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h i g h l i g h t s

� We analysed 19 years of surface O3 data at the Mt. Cimone station (2165 m, Italy).

� High O3 values were observed during summer in the Mediterranean region.

� NAO variability appeared to affect winter O3, while heat-waves affected summer O3.

� O3 increased over 1991e2011 but no trends were detected for the 1996e2011.

� Summer O3 growth-rates showed a slowing-down in recent years.
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a b s t r a c t

The Mediterranean basin represents a hot spot area for short-term O3 distribution and anthropogenic

contributions to it. This is why we analysed in this work the surface O3 variability observed at Mt. Cimone

WMO/GAW global station (CMN, 44�120 N, 10�420 E, 2165 m a.s.l., Italy) from 1991 to 2011. The mea-

surements performed at this mountain observatory represent the longest surface O3 record at a baseline

site in the Mediterranean basin.

Monthly O3 averages at CMN show a typical seasonal cycle characterised by a winter minimum and a

spring e summer maxima. The shape of the mean annual variation of O3 is well comparable with those

observed at other four baseline sites in the Alps and in the Mediterranean region: Jungfraujoch e Swiss

Alps, Sonnblick e Austrian Alps, Mt. Krvavece Slovenia and Giordan Lightouse e Island of Gozo, Malta. In

general, O3 levels at CMN show higher values during warm months, which is likely to be related both to

vertical transport of polluted air-masses at regional and continental scales and to enhanced

photochemistry.

Here, we also investigate the influence of specific atmospheric processes (i.e. the occurrence of heat-

waves, North Atlantic Oscillation, thermal transport of air-masses from the regional PBL and strato-

spheric intrusions) in affecting O3 variability at CMN.

Overall, a significant positive (95% confidence level) linear trend in monthly O3 mole fraction was

observed over the period 1991e2011 (0.21 ± 0.10 nmol/mol yr�1) while no trend (-0.02 ± 0.12 nmol/

mol yr�1) was detected for the 1996e2011, when measurements were carried out by an homogeneous
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experimental set-up. On a seasonal basis, a positive trend has been observed for 1996e2011

(0.34 ± 0.32 nmol/mol yr�1) only for spring. Significant decreases of the seasonal O3 growth-rates have

been detected at CMN during 1991e2011 from winter to spring and only for summer during 1996e2011.

© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Tropospheric ozone (O3) is an atmospheric key compound. It is

recognised as a powerful greenhouse gas (Forster et al., 2007), it

influences the oxidation capacity of the troposphere and it affects

the population health as well as the ecosystem integrity and crop

yields (The Royal Society, 2008). Levels of tropospheric O3 at

regional scale are strongly affected by anthropogenic emissions

(UNEP and WMO, 2011). Stratosphere Troposphere Exchange (STE)

and lightning production represent the main natural tropospheric

O3 sources (e.g. Wild, 2007); the intrusion of stratospheric air-

masses into the troposphere (hereinafter SI) affect O3 variability

at mountain sites (e.g. Cui et al., 2009; Trickl et al., 2010). O3 is also a

short-lived climate forcer because it is an effective greenhouse gas.

Thus, any action which leads to the decrease of O3 precursor

emissions, mainly methane, would represent a very effective action

to mitigate the anthropogenic impacts on the Earth climate (UNEP

and WMO, 2011).

The Mediterranean basin represents a hot spot area for short-

term O3 distribution and anthropogenic contributions to it

(Lelieveld et al., 2002; Kanakidou et al., 2011). Because of the typical

anticyclonic conditions of the Mediterranean basin, intensive O3

photochemical production events frequently occur in this region

during the warm season (Vautard et al., 2005). Recent in-

vestigations also pointed out the role of downward air-mass

transport from the stratosphere/upper troposphere in affecting

summertime free-tropospheric Mediterranean O3 (e.g. Zanis et al.,

2014).

In this workwe present and analyse the long-term time series of

surface O3 observations carried out at Mt. Cimone World Meteo-

rological Organization (WMO)/Global Atmosphere Watch (GAW)

global station (Italy) from 1991 to 2011. The study aims at providing

information on long-term surface O3 variability at this high

mountain site which, being located South of the Alps in the

Apennines, can be considered as representative (especially during

the coldmonths) of theMediterranean basin/southern Europe (MB/

SE) free troposphere.

2. Material and methods

2.1. Measurement site

Mt. Cimone (44.18 N,10.70 E, 2165 m a.s.l.) is the highest peak of

the Italian northern Apennines (Fig. S1 of the supplementary data).

The surface O3 measurements presented in this work have been

mainly carried out at the “O. Vittori” Italian Climate Observatory

(ICO-OV), an atmospheric observatory operated by the Institute of

Atmospheric Sciences and Climate of the National Research Council

of Italy (ISAC-CNR), part of the Mt. Cimone WMO/GAW global sta-

tion (GAW ID: CMN). As reported by previous investigations the

atmospheric observations carried out at CMN can be considered

representative of the free tropospheric conditions of the MB/SE

during the cold months (see e.g. Bonasoni et al., 2000; Henne et al.,

2010). However, during warm periods throughout the year, the

measurement site can be affected by “thermal” and convective

transport of planetary boundary layer (PBL) air masses related with

the development of daytime slope and valley winds as well as PBL

growth and entrainment processes (Colombo et al., 2000;

Cristofanelli et al., 2009).

2.2. Surface O3 measurements

At CMN, the first surface O3 measurements were carried out in

the period 1991e1993 by ISAC-CNR at the Air Force Meteorological

Observatory, which is located about 50 m higher than the current

location of the measurement site (see the Supplementary Data for

more details and Table S1 for a summary of major changes con-

cerning the experimental set-up and calibration methodologies).

