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Abstract: The Mediterranean basin is considered a global hot-spot region for climate change and
air quality, especially concerning summer-time ozone (O3). Previous investigations indicated that
the Mediterranean basin is a preferred region for stratosphere-to-troposphere exchange (STE) and
deep stratospheric intrusion (SI) events. The Lagrangian tool STEFLUX, based on a STE climatology
that uses the ERA Interim data, was hereby used to diagnose the occurrence of deep SI events
in four mountain regions over the Italian peninsula, spanning from the Alpine region to the
southern Apennines. By using near-surface O3 and relative humidity (RH) observations at three
high-mountain observatories, we investigated the performance of STEFLUX in detecting deep SI
events. Both experimental and STEFLUX detections agreed in describing the seasonal cycle of SI
occurrence. Moreover, STEFLUX showed skills in detecting “long-lasting” SI events, especially in
the Alps and in the northern Apennines. By using STEFLUX, we found positive tendencies in the
SI occurrence during 1979–2017. However, in contrast to similar studies carried out in the Alpine
region, the negative long-term (1996–2016) trend of O3 in the northern Apennines did not appear to
be related to the SI’s variability.
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1. Introduction

The Mediterranean basin is considered a global hot-spot region for climate change [1] and
air-quality [2]. In particular, tropospheric ozone (O3) is a well-known, short-lived climate forcer and
pollutant, which, besides playing a role on regional climate, can have adverse effects on population
health and ecosystems [3]. Indeed, the importance of O3 lies in its capability to absorb long-wave
radiation emitted by the Earth’s surface and act as a powerful oxidizing agent that can determine the
overall oxidative capacity of the troposphere. Due to its high oxidizing capacity, it can cause serious
health problems, especially respiratory illnesses and cardiovascular diseases, leading to premature
death in some cases. It also damages vegetation such as forests and agricultural crops and the services
they provide, in particular biomass production and carbon sequestration [4].
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Meteorological conditions such as frequent clear sky and high solar radiation in summer
enhance the formation of photochemical O3, due to the availability of natural and anthropogenic
precursors. Modeling scenarios and satellite investigations indicate the central Mediterranean
basin (i.e., from 5◦ E to 20◦ E) as the region where near-surface O3 is maximized in summer [5,6].
Moreover, the Mediterranean basin was identified by previous studies (e.g., [7,8]) as a favorable
region where stratosphere-to-troposphere exchange (STE) can affect the troposphere chemistry
down to the planetary boundary layer (PBL), possibly contributing to enhanced O3 levels (e.g., [9]).
Indeed, the Mediterranean basin is located just southward of the typical position of the polar front jet,
and the Alpine lee-cyclogenesis can further favor the occurrence of STE [10].

In the 2012–2018 period, one aim of the Project of Interest NextData (www.nextdataproject.it) was
to investigate the processes influencing the variability of pollutants and climate-altering compounds in
mountain ecosystems in Italy, to support impact studies on mountain environments. Special attention
was devoted to investigating the impact of stratospheric intrusions (i.e., the transport of stratospheric
air masses deep into the troposphere associated with synoptic-scale atmospheric variability) on
near-surface O3 in mountain regions. In this framework, the Stratosphere-to-Troposphere Exchange
Flux (STEFLUX) tool [11] was developed as an easy and fast-to-use instrument to diagnose the
occurrence of stratospheric intrusions (SIs) in specific regions on the Earth’s surface or within
tropospheric columnar domains. A test application at two locations (Himalayas and central Apennines)
suggested good ability in reproducing SI seasonality and satisfactory skill in identifying specific SI
events [11]. In the framework of NextData, a long-term (1979–2017) dataset of SI occurrence was
produced for four high-mountain regions in Italy (western Alps, northern, central, and southern
Apennines), where permanent atmospheric observatories are located (Plateau Rosa—3480 m a.s.l.,
Mt. Cimone—2165 m a.s.l., Mt. Portella—2401 m a.s.l., and Mt. Curcio—1796 m a.s.l., see Figure 1).

In this work, we will present and discuss these long-term datasets. The availability of continuous
observations of atmospheric variables at three of these high-mountain measurement sites (Plateau
Rosa, Mt. Cimone, and Mt. Curcio), provides the opportunity to further extend the evaluation of
STEFLUX ability to diagnose the occurrence of SI events over these regions, which span more than 7◦

in latitude and 1500 m in altitude over the Italian territory.
Many past studies made use of observations of “stratospheric tracers” (i.e., O3, RH,

and radiotracers) at high-mountain sites for investigating STE [12–17]. Indeed, as being less influenced
by polluted air masses with respect to locations at lower altitudes or within the PBL, SI detection
at high-mountain sites is more straightforward. However, the ability to detect the occurrence of
stratospheric air masses in the troposphere is limited by air mass mixing and dilution [18,19] due
to turbulence [20] or convective activity [21,22]. Nevertheless, Trickl et al. [17] suggested that,
without strong wind shear or convective processes, the mixing of descending stratospheric air in
the troposphere is slow and mostly limited to the boundaries of the stratospheric layers. This would
make atmospheric chemistry observations at high-mountain measurement sites even more reliable at
detecting SI occurrence.

