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Abstract. The influence of tropospheric ozone to the surface ozone concentrations is investigated at the monitoring station
of JRC-Ispra, based on 10 years of measurements (2006-2015) of surface ozone data. In-situ hourly measurements of ozone
and other air-pollutants, meteorological parameters and weekly averaged 'Be (as indicator of upper-
tropospheric/stratospheric influence) and 2°Pb measurements (as indicator of boundary layer influence), have been used for
the analysis. In addition, IASI+GOME?2 and IASI ozone satellite data have also been used. It is observed that frequently "Be
and ozone weekly peaks coincide, which might be explained by the impact of deep atmospheric subsidence on surface
ozone, particularly during late spring and early summer. Based on this observation, a detailed analysis of selected "Be and
ozone episodes occurring during that period of the year has been performed in order to further elucidate the mechanisms of
tropospheric influence to the surface pollutant concentrations. For the analysis composite NOAA/ESRL reanalysis synoptic
meteorological charts in the troposphere have been used as well as 1ASI satellite 0zone measurements and NOAA-HYSPLIT
back trajectories. The JRC-station hourly measurements during subsidence episodes show very low values of local pollution
parameters (e.g. NOy, 22Rn, nephelometer data, PMip), close to zero. On the contrary, during these periods ozone levels
reach usually values around 45-60 ppb during the afternoon hours but also show significantly higher values than the average

during the night and morning hours, which is a sign of direct tropospheric influence to the surface ozone concentrations.

1 Introduction

It has been reported that tropospheric ozone levels as well as surface ozone concentrations have increased significantly
during the last couple of centuries (Volz and Kley, 1988; Forster et al., 2007; Monks et al., 2015; Gaudel et al., 2018). Ozone
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is an important greenhouse gas and might cause adverse effects to human health and also have negative impacts on
vegetation and materials (Ito et al., 2005; Van Dingenen et al., 2009; Hollaway et al., 2012). Tropospheric ozone is mainly
produced in the troposphere through photochemical reactions of precursor pollutants but it does also originate from
stratospheric intrusions (Volz and Kley, 1988; Staehelin et al., 1994). On the average, the tropospheric ozone originating
from the stratosphere is about 10 % on global scale (Monks et al., 2015). The surface ozone concentrations depend on
photochemistry and transport within the boundary layer as well as tropospheric entrainment, which might also be associated
to deep tropospheric subsidence especially over the Mediterranean during summer where, in general, high ozone levels are
observed (Kalabokas et al., 2000; Kouvarakis et al., 2000; Lelieveld et al., 2002; Zerefos et al., 2002; Gerasopoulos et al.,
2005; Kalabokas et al., 2007; Kalabokas et al., 2008; Lelieveld et al., 2009; Velchev et al., 2011, Richards et al., 2013;
Kalabokas et al., 2013; Cooper et al., 2014; Safieddine et al., 2014; Kalabokas et al., 2015).

The influence of intercontinental ozone transport on surface ozone concentrations is considered as a critical issue regarding
ozone pollution control (UNESCE, 2010) and this issue has been extensively studied especially in the USA where many
studies have shown that tropospheric transport and entrainment of ozone from the free troposphere to the boundary layer has
an important impact on surface ozone-mixing ratios (Cooper et al., 2011; Cooper et al., 2012; Parrish et al., 2013; Parrish et
al., 2014; Langford et al., 2015). Also, anticyclonic synoptic conditions are normally linked to tropospheric subsidence,
which is considered to be an important source of high ozone concentrations over the eastern Mediterranean. During the
summer period, the Mediterranean area is under the influence of the descending branch of the Hadley circulation (Lelieveld,
2009) in combination with the impact of the Indian monsoon, inducing a Rossby wave that through the interaction with the
mid-latitude westerlies produces adiabatic descent in the area (Rodwell and Hoskins, 1996, 2001; Tyrlis et al., 2013). In the
eastern Mediterranean strong deep subsidence throughout the troposphere to the boundary layer, which seems to be a quite
frequent phenomenon, has been documented based on the analysis of MOZAIC vertical ozone profiles as well as surface
ozone and satellite measurements (Kalabokas et al., 2007, 2008, 2013, 2015; Eremenko et al., 2008; Foret et al., 2009; Liu et
al., 2009; Doche et al., 2014; Gaudel et al., 2018). In addition, large-scale atmospheric modeling simulations (Li et al., 2001,
Richards et al., 2013; Zanis et al., 2014; Safieddine et al., 2014; Tyrlis et al., 2014; Akritidis et al., 2016; Cristofanelli et al.,
2018) show the importance of the vertical ozone transport over the Mediterranean basin, especially in its eastern side. Also,
sea-breeze circulation appears to have a particularly strong influence on ozone formation in the western Mediterranean,
because it favors accumulation of ozone in recirculated polluted air masses (Millan et al. 1997, 2000; Castell et al. 2008).
The atmospheric processes controlling ozone levels over the western and central Mediterranean need further studying,
especially for what concerns the springtime months. It has been reported that surface background ozone levels in the
western and central Mediterranean show a maximum in spring (April-May) while in the eastern Mediterranean stations a
later ozone maximum appears in July—August (Kalabokas et al., 2008; Zanis et al., 2014). Also, it has been recently reported
that high spring-time ozone concentrations are detected over a large geographical area for several days under specific

synoptic conditions, which could be explained by the impacts of tropospheric subsidence (Kalabokas et al., 2017). Apart
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from tropospheric subsidence influencing near-surface ozone concentrations, it has to be mentioned also that there are
climatological and case studies of stratospheric intrusions affecting near surface ozone concentrations for the Mediterranean
region (Kentarchos et al., 1998; Cristofanelli et al., 2006; Gerasopoulos et al., 2006; Akritidis et al., 2012).

Atmospheric radionuclides are useful for studies of tropospheric subsidence and transport and in particular terrigenous 2°Pb
and cosmogenic 'Be, which are natural radionuclides that are helpful in understanding the roles of transport and/or
scavenging in controlling the behavior of radiatively active trace gases and aerosol (WMO-GAW, 2004; Feichter et al.,
1991; Balkanski et al., 1993; Koch et al., 1996; Graustein and Turekian, 1996; Arimoto et al., 1999; Gerasopoulos et al.,
2001; Zanis et al., 2003; Liu et al., 2004; Leppanen et al., 2010; Pham et al., 2011; Garcia et al., 2012; Jiwen et al., 2013;
Cuevas et al., 2013; loannidou et al., 2014; Brattich et al., 2017). Due to their different origins, the investigation of 2°Pb and
"Be activities simultaneously can be useful for studies of atmospheric transport of pollutants, especially in particle phase
(Koch et al., 1996). 2°Ph has a half-life of about 22 years. It originates from the decomposition of 2Rn, which has a half-
life of 3.8 days and it is a decomposition product of ??°Ra originating from the ground (Baskaran, 2011). 'Be has a
cosmogenic origin and it is formed mostly by the decomposition of the atoms of carbon, nitrogen and oxygen present in the
atmosphere by incident gamma radiation. It has a half-life of 53.3 days (Masarik and Beer, 1999). Its production rate
increases with altitude and saturates at about 15 km height (Usokin and Kovaltsov, 2008). Most of "Be is produced in the
stratosphere and about the one third in the troposphere, especially in its upper part (O’Brien, 1979). After their formation,
'Be atoms are mostly attached to atmospheric particles and so their atmospheric concentrations are greatly influenced by
transport and deposition processes of particles (Jaenicke, 1988; Feely et al., 1989; Papastefanou and loannidou, 1995; Koch
et al., 1996; Bourcier et al., 2011; Duenas et al., 2011; Lozano et al., 2012; Steinmann et al., 2013; Herndndez-Ceballos et
al., 2016).

