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[1] In this paper we present a study on stratospheric intrusion (SI) events recorded at a

high mountain station in the Italian northern Apennines. Six years (1998–2003) of
surface ozone and beryllium-7 concentration measurements as well as relative humidity
values recorded at the GAW Mt. Cimone research station (44110N, 10420E; 2165 m asl)
were analyzed. Moreover, three-dimensional backward trajectories calculated by the
FLEXTRA model and potential vorticity values along these trajectories were used. In
order to identify SI and evaluate their contribution to the tropospheric ozone at Mt.
Cimone, a statistical methodology was developed. This methodology consists of different
selection criteria based on observed and modeled stratospheric tracers as well as on
tropopause height values recorded by radio soundings. On average, SI effects affected
Mt. Cimone for about 36 days/year. The obtained 6-year SI climatology showed a clear
seasonal cycle with a winter maximum and a spring-summer minimum. The seasonal
cycle was also characterized by an interannual variation. In particular, during winter
(autumn), SI frequency could be related to the intensity of the positive (negative) NAO
phase. In order to separate direct SI from indirect SI, a restrictive selection criterion
was set. This criterion, named Direct Intrusion Criterion (DIC), requested that all the
analyzed tracers were characterized by stratospheric values. Direct SI affected Mt. Cimone
for about 6 days/year, with frequency peaks in winter and early summer. At Mt. Cimone,
SI contribution to background ozone concentrations was largest in winter. On average,
an ozone increase of 8% (3%) with respect to the monthly running mean was found during
direct (indirect) SI. Finally, the typical variations of stratospheric tracers during SI
events were analyzed. The analysis of in situ atmospheric pressure values suggested that
direct SI were connected with intense fronts affecting the region, while indirect SI were
possibly connected with subsiding structures related with anticyclonic areas.
Citation: Cristofanelli, P., P. Bonasoni, L. Tositti, U. Bonafè, F. Calzolari, F. Evangelisti, S. Sandrini, and A. Stohl (2006), A 6-year
analysis of stratospheric intrusions and their influence on ozone at Mt. Cimone (2165 m above sea level), J. Geophys. Res., 111,
D03306, doi:10.1029/2005JD006553.

1. Introduction
[2] Stratosphere-troposphere exchange (STE) influences
the chemical composition of both the stratosphere and the
troposphere and represents an important aspect of global
change [Butchart and Scaife, 2001; Collins et al., 2003;
Land and Feichter, 2003; Sudo et al., 2003]. It is also often
associated with severe weather events [Goering et al.,
2001]. Many studies have tried to determine the contribution of stratosphere-to-troposphere transport (STT) to tropospheric ozone (O3), one of the most important gases
involved in photochemical reactions [Crutzen et al., 1999;
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Volz-Thomas et al., 2002]. Even if it is currently thought
that the greatest contribution to tropospheric O3 comes from
photochemical production [Staehelin et al., 1994; Yenger et
al., 1999], the contribution of STT cannot be neglected
[Roelofs and Lelieveld, 1997]. Being the precursor of
oxidizing substances like OH and NO3, O3 is one of the
key agents determining the oxidation capacity of the troposphere [Gauss et al., 2003]. Owing to its chemical properties, O3 is also a dangerous secondary pollutant in the lower
troposphere [Hoek et al., 1993; Kinney, 1993]. Moreover,
there has been great interest in the influence of tropospheric
O3 on climate over the last decades, because it plays a
central role in the radiative budget of the atmosphere
[Ramaswamy et al., 2001]. For understanding the factors
influencing the tropospheric O3 budget, continuous monitoring of ozone and related variables performed in background conditions (i.e., conditions not directly influenced
by anthropogenic activities) still represents a fundamental
activity. Besides being very suitable to study tropospheric
background conditions [Wotawa et al., 2000], mountain
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Table 1. Radiosounding Data Used to Determine Tropopause Deformations Over Mt. Cimone Area
Station

ID

Ajaccio
S.Pietro Capofiume
Milano-Linate
Udine
Lyon
Payerne
München
Hohenpeisssenberg

AJA
CAP
MIL
UDI
LYO
PAY
MUN
HOH

Location
41.92N,
44.65N,
45.43N,
46.03N,
45.73N,
46.82N,
48.25N,
47.80N,

8.80E, 5 m asl
11.62E; 38 m asl
9.28E; 103 m asl
13.18E, 92 m asl
5.08E, 7 m asl
6.95E, 490 m asl
11.58E, 484 m asl
11.02E, 986 m asl