The manuscript is structured in the following way. In Section 2 we describe the high-mountain
measurement sites, together with the instrumentation and methodologies used to detect the occurrence
of SI events from near-surface observations. In this Section the STEFLUX tool is also described.
Section 3 provides results about the SI identification at the different mountain sites, together with a
comparison with STEFLUX outputs, to evaluate the ability of STEFLUX to diagnose the occurrence of
SI in these regions. Then, by using STEFLUX, we also provide long-term SI climatology (1979–2017)
for these observatories. The discussion of the results and possible implication for near-surface O3

variability is given in Section 4, while conclusions are presented in Section 5.

www.nextdataproject.it
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Figure 1. Geographic location of the measurement sites considered in this study. Abbreviations are 
as follows: PRS—Plateau Rosa, CMN—Mt. Cimone, CMP—Mt. Portella—Campo Imperatore, and 
CUR—Mt. Curcio. The boxes denote the 3° × 3° horizontal extension of the STEFLUX box around 
each measurement site. 

2. Experiments 

2.1. In Situ Observations at High-Mountain Observatories 

In this study, daily SI occurrences were derived for four high-mountain regions in Italy (see 
Figure 1). Unfortunately, experimental problems prevented one obtaining an extended dataset for O3 
and RH observations at Mt. Portella–Campo Imperatore (central Apennines). Thus, the STEFLUX 
performance assessment was carried out using data from Plateau Rosa (western Alps), Mt. Cimone 
(northern Apennines), and Mt. Curcio (southern Apennines) only. In the following, we will provide 
a brief description of the measurement sites included in the assessment, together with the suite of 
atmospheric observations used in this study. More detailed metadata information can be found at 
https://geonetwork.igg.cnr.it. 

Plateau Rosa (PRS, 45.93° N, 7.70° E, 3480 m a.s.l.) is a WMO/GAW regional station, located in 
the Italian Alps of the Aosta Valley, on the southern ridge of Teodulo hill, in the municipality of 
Valtournenche. The area in the vicinity of the measurement site is characterized by snowfields and 
glaciers and is far from urban and industrialized districts. The closest urban/industrialized area is 
Aosta (nearly 35,000 inhabitants), placed 30 km away. More industrialized centers such as Turin 
(900,000 inhabitants) or Milan (1.3 million inhabitants) are located 100 km south-west and 132 km 
south-east of PRS, respectively. Continuous measurements of surface O3 are performed at PRS by 
using an UV-absorption analyzer (Thermo 49i). Measurements were started in 2006, but some gaps 
in the time series occurred, which led to 87% of data availability. The RH observations used in this 
study only cover the period 2012–2017. 

Mt. Cimone (CMN, 44.19° N, 10.70° E, 2165 m a.s.l.) is the only WMO/GAW global station in 
Italy. Being the highest peak of the Italian northern Apennines, the observations carried out at CMN 
can be considered representative of the background conditions of the troposphere for most of the 
year, although during warm periods the station can be affected by thermal and convective transport 
of PBL air. Furthermore, only small villages are present in the proximity of the station. The closest 
village is Sestola (1500 inhabitants), located 15 km far from the site; the closest urban and 

Figure 1. Geographic location of the measurement sites considered in this study. Abbreviations
are as follows: PRS—Plateau Rosa, CMN—Mt. Cimone, CMP—Mt. Portella—Campo Imperatore,
and CUR—Mt. Curcio. The boxes denote the 3◦ × 3◦ horizontal extension of the STEFLUX box around
each measurement site.

2. Experiments

2.1. In Situ Observations at High-Mountain Observatories

In this study, daily SI occurrences were derived for four high-mountain regions in Italy
(see Figure 1). Unfortunately, experimental problems prevented one obtaining an extended dataset for
O3 and RH observations at Mt. Portella–Campo Imperatore (central Apennines). Thus, the STEFLUX
performance assessment was carried out using data from Plateau Rosa (western Alps), Mt. Cimone
(northern Apennines), and Mt. Curcio (southern Apennines) only. In the following, we will provide
a brief description of the measurement sites included in the assessment, together with the suite of
atmospheric observations used in this study. More detailed metadata information can be found at
https://geonetwork.igg.cnr.it.

Plateau Rosa (PRS, 45.93◦ N, 7.70◦ E, 3480 m a.s.l.) is a WMO/GAW regional station, located in
the Italian Alps of the Aosta Valley, on the southern ridge of Teodulo hill, in the municipality of
Valtournenche. The area in the vicinity of the measurement site is characterized by snowfields and
glaciers and is far from urban and industrialized districts. The closest urban/industrialized area
is Aosta (nearly 35,000 inhabitants), placed 30 km away. More industrialized centers such as Turin
(900,000 inhabitants) or Milan (1.3 million inhabitants) are located 100 km south-west and 132 km
south-east of PRS, respectively. Continuous measurements of surface O3 are performed at PRS by
using an UV-absorption analyzer (Thermo 49i). Measurements were started in 2006, but some gaps in
the time series occurred, which led to 87% of data availability. The RH observations used in this study
only cover the period 2012–2017.

