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Abstract—Tropospheric ozone (O3) is an important atmo-

spheric pollutant and climate forcer. The Mediterranean basin is a

hot-spot region in terms of short-term O3 distribution, with frequent

episodes of high tropospheric O3, especially during summer. To

improve the characterisation of summer O3 variability in the

Mediterranean area, during the period 6–27 August 2009 an

experimental campaign was conducted at Campo Imperatore, Mt

Portella (CMP), a high mountain site (2,388 m a.s.l.) located in the

central Italian Apennines. As deduced from analysis of atmospheric

circulation, the measurement site was significantly affected by air

masses originating over the Mediterranean basin, which affected

the measurement site for 32 % of the time. Analysis of average

values and diurnal and day-to-day variability revealed that CMP O3

observations (average value 60.0 ± 5.1 ppbv) were comparable

with measurements at other European mountain stations, indicating

a prevalent effect of meteorological conditions and atmospheric

transport on the synoptic scale. In fact, only a small ‘‘reverse’’

diurnal variation typically characterises diurnal O3 variability

because of local thermal wind circulation, which sporadically

favours transport of air masses rich in O3 from the foothill regions.

Statistical analysis of five-day back-trajectory ensembles indicates

that synoptic-scale air-mass transport from the Mediterranean Sea

usually results in decreasing O3 concentrations at CMP, whereas

the highest hourly O3 values are mostly associated with air masses

from central continental Europe, eastern Europe, and northern Italy.

High O3 concentrations are also related to downward air-mass

transport from higher altitudes. Comparison of in-situ O3 vari-

ability with tropospheric O3 satellite-based measurements reveals

similar features of the two data sets. Together with the results from

back-trajectory analysis, this indicates that CMP measurements

might usefully improve characterisation of broad-scale O3 vari-

ability over the central Mediterranean basin.
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air-mass back-trajectories.

1. Introduction

Tropospheric ozone (O3) is one of the most

important atmospheric gases involved in photo-

chemical reactions, and is the most important factor

determining the oxidation capacity of the troposphere

and air quality (JACOBSON, 2002). Tropospheric O3

has, moreover, been recognised as the third most

important greenhouse gas contributing to anthropo-

genic radiative forcing (FORSTER et al., 2007).

The Mediterranean basin is a hot-spot region in

terms of short-term O3 distribution and related

anthropogenic contributions (MONKS et al., 2009):

surface O3 concentrations have doubled in the Medi-

terranean basin compared with pre-industrial ages

(UNEP and WMO, 2011). Photochemical production

and O3 build-up frequently occur in this region during

warm weather (VAUTARD et al., 2005). In fact, the

Mediterranean basin is a sensitive region for occur-

rence of high O3 levels, especially during summer,

because of the favourable meteorological conditions

(high solar radiation, high temperature, and light sur-

face wind), high emission of anthropogenic and natural

O3 precursors, and its role as a major crossroad for air-

mass transport (LELIEVELD et al., 2002; CRISTOFANELLI

and BONASONI, 2009). In particular, as summarized by

LOLIS et al. (2008), anti-cyclonic conditions usually

prevail over the Mediterranean basin during summer,

for a variety of reasons:

1. the enhanced action of the sub-tropical anti-

cyclone;
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2. the downward heat fluxes driven by the cooling of

the lower atmosphere over the cool sea surface;

and

3. the subsidence over the eastern Mediterranean

associated with the Asian monsoon.

However, atmospheric blocking over central

Europe combined with cut-off lows in the eastern

Mediterranean and the Gibraltar region can have a

non-negligible effect on atmospheric circulation

(especially in June, August, and September).

As a result of the interaction between O3 sources

and air-mass transport (both regional and long-range),

and because of its variable chemical lifetime (from

days to a month), complex spatial and temporal vari-

ations in tropospheric O3 can lead to inhomogeneous

distribution of its radiative forcing (MICKLEY et al.,

2004) and non-linear effects on regional air quality

(WEST et al., 2009). Thus, observation of O3 variability

in different regions can contribute to furnishing a more

complete picture of spatial and temporal O3 features.

