
Accepted Manuscript

12 years of 7Be and 210Pb in Mt. Cimone, and their correlation with meteorological
parameters

L. Tositti, E. Brattich, G. Cinelli, D. Baldacci

PII: S1352-2310(14)00023-5

DOI: 10.1016/j.atmosenv.2014.01.014

Reference: AEA 12692

To appear in: Atmospheric Environment

Received Date: 12 August 2013

Revised Date: 4 January 2014

Accepted Date: 6 January 2014

Please cite this article as: Tositti, L., Brattich, E., Cinelli, G., Baldacci, D., 12 years of 7Be and 210Pb in
Mt. Cimone, and their correlation with meteorological parameters, Atmospheric Environment (2014), doi:
10.1016/j.atmosenv.2014.01.014.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

http://dx.doi.org/10.1016/j.atmosenv.2014.01.014


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

12 years of 7Be and 210Pb in Mt. Cimone, and their correlation with meteorological parameters 1 

 2 

L. Tositti1, E. Brattich1,,2,*, G. Cinelli,3, D. Baldacci1 3 

 4 

1 Environ. Chemistry and Radioactivity Lab., Dept. of Chemistry “G. Ciamician”, Alma Mater Studiorum 5 

University of Bologna, Via Selmi 2, 40126 Bologna (BO), Italy 6 

2 Dept. of Biological, Geological and Environmental Sciences – Section of Geology, Alma Mater Studiorum 7 

University of Bologna, Piazza di Porta San Donato 1, 40126 Bologna (BO), Italy 8 

3 European Commission, DG JRC, Institute for Transuranium Elements, Via E Fermi 2749, I-21027 Ispra (VA), 9 

Italy 10 

 11 

* Corresponding author: Erika Brattich, erika.brattich@unibo.it 12 

 13 

E-mails:  14 

Laura Tositti, laura.tositti@unibo.it 15 

Erika Brattich, erika.brattich@unibo.it 16 

Giorgia Cinelli, giorgia.cinelli@jrc.ec.europa.eu 17 

Daniela Baldacci, daniela.baldacci@unibo.it 18 

 19 

 20 

Abstract 21 

Simultaneous measurements of airborne radionuclides 7Be and 210Pb, together with aerosol mass load 22 

PM10, have been routinely carried out at the Global WMO-GAW station of Mt. Cimone (Italy, 2165 m 23 

a.s.l., 44° 12’ N, 10° 42’ E) from 1998 to 2011. The experimental activity was started with the purpose 24 

of gaining a better understanding of the vertical and horizontal transports taking place at this site 25 

affecting the atmospheric chemical composition. The time series of the collected data is presented and 26 

discussed in this paper. The 7Be concentrations in this period are in the range 0.05-15.8 mBq m-3 with 27 

the presence of two distinct relative maxima during winter/spring and summer, suggesting an origin 28 

from different physical processes. The 210Pb concentrations collected during the period are in the range 29 

0.05-2.30 mBq m-3 and are characterized by a single maximum during the warm period. The 7Be/210Pb 30 
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ratio was in the range 0.5-127.8 and is characterized by a maximum during the cold period. The 31 

frequency distributions of the three parameters and the seasonal/interannual variabilities are 32 

investigated and presented. 33 

 34 
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1. Introduction 38 

In the course of the last decades airborne radionuclides have long been investigated within the 39 

framework of atmospheric science. Initially the focus concerned the emission of artificial radioactivity 40 

during weapon testing (see for example chapter 9 of Eisenbud and Gesell, 1997; Pállson et al., 2013) 41 

which pointed out to the scientists both the safety issues connected with radioactivity hazard as well as 42 

the remarkable efficiency of atmospheric transport processes at the global scale. It was soon recognized 43 

that atmospheric radioactivity had also a not negligible background component capable to trace both 44 

the gaseous and the particulate phases enabling the quantitative description of fundamental processes of 45 

atmospheric dynamics. Airborne radioactivity has long been playing a relevant role in the study of 46 

atmospheric transport processes as detectable from the frequency of scientific publications (Burton and 47 

Stewart, 1960; Junge, 1963; Reiter et al., 1971; Gaggeler, 1995; Arimoto et al., 1999; Turekian and 48 

Graustein, 2003; WMO-GAW report n. 155, 2004; Dibb, 2007; Papastefanou, 2008; Rastogi and Sarin, 49 

2008; Froehlich and Masarik, 2010; Sykora and Froehlich, 2010; Lozano et al., 2011). 50 

At present nuclear safety is still a basic issue at the global scale as demonstrated by the follow up of 51 

Chernobyl and Fukushima accidents (see for example Papastefanou et al., 1988; Hötzl et al., 1992; 52 

Davison et al., 1993; Vakulovsky et al., 1994; chapter 12 of Eisenbud and Gesell, 1997; Diaz Leon et 53 

al., 2011; Lozano et al., 2011; Manolopoulou et al., 2011; Masson et al., 2011; Pittauerová et al., 2011; 54 

Tositti et al., 2012; Ioannidou et al., 2013) or as a result of episodic cases such as the fall of nuke-fed 55 

satellites (Cosmos 954, Kosmos 1402, see for example chapter 12 of Eisenbud and Gesell, 1997) or the 56 

accidental melting of orphan sources/metals scraps in high temperature processes (e.g., Algeciras 57 

accident, Krysta and Bocquet, 2007; on this occasion 137Cs, a radionuclide which is usually below 58 

detection limit at Mt. Cimone, was detected at this site in two samples at very low levels). Moreover 59 

the need for monitoring potential violations of the Nuclear Ban Treaty has recently promoted the 60 

constitution of a global network for artificial radioactivity whose efficiency has been successfully 61 
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tested following the recent Fukushima emergency (Masson et al., 2011; Hernández-Ceballos et al., 62 

2012; Thakur et al., 2013).  63 

Cosmogenic and naturally occurring radionuclides have long been investigated either per se or as 64 

normalizing and reference factors in the study of artificial radioactivity or again both as efficient tracers 65 

in environmental science and as geochronometers. Altogether this field of research has been crucial to 66 

the comprehension of several basic processes such as interhemispheric transport, stratosphere-to-67 

troposphere exchange (STE) and time scales of atmospheric dynamics, while posing the basis for basic 68 

concepts in environmental science such as biogeochemistry, environmental monitoring management 69 

and exposure/dosimetry concepts presently extended to stable “classic” pollutants such as for example 70 

ozone and/or airborne particulate matter.  71 

At present though the use of radiotracers constitutes a niche approach, the simultaneous use of artificial 72 

and natural radiotracers still provides a solid background for the characterization of atmospheric 73 

transport (Arimoto et al., 1999; Paatero and Hatakka, 2000; Dueñas et al., 2011) the testing of 74 

atmospheric models (Koch et al., 1996; Liu et al., 2001; Liu et al., 2004; Heinrich and Jamelot 2011; 75 

Christoudias and Lelieveld, 2013) as well as in supporting source apportionment of pollutants (Li et al., 76 

2002; Cuevas et al., 2013). 77 

Among the most used naturally occurring radionuclides there are 7Be, 210Pb, 222Rn and others included in 78 

the group of the key atmospheric components that should be routinely monitored within the WMO-GAW 79 

network (WMO-GAW report n.155, 2004). In particular the importance of 210Pb and 7Be relies upon their 80 

distinct natural sources. 210Pb (half-life, T1/2 = 22.1 years) is supplied to the atmosphere at ground level by 81 

the radioactive decay of its precursor, 222Rn (T1/2 = 3.83 days). As the 222Rn flux from the ocean is 82 

negligible, 210Pb is considered a continental tracer of air masses (Balkanski et al., 1983; Turekian et al., 83 

1983; Baskaran, 2011). In contrast, 7Be is a relatively short lived (T1/2 = 53.3 days) radionuclide of 84 

cosmogenic origin, produced by cosmic ray spallation reactions with light atmospheric nuclei of nitrogen 85 

and oxygen (Usoskin et al., 2009): most of the 7Be production (~ 75%) occurs in the stratosphere while 86 

the remaining part (~ 25%) is produced in the troposphere, and particularly in the upper troposphere 87 