peak stations are also appropriate locations to investigate a
specific aspect of STT: stratospheric intrusion (SI) events,
i.e., the downward transport of stratospheric air masses
relatively deep into the troposphere. Nevertheless, caution
should be taken in generalizing results achieved by identifying SI at a single mountain peak top.
[3] The most important phenomena promoting SI are
tropopause folds [Reed, 1955] and cutoff lows [Vaughan
and Price, 1989] at the upper levels and fronts or
surface high-pressure systems at the surface [Davies and
Schuepbach, 1994]. The downward motion of stratospheric
air in the lower troposphere can occur in a direct or indirect
way [Zanis et al., 1999]. While in the case of direct SI
stratospheric air maintains for a large part its stratospheric
properties as it reaches the lower troposphere by rapid
vertical transport, indirect SI reach the lower troposphere
after a sequence of transport steps, giving it a greater chance
to mix with tropospheric air [Eisele et al., 1999]. Usually,
because of mixing processes acting on small and intermediate (100 km) scales, stratospheric air masses quickly lose
their original properties [Appenzeller and Davies, 1992],
making difficult the identification of originally stratospheric
air masses at low altitudes. Therefore high mountain stations
are privileged platform for SI observations, but the capability
to detect SI relies on the continuous monitoring of specific
atmospheric tracers. The frequency at which SI are detected
in measurement records is sensitive to the criteria used to
identify these events [Scheel et al., 1999; Stohl et al., 2000].
However, numerical simulations of SI still need further
improvements to correctly capture such events [Cristofanelli
et al., 2003; Meloen et al., 2003]. Thus the analysis of SI still
relies heavily on measurements.
[4] In this paper, we study SI that affected Mt. Cimone
(44110N, 10420E; 2165 m asl) in the period 1998 –2003.
In the next section, the measurement data and the model
products used to investigate the SI are described. In
section 3, a brief survey about the principal stratospheric
tracers used in this paper is presented. Then, the methodology used to identify SI is presented and applied to determine
the SI frequency at Mt. Cimone. In section 4, the influence of
SI on surface ozone concentrations recorded at the measurement site is assessed. In section 5, we describe the typical
behavior of ozone and stratospheric tracers during SI at Mt.
Cimone. Finally, conclusions are drawn.

Highest Sounding Frequency

Data Availability, %

2/day
2/day
4/day
4/day
4/day
2/day
2/day
1/day

69
55
81
79
61
67
67
17

ical parameters can be considered well representative of the
southern European free troposphere [Bonasoni et al., 2000a;
Fischer et al., 2003]. The study of SI represents one of the
activities conducted at this research station and therefore
parameters that are helpful to identify SI are continuously
monitored. The ‘‘Ottavio Vittori’’ research station is part of
the Global Atmosphere Watch programme (GAW) of the
World Meteorological Organization (WMO) and tropospheric O3 measurements have been carried out continuously since 1996 by using a UV-photometric analyzer
(Dasibi 1108). The accuracy and the quality of measurements (time sampling: 1-min, accuracy and precision:
±2 ppb) are guaranteed within the GAW requirements.
[6] Continuous monitoring of 7Be concentrations at Mt.
Cimone started in 1998, after isolated measurements were
performed in 1996 and 1997. The sampling activity has
been carried out with a time resolution of about 48 hours by
using a Thermo-Environmental PM10 High-Volume sampler (flow rate: 1.13 m3 min1). 7Be concentrations are
determined on the sampled glass fiber filters by nondestructive high-resolution g-spectroscopy at 478 keV with HPGe
detectors at the Laboratory of Environmental Radiochemistry of the Bologna University. In addition to the usual
procedures to test laboratory performances, accuracy and
precision of 7Be measurements were evaluated within an
intercomparison exercise which involved several European
research groups [Tositti et al., 2004].
[7] In order to determine the origin of air masses reaching
Mt. Cimone, 6-day three-dimensional backward trajectories
calculated by the FLEXTRA model [Stohl et al., 1995] have
been analyzed. Trajectory calculations, with an horizontal
resolution of 1  1, are based on meteorological analysis
and 3-hour forecast fields produced by the numerical weather
prediction model of the European Centre for Medium Range
Weather Forecasts (ECMWF). For each day, eight trajectories are available with their positions recorded every 3 hours.
For every point along the trajectory the model provides the
air mass position (geographic location and altitude) as well
as potential temperature and potential vorticity.
[8] In order to determine tropopause heights (TPH) over
the Mt. Cimone region, data obtained at eight WMO
radiosounding stations located North and South of Alps
have been analyzed. As sounding data were available with
different time resolution and at different times (Table 1),
24-hour means calculated for each station have been used.

2. Site and Measurements
[5] Mt. Cimone is the highest peak of the Italian northern
Apennines. Large industrialized and urban areas are far
away from the measurement site, thus the Mt. Cimone
measurements of atmospheric compounds and meteorolog-

3. Identification of SI at Mt. Cimone
3.1. Stratospheric Tracers
[9] Experimental studies of SI are usually based on the
analysis of the temporal variations of specific stratospheric
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Table 2. General Statistic of the Different Atmospheric Compounds and Parameters Analyzed
Parameter

Number of Data

Average

Median

25th Percentile

75th Percentile

Max

Min

Dev. Std.