For these reasons, continuous baseline O3 monitoring

is a crucial activity for improving characterization

of the variability of atmospheric properties in the

Mediterranean troposphere. In particular, because

mountains are often characterised by large ‘‘areas of

representativeness’’ and by ‘‘clean’’ conditions, such

locations are often regarded as useful for studying the

background conditions of the lower troposphere

(HENNE et al., 2008). Despite this, and because of the

challenging environmental and logistic conditions

involved in performing atmospheric observations in

high mountain regions, in-situ observations of O3 (and

other atmospheric compounds) are still sparse in the

Mediterranean region—although high-altitude mea-

surement sites are present along the northern border of

the region (e.g. the Alpine and Carpathian regions,

Pyrenees), only the global GAW-WMO station of

Monte Cimone (CMN, 2165 m, northern Apennines,

Italy) is operational inside the region (see, for instance,

the World Data Center for Greenhouse, Gases,

http://ds.data.jma.go.jp/gmd/wdcgg/). Since 1996,

long-term O3 monitoring has been conducted contin-

uously at this station. CRISTOFANELLI and BONASONI

(2009) pointed out the importance of natural pro-

cesses (e.g. stratosphere-to-troposphere transport,

mineral dust transport) and anthropogenic sources

(e.g. pollution transport) in determining O3 variability

at high altitudes over the Mediterranean basin. Toge-

ther with other O3 observations conducted in the

Mediterranean basin and southern Europe in the past

(KOUVARAKIS et al., 2002; NOLLE et al., 2005; RIBAS and

PEÑUELAS, 2004; DI CARLO et al., 2007), the observa-

tions have clearly shown that the tropospheric seasonal

cycle of background O3 is usually characterised by the

presence of a broad spring–summer peak in this region.

Thus, investigation of summer O3 variability is par-

ticularly important over the Mediterranean basin,

considering that the region is frequently affected by

episodes of peak O3 increases (MONKS et al., 2009).

To contribute to filling this information gap, in the

framework of the Station at High Altitude for Envi-

ronmental Research (SHARE) project, continuous

measurements of surface O3 and meteorological data

were performed at a high mountain site in the central

Italian Apennines (Campo Imperatore, Mt Portella).

The measurements were also performed to verify the

feasibility of installing a permanent monitoring sta-

tion at this measurement site. Although technical

problems limited the duration of the O3 measure-

ments (from 6 to 27 August 2009), they nonetheless

constitute a unique data-set of O3 observations at a

high altitude site in central Italy, thus yielding the

first direct information on summer O3 levels and

variability.

The observed O3 concentrations were analysed as a

function of local meteorological conditions and by

means of three-dimensional back-trajectory simula-

tions. Compared with previous investigations at other

high mountain locations in Europe, because of its

location at the centre of the Italian peninsula, CMP

appears to be particularly suitable for investigating the

effect of European pollution exported from continental

Europe and the Italian peninsula across the Mediter-

ranean Sea (LELIEVELD et al., 2002; DUNCAN and BEY,

2004; HENNE et al., 2005) and for directly characteris-

ing possible inputs from air masses originating from

the marine boundary layer or higher tropospheric

altitudes. Finally, comparison with satellite observa-

tions of O3 was conducted for preliminary (even if

partial) evaluation of the representativeness of CMP

observations on the broader scale for the experimental

campaign period.
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2. Materials and Methods

2.1. Site Description and Measurements

Campo Imperatore (CMP) is the largest plateau of

the Italian Apennine ridge, lying adjacent to the

highest Apennine peak (Corno Grande, 2,912 m a.s.l.)

and to Calderone, Europe’s southernmost glacier

(Fig. 1). The plateau’s altitude ranges from 1,500 to

1,900 m and covers about 80 km2, with almost no

vegetation except for thin patchy coverage of grass.

The measurement site was close to the top of one of

the peaks surrounding the CMP plateau, called Mt

Portella (42.47 N; 13.55 E; 2,388 m a.s.l.). The site

has a free horizon with no local pollution sources: the

nearest village (Assergi, 500 inhabitants) is approx-

imately 6 km away and approximately 1,000 m a.s.l.

The nearest town is L’Aquila, with approximately

60,000 residents, which is located approximately

15.6 km from the observation site at approximately

720 m a.s.l., whereas Rome, with a population of

approximately 3 million, is over 100 km from CMP.

At CMP, surface O3 was measured, by use of a

Dasibi 1108 UV-absorption analyser, from 6 to 27

August 2009. Zero checks were automatically per-

formed every 24 h and the instrument was calibrated

before and after the experimental campaign. Follow-

ing KLAUSEN et al. (2003), the combined uncertainty

on the 1-min O3 measurements was less than ±2

ppbv in the 1–100 ppbv range. The O3 concentrations

reported in this work refer to STP conditions

(1,013 hPa and 0 �C), and time is expressed as local

time (UTC ? 1). Meteorological observations (air

temperature, relative humidity, wind speed and

direction) were recorded on a 1-min basis by use of

an automatic weather station (Lastem LSI).

2.2. Air-Mass Back-Trajectory Calculations

To evaluate both the origin and different paths of

the air masses reaching CMP, 120-h 3D back-

trajectories were calculated with the HYSPLIT model

(DRAXLER and HESS, 1998). The model calculations

were based on the GDAS meteorological field

produced by NCEP with a horizontal resolution of

1� 9 1�. For every point along the trajectory (time

resolution 1 h), the model provided the geographic

location and altitude (or pressure level) of the air

parcel. Sub-grid scale processes, for example con-

vection and turbulent diffusion, are not represented

by HYSPLIT back-trajectories. To compensate par-

tially for these uncertainties, every 6 h starting from 6

August at 00:00 UTC, we calculated an ensemble of

seven back-trajectories ending at the CMP site, at

±0.5� latitude/longitude and ±250 m altitude.