(Johnson and Viezee, 1981; Usoskin and Kovaltsov, 2008). The production rate of 7Be has a latitudinal 88 

dependence (Ioannidou et al., 2005), while it has a negligible dependence from season and longitude, but a 89 

remarkable variation due to the 11-year solar cycle (Hötzl et al., 1991; Megumi et al., 2000; Cannizzaro et 90 

al., 2004; Ioannidou et al., 2005; Leppanen et al., 2012). Once formed, 7Be and 210Pb undergo rapid 91 

association onto submicron-sized aerosol particles both peaking in the accumulation mode (Papastefanou 92 

and Ioannidou, 1995; Winkler et al., 1998; Gaffney et al., 2004; Ioannidou et al., 2005). Thereafter, 7Be and 93 
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210Pb are removed from the atmosphere by wet and dry scavenging of the carrier aerosol (Feely et al., 1989; 94 

Kulan et al., 2006). Most of the 7Be produced in the stratosphere does not readily reach the troposphere 95 

because of its short half-life compared to the longer residence times of aerosols in the stratosphere (which, 96 

depending on the size of the particles, is equal to one or more years as estimated from Hamill et al., 1997 97 

and Rasch et al., 2008). In fact, the relatively high production rates of 7Be in the upper troposphere (UT), 98 

combined with transport from the lower stratosphere (LS) to the upper troposphere usually maintain a steep 99 

vertical concentration gradient between the upper and the lower troposphere (Feely et al., 1989). 100 

Nevertheless, the UT-LS may cause high 7Be concentrations in the surface air, easily detectable at a high 101 

altitude stations such as for example Mt. Cimone station (Bonasoni et al., 1999; Bonasoni et al., 2000a; 102 

Bonasoni et al., 2000b; Cristofanelli et al., 2003; Cristofanelli et al., 2006; Cristofanelli et al., 2009a). 103 

Due to the similar tropospheric physico-chemical behaviour, variations in the7Be/210Pb ratios reflect both 104 

vertical and horizontal transport in the atmosphere. Because of the different origins of the two 105 

radionuclides, the use of the combination of 7Be and 210Pb as activity ratio has been shown to provide 106 

clearer information about the origin of the air masses (Graustein and Turekian, 1996; Bonasoni et al., 107 

2000a, 2000b, 2004; Zheng et al., 2005), and its seasonal variability over continents has been studied for 108 

examining vertical exchange transport processes (Koch et al., 1996). The simultaneous measurements of 109 

7Be and 210Pb, together with their ratio can provide useful information about the vertical motion of air 110 

masses as well as on convective activity in the troposphere (Brost et al., 1991; Koch et al., 1996; Lee et al., 111 

2004; Tositti et al., 2004; Lee et al., 2007). Recently, Lozano et al. (2012) studied the different synoptic 112 

patterns and air masses types associated to ranges of 7Be and 210Pb activity concentrations in the 113 

southwestern Iberian Peninsula, indicating the differences between the arrival of maritime and continental 114 

air masses and confirming that both radionuclides can be used as two independent atmospheric transport 115 

markers. 116 

In this work we present a basic overview of the time series of 7Be and 210Pb collected at the WMO GAW 117 

station of Mt. Cimone from 1998 until 2011. This activity has been already the object of several papers 118 

devoted to specific topics, in particular the use of 7Be in STE (Stratosphere – to –Troposphere Exchange), a 119 

rather classic application of this radionuclide, though not thoroughly understood yet (Bonasoni et al., 1999; 120 

Bonasoni et al., 2000a; Bonasoni et al., 2000b; Cristofanelli et al., 2003; Cristofanelli et al., 2006; 121 

Cristofanelli et al., 2009a). The follow up of Fukushima accident was also investigated at this station and 122 

results have been recently published either at the European scale in a collective paper by Masson et al. 123 

(2011) or at the regional scale comparing the radionuclidic pool at two nearby stations including Mt. 124 

Cimone (Tositti et al., 2012). Finally another recent paper concerned the PM10 matrix in which 125 
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pioneristically all the radionuclides herein treated are measured since the beginning of this experiment, 126 

providing a long-term overview of PM10 behavior in the core of the Mediterranean region (Tositti et al., 127 

2013). This paper presents and discusses a statistical analysis of frequency distributions, seasonality, 128 

interannual variation, correlations of the 7Be, 210Pb (and their ratio) data of acquired from 1998 to 2011 at 129 

the WMO-GAW station of Mt. Cimone, with the purpose of gaining better insights into the different 130 

physical mechanisms at the basis of their variabilities. 131 

2. Material and methods  132 

2.1 Measurement site 133 

Mt. Cimone station (44°12’ N, 10° 42’ E) is located on top of the highest peak of the Italian Northern 134 

Apennines (2165 m a.s.l.). The station is a global WMO-GAW managed by the Meteorological Office 135 

of the Italian Air Force and by the Institute of atmospheric and climate science of the National Council 136 

of Research (CNR-ISAC). It has a 360° free horizon and is fairly off main pollution sources such as 137 

cities and industrialized areas in the north (Po valley) and south (Tuscan plain) of the Apenninic range; 138 

Mt. Cimone has an elevation such that the measurement site hosted by “O. Vittori” station lies above the 139 

planetary boundary layer during most of the year, so that it can be considered representative for the 140 

South-European free troposphere (Bonasoni et al., 2000; Fischer et al., 2003), even if an influence of the 141 

innermost layer cannot be completely ruled out, in particular during warm months because of the 142 

increased vertical mixing (thermal convection) and mountain/valley breeze regimes (Fischer et al 2003; 143 

Cristofanelli et al., 2007). For these reasons, the measurement site is a suitable location to investigate 144 

the influence of regional and long-range transport of polluted air masses on the background free 145 

troposphere (Tositti et al., 2013; Cristofanelli et al., 2013), located at the center of the Southern Europe 146 

and the Mediterranean basin, a region which is recognized as a hot-spot both in terms of climate change 147 

and air-quality. 148 

Unlike the surrounding area (temperate-continental) the climate of the mountain top is classified as 149 

alpine, due to its height. The mean yearly temperature is about 2°C, with a winter minimum of -22°C 150 

and a summer maximum of 18°C (Colombo et al., 2000). Mt. Cimone is the windiest site among the 151 

Italian meteorological stations, with wind speeds reaching intensities of 216 km h-1, with a mean daily 152 

wind speed of 40 km h-1 during winter, probably due to the isolated position of the site. In the region 153 

the precipitations are maximum during November (secondary maximum in spring) and the absolute 154 

minimum in July (secondary minimum in January). At this station, the annual average precipitation 155 

amounts (L) to 696.3 mm (period 1964-2004; Şerban et al., 2007), which is much lower than the one 156 

recorded in the period 1961-1980, equal to 744.7 mm (Rapetti and Vittorini, 1989). During the year 157 
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prevailing winds blow from S-SW in the warm season and N-NE in the cold one. Generally speaking, 158 

typical synoptical circulations in Emilia-Romagna are characterized by winter fluxes originating NE 159 

and fast currents from SW all over the rest of the year. In the first case the presence of an anticyclone 160 

on the Eastern Europe or of a depression centred on the Southern Italy or on the Central Adriatic can 161 

determine the access in the Po Valley of air masses that reach the Adriatic slope of the Tuscan-Emilian 162 

Apennines; the most frequent case is the second one, in which high streams from SW associated to a 163 

depression in the Gulf of Genoa affect the Tuscan-Emilian Apennines. In fact, Mt. Cimone can be 164 

affected by intense cyclogenetic activity often originating in the near Gulf of Genoa area (Buzzi et al., 165 

1984; Davies and Schuepbach, 1994). This phenomenology has been widely connected with STE events 166 

relevant to the well-known increases of both ozone and 7Be. 167 

The Italian Air Force, which is in charge for the meteorological service in Italy, is responsible for the 168 

facility which hosts and integrates the research activity led by ISAC-CNR. Besides meteorology, the 169 