Daily O3, ppbv
RHMin, %
PV, pvu
7
Be, mBq m3

2088
2189
2132
1946

54
57
1.33
4.6

53
56
1.12
4.5

47
37
0.90
2.7

61
79
1.43
6.2

100
100
8.26
15.7

24
0
0.26
0.2

10
26
0.80
2.5

tracers [Elbern et al., 1997; Stohl et al., 2000; Scheel, 2002;
Allen et al., 2003; Zanis et al., 2003]. Typically, stratospheric tracers are either chemical compounds or physical
quantities that have strong differences between the stratosphere and the troposphere. In this paper, we considered as
stratospheric tracers a set of parameters that has widely been
used to identify SI (see references in the following paragraphs): relative humidity, potential vorticity and 7Be.
Moreover, as SI can be connected with intense tropopause
deformation [Buzzi et al., 1985; Schuepbach et al., 1999],
TPH over the Mt. Cimone region was also considered.
Because our study focuses on the evaluation of SI contribution to tropospheric O 3 concentration, O3 was not
included in the tracer analysis in order to avoid a potential
bias. Basic statistics on stratospheric tracers and O3 at Mt.
Cimone are presented in Table 2, and time series of O3 is
shown in Figure 1a. In order to develop a methodology to
detect SI, for each tracer we defined a threshold value above
which an air mass is considered to have a stratospheric
character. The availability of data analyzed is reported in
Table 3, while in the following paragraphs a brief survey on
the different stratospheric tracers analyzed in our work is
given, together with the threshold values defined to select
SI at Mt. Cimone.
3.1.1. Relative Humidity (RH)
[10] Besides having high ozone concentrations, air
masses originating in the stratosphere are characterized
by low water vapor contents [Bithell et al., 1999]. Thus
low humidity levels can indicate stratospheric air in the
troposphere. RH can be considered the best humidity
measure to detect SI. In fact, since stratospheric air mixes
with tropospheric air masses during its descent, considering the specific humidity (which is highly variable with
the seasons in tropospheric air) can lead to an artificial
bias in the evaluation of seasonal SI frequency [Stohl et
al., 2000].
[11] The analysis of several cases [Bonasoni et al., 1999;
Bonasoni et al., 2000b] suggested to adopt a RH threshold
of 40% to identify SI at Mt. Cimone. This threshold value,
already applied by Scheel et al. [1999] and Stohl et al.
[2000] to detect SI at other high mountain stations, was not
an arbitrary choice. In fact, the analysis of t-Test value for
the significance of the difference between the means of
daily ozone residual (i.e., the difference between daily
ozone values and the corresponding monthly running mean
centered on the respective day), when sorted according to a
separation value of daily RH minimum, presented two
distinct classes above and below the RH value of about
40% (here not shown). This suggests that transport processes of air masses characterized by RH above and below
this value are systematically different, thus influencing
ozone concentration at Mt. Cimone. Assuming that SI
can be involved in the appearance of the lower RH mode
is thus a reasonable hypothesis.

3.1.2. Potential Vorticity (PV)
[12] In absence of diabatic heating or frictional forces,
potential vorticity Pq, is a conserved quantity [Ertel, 1942].
In its isentropic form Pq is defined by:
Pq ¼ g @q=@pðxq þ f Þ

where g denotes the gravity acceleration, q the potential
temperature, p the pressure, xq the component of the curl
of wind vector normal to an isentropic surface, and f the
Coriolis parameter. In different studies, potential vorticity
(hereinafter, PV) has been used to trace stratospheric air
in the troposphere [Beekmann et al., 1994; Poulida et al.,
1996]. In fact, the ozone layer in the stratosphere
produces a highly stable stratification (i.e., a strong
positive vertical gradient of potential temperature), such
that the PV is several orders of magnitude greater than in
troposphere [Beekmann et al., 1994]. In fact, in the
atmosphere above 350 hPa, PV rapidly increases with

Figure 1. (a) Behavior of daily O3 at Mt. Cimone during
the period of study. The continuous line represents the
monthly running mean. (b) 7Be behavior at Mt. Cimone
during the period of study. The continuous line represents
the running threshold tDBe applied to the Mt. Cimone data.
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Table 3. Data Availability for the Period 1998 – 2003 at Mt.
Cimone
Year

Daily O3, %

RHMin, %

PV, %

1998
1999
2000
2001
2002
2003

100
99
100
99
82
91

100
100
100
100
99
100

98
95
100
100
100
91

7

value is greater than a running threshold (tBe
D ) dependent on
both the 7Be monthly running mean and the 7Be residual:

Be, %
72
80
96
93
94
98

X 

7 BeD  7BeD 
tDBe ¼ 7 BeD þ

altitude, reaching typical values from 1.0 pvu [Danielsen,
1968] to 3.5 pvu [Hoerling et al., 1991] at tropopause
level, where 1 pvu = 1  106 m2 K kg1 s1. In this
study we considered as a signature of stratospheric air at
Mt. Cimone, the presence of air masses characterized by PV
values greater than 1.6 pvu along the trajectory path. The
choice of the rather low value of 1.6 pvu as a threshold for
stratospheric air is justified by the fact that the trajectories
may not go back all the way deeply into the stratosphere
because of their limited length and also because of possible
trajectory errors. High PV values can also be generated by
diabatic processes in the lower troposphere (e.g., strong
nighttime cooling at the surface or diabatic heating due to
the condensation of water vapor). In order to avoid a
misidentification of stratospheric air masses, we used the
1.6 pvu threshold only at altitudes higher than 5000 m
[Olsen et al., 2000].
3.1.3. Beryllium-7 (7Be)
[13] High concentrations of 7Be are indicative for SI
[Reiter et al., 1983], because this radionuclide is produced
in the stratosphere and upper troposphere by nuclear
reaction between cosmic rays (neutrons and protons) and
the nuclei of the most abundant atmospheric gases (nitrogen and oxygen) [Lal and Peters, 1967]. Different studies
have emphasized the importance of the cosmogenic radionuclide 7Be (t1/2 = 53 days) as a tracer of stratospheric air
in the troposphere [Zanis et al., 2003; Allen et al., 2003].
However, in the troposphere 7Be concentrations are largely
determined by the fate of its carrier aerosol, which is
affected strongly by wet/dry scavenging [Gerasopoulos et
al., 2001; Zanis et al., 1999]. Moreover, because one third
of 7Be is produced in the upper troposphere [Dutkiewicz
and Husain, 1985; Koch and Mann, 1996; Koch et al.,
1996], it is not possible to consider 7Be as an unambiguous stratospheric tracer [Zanis et al., 1999; Stohl et al.,
2000]. In previous publications [Slàdkovic and Munzert,
1990; Stohl et al., 2000], a threshold value of 8 mBq/m3
was suggested to identify stratospheric air masses at the
mountain station Zugspitze (2962 m asl). However, it may
not apply automatically also to other high-elevation sites,
i.e., Mt. Cimone. In addition, since 7Be shows strong
seasonal and interannual variability (Figure 1b) driven by
different controlling factors such as solar activity, circulation patterns and meteorology [Feely et al., 1989;
Arimoto et al., 1999; Gerasopoulos et al., 2003; Lee et
al., 2004; Hernández et al., 2005], using a fixed threshold of 8 mBq/m3 to identify SI at Mt. Cimone could be
inappropriate. For these reasons, the selection of days
influenced by SI is based on one of the following criteria:
(1) Daily 7Be value is greater than 8 mBq/m3; (2) daily 7Be
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D¼1;N

