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ABSTRACT
In this study the vertical ozone profiles during summertime (June to August) of the MOZAIC
(Measurement of Ozone and Water Vapor by Airbus in Service Aircraft) Project over the eastern
Mediterranean airports of Heraklion and Rhodes in the Aegean Sea, have been analyzed in order to
identify the major factors determining the ozone variability in the lower troposphere over this area. In
total 42 ozone profiles have been examined, which have been collected during a 10-year period
(1996-2006). In addition, the corresponding vertical profiles of temperature, relative humidity, carbon
monoxide and wind speed have been also examined in parallel. The vertical summer ozone profiles
have been classified into groups of highest and lowest ozone levels in the free troposphere (at the
3000-5000m and 1500-3000m layers) and the corresponding composite weather maps of
geopotential heights have been plotted and their examination was focused on the Aegean Sea area.
From the data analysis it comes out that for the examined area, in the lower troposphere but also
within the boundary layer the role of the synoptic weather conditions and the associated large-scale
transport of air masses, especially anticyclonic subsidence, seem to be more important in
understanding the ozone variability than the local or regional short-term ozone photochemical
production.
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1. INTRODUCTION
It has been documented during the recent years that high rural background ozone levels, exceeding
60 ppb, have been observed in the lower troposphere and the boundary layer over mainland
Greece, the Aegean Sea and other parts of the Eastern Mediterranean, especially during
summertime (e.g. Varotsos et al., 1993; Kalabokas et al., 1996; Kalabokas and Bartzis 1998;
Kalabokas et al., 2000; Kourtidis et al., 2002; Kouvarakis et al., 2002; Kalabokas and Repapis, 2004;
Bossioli et al., 2007).
The weather conditions over the Eastern Mediterranean during summer are influenced by eastward
extensions of the Azores anticyclone and the low pressure branch of the large South Asian thermal
low. Modelling studies of the large-scale dynamics (Rodwell and Hoskins, 1996; Rodwell and
Hoskins, 2001) also suggest a strong influence of the Indian Monsoon on the dry Mediterranean
climate in summer, i.e. by Rossby wave interaction with the southern flank of the mid-latitude
westerlies producing adiabatic descent and hence anticyclonic conditions at the surface over the
Western Mediterranean. The resulting monsoon circulation over the Aegean Sea together with the
strong pressure gradient, due to the surrounding mountains of the Greek peninsula in the West and
the Anatolian plateau in the East, produces persistent northerly winds, the so called “Etesian winds”
(annual winds). This flow of the low troposphere is most pronounced at the 850 hPa level (Repapis
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et al., 1977). As a result, the Eastern Mediterranean is influenced by advection from Europe in the
lower troposphere associated with the Etesian winds and subsidence in the middle and upper
troposphere associated with the westerly flow in the descending branches of the Asian thermal low
and, to a lesser extent, of the East African monsoon. It was also shown that the day-to-day
variations in these two main factors are linked to the Asian monsoon (Rodwell and Hoskins 2001; Ziv
et al., 2004).
The possibility for an influence of long-range pollution transport, mainly from the European continent,
on ozone and its precursors over the Eastern Mediterranean has been discussed in several
publications (Kallos, 1995; Lelieveld et al., 2002; Zerefos et al., 2002; Volz-Thomas et al., 2003). In
addition, the prevailing synoptic weather conditions seem to influence significantly the ozone levels
in the boundary layer but also in the lower troposphere (Kalabokas et al., 2007; 2008).
In a previous study derived from the same project, vertical ozone profiles measured in the period
1996–2002 in the framework of the MOZAIC (Measurement of Ozone and Water Vapor by Airbus in
Service Aircraft) project (Marenco et al., 1998) for flights connecting Central Europe to the Eastern
Mediterranean basin (Heraklion, Rhodes, Antalya) have been analyzed (Kalabokas et al., 2007). The
77 flights during summer (JJAS) showed over the Eastern Mediterranean significantly (10–12 ppb,
20–40%) enhanced ozone mixing ratios in the lower troposphere and especially at the 1000 – 700
hPa layer, where ozone frequently exceeds the 60 ppb, 8-h EU air quality standard, whereas ozone
between 700 and 400 hPa was only slightly (3–5 ppb, 5–10%) higher than over Central Europe.