Italian Air Force – General Bureau for Meteorology - manages the collection of atmospheric CO2 data 170 

presently constituting the longest time series of this fundamental greenhouse gas in Europe, dating back 171 

to 1979. It is to note that in the past this station served also as one of the Italian monitoring sites for 172 

weapon test fallout (Dietrich et al., 1997; Argiero et al., 1961), an activity dismissed in the 90’s.  173 

Several scientific programs have been established at Mt. Cimone with the scope of studying both 174 

climatologically relevant gases and the physico-chemical characteristics of atmospheric aerosols (see 175 

web page http://www.isac.cnr/cimone/). 176 

2.2 Experimental 177 

At Mt. Cimone station 7Be, 210Pb and aerosol mass loading in the form of PM10 have been measured 178 

since the early 1990’s, but measurements became regular only since 1998 following the acquisition of a 179 

PM10 high volume sampler. Aerosol sampling has been carried out with a time resolution of about 48 180 

hours by using a Thermo-Environmental PM10 high-volume sampler with a flow rate of 1.13 m3 min-1. 181 

PM10 is collected on rectangular glass fiber filters (Whatman, 20.3 cm x 25.4 cm). The PM10 sampler 182 

collects airborne particulate matter with a mean aerodynamic diameter lower than 10 µm that carries 183 

the radionuclides, which tend to populate the fine fraction (< 1.0 µm) (Winkler et al., 1998; Gaffney et 184 

al., 2004), as a consequence of their physical origin. Samples are transferred to the Laboratory of 185 

Environmental Chemistry and Radiochemistry of Bologna University, where they are conditioned for 186 

24 hours at constant temperature (22-24 °C) and relative humidity (30%) inside a desiccator. The net 187 

mass load on filters is determined gravimetrically by an electronic microbalance with a sensitivity of 188 

0.0001 g (Ohaus). After weighing, the PM10 samples are subjected to non-destructive high-resolution γ-189 
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spectrometry with two Hyper Pure Germanium crystal detectors (HPGe) for the determination of 190 

airborne radiotracers 7Be and 210Pb, respectively at 477.6 and 46.5 keV. The characteristics of the two 191 

detectors are the following ones: one p-type coaxial detector by Ortec/Ametek with relative efficiency 192 

32.5% and FWHM 1.8 keV at 1332 keV and one planar DSG detector with an active surface 1500 mm2 193 

and FWHM 0.73 keV at 122 keV, respectively for higher and lower energy ranges (100-2000 keV and 194 

0-900 keV). 195 

Spectra are accumulated for at least one day and then processed with a specific software package 196 

(GammaVision-32, Ortec). Efficiency calibration is determined on both detectors with a blank glass 197 

fiber filter traced with accurately weighted aliquots of a standard solution of mixed radionuclides 198 

(QCY48, Amersham) supplemented with 210Pb, homogeneously dispersed dropwise over the filter 199 

surface. Once dried under a hood under ambient conditions, the calibration filter is folded into a 200 

polystyrene container in the same geometry as the unknown samples. Quantitative analysis on samples 201 

is carried out by subtracting the spectrum of a blank filter in the same geometry, while uncertainty on 202 

peaks (k = 1, 68% level of confidence) is calculated propagating the combined error over the efficiency 203 

fit previously determined with the counting error. Minimum detectable activity is calculated making 204 

use of the Traditional ORTEC method with a peak cut-off limit of 40%. Activity data is corrected to 205 

the midpoint of the time interval of collection and for the decay during spectrum acquisition.  206 

All the concentrations have been normalized at 25°C and 1 atm. 207 

3. Results and discussion 208 

3.1 Seasonality and interannual variability 209 

Figure 1(a,b,c) shows the time series of 7Be and 210Pb and of the 7Be/210Pb ratio measured at Mt. 210 

Cimone from 1998 to 2011. The large gap presented by the data in 2007 is due to technical problems 211 

with the aerosol sampler. Besides interannual variabilities, a distinct seasonal pattern can be observed 212 

for the two tracers, which will be discussed further on in the paper: while 7Be exhibits two seasonal 213 

maxima, one during the cold season and one during the warm one, 210Pb presents only one peak during 214 

the summer months. Because of the simultaneous occurrence of the 7Be and 210Pb peaks during the 215 

warm season, their ratio time series exhibits only one peak during the cold season.  216 

Similar to what has been previously reported for PM10 dataset of Mt. Cimone (Tositti et al., 2013) 217 

radiotracers as well as 7Be-to-210Pb ratio show remarkable sample to sample fluctuations (“anomalies”) 218 

overlapped to a lower frequency periodicity linked to seasonality. These anomalies, defined as the 219 

”synoptically influenced deviations from the seasonal cycle”, are highlighted in Figure 1(a,b,c) 220 

following the application of the Kolmogorov-Zurbenko filter (Zurbenko, 1986), denoted as KZ(m,n). 221 
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This filter is based upon the calculation of a moving average tz  centred over a time window of n 222 

values (with n odd integer), i.e.: 223 

( 1) / 2

( 1) / 2

1 t n

t i
i t n

z y
n

+ −

= − −

= ∑  224 

The moving average is then iterated m times. The reader is referred to Eskridge et al. (1997) and Rao et 225 

al. (1997) for a detailed description of this filter. The seasonal fluctuation was obtained after the 226 

application of the KZ(3,21) filter, i.e. the moving average applied three times over a time window of 21 227 

days (crosses in Figure 1): the number of iterations as well as the time window of the filter were chosen 228 

evaluating the spectral response of the filter, which guarantees an almost perfect separation of the 229 

seasonal and synoptic time-scales (Rao et al., 1997).  230 

Interannual variations of 7Be, 210Pb and of the 7Be/210Pb ratio are reported in Figure 2(a,b,c). The 231 

vertical box encloses the middle 50% of the data. The median is the horizontal line inside the box and 232 

the square represents the mean value. Whiskers cover the range 10th-90th percentile. Minimum and 233 

maximum values are plotted as individual points with a line, whereas a cross indicates the 1st and 99th 234 

percentiles. Annual changes are commonly ascribed to different factors, especially meteorological 235 

conditions, such as the amount of precipitation, atmospheric stability, relative humidity, temperature 236 

(Ioannidou et al., 2005; Dueñas et al., 2009; Pham et al., 2011; Carvalho et al., 2013) and, in the case of 237 

7Be, also the 11-year solar cycle (Ioannidou et al., 2005; Kulan et al., 2006; Steinmann et al., 2011). 238 

For instance, the decrease in 7Be and 210Pb mean activity (and in PM10 concentration, not shown, but 239 

available in Tositti et al., 2013) from 1998 to 1999 could be tentatively attributed to the increased total 240 

amount of precipitation (total precipitation in 1998 equal to 296 mm, whereas in 1999 the total 241 

precipitation was equal to 641 mm), whereas the increase in 7Be and 210Pb activity from 2002 to 2003 242 

(similar amount of precipitation: 2002 total precipitation equal to 328 mm, 2003 total precipitation 243 

equal to 308 mm) might be due to the extremely high temperature recorded in the whole European 244 

region, possibly contributing to enhanced convection and radon exhalation, especially during the 245 

summer months (Pace et al., 2005; Cristofanelli et al., 2009b) and connected also to anomalous high 246 

ozone concentrations at Mt. Cimone as reported by Cristofanelli et al. (2007). 247 

The effect due to the frequency and trends of different air mass transports, such as Saharan Dust 248 

incursions for instance, cannot be completely ruled out, however, and a paper focusing on it is in 249 

preparation. 250 

Figure 3(a,b,c) depicts box and whiskers plots with seasonal variations of 7Be, 210Pb and of the 251 