2.3. TES Satellite Measurements

For the purpose of partially assessing the repre-

sentativeness of CMP measurements of regional

tropospheric O3 variability, we compared the in-situ

CMP O3 values with tropospheric O3 data obtained

by the Tropospheric Emission Spectrometer (TES) on

board NASA satellite Aura. TES is an infrared, high

spectral resolution Fourier transform spectrometer

operating in nadir mode, with an actual nadir

footprint of *5 km 9 8 km, a spatial resolution of

2� in latitude/4� in longitude and two-day temporal

resolution. As shown by WORDEN et al. (2007) and

NASSAR et al. (2008), TES can detect relative

variations in the coarse vertical structure of tropo-

spheric O3 and large-scale features of O3 spatial

distribution. Here, we consider TES daily level 3

data, which are obtained by applying Delaunay

triangulations on a latitude/longitude plane, followed

by 2D interpolations for a fixed TES pressure level.

The TES overpass time is approximately 13:30

UTC?1. However, to avoid any effect of midday

up-slope flow, only CMP O3 measurements from

00:00 to 05:00 UTC?1 were used. This provided

more representative information on the free tropo-

sphere and, thus, on larger-scale O3 variability.

3. Results

3.1. Meteorological Observations and Back-

Trajectory Ensembles

During the experimental campaign the average air

temperature was 11.4 ± 1.6 �C and the average RH

81 ± 16 %. Breezes were gentle (average values

4.6 ± 2.5 m s-1), with high occurrence of northerly

(frequency 40 %) and north-easterly (36 %) wind
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direction (WD), and secondary contributions from the

south-west (7 %), west (8 %), and north-west (6 %).

To obtain a general visual impression of the air-mass

flows characterising the CMP region for the experi-

mental campaign, for each ensemble we calculated the

field concentrations of the back-trajectory ending

exactly at the CMP location (Fig. 2). To reveal the

transport paths for ‘‘peripheral’’ regions at a distance

from the measurement site, a logarithmic scale was

adopted. Moreover, back-trajectory starting points are

also reported to provide an indication of the spatial

origin of the air masses reaching CMP. This elaboration

clearly shows that during the period analysed CMP was

affected by very different atmospheric transport pat-

terns, with air masses originating (at -120 h) over

different European continental regions, and over the

Mediterranean Sea and Atlantic Ocean.

3.2. Tropospheric O3 Behaviour

The time series of 30-min averaged O3 data for

CMP are reported in Fig. 3, and Table 1 shows the

statistical overview for O3 observations. During the

period considered, the average O3 value was

60.0 ± 5.1 ppb (±1r, M: 1010; 1 ppb corresponds

approximately to 1 lg m-3). Even considering the

relatively short observation period, this value is

comparable with typical summertime O3 levels

(within the 50–64 ppb range) reported by CHEVALIER

et al. (2007) and GHEUSI et al. (2011) for continental

European mountain stations from 1,860 to 3,580 m

a.s.l. Figure 4 reports the average CMP O3 values in

comparison with the average summertime O3 levels

(reference period 2001–2008) reported by GHEUSI

et al. (2011) for the mountain stations of Put du

Dôme (PUY, 1465 m asl, Massif Central, France),

Pic du Midi (PDM, 2,875 m, Pyrenees, France),

Zugspitze (ZUG, 2,950 m, central Alps, Germany),

Jungfraujoch JUN (3,580 m, western Alps, Switzer-

land), and CMN. In particular, the O3 mean level at

CMP during the campaign was not very different

from the climatological values observed at CMN

(-3.8 ppb), ZUG (?3.3 ppb), and JUN (?1.2 ppb),

as shown in Fig. 4. Even if caution is required in

commenting on short-term measurements, this sug-

gests that O3 levels observed at CMP in August 2009

Figure 1
Region topography with CMP location
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can be regarded as representative of those at high-

altitude sites in the Mediterranean basin. In fact, as

shown by CHEVALIER et al. (2007) and TARASOVA et al.

(2007), summer ozone levels generally increase with

altitude, and moving from northern to southern

latitudes in Europe. The trend is particularly evident

for the four stations JUN, ZUG, CMN, and CMP, the

two French stations (PMD and PUY) having rather

different O3 values from other stations at the same

altitudes or longitudes. Further analyses are needed to

clarify this point (which is not within the scope of this

paper). Nonetheless, we suggest that for PUY the

difference can be explained by the rather low altitude

of the measurement site (possibly more affected by

air-masses from the atmospheric boundary layer,

ABL) whereas for PMD it could be related to the

frequent exposure to oceanic air masses, as suggested

by GHEUSI et al. (2011).

To investigate possible sources of O3 variability at

CMP, O3 standard deviations were calculated on the

basis of hourly and daily averages (r 5.0 and 3.3 ppb,

respectively). The CMP hourly variability is in the

bottom range of the values presented by CHEVALIER

et al. (2007) for European mountain stations, thus

indicating a rather limited effect of diurnal scale

processes (e.g. photochemical production, ‘‘thermal’’

transport of high O3 concentrations). However, the

ratio of daily/hourly standard deviations (69 %)

indicated that diurnal variability is very important

in determining the total O3 variability at CMP. For

this reason both diurnal and day-to-day synoptic-

scale O3 variability are examined below.