Analysis of composite weather maps for the high and low ozone cases within the boundary layer (at
the 900hPa level), as well as back-trajectories and vertical profiles of carbon monoxide, suggest that
the main factor leading to high tropospheric ozone values in the area is anticyclonic influence, in
combination with a persistent northerly flow in the lower troposphere and the boundary layer during
summertime over the Aegean Sea. On the other hand, the lowest ozone levels are associated with
the passing of low-pressure systems or the extension to the west of the Middle-East low associated
with weak pressure gradients over the Eastern Mediterranean and an upper air trough in the North
Eastern Europe. The same pattern of summer ozone variability has been observed by analyzing the
ozone measurements at several rural sites in the Eastern and Central Mediterranean (Kalabokas et
al., 2008), showing that the highest and lowest summer afternoon ozone levels are strongly
associated with characteristic synoptic meteorological conditions prevailing throughout the whole
lower troposphere.
The aim of this work is to investigate the meteorological and/or chemical factors controlling the lower
troposphere ozone levels, above the boundary layer (1.5-5 km altitude) over the Aegean Sea, having
in mind also that the outcome of this investigation will lead to a better understanding of the ozone
variations observed inside the boundary layer as well as at the surface of the examined region. For
this purpose, vertical MOZAIC summer ozone profiles measured in the period 1996–2006 over the
Aegean Sea airports of Heraklion and Rhodes were analyzed in order to identify the atmospheric
conditions associated with high and low ozone levels in the lower troposphere. Also, the
measurements of relative humidity, temperature, wind speed and carbon monoxide have been
examined in parallel with the ozone measurements. In this respect, vertical profiles of the above
mentioned parameters collected during days with very high or very low ozone mixing ratios in the
lower troposphere have been examined together with the corresponding composite weather maps.

2.  DATA AND METHODOLOGY
Vertical MOZAIC (Measurement of Ozone and Water Vapor by Airbus in Service Aircraft; Marenco et
al., 1998) profiles (42 in total) from ascending and descending flights over  the Aegean airports of
Heraklion (35.3oN, 25.2oE) and Rhodes (36.4oN, 28.1oE) have been analyzed (1996-2006).
Measurements are taken from take-off to landing. Based on the dual-beam UV absorption principle
(Thermo-Electron, Model 49-103), the ozone measurement accuracy is estimated at ± [2 ppbv+2%]
for a 4s response time (Thouret et al., 1998). Based on an infrared analyzer, the carbon monoxide
measurement accuracy is estimated at ±5 ppbv ±5% (Nédélec et al., 2003) for a 30 s response time.
The analysis is focused on summertime (June to August) profiles. The studied parameters are:
Ozone, relative humidity, carbon monoxide, temperature and wind speed. The set of collected
profiles is classified into groups of 10% highest and 10% lowest ozone levels for two vertical layers
in the lower free troposphere over the Aegean Sea (1500-3000m and 3000-5000m).
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3. RESULTS AND DISCUSSION
The examination of the averaged vertical summer ozone profiles over Heraklion and Rhodes for the
10% highest and the 10% lowest ozone mixing ratios in the free troposphere, at the 3000-5000 m
and 1500-3000 m levels, in parallel with the corresponding curves of relative humidity, carbon
monoxide, vertical temperature gradient and wind speed (Figures 1 and 2 respectively), shows the
following: The 10% highest ozone concentrations at 3000-5000 m and 1500-3000 m height levels
over Heraklion and Rhodes are associated with low values of relative humidity, vertical temperature
gradient and wind speed in these layers, indicating anticyclonic atmospheric conditions linked with
subsidence of air masses from the upper troposphere. On the other hand, the 10% lowest ozone
concentrations at 3000-5000 m and 1500-3000 m over the examined Aegean airports are associated
with high values of relative humidity, vertical temperature gradient and wind speed, indicating vertical
instability and ascending movements of air masses. It is remarkable that, to the contrary of the large
ozone and relative humidity differences in the lower troposphere, the average CO levels observed
over Heraklion and Rhodes are comparable between the highest and lowest ozone days over the
examined airports. This indicates comparable levels of primary pollution in the air masses under
both examined conditions (highest-lowest ozone). It has to be reminded that because of its low
solubility and its photochemical lifetime of the order of weeks, carbon monoxide (CO) is a good
tracer of anthropogenic pollution and CO profiles have been used for tracking pollution episodes in
the boundary layer or even in the free troposphere (Nédélec et al., 2003).