The experimental set-up consisted of a UV-analyser Dasibi 1108W/

GEN, which continuously sampled ambient air from a non-heated

Teflon sampling head.

After an interruption between 1993 and 1994, measurements of

O3 started on a regular basis in January 1996 and are still ongoing at

the ICO-OV, using the same analyser but with an improved sam-

pling system (see the Supplementary Data). Parallel measurements

of O3 at the two locations for comparison are unfortunately un-

available. Good practice and quality control protocols in O3 mea-

surement however support a reasonable comparability of data

collected in the two periods in spite of the different measurement

location. Moreover, station logbooks have been collected since 1991

and information on maintenance interventions, execution of cali-

bration as well as major problems is available.

For both measurement periods a complete description of

Quality Assurance and Quality Control (QA/QC) procedures, sam-

pling systems, instrumental set-up and adopted reference scales

are available in the Supplementary Data (Table S1). On September

2010, the QA/QC procedures, the measurement system and related

protocols were successfully assessed by WMO World Calibration

Centre WCC-Empa (Zelwegger et al., 2012). Surface O3 data series

for CMN (1-h average values) at the ICO-OV from 1996 to 2011 are

available at the World Data Centre for Greenhouse Gases (http://ds.

data.jma.go.jp/gmd/wdcgg/).

2.3. Heatwave identification

As reported by Cristofanelli et al. (2007), at CMN significant

contributions to high O3 can be traced back to heat waves (HWs) in

combinationwith efficient transport of polluted air masses on both

the regional and the continental scales. An HW is a prolonged

period of excessively hot weather over a region and it is a well-

known meteorological feature of the Mediterranean summer

(Wang et al., 2011). These events are recognized to cause great costs

in terms of human health and environmental hazard (e.g. EEA,

2012).

There is not a common accepted definition of HW. Thus to

unambiguously identify HWs which affected the north of Italy, we

analysed the time series of daily mean and maximum temperature

at three ground level locations in the Po valley, i.e. Verona (45�230N

10�530E), Milano (45�260N 9�170E) and Bologna (44�320 11�180). In

particular, we categorized as being influenced by HWs the warm

periods (AprileSeptember) when simultaneously identified by the
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following ECA&D (European Climate Assessment and Dataset) and

WMO selection methodologies:

(1) ECA&D: a period of at least 6 days with daily mean tem-

perature above the upper tenth percentile of the tempera-

ture distribution for each of the calendar days (Klein Tank

et al., 2002);

(2) WMO: a period of at least 6 days with the daily maximum

temperature greater than 5 �C above the climate normal

(CliNo) maximum temperature.

In this work, CliNo was calculated over 1971e2000 reference

period with the purpose of taking into account recent variations of

the observed global air temperature (e.g. Brunetti et al., 2006).With

the aim to minimize local influences and to consider only events at

the regional scale, we considered the periods characterised by the

simultaneous occurrence of HW at the 3 above-named low-land

stations.

2.4. Stratospheric intrusion identification

In order to investigate the influence of SI on the long-term O3

variability at CMN, we selected the days influenced by these events

by analysing the behaviour of the following stratospheric tracers

available at CMN (see Cristofanelli et al., 2006): in-situ Beryllium-7

(7Be) and relative humidity (RH), equivalent potential vorticity (PV)

of air-masses reaching the measurement site (as deduced by the

analysis of 7-day 3D FLEXTRA back-trajectories) and total column

O3 (TCO) over CMN location (as deduced by TOMS and OMI over-

pass data). Based on the methodologies proposed in Cristofanelli

et al. (2006) we identified days with likely influence by SI when

these stratospheric tracers exceeded specific threshold values.

More details about the determination of these stratospheric tracers

and the algorithm to select SI-influenced days can be found in the

Supplementary Data.

3. Results

3.1. Seasonal O3 cycle at Mt. Cimone

O3 monthly average values showed a typical seasonal cycle

characterised by a winter minimum and a spring - summer

maximum, often resulting in a broad spring-summer peak (Fig. 1).

This is a typical continental annual cycle (Gilge at al., 2010; Tarasova

et al., 2007) which differs from Northern hemisphere remote sites

where a spring maximum in April/May is usually observed (Monks,

2000; Tarasova et al., 2007). The observed broad spring/summer

maximum is considered to be a combination of background

“hemispheric-scale” impact and photochemical production from

regional emissions (e.g. Zanis et al., 2007; Monks et al., 2009),

especially in summer: as recently assessed by Cristofanelli et al.

(2013), 19% of O3 variability at CMN during MayeSeptember can

be attributed to anthropogenic precursor emissions and enhanced

photochemistry.