3.2.1 O3 Diurnal Variations

For the purpose of investigating diurnal processes

affecting O3 variability at CMP, O3 and meteorolog-

ical data diurnal cycles were analysed (Fig. 5).

Several studies (PRÈVÔT et al., 2000; CARNUTH et al.,

2002; HENNE et al., 2005) have demonstrated the

significant effect of the thermal wind system in

redistributing O3 within mountain valleys and inject-

ing it into the free troposphere. At CMP, specific

humidity (SH) was higher during the central part of

the day than at night (?4.0 g/kg), indicating that

ABL air masses, richer in moisture, affected the

measurement site (ZELLWEGER et al. 2000; HENNE

et al. 2005). The importance of mountain slope winds

(for a detailed definition, see GHEUSI et al., 2011) is

consistent with the diurnal pattern of WD at CMP. In

fact, although a northerly wind mainly affected the

measurement site at night (probably associated with

downslope mountain winds from Corno Grande;

Fig. 1), during the day the site was affected by

southerly and westerly WD, indicating the occurrence

of upslope winds from Mt Portella’s south and

Figure 2
Concentration field for HYSPLIT with the number of back-trajectory points. Asterisks indicate the back-trajectory origins at 120 h
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west-facing slopes. Furthermore, wind speed was

minimal during the daytime, as expected for a

mountain peak site (GHEUSI et al., 2011).

Analysis of average hourly O3 values revealed a

small ‘‘reverse’’ O3 diurnal cycle (average amplitude

5.0 ppb). In particular, lower average O3 values were

observed during daytime and higher concentrations

characterised nighttime observations. Such behaviour

is similar to that at other high-altitude mountain sites:

BONASONI et al. (2000) and FISCHER et al. (2003)

reported similar findings at Mt Cimone (2,165 m

a.s.l., northern Apennines). Such behaviour can be

associated with transport of air masses depleted in O3

from the ABL during the morning hours (possibly

affected by dry deposition) and with the presence of

air masses richer in O3 and more representative of
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Upper plate time series of 30-min and daily average O3 values (black and grey continuous lines), and daily average atmospheric pressure
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(grey line, WS) and wind direction (crosses, WD)

Table 1

Basic statistical data for O3 (expressed in ppb) at CMP, during the period 6–27 August 2009, as a function of local wind direction

Data Minimum 25th percentile Median Average 75th percentile Maximum St. dev. popa Number of data

All data 46.0 56.6 59.4 60.0 62.9 78.9 5.0 1,018

N 47.7 56.6 59.2 59.8 62.2 74.0 4.9 409

NE 46.7 57.6 60.1 60.6 63.5 75.4 4.7 369

E 50.8 58.9 60.1 59.6 60.6 66.6 2.9 20

SE 51.4 57.6 59.6 59.4 60.8 66.3 4.1 8

S 46.0 53.0 57.5 56.8 61.9 68.2 5.8 25

SW 48.7 55.5 58.5 58.8 62.2 71.3 4.7 70

W 52.1 55.4 59.5 60.9 64.1 78.9 6.9 46

NW 50.4 55.1 57.6 59.9 64.8 77.3 6.6 63

a Standard deviation of the population

1990 P. Cristofanelli et al. Pure Appl. Geophys.



higher tropospheric layers during the night. Actually,

by selecting O3 levels as a function of wind sector

(Table 1), the lowest average O3 concentrations

(56.8 ± 2.3 ppb) were observed in association with

southerly winds, probably related to the upward

transport of air masses from the lower troposphere by

thermal circulation. Similar behaviour is also dis-

cernible in the upper and lower percentiles of the

hourly O3 distributions, even if an increase in the

highest percentiles (75th and 90th) around midday

and late afternoon (16:00–17:00) suggests the possi-

bility that polluted air masses richer in photochemical

O3 could occasionally affect the site in association

with upslope breezes. In particular, high O3 concen-

trations (mostly exceeding 70 ppb) were observed in

the afternoon and evening, coinciding with diurnal

wind rotation to the south and west under light breeze

circulation (e.g. 9, 13, and 25 August). The probable

source of these polluted air masses is the L’Aquila

urban area. In fact, on the basis of the WS observed at

CMP during midday–afternoon (ranging from 3 to

8 m/s) and assuming the value to be representative

for the region near the measurement site, a transport

distance of approximately 12–32 km in 1 h can be

estimated. This distance encompassed L’Aquila, thus

supporting the hypothesis that emissions from this

urban area can affect CMP. With the objective of

estimating O3 production within the ABL air masses

ascending to CMP, we considered surface O3 data

recorded at a sub-urban air-quality station in

L’Aquila (AQU) on 9, 13, and 25 August. Then, we

compared the highest O3 hourly values at AQU

(recorded from 13:00 to 16:00) with those recorded at

CMP (recorded from 16:00 to 24:00) during these

days. O3 production rates ranging from 5 to 14 ppb/h

along the transport path were deduced by calculating

the ratio between the excess O3 observed at CMP and

the time delay between the appearance of O3 peaks at

AQU and CMP.