On the average, the "Be concentrations in the upper troposphere are about the 25% of the lower stratospheric concentrations
(about160 mBg m3) at northern mid-latitudes while "Be concentrations close to the ground are generally below 5 mBg m-3
(Reiter et al., 1983; Dutkiewicz and Husain, 1985; Brost et al., 1991; Gaggeler, 1995). So, air masses originating from the
upper troposphere or stratosphere contain usually high “Be concentrations and the intrusions of stratospheric air mass into the
troposphere are the main processes transferring "Be to the earth’s surface through dry or wet deposition. Therefore, 'Be
serves as a tracer for lower stratospheric and upper tropospheric air masses arriving to the ground (Lee et al., 2007;
Papastefanou et al., 2012). Due to the exchange and removal processes in the atmosphere the “Be concentration in air at
ground level varies strongly with the season while "Be production rates in the atmosphere remain relatively constant (Durana
et al., 1996; Masarik and Beer, 1999). In general, "Be surface concentrations show a maximum in late summer (Reiter et al.,
1983; Feely et al., 1989; Bourcier et al., 2011; Hernandez-Ceballos et al., 2016).

The investigation of the atmospheric processes controlling the frequently observed springtime ozone maximum over parts of
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the European continent including the western Mediterranean is an interesting research issue as photochemical ozone
production and tropospheric transport, including stratospheric influence, might be involved (Beekmann et al., 1994; Monks,
2000). It has been previously reported that high surface ozone concentrations, lasting several days, have been observed over
large geographical areas at the same time (Kalabokas et al., 2017). It has been also shown that the observed regional
springtime ozone episodes are usually associated to specific synoptic meteorological patterns, which have great similarities
with those observed during the summertime ozone episodes over the eastern Mediterranean and are linked to large-scale
subsidence (Kalabokas et al., 2013, 2015; Doche et al., 2014).

In the previous study (Kalabokas et al., 2017) some troposheric mechanisms related with regional ozone episodes especially
linked with large-scale subsidence were examined. In this manuscript a more detailed analysis of the suggested mechanisms
was performed, based on the measurements of "Be , 2°Pb as well as a large variety of meteorological and air pollution
parameters collected at the JRC-Ispra station, which is considered to be one of the most well-equipped measuring sites in
Europe. The present study focuses on the influence of tropospheric subsidence on surface ozone concentrations, especially
during spring and summer months over the western Mediterranean area. It is based on the analysis of 10 years of ozone and
other air pollution measurement data (2006-2015) as well as measurements of natural radionuclide tracers at surface level,
which can be used as tracers of transport and photochemical and removal processes. These data are collected at the JRC-
Ispra site, located in the pre-alpine area in northern Italy but also located relatively close to the western Mediterranean. In
addition, we used meteorological maps, back trajectories and IASI satellite ozone data for a better understanding of the
relative importance of the contributions of the different sources of ozone, especially the role of the vertical transport in the
troposphere. To our knowledge, a similar analysis of such multi-parameter long term measurements has not yet been

performed so far for this area.

2 Experimental

2.1 Site description

The JRC-Ispra station (45.807°N, 8.631°E, 223m a.s.l) is located in a valley in the pre-alpine area of northern Italy. A
general meteorological characteristic of the area is that low winds usually prevail with occasional northerly Foehn events
(Mira-Salama et al., 2008). More details about the site can be found in Putaud et al., 2017.

2.2 Instrumentations and measurements at JRC-Ispra site

The information on the instrumentation used for this investigation is presented in Table 1.

Regarding the meteorological measurements, a WXT510 weather transmitter from “Vaisala” recorded simultaneously 6
meteorological parameters, temperature, pressure, relative humidity, precipitation, wind speed and wind direction, from the

top of an about 10 m high mast. Humidity (in ppmV units) was calculated from relative humidity (RH), temperature and
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atmospheric pressure, which was useful for the data-analysis as an air mass reaching the surface by transport from higher
altitudes will typically be relatively dry and entrainment of air from the free troposphere is thus normally associated with a

drop in humidity mixing ratio as well as specific humidity.

2.3 Meteorological maps and back trajectories

Composite NOAAJ/ESRL reanalysis meteorological charts of various meteorological parameters for selected ozone episodes
and at the atmospheric pressure levels of 850, 700 and 500 hPa have been produced with a horizontal resolution of 2.5° x
2.5° (Kalnay et al., 1996). Due to space limitations mostly the 700 hPa charts, representative for the free troposphere, are
presented. In addition, 6-day NOAA /HYSPLIT back trajectories for selected high ozone days for air masses arriving at the
JRC-Ispra site at various end points have been plotted, using the GDAS meteorological data (Draxler and Rolph, 2015).

2.4 1ASI and IASI+GOME? satellite ozone measurements

Progresses in satellite observations of tropospheric 0zone have been made during the last decade (e.g., Fishman et al., 2003;
Liu et al., 2005; Coheur et al., 2005; Worden et al., 2007; Eremenko et al., 2008, Cuesta et al., 2013). These progresses
combined with their spatial coverage and horizontal resolution make possible to use such observations to complement in situ
observations and to support the analysis of ground measurements as well as modeling simulations. In this study, we use
ozone satellite observations derived from the IASI infrared instruments and from the multispectral synergism of 1ASI and
GOME-2 in the ultraviolet, for enhancing sensitivity to ozone closer to the surface. The first IASI instrument (Clerbaux et
al., 2009) has been launched on board the MetOp-A platform on 19 October 2006. It is a Fourier transform spectrometer
operating at nadir in the thermal infrared between 645 and 2760 cm™ with an apodized spectral resolution of 0.5 cm™. IASI
monitor atmospheric composition twice a day at any (cloud-free) location at high resolution with its swath width of 2200 km
and its field of view composed of a 2x2 pixels matrix with a diameter at nadir of 12 km each (e.g., Boynard et al., 2009;
George et al., 2009; Clarisse et al., 2011; Coman et al., 2012). As in Doche et al. (2014), IASI ozone concentrations retrieved
at 3 km and 10 km height are used for our analysis, as representative of the lower and upper troposphere, respectively. The
maximum of sensitivity of IASI retrievals ranges between 3 and 5 km in the lower troposphere and 9 and 12 km in the
upper-troposphere. Several studies show that the ozone concentrations retrieved from IASI in the lower- and the upper-
troposphere are mainly uncorrelated (Dufour et al., 2010, 2012, 2015). We use the vertical profiles retrieved from 1ASI to
calculate longitudinal transect for different latitudes. Vertical profiles within 1° in latitude and 0.5° in longitude are averaged

in the transect calculation.
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The satellite multispectral approach used here is called IASI+GOME2 (Cuesta et al., 2013). It is based on the joint and
simultaneous use of both GOME-2 and 1ASI measurements for deriving a unique ozone profile for each pair of spectra. It is
designed for observing lowermost tropospheric ozone located below 3 km of altitude (with typically a peak of maximum
sensitivity down to 2 km of altitude), which is not directly observed with single-band retrievals. As 1ASI, GOME-2 is only
onboard the MetOp satellite series and offer global coverage every day (for MetOp-A around 09:30 local time) with a swath
width similar to IASI and a ground resolution moderately coarser than TASI (pixels of 80 km x 40 km for GOME-2). As
described in detail by Cuesta et al., (2013), co-located IR and UV spectra are jointly fitted to retrieve a single vertical profile
of ozone for each pixel at the 1ASI horizontal resolution. The UV measurements from the closest GOME-2 pixel (without
averaging) are used for each 1ASI pixel. As for 1ASI only retrievals, a priori 0zone profiles representative of tropical, mid-
latitude and polar conditions are calculated by averaging the climatological ozone profiles from McPeters et al., (2007) over
the 20-30°N, 30-60°N and 60-90°N latitude bands. The selection of the a priori profiles used during the retrieval is based on
the tropopause heights (determined by the temperature vertical profile for each IASI pixel) above 14 km, between 14 and 9
km and below 9 km, respectively. IASI+GOME?2 retrievals are routinely produced at the global scale by the French data
centre AERIS and they are publicly available (https://iasi.aeris-data.fr/O3 1AGQO2/).