With the aim of better understanding the surface O3 at CMN in

theMediterranean basin, we compared the mean annual cycle with

those observed at other WMO/GAW baseline measurement sites

(Fig. 1): Sonnblick e Austrian Alps (SON: 47�030N; 12�570E, 3106 m

a.s.l.), Jungfraujoch e Swiss Alps (JUN: 7�590N; 46�320E; 3580 m

a.s.l.), Mt. Krvavec eSlovenia (KVC; 46�180N, 14�320E, 1720 m a.s.l.)

and Giordan Lighthouse e Malta (GLH; 36�040N; 14�130E, 167 m

a.s.l.). Experimental details and environment classification for these

stations can be found in the Supplementary data (Table S2). Data

from these stations have been obtained from theWorld Data Centre

for Greenhouse Gases (WDCGG, http://gaw.kishou.go.jp/wdcgg) as

hourly mean values for 1991e2011 (for SON and JUN), 1997e2011

for GLH and 2000e2011 for KVC.While CMN, JUN, SON and KVC are

mountain stations, GLH is a marine station located at a significant

lower latitude than CMN and more than 900 km southwards: this

should be clearly keep in mind when comparing O3 at GLH with

CMN. JUN and SON are located at a higher elevation than CMN and

more than 300 km northwards, while KVC is lower than CMN, with

a possible larger influence of PBL air-masses, andmore than 400 km

north-eastwards (see Fig. S1 in the Supplementary Data for a map

showing all station locations). Thus it is possible to expect differ-

ences in the O3mole fraction at these stations arising from local and

regional scale dynamical as well as chemical processes.

The shape of the mean annual variation of O3 at CMN is well

comparable with the one observed at the other baseline sites in the

Alps as well as at KVC and GLH, which are also characterised by a

broad spring-summer maximum (with monthly mole fraction from

56 to 58 nmol/mol) and a winter minimum (39e40 nmol/mol).

With the aim of pointing out specific features of the surface O3

variability at CMN compared to the other baseline stations, we

computed the differences of monthly O3 values between CMN and

the other stations. Mean yearly bias ranged from 1.5 ± 4.3 nmol/mol

(±1s) and 3.2 ± 4.5 nmol/mol against JUN and SON to

5.0 ± 4.0 nmol/mol and 5.0 ± 6.9 nmol/mol against KVC and GLH.

These biases did not change significantly considering only the data

from the year 2000, i.e. when surface O3 data were simultaneously

available for all the measurement sites. These station biases were

fairly conserved without substantial discrepancies also fromyear to

year. In general, the differences maximized during summer months

(see Fig. 1), indicating a systematic occurrence of higher O3 mole

fraction at CMN. As will be discussed later, this is likely to be related

with the occurrence of elevated O3 associated with uplift of

polluted air masses at regional and continental scales (Cristofanelli

et al., 2006, 2013; Tositti et al., 2012). The differences are particu-

larly evident in comparison with the marine station GLH, with an

average excess of 11.7 nmol/mol in August. It should be noted that,

being representative of maritime conditions (see also Tarasova

et al., 2007), GLH is characterised by the lowest average summer

O3 among the considered stations. However, it is noteworthy that

CMN O3 is higher also in respect with measurement stations

located at higher altitudes (i.e. JUN and SON), which should be

characterised by higher mole fraction given the vertical gradient in

tropospheric O3 (e.g., Logan, 1999; Chevalier et al., 2007; Parrish

Fig. 1. Average O3 monthly mean values at CMN and at other baseline sites in the

Alpine and Mediterranean basin (Mt. Krvavec- KVC; Sonnblick e SON; Jungfraujoch e

JUN; Malta/Giordan Lighthouse e GLH). The vertical line denotes the expanded un-

certainty of the mean (p < 0.05 and k ¼ 2). In the legend, for each station, we reported

the periods over which average values were calculated.
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et al., 2012). On a seasonal basis, for JUN and SON, these biases are

highest during summer (4.3 ± 3.4 nmol/mol and 6.7 ± 3.8 nmol/

mol, respectively) and lowest in winter (�1.0 ± 3.3 nmol/mol and

0.1 ± 2.9 nmol/mol, respectively). This confirms that during the cold

months, when the atmosphere is more stable and photochemistry

is less efficient, O3 mole fraction at CMN is consistent with those

observed at the other baseline sites and thus reflects the regional

baseline of the lower free troposphere of southern Europe.

3.2. Long-term O3 variability

Long-term O3 time series at CMN (1991e2011) is illustrated in

Fig. 2a as monthly mean values calculated based on the 1-h average

values with a 75% data coverage criterion. The overall O3 mean

value is 53.4 ± 9.0 nmol/mol. CMN data series from 1991 to 1993

has not been presented before. As stated before, we are conscious

that the change of the sampling site between the two time series

might affect data homogeneity and that the presence of data gap

extending frommore than 2 years can potentially cause artefacts in

the environmental trends. Therefore on account of the lack of

similar measurements in remote regions of the Mediterranean

basin in the same period, we decided to take the risk and to include

the 1991e1993 data set in this analysis.

3.2.1. Comparison with other baseline measurement sites

Monthly mean O3 anomalies relative to 1997e2003 were

calculated to compare long-term O3 variations at CMN with those

at other baseline sites in the Alpine region/Mediterranean basin

(Fig. 2b). We decided to use this reference period to calculate the

monthly anomalies so as to compare them with the results pro-

vided by Logan et al. (2012) who analysed long-term changes in O3

over Europe from 1990 to 2010.

In agreement with the measurements at CMN, low monthly O3

mole fractions were also observed at other high mountain stations

in the Alps before 1994 (see also Table 1), suggesting that this is a

broad-scale O3 feature that affected the Alps and the north Apen-

nine regions during these years. In good agreement with Logan

et al. (2012), for CMN and the other measurement sites, a low O3

variability was observed from 1998 to 2004 (except for April 2011

when negative O3 anomalies of �7.8 nmol/mol affected CMN),

while mostly negative anomalies were observed from mid-2008

until 2011 at CMN (average values: �1.8 nmol/mol).

Differently from other stations, an almost uninterrupted

period of positive O3 anomalies was recorded at CMN from

February 2004 to May 2008, when O3 was considerably higher

(average excess: þ6 nmol/mol) (Fig. 2b): 76% of these monthly

anomalies presented statistically significant higher values in

respect to the average anomalies observed at the other stations.