Mt. Cimone (CMN, 44.19◦ N, 10.70◦ E, 2165 m a.s.l.) is the only WMO/GAW global station in
Italy. Being the highest peak of the Italian northern Apennines, the observations carried out at CMN
can be considered representative of the background conditions of the troposphere for most of the year,
although during warm periods the station can be affected by thermal and convective transport of PBL
air. Furthermore, only small villages are present in the proximity of the station. The closest village is
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Sestola (1500 inhabitants), located 15 km far from the site; the closest urban and industrialized areas
are Florence, Modena, and Bologna, all within a radius of 50–60 km from CMN. O3 measurements,
active since 1996 adopting the UV-absorption technique, are performed with a Dasibi 1108 W/GEN
(1996–2015) and a Thermo 49i (2016–onward). Over the whole measurement period, RH was observed
with capacitive sensors by Rotronics. More details about CMN can be found in Cristofanelli et al. [23].

Mt. Portella–Campo Imperatore (CMP, 42.45◦ N, 13.55◦ E, 2401 m a.s.l.) is located inside the
National Park of Abruzzo, on the crest of Mt. Portella. The area in the immediate vicinity of the
measurement site is characterized by rocky outcrops and grasslands, which are completely covered
by snow in winter. With the exception of a mountain hut (200 m east from the site), there are no
buildings within a radius of 2 km. The biggest close municipality is L’Aquila (60,000 inhabitants),
placed 16 km to the south of CMP. Over July 2012–November 2014, O3 measurements were performed
with a UV-absorption analyzer (2B Technologies, model 205), while since August 2015 the station was
equipped with a Thermo 49i. Meteorological observations are carried out by an integrated weather
station Vaisala WXT520. Unfortunately, several extended data gaps, due to damages from lightning and
prolonged lack of power during the snow period, affected CMP data, thus preventing the completeness
of a continuous time series.

Mt. Curcio (CUR, 39.31◦ N, 16.42◦ E, 1796 m a.s.l.) is a WMO/GAW regional station,
located in a strategic and isolated position within the Sila National Park in the Italian southern
Apennines. The station is characterized by no local sources of contamination and no road access.
Being placed 200 m from the cable car arrival of the near ski resort, CUR has a completely free horizon,
allowing one to carry out atmospheric monitoring measurements with a large degree of spatial
representativeness. The station is placed in the middle of the Mediterranean basin, around 30 and
60 km from the Tyrrhenian and the Ionian seas, respectively. At CUR, atmospheric observations
started in 2015, in the framework of the PON I-AMICA Project (www.i-amica.it). O3 measurements
are performed using a Teledyne API 400A UV-absorption analyzer. Meteorological parameters are
monitored using the LSI LASTEM integrated weather station, with RH measurements performed by
a thermo-hygrometer DMA875. For the comparison with STEFLUX, we restricted the observation
period to January 2015–June 2016, when O3 and RH observations were available.

At these measurement sites, near-surface O3 measurements are performed by adopting the
standard operation procedures recommended by WMO/GAW [24]. Automatic zero and span
checks are executed every 24–48 h using activated charcoal cartridges and internal UV O3 sources.
Multi-point calibrations against laboratory standards linked to the reference scale SRP#15 hosted at
the WMO/GAW “World Calibration Center for surface O3, Carbon Monoxide and Methane” hosted at
EMPA (Dübendorf, Switzerland) are carried out every 3–12 months. Extended uncertainty (coverage
factor k = 2) was usually lower than 1 ppb for O3 measurements in the range 0–100 ppb.

2.2. SI Identification at Mountain Sites

To assess the STEFLUX performance in identifying time periods affected by SI at the mountain
observatories, we analyzed near-surface O3 and RH, which are widely used as tracers for stratospheric
air masses in the troposphere [10–12,14]. Indeed, stratospheric air masses are usually characterized
by higher O3 content and lower water vapor than tropospheric air. According to Cui et al. [14],
if hourly O3 values were continuously higher than the 10-day running mean by 10% and RH values
were below 50% for a time period of at least 6 h, SI events were identified by measurements.
We defined this approach as “Cui09” criterion. Because a fraction of days was characterized by
the lack of simultaneous O3 and RH measurements at CMP and CUR, we also considered a detection
algorithm that considers only RH. As suggested by Trickl et al. [17], to identify stratospheric air from
near-surface observations at a mountain site, a RH threshold of 30% can be considered adequate [15,25].
Thus, following Trickl et al. [17], if observed hourly RH values were lower than 30% within ±6 h,
a SI event was identified (hereinafter, “Trickl14” criterion). Even if other identification criteria were
proposed by other studies [10–12,14,15], we decided to make use of these selection criteria (“Cui09”

www.i-amica.it
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and “Trickl14”) due to their high feasibility, which made the obtained results easily reproducible,
and due to their relatively high reliability in detecting SI at high-mountain sites (see [12,15,17]).
Moreover, these criteria are based on atmospheric parameters simultaneously observed at the considered
measurement sites, thus not introducing (or limiting) possible biases among the sites due to different
selection methodologies. Again, these criteria are only based on pure observational data, which is
advisable for the comparison with a modeling tool based on a meteorological reanalysis dataset.