3 Results and discussion
3.1 Seasonal variation of Oz concentrations, ‘Be concentrations and the "Be/?'%Pb ratio.

For the investigation of entrainment episodes and based on information presented in the introduction, plots of weekly
averages of ozone vs. "Be concentrations and that of ozone vs. "Be/?*%Pb ratios were made for all years during the examined
period (2006-2015) and the year 2011 is shown as an example (Figs. 1a,b). As observed, 'Be and O3 peaks are in several
cases coinciding, which might be explained by an impact of deep atmospheric subsidence (air masses moving down from the
stratosphere/upper troposphere) on surface ozone. Particularly during springtime, the high ozone levels during such events

may be influenced by ozone rich air being transported down to the boundary layer from the stratosphere/upper troposphere.

As seen in Figures la-b, in May 2011 and in a period around end of June 2011 and beginning of July 2011 there were
episodes of downward transport of ozone down to the surface from the above tropospheric layers. The relatively higher
"Be/?'%Pb ratios at the end of the spring to the beginning of the summer seasons (mid-April to mid-July) indicate that

stratospheric or upper tropospheric influence should be most important during this period.

In addition, in Figures 1c-d the "Be activity and the "Be/?'°Pb ratio are presented together with specific humidity. As
observed, very often the local "Be/?'°Pb maxima coincide with local minima of specific humidity, which supports the
assumption, that this isotope ratio is an indicator of the relative importance of entrainment of subsiding dry air originating

from the upper atmospheric into the boundary layer and the ground surface. The "Be activity does not show a similar
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correlation with specific humidity. If we look at the yearly variation of the isotope ratio, it has a maximum in the early
summer while specific humidity has a maximum later in the summer, which may be explained by the fact that warm air can

contain more water vapor.

The "Be/?%Pb peaks are in some cases coinciding with ozone peaks but local "Be activity peaks are found to be more
frequently coinciding with local ozone maxima. Thus the radioisotope data are consistent with the hypothesis that maximum
ozone values are frequently reached in situations where there is a combined impact of entrainment of ozone rich air brought
down by subsidence (high “Be activities) and stagnant atmospheric conditions (high 2°Pb activities), favoring ozone
formation in the boundary layer. In such conditions, "Be activities will be high, but not the "Be/?*°Pb ratio. This is illustrated
in Figure 1 for the year 2011, but a similar picture is seen during other years, where observations are available (see
Supplement Figs S1-S4).

As reported in the literature, stratospheric ozone intrusions in the Mediterranean occur most frequently from March to July
(Beekmann et al., 1994; Monks et al., 2000). An ozone increase is generally observed during spring months, associated with
the increase in solar radiation and photochemistry (Monks et al., 2000) but also from tropospheric downward transport
(Kalabokas et al., 2017) and thus some caution would be needed in the data-analysis as the increase in Oz, 'Be and "Be/*°Pb
at the same time is not necessarily related to the impact of stratospheric intrusions. However, the occurrence of “Be/?*°Pb
peaks above the baseline level can be interpreted as evidence of deep atmospheric subsidence followed by entrainment into
the boundary layer. The episodes in May and June 2011 with high ozone and "Be/?°Pb values (Fig 1) appears to be due to
such deep tropospheric subsidence as indicated by synoptic meteorological maps, back-trajectories and 1ASI satellite data.

Such specific episodes will be examined in detail later in the following section.

Table 2 shows the average monthly values for spring, summer and autumn (March to October) of "Be, "Be/?°Pb and O3 (12-
18 afternoon mean) for all of the years 2006-2015 where measurements were available. The "Be concentrations show
maximum monthly values in June-July, same as ozone, while the "Be/?°Pb ratio has its peak values in the April — June

period which would indicate enhanced deep tropospheric subsidence during this period of the year.

3.2 Investigation of the main synoptic characteristics during the May- July ozone episodes

As the May-July period seems to be the most important one regarding the influence of subsidence on ozone concentrations,
as a next step selected high "Be and ozone weekly episodes during the May-July period will be examined. More than ten "Be
- 0zone weekly episodes were identified in the whole time series and the three most characteristic of them, for what concerns

signs of tropospheric subsidence as observed in the meteorological and air pollution measurements (high ‘Be and Os;
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concentrations combined with positive omega and dry air masses), will be presented in the following paragraphs. The
selected episodes were: 3-10 May 2011, 23-29 May 2012 and 28 June — 04 July 2011. The episodes discussed here are not
Foehn events.

3.2.1 May 2011 ozone episode

In Figure 2 the composite NOAA/ESRL weather maps of geopotential height, wind speed, omega vertical velocity and
specific humidity for the episode of 3-10 May 2011 (as well as the corresponding 3-10 May climatology charts) at JRC-Ispra
are shown. A strong low-pressure system is observed over the Atlantic and a weaker one over Eastern Europe and the Black-
Sea while anticyclonic conditions prevail over Western and Central Europe in a vast region extending from Scandinavia to
the Mediterranean. In this region strong subsidence is observed as deduced from the charts of omega vertical velocity and
specific humidity, indicating large-scale downward movement of dry air masses. Similar subsidence conditions have been
already observed during regional spring ozone episodes over the western Mediterranean, especially related to the interface of

an anticyclone and a low-pressure system located further east (Kalabokas et al., 2017).

3.2.1 May 2012 ozone episode

The above feature is also clearly seen in the following selected episode of 23-29 May 2012 (Fig. 3), with a much stronger
anticyclone established over the North Sea (weekly averages measured at Ispra: "Be: 7117 uBq m=, "Be/?%Ph ratio: 9.6,
Ozone 54.9 ppb). The corresponding IASI and IASI+GOME2 satellite images as well as 1ASI vertical sections at various
latitudes from 60-45° N for ozone concentration at 3 km and 10 km are shown in Figs. 4-6. The IASI+GOME2 maps show
enhanced o0zone concentrations at 3km over Germany, France and Italy, which seem disconnected from the values at 10 km.
In a general way, IASI-GOME?2 ozone concentrations at 3km seem more independent from those at 10 km, than are those
derived from IASI at the same altitudes, which is expected because the number of degrees of freedom is larger. It appears
that the geographical distribution of tropospheric ozone as well as the movement of the high ozone reservoirs at both altitude
levels generally follow the synoptic weather patterns (Figs. 3, 4). An extended high ozone area appears to the east of the
anticyclone at both tropospheric levels apparently originating from the north, being an extension of the northern polar high-
ozone reservoir. It has to be added, that back-trajectories show air masses arriving to the Ispra site from N-NE directions and
from higher altitudes, especially on May 25-27 (not shown). This behaviour is usually encountered in the analysis of many
spring ozone episodes over the area as the 6-day back-trajectories usually originate from the region of high tropospheric
ozone subsidence over central and eastern Europe, thus inducing high ozone background levels of tropospheric origin at the

boundary layer and at the surface to which the photochemical ozone build-up might eventually be added.
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3.2.1 June — July 2011 ozone episode

The next episode of 28 June — 04 July 2011 seems to be quite representative of early summer ozone episodes over the area
and will be examined in more details by taking into account many relevant atmospheric measurements recorded at the JRC-
Ispra station. During this episodic event, very high "Be concentrations as well as "Be/?'°Pb ratio values have been recorded,
which were actually the highest weekly averages for 2011 (Figs. 1a,b). Regarding the weather conditions, it has been mostly

sunny throughout the week with some rain on the second day and light north-westerly winds.