An exceptional high positive anomaly was observed at CMN on

July 2006 (monthly O3 mean: 82.3 nmol/mol). As shown in the

Section 3.2.2, these high O3 values were related to a strong HW

which affected western, central and southern Europe (EEA,

2007). The HW signal on O3 was also well discernible at KVC

(O3 anomaly: 8.0 nmol/mol), JUN (8.7 nmol/mol) and SON

(9.3 nmol/mol), thus pointing out the broad spatial extension of

this event.

3.2.2. Influence of summer heat-waves to the O3 variability

The application of the selection methodology presented in

Section 2.3, led to the identification of 13 HWs during the period

1991e2011 (Table 2). It is interesting to notice that all the identified

events were recorded in the time window 1996e2011. Totally,

during the period 1991e2011,115 days were found to be affected by

Fig. 2. (a) Time series of monthly mean O3 mole fractions at CMN (only months with a data coverage of at least 75% are reported). (b) Time series of monthly mean O3 anomalies

relative to period 1997e2003 for CMN (red line) and other baseline stations in the Mediterranean basin.

Table 1

Monthly mean average O3 with expanded uncertainties (p < 0.05) of the means at

CMN, Jungfraujoch (Switzerland: 46.54�N, 7.98�E; 3580 m a.s.l.) and Sonnblick

(Austria: 47.05�N, 12.95�E, 3106 m a.s.l.) WMO/GAW stations during 1991e1993 and

1996e2011.

Measurement site 1991e1993 1996e2011

CMN 48.0 ± 3.4 54.1 ± 1.2

JUN 46.5 ± 2.1 50.7 ± 0.9

SON 47.2 ± 2.3 52.6 ± 0.9
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this type of events with frequency peaks in June representing the

month for which HWs are the most frequent.

Most of the identified HWs (10/13) were characterised by sig-

nificant O3 increase at CMN in comparison with the average sea-

sonal levels (Table 2), suggesting that these events are conducive

for the occurrence of high O3. As shown in previous works

(Cristofanelli et al., 2007 and Cristofanelli et al., 2009) these high O3

values can be explained by considering photochemical O3 produc-

tion directly related to anthropic activities or to positive feedbacks

between heatwave weather conditions and O3 production effi-

ciency (e.g., increased biogenic emissions, increased forest fires,

decreased O3 uptake by vegetation). During HWs, the large vertical

extension of the PBL could enhance the transport of these PBL air

masses to altitudes that would usually be in the free troposphere.

Major HWs affected northern Italy and CMN on June 2005e2006,

July 2006, April 2007 and May 2008, when very high monthly O3

anomalies were observed at CMN and significant higher O3 was

observed compared to the other baseline stations (Fig. 2b).

3.2.3. Influence of the North Atlantic Oscillation (NAO) to O3

variability

As reported by Lin et al. (2014), tropospheric O3 is affected by

climatic variability signatures acting from the interannual to the

decadal scale. The North Atlantic Oscillation (NAO), i.e. a north-

south shift (or vice versa) in the track of storms and depressions

across the North Atlantic Ocean and into Europe, has been shown to

influence winter and summer climate over the Mediterranean ba-

sin (Wang et al., 2011). Due to the effect on circulation patterns and

meteorological conditions in the Mediterranean basin, a potential

influence on tropospheric O3 is expected too (see e.g. Pausata et al.,

2012; Cuevas et al., 2013). With the aim of pointing out a possible

relationship between NAO variability and tropospheric O3 at CMN,

we investigated the correlation between the seasonal NAO Index

(Hurrell et al., 2001) and the anomalies of seasonal O3 for the period

1996e2011 (Fig. 3). We found a positive correlation between NAO

Index andwinter O3 (r: 0.49 ± 0.18; a: 1.29 ± 0.70, p¼ 0.05), while a

positive but not statistically significant correlation was found for

summer (r: 0.44 ± 0.13; a: 1.29 ± 0.70, p ¼ 0.09). No clear ten-

dencies were observed both for spring (r: 0.08 ± 0.01; a: 0.21± 0.74,

p ¼ 0.77) and fall (r: 0.02 ± 0.01; a: 0.05 ± 0.85, p ¼ 0.95). It is

noteworthy that the large positive O3 anomalies observed during

winter 2007 and 2008 were both associated to strongly positive

NAO index values. These winter values were also characterised by

the highest average air-temperature (þ5.0 �C and þ3.7 �C, respec-

tively) observed at CMN during the period 1996e2011 (average

value: 0.85 ± 0.65 �C), suggesting the occurrence of anomalous

meteorological regimes at the measurement site. This can be

related to the expansion of the Azores anticyclone towards the

Mediterranean basin and CMN location (e.g. Pausata et al., 2012),

possibly triggering anomalous favourable conditions for photo-

chemical O3 production and vertical transport even during winter

period.

3.2.4. Influence of thermal transport to the O3 variability

Diurnal thermal transport of air-masses from the regional PBL

can significantly influence O3 values at CMN, especially during

warm months (see Supplementary Data) as previously assessed for

both CO2 (Colombo et al., 2000) and airborne particulate matter

(Marinoni et al., 2008) at this station. To investigate the occurrence

of periods characterised by significant contributions from these

processes to the O3 interannual variability, we analysed long-term

variations of the seasonal O3 diurnal cycle: Fig. 4 reports the

average seasonal diurnal O3 anomalies from 1996 to 2011

computed relatively to the reference period January

1997eDecember 2003 (see Section 3.2). The large monthly anom-

alies observed at CMN in spring 2005 and summer-spring-autumn

2006 (Fig. 2b), were related to the presence of statistically signifi-

cant (at the 95% confidence level) anomalies (up to 8 nmol/mol on

an hourly basis) during the afternoon-evening time frame (roughly

from 15:00 to 22:00); this suggests that for these periods a sig-

nificant amount of photochemically-produced O3 was vented to

CMN by thermal transport processes.