In Figure 3 the composite weather maps of geopotential heights at at 700 hPa of the 10% of the
days with the highest ozone and 10% of the days with the lowest ozone concentrations (at the 1500-
3000 m layer) are plotted. The composite weather maps were constructed from the NCEP/NCAR
reanalysis, based on grids of 2.5×2.5 deg, for the days of the flights in each group following the
procedure of Kalnay et al. (1996). It is observed that the highest ozone concentrations in the lower
troposphere (but also in the boundary layer at the same time) occur, in fact, during high pressure
(anticyclonic) conditions prevailing over North-Africa and the Mediterranean Sea as well as over
parts of Western Europe. The Greek peninsula and the Aegean Sea are under the influence
anticyclonic flow, which, as previously mentioned, is mainly linked with transport and subsidence of
air masses from the upper troposphere leading to increase in ozone and decrease in relative
humidity as it is well known that the upper tropospheric air is richer in ozone and poorer in relative
humidity. On the other hand, the lowest ozone values are associated with the presence of low-
pressure systems influencing the examined area and leading to strong westerly circulation over the
Mediterranean towards the eastern region. These low pressure (cyclonic) conditions, are associated
with high dispersion and uplifting of boundary layer air towards the lower troposphere (in association
with the important summer thermal convection in the area) leading to decrease in ozone and
increase in relative humidity (boundary layer air masses are poorer in ozone and richer in relative
humidity in  comparison to tropospheric air masses). These observations are in agreement with the
results of previous research investigations in the Aegean Sea and the Eastern Mediterranean,
focusing primarily to the boundary layer (Kalabokas et al., 2007; 2008). An additional detail
concerning the lower tropospheric weather conditions is that at the 700hPa level and during the
highest ozone days the quasi-permanent anticyclone usually located over Northwestern Africa is
stronger and more extended especially towards Western Europe, if compared to the meteorological
situation observed during the lowest ozone days when the anticyclone is significantly weaker (Figure
3). This strengthening and expansion of the North-African anticyclone seems to be a critical factor
associated with the anticyclonic influence over Greece and the Aegean Sea. On the other hand,
during the lowest ozone days the North-African anticyclone is weaker and less extended towards the
European continent while at the same time the examined area is under the influence of the low
pressure systems moving to Greece and the Aegean Sea from Northern and Central Europe (Figure
3).
It has also to be mentioned that the characteristic synoptic weather patterns, corresponding to
highest and lowest ozone, are extended throughout the lower troposphere, from the ground level to
at least 5 km, as it comes out also from the examination of composite weather maps at 850 and 500
hPa (not shown). In addition, these meteorological patterns are present in the atmosphere for some
days before the selected measurement, especially for the highest ozone days, as shown in Figure 3.
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Figure 1. (a).The averaged vertical summer (JJA)  ozone profiles over the Aegean airports of  Heraklion and Rhodes for the 10% highest (red line)
and the 10% lowest (blue line) ozone mixing ratios at 3000-5000 m, (b). Same as (a) but for relative humidity, (c). Same as (a) but for carbon

monoxide (CO), (d). (Left), Same as (a) but for temperature gradient per km, (Right), Same as (a) but for wind speed. The bold line in (a), (b), (c), (d)
shows the mean profile of the respective parameter (all profiles included)
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Figure 2. (a). The averaged vertical summer (JJA)  ozone profiles over the Aegean airports of Heraklion and Rhodes for the 10% highest (red line)
and the 10% lowest (blue line) ozone mixing ratios at 1500-3000 m, (b). Same as (a) but for relative humidity, (c). Same as (a) but for carbon

monoxide (CO), (d). (Left), Same as (a) but for temperature gradient per km, (Right), Same as (a) but for wind speed. The bold line in (a), (b), (c), (d)
shows the mean profile of the respective parameter (all profiles included)
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Figure 3. Composite weather maps of geopotential heights at 700 hPa of the 10% of the days with
the highest ozone concentrations at the 1500-3000 m layer (left column) and of the 10% of the days

with the lowest ozone concentrations at the 1500-3000 m layer (right column) in Heraklion and
Rhodes during the day of the measurement (1st row), 1-day  before the measurement (2nd row),and

2-days before the measurement (3rd row).