7Be/210Pb ratio.  252 
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The 7Be concentration starts to increase during the warm period from May to August, with a maximum 253 

during the months of June-July. The seasonal variation is higher for 7Be, as highlighted by maximum 254 

and minimum values, as well as by 1st and 99th percentile, which in the case of 7Be with larger 255 

deviations  from the mean value than for 210Pb. Anyway, the variability is high for both tracers during 256 

the sampling period, with a percentage standard deviation from the mean of 55% for 7Be and 65% for 257 

210Pb. A secondary maximum for 7Be is observed during the cold period from November to February.  258 

210Pb shows instead a simpler seasonal behaviour, with an increase starting during the spring and 259 

reaching its summer maximum in August. The minimum values are observed during the cold months, a 260 

behaviour analogous to PM10 (Tositti et al.,2013) with which 210Pb shares a large part of the source 261 

term, i.e. the Earth’s crust, as distinguished by 7Be whose main source terms are located in the 262 

stratosphere and upper troposphere. Similarly to PM10, during the cold season 210Pb is not uplifted to 263 

Mt. Cimone top owing to the decoupling of the Continental Boundary Layer from the free troposphere. 264 

As a result mean 210Pb values at Mt. Cimone in the cold season should be representative of background 265 

free-troposphere concentrations for this tracer. 266 

7Be/210Pb shows maximum values during the cold months from November to February, while the 267 

spring and summer season are characterized by lower values. The variability of the ratio is lower 268 

during the summer season and secondarily during winter (standard deviation percent from the mean 269 

equal to 53% and to 57%, respectively), while the variability is maximum during the transition seasons 270 

(standard deviation percent from the mean equal to 67% and to 72%, respectively for autumn and 271 

spring). The winter maximum of the 7Be/210Pb ratio at the height of Mt. Cimone is mainly caused by 272 

the scarce availability of 210Pb and of its precursor 222Rn, whose lift up above the PBL (Planetary 273 

Boundary Layer) is inhibited by the limited thermal convection in the cold season.  274 

The summer maxima of 7Be and 210Pb, and the consequent minimum of their ratio during this season, 275 

are due to enhanced vertical mixing, thermal convection and mountain/valley breezes during this period 276 

of the year. As already highlighted by Baltensperger et al. (1997), Cristofanelli et al. (2003), Lee et al. 277 

(2007) and Tositti et al. (2013) during the warm season the mixing height reaches high levels, while 278 

thermal convection leads to intense vertical exchange in the troposphere. Rising warm air from the 279 

boundary layer brings about high values of 210Pb, being somehow counterbalanced by cold air sinking 280 

from the upper troposphere enriched in 7Be. As shown in Figure 3(a,b) the warm period maxima of 7Be 281 

and 210Pb are not completely simultaneous, though. While 7Be shows a maximum during the months of 282 

June-August, a behaviour which, as reported by Tositti et al. (2013), is shared by PM10, 
210Pb shows its 283 

maximum during August. PM10 and 210Pb share similar sources and one would expect their 284 
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concentrations follow similar trends. A detailed analysis of the seasonality of air flows at this site is 285 

presently in progress and will be the objective of a coming paper (Brattich et al., in preparation), 286 

however it can be anticipated that during the summer months the prevailing flows are short range 287 

transports from North Western Europe and from West, even if the major influence of Saharan Dust 288 

during spring and summer, especially linked to 210Pb and PM10, cannot be completely ruled out.  289 

In particular, our results indicate that the influence of Saharan Dust on the PM10 concentration is 290 

maximum during the summer season (about 49% of the peaks/events are due to this source) with a 291 

slight decrease in the transition seasons (about 44% during spring and 43% during autumn), while 292 

during winter the African source contribution to aerosol transport is significantly lower (11%), as well 293 

as the mean concentration of PM10 ascribed to this source. Even if Saharan Dust transports have a 294 

seasonal frequency maximum during spring-autumn, it is during the summer season that Saharan Dust 295 

mass load contribution is especially high, with effects on the monthly averages which are rather 296 

unpredictable due to different amounts in the coarse fractions lifted up and transported away from the 297 

source region. In this respect while the influence of Saharan Dust events is mainly reflected by the 298 

relevant contribution to mass loadings due to the importance of the coarse fraction typical of these 299 

transports, the influence on 210Pb is not straightforward and needs further investigations. In fact, while 300 

for regional scale transports we believe (Tositti et al., 2013) that there is a close connection between 301 

thermal convection (a dominant dynamical condition during the warm season in the investigated area), 302 

fine fraction and 210Pb as derived from exhaled radon (the so-called excess or “unsupported 210Pb), the 303 

decoupling of 210Pb and PM10 peak concentration may have different reasons. In particular we 304 

speculate that the amount of the coarse fraction transported by Saharan Dust which is a fairly stochastic 305 

or rather event-based factor in terms of efficiency in the lifted up and transported amounts of mineral 306 

dust, may affect the concentration of 210Pb in several ways: geochemistry (mineral dust composition is 307 

not uniform in the whole northern African region, as suggested e.g., by Moreno et al., 2006, Formenti 308 

et al., 2008, and Formenti et al., 2011, affecting also the content in natural radionuclides –still scarcely 309 

known– while Saharan Dust source regions are known to fluctuate in longitude during the year, as 310 

observed by, for example, Barkan and Alpert, 2008 and Israelevich et al., 2012), secondly different 311 

amounts of suspended mineral dust, and finally the occurrence of both supported (associated with the 312 

coarse mineral particles) and unsupported 210Pb. All the effects so far discussed though reasonable 313 

cannot be definitely interpreted on the basis of the available data, but need to be clarified by further 314 

investigations and measurements suitably designed to the scope. 315 
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The secondary maximum of 7Be during the cold months (December, January, February and March) is 316 

due to an increase in Stratosphere-to-Troposphere events during this season, as already reported by e.g., 317 

James et al. (2003), Stohl et al. (2003), Trickl et al. (2010). Moreover Cristofanelli et al. (2009) 318 

introduced a stratospheric index based on 7Be, relative humidity and ozone measurements at Mt. 319 

Cimone enabling the assessment of a higher incidence of STE events during the period from October to 320 

February with respect to the warm season, when thermal convection and the rising of the tropopause 321 

promote vertical mixing which acts as confounding factor in STE detection. As reported by James et al. 322 

(2003) the reason of this behaviour is mostly the seasonal differences of rapid descent within the 323 

troposphere itself, rather than the differences in Stratosphere to Troposphere Transports (STT). 324 

The higher frequency of rapid subsidence in winter at mid-latitudes Northern Hemisphere can be 325 

ascribed to the intensity of baroclinic systems which is greatest in wintertime. In fact, well-developed 326 

tropopause folds and rapid deep intrusions are most likely to occur in the wake of intense cyclogenesis, 327 

usually limited to the wintertime storm track regions (James et al., 2003).  328 

Previously, Elbern et al. (1997), identified a principal late winter maximum and a secondary maximum 329 

around September and October, with clear minima during early summer for deep stratospheric 330 

intrusions at the Zugspitze (2962 m a.s.l., Germany) and Wank (1776 m a.s.l., Germany) summits, 331 

widespread on the mesoscale. Cyclones developing in the Gulf of Genoa, which are well known to 332 

have a close link to STE (e.g., Aebischer and Schär, 1998; Stohl et al., 2000), are a constant feature 333 

over the whole year (Trigo et al., 2002; Campins et al., 2006), a feature which could be somehow in 334 

contrast with the above statement. However, even if they are more frequent during summer, it is during 335 

winter that they are deeper and connected to more severe weather (Trigo et al., 2002). In the Gulf of 336 

Genoa both orography and dynamical processes (upper level troughs) play the most important 337 

cyclogenetic roles (Anagnostopoulou et al., 2006): the upper-level dynamics seem to be more 338 

important in spring and autumn, while the orographic effect seems to contribute more significantly in 339 

winter and spring (Campins et al., 2006), but during winter there is also the further influence of the 340 

thermal contrast between seawater and air (Maheras et al., 2002), which is at its maximum during this 341 

season (Reiter, 1975a). 342 

The seasonal variations of both 7Be and 210Pb are modulated even by seasonal precipitation patterns. As 343 

typical of mid-latitudes, summer months are usually associated to lower rates of precipitation with 344 

respect to the transition seasons and winter: as already outlined before, in the region the precipitations 345 

are maximum during November (secondary maximum in spring) and the absolute minimum appears, 346 

even if speaking about a mountain site precipitation includes both rain and snow. 347 
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3.2 Basic statistics 348 