3.2.5. Influence of stratospheric air-mass intrusions to O3 variability

Based on the screening approach presented in Section 2.4, a

total of 372 days were found to be potentially affected by SI over the

period 1996e2011 (6% of the whole period). Fig. 5a reports the

frequency of occurrence of SI-influenced days at CMN: on average

the highest frequency of SI-influenced days was observed in winter

(10%) with aminimum in summer (3%), in good agreement with the

earlier work by Cristofanelli et al. (2006). Except that during the

summer season, the SI affected days showed significant higher O3

values than the remaining days (Table 3). Long-term variability of

SI-influenced days showed a maximum occurrence during win-

terespring 2002 (21.1% and 20.6%) and autumn 2006 (14.2%), when

high O3monthly anomalies were observed at CMN (Fig. 2). A period

characterised by a relatively low number of SI-influenced days was

observed from 2009 to 2011, when a prevalence (83%) of negative

SI-occurrence seasonal anomalies was detected (10/12). Fig. 5b

reports the normalized seasonal anomalies (with respect to the

1996e2011 period) of O3 recorded during detected SI (O3
SI) together

with their 12-month running means (O3
SI- RM) as well as the

running mean of the normalized seasonal anomalies of all O3 data

(O3-RM). No evident correlations existed between O3
SI and O3 over

Table 2

List of HWs identified in northern Italy from 1991 to 2011. For each year (column 1), we report the detected events in terms of start day (column 2), end day (column 3), time

length (column 4). Moreover, we report the average O3 value recorded during each HW (mean ± 1s, column 5) and, for reference, the corresponding mean seasonal O3 value

(mean ± 1s, column 6).

Year Start day End day Time length (days) Average O3 (nmol/mol) Mean seasonal O3 (nmol/mol)

1996 08/06/1996 13/06/1996 5 78.6 ± 16.9 61.7 ± 8.8

2002 16/06/2002 24/06/2002 8 66.0 ± 10.1 58.8 ± 6.0

2003 05/05/2003 09/05/2003 4 58.4 ± 6.5 57.6 ± 7.8

07/06/2003 26/06/2003 19 67.2 ± 14.2 66.7 ± 10.5

08/08/2003 14/08/2003 6 79.8 ± 7.3 66.7 ± 10.5

2005 22/06/2005 28/06/2005 6 73.6 ± 8.7 66.7 ± 9.7

2006 17/06/2006 28/06/2006 11 62.2 ± 14.9 65.2 ± 11.9

20/07/2006 28/07/2006 8 95.6 ± 15.8 65.2 ± 11.9

2007 10/04/2007 18/04/2007 8 73.1 ± 6.3 64.4 ± 11.5

2008 22/06/2008 27/06/2008 6 62.9 ± 6.8 59.4 ± 8.3

2009 18/05/2009 26/05/2009 8 54.3 ± 10.3 56.8 ± 8.1

2011 19/08/2011 26/08/2011 8 68.0 ± 7.3 58.9 ± 8.0

10/09/2011 17/09/2011 8 58.0 ± 7.1 52.2 ± 7.7
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the period 1996e2011 (r: 0.01 ± 2.18; a: �0.05 ± 0.24). Despite a

rather stable frequency of SI occurrence at CMN (see Fig. 5a), an

upward tendency of O3
SI was observed from 2002 to 2010. This lead

to a significant positive correlation with overall O3 (r: 0.48 ± 0.28;

a: 0.52 ± 0.25, P < 0.05) over the period 2001e2006. This correla-

tion is lost when considering the most recent years 2007e2011,

when a negative (not statistically significant) correlation appeared

between O3
SI and O3 (r: �0.10 ± 0.21; a: �0.31 ± 0.44).

3.3. Long-term trend evaluation at CMN

Since the Mediterranean basin represents a very important re-

gion in terms of climate and air composition changes, in this work

we provided a first assessment on the possible existence of long-

term O3 trends at CMN.

Since as previously explained, we cannot completely rule out

the non-homogeneity in the O3 data from the earlier and from the

ongoing long-term series at CMN station and with the aim of taking

into account the existence of a long data gap from 1994 to 1995, we

analysed trends of surface O3 in a “segmented” way: linear re-

gressions of monthly mean anomalies were calculated over two

reference periods:

(a) over the whole measurement period, also encompassing the

earlier measurements (1991e1993) performed at the Air

Force Observatory, i.e. 1991e2011 assuming overall data

homogeneity;

(b) over the period for which measurements were continuously

carried out in a rigorously homogeneous way i.e. at the ICO-

OV, i.e. 1996e2011.

The monthly mean anomalies have been calculated using the

original time resolution (i.e. 1-hour mean values). With the aim of

evaluating the statistical significance of the calculated trend, 95%

confidence level of the growth rates has been calculated as±2s. The

statistical significance of a trend is also determined based on two-

sided t-test as recently done by Gilge et al. (2010). In the following,

we adopt the terminology “trend” only for statistically significant

growth rates, otherwise the notation “tendency” is used.

As previously described before, surface O3 at CMN can be

significantly influenced by vertical air-mass mixing related with

diurnal thermal processes (especially during the warm season).