2.3. STEFLUX

The Stratosphere-to-Troposphere Exchange Flux (STEFLUX, see [11]) tool is a fast-computing
and reliable methodology with which to detect SI events at a specific location and during a
user-defined time window. It is based on the trajectories from the STE climatology presented in
Škerlak et al. [8], which makes use of the ERA-Interim reanalysis dataset [26] from the European Centre
for Medium-Range Weather Forecasts (ECMWF) for calculating mass and ozone fluxes across the
tropopause and several surface pressures. The trajectories are computed using the 3-D wind fields
from ERA-Interim on a regular grid, with horizontal spacing of approximately 80 km, and 30 hPa in
the vertical (except for tropical trajectories, where the spacing is 10 hPa due to the typically slower
vertical motion). Each trajectory that crosses the tropopause (defined as the 2 pvu/380 K barrier) in the
first 24 h is selected and then extended backward and forward in time, to create a 9-day long trajectory.
Furthermore, a 3-D labelling algorithm is applied to avoid “false” detections [8].

The STE trajectories are processed by STEFLUX, and the ones that originated in the stratosphere
and crossing a tropospheric 3-D target box, during a specific time window, are detected. The extension
of the box (horizontal boundaries and top lid) and the time window are the parameters that can be
varied by the user, as well as the temporal resolution for the STE trajectories (i.e., from 6 h, the default
value, up to 1 h). Several output files are produced by STEFLUX: (i) the trajectory positions and timing
within the box, (ii) the first box crossing positions and timing for each trajectory, (iii) the tropopause
crossing locations and timing for each trajectory, and (iv) the complete ensemble of trajectories that
have crossed the box. The availability of the ERA-Interim input data allows one to compute long-term
climatology of SI events at each site, since data extend back to 1979.

The first systematic comparison with SI detection from two high-mountain sites in Italy and
Himalayas suggested that STEFLUX correctly represented the typical seasonal cycles of SI frequencies
and was able to detect single events with a duration longer than 1 day, thus being useful for determining
the SI events occurring on a regional scale [11].

2.4. SI Identification by STEFLUX

To compare STEFLUX outputs with near-surface observations at PRS, CMN, and CUR, the model
was run for three target areas with several input configurations, allowing one to perform sensitivity
tests on the different configuration parameters. Considering all the possible configurations deployed,
the horizontal boxes spanned from 1◦ × 1◦ to 3◦ × 3◦ around each station, and the vertical extensions
were chosen as the typical average pressure level recorded at each site, together with ±50 hPa.
The selected time periods correspond to those reported in Section 2.1 and Table 1. The temporal
resolution for the STE trajectories was chosen as 1 point every hour. For all the measurement sites,
the STEFLUX detection over the target box with extension 3◦ × 3◦ and the top lid overlapping the
average pressure levels of the measurement sites (i.e., 660 hPa for PRS, 790 hPa for CMN, and 820 hPa
for CUR) will be shown in the paper. This choice was determined by a preliminary sensitivity test
based on the comparison between STEFLUX outputs with different configurations and the in situ SI
identification by “Cui09” and “Trickl14” (see Table S1 in the Supplementary Material for a summary
of the comparison). It must be argued that the target regions for which STEFLUX showed the best
agreement with in situ SI detection encompassed very large spatial regions extending well beyond
the mountain regions object of the experiment (see Figure 1). Nevertheless, it must be kept in mind
that STEFLUX should not be regarded as a tool for exactly reproducing SI occurrences at specific
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measurement sites, which are typically strongly affected by rather small-scale circulations. Indeed,
as stated in Putero et al. [11], its best application is the determination of SI inputs on a regional scale.
It is thus reasonable that the best agreement between experimental in situ detection and STEFLUX
outputs is found by inspecting a rather large domain around the mountain region of interest.

Table 1. Input parameters for STEFLUX in comparison with in situ measurements at the different sites.

Parameter PRS CMN CUR

Lat_min, Lat_max 44◦ N, 47◦ N 43◦ N, 46◦ N 38◦ N, 41◦ N
Lon_min, Lon_max 6◦ E, 9◦ E 9◦ E, 12◦ E 15◦ E, 18◦ E

Box_top 660 hPa 790 hPa 820 hPa
Temporal resolution 1 h 1 h 1 h

3. Results

3.1. Comparison between In Situ SI Identification and STEFLUX

To obtain a statistical evaluation of the STEFLUX ability to reproduce SIs at the high-mountain
sites considered in this study, we compared the results of in situ SI identification (Section 2.2) with
the STEFLUX outputs (Section 2.3). As an example, Figure 2 reports O3 and RH observations at CMN
from 1996 to 2016, together with days identified as affected by SI according to “Cui09” (red points)
and “Trickl14” (blue points). The same plots for PRS and CUR can be found in the Supplementary
Material (Figures S1 and S2).
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Table 2 reports the total frequency of detected SI for each measurement site, as a function of the
identification criteria. Also reported in the Table is the “all detections” column, i.e., the SI identification
by any of the two criteria. Depending on the measurement sites, the “Trickl14” criterion estimated from
45% (at PRS) to 75% (at CUR) more detection than the “Cui09” criterion. The highest SI occurrences
were diagnosed for PRS and CUR, while a lower SI frequency was diagnosed for CMN. Concerning
STEFLUX, an overestimation of the number of days affected by SI events can be observed for PRS and
CMN (+40%), while an underestimation (−30%) is observed for CUR. By considering only the short
period for which O3 and RH data are available at CUR, the STEFLUX overestimation is still confirmed
at PRS but significantly reduced for CMN (+13%). This would suggest that, due to the short period of
investigation, particular attention must be devoted to generalizing results from CUR observations.