N

where, 7 BeD represents the 7Be monthly running mean
calculated for each day of the sampling month, 7BeD is the
7
Be concentration recorded at the Dth sampling and N
the number of samplings carried out during the month. The
behavior of tBe
D is shown in Figure 1b. Previous studies
[James et al., 2003; Sprenger and Wernli, 2003] demonstrated that atmospheric variability patterns (e.g., the North
Atlantic Oscillation) can influence year-to-year variability
of STT. In order to avoid that our 7Be selection could mask
interannual variability in the SI, the fixed threshold value of
8 mBq/m3 has been also included (criterion 1).
3.1.4. Tropopause Height (TPH)
[14] As reported by Davies and Schuepbach [1994], SI
can occur during tropopause folding events, associated with
a wide range of phenomena like upper level frontogenesis,
rapid surface cyclogenesis, pronounced upper troughs and
cutoff lows. During these phenomena, a tropopause descent
is often associated with the injection of stratospheric air into
troposphere [Buzzi et al., 1985; Bonasoni et al., 1999;
Elbern et al., 1997; Schuepbach et al., 1999]. In order to
point out tropopause deformation over Mt. Cimone area,
TPH values deduced from radio soundings carried out at
eight locations North and South of the alpine region have
been analyzed (Table 1). In accord with WMO operational
definition, in this work, TPH has been defined as the lowest
pressure level at which the lapse rate temperature decreases
to 2 K/km or less, and the average lapse rate from this level
to any level within the next higher 2 km does not exceed
2 K/km [U.S. Department of Commerce, 1976].
3.2. Screening Methodology and Direct Intrusion
Criterion (DIC) Definition
[15] In order to identify SI at Mt. Cimone and evaluate
their influence on background O3 concentration in the
period 1998– 2003, we classified a day as being influenced
by a SI if (1) the daily minimum RH is lower than 40%,
(2) one of the eight daily FLEXTRA back trajectories has
a PV value above 1.6 pvu at altitude higher than 5000 m

Figure 2. Seasonal variation of the frequency of selected
days. Shaded area represents ‘‘indirect intrusions,’’ and
solid area represents ‘‘direct intrusions.’’
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Table 4. Percentage of Days Selected by the Different Criteria Applied During the Period of Studya
Criteria

1998, %

1999, %

2000, %

2001, %

2002, %

2003, %

Whole Period, %

RH
PV
7
Be
RH-PV
RH-7Be (TPH)
PV-7Be
RH-PV-7Be

31.2
18.1
21.5
5.0
9.2 (8.8)
3.5
1.9

20.0
19.3
20.4
5.8
7.3 (7.3)
3.6
2.2

27.9
14.0
19.7
4.6
11.4 (8.3)
4.3
1.7

22.8
13.3
21.0
6.8
9.5 (6.8)
4.1
1.8

23.9
9.9
20.1
2.5
9.2 (7.4)
4.6
2.1

26.0
12.2
21.1
3.6
11.8 (5.9)
3.6
1.3

25.3
14.3
20.6
4.7
9.8 (7.4)
4.0
1.8

a

Referring to RH-7Be criterion, the values in parenthesis show the number of days selected by using the additional TPH filter.