With the aim of specifically investigating possible long-term

changes of O3 as a function of the different diurnal phases of this

vertical mixing, we performed trend analysis for different sub-sets:

“all data”, “night-time” data (from 23:00 to 4:00 UTC þ 1), “day-

time” data (from 11:00 to 16:00 UTC þ 1) and “evening” data (from

17:00 to 22:00 UTC þ 1). In particular, the last time-window has

been selected to take into account for the occurrence of the

maximum O3 values usually observed at CMN during episode of

polluted air-mass transport by thermal circulation (see Section

3.2.3 and Cristofanelli et al., 2013).

As reported in Fig. 6 and Table 4, positive trends characterised

monthly O3 mole fraction at CMN during the entire period, with

averages slopes (0.21 ± 0.10 nmol/mol yr�1) which were not

Fig. 3. Correlation analysis between seasonal ozone anomalies and seasonal NAO Index for the period 1996e2011 (Hurrell et al., 2001).
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statistically different for the various daily time windows. These

values appear to be in relatively good agreement with those

observed at SON (0.22 ± 0.17 ppb yr�1) from 1989 to 2007 (Gilge

et al., 2010) but in contrast with those reported by Logan et al.

(2012) for a “mean” composite alpine time series that did not

show statistically significant annual trends for the period

1990e2009. As clearly shown by the time series of O3 monthly

anomalies (Fig. 6), the positive trends of 1991e2011 were strongly

influenced by the presence of negative values occurring during the

years 1991e1993. No significant differences have been observed as

a function of the different monthly percentiles (Table 4).

When the period 1996e2011 was considered, very small ten-

dencies (not much different from zero) have been calculated both

for the different time windows as well as for the different per-

centiles (Table 4). Also this finding appears to be in agreement with

Fig. 4. CMN: Average seasonal diurnal O3 anomalies over the reference period 1997e2003. The coloured scale reports the O3 anomalies expressed as nmol/mol.

Fig. 5. (a) Normalized seasonal anomalies with respect to the 1996e2011 mean annual

cycle of the stratospheric intrusion (SI) frequency (grey bars) together with their 12-

month running means (black line). (b) Normalized seasonal anomalies of O3 during

SI (O3
SI) with their 12-month running mean (O3

SI�RM) and 12-month running means of

overall O3.

Table 3

Average variations of O3 in respect to the seasonal values for SI-influenced days (SI

days) and remaining days (other days). For each seasons we also reported the

expanded uncertainty of themean (with k¼ 2) and the number of analysed days (N).

Season SI days Other days

All 3.2 ± 0.9 nmol/mol �0.25 ± 0.8 nmol/mol

N: 372 N: 5188

Winter 2.8 ± 1.3 nmol/mol �1.5 ± 0.5 nmol/mol

N: 134 N: 1180

Spring 3.9 ± 1.6 nmol/mol �0.7 ± 0.5 nmol/mol

N: 103 N: 1305

Summer �0.5 ± 2.6 nmol/mol 0.2 ± 0.6 nmol/mol

N: 51 N: 1399

Autumn 5.6 ± 2.5 nmol/mol 0.5 ± 0.6 nmol/mol

N: 84 N: 1304
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the results for the high-mountain alpine stations presented by

Gilge et al. (2010) and Logan et al. (2012), which showed non-

significant O3 trends over the period 1995e2007 and 1995e2008,

respectively. Not significant long-termO3 trendswere also detected

by Saliba et al. (2008) at GLH (1997e2006).

O3 trends have been also calculated on a seasonal basis

(DecembereFebruary: DJF; MarcheMay: MAM; JuneeAugust: JJA;

SeptembereNovember: SON). For the period 1991e2011 a signifi-

cant positive trend (0.34 ± 0.32 nmol/mol yr�1) has been detected

for spring, while only tendencies can be observed for other seasons

(Table 5). This feature partially agrees with Logan et al. (2012), who

show significant increase in O3 for spring andwinter for the “mean”

alpine station time series between 1990 and 2009. On the other

side Gilge et al. (2010) found positive tendencies at the Alpine high-

mountain stations for spring and winter (statistically significant

only for JUN) for the period 1995e2007.

It is interesting to notice that over the period 1996e2011 a

negative tendency (even if not statistically significant) was recor-

ded for all the data selections in summer. This result appears to be

(at least qualitatively) in agreement with the decreasing O3 trends

observed at JUN (Logan et al., 2012) for summer 1998e2008 and

with the decreasing tendencies observed at the Alpine stations

reported by Gilge et al. (2010) over the summer 1995e2007.

With the aim of investigating the changes of the O3 growth rate,

following Parrish et al. (2012), we analysed the seasonal long-term

variability by interpolating the annual mean O3 averages with a

polynomial quadratic fit for the period 1991e2011 (Fig. 7 top) and

1996e2011 (Fig. 7 bottom). In this case we decided to use average

O3 mole fraction instead of anomalies and considering the entire

data-set of O3 observations. This approach was chosen to fit the

CMN analysis into the “global” picture provided by Parrish et al.