As shown by the analysis of the 10th and 25th

percentiles, low O3 values can also be observed at

CMP in the late evening. The meteorological obser-

vations (Fig. 4) suggested that this is the time of the

transition between upward and downward flows at the

site. Thus, the observed O3 depletion can be tenta-

tively related to the recirculation of air masses

relatively poor in O3 because of dry deposition or

titration by NO in residual ABL air masses.

Figure 4
Summertime mean O3 values at CMP during the experimental campaign in comparison with the climatological values (period 2001–2008)

reported by GHEUSI et al. (2011) for five European mountain stations: Jungfraujoch (JFJ), Zugspitze (ZUG), Pic du Midi (PDM), Monte

Cimone (CMN), Puy de Dôme (PUY). On the left (right): the y-axis reports the altitudes (latitudes) of the measurement sites

Vol. 170, (2013) Summer Ozone at a High Mountain Site in Italy 1991



3.2.2 Effect of Synoptic-Scale Atmospheric

Circulation

To study the synoptic-scale variations (i.e. over a few

days) affecting O3 at CMP, the behaviour of daily mean

values was analysed (Fig. 3). During the experimental

campaign, three ‘‘episodes’’ of O3 increase were

observed: 8, 12–13, and 21–22 August. In addition,

high hourly O3 values were observed on 24 August,

when northerly winds prevailed all day long at CMP,

suggesting synoptically driven circulation at the

measurement site. We considered the results of

HYSPLIT back-trajectory analysis and the meteoro-

logical observations at CMP to interpret these episodes.

• On 8 August 2009, daily O3 values of 65 ppb were

recorded at CMP. Back-trajectory analyses showed

the measurement site was affected by air masses

which originated over central and eastern Europe.

In particular, during their transport toward central

Italy and CMP (Fig. 6a), these air masses travelled

at relatively low altitudes (at pressures greater than

800 hPa) over Romania, Bulgaria, and the Czech

Republic. As reported by the European Environ-

ment Agency (EEA 2010), on 1–3 August 2009,

exceedances of the O3 information threshold

(180 lg m-3 or 90 ppb) were recorded in these

countries. Thus, despite a possible contribution

related to the transport of polluted air masses from

the regional ABL by local ‘‘thermal’’ winds, the

possibility that the high O3 values at CMP might be

because of photochemical O3 production over west

and central Europe cannot be ruled out.

• On 12–13 August 2009, average daily values of

63 ppb were observed with hourly peak values of 71

and 68 ppb. On 12 August, surface O3 started to

increase from around 12:00 (55 ppb) to 16:00–18:00

(70 ppb). During this period, north-northwesterly

winds prevailed, with high RH (100 %). On 13

August at 00:00, RH started to decrease with

relatively dry conditions (RH approx. 58 %, substan-

tially lower than the average for the experimental

campaign) being observed until 16:00. Until 12:00,

relatively high O3 values were observed (up 67 ppb),

with northerly winds. Southerly winds started to

develop only from 12:00, thus with a time delay of

approximately 5 h compared with the typical condi-

tions (Fig. 5). From midday of 12 August, the

atmospheric circulation was characterised by air-

masses originating over central Europe at relatively

low pressures (900 hPa), whereas starting from 13

August air masses from the middle troposphere (at

pressures below 600 hPa) of the western Europe/

Atlantic Ocean were identified by HYSPLIT

(Fig. 6b). Thus it is likely that anthropogenic contri-

butions from central Europe and air masses from the

‘‘free troposphere’’ both contributed to determining

the high O3 levels. As reported in previous work
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(HENNE et al., 2005), summer dry convection and

ABL growth over the European continent can favour

the transport of polluted air masses to altitudes that

would usually be in the free troposphere. Thus, the

possibility that the O3 increase at CMP was because

of pollution enrichment of air masses travelling at

relatively high altitudes over west-central Europe

cannot be excluded.

• On 20–21 August, the highest O3 concentrations of

the experimental campaign were observed. In

particular, on 21 August, a daily mean concentra-

tion of 68 ppb was recorded (peak hourly value

73 ppb). During this period, relatively low RH

(average value 60 %) with moderate to high

northerly winds were continuously observed at

the measurement site, possibly indicating a major

effect of synoptic-scale circulation. In this context,

the HYSPLIT back-trajectory analyses (Fig. 6c)

showed that two different classes of atmospheric

circulation possibly affected CMP: (1) westerly air

masses originating from the western Europe/Atlan-

tic Ocean ‘‘free troposphere’’ (from 20 August

00:00 to 21 August 9:00); (2) air masses which

originated in and travelled over the ABL (pressure

greater than 1,000 hPa) of the Balkan peninsula

(from 21 August 12:00 to 22 August). These

circulations were associated with the occurrence of

a high pressure system over central Italy, as

reflected by the increase in the atmospheric

pressure at CMP (Fig. 3). The ‘‘free tropospheric’’

air masses were concomitant with the highest O3

peak on the night between 20 and 21 August, and

the eastern Europe air masses possibly contributed

to the O3 peak during the afternoon and evening of

21 August. Such evidence suggests that air masses

enriched in O3 from the free troposphere and

continental Europe ABL could both have contrib-

uted to determining the high O3 values at CMP.