The synoptic conditions (Figs 7-8, Fig. S5) show the existence of an extended deep low-pressure system over the Atlantic in
the free troposphere (at 500 -700hPa), and also another one over central Europe and the boundary layer (at 700-1000hPa),
while high atmospheric pressure prevails over most of the European continent, including Scandinavia. Following the
examination of the meteorological charts, it has been observed that massive subsidence occurs over a wide area over the
Atlantic and western Europe towards the Mediterranean, including the Alpine region, peaking on 1-3 July. Indeed, specific
humidity charts at various pressure levels (Fig. S5) show an extended area of dry air masses over the Atlantic (N. Spain — W.
France) at lower latitudes, moving towards the European continent and the Mediterranean following the synoptic flow (Fig.
7). The omega vertical velocity charts show that the descending motion is stronger at higher altitudes but at the same time
there is an accumulation of dry air masses over the Atlantic (indicating subsidence), which are displaced according to the
above described synoptic pattern. In addition, the tropospheric ozone distribution as measured by the IASI and
IASI+GOMES?2 satellites at 3 and 10 km follows the synoptic patterns (Figs. 9-11). As observed on June 30 and July 1, there
is a large zone of enhanced ozone at 10 km, but also at 3 km, descending from the North Sea to the Alps, and which
corresponds to a through east of the ridge. During July 2 and 3, the through has developed to a cut-off low located over SE

Poland, and so do high ozone values at 10 km.

The above described characteristics related to subsidence are much more pronounced if only 1-2 July is considered,
especially the large-scale descending tendency of tropospheric air masses at all pressure levels over Central and Northern

Europe, which is subsequently associated with extended tropospheric dryness over these areas (Figs S6-S8).

In addition, according to the back-trajectory plots the subsiding air masses arrive to the JRC-Ispra site from the Atlantic
coast and France (Fig. 16). Almost all back-trajectories arrive from the north, where the subsidence area is located (Figs 9-
10, Fig. S5) and where a large area of tropospheric o0zone appears over Western Europe, apparently originating from the high
ozone reservoir located over polar regions as shown in the corresponding IASI and IASI+GOME?2 satellite images as well as
IASI vertical sections (Figs 9-11).
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The hourly air pollution measurements at the JRC-station during the 28 June — 04 July 2011 period show first a period (June
28 and 29) with large ozone (daily maximum more than 80 ppb) and PM 1o (daily maximum more than 80 ug/m?®), related to
high temperatures (Tmax 30°C and low wind speed (<1 m/s). Aerosol is of mainly anthropogenic origin as indicated by
different nephelometer responses to red, green and blue light. High ozone values during this period are probably due mainly
to photochemical build-up from anthropogenic emissions in the Po valley. During the following period with maximum of
subsidence (1-2 July), ozone concentrations vary around 55-60 ppb with the diurnal concentration range significantly
reduced in comparison to the previous days while at the same time the NOy concentrations get minimum values (Fig. 13a) as
well as the humidity, ?2?Rn, nephelometer and PMio concentrations (Figs. 13b-d). Please note that the weekly resolution of
"Be measurements does not allow for ascertaining an expected maximum during these two days. During the days following
the strongest subsidence period (3-4 July) the nocturnal ozone values are significantly reduced as the tropospheric
entrainment has diminished while the ozone destruction by NO chemical titration and dry deposition on the ground reduces
substantially the concentrations within the generally shallow nocturnal layer. On the other hand, the mid-day ozone
concentrations are slightly increased probably due to in-situ photochemical ozone production, which is added-up to the
increased tropospheric ozone background, due to the regional tropospheric subsidence episode occurring during the previous
days. Thus, this period shows an interesting suite of days with strong photochemical ozone production and advection of
tropospheric ozone to the ground.

In summarizing the above, it has to be mentioned at first that maximum ozone values in the area of the study are expected to
be connected primarily with boundary layer ozone photochemistry. The presented analysis shows that regional tropospheric
subsidence occurring frequently in the area during May — July might enable easier exceedances of ozone air quality
standards, as photochemical ozone build-up is initiated in a clean boundary layer air mass containing already high ozone
levels (i.e. 50 ppb), which is common after a regional tropospheric subsidence episode in the area. This phenomenon may
explain the spring ozone maximum observed over many stations over the Western and Central part of the European continent
including the Western Mediterranean. In relation to the above, it has been mentioned in the introduction that a similar

phenomenon is observed in the Eastern Mediterranean, maximizing though later in summer (July — August).

4 Conclusion

The present study focuses on the influence of tropospheric subsidence on surface ozone concentrations, especially during
spring and summer months over the western Mediterranean area. It is a much more detailed extension of a previous study
(Kalabokas et al., 2017) where some troposheric mechanisms related with regional ozone episodes especially linked with
large-scale subsidence were examined. This study is focused on a more detailed analysis of the suggested mechanisms, based
on the measurements of "Be , 22°Ph as well as a very large variety of meteorological and air pollution parameters collected at

the JRC-Ispra station, which is considered to be one of the most well-equipped measuring sites in Europe. High boundary
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layer concentrations of “Be are used as indicator of the influence of free tropospheric air, in which "Be activity is large due a

cosmogenic source. 2*%Pb activity is an indicator of accumulation of surface emissions and their reaction products and it

reaches its highest levels during periods with stagnant air conditions. Radioisotope and humidity data from the Ispra station
show that local peaks in "Be/?2°Pb frequently are coinciding with local minima in specific humidity, consistent with the
hypothesis that these peaks are found in situations with a strong impact of free tropospheric influence to the boundary layer.

Comparison with ozone measurements shows that these peaks in some occasions coincide with ozone peaks but more

frequently ozone peaks coincide with peaks in “Be activity. This observation was interpreted as a result of the fact that the

highest ozone concentrations frequently are found in situations with a combined impact of entrainment of ozone rich free
tropospheric air and local formation in the boundary layer. The conclusions derived from the analysis of specific episodes
were in accordance with this interpretation: The main characteristics of the frequently occurring spring episodes where both

"Be and ozone reach maxima at the Ispra station were found to be the following:

* Anticyclonic stagnant conditions over parts of the European continent and the western Mediterranean,

* Strong winds at the periphery of the anticyclone associated with a deep low-pressure system located to the North and a
weaker one located to the East. A common feature is that Ispra is located at the eastern edge of a ridge system at
700 hPa level and at the same time a trough is located eastwards,

* Very extended areas of positive vertical velocity, omega (downward movement), observed over eastern, central and
western Europe, depending on the locations and the relative strength of the high and low pressure systems, at all
pressure levels and associated with dry conditions (low specific humidity), indicating subsidence.