Table 1 presents basic statistics results obtained on the overall radionuclides and ratio dataset (1609 349 

observations for 7Be and 1443 observations for 210Pb) including arithmetic mean (AM), geometric 350 

mean (GM), median (ME), minimum and maximum values (Min, Max), standard deviation (SD), 10th 351 

percentile (PC10), 90th percentile (PC90), skewness (SK) and kurtosis (KU).  352 

The skewness levels obtained for the three parameters suggest asymmetries in their frequency 353 

distributions, though less pronounced in the case of 7Be. Kurtosis is a measure of the sharpness of the 354 

distribution of variable: taking the kurtosis of the normal distribution equal to zero, the high kurtosis of 355 

the three variables and in particular of the 7Be/210Pb ratio, indicates a distribution sharper than the 356 

normal one and possibly the presence of significant tails. Figure 4(a,b,c) depicts the frequency 357 

distribution for the three time series. 358 

While 210Pb and 7Be/210Pb ratio data are very well fitted by log-normal distributions (Shapiro-Wilk W 359 

test equal to 0.997, with probability p less than 0.01, for the distribution of the natural logarithm of 360 

210Pb and of 7Be/210Pb), the 7Be frequency distribution is bi-modal. This behaviour is attributed to the 361 

presence of two distinct seasonal maxima for this tracer, respectively during the cold and warm season 362 

as confirmed by decomposing the dataset into two major seasonal subsets ranging respectively between 363 

November and February(extended winter) and between May and August (extended summer) as 364 

reported in Figure 4a. While the winter distribution, which gives rise to the lower mode of the 365 

distribution at 3 mBq m-3, is well fitted by a lognormal function (Shapiro Wilk W test of the natural 366 

logarithm = 0.985, p < 0.01), the summer distribution corresponds to a normal distribution peaking at 367 

about 6 mBq m-3. The skewness values for the two distributions during the two seasons are different: 368 

while during the cold period the skewness for 7Be is equal to 1.21, highlighting once again the 369 

asymmetry of the distribution during this period, the value during the warm period is equal to 0.81, 370 

showing a larger degree of symmetry which is well recognizable in the distribution of Figure 4a. The 371 

kurtosis value is higher during summer than during winter (equal to 2.05 and 1.84, respectively), 372 

probably because of the presence of heavier tails in the distribution of the warm period.  373 

In the case herein treated the pronounced asymmetry observed suggests that the geometric mean or the 374 

median should be used instead of the mean to characterize average values of the three time series 375 

investigated (Wilks, 2006). 376 

Bimodality in the frequency distribution of 7Be has been already observed at four high-altitude stations 377 

including Mt. Cimone (Gerasopoulos et al., 2001) and by Lee et al (2007) at the Mt. Cimone and Mt. 378 

Waliguan GAW stations. In order to understand the physical origin of the bimodality of the 7Be 379 
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distribution Gerasopoulos et al. (2001) proposed to apply a simple statistical treatment based on t-test 380 

over separation values among 7Be bins in order to split the data into major groupings as a function of 381 

distinct meteorological and atmospheric conditions. It is to note that at the time of the above mentioned 382 

publication 7Be dataset from Mt. Cimone was included in the paper, but was insufficient for this 383 

elaboration. In brief 7Be was distributed into bins in the range from 1 to 11 mBq m-3: each bin 384 

represents a separation value, for which it is possible to form two classes of meteorological and 385 

atmospheric data, linked, respectively, to values lower and higher than the separation one. The 386 

Student’s t-test value is then calculated to check for the difference between the means of the two 387 

classes. Figure 5(a-f) reports the results of this analysis performed for relative humidity, specific 388 

humidity, tropopause height, pressure, temperature and wind speed. 389 

In all the curves a transition class in the t-test values at 3-4 mBq m-3 of 7Be can be observed. A second 390 

maximum at 9-10 mBq m-3 (8 mBq m-3 for tropopause height and relative humidity) is also shown by 391 

the presented curves for atmospheric/meteorological variables. This result might suggest the presence 392 

of a third mode for values of 7Be above 8 mBq m-3. Data so far available at Mt. Cimone do not allow 393 

further verifications of this hypothesis, as the values above 8 mBq m-3 are only the 6% of the total case, 394 

but this would be in agreement with Reiter et al. (1983) who showed that the total ogive of the 395 

frequency distribution of 7Be at Zugspitze at a higher altitude than Mt. Cimone, is composed of three 396 

modes, of which the first corresponds to a distribution of the tropospheric values without stratospheric 397 

influx, the second one to a distribution of the values influenced by stratospheric intrusions and the third 398 

to a distribution of high values originated from deep stratospheric intrusions (Elbern et al., 1997; 399 

Bonasoni et al., 1999; Bonasoni et al., 2000a; Bonasoni et al., 2000b; Stohl et al 2000; Cristofanelli et 400 

al 2003; James et al., 2003; Stohl et al., 2003; Zanis et al., 2003; Cristofanelli et al., 2006; Cristofanelli 401 

et al., 2007; Cristofanelli et al., 2009a; Trickl et al., 2010) in proximity of the station, with limited shear 402 

and therefore with minimal path. The positive sign of the t-test values for relative humidity and wind 403 

speed can be attributed to the anticorrelation between these two variables and 7Be, due to removal and 404 

dispersion of particles during high relative humidity/wind speed conditions, or maximum 7Be 405 

associated to minima of relative humidity during STE. On the contrary, the negative sign of the t-test 406 

values for other variables (tropopause height, specific humidity, pressure and temperature) reveals a 407 

positive correlation between 7Be and these variables.  408 

Ozone has been routinely monitored at the Mt. Cimone station since 1996 by ISAC-CNR (Institute of 409 

Atmospheric Sciences and Climate of the Italian National Research Council): data are available at 410 

http://ds.data.jma.go.jp/gmd/wdcgg/ (World Data Centre for Greenhouse Gases, WDCGG). 411 
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As shown in Figure 6, ozone shares the bimodality of 7Be. It has already been shown that O3 increases 412 

are due to two different mechanisms, particularly at a high-altitude station such as Mt. Cimone: 1) 413 

continental emissions in the PBL and transports in the troposphere (associated to 210Pb transports) 414 

(Arimoto et al., 1999; Li et al., 2002; Liu et al., 2004); 2) transport from the stratosphere/upper 415 

troposphere, where it is known to be present a large ozone reservoir (associated to 7Be transports) 416 

(Monks, 2000; Li et al., 2002; James et al., 2003; Cuevas et al., 2013). Even if the seasonality of this 417 

trace gas (not shown) is associated to an increase starting during late spring (April-May) and 418 

continuing during summer, the bimodality of its distribution clearly resembles the one of 7Be. O3 419 

distributions during extended winter and extended summer are well fitted by normal distribution 420 

(Shapiro Wilk W test = 0.984, p < 0.0006 winter distribution; Shapiro Wilk W test = 0.957, p < 421 

0.000001 summer distribution). 422 

The same approach of the t-test over separation values can be applied on O3 bins in order to split the 423 

data into major groupings related to different meteorological and atmospheric conditions (Figure 7(a-424 

f)).  425 

The presence of at least two modes (even three in the case of tropopause height and relative humidity) 426 

is clear also in the case of O3. 427 

Even in this case, the positive sign of the t-test highlights the presence of anticorrelation of ozone with 428 

relative humidity and wind speed; the negative sign instead highlights its correlation with the 429 

tropopause height (same as 7Be, as the lower tropopause height during winter is associated with 430 

increased STE and transports of both O3 and 7Be from the UT-LS, but also the higher tropopause 431 

during summer is associated to the maximum seasonal O3, transported from the polluted boundary 432 

layer), pressure (anticyclonic conditions are associated to increased photochemical activities and 433 

therefore to increased ozone production) and temperature (increased photochemical production of 434 

ozone during summer with increased temperatures). 435 

3.3 Correlations with other atmospheric species 436 

In order to investigate the potential use of 7Be and 210Pb as atmospheric tracers Spearman’s rank 437 

correlation coefficients of 7Be and 210Pb and of PM10 concentrations with a series of meteorological and 438 

compositional parameters such as a set of trace gases and black carbon among those monitored at Mt. 439 