Table 2. Average frequency of in situ (“Cui09”, “Trickl14”, and “All detections”) and STEFLUX SI
identification. In the first column, the comparison periods between in situ identification and STEFLUX
are reported for each measurement site.

Site/Period Cui09 Trickl14 All Detections STEFLUX

PRS
2012–2016 11.3% 16.2% 18.7% 30.1%

CMN
1996–2016 3.4% 5.5% 7.3% 12.0%

CUR
2015–2016 8.0% 14.2% 16.3% 11.1%

For all the measurement sites, the seasonal cycle of SI detection is characterized by clear variability,
with the highest occurrence in winter and minima in summer (Figure 3, left). This seasonal cycle
is enhanced for CMN, where SI occurrences in winter/late autumn (up to 12–14%) were 6–7 times
higher than in summer (about 2%). At CUR, the southernmost station, a peak was evident in spring,
with the SI occurrence (“Trickl14”) approaching the peak value observed in December. Additionally,
for PRS, the highest occurrence of SI was found in December. STEFLUX indicated a clear seasonal
cycle in the monthly SI frequency (Figure 3, right), which is rather consistent with in situ SI detection.
For PRS, STEFLUX nicely reproduced the summer minimum and the autumn increase of SI frequency,
but clearly overestimated (by more than a factor of 2) the SI occurrence in winter-spring: this is the
reason of the overall overestimation of STEFLUX detection at PRS. The CMN seasonal cycle is more
consistent between STEFLUX and in situ SI detection, with a high overestimation only in spring and
a small overestimation in winter. Despite the two “northern” stations, for CUR we observed better
agreement from January to June between STEFLUX and observations. In particular, STEFLUX nicely
reproduced the spring peak observed at CUR and the secondary peaks in late winter and autumn.
On the other hand, STEFLUX completely missed the large peak in December seen by the “Trickl14”
criterion. This peak in SI frequency was related to the occurrence of five short (i.e., less than three days)
SI events at CUR, which was not captured by the model.

To obtain more hints about the seasonal behavior of SI occurrence at the three measurement
sites, in Figure 4 we plotted the time series of monthly SI frequency (by considering all the detection
criteria) for the period of common data availability (i.e., 2012–2016). It is evident that the spring peak
at CUR was driven by very high SI occurrence in April 2016, while the presence of a large December
peak (frequency >40%) is an almost systematic feature at PRS that occurred on 2013, 2015, and 2016.
It is interesting to note that these months also represented the peaks in SI frequency at CMN (>20%),
thus suggesting a common origin for this feature, which affected the Alpine and Apennine regions.
Additionally, on November 2015, a large frequency of SI occurrence was diagnosed for PRS and CMN.
To assess the ability of STEFLUX in reproducing the interannual variability of seasonal SI frequency,
we calculated the Pearson correlation coefficient between STEFLUX and in situ SI frequency for PRS
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and CMN. A high correlation coefficient (r = 0.64) was found for PRS, while a moderate correlation
(but significant at the 95% confidence level) was found for CMN (r = 0.46).
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The identification of specific SI events still represents a very difficult task for atmospheric
models [11,14]. As done in Putero et al. [11], a SI event is hereby defined as the aggregation of
contiguous SI days identified by one of the methodologies (i.e., “Cui09” and “Trickl14”, or STEFLUX).
Cases in which two distinct SI events are separated by a single no-SI day are treated like a unique
SI event covering the entire period. To evaluate the STEFLUX ability in detecting single SI events
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diagnosed by in situ observations (i.e., “Cui09” and “Trickl14”) at PRS, CMN, and CUR, we adopted
the approach proposed by Cui et al. [14] and already used in Putero et al. [11]. We considered the SI
events detected by the in situ methodologies, and we checked if also STEFLUX provided evidence for
SI occurrence during the same temporal frame. The results are reported in Table 3. For PRS, STEFLUX
was able to confirm 49% of the SI events detected by measurements. The best agreement (from 62% to
83%) was found for “long-lasting” events (i.e., with a duration longer than three days), while the “hit
score” decreased for shorter events (about 37%). The percentage of agreement was lower for CMN
(total: 23%). Similarly to PRS, the best agreement was found for long-lasting events (>4 days) but,
in contrast to PRS, it was not possible to find out a monotonic tendency of STEFLUX performance with
event duration, i.e., a satisfactory performance was observed for events with length up to 2 days (23%),
but a decrease of the “hit score” appeared for 3-day long events. The situation was even worse for
CUR: STEFLUX, which was able to catch only 11% of SI detected by in situ measurements. For PRS
and CMN, STEFLUX is able to identify long and medium SI events, but the detection ability strongly
decreases for short events. These results agree with previous assessments of ability of Lagrangian
model to systematically detect single SI events [11,14]. The bad agreement between CUR observations
and STEFLUX outputs, even considering the rather short period of comparison, can suggest a decrease
of STEFLUX performances with decreasing latitudes.Atmosphere 2018, 9, x FOR PEER REVIEW  9 of 17 
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Table 3. Agreement in percentage between in situ SI detection and STEFLUX outputs as a function
of event duration. For each station, the number of in situ SI events are provided, together with the
percentage of detection by STEFLUX (within brackets).