At the same time, the 1ASI satellite images show important ozone reservoirs in the upper and lower troposphere, which are
generally delimitated by the meteorological systems and follow their movement while large areas of enhanced tropospheric
ozone appear over the region of subsidence, usually originating from the tropospheric ozone reservoirs associated with the
low-pressure systems. These results consolidate the findings of the first phase of this study on spring ozone episodes in the
western Mediterranean (Kalabokas et al., ACP, 2017), and extend them over a full year and a longer time period. The
characteristics described above are also encountered during some summer episodes (in June-July) but the conditions
generally observed in summer episodes are more related to local photochemical ozone production in the boundary layer
while tropospheric subsidence is weaker and more concentrated over the Eastern Mediterranean.

The most important new findings of this paper are:

a) The examination of the Ispra station hourly measurements during subsidence episodes shows that the local pollution
parameters (e.g. NOx, 22Rn, nephelometer, PMio) tend to have low values (as compared to those observed during
periods of anthropogenic pollution), while the ozone levels usually reach values around 45-60 ppb during the
afternoon hours but show significantly higher values than the average during the night and morning hours. This is a
clear sign of tropospheric entrainment to the boundary layer.

b) During high "Be and high ozone episodes, the highest ozone values exceeding the standards usually occur within

the following 2-3 days after the maximum of regional tropospheric subsidence. The increase in ozone
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concentrations usually occurs under the influence of favourable meteorological conditions for photochemical ozone
production in the boundary layer, which is added-up on the increased regional background due to tropospheric
subsidence and thus occasionally leading to exceedances in ozone air quality standards.
The results of this study might be useful for helping the required improvements in the veracity of global ozone air
quality models for which biases have been made evident by several recent studies (Cooper et al., 2014; Parrish et al.,
2014; Gaudel et al., 2018; Young et al., 2018). Indeed, these models need to accurately represent complex vertical
transport processes affecting the surface ozone budget.
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Table 1. Instruments and measurements at JRC-Ispra site.

Variable  Instrument Technique Unit Resolution Reference
Ozone Thermo 49 uv ppb Hourly and Putaud et al., 2017
6-hour daily
average
Be, 2Pb  GEM series Filter sampling, pBq m? Weekly Jensen et al., 2017
EG&G Ortec HpGe coaxial average
detectors
222Rn ANSTO Filter sampling, uBq m™ Hourly Zahorowski et al., 2004
(custom build) ANSTO detector average Putaud et al., 2017
NOx Thermo 42/42iTL Chemiluminesc.ppb Hourly Villena et al., 2012
(NO,NOy) average Putaud et al., 2017
Particle Integrating Light- km? Hourly Putaud et al., 2017
light Nephelometer integration average
scattering TSI 3563
PMio FDMS TEOM TEOM ug m3 Hourly Putaud et al., 2017
average
Relative ~ WXT510 Capative ppm Hourly Putaud et al., 2017
Humidity” thin-film and 6-hour
sensor average

“) Other meterological variables measured: temperature, pressure, precipitation, wind speed and wind direction

(Putaud et al., 2017).
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Table 2: Monthly averages of "Be, 2°Pb, ozone (12:00 — 18:00) concentrations and "Be/ #°Pb ratio during the March
— October period (2006-2015).

Month  7Be (uBq m) 210Ph (uBg m3) "Be/?10Pb ratio O3 12-18 (ppb)
3 4031.2 875.3 6.1 25.0
4 4737.1 8354 7.1 34.9
5 4741.0 726.7 7.3 40.2
6 4863.8 794.4 7.0 52.6
7 5824.5 1049.7 6.6 525
8 5272.3 1114.8 5.7 36.5
9 4490.8 1090.8 4.7 254
10 4249.3 1609.7 3.6 16.3
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FIGURE CAPTIONS

Figure 1. (a): Weekly averages for ozone 12:00-18:00 (ppb, red) and Be (mBg m, blue) at the JRC-Ispra station for
2011. The authors acknowledge the use of a similar figure in ref. Jensen et al., 2017 (see the 'acknowledgements'
section for more details).

(b): Weekly averages for ozone 12:00-18:00 (ppb, red) and "Be/?'°Pb ratio (black) at the JRC-Ispra station for 2011.
The authors acknowledge the use of a similar figure in ref. Jensen et al., 2017 (see the ‘acknowledgements' section for
more details).

(c): Weekly averages of the "Be concentrations (mBg m, red) and specific humidity 12:00-18:00 (ppmV, blue) at the

JRC-Ispra station for 2011.

(d): Weekly averages of the "Be /?*°Pb ratio and specific humidity 12:00-18:00 (ppmV, blue)at the JRC-Ispra station
for 2011.

Figure 2: Composite NOAA/ESRL weather maps of geopotential height, vector wind speed, omega vertical velocity
and specific humidity for 3-10 May climatology (left column) and for the episode of 3-10 May 2011 at JRC-Ispra,
Italy (right column).

Figure 3: Composite NOAA/ESRL weather maps of geopotential height, vector wind speed, omega vertical velocity
and specific humidity for 23-29 May climatology (left column) and for the episode of 23-29 May 2012 at JRC-Ispra,
Italy (right column).

Fig. 4: 1ASI satellite images for ozone concentration at 3 km (left column) and 10 km (right column) for the episode of
23-29 May 2012. Starting from the top: 23-29 May, 23-24 May, 25-27 May, 28-29 May.

Fig. 5: 1ASI vertical sections at various latitudes from 65°N (upper panel) to 45°N (lower panel) on May 23-24, 2012
(left column) and on May 25-27, 2012 (right column).

Fig. 6: IASI +GOME?2 satellite images for ozone concentration at 3 km (left column) and 10 km (right column) for the
episode of 23-29 May 2012. Starting from the top: 23-29 May, 23-24 May, 25-27 May, 28-29 May.

Figure 7: Composite NOAA/ESRL weather maps of geopotential height, vector wind speed, omega vertical velocity

and specific humidity for 28 June-04 July 2011 climatology (left column) and for the episode of 28 June-04 July 2011
at JRC-Ispra, Italy (right column).
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Fig. 8: Composite charts for specific humidity anomaly at 850 hPa (left column) and at 1000 hPa (right column), 5-
days, 3-days, 2-days before and during the episode of 28 June-04 July 2011 (lower panels).

Fig. 9: IASI satellite images of ozone concentration at 3 km (left column) and 10 km (right column) for the episode of
28 June — 04 July 2011. Starting from the top: 28 June — 04 July , 30 June — 01 July, 02 July — 03 July.

Fig. 10: 1ASI vertical sections at various latitudes from 65°N (upper panel) to 45 N (lower panel) on June 30-July 1,
2011 (left column) and on July 2-3, 2011 (right column).

Fig. 11: IASI+GOME?2 satellite images of ozone concentration at 3 km (left column) and 10 km (right column) for the
episode of 28 June — 04 July 2011. Starting from the top: 28 June — 04 July, 30 June — 01 July, 02 July — 03 July.

Fig. 12: 6-day HYSPLIT back-trajectories arriving at the JRC-Ispra station during the episode of 28 June-04 July
2011.

Fig. 13: Air pollution and meteorological measurements for 28 June-04 July 2011 at JRC-Ispra, Italy.

(a): Hourly ozone (red) and nitrogen dioxide (brown) mixing ratios. (b): Hourly Relative Humidity (blue) and
temperature (red) measurements. (c): Hourly ?2Rn concentrations (in Bq m, black) and Wind Speed (in m s, blue)
for 28 June-04 July 2011 at JRC-Ispra, Italy. (d): Hourly PMio (in black, pg*m3) and Nephelometer (in blue, green

and red) measurements (in m™).

