), as well as long-term rural ozone meation (Ziv et al., 2004).
surements in the area (Kalabokas et al., 2000; Kouvarakis et From this analysis it turns out that a key factor leading to
al., 2002). In addition to the Aegean airports of Heraklion high lower troposphere ozone values in the eastern Mediter-
and Rhodes (Kalabokas et al., 2007), the Cairo airport mightanean is the anticyclonic influence. Summer anticyclones
also be influenced by the characteristic summer northern curare rich in ozone as they transport downwards the upper tro-
rent in the area, known as the Etesian winds (Repapis et alposphere ozone, which has a marked midsummer peak over
1977). Europe (Thouret et al., 2006). Similar observations of high
On the other hand, the lowest ozone values are associatatpper troposphere ozone levels during anticyclonic condi-
with a low-pressure pattern covering central and eastern Eutions have been reported in central Europe by analysing ver-
rope, leading to westerly circulation over Mediterranean to-tical MOZAIC profiles (Tressol et al., 2008) but also at rural
wards the eastern region, diffusing the air pollutants. Theysites in western, central and eastern Mediterranean following
are also associated with the deepening and extension of thile analysis of surface ozone data (Kalabokas et al., 2008;
permanent summertime Middle Eastern low-pressure sysSanchez et al., 2008; Schirmann et al., 2009; Velchev et al.,
tem. These low pressure conditions are associated with hig@011). Especially for the eastern Mediterranean region, at-
dispersion and uplifting of boundary-layer air towards the mospheric conditions of strong summer anticyclonic subsi-
lower troposphere, leading to low ozone and high relative hu-dence in the lower troposphere, leading to high ozone con-
midity in the lower troposphere (boundary-layer air massescentrations, have been reported as a result of analysis of satel-
are poorer in ozone and richer in relative humidity comparedlite data as well as large-scale atmospheric modelling simu-
to tropospheric air masses). It is also known that contrary tdations, which is in agreement with our observations (Li et
the high pressure systems linked to clockwise subsidence ddl., 2001; Eremenko et al., 2008; Foret et al., 2009; Liu et al.,
tropospheric air, the low pressure systems are linked to up2009; Coman et al., 2012; Richards et al., 2013).
ward counterclockwise movement of air masses, raising in In addition, following the examination of the composite
fact the boundary-layer air into the free troposphere. The upweather maps for the tropospheric layers of 850 hPa (Figs. 9,
lifting might not be only local and might concern larger areas, 11) as well as for the higher layers of 700 hPa and 500 hpa
especially those located upwind of the studied airports. In(not shown), during the day of observation but also during
this respect transport from the eastern Atlantic could be posthe days before the observation, it comes out that the char-
sible under prevailing western flow. It has to be added alscacteristic synoptic weather patterns corresponding to high-
that air uplifting might be reinforced by local topography, est and lowest ozone are quite uniform throughout the lower
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air soundings unit of the University of Wisconsin, USA
(http://weather.uwyo.edu/upperair/sounding.htmhese re-
sults are in agreement with our argumentation. High CAPE
values, indicating vertical instability, have been calculated
during the lowest ozone days in the MOZAIC profiles as well
as for the corresponding radio soundings over the airports of
the eastern Mediterranean. On the contrary, high CIN values
have been calculated during the highest ozone days.

According to the above observations, high levels of tropo-
spheric ozone are accumulated on the top of the boundary
layer during anticyclonic synoptic conditions in the eastern
Mediterranean. Depending on the meteorological conditions,
the time of the day and the particular geographical character-
istics of each site in the area, tropospheric air may enter the
boundary layer, causing fumigation as far as ozone is con-
cerned, and leading to high surface ozone levels, which might
exceed the air quality standards. Similar field observations
on the influence of lower-troposphere ozone to the bound-
> ary layer and surface measurements have been reported re-
-0 Oluster perceniages (%) - cently at some locations of the Californian coast (Parrish et

al., 2010).

Following the above analysis, some further remarks could
be made on the shape and characteristics of the average pro-
files of the five examined eastern Mediterranean airports,
as well as on their differences (Fig. 1). As already men-
tioned, the highest summer average ozone concentrations in
the lower troposphere are observed over Cairo and Tel Aviv,
while at the same time these airports show the lowest summer
average relative humidity values in the lower troposphere
(Fig. 1a). We could advance the hypothesis that the higher
Pressure (hPa) summer average levels of relative humidity in the lower tro-
posphere over Rhodes, Heraklion and Antalya (35-50 %),

Fig. 7. Backward integration in time for 3 days for the MOZAIC | o40d 1 the northern part of the eastern Mediterranean
vertical profile measurements and for air masses arriving at 1500—basin in comparison to Cairo and Tel Aviv (10-30 %), in-
5000 m over Tel Aviv during a period with high ozone levels in the ! p o)

lower troposphere (31 July 2003, Flight: MD20030731102). The dicates a more intense uplifting of boundaryjlayer air to-
results are summarized on centroids of 5 clusters, and include latiVards the lower troposphere over the former airports, which
tude, longitude, pressure and percentage of representation every B8 mentioned before could be geographically extended and
hours. The results shown above are for the 1.5-5 km layer. Top plo€nhanced by the combination of the prevailing air flow with
shows the clusters positions at day 0 (black), day-1 (blue), day-Aocal topography. At the same time the lower tropospheric
(red), and day-3 (cyan). Middle plot shows the percentages of clusozone values over Rhodes, Heraklion and Antalya are lower
ters at day-3. Finally, bottom plot shows the pressure of the clustershan the corresponding in Cairo and Tel Aviv while the CO
atday-3. The red line is the aircraft trajectory during ascent/descentyg|yes are higher over Rhodes, Heraklion and Antalya than in
Cairo and Tel Aviv, which could be explained by a more in-
tense uplifting of polluted boundary-layer air to the lower tro-
troposphere, from the ground level to at least 5 km (500 hPaposphere taking place over Rhodes, Heraklion and Antalya
and can be detected for several days before the selected meairports. In addition, over Rhodes, Heraklion and Antalya
surements of highest or lowest ozone levels. the decreasing temperature gradients are higher, indicating
The calculation of convective available potential energyalso vertical instability and stronger ascending movements
(CAPE) and convective inhibition (CIN), for the cases of that might be a result of a combination of sea-breeze and
the highest and lowest MOZAIC ozone vertical profiles over local topographical features (e.g. mountains close to shore-
Cairo and Tel Aviv has been also carried out in order to defineline), which is in agreement with the above hypothesis.
atmospheric instability and stability correspondingly. These In general, the maximum vertical ozone concentrations
calculations have been compared to the same-day calculaver all the examined eastern Mediterranean airports are ob-
tions of the regular radio soundings performed over the air-served just above the boundary layer. Within the boundary
ports of the eastern Mediterranean (provided by the uppetayer, ozone is decreased on average in all airports, especially
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Fig. 8. (a) Vertical profiles of summer (JJA) ozone over the eastern Mediterranean airport of Cairo for the 7% highest (red) and the 7%
lowest (blue) ozone mixing ratios at 1500-5000(h); same aga) but for relative humidity{c) same aga) but for carbon monoxide (CO);

(d) (left), same aga) but for temperature gradient per km; (right), saméadbut for wind speed. The black line (@&, b, c) shows the mean

profile of the respective parameter.
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in Tel Aviv and Cairo, which might be attributed mainly to meteorological conditions as well as by the local topograph-
the influence of nitrogen oxides originating from local urban ical and meteorological characteristics of each site.
pollution, of atmospheric particles of mainly natural origin

(e.g. desert dust), as well as local meteorological character-
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