Event Duration (day) PRS CMN CUR

1 55 (38%) 114 (19%) 14 (21%)
2 33 (36%) 72 (25%) 9 (0%)
3 16 (62%) 32 (13%) 3 (0%)

>4 24 (83%) 41 (37%) 2 (0%)
Total 128 (49%) 259 (23%) 28 (11%)

3.2. STEFLUX Long-Term Climatology

By considering the STEFLUX configurations summarized in Table 1, we exploited the feature of
STEFLUX of extending calculations back to 1979, since this is the temporal extension that can be found
in the ERA-Interim reanalysis data. Therefore, we expanded calculations for all sites to 1979–2017,
to have a long-term climatology of SI events for each region considered. Even if we were not able
to perform a comparison for CMP, we considered the climatology also for this measurement site,
setting-up the top lid of the target box to the average pressure of the station (i.e., 760 hPa) and the
horizontal extension to a 3◦ × 3◦ area around the site location, in agreement with the configuration
for other sites (Table 1). As shown in Section 3.1, STEFLUX had a better agreement (particularly for
PRS and CMN) in identifying SI events longer than three days. For this reason, we carried out two
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climatological studies in parallel, i.e., annual frequencies of SI occurrence considering: (i) all of the
SI events detected by STEFLUX and (ii) only the days that constitute a “long” event (i.e., longer than
three days), for which STEFLUX demonstrated more robust skill in identifying specific events.

Figure 5 shows the trend analysis for the four measurement stations, carried out on annual SI
frequency values; trends were calculated by using the Theil-Sen [27,28] regression method available in
Openair software [29]. CMN showed a significant (p < 0.05) increasing trend of 0.08% yr−1 considering
all SI events; this trend was not significant when the analysis was limited to long events. PRS showed
no difference among the two categories of events (i.e., 0.07% yr−1), although none of these trends is
statistically significant. A statistically significant (p < 0.1) increasing trend was found for PRS when
considering spring values only, for long events, i.e., 0.31% yr−1 (see Table S1 in the Supplementary
Material). CMP presented an analogous trend (0.09% yr−1) for the two time series, which was
statistically significant in both cases (p < 0.1). As for PRS, a significant (p < 0.1) increasing trend
(0.16% yr−1) was also found for spring frequencies computed on all SI values. For CUR, the spread in
the frequency values between all and long events was wider than the other stations, likely indicating
that this site is largely interested by “short” (i.e., shorter than three days) events. Interestingly,
the significant trend (p < 0.1) was found only for long events (i.e., 0.05 yr−1).

The annual variations computed using these climatological datasets are shown in Figure 6.
The box-and-whisker plots consider all of the SI events, while the average annual variation is reported
both for all and “long” events. The annual variation was similar for all of the sites, with an evident
minimum in summer and maximum values in winter. This behavior, consistent also for long events,
reflects what is shown in Figure 3 for CMN and PRS, over the shorter temporal periods. Interestingly,
CUR shows a different cycle, thus indicating that the evident spring peak with maxima in April–May
displayed in Figure 3 is probably due to a “transient” feature that occurred in 2015.
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4. Discussion

In agreement with the previous results by Putero et al. [11], the present study indicated that
STEFLUX provides a satisfactory representation of the typical seasonal cycles of SI occurrence over
mountain regions in Italy. The comparison with PRS in situ detection revealed an overestimation
of frequency during winter and spring. As showed by Škerlak et al. [8], the western Alpine region
represents the southern boundary of a region characterized by a maximum of deep STE in winter
(December–February). It is thus reasonable to assume that the relatively large target region (3◦ × 3◦)
adopted in this work can also select events that actually occurred northward or westward of PRS.
To better assess this point, we calculated the monthly frequency of SI occurrence diagnosed by
STEFLUX for PRS (2012–2016), considering a target box with 1◦ × 1◦ extension (Figure S3 in the
Supplementary Material). With this configuration, a good agreement with in situ SI frequencies was
obtained for January, April, and May (deviations within ±3%), while SI occurrence was overestimated
(underestimated) by 9% (11%) for February (March). On the other hand, for July–December, the 1◦ × 1◦

configuration strongly underestimated (−68%) SI occurrences by in situ detection. This limitation must
be considered when using STEFLUX results to discuss features or processes related to SI over these
regions and, based on the current study, the 1◦ × 1◦ configuration appeared to be the most suitable
to investigate SI occurrence over the Italian western Alpine regions in winter-spring. The seasonal
cycles of SI frequency obtained by the near-surface observations and by STEFLUX at our Alpine and
Apennines observatories are in nice agreement with Cristofanelli et al. [10] and Trickl et al. [15,17].