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From this analysis it comes out that a key factor leading to high ozone values in the lower
troposphere over the Eastern Mediterranean is the anticyclonic influence. As mentioned, summer
anticyclones are rich in ozone as they transport downwards the upper troposphere ozone, which has
a marked midsummer peak over Europe (Thouret et al., 2006). In addition, it has to be noted that
similar observations of high ozone levels during anticyclonic conditions have been reported also at
rural sites in Western and Central Mediterranean following the analysis of surface ozone data
(Sánchez et al., 2008; Schürmann et al., 2009; Velchev et al., 2011). It seems though that this
phenomenon is even more pronounced in the Eastern Mediterranean region where atmospheric
conditions of strong summer anticyclonic subsidence in the lower troposphere, leading to high ozone
concentrations, have been reported recently as a result of analysis of satellite data as well as large
scale atmospheric modelling simulations, which is in agreement with our observations (Eremenko et
al., 2008; Foret et al., 2009; Liu et al., 2009; Coman et al., 2012).
According to the above, high levels of tropospheric ozone are accumulated on the top of the
boundary layer when the Greek peninsula and the Aegean Sea are under the influence of
anticyclonic synoptic weather conditions. Depending on the meteorological conditions, the time of
the day and the particular geographical characteristics of each site in the area (e.g. mountains
ranges, sea-breeze cells), ozone-rich tropospheric air may enter the boundary layer causing
fumigation and resulting to high surface ozone levels, which might exceed the air quality standards,
like for example the 60 ppb EU standard for human health protection. Similar field observations
regarding the influence of lower troposphere ozone to the boundary layer and surface
measurements have been reported recently at some locations of the Californian coast (Parrish et al.,
2010).
From the above analysis, it comes out that especially in the lower troposphere but also within the
boundary layer the role of the synoptic weather conditions and the associated large-scale transport
of air masses, rich or poor in ozone, seem to be more important in understanding the ozone
variability than the local short-term ozone photochemical production, for the examined Aegean Sea
area. The above remarks should have implications in the formulation of the air pollution abatement
strategies in the urban centers of the region under study. It should be taken into account that the 60
ppb EU standard for human health protection could be relatively frequently exceeded in the area
during case events when the ground surface ozone concentrations are influenced by subsidence of
air masses from the upper troposphere.

4. CONCLUSIONS
The analysis of the vertical summer ozone profiles measured in the period 1996–2006 in the
framework of the MOZAIC project over the Eastern Mediterranean airports of Heraklion and Rhodes,
shows that the highest ozone levels in the lower troposphere over the examined Eastern
Mediterranean airports are associated with low relative humidity, low vertical temperature gradient
and low wind speed. These measurements correspond to prevailing anticyclonic synoptic
meteorological conditions. Summer mid-latitude anticyclones influence boundary layer and surface
ozone primarily by downward transport from the upper troposphere but also by creating stable
conditions close to the surface, thereby hindering vertical dispersion of ozone precursors and
enabling them to travel over long distances horizontally thus leading to regional photochemical
activity in the boundary layer. On the other hand, the lowest ozone levels are associated with high
relative humidity, high vertical temperature gradient and high wind speed and occur during low
pressure (cyclonic) meteorological conditions. A remarkable observation during the present
investigation is that in the lower troposphere (1500-5000 m) the CO levels do not differ substantially
between the highest and lowest ozone days, which means that the high differences in tropospheric
ozone (40-45 ppb) occur despite the comparable primary pollution levels in both examined
situations, indicating the meteorological factor as predominant in controlling the tropospheric ozone
levels, if compared to the local photochemistry over the examined region. The accumulation of high
ozone levels due to tropospheric subsidence on the top of the boundary layer might influence
significantly the surface ozone concentrations, when the meteorological conditions are favorable,
which should be taken into account during the formulation of local photochemical pollution
abatement strategies.
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