asl, or (3) 7Be concentration is higher than 8 mBq/m3 or
higher than the variable threshold tBe
D . Among the 1812 days
analyzed, 25.3% fulfilled the RH condition, 14.3% the PV
condition and 20.6% the Be7 condition (Table 4). Because
of missing data and a few gaps in the back trajectory data
set, simultaneous data for all parameters were available for
83% of the studied period.
3.2.1. Selection of Days Influenced by SI
[16] In order to select the periods influenced by SI, we
considered the days when at least two of the considered
tracers showed ‘‘stratospheric’’ values (Table 4). In this
way, a first selection of days with O3 concentrations
possibly influenced by SI could be made: 4.7% of analyzed
days satisfied the combined RH-PV criterion, 9.8% satisfied
the RH-7Be criterion and 4.0% satisfied the PV-7Be criterion. The RH- 7Be selection was the least restrictive
criterion, resulting in the highest frequency of SI at Mt.
Cimone. However, as previously reported, 7Be and RH
are often considered not unambiguous SI tracers (see
section 3.1). In fact, especially during warm months,
relatively high 7Be and low RH can be found in the lower
troposphere even when the meteorological situation and
circulation patterns does not suggest an occurrence of a
SI. This is mainly due to the efficient vertical mixing of the
atmosphere in summer that enhances the downward transport of drier air masses from the upper troposphere [Feely et
al., 1989; Gerasopoulos et al., 2001, 2003]. Therefore SI
frequency can be overestimated if only RH and 7Be are used
as stratospheric tracers. With the aim to prevent such wrong
detections, during the nonwinter period (March to September as defined for the Mediterranean region by Trigo et al.
[2002]) we considered TPH as an additional stratospheric
tracer. Previous studies [Zanis et al., 1999; Gerasopoulos et
al., 2001] showed that in the lower troposphere TPH is
positively correlated with 7Be: during high tropopause
conditions, high 7Be concentrations can be transported from
upper troposphere. Thus we can suppose that high 7Be and
low RH conditions recorded during tropopause lowering
could be linked with SI occurrence. The detection of low
TPH has been based on the analysis of the daily TPH
standardized anomaly recorded at each station. A day has
been considered as affected by tropopause deformation if,
during a 3-day interval ending at the analyzed day, at least
50% of the considered stations experienced significantly (at
the 95% confidence level) low TPH with respect to the
monthly mean value. By applying this algorithm, among
the days selected by the RH-7Be criterion, we retained
only 134 days (7.4% of the whole data set).
[17] In order to evaluate the covariance between the
number of SI selected by the different selection criteria,
we provided three 2  2 contingency tables for the

detection of SI (Table 5). For each one of the three
contingency tables, we compared the skill of two selection
criteria (i.e., RH-7Be versus RH-PV; RH-7Be versus PV-7Be
and RH-PV versus PV-7Be) in detecting (or no detecting)
SI. With this aim, for each criterion we distinguished
between the days selected as SI influenced and those not
selected as SI influenced (No SI). Then, the percentage
(score) of these days identified as SI or No SI also by the
remaining tracers was calculated. This analysis showed that
the highest number of simultaneous SI detection (2.3% of
the data set) has been carried out by RH-PV and PV-7Be
criteria. On the other hand, the score in detecting No SI
appeared high for all the selection criteria, showing that they
work well in correctly identifying (and thus excluding) No
SI (Table 5). With the purpose to assess the statistical
significance of the agreement between the different criteria
in selecting SI, we calculated a skill score index between
each pair of selection criteria. For each pair of criteria, we
calculated the Odds Ratio Skill Score (ORSS) [Thornes and
Stephenson, 2001] which is given by:
ORSS ¼

ABBC
ADþBC

where, for each pair of criteria, A represents the number of
days selected as SI by both criteria; D represents the number
of days selected as No SI by both criteria; B represents the
number of days selected as SI by the first criterion but as No
SI by the second criterion and C represents the number of
days selected as No SI by the first criterion but as SI by the
second criterion. This ORSS is an index usually applied to
judge the weather forecast quality by comparing the odds of
making a hit (good forecast) with those of making a false
alarm (bad forecast). It varies between +1 and 1 where a
value of +1 represents a perfect skill, a value of zero
represents no skill and negative numbers imply that the
forecast were opposite to what was observed. It is also
possible to assess the statistical significance of this
verification index. Particularly, the analysis of the ORSS
based on data reported in Table 5 showed that the agreement
between the different criteria in selecting SI was not due to
chance (at the 99.9% confidence level).
[18] In total, by considering all days identified by at least
one of the criteria pairs, 213 days were selected as ‘‘stratospheric influenced’’ during the period of study, which
represents 11.7% of the analyzed days: for at least 36 day/
year air masses containing stratospheric ‘‘fingerprints’’
could reach Mt. Cimone in the period 1998 –2003. These
results pointed out that SI could play an important role in
determining background O3 concentrations at this baseline
station. The days selected by a pair of tracers (RH-7Be or
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Table 5. Contingency Tables for the Detection of SI Events as
Selected by the Different Criteria Applieda
RH-7Be
RH-PV

SI

No SI

SI
No Si
ORSS

A = 1.8%
C = 5.6%

B = 2.9%
D = 89.7%

ORSS

0.82 (0.45)
7

RH- Be
PV-7Be

SI

No SI

SI
No SI
ORSS

A = 1.8%
C = 5.6%

B = 2.1%
D = 90.5%

ORSS

0.87 (0.45)
RH-PV

PV-7Be

SI

No SI

SI
No SI
ORSS

A = 2.3%
C = 2.3%

B = 1.6%
D = 93.7%

ORSS

0.97 (0.45)

a

For each criterion the percentage (in respect with the whole data set) of
detection (SI) or no detection (No SI) of SI are compared with the results
provided by other criteria. Capital letters denote the following: A,
percentage of days selected as SI by both criteria; D, percentage of days
selected as No SI by both criteria; B, percentage of days selected as SI by
the first criterion but as No SI by the second criterion; C, percentage of days
selected as No SI by the first criterion but as SI by the second criterion. For
each pair of criteria the calculated ORSS is reported together with the
minimum value of the ORSS (in parentheses) required in order to have real
skills at the 99.9% confidence level [Thornes and Stephenson, 2001].