(2012). As far as the quadratic regression is concerned, for the

period 1991e2011, the results appeared to be broadly consistent

with those reported by Parrish et al. (2012) for ZUG and JUN sta-

tions. Statistically significant negative values of the second order

parameter (d[O3]/dt
2) are found at CMN in all seasons except

autumn, indicating a slowing of O3 increase rate and maxima in the

quadratic regression fits occurring in the early 2000s. In particular,

by considering the confidence intervals, the CMN acceleration

parameter overlaps with those at ZUG (0.054 ± 0.037 nmol/

mol yr�2) and JUN (0.062 ± 0.064 nmol/mol yr�2) in spring, as well

Fig. 6. Monthly O3 anomalies and linear trend fitting (continuous lines) for the period

1991e2011 (blue) and 1996e2011 (red), based on the “all data” selection. (For inter-

pretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Table 4

Analysis of O3 trends at CMN. For different data selections (Column 1, see Section 2.1 for definition), and reference periods (1991e2011, 1996e2011), the statistical parameters

describing the linear regression (slope ± 2s expressed as nmol/mol yr�1) are reported. Statistically significant trends are reported in bold.

Time period 1991e2011 1996e2011

Data selection 25th Mean value 75th 25th Mean value 75th

All data 0.22 ± 0.10

r2: 0.081

0.21 ± 0.10

r2: 0.061

0.22 ± 0.12

r2: 0.055

�0.03 ± 0.12

r2: 0.002

�0.02 ± 0.12

r2: 0.002

�0.03 ± 0.14

r2: 0.001

Day-time 0.22 ± 0.09

r2: 0.079

0.22 ± 0.11

r2: 0.071

0.20 ± 0.11

r2: 0.050

�0.03 ± 0.11

r2: 0.001

�0.03 ± 0.12

r2: 0.001

�0.04 ± 0.13

r2: 0.002

Evening 0.17 ± 0.10

r
2: 0.051

0.17 ± 0.12

r
2: 0.037

0.18 ± 0.16

r
2: 0.022

�0.04 ± 0.12

r2: 0.002

�0.06 ± 0.14

r2: 0.004

�0.04 ± 0.19

r2: 0.001

Night-time 0.22 ± 0.10

r2: 0.085

0.21 ± 0.10

r2: 0.067

0.22 ± 0.12

r2: 0.054

�0.01 ± 0.12

r2: 0.001

�0.02 ± 0.12

r2: 0.005

�0.01 ± 0.14

r2: 0.001

Table 5

Seasonal O3 trends (slope ± 2 sigma) at CMN in nmol/mol yr�1. Statistically significant trends are reported in bold. For different data selections (column 1, see Section 2.1 for

definition), and reference periods (column 2), the statistical parameters describing the linear regression are reported for winter (DJF), spring (MAM), summer (JJA) and autumn

(SON).

Data selection Reference period DJF MAM JJA SON

All data 1991e2011 0.12 ± 0.34

r2: 0.031

0.34 ± 0.32

r2: 0.219

0.11 ± 0.32

r2: 0.033

0.17 ± 0.30

r2: 0.001

1996e2011 �0.14 ± 0.32

r2: 0.050

0.07 ± 0.38

r2: 0.013

�0.15 ± 0.38

r2: 0.055

0.00 ± 0.34

r2: 0.001

Night-time 1991e2011 0.20 ± 0.32

r2: 0.088

0.17 ± 0.24

r2: 0.103

0.09 ± 0.28

r2: 0.025

0.15 ± 0.28

r2: 0.060

1996e2010 �0.08 ± 0.30

r2: 0.020

0.09 ± 0.30

r2: 0.023

�0.10 ± 0.32

r2: 0.023

�0.09 ± 0.34

r2: 0.020

Evening 1991e2011 0.30 ± 0.34

r2: 0.163

0.12 ± 0.28

r2: 0.040

�0.19 ± 0.39

r2: 0.061

0.14 ± 0.36

r2: 0.038

1996e2010 0.01 ± 0.34

r2: 0.001

0.03 ± 0.38

r2: 0.002

�0.10 ± 0.42

r2: 0.015

�0.11 ± 0.40

r2: 0.022

Day-time 1991e2011 0.28 ± 0.38

r2: 0.116

0.21 ± 0.26

r2: 0.117

0.17 ± 0.34

r2: 0.056

0.20 ± 0.32

r2: 0.089

1996e2010 �0.09 ± 0.32

r2: 0.021

0.09 ± 0.36

r2: 0.061

�0.14 ± 0.32

r2: 0.045

�0.07 ± 0.39

r2: 0.009
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as that at JUN in summer (0.086 ± 0.077 nmol/mol yr�2) and

autumn (0.097 ± 0.048 nmol/mol yr�2), as calculated by Parrish

et al. (2012).

Considering the years 1996e2011, a statistically significant

(negative) acceleration is found only for the summer. As pointed

out by Parrish et al. (2013), the seasonal differences in long-term O3

changes at northern mid-latitudes could lead to a change of O3

seasonal cycle over the time. Actually, this can be also observed at

CMN concerning the season on which the maximummean average

O3 values are usually observed: while until year 2005 a robust

summer maximum characterised the CMN yearly cycle, more

recently spring maximum or nearly equivalent springesummer

seasonal maximum have been observed.

4. Discussion and conclusions

Surface O3 observations carried out at Mt. Cimone WMO/GAW

global station (CMN, 44�120 N, 10�420 E, 2165 m a.s.l., Italy) from

1991 to 2011 were studied. Given a 2-year data gap (1994e1995), a

sum of 19 full years of O3 measurements were available for statis-

tical analysis. During warm months, CMN appears to be charac-

terised by average positive biases with respect to the other baseline

stations considered in this study. This can be partially explained by

the particular location of CMN, directly facing to the Po basin, one of

the world's hot-spots in terms of anthropogenic O3 pollutionwhich

during the warm months can be efficiently transported towards

higher altitude by thermal transport (Cristofanelli et al., 2009,

2013). As reported by the European Environmental Agency (EEA,

2012), emission sources, chemical composition of the air, and cli-

matic conditions along the north-south and east-west gradients in

Europe result in considerable regional differences in O3 mole

fraction with the highest number of high O3 levels occurring more

and more frequently in the Mediterranean region than in northern

Europe. In fact, the occurrence of major HWs over northern Italy,

favoured the systematic occurrence of high O3 conditions at CMN,

due to the efficient vertical transport of air-masses rich on photo-

chemically produced O3.