Cimone have been calculated and results are presented in Table 2. 440 

In general the relationship between ozone and 7Be is widely recognized as a traditional field of 441 

investigation concerning STE (see for example Reiter, 1975b; Dutkiewicz, and Husain, 1979; Reiter, 442 

1983; Dutkiewicz and Husain, 1985; Tremblay et al., 1993; Allen et al., 2003; Gerasopoulos et 443 
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al.,2005; Trickl et al., 2010). The approach was extended to the relationships between ozone and 7Be 444 

and/or 210Pb due to the complex source terms of O3 which can be successfully intercepted by both the 445 

radionuclides representing two of the major sources for this fundamental gaseous component i.e. the 446 

stratosphere and the PBL (see for example Prospero, 1995; Graustein and Turekian, 1996; Arimoto et 447 

al., 1999; Li et al., 2002; Liu et al., 2004; Lee et al., 2007; Cuevas et al., 2013).  448 

Less frequent is the use of the radiotracers with other gases apart from CO2 (Zheng et al., 2011) or Hg 449 

(Lamborg et al., 2000). In this paper we have taken into account the following atmospheric species 450 

measured at Mt. Cimone observatory i.e. O3, CO2, CO by IAFMS (Italian Air Force) and ISAC-CNR 451 

(Institute of Atmospheric Sciences and Climate of the Italian National Research Council) available the 452 

World Data Centre for Greenhouse Gases (at http://ds.data.jma.go.jp/gmd/wdcgg/) while Black Carbon 453 

and fine (0.3 µm ≤ Dp < 1 µm) and coarse particle (1 µm ≤ Dp ≤ 20 µm) number densities  are 454 

available at EBAS database (at http://ebas.nilu.no/). Measurements at Mt. Cimone from different 455 

research groups, as well as meteorological and atmospheric parameters, such as temperature, pressure, 456 

relative humidity, wind speed and tropopause height (determined from radiosoundings at S. Pietro 457 

Capofiume station, the closest ground based station in the Po Valley for which this observational 458 

activity is available) were retrieved together and averaged to the same time resolution of two-days as 459 

PM10 and radionuclides for statistical homogeneization of data. 460 

The non-parametric Spearman’s rank correlation coefficients has been applied instead of Pearson’s 461 

approach, because, as previously observed, the parameters herein discussed are not normally 462 

distributed and therefore the former method is preferable (Wilks, 2006). Except for carbon monoxide, 463 

whose measurement started only in 2007 and therefore has a poor statistics, all the correlation 464 

coefficients are significant at p < 0.05. 465 

An elevated correlation is found for 210Pb and PM10 with temperature, suggesting the role of thermal 466 

convection during the warmer months in increasing vertical mixing within the troposphere. During the 467 

warm season the combination of an upward motion due to mixed layer expansion, thermal convection 468 

and mountain/valley breeze regime, results in an uplift of 210Pb, PM10 and other substances from the 469 

polluted boundary layer (ozone, elemental carbon, all positively correlated with 210Pb and PM10). 470 

Relative humidity is negatively correlated with all the particulate associated parameters suggesting the 471 

effect of wet scavenging. In fact maxima of relative humidity are associated with precipitation leading 472 

to minima in aerosol load due to wet scavenging (not shown). However the anticorrelation between 7Be 473 

and relative humidity is much stronger than for the other parameters indicating the role of downward 474 

transport from the extremely dry UT-LS air causing simultaneous increases of 7Be (and ozone) and 475 
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decrease of relative humidity due to stratosphere depletion in water vapour. Both 7Be and ozone show 476 

bimodal frequency distributions with behaviours slightly different for each of them. In this framework 477 

it is to note that specific humidity and relative humidity are not completely equivalent: in principle, 478 

specific humidity would be preferable for the identification of stratospheric intrusions being conserved 479 

in an air mass. However, stratospheric air masses usually mix with tropospheric ones during the 480 

descent to the lower troposphere, and since specific humidity in tropospheric air is highly variable 481 

(lower values in winter and at high altitudes and higher values in summer and close to the surface), the 482 

use of specific humidity as a tracer for stratospheric intrusions would result in the identification of 483 

excess STE during winter and at higher stations (Stohl et al., 2000). This is the reason why the 484 

observational climatology of stratospheric intrusions is generally based on relative humidity instead of 485 

specific humidity. 486 

Table 3 reports again Spearman’s rank correlation coefficients in this case calculated on a seasonal 487 

basis: winter (December January February), spring (March April May), summer (June July August) and 488 

autumn (September October November). In this case it was chosen to study the correlations on a 489 

“normal” four seasons basis, which was preferred to the use of the two periods extended 490 

winter/summer used for the distribution of 7Be, in order to better study the difference between the two 491 

transition seasons, too. 492 

The table highlights how the correlation can be significantly different during the seasons. 493 

During summer 210Pb shows its maximum correlation with temperature (0.63) and specific humidity 494 

(0.42), while its maximum correlation with pressure is shown during autumn (0.48), when the 495 

maximum 210Pb-PM10 correlation (0.67) and 210Pb-O3 are also found. During spring 210Pb shows its 496 

maximum correlation with temperature (0.46). 497 

Fine particles show maximum correlation coefficients with 7Be, 210Pb and PM10 during winter, while 498 

during the other seasons no simple correlation is found for this variable. 499 

PM10 is correlated with temperature during summer (0.63), while a partial correlation with pressure can 500 

be found during spring. 501 

7Be shows its maximum anticorrelation with relative humidity during the winter (-0.64), decreasing 502 

during the transition seasons and showing its minimum value during summer. During the cold season 503 

anticorrelation(-0.46) is found also in respect with specific humidity , emphasizing the role of active 504 

STE in the cold period. Gerasopoulos et al. (2001) reported an analogous correlation pattern for 7Be 505 

and relative-specific humidity: they explained that the elevated correlation between the above 506 

parameters respectively throughout the year and during cold months with the dominating effect of wet 507 
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scavenging during the warm period, while in the cold period vertical transport becomes important as 508 

previously explained.  509 

In the cold season the highest 7Be-O3 correlation is also observed, which could highlight the same UT-510 

LS origin of these two parameters during this season when ozone photochemistry and transport from 511 

PBL are limited; this observation is in agreement with Cristofanelli et al. (2009). In the summer the 512 

high correlation among temperature, 210Pb and PM10 confirms the influence of enhanced convective 513 

vertical mixing, affecting simultaneously the concentrations of 7Be (downward motion), 210Pb, PM10 514 

and other trace gases all uplifted to Mt. Cimone from the polluted boundary layer as mentioned before. 515 

In the Supplementary Material some scatterplots of special interest between the treated variables are 516 

presented; in fact low values of the correlation coefficients are not necessarily due to lack of correlation 517 

between couples of variables, but could be due to the presence of bivariance as found in this work, 518 

which in turn might be due to different seasonal correlation patterns or to other different mechanisms 519 

promoting different covariance in the atmosphere, (see for example the scatterplot between the 520 

7Be/210Pb ratio vs. O3, Figure S1a ). 521 

As previously highlighted, ozone increase can be due both to transports of air pollution from the 522 

boundary layer (correlation with 7Be and 210Pb, low 7Be/210Pb ratio; see Arimoto et al., 1999; Bonasoni 523 

et al., 2004; Liu et al., 2004; Marinoni et al., 2008; Tositti et al., 2013;) and in such cases it is 524 

correlated with both 7Be and 210Pb during the warm months) as well as from transports from the UT-LS 525 