RH-PV or PV-7Be) and thus characterized by a greater loss
of stratospheric properties, are indicated as indirect SI
hereinafter. Finally, with the aim to define a criterion able
to select only direct SI (characterized by stratospheric air
masses that largely conserved their chemical-physical
properties after intrusion in troposphere), we selected
those days during which all the stratospheric tracers
exceeded their threshold values (Direct Intrusion Criterion
(DIC)). The simultaneous analysis of the three tracers
(RH, PV and 7Be) plus the TPH led to the identification
of 33 days (6 days/year), which represents 1.8% of the
study period (Table 4).
3.2.2. Analysis of SI Frequency Variability
[19] In order to define the variability of direct and indirect
SI, the month-to-month variation of averaged SI frequency
was calculated (Figure 2). The monthly SI frequency
showed a maximum from December to February, a secondary maximum in autumn (October) and a minimum from
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spring to summer. In particular, in April (August) the
number of detected SI amounts to about 14% (16%) of
the January peak value. In contrast with indirect SI
(shaded area in Figure 2), the direct SI seasonal cycle
(solid area in Figure 2) was characterized by the absence of
a clear maximum, with high values in winter (December –
February) and early summer (June). However, the number
of direct SI was so low that this seasonal pattern may not
be robust.
[20] With the purpose to analyze the year-to-year variability of SI frequency, we calculated the occurrence of
selected days (indirect + direct SI) for each meteorological
season: winter (December – February), spring (March –
May), summer (June – August) and autumn (September –
November). We calculated the SI seasonal occurrence as the
ratio between the number of selected days and the number
of analyzed days for each season (Figure 3). At Mt. Cimone,
the SI frequency showed a clear seasonal cycle with a
maximum in winter and a minimum in spring-summer with
average peak-to-peak ratio amplitude of 0.18. Nevertheless,
the obtained seasonal cycle showed also a year-to-year
variability. For instance, the winter maximum in 2001 was
about 40% (60%) smaller than in 2000 (2002). Part of this
interannual variability could be explained considering the
seasonal activity of the NAO, one of the most prominent
and recurrent patterns of atmospheric circulation variability
in the North Atlantic basin [Defant, 1924; Wallace and
Gutzler, 1981; Hurrell et al., 2003]. Previous studies
[Sprenger and Wernli, 2003; James et al., 2003] suggested
that the NAO can affect the geographical exchange patterns
and the frequency of deep STT over the Atlantic and Europe
during winter, when the NAO exerts a strong control on the
climate of the northern Hemisphere [Marshall et al., 2001].
We investigated possible differences in the SI frequency at
Mt. Cimone related to the NAO index (NAOI). For this
purpose, for each season during the period 1998 – 2003, we
considered the seasonal NAOI (as defined by Jones et al.
[1997]). With the aim to increase the analysis reliability, in
this framework only those seasons with data availability
greater than 70% have been considered. A possible relationship has been pointed out between the SI frequency in
the winter (autumn) and the positive (negative) phase of the
NAO in the same season. In fact, winters with the highest SI
frequencies (i.e., 1999, 2000 and 2002; bold characters in
Table 6) were also characterized by the strongest positive
NAO phases, whereas autumns with the highest SI frequen-

Figure 3. Seasonal SI occurrence (expressed as the ratio selected/analyzed days) of selected days.
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Table 6. SI Frequency Recorded at Mt. Cimone, the Seasonal
NAOI as Well as the Highest (Lowest) Monthly NAOI for Winter
(Autumn) From 1998 to 2003a
Winter

Autumn

Year

SI
Frequency

NAOI

Highest
NAOI

1998
1999
2000
2001
2002
2003

...
0.19
0.28
0.16
0.44
...

...
+1.55
+2.28
0.44
+1.02
...

...
+1.95
+4.37
+0.07
+3.01
...

SI
Frequency

NAOI

Lowest
NAOI

0.17
0.09
0.10
0.13
0.16
0.23

0.34
0.30
0.31
0.98
1.78
1.01

3.48
0.69
1.10
3.83
3.58
3.68

a

Only seasons with at least the 70% data availability have been
considered.

cies (i.e., 2001, 2002 and 2003; bold characters in Table 6)
were characterized by strong negative NAOI. It could be
argued that for winter 2002 the highest SI frequency (0.44)
was not related with the strongest positive NAO regime, and
that for autumn 1998 a quite elevated SI frequency (0.17)
was recorded with a weak seasonal NAO regime (0.34).
For this reasons, we looked more in detail at the NAO
behavior considering the largest positive (for the winters)
and the greatest negative (for the autumns) monthly NAOI.
As reported in Table 6, it appeared that all the winters
(autumns) with high SI frequency have been also characterized by the presence of at least one month with a very
strong positive (negative) NAOI (see for example, autumn
1998 and winter 2002). Thus, even if a 6-year analysis
represents a too short period to allow conclusive results,
nevertheless it could suggest the existence of a link between
the occurrence of SI at Mt. Cimone and the NAO during
winter and autumn.