28



10000
9000
8000
7000
6000

N
@ 5000

o
4000
3000
2000
1000
0

Jan-11 Feb-11 Mar-11 Apr-11 May-11 Jun-11 Jul-11 Aug-11 Sep-11 Oct-11 Nov-11 Dec-11

25000
22500
20000
17500
15000

>

E12500

Q
10000

7500
5000
2500

0

Jan-11 Feb-11 Mar-11 Apr-11 May-11 Jun-11 Jul-11 Aug-11 Sep-11 Oct-11 Nov-11 Dec-11

Figure 1:

(a)

—— Bg/m3 = 03 1218

(c)

== Humidity 12-18 (ppmV)

——Be7 (mBg/m3)

70

60

50

< o3

3

20

10

[N
o

N w E=s o (=2} ~ oo o
mBq

29

w 03

70

60

50

40

0

20

10

0

Jan-11 Feb-11 Mar-11 Apr-11 May-11 Jun-11 Jul-11 Aug-11 Sep-11 Oct-11 Nov-11 Dec-11

25000
22500
20000
17500

15000
>

E12500
10000
7500
5000
2500
0

Jan-11 Feb-11 Mar-11 Apr-11 May-11 Jun-11 Jul-11 Aug-11 Sep-11 Oct-11 Nov-11 Dec-11

(b)

=—031218  ===Be-7/Pb210

(d)

=== Humidity 12-18 (ppmV)

=== Be7/Pb210

12

10

oo

=
Be-7/Pb-210

S

12

10

Isotope ratio



Figure 2:

NDAAESRL Physicol Scisncea Div:

EL 20w
FOGmb Geopatential Height {m) Climatelegy (1981—-20190 Climatology)
5/3 to 5/10

ED D) 1 40E
TOOmb Wecter wind (m/s} Climatclogy (1981-2010 Climatology}
5/3 to S/qm

10w

Tav

13 258 30 45 S0E ‘a0E

NCEP/NCAR Reanalysis

NORAESFL Physiool Scisnces D

NCEP/NCAR Reanalysis

v

L

NOAAFESRL Physical Soiances Diviaion|

=3
SOE

700mb Orega (Pafs) Climatology (1981-2010 Climatalagy}
5/3 to 5710

ELg

NCEP /NCAR Redanalysis

By FORA/ESRL Prysiol Sciences D

0% o 10E

7O0mME Specific Humidity (kgs/kg) Climatology (1881—2010 Climatelegy)
5/3 to 5710

MCEF/NCAR Reanalysis

3220
3200
3180
3180
3130
3110
3090
3070
3080
3030
3010
2880
zs80
2840
2820
2800

18
15
14
13
1.5
10.5
a.5
8.5
7.5
&.5
5.5

45

0.08
0.67
0.06
0.05
0.04
0.03
0.62

0.01

—0.o1
—0.02
—0.03
—0.04
—0.05

—0.06

0.007
0.007
o.cos
0.006
0.005.
0.005
0.004
0.004
0.003
0.003
0.002
0.602
o.oan
0.001

0.000.

30

NoRA/ESRL Phy=ioal Sciances Do)

] 3 206 ES 1AE
F0O0mb Gecpotential Height }m) Composite Mean
5/3/1 te /19711

NCEP/NCAR Reanalysis

(m s} Composite Mean
to 5710411
NCEP/NCAR Reanalysis

FOOMb vector Wind
55511

By OA/ESRL Prysical Soances Division

10 o 1 60

700mb Ornega (Pase) Composite Mean
5/3/11 to 5/10/11
NCEP/MCAR Reanalysis

7GOmbE Specific Humidity (kaska) Composite Mean
5/3/11 to 5/10/11

NGEP /NCAR Reanalysis

3230
3200
3180
3180
3130
3110
3080
3070
3050
3030
3010
2380
380
2840
2320
2300

18
18
14
13
11.5
10.5
5.5
8.5
7.5
6.5
5.5
4.5

0.08
0.07
Q.06
0.05
0.04
0.03
0.02

0.01

—0.01
—0.02
—0.03
—0.04
—0.08

—0.06

007,
007
oo8
008
003,
0035
004
004
003
003
0oz
0oz

001

@0 PbopooDoo0O00g0DoO0o0

001
9,000



Figure 3:

FOTmbE Geopotential Height {m) Climatslogy (1981-2010 Climatalogy)
5723 1o 5,28
NCEP/NCAR Reanalyais

NDO&A/ESRL Physioal Sciances Oriaion]

. b

B o g3 z0e B3 40E

FoOmb Vector Wind (m/ s} Climatslagy (1981-2010 Clirmatology}
H5a de Biba

NGEP/NGAR Reanalysis

NO& FESRL Physioal Sciances Oriaion]

o T0E Z0E 3BE +0E
Climatelegy (1881-2010 Glimatology}
5423 to &/29

Tiw
7G0mb Omega (Pafs)

NGEF /NCAR Reanalysis

Ty NOARFESRL Prysioal Seiancea D

Y 30w 20w 10w o T0E 20E 30E +0E S0E
700mb Specific Humidity (kg kg) Climatalogy {1981—2010 Climatslogy)
523 to 529

NGEF /NCAR Reanalysis

3220
3200
3180
3180
3130
3110
3080
3070
3080
3030
3010
zaa0
zos0
z940
z9z0
zgo0

mowm oo

o8

o7

g

os

%1

o3

oz

@1

R

—0.e1

—0.62

—0.e3

—0.a4

—0.e5

—0.06

LG0T
GOT
oo
LGOS
LGOS
.e0S
.04
N+ieE3
LGOS
Netekd
Nital-d
ooz
Nt

GO

GO

090 QOo0DO0ODODODO 0040000 D

31

v 13E 206 35E
700mb Geopotential Helght (m)} Composite Mean
5/23/12 to 572812
MCEF/MCAR Reanalysis

Ty, "ORA/TSRL Physiodl Soiences Diviron

W
0w o 195E ES
700rb Vector Wind (rn/a) Compesite Mean
5/23/12 'to 5/28/12
NCEP/NCAR Reanalysis

HDAA/ESRL Physioal Sciancea Division]

=

36E 0E

70Gmb Gmega {Fa/s) Composite Mean
8/25/12 to B/ZES12
NCEP/NCAR Reanalysis

Wy e ESRL Prysool Seisnoen Diveor]

<Z]

10E 20E
7ROmb Specific Humidity (ka/kq) Composite Mean
5/23/12  to 32912

NGEF/NGAR Reanalysis

18
15
14
13
1.5
105
9.5
8.5
7.5
6.5
5.5
45

0.c8
.67
o.e8
o.os
0.04
0.63
0.02
0.01

—0.01
—0.02
—0.03
—0.04
—0.05

—0.06

o7,
o7
oos.

008

005

005

004

.oa4

003,

003
6oz
oz

001

001

.GO0.

