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Abstract

The variability of the atmospheric concentration of the "Be and *'°Pb radionuclides is strongly linked to
the origin of air masses, the strength of their sources and the processes of wet and dry deposition. It has
been shown how these processes and their variability are strongly affected by climate change. Thus, a
deeper knowledge of the relationship between the atmospheric radionuclides variability measured close to
the ground and these atmospheric processes could help in the analysis of climate scenarios. In the present
study, we analyse the atmospheric variability of a 14-year time series of 'Be and 2'°Pb in a Mediterranean
coastal city using a synergy of different indicators and tools such as: the local meteorological conditions,
global and regional climate indexes and a lagrangian atmospheric transport model. We particularly focus
on the relationships between the main pathways of air masses and sun spots occurrence, the variability of
the local relative humidity and temperature conditions, and the main modes of regional climate
variability, such as the North Atlantic Oscillation (NAO) and the Western Mediterranean Oscillation
(WeMO).

The variability of the observed atmospheric concentrations of both "Be and *'°Pb radionuclides was found
to be mainly positively associated to the local climate conditions of temperature and to the pathways of
air masses arriving at the station. Measured radionuclide concentrations significantly increase when air
masses travel at low tropospheric levels from central Europe and the western part of the Iberian
Peninsula, while low concentrations are associated with westerly air masses. We found a significant
negative correlation between the WeMO index and the atmospheric variability of both radionuclides and

no significant association was observed for the NAO index.

1. Introduction

The air concentrations of radioisotopes with a relatively short lifetime, such as *'°Pb and 'Be, have long
been recognized as useful proxies to study atmospheric transport and the origin of air masses (e.g. Vecchi
and Valli, 1997; Leppanen et al., 2010; Baskaran et al., 2011; Pifiero-Garcia et al., 2015). Be is a
cosmogenic isotope with a half-life time (T;,,) of 53.6 days (e.g. Papastefanou and Ioannidou, 1995). It is
produced in the atmosphere as a result of the spallation of nitrogen and oxygen nuclei by components of
an atmospheric cascade induced by the Galactic Cosmic Rays (GCR; e.g. Dorman, 2004; Leppanen et al.,
2010). "Be is mainly produced in the stratosphere, but also in the highest levels of the troposphere (e.g.
Johnson and Viezee, 1981; Usoskin and Kovaltsov, 2008; Leppanen et al., 2010). GCR are modulated by
the solar magnetic activity, so that they typically increase the concentration of "Be when the solar activity
is minimal, and vice versa (Forbush, 1954). 'Be is then adsorbed by atmospheric aerosols and it can be
transported within different atmospheric layers and to the ground level as a result of vertical down mixing
(e.g. Papastefanou and Ioannidou, 1995; Winkler et al., 1998). Previous studies have already described
the connection between solar activity and the concentration of 'Be in the lower troposphere (Azahra et al.,

2003; Aldahan et al., 2001; Kikuchi et al., 2009). In addition to its production, the presence of this
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cosmogenic nuclide near the surface can be mainly modulated on daily time scale by (i) the wet
scavenging, (ii) the exchange between the stratosphere and the troposphere (STE), (iii) the tropospheric
vertical mixing and (iv) the horizontal transport across different latitudes (Feely et al., 1989). The
complexity of the interactions of all these mechanisms makes difficult to completely understand the

atmospheric variability of 'Be concentrations measured at the surface layer in ground-based stations.

20py (Typ=22.3 years) is a terrestrial radionuclide whose concentration derives from the natural decay of
22Rn (T, = 3.8 days), which in turn emanates from the Earth’s surface (Porstendorfer, 1994). Due to its
long-lasting activity, atmospheric *'°Pb concentration can increase with height and can reach high values
in the stratosphere (Jacobi, 1963). Piliposian and Appleby (2003) showed that over large continental land
masses the >'°Pb inventory is predominantly located in the troposphere, but that as the air column moves
out over the sea, the stratospheric inventory continues to increase over large distances and is an important
factor controlling long-range transport. Although data of atmospheric *'’Pb is rather sparse (Kirpa and
Sarin, 2012), it is largely used to calculate the rate of sediment accumulation and mixing in lakes,

estuaries, marsh, and coastal areas (Bonotto and Vergotti, 2015).