• High hourly O3 values were also recorded at CMP

on 24 August (up to 74 ppbv at 19:00). In this case,

the occurrence of weak to moderate (up to 8 m s-1)

northerly winds suggests that direct transport by

upslope thermal winds was unlikely. Nevertheless,

the high RH values (up to 100 %) indicated possible

contributions by air masses enriched in water vapour

from the lower troposphere. This possibility was

Figure 6
HYSPLIT five-day back-trajectories ending at the CMP location on 8 August 2009 (a), 12–13 August 2009 (b), 20–21 August 2009 (c), and

24 August 2009 (d). The coloured scale indicates the pressure level of the back-trajectory points
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supported by the HYSPLIT analyses (Fig. 6d),

which were indicative of substantial air-mass recir-

culation over central Italy and eastern Europe at

pressures greater than 1,000 hPa, suggesting that

uplift of polluted air masses from the ABL of these

regions could contribute to the O3 increase at CMP.

3.2.3 Analysis of Surface O3 as a Function of

Back-Trajectory Clusters

As indicated by the previous analysis, synoptic-scale

transport processes could have contributed to deter-

mining O3 variability at CMP during the investigated

period. To capture systematically the main synoptic-

scale flows occurring at the measurement site, non

hierarchical cluster analysis (DORLING et al., 1992)

was applied to the HYSPLIT back-trajectory ensem-

bles. To retrieve the largest amount of information,

the clustering was applied to all single elements of

the back-trajectory ensembles. At each step of the

agglomeration process, the appropriate number of

clusters was determined by analysing the variations

of specific statistical data, i.e. total trajectory disper-

sion and total root mean square deviation, to define

the optimum number of clusters. The analysis led to

identification of five main circulation patterns affect-

ing CMP during the experimental campaign (Fig. 7):

1. Continental Europe (CE): air masses slowly pass-

ing or recirculating over central–eastern Europe

and central–northern Italy, mostly with mixing

below 2,000 m a.g.l. (frequency of occurrence

23.0 %; main pollution source areas: north Italy,

south Germany, the ‘‘Black Triangle’’1);

2. Western Europe (WE): air masses experiencing

anti-cyclonic subsidence, and from western Europe

and the Atlantic Ocean, travelling to continental

Europe at altitudes above 2,000 m a.g.l. (frequency

of occurrence 24.2 %);

3. Atlantic Ocean (AO): air masses with five-day

origin over the Atlantic Ocean, travelling mainly

at altitudes above 3,000 m a.s.l. and never

descending lower than the CMP altitude (8.4 %);

4. Mediterranean basin (MB): air masses which

mostly originated or passed over the Tyrrhenian

and northern Mediterranean seas at altitudes

below 3,000 m a.g.l. (32 %; possible pollution

source Italy, southern France);

5. Eastern Europe (EE): air masses reaching CMP

with north-easterly circulation, associated with

very different air mass altitudes, ranging from

below 1,000 to 5,000 m a.g.l. (12.4 %; pollution

source areas Poland, Hungary, Czech Republic,

Slovakia).

Analysis of the vertical back-trajectory motions

(not reported here) showed that, apart from AO and

WE circulations, mixing with lower tropospheric air-

masses (possibly affected by anthropogenic emis-

sions within the ABL) was likely for all the

circulation classes.

For a systematic investigation of the possible

relationship of air-mass circulations and O3 variability

at CMP, hourly O3 concentrations were analysed on the

basis of the different air-mass clusters. Figure 8 reports

the statistical distribution of the hourly O3 values at

CMP: the distribution obtained is very well reproduced

by a three-parameter Gaussian curve. By use of the

statistical software Sigmaplot� (Systat Software,

http://www.sigmaplot.com), the non-linear regression

was calculated, giving the following distribution

values: a = 21.06 ± 1.11, b = 4.56 ± 0.28, and

x0 = 58.03 ± 0.28 ppb, where:

f xð Þ ¼ aexp �0:5 x� x0ð Þ=b½ �2
� �

Figure 8a also reports the calculated fit with the

interval (dashed lines) for the 95 % confidence level.