9 0 opboOCODODODOOQO0OCOD D

3220
3200
3180
3180
3130
3110
3000
3070
3050
3030
310
2000
2880
2940
2020
2900



IASI/MetOp [ASI/MetOp

o OZone at 3km (am pass)
- o

30"

IASI/MetOp IAST/MetOp
20120523_20120524 20120523_20120524
o Ozone at 10km (am pass)

_e0" . . n N 8 . . . . . P

IASI/MetOp IASI/MetOp
20120525_20120527 20120525_20120527
ppb
300
290
280
270
260
250
240
230
220
210
200
190
180
170
160
150
140
130
120
10
100
IASI/MetOp IASI/MetOp
20120528_20120529 20120528_20120529
ppb
300
290
280
270
260
250
240
230
220
210

Fig. 4:

32



Fig. 5:

b

1AS| Ozone vertical section @ 65N 20120523-20120524

40

L
=20
IASI Ozone vertical section @ 60N 20120523-20120524

A, L I L

-40

0 20 40
IASI Ozone vertical section @ 55N 20120523-20120524

40

[moleculescm3] [malecule/cm3] [molecule/cma) [moleculescm3]

[molecule/cm3a)

33

1451 Ozone vertical section @ 65N 20120525-20120527

8
6
4l
2L
0 | L 4! i | L L
-60 -40 -20 0
2 IAS| Ozone vertical section @ 60N 20120525-20120527
10
sl
| \
| |
1 |
2l 1
0 =i L) I L L L
-60 -40 - 60

0 20 40
|1AS| Ozone vertical section @ 55N 20120525-20120527

g 1

=20 0 20 40
1AS1 Ozone vertical section @ 50N 20120525-20120527

=20 0

1ASI Ozone vertical section @ 45N 20120525-20120527

[molecutescm3l [malecute/cm3] [molacule/cmal [moleculescm3]

[molecule/cmal



TASI+GOME2/MetOp IASI+GOME2/MetOp
20120523-20120529 20120523-20120529

Lo ozZone at 10km (am pass)

Lo QZone at 3km (am pass)

\'—

60

50

30

IASI+GOME2/MetOp IASI+GOME2/MetOp
20120523-20120524 20120523-20120524

IASI+GOME2/MetOp

20120525-20120527 IASTHGOME2/MetOp

20120525-20120527

IASI+GOME2/MetOp
IASI+GOME2/MetOp 20120528-20120529
20120528-20120529

Lo 0zone at 3km (am pass)

60"

60"

30"

Fig. 6:



Figure 7:

NOrA/ESRL Prysical Sciancea Diviaion

T
FOoomb Geopotential Height (m) Climatelegy (1951-2010 Climatelogy]
B/28 1o 7/4

T

r3

MCEP/NCAR Reanalysis

HORAFESRL Physical Sciences Di

20 3hE 45E 5 G0E

] 13E
Fo0mb vector wind (m/s} GClimatclogy (1981-2010 Glimatalogy}
8/28 1o 774

MCEF/NCAR Reanalysis

EETRT T
700mb Bmega (Pa/s} Slimatology (19312010 Climatology}
6/28 to 7/4

NOAAFESRL Physioal Soiances Diviaion

o 03 208 ES 40E

NCEP/NCAR Reanalysis

1ea t,

LT 20w

g oA/ S Prrsear Serenees Gvwror]
-
.
=
el S
= 3 =
L R .

7OOmbE Specific Humidity (ka/kg) Climatalogy {1981—2010 Climatelogy)
6/78 to 1/4

- o T/
NGEF /NC#AR Reanalysis

3220
3200
3180
3180
3130
3110
3090
3070
3080
3030
3010
2380
zg80
2840
2820
2800

18
15
14
13
1.5
10,5
a.5
8.5
7.5
6.5
5.5

4.5

0.08
0.07
0.06
0.08
0.04
0.03
0.0z

0.01

—o.01
—0.02
—0.03
—o.04
—0.08

-0.06

a.co7.
a.ca7
o.cos

0.co8

0.G05.

0.00s
0.004.
0.004
0.cos
0.co35
000z
a.coz
a.co1
0.001

0.000.

35

NORA/ESRL Physioal Soiances Divisior]

ght (m) Composite Mean
to 74701

NGEP/NGAR Reanalysis

F00Mmb Geopotential Hel
5/28/11

NORA ESRL Physiool Scrancea Division]

0

700mb Yestor Wind (m/s) Cemposite Mean
6,/28/11 1o T4

NCEP/NCAR Reanalysis

[
700mb CGmega {Fas/s} Composite Mean
B/28/11 to 7/4/11
NCEP/NCAR Reanalysis

Wy TOA/ESRL Physical Seiences Diviston)

T - <7

100 o 3 ES 40E

1
700mb Specific Humidity (kg/ka) Composite Mean
8/28/11° to F/4/11
NCEP /NGAR Reanalysis

FLUT 7] E 20E 3 3

3220
3200
3180
3160
3130
3110
3090
3070
3080
3030
3010
2800
zoe0
2940
2920
2900

18
185
14
13
11.5
0.5
a.5
8.5
7.5
&.5
5.5

4.5

0.08
0.07
.06
0.05
.04
0.03
o.02

o.01

—0.o1
—0.02
—0.03
—0.04
—0.05

—0.08

0.007
0.007
0.006
0.005
0.005.
0.008
0.004
0.004
0.603
0.003
0.002
0.002
0.001
0.001

0.000.



Fig. 8:

B =K e —]
Nw ok atw N T T T 3

B50mb Specific Humidity (kg/kg) Composite Ancmaly {1881—2010 Climatolegy)
/23711 to £/28/11
NCEF/NCAR Reanalysis

WGAA/ESRL Prysicol Serancea Diviaior]

™igw sowz0m (i EDE TS

B50mb Specific Humidity (kg/kg) Composite Anomaly {1981—2010 Climatelogy)
6/ 2s 11 e T

NCEP/NCAR Reanalysis

R e
i ‘«\& "‘325
2 Q‘}\

mNAﬂW 300 200 10w 10E 20E 30E HE SOE GOE

B30Mb Specific Humidity (ka/kg) Composite Ancmaly {1281-2010 Climatology)
YECt 72/

MNCEP/NCAR Reanalysis

EQ a0 100 ) E 30E 4E SOE GOE

B50mb Specific Humidity (kg/kg) Composite Anomaly (1981-201C Climatslegy)
s/gzﬂ/n to T/4011

NCEP/NCAR Reanalysis

0.001

0.001
0.001 0.001
0.001 0.001
0.000 0.000
©0.000 0.000
©.000 ©0.000
0.000 0.000
0.000 0.000
—0.00 —0.00
—0.00 —0.00
—0.e0 —0.00
—0.e0 —0.00
-0 -n.00
-0.00 —0.00
-0.60 P —0.00
_oe0 Mo W aom 0w E ES o0

190Gmb Specific Humidity (ka/kg) Composite Anomaly (1981—2016 Climatology}
6/23/11 to 8/28/11
NCEF /NCAR Reanalysis
0.001
NO®A/ESRL Physical Sciances Division] 0.c01
o.o01 0.001
0.001
0.001
0.000 0.000
0.000 0.000
0.000. 0.600
0.000 0,000
0.000 0.000
—0.00 o0
—0.00 oo
—0.00 o000
—u.00 o000
—0.00 o0
-0.00 —0.00
-0.00 —0.00
—0.00 B T T T 7] 206 0 WE SE eaE 000
1900mb Specific Humidity {ka/kg} Composite Anomaly (19812010 Climatolegy}

6/25/11 o /1711

NCEP /NCAR Reanalysis

0.001 son WORA/ESFL Physioal Soiancea Oiviarar) 0.601

0.001 0.601

0.001 0.6o1

0.000 .00

0.000 0.000

0.000 0.600

0.000 0.000

0.000 Q.000

_oe0 —0.00

—0.00 —0.00

-0.60 —0.00

—0.e0 —0.00

—o.e0 —o.00

-0.50 —0.00

-0.00 -0.00

10m, =

o0 Yow s aom w o 0E .00

1000mb Specific Humidity (ka/kg) Composite Anermaly (1981—2010 Climatology}

6/28/11 1o 7/2/11

NCEP/MCAR Reanalysis
0.001 0.001
0.001 0.001
0.001 0.001
0.000 0.000
0.090 0.000
0.000 0.000
0.000 0.000
a.0a0 0.000
—0.00 —0.00
—0.60 —0.00
—0.c0 —0.00
—0.c0 —0.00
—0.60 —o.00
—0.60 —0.00
—0.50 -0.00
_o.c0 o 3 aw oM o WBE 20E RE  AE  SOE  BOE 00