(correlation with 7Be only, elevated 7Be/210Pb ratio; see Bonasoni et al., 1999; Bonasoni et al., 2000a; 526 

Bonasoni et al., 2000b; Liu et al., 2004; Cristofanelli et al., 2006; Cristofanelli et al., 2009a). 527 

The pattern highlighted in the scatterplots of 7Be/210Pb (Figure S1b,c,d) clearly show how an elevated 528 

ratio can be linked both to increases as well as to decreases in aerosol mass load, and in the number 529 

density of both fine and coarse particles. 530 

Marinoni et al. (2008) suggested North Italy, west Europe and east Europe as source regions for black 531 

carbon and number density of fine particles; moreover, they reported the seasonal cycle of fine and 532 

coarse particles as characterized by highest values in spring-summer and the lowest values in autumn-533 

winter. The bivariance in the scatterplot of 210Pb vs. black carbon and carbon monoxide (Figure 534 

S2(a,c)) show that they share some source regions/seasonalities, but not all of them: the likely influence 535 

of Saharan Dust transports as source of increases of 210Pb but not of black carbon (and carbon 536 

monoxide) depending on the occasional occurrence of biomass burning in that region might be the 537 

cause of the bivariance in the scatterplots. 538 
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The bivariance of the scatterplot of 210Pb vs. CO2 (Figure S2(b)) could be due instead to the different 539 

seasonal behaviour of the two variables: while 210Pb at Mt Cimone has been shown to exhibit a summer 540 

maximum, CO2 presents the typical Northern Hemisphere seasonal pattern with a winter maximum and 541 

a summer minimum, which are known to be due to the seasonal modulation in carbon fluxes 542 

(Cleveland and Kaufmann, 2007). 543 

Finally, the scatterplot in Figure S3 highlights that besides the summer thermal convection giving rise 544 

to both 7Be and fine particles increases, other mid-scale transports can be responsible of only fine 545 

particles (Western/Eastern Europe, for instance, in agreement with Tositti et al., 2013). 546 

4. Summary and conclusions 547 

This work reports the results of a study concerning temporal variations and statistical analysis for the 548 

atmospheric radiotracers 7Be, 210Pb and of their activity ratio at the WMO-GAW station of Mt Cimone 549 

from 1998 to 2011. 550 

1. Both radiotracers similarly to PM10 discussed in a previous paper (Tositti et al., 2013), have a 551 

marked seasonal variation. Interannual variations are ascribed to amounts of overall precipitation, 552 

atmospheric stability, relative humidity, mean temperature. On a first approximation all of the three 553 

parameters have a winter minimum and a summer maximum. 554 

2. Frequency distributions of the two radionuclides and of their ratio reveal a lognormal 555 

distribution for 210Pb and for the ratio 7Be/210Pb, while a bimodal distribution is associated to 7Be. The 556 

bimodality of the 7Be distribution reflects the different seasonal behavior of this tracer, and is further 557 

investigated with the help of a statistical t-test over separation values among 7Be as a function of 558 

distinct meteorological and atmospheric conditions. In fact, while 210Pb summer maximum is mainly 559 

due to the higher mixing height and enhanced uplift from the boundary layer as a result of thermal 560 

convection, the seasonal fluctuation of 7Be is more complex, being characterized by two relative 561 

maxima, one during the cold season, which is associated to Stratosphere-to-Troposphere transport and 562 

one in the warm season, mainly (but not exclusively) associated to tropospheric subsidence balancing 563 

low tropospheric air masses ascent occasionally accompanied by STE. 7Be/210Pb ratio presents a 564 

seasonal maximum during the cold period due to the intensity of baroclinic systems during this period. 565 

The resulting modes and data sub-grouping found with the help of t-test are associated respectively to 566 

the tropospheric values without stratospheric influx, while 7Be modes with a tail above 8 mBq/m3 567 

shows a strong influence from STE events suggesting the presence of a third mode in the distribution, 568 

potentially associated with deep stratospheric intrusions. 569 
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3. Frequency distribution was determined also for ozone, one of the main tropospheric trace gases 570 

which, besides in situ photochemical production is known to be due to two different transport 571 

mechanisms (from the polluted boundary layer like 210Pb, and from UT-LS like 7Be). Similarly to 7Be, 572 

ozone, also presents a bimodal distribution, which is not strictly linked to its seasonal pattern, but is 573 

confirmed by the t-test approach, too: two or even three modes were found for ozone with this method, 574 

connected with different meteorological/atmospheric conditions, which in turns might be linked to 575 

different mechanisms causing increases in the trace gas. 576 

4. The correlation patterns of the radionuclides and of their ratio with physical and compositional 577 

variables, namely particulate matter, ozone, and other gases such as CO2, CO, black carbon and 578 

particles in the fine and coarse ranges, are examined, both on a total as well as on a seasonal basis. The 579 

role of thermal convection leading to increases in both the radionuclides (high correlation with 580 

temperature, tropopause height), and of wet scavenging as the most efficient removal mechanism 581 

(anticorrelation with relative humidity) is stressed. The anticorrelation of 7Be with relative humidity is 582 

further emphasized by downward transport from the extremely dry UT-LS. Ozone is correlated with 583 

7Be during the cold season when they are both contributed by STE, while in the warm season it is 584 

highly correlated with 210Pb, PM10 and trace gases all uplifted from the polluted boundary layer.  585 

5. Finally, bivariance between 7Be/210Pb vs. O3, PM10, fine and coarse particle number density, 586 

210Pb vs. black carbon, CO and CO2, 
7Be vs. fine particles number density is introduced suggesting 587 

other less conventional but potentially promising applications of the studied radiotracers in atmospheric 588 

investigations, useful in the complex framework of climate change and consequent modifications of 589 

circulation patterns.  590 
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Captions 

 

Figures 

Figure 1(a,b,c). Time series of the data acquired at Mt. Cimone from 1998 to 2011 and seasonal 

fluctuation of the variable obtained after the application of the KZ(3,21) filter: a) 7Be; b) 210Pb; c) 
7Be/210Pb.  

Figure 2(a,b,c). Interannual variations at Mt. Cimone during the sampling period 1998-2011, 

represented by box and whiskers plot, of: a) 7Be; b) 210Pb; c) 7Be/210Pb. 

Figure 3(a,b,c). Seasonal variations at Mt. Cimone during the sampling period 1998-2011, represented 

by box and whiskers plot, of: a) 7Be; b) 210Pb; c) 7Be/210Pb. 

Figure 4(a,b,c). Frequency distributions of a) 7Be (blue distribution) and 7Be during the cold 

(November, December, January and February, red distribution) and warm season (May, June, July, 

August, green distribution), fitted by a lognormal (red curve) and a normal distribution (green curve), 

respectively; b) 210Pb, fitted by a lognormal distribution; c) 7Be/210Pb, fitted by a lognormal 

distribution. 

Figure 5(a,b,c,d,e,f). t-test values for the significance of the difference between the means of 

meteorological and atmospheric parameters , when sorted according to a separation value of 7Be: a) 

relative humidity; b) specific humidity; c) tropopause height; d) pressure; e) temperature; f) wind 

speed. Lines connecting the values are polynomial b-splines. 

Figure 6. Frequency distributions of O3 (blue distribution) and O3 during the cold (November, 

December, January and February, red distribution) and warm season (May, June, July, August, green 

distribution), fitted by two normal distributions. 

Figure 7(a,b,c,d,e,f). t-test values for the significance of the difference between the means of 

meteorological and atmospheric parameters , when sorted according to a separation value of O3: a) 

relative humidity; b) specific humidity; c) tropopause height; d) pressure; e) temperature; f) wind 

speed. Lines connecting the values are polynomial b-splines. 