For each O3 value bin, we calculated the percentage

of the air-mass cluster occurrence (Fig. 8b). As

deduced by this analysis, the contribution of MB

air-masses is maximized for O3 concentrations rang-

ing from the lowest values to the distribution peak,

whereas it decreased for O3 higher than 60 ppbv. On

the other hand, the occurrence of CE and EE air-

masses increased with increasing O3 values. In

particular, the CE cluster is the atmospheric circula-

tion prevailing (with 40 % of occurrence) for O3

values between 65 and 70 ppbv. As shown in Fig. 8b,

a generally low occurrence of AO circulation was

observed for the different O3 values. Only the upper

1 The ‘‘Black Triangle’’ is defined as the area between

Germany’s southern Saxony; Poland’s Lower Silesia, and the

Czech Republic’s northern Bohemia.

1994 P. Cristofanelli et al. Pure Appl. Geophys.
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O3 values observed at CMP were mostly associated

with air-masses related with WE and AO circulations,

suggesting that O3-enriched air masses from the free

troposphere could significantly contribute to the

episodic occurrence of these high O3 concentrations

at the measurement site.

With the objective of studying the ‘‘baseline’’

atmospheric conditions (i.e. neglecting the effect of

daytime thermal upward transport), the same analysis

was repeated considering nighttime data only

(00:00–06:00), which represent 34.5 % of the whole

data-set. Even if the population distribution of O3

values was characterised by the same modal peak

(x0 = 58.73 ± 0.37 ppb), it appeared more peaked

than for the all data selection (Fig. 8c), as also

testified by the different fitting data of the Gaussian

fit (a = 25.36 ± 2.37, b = 3.47 ± 0.37). This was

mostly related to a higher relative occurrence of O3

values ranging from 55.0 to 62.5 ppb and a lower

relative occurrence of O3 values from 50.0 to

57.5 ppbv. It suggests that nighttime observations at

CMP were more frequently affected by ‘‘baseline’’

atmospheric conditions with a lower relative contri-

bution of low O3 episodes (possibly related to the

diurnal upward transport of ABL air-masses depleted

in O3). The distribution of air-mass occurrence for the

different O3 values did not differ substantially from

that when all the data were selected (Fig. 7d): MB

air-mass circulation was tagged with low O3 concen-

trations (*55 ppb), CE and EE circulations were

frequently observed for the upper quartile of the O3

distribution, and the highest O3 concentrations ([72.

5 ppb) were related to the occurrence of AO and WE

air masses.

4. Comparison with Satellite Measurements

Here, we present a comparison between the in-situ

CMP O3 observations and tropospheric O3 retrievals

(Fig. 9). For partial evaluation of possible uncer-

tainties in TES spatial resolution and the aggregation

algorithm, and, possibly, to provide an initial

approximate evaluation of the representativeness of

CMP measurements in respect of the ‘‘broad scale’’

spatial and temporal variability of O3 on a regional

scale, we considered TES Daily Level 3 observations

centred over the CMP location but with different

spatial aggregations: 1� 9 1� and 3� 9 3�. Moreover,

we considered O3 mixing ratios at 681 hPa, which is

Figure 7
Field concentrations of back-trajectory points for the five air-mass clusters: Atlantic Ocean (a), western Europe (b), continental Europe (c),

eastern Europe (d), Mediterranean basin (e). The coloured bar denotes the number of back-trajectory points on a logarithmic scale
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the TES layer which mostly approaches the CMP

average pressure. The different TES data selections

resulted in the same behaviour, with slowly

decreasing O3 values from 4 to 16 August and two

periods (centred around 20 and 26 August) charac-

terised by enhanced values. On average, TES

observations showed higher O3 values (ranging from

67.8 ± 3.5 to 68.5 ± 4.9 ppbv) compared with the

CMP observations (average values 60.5 ± 4.5 ppbv),

probably because of the well-known positive bias

affecting tropospheric TES measurements (NASSAR

et al., 2008). However, the satellite and in-situ time

series reported significant similarities. In particular,

the O3 increase around 20 August 2009 was captured

both by in-situ and satellite measurements, when

‘‘free’’ tropospheric air masses affected CMP (dis-

cussed in the section ‘‘Tropospheric O3 Behaviour’’).

By contrast, significant differences were evident for

24 and 26 August, with CMP observations reporting

decreasing O3 values not captured by satellite. The

first period coincided with a sudden change in

atmospheric conditions, with AO air masses replac-

ing EE air masses in the night between 24 and 25

August. This was reflected by a dramatic decrease in

O3 and RH at CMP. Thus, it is likely that TES

observations were more affected by the high O3

concentrations observed on 24 August (discussed in

the section ‘‘Tropospheric O3 Behaviour’’). A similar

explanation can be invoked to explain the differences

observed on 26 August: relatively high O3 values

were observed at CMP almost simultaneously with

TES overpass (Fig. 3), probably because of the

occurrence of significant thermal upward transport. It

is therefore seen that, when local thermal processes or

Figure 8
Statistical distribution of hourly O3 values at CMP during the field campaign for all data (a) and for nighttime (c). Gaussian fits (continuous

line) with 95 % confidence level (dashed lines) are also reported. Percentage contribution of air-mass circulation occurrence (AO Atlantic

Ocean, CE continental Europe, EE eastern Europe, WE western Europe, MB Mediterranean basin) for each bin of the O3 values are reported

on the right for all data (b) and for nighttime (d)

1996 P. Cristofanelli et al. Pure Appl. Geophys.



rapid synoptic changes are neglected during the field

campaign period, the O3 measurements at CMP have

similar variability in respect of satellite observations

aggregated over relatively large spatial areas. Even

this analysis is not conclusive for the issue at hand,

although it suggests that the spatial representativeness

of CMP data may exceed that of the local scale.