4. Influence of SI on Surface O3 Concentration
Recorded at Mt. Cimone
[21 ] The surface O 3 concentration recorded at Mt.
Cimone during the period of study (yearly mean value:
54 ± 10 ppbv) is characterized by a seasonal cycle with an
average monthly minimum of about 40 ppbv in winter and a
maximum of about 65 ppbv in summer (Figure 1a). No clear
daily O3 cycle is observed at Mt. Cimone, except for some
periods during the warm season when a small reverse
diurnal variation can be caused by the local upslope winds
[Bonasoni et al., 2000a].
[22] In order to evaluate the influence of SI on surface
ozone concentration at Mt Cimone, we calculated the daily
ozone variation (DO3) recorded during SI with respect to
the monthly running mean. Even if negative DO3 values
have been recorded for 32% of the selected days, a
significant (at the 95% confidence level) average increase
of daily ozone concentration (DO3: 3%) was recorded for
indirect SI. For direct SI, DO3 was almost always positive,
with an average ozone increase of 8%. This is best seen in
Figure 4, where the boxes and whiskers denote the 5th,
25th, 50th, 75th, 90th percentiles, while the bold lines
represent the arithmetic means for DO3 during the different
seasons. The average seasonal contribution for direct SI
shows a seasonal cycle with high O3 contributions in
winter (mean value: 9%) and the lowest in spring (5%).
However, these latter data should be considered with
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caution because of the small number of direct SI recorded
during this season. Concerning indirect SI, the DO3
seasonal variation showed the highest O3 contributions in
winter (mean value: 4%) and the lowest in summer (<1%).
This analysis showed that only a small fraction of direct SI
(3 out 33) has been characterized by negative DO3 (during
winter all direct SI caused positive DO3), while a larger
fraction of indirect SI (particularly during warm months)
has been accompanied by negative DO3. However, 91% of
the SI with negative daily DO3 have been characterized by
significant increases of the hourly O3 concentrations with
respect to the monthly running mean (average maximum
increase: 8%). Thus we can suppose that these days could
be influenced by actual O3 increases, but of a too short
duration (only a few hours) to significantly affect the daily
means. In fact, considering an interval of 11 days around
the selected SI, it has been pointed out that 88% of the
events characterized by DO3 < 0 has been preceded (50%)
or followed (38%) by periods with significantly high O3
values. The latter situation can be related to the role played
by SI on triggering photochemical O3 formation by
providing an extra source of hydroxyl (OH) radicals [Stohl
et al., 2000; Feldmann et al., 1999]. On the other hand,
the former situation can be related to the possibility that,
especially during warm months, the lower troposphere
over southern Europe is characterized by elevated photochemical O3 production and accumulation that might limit
the importance of stratospheric inputs.

5. Analysis of SI Events at Mt. Cimone
[23] In this paragraph, we will provide a description of
the typical variations of daily O3 and stratospheric tracers
during SI events by applying the methodology presented by
Elbern et al. [1997]. An interval of 11 days around the
selected SI was considered. Thus, for each day, the average

Figure 4. Box-and-whiskers plot of daily O3 variations
(DO3) during direct (shaded) and indirect (open) SI at
Mt. Cimone for the different seasons. Seasons are defined as
following: winter (December – February), spring (March –
May), summer (June – August), and autumn (September –
November). The box and whiskers denote the 5th, 25th,
50th, 75th and 95th percentile, while the bold lines denote
the arithmetic means.

7 of 11

D03306

CRISTOFANELLI ET AL.: STRATOSPHERIC INTRUSIONS AT MT. CIMONE

D03306

[24] The results of this analysis show that on average
direct SI events (Figure 5, left column) were characterized
by a significant (at the 95% confidence level) sharp O3
increase (4.1 ppbv), with a simultaneous large decrease in
RH (27%) and increases in 7Be and atmospheric pressure
(3.9 mBq/m3 and 4.5 hPa, respectively).
[25] Concerning indirect SI events (Figure 5, right
column), a smaller broad O3 peak (1.5 ppbv) occurred
simultaneously with average RH decrease (21%) as well
as 7Be (2.3 mBq/m3) and atmospheric pressure (3.2 hPa)
increases. While direct SI were characterized by a large
pressure increase (DP
7.0 hPa/72 hours, see Figure 5,
left column) which could be connected with front passages, indirect SI showed a smaller pressure increase
(DP 2.0 hPa/72 hours, see Figure 5, right column). This
suggested that during indirect SI, the main stratospheric
input at Mt. Cimone is probably related to subsiding
structures following the primary stratospheric input [Eisele
et al., 1999].
[26] Finally, assuming that simultaneous significant
variations of O3 and stratospheric tracers from their background values (see vertical bars in Figure 5) can be indicative for the influence of stratospheric air at the measurement
site, the average time length has been estimated to be 2 days
for direct SI and 4 days for indirect SI.

6. Discussion and Conclusions

Figure 5. Behavior analysis for (a) daily ozone concentration, (b) relative humidity, (c) 7Be concentration, and
(d) atmospheric pressure in a 11-day interval centered on
‘‘direct’’ (left column) and ‘‘indirect’’ (right column) SI
events (day zero). Dotted line represents the averaged value
on the monthly interval centered in the selected event. The
vertical bars represent the 95% confidence level.
deviation Cx(i) from the monthly running mean was calculated for O3 and stratospheric tracers:
C X ðiÞ ¼

N 

1X
CkX ðiÞ  C X ;
N k¼1

i ¼ 5; . . . ; 0; . . . ; 5;

where Cxk(i) represents the daily values of X (RH, 7Be or
O3) recorded at the ith day from the kth selected SI
(‘‘indirect’’ or ‘‘direct’’), C x represents the monthly
running mean and N the number of selected days.
Moreover, the median daily atmospheric surface pressure
values were also analyzed to better describe the typical SI
at Mt. Cimone.