The identification of single SI events was more problematic: this further supports the
already-evidenced limitation of the Lagrangian models in capturing SI events at the Earth’s surface,
even at high-mountain sites [14,16,30]. Together with the systematic underestimation of seasonal SI
occurrence in December, this led to a rather low rate of SI identification at the southernmost region of
Italy. Once again, it must be stated that the relatively short period of continuous observations available
at CUR would prevent any conclusive assessment about STEFLUX performance. Nevertheless,
this preliminary assessment would suggest that the STEFLUX outputs should be treated with caution in
the central Mediterranean basin. The reason for the underestimation of SI occurrence can be tentatively
related to the ability of ERA-Interim to reproduce the transport of stratospheric air masses towards the
lower troposphere of the central Mediterranean basin: for this region, meridional air mass transport
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can be particularly relevant for the presence of stratospheric air in the lower troposphere (STE usually
occurred at more northern and western locations, see [8]). It is thus conceivable that the relatively
coarse spatial resolution characterizing the ERA-Interim dataset (approximately 80 km) does not
allow one to correctly reproduce the downward and meridional transport of air masses from the
stratosphere. A further point of concern can be related to the representation of subgrid-scale processes
(e.g., convection, turbulent diffusion, and mixing), which can play non-negligible roles in the vertical
transport of air masses down to the PBL and Earth’s surface.

Once we had considered these caveats, we used the STEFLUX outputs to provide a systematic
assessment of the possible SI contribution to the near-surface O3 variability observed at PRS, CMN,
and CUR. Contradicting results exist regarding the impact of STE on O3 levels and variability in the
lower troposphere, and the question of where and how often SIs can reach the PBL and to what extent
STE contributes to O3 levels at the surface is a topic of ongoing research (e.g., [31] and references
therein). To this aim, we analyzed the daily O3 values observed at our high-altitude measurement sites
as a function of the occurrence of SI as diagnosed by STEFLUX. As a function of different seasons,
Table 4 reports the average O3 values for days affected or not by SI. With the purpose of retaining
only periods characterized by the presence of dry (stratospheric) air masses at the measurement sites,
a further data selection was implemented by considering only days for which STEFLUX diagnosed SI
but with daily average RH lower than 60%. For PRS, the same analysis was repeated by configuring
STEFLUX with the 1◦ × 1◦ target area for January–July: the results were not significantly different
from the ones reported in Table 4 (which refer to the 3◦ × 3◦ configuration). It has to be noted that,
for specific seasons and data selections, not enough SI events were diagnosed by STEFLUX for CUR
to make a statistical analysis possible. For all the measurement sites, a statistically significant O3

increase was found for SI days during winter, while it was not possible to find a univocal SI influence
for the other seasons: a statistically significant O3 increase was found for SI days in spring (CUR),
while an average O3 decrease was observed for CMN in spring and autumn. These results are in good
qualitative agreement with a previous study by Cristofanelli et al. [10], who reported that, at CMN,
the SI contribution to O3 was largest in winter.

Table 4. Average near-surface O3 values, together with 95% confidence level (p < 0.05) for days without
SI influence (plain), and with SI inputs as diagnosed by STEFLUX (bold). Italic denotes average values
considering only days for which the RH daily averages were lower than 60%. Asterisks denote SI
selections with statistically significant (at the 95% confidence level) average O3 differences with respect
to no-SI selection.

Season CMN PRS CUR

DJF
44.5 ± 0.3 48.1 ± 0.8 39.1 ± 2.2

48.7 ± 0.5 * 51.3 ± 0.7 * 46.6 ± 1.2 *
47.2 ± 1.0 * 51.5 ± 1.4 -

MAM
58.6 ± 0.4 58.2 ± 0.7 53.2 ± 1.5

55.9 ± 0.8 * 57.9 ± 0.8 53.6 ± 2.9
57.2 ± 2.1 59.9 ± 2.1 60.4 ± 2.4 *

JJA
61.9 ± 0.4 60.6 ± 0.9 58.9 ± 1.5
60.7 ± 3.9 59.1 ± 2.9 -
62.8 ± 6.0 60.3 ± 8.0 -

SON
48.4 ± 0.4 47.4 ± 1.5 40.1 ± 1.1

45.0 ± 0.9 * 47.5 ± 1.1 37.4 ± 2.1
49.7 ± 2.0 50.1 ± 2.8 -

Some authors (e.g., [13,15]) suggested the existence of long-term trends in the O3 flux from
the stratosphere, able to influence O3 trends in the lower free troposphere over Europe. Figure 7
reports the long-term trend (1996–2017) of near-surface O3 at CMN, as calculated by the Theil-Sen
regression. A significant (p < 0.01) decreasing trend of −0.20 ppb yr−1 was estimated, considering