5. Summary and Discussion

An experimental campaign conducted at Campo

Imperatore, Mt Portella, (CMP) during August 2009

has enabled preliminary evaluation of the summer

background O3 variability at a high remote mountain

site over central Italy. During the period considered,

average O3 values were 60.0 ± 5.1 ppb. As deduced

from the analysis of average O3 values and diurnal

and day-to-day O3 variability, the CMP observations

were comparable with measurements at other Euro-

pean mountain stations. On a daily basis, surface O3

values seemed to be affected by mountain ‘‘thermal’’

wind, i.e. upslope flow during daytime and down-

slope flow during nighttime. Even if, on average, this

daily wind variation led to the appearance of a small

‘‘reverse’’ O3 diurnal cycle (average amplitude

5.0 ppb), polluted air masses richer in photochemical

O3 could episodically affect the site, in association

with upslope breezes.

Analysis of specific O3 episodes indicates that

synoptic-scale transport processes contributed to O3

variability at CMP during the period investigated. To

capture the main synoptic-scale flows occurring at

the measurement site during the experimental cam-

paigns, cluster analysis was applied to the HYSPLIT

five-day back-trajectory ensembles calculated for

CMP. This analysis led to identification of five

principal circulation patterns affecting the site: con-

tinental Europe, CE (frequency of occurrence

23.0 %); western Europe, WE (24.2 %); eastern

Europe, EE (12.4 %); Mediterranean basin, MB

(32.0 %); and Atlantic Ocean, AO (8.4 %). Both for

the ‘‘all-data’’ and ‘‘nighttime’’ data selection, the

MB circulation (average O3 57.3 ± 4.1 and

59.1 ± 3.9 ppb, respectively) prevail for the lowest

range of observed O3 values, whereas the upper

range of the distribution is mostly related to the CE

(average O3 60.6 ± 5.3 ppb; 60.2 ± 5.7 ppb) and

EE (average O3 61.8 ± 3.8 ppb; 62.6 ± 3.9 ppb) air

masses. This suggests that atmospheric conditions

connected with these circulation classes favoured the

presence of high O3 values at CMP. The authors

Figure 9
Daily TES ozone mixing ratio over the CMP region for the 681 hPa layer and for different spatial aggregations (1 9 1� and 3 9 3�: green and

red lines, respectively). For comparison, CMP daily O3 values obtained by averaging the hourly values for nighttime (from 0:00 to 5:00

UTC?1) are reported (blue line)
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speculate that this could be because of the large

anthropogenic emissions occurring in Europe and in

northern/central Italy, and the meteorological condi-

tions (i.e. anti-cyclonic conditions over Europe and

the Mediterranean basin), which favour photochem-

ical O3 production and enhance vertical transport of

anthropogenic pollution on both continental and

regional scales (HENNE et al., 2005; CRISTOFANELLI

et al., 2009). Finally, it is observed that air masses

from the free troposphere embedded within AO and

WE circulations can favour the occurrence of spe-

cific high-O3 events.

Despite the relatively short time period, the

analysis reported here shows that atmospheric

observations at CMP can provide useful information

enabling better characterisation of atmospheric vari-

ability in the Mediterranean region. Furthermore, we

compared satellite-based observations of tropospheric

O3 obtained by the NASA-TES instrument with

in-situ CMP measurements. Despite a positive bias

characterising TES measurements relative to CMP

observations (ranging from 12 to 13 %, on average),

the two time series had much similarity. All the

above evidence indicates that the installation of a

permanent facility for atmospheric composition

observations at the CMP site could enable better

investigation of the processes affecting the back-

ground troposphere of the Mediterranean basin.

Being located more than 350 km south-east of the

high mountain station of Mt Cimone, CMP can pro-

vide complementary information. For the field

campaign period, the HYSPLIT back-trajectory

analyses (not shown) showed that CMP was more

affected by air masses from eastern Europe and the

central Mediterranean basin than Mt Cimone, which

was more affected by north-westerly air masses.

Thus, this preliminary investigation suggests that a

permanent station at CMP would be a very useful

means of improving our knowledge of tropospheric

variability in the Mediterranean basin (during the

field campaign presented here, 32 % of six-day

back-trajectories originated in, and recirculated

over, this region). Together with the Alpine stations

and the Mt Cimone station in the northern Apennines,

CMP could become part of a system of high-moun-

tain stations extending through the Mediterranean

basin.
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