 

 

Tables 

Table 1. Statistical parameters for the 7Be, 210Pb and 7Be/210Pb time series: arithmetic mean (AM), 

geometric mean (GM), median (ME), minimum and maximum values (Min, Max), standard deviation 

(SD), 10th percentile (PC10), 90th percentile (PC90), skewness (SK) and kurtosis (KU). 
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Table 2. Spearman’s rank correlation coefficients of 7Be, 210Pb, PM10 and ratio 7Be/210Pb with 

meteorological/atmospheric variables (pressure p, temperature T, relative humidity RH%, specific 

humidity SH, tropopause height TH, wind speed WS), trace gases (ozone O3, carbon dioxide CO2, 

carbon monoxide CO), black carbon (BC) and fine and coarse particles (FP and CP). 

Table 3. Spearman’s rank correlation coefficients of 7Be, 210Pb, PM10 and ratio 7Be/210Pb with 

meteorological/atmospheric variables (pressure p, temperature T, relative humidity RH%, specific 

humidity SH, tropopause height TH, wind speed WS), trace gases (ozone O3, carbon dioxide CO2, 

carbon monoxide CO), black carbon (BC) and fine and coarse particles (FP and CP) for each season 

(winter, spring, summer, autumn).  

 

 

Supplementary Material 

Figure S1(a,b,c,d). Scatterplots of 7Be/210Pb vs.: a) O3; b) PM10; c) number density of fine particles 

(0.3 µm ≤ Dp < 1 µm); d) number density of coarse particles (1 µm ≤ Dp ≤ 20 µm).  

Figure S2(a,b,c). Scatterplots of 210Pb vs.: a) black carbon; b) carbon monoxide; c) carbon dioxide. 

Figure S3. Scatterplot of 7Be vs. number density of fine particles (0.3 µm ≤ Dp < 1 µm). 
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AM GM ME Min Max SD PC10 PC90 SK KU 

7Be (mBq m-3) 4.3 3.6 4.0 0.05 15.8 2.3 1.5 7.3 0.9 1.3 
210Pb (mBq m-3) 0.46 0.38 0.38 0.05 2.30 0.30 0.16 0.87 1.65 4.39 

7Be/210Pb 12.2  10.3 0.5 127.8 8.0 5.2 21.3 3.7 35.1 
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 p 

(mbar) 

T 

(°C) 

RH 

% 

SH 

(kg kg
-1

)

TH 

(m) 

WS 

(m s
-1

) 

O3 

(ppb)

CO2 

(ppm)

BC 

(µµµµg m
-3

) 

CO 

(ppb)

7
Be 

(mBq m
-3

)

210
Pb 

(mBq m
-3

)

PM10 

(µµµµm
-3

) 

FP 

(N cm
-3

)

CP 

(N cm
-3

) 

7
Be/

210
Pb 

7
Be 

(mBq m
-3

) 

0.49 0.46 -0.56 0.21 0.34 -0.32 0.47 -0.36 0.47 -0.12 1.00 0.56 0.51 0.36 0.07 0.31 

210
Pb 

(mBq m
-3

) 

0.45 0.61 -0.25 0.51 0.43 -0.28 0.55 -0.35 0.62 -0.12 0.56 1.00 0.70 0.54 0.28 -0.54 

PM10 

(µµµµg m
-3

) 

0.37 0.60 -0.22 0.54 0.32 -0.23 0.64 -0.33 0.74 -0.07 0.51 0.70 1.00 0.65 0.29 -0.31 

7
Be/

210
Pb -0.05 -0.25-0.24 -0.38 -0.17 0.04 -0.16 0.05 -0.26 0.01 0.31 -0.54 -0.31 -0.27 -0.26 1.00 
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WINTER 
p 

(mbar)

T 

(°C) 

RH 

% 

SH 

(kg kg
-1

) 

TH 

(m) 

WS 

(m s
-1

)

O3 

(ppb) 

CO2 

(ppm)

BC 

(µµµµg m
-3

)

CO 

(ppb) 

7
Be 

(mBq m
-3

)

210
Pb 

(mBq m
-3

)

PM10 

(µµµµg m
-3

) 

FP 

(N cm
-3

)

CP 

(N cm
-3

)

7
Be/

210
Pb

7
Be 

(mBq m
-3

)
0.50 0.15 -0.64 -0.46 0.22 -0.19 0.44 -0.29 -0.08 -0.09 1.00 0.49 0.13 -0.43 -0.15 0.68 

210
Pb 

(mBq m
-3

)
0.24 -0.03-0.29 -0.30 0.03 -0.19 0.36 -0.24 -0.07 -0.15 0.49 1.00 0.40 -0.51 -0.10 -0.26 

PM10 

(µµµµg m
-3

) 
0.01 -0.26-0.12 -0.24 -0.20 0.00 0.19 -0.02 -0.18 -0.37 0.13 0.40 1.00 -0.52 -0.09 -0.22 

7
Be/

210
Pb 0.33 0.24 -0.45 -0.18 0.24 -0.07 0.18 -0.20 -0.01 -0.20 0.68 -0.26 -0.22 -0.22 -0.13 1.00 

SPRING       

          
7
Be 

(mBq m
-3

)
0.53 0.46 -0.59 0.17 0.39 -0.32 0.40 -0.28 0.15 0.10 1.00 0.51 0.55 0.06 0.25 0.40 

210
Pb 

(mBq m
-3

)
0.41 0.39 -0.28 0.27 0.24 -0.20 0.37 -0.28 0.28 0.18 0.51 1.00 0.59 0.00 0.25 -0.53 

PM10 

(µµµµg m
-3

) 
0.53 0.43 -0.35 0.29 0.36 -0.23 0.35 -0.27 0.05 0.14 0.55 0.59 1.00 0.18 0.29 -0.14 

7
Be/

210
Pb 0.00 0.00 -0.22 -0.11 0.03 -0.03 -0.04 0.01 -0.16 -0.21 0.40 -0.53 -0.14 0.02 -0.02 1.00 

SUMMER       

          
7
Be 

(mBq m
-3

)
0.21 0.34 -0.43 -0.05 0.02 -0.15 0.36 -0.27 -0.07 0.13 1.00 0.52 0.62 0.09 -0.07 0.24 

210
Pb 

(mBq m
-3

)
0.43 0.63 -0.37 0.42 0.31 -0.16 0.37 -0.18 0.04 0.09 0.52 1.00 0.61 0.11 0.06 -0.64 

PM10 

(µµµµg m
-3

) 
0.33 0.57 -0.41 0.28 0.11 -0.06 0.30 -0.31 -0.01 0.05 0.62 0.61 1.00 0.05 -0.09 -0.16 

7
Be/

210
Pb -0.28 -0.44 0.07 -0.53 -0.32 0.07 -0.14 -0.02 -0.08 -0.04 0.24 -0.64 -0.16 0.01 -0.09 1.00 

AUTUMN       

          
7
Be 

(mBq m
-3

)
0.50 0.38 -0.59 -0.09 0.25 -0.31 0.40 -0.25 -0.05 0.12 1.00 0.54 0.40 0.04 0.01 0.33 

210
Pb 

(mBq m
-3

)
0.48 0.57 -0.25 0.32 0.34 -0.21 0.44 -0.17 0.08 0.03 0.54 1.00 0.67 0.19 0.07 -0.50 

PM10 

(µµµµg m
-3

) 
0.35 0.49 -0.15 0.38 0.20 -0.10 0.39 -0.28 0.21 0.00 0.40 0.67 1.00 -0.12 -0.19 -0.42 

7
Be/

210
Pb -0.03 -0.26-0.33 -0.45 -0.08 -0.08 -0.05 -0.06 -0.28 -0.02 0.33 -0.50 -0.42 -0.13 0.08 1.00 
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Highlights 

• 7Be and 210Pb activities over the period 1998-2011 

• Seasonal/interannual variations of 7Be and 210Pb and of their activity ratio 

• Frequency distribution of radiotracers and of other atmospheric variables 

• Correlations of radiotracers with meteorological and compositional atmospheric variables 

• Possible use of the studied radiotracers as potential proxies is examined 

 