Atmosphere 2018, 9, 413 14 of 17

all the available O3 observations. If days affected by SI (as diagnosed by STEFLUX) were neglected
in the trend analysis, a similar O3 trend was still obtained (−0.21 ppb yr−1). These results suggest
that the overall negative O3 trend observed at CMN from 1996 to 2016 is not strongly influenced by
SI variability. Finally, we analyzed the time series of O3 values for days affected by SI: a negative
trend (−0.13 ppb yr−1) was obtained. Thus, even if the frequency of SI appeared to increase with
time at CMN (Figure 5), the amount of O3 related to SI seemed to decrease. This negative tendency
is evident also when SI days with RH < 60% are considered and, thus, appeared to be a robust
feature in the SI time series. This evidence is in contrast with the results from Ordóñez et al. [13] and
Trickl et al. [15,17], who indicated the existence of a positive trend of the stratospheric component for
near-surface O3 record in the Alpine regions. However, it should be remembered that CMN is located
in the Mediterranean basin and at lower altitudes with respect to the measurement sites considered in
those works, as also indicated by the lower rate of SI occurrence with respect to PRS, which highlights
the specific features of typical Mediterranean mountain locations with respect to the Alpine ones.
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5. Conclusions

In this work, we investigated SI events over the Mediterranean basin by using near-surface
observational data from high-mountain sites in Italy (spanning from the Alpine region to the
southern Apennines) and model outputs using the Lagrangian tool STEFLUX. The comparison
between near-surface observational SI and those identified with STEFLUX confirmed that this tool
is able to represent the seasonal cycle of SI occurrence and can reasonably identify long-lasting
(i.e., with a duration of at least three days) SI events, especially in the Alps and northern Apennines.
Both near-surface observations and STEFLUX outputs indicated a clear seasonal cycle (higher frequency
during cold months and lower frequency during summer) for the SI frequency, with much higher
absolute frequencies for the western Alpine region (PRS) with respect to the Apennines (CMN, CMP,
and CUR). This clearly suggests a decreasing “direct” influence of stratospheric input to the lowest
troposphere, moving from the Alpine regions towards the heart of the central Mediterranean basin.
The comparison with the experimental detection at PRS suggested that, for the western Alpine region,
the STEFLUX configuration is optimized when the horizontal box extension is set to 1◦ × 1◦ for
January–June and to 3◦ × 3◦ for July–December.

As being based on a global STE dataset derived from ERA-Interim, STEFLUX allowed one to
produce a long-term climatology (1979–2017) of SI events for the investigated mountain regions.
The calculated datasets can be obtained by NextData through the portal https://geonetwork.igg.cnr.it.

https://geonetwork.igg.cnr.it
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For all of the measurement sites, the seasonal cycle of SI frequency over 1979–2017 resembles the one
obtained from the experimental data, i.e., highest values during winter and minima during summer.
The fraction of long-lasting vs. all events is about 60% for the stations in the Apennines (CMN, CMP,
and CUR) and about 85% for PRS (which is located at a higher altitude). Interestingly, despite the
other stations, a peak in SI frequency emerged for CUR (southern Apennines) in early spring (March).
The analysis of long-term SI frequency (for both all events and long-lasting ones) revealed the existence
of small positive tendencies for all the considered regions (from 0.03% yr−1 to 0.09% yr−1 for all and
long-lasting SI events, respectively). These tendencies are statistically significant for CMN, CMP,
and CUR. At the moment, we are not able to provide robust attribution for the appearance of these
tendencies in SI frequency. More work will be carried out in the future to investigate the dynamical
processes that are able to explain the causes of these tendencies.

Finally, we used STEFLUX for assessing the possible impact of SI to O3 variability at PRS, CMN,
and CUR. For the periods in which O3 observations were available at PRS, CMN, and CUR, we found
that, for the winter seasons, days affected by SI were characterized by higher O3 values, while no
univocal signals were found for the remaining seasons. The statistical analysis of the long-term O3

(1996–2016) trend at CMN suggested that SIs are not a driving process for the appearance of the
detected negative trend.

Supplementary Materials: The following are available online at http://www.mdpi.com/s1, Figure S1: measured
O3 (top) and RH (bottom) daily values at PRS (grey lines). Red (blue) dots indicate measurement periods identified
as SI by the “Cui09” (“Trickl14”) criterion, Figure S2: Measured O3 (top) and RH (bottom) daily values at CUR
(grey lines). Red (blue) dots indicate measurement periods identified as SI by the “Cui09” (“Trickl14”) criterion,
Figure S3: Left column: average seasonal cycle of experimental SI detection (“Cui09”: magenta, “Trickl14”: blue,
“All detections”: green) at PRS (2012–2016). Right column: average seasonal cycle of SI detection by STEFLUX
for the original 3◦ × 3◦ target box (blue area) and for the 1◦ × 1◦ target box (white line), Table S1: Agreement
in percentage between in situ detections (considering both “Cui09” and “Trickl14” criterions) and STEFLUX
outputs, as a function of the horizontal extension of the box. For each station, the top lid pressure level used for
the STEFLUX configuration is reported. SI events were defined according to Section 3.1 of the main manuscript,
Table S2: Overall trend estimates for the four measurement sites, obtained by considering seasonal SI frequency
values. Bold indicates the SI frequency values calculated considering only “long” SI events (i.e., longer than three
days). The significant trends (p < 0.1) are denoted by “+”.
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