Both radionuclides can get attached to aerosols short after they are produced, being excellent tracers of
the atmospheric circulation, including the mixing and transport of air masses and aerosols (e.g. Baskaran
et al., 1993; Baskaran, 2011; Tositti et al., 2014; Pifiero-Garcia et al., 2015). Recently, the simultaneous
measurement of 'Be and *'°Pb, together with the calculation of their ratio ‘Be/*'’Pb, has been used for
improving the understanding of ozone variability in the high-troposphere and the intrusion of air masses
from northern Africa to southern Europe, given that they are diagnostic indicators of horizontal and
vertical transport processes (e.g. Gordo et al., 2015; Lee et a., 2015). The atmospheric deposition of 'Be
and 2'°Pb mainly depends on the presence of atmospheric gas and aerosol particles and the occurrence of
precipitation (Papastefanou and loannidou, 1995). On the other hand, the climate variability has been
found to strongly modulate the effect of precipitation on the deposition of atmospheric elements
(Izquierdo et al., 2014). This means that the inter-annual characterization of the atmospheric variability of
these radionuclides could also be used as a proxy to understand and model the variability of climate itself.
The dependence from large circulation patterns implies that the teleconnections could generally lead to air
masses transporting atmospheric particles from sources with different emission characteristics (Leppanen
et al., 2012; Izquierdo et al., 2014). Particularly, the North Atlantic Oscillation (NAO) mode has been
found to be linked to the inter-annual variability of precipitation, dust transport and stratospheric intrusion
in the Euro-Mediterranean basin (e.g. Meehl and van Loon, 1979; Rod¢ et al., 1997; Cristofanelli et al.,
2006; Izquierdo et al., 2014). Leppanen et al. (2012) found that the "Be activities in the North of Europe
were mainly modulated by the NAO at inter-annual scales. In addition, the Western Mediterranean
Oscillation (WeMO) was recently proposed as an active modulator of precipitation in the Mediterranean
basin of the Iberian Peninsula, where the correlation with the NAO is rather weak (Martin-Vide and
Lopez-Bustins, 2006; Izquierdo et al., 2014).

The variability of the atmospheric components has been studied with respect to global and regional

climate indexes (e.g. Leppanen et al., 2012; Izquierdo et al., 2014; Pifiero-Garcia et al., 2015) because
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changes happening on local scales could be driven by changes occurring on regional/global basis and vice

versa (e.g. Galmarini and Thunis, 1999; Galmarini, Michelutti and Thunis, 2000).

In the present study, we analyze two 14-year time series of atmospheric ‘Be and *'°Pb concentrations
measured in the city of Barcelona, in northeastern Spain. The present work aims to understand the
variation of the radionuclide concentrations using a multi-scale approach from local to global atmospheric
patterns. We use different indicators and tools in order to understand their seasonal and inter-annual
atmospheric variability at different spatio-temporal scales. We also describe the relationship between the
inter-annual variability of 'Be and the number of sun spots, as well as the influence of the local climate
variability on the seasonal 'Be and *'°Pb evolution, with particular emphasis on the local temperature (T)
and relative humidity (RH) variability. In addition, we analyze the relationship between the monthly

values of 'Be and *'°Pb and key regional climate indexes such as the WeMO and the NAO.

The methodology used in the present study is described in Section 2 as follows: 2.1) the measurement
station, where the atmospheric radionuclides concentrations have been measured; 2.2) the air sampling
technique and the y spectrometry method used for the measurements of the radionuclides concentrations;
2.3) the atmospheric transport model used to calculate the back trajectories of air masses; and 2.4) the
astronomical and climate indexes used for the correlation analysis. In Section 3, results describing the
seasonal and inter-annual atmospheric variability of 'Be and *'°Pb are presented in relation with the
climate indexes and the origin of air masses arriving at the sampling station. Results are finally discussed

and summarized in sections 4 and 5.

2. Methods

2.1 The sampling site: Barcelona, Spain

Atmospheric levels of 'Be and ?'’Pb were measured at 65 meters above the mean sea level (m a.s.1.) at the
top of a building in Barcelona (BCN; population 1,500,000; latitude 41.38N; longitude 2.12E, 35 m
a.s.l.). The city is characterized by a Mediterranean climate (defined as Csa in the Kdppen classification,
Kottek et al., 2006), between the arid regime of northern Africa and the temperate and rainy climate of
central Europe (Dall’osto et al., 2013). Several authors (e.g. Millan et al., 1997; Soriano et al., 2001;
Rodriguez et al., 2002; Jorba et al., 2004; Dall’osto et al. 2013) have characterized the main factors
modulating the climate in the western Mediterranean. Among them: (i) the influence of the Azores high;
ii) the mountain ranges surrounding the Mediterranean coast; iii) the influence of the Iberian and Saharan
thermal pressure lows; iv) the intense sea breeze system; v) the scarce summer precipitation; and vi) the
large seasonal differences in T, RH and rainfall. Jorba et al. (2004) characterized the main large-scale
transport modes to BCN in the low- and mid-troposphere, which can be divided in three distinctive types
of westerly wind regimes: fast westerlies, westerlies and slow westerlies. No significant influence of

African winds has been reported by Jorba et al. (2004) in BCN at these heights. From a geographical
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point of view, BCN is 100 km to the south of the Pyrenees, a 500 km wide mountain range with several
peaks above 3000 m. In addition, note that several authors (e.g. Reiter, 1991; Stohl et al., 2000; Zanis et
al., 2003; Cristofanellli et al., 2006; Lee et al., 2007) have shown the role of the lower stratosphere and
the upper troposphere in determining the concentration of radionuclides in high mountain ranges such as

the Alps, but this effect have not been described yet for the particular case of the Pyrenees.

2.2 Atmospheric 'Be and *'°Pb concentration measurements