In agreement with other baseline measurements in Europe (see

also Gilge et al., 2010; Logan et al., 2012), the first part of the

measurement period (1991e1993) at CMN was characterised by

significantly lower O3 values (48.0 ± 8.9 nmol/mol) compared to

the subsequent part of the time series (54.1 ± 8.8 nmol/mol),

though some uncertainty on data homogeneity might in principle

affect this subset of O3 data. It can be assumed that the increasing

O3 values observed at CMN, from the earlier to the more recent

measurements, could represent the last phase of a period of posi-

tive O3 trends occurring over Europe in agreement with different

baseline stations from 1970s to early 1990s (Gilge et al., 2010;

Jenkin, 2008; Oltmans et al., 2013; Logan et al., 2012; Parrish

et al., 2012). With respect to the other measurement sites, com-

parable constant O3mole fractions were generally observed at CMN

from 1998 to mid-2004. On the contrary, at CMN larger positive O3

anomalies were observed for the years 2005e2008 with respect to

other baseline measurement sites in the Alps and in the Mediter-

ranean basin. These high O3 values can be, at least partially,

explained considering the synergic occurrence of the atmospheric

processes we analysed in this work (HW, SI and NAO variability). In

particular, major HWs were detected during summer months (June

2005e2006, July 2006, April 2007 and May 2008) and strongly

positive NAO index values characterised winter 2007 and 2008

when large positive O3 anomalies were observed at CMN. Finally, SI

could have played a not negligible role on autumn 2006 when a

maximum of occurrence has been detected (14.2%) and a statisti-

cally significant correlation characterised O3
SI and overall O3 over

the period 2001e2006. It is thus conceivable that different factors/

processes could play together in explaining the large O3 anomalies

observed at CMN during the period 2005e2008.

For the overall time interval 1991e2011, significant (95% confi-

dence level) positive linear trends have been calculated formonthly

average values as well as for the 25th and 75th percentiles. Caution

should be deserved in commenting long-term trend for this time

interval, also considering the rather long data gap (1994e1995)

affecting the O3 time series at CMN. On a seasonal basis, only for

spring a positive trend has been observed at CMN for 1991e2011.

For the shorter period 1996e2011 no significant O3 trends were

detected at CMN, in fairly good agreement with observations at

other high mountain stations in Europe (e.g. Gilge et al., 2010;

Logan et al., 2012; Parrish et al., 2012) and in the Mediterranean

Fig. 7. Seasonal O3 averages measured at CMN for 1991e2011 (upper plate) and

1996e2011 (bottom plate). The solid lines indicate quadratic regressions for the entire

data sets. The annotations in each figure give the derived parameters of those re-

gressions, along with their confidence limits (±2s).
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Islands of Cyprus (Kleanthous et al., 2014) and Malta (Saliba et al.,

2008). Ordo�nez et al. (2007) suggested a strong relationship be-

tween stratosphere-to-troposphere exchange and O3 changes at

Alpine stations during 1990s: however no evident correlations

existed between O3 at CMN and long-term SI frequency variability

or O3
SI over the period 1996e2011. Only for the period 2001e2006 a

positive correlation appeared with O3
SI. By considering the

1991e2011 period, we detected a slowing down of the O3 growth-

rates in all seasons at CMN and a lower mean O3 mole fraction

observed during recent years (i.e. from 2009 to 2011:

51.9 ± 8.3 nmol/mol), in agreement with other Alpine and Medi-

terranean baseline sites. For summer, a significant negative “ac-

celeration” is detectable also for the period 1996e2011. This could

be related with the decrease of O3 precursor emissions within

Europe (Sicard et al., 2013) which led to reductions in peak sum-

mertime O3 at surface continental sites (Royal Society, 2008). This

would also affect CMN observations since, especially during sum-

mer, the northern Apennines can be exposed to polluted air-masses

from the regional and continental PBL (see Cristofanelli et al., 2007;

Cristofanelli et al. 2013). Moreover, it can be noted that the most

recent years were characterised by a prevalence of negative NAO

regimes (Section 3.2.4): thus a possible role of changes in the large-

scale circulation cannot be ruled out. However, due to the strong

year-to-year variability which affects surface O3, further years of

measurements are necessary to assess the “persistency” of this

signal in the subsequent years. This is in agreement with earlier

statistical considerations byWeatherhead et al. (1998) who pointed

out that up to five decades of observations are required to detect

statically significant trends in surface O3 data. Moreover, as shown

by Lin et al. (2014) for the Mauna Loa Observatory in Hawaii,

changes in the tropospheric O3 can be influenced by decadal shifts

in atmospheric circulation patterns related with climate variability.

Our work provided a first analysis of the possible impact of atmo-

spheric processes (i.e. NAO variability and SI) capable to affect O3 at

CMN, even if further studies need to be carried out to better assess

this point.

Finally, it was recently shown (Parrish et al., 2014) that

chemistry-climate models do show substantial and consistent

quantitative disagreement with measured surface O3 patterns.

Thus, the present thoroughly quality-controlled and evaluated 19-

year dataset of surface O3 from CMN can be also suitable for

further assessments of such models.
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