[27] In this paper, a 6-year study (1998 – 2003) of stratospheric intrusion (SI) events recorded at Mt. Cimone is
presented. Particular attention has been devoted to evaluate
the contribution of SI on surface ozone concentrations
monitored at this GAW station sited in the northern Mediterranean basin and considered representative of south
European continental free troposphere. This investigation
represents the first attempt to define a systematic analysis of
SI in the area south of the Alps, a region well known to be
particularly affected by this type of phenomena [Buzzi et al.,
1985; Davies and Schuepbach, 1994]. Obviously, the identification of SI at this mountain station may not be directly
related to quantify large-scale O3 transfer from the stratosphere to the troposphere.
[28] In order to identify the days influenced by SI, we
applied a methodology based on the analysis of stratospheric air mass tracers: 7Be concentrations and RH
values continuously monitored at the station, PV values
along air mass back trajectories and TPH as deducted by
radiosounding activities. After having defined for each
tracer threshold values for the possible identification of
stratospheric air masses at the measurement site, we
applied different combined selection criteria to identify
SI at Mt. Cimone. Our analysis suggested that stratospheric air masses reach the measurement site for a
significant number of days/year (36). Considering that SI
frequencies at other European high mountain stations
range from 5% to 14% [Elbern et al., 1997; Scheel et
al., 1999; Stohl et al., 2000], our SI frequency (11.7%)
appears to be relatively high. The reason for this relies on
the fact that these studies required O3 concentrations to
increase significantly during an intrusion day. If in our
climatology we had imposed a DO3 > 0 during SI we
would have obtained an average SI frequency of 8.3%.
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This value would have decreased to 3.2% if we had
imposed an O3 increase of 10% above the monthly
running mean. However, in our opinion, to determine a
correct SI climatology one cannot rule out the possibility
that during SI O3 can also decrease in respect to background concentrations. In fact, during the last century, the
increase of O3 and precursor emissions due to anthropogenic activities lead to a significant rise of background O3
levels recorded in the lower troposphere [Staehelin et al.,
1994] and, as shown in this work, during specific conditions O3 concentrations during SI events should be
lower than those recorded under the influence of photochemical production episodes.
[29] The adopted screening methodology allows us to
demonstrate that the seasonal cycle of SI was characterized
by a clear annual variation. In agreement with other
experimental and numerical studies carried out in the
midlatitudes of the northern Hemisphere [Elbern et al.,
1997; James et al., 2003; Sprenger and Wernli, 2003], at
Mt. Cimone the frequency of SI showed a winter maximum and a spring-summer minimum. A possible relationship between SI frequency at Mt. Cimone and NAO index
has been evidenced during winter and autumn, suggesting
a connection between SI in the Mediterranean area and the
North Atlantic storm track and anticyclones position and
intensity.
[30] In order to identify direct SI which reach the lower
troposphere by rapid vertical transport maintaining stratospheric fingerprints in the troposphere, we considered a
very restrictive criterion named ‘‘DIC.’’ This criterion
imposed that all the analyzed tracers had ‘‘stratospheric
values.’’ These direct SI, showed very different characteristics in respect to indirect SI (i.e., air masses having
greater mixing with tropospheric air masses and selected
by other criteria). On average, direct SI (mean time length:
2 days) affected Mt. Cimone for 6 days/year, with
frequency peaks during winter and early summer.
Particularly, the high efficiency of direct SI in transporting
O3 down to the surface during winter could be related with
the greater intensity of baroclinic systems [James et al.,
2003] which can favor the rapid descent into the troposphere of stratospheric air. The days selected by using the
DIC showed an average O3 increase of 8% with respect to
the monthly running mean, while for days selected by less
stringent criteria (indirect SI, mean time length 4 days) an
average increase of 3% has been recorded. Nevertheless,
despite their smaller O3 enhancement in respect with direct
events, because of their long duration and high-frequency
indirect SI cannot be omitted to correctly assess the SI
impact on tropospheric O3.
[31] On the other hand, the contribution to tropospheric
O3 by direct SI could be overestimated if tropopause folds
would affect the measurement area. In fact, from a purely
dynamic point of view, the measurement site in the core of
the fold would not be actually representative for the
material quantity transported irreversibly into the troposphere by mixing processes on the edge of the folding
[Appenzeller and Davies, 1992]. However, only tropopause folds going very deeply in troposphere (down to
2 km asl) could affect Mt. Cimone in this way. As these
appear as extremely rare events (during our 6-year study,
no tropopause below the 500 hPa level has been identified
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by the radiosoundings at the nearest S. Pietro Capofiume
station), our analysis could be considered reasonably
accurate.
[32] By using the methodology presented in Elbern et al.
[1997] on daily values of O3, 7Be, RH and atmospheric
pressure, we described an outline for SI in a mountain
station. As evidenced in previous studies [Davies and
Schuepbach, 1994; Zanis et al., 1999; Stohl et al., 2000]
our analysis suggested that while indirect SI were mainly
related to gradual downward motions in subsiding anticyclonic areas, direct SI were related to the passage of fronts
over the region.
[33] As O3 is one of the most important greenhouses
gases [Ramaswamy et al., 2001], the stratosphere-troposphere exchange can play a crucial role in the climate
change. In fact, the high efficiency of SI in transporting
stratospheric O3 into the troposphere together with the
relatively long O3 lifetime in the free troposphere [Liu et
al., 1987] can contribute to increase O3 concentrations in
this region, where its radiative forcing is particularly
efficient. Moreover, considering that future recovery of
stratospheric O3 and climate change will probably increase
the O3 downward flux [Roelofs and Lelieveld, 1997;
Butchart and Scaife, 2001; Collins et al., 2003], the
extension and improvement of SI monitoring and studies
appear as necessary steps.
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