1000mb Specific Humidity {ka/kg} Composite Anomaly (1881—2010 Climatoloay}
6728711 to T/4711

NCEP/NCAR Reanalysis

36



Fig. 9:

[ASI/MetOp IASI/MetOp

L. ozone at 3km (am pass)

80"

50°

IASI/MetOp IASI/MetOp
20110630_20110701 20110630-20110701
L. .ozone at 10km (am pass)

o OZone at 3km (am pass)

[ASI/MetOp ‘ IAS I/MetOp
20110702_20110703 20110702_20110703

37



IAS| Ozone vertical section @ 65N 20110630-20110701 1AS1 Ozone vertical section @ 65N 20110702-20110703

18
5
o
{1z ¢
3 ' ‘
5
23
E
6 &
L L L 0 n " L
-40 -20 0 20 40 -40 -2 0 20 4
IASI Ozone vertical section @ 60N 20110630-20110701 1AS| Ozone vertical section @ 60N 20110702-20110703
18
3 15 5 g
1 %
6 5 6
s 3
3
4 s = 4
2 3 2
0 n f B, L L I 0 0 . L n i 1] .
-60 -40 -20 0 20 40 60 -60 -40 =20 0 20 40 60
IASI Ozone vertical section @ 55N 20110630-20110701 2 IASI Ozone vertical section @ 55N 20110702-20110703
18 10
5 8
412 \f:
H 6
s §
5
(= 4
3 2
0 0 L L 1§ N L i L
-60 -40 =20 0 20 40 60
1451 Ozone vertical section @ 50N 20110702-20110703
12 | |
18 10
15 4 8
1S
H 6
s 3
3
5 E 4 ||
3 2
L 0 0 L . L
-40 -20 0 B -20 60
IAS| Ozone vertical section @ 45N 20110630-20110701 145 Ozone vertical section @ 45N 20110702-20110703
18
15 5 g
{1 %
5 6
s i
3
6 = 4
3 2
0 0

Fig. 10:

38

[moleculescmal [molecule/cmal Imoleculercm3l [moleculercmal

[moleculercmal




[IASI+GOME2/MetOp IASI+GOME2/MetOp
20110628-20110704 20110628-20110704

- .ozone at 10km (am pass)

80"

80"

30"

-60° -50° -40° -30° -20° -10° o 10 20 30 40 50" 80" 70"

[ASI+GOME2/MetOp

TAST+GOME2/MetOp 20110630-20110701

20110630-20110701

t 10k
_ ozone at 3km (am pass) ) o .Ozr,le at 10km (am pass)

b=}
R=)
=4

SroRB8RBRSSLERIIEINRE

-60" -50° 40 -30" 200 107 0 10° 20 30" 40" 507 80" 70"

[ASI+GOME2/MetOp [ASI+GOME2/MetOp
20110702-20110703 20110702-20110703

Fig. 11:

39



NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL

Backward trajectories ending at 1200 UTC 29 Jun 11 Backward trajectories ending at 1200 UTGC 02 Jul 11
GDAS Meteorological Data GDAS Meteorological Data
T o = Vi 13 7
g X e =1 o
I 2,' ) s \S \ ~ L _‘JS F
w w 4
23 ] 40 aé
= | e
= =
= {3
w
2 €
= =
* *
(o] [}
g <]
3 3
(%3] 1751
.
-
- —
2| 1500 1500 [
w w
§ 1000 E 1500
© | 500 500 @
= = | soo0
50 .
0600 1812 06.00 15 12.06 00 18 12 06 00 16 12.06 00 16 1206 00 18 12 05,00 1812 06.00 18 12 06 00 1812 06.00 18 12 06 00 18 12 06.00 18 12
06/29 06/28 06/27 06/ 06/25 06/24 a7/02 07/01 06/30 6/27
Job ID: Job Start: TueNav14DQﬂ721 UTCZCH? Job ID: 139954 Job Start: TueNuv 14 09: 11 DE LJ'I'CZCH‘.’
Souros 11at - 45.800000 lon.: 8633350 hgts: 50, 500, 1500 m AGH Source 1 1at.: 45.800000 lon.: 8.633300 hgts: 50, 500, 1500 m AGL
Trarltectur Direction: Backward Duration: 144 h Trajectory Direction: Backward Duration: 144 hi
Verti 'otion Calculation Method: Model Vemc:al Velocity Vgr{im otion Calculation Method: Model Verhc:al Velocity
Meteorology: 0000Z 29 Jun 2011 - GDAS1 Meteorology: 0000Z 1 Jul 2011 - GDAS1
NOAA HYSPLIT MODEL NOAA HYSPLIT MODEL
Backward trajectories ending at 1200 UTC 03 Jul 11 Backward trajectories ending at 1200 UTC 05 Jul 11
GDAS Meteorological Data GDAS Meteorological Data
- & R '
R 10
w 4o w P
w© y S Y . oo
= =
2 B
3 w
2 ~r
= w
* | o>
] @
8 2
5 =
o
3 B
— 1
2 6000 g 4500
» 4500 | ©
i a000 | 2 3000
= | 1500 e me 1500 [ = | 1500 1500
50 Fre L o
060018 12060013120800 IB 120500 18 12060018 120800 IB 12 06 00 18 12 06 00 18 12060013 1206 00 18 120600 18 120600 1812
07/03 07/02 07/05 07/04 07/03 07/02 o701
Job 1D: 140052 anSlart TueNnv1409 1445 erczm? Job ID: 140099 Job Start: TueNov1409 17:03 UTCZO17
Source 1 lat.: 45.800000 lon.: 8.633300 hgts: 50, 500, 1500 m AGL Source 1 lat.: 45.800000 lon.: 8.633300 hgts . 500, 1500 m AG
Trajectory Direction: Backward Duration: 144 hi Trajectory Direction: Backward Duration: 144 hi
Vertical Motion Calculatmn Method: Model Verm:a\ Velocity Vertical Motion Calculation Method: Model Verncal Velocity
Meteorology: 0000Z 1 Jul 2011 - GDAS1 Meteorology: 0000Z 1 Jul 2011 - GDAS1

Fig. 12:

40



T ARARA r /
T NInARA A
A MAVIIVAR NI
NN A A i \/ \ IRWIR'Y
MRy (ANAIWATNAYE. P WImp Y
RN AR.Y VAR IR R NN

LYY NS LV BN A
SRR RV T AR VAR

0 _N \IN"L"’\'NJ\JL‘J\J 280Jun 11 29-Jun-11  30-Jun-11 1-Jul-11 2-Jul-11 3-Jul-11 4-Jul-11 5-Jul-11

©) (d)
= 12 160 0.0002 ?
f;, = 140 0.000175 :
% 12 120 0.00015 E"
% j IA“ In\ gmo o.ooous-é
é . If / \\ ln\ /\\ : 80 0.0001
% 5 / S 60 0000075 3
. Yt /) A 2y :
HIELIRT AU ST
Lg: , I A " 0.000025
5 R AV A A
§ , .AJ \! \ 0 0

28-Jun-11 29Jun-11  30-Jun-11 1-Jul-11 2-Jul-11 3-ul-11 4-ul-11 5-Jul-11
28-Jun-11  29-Jun-11  30-Jun-11  1-Jul-11 2-Jul-11 3-Jul-11 4-Jul-11 5-Jul-11

Fig. 13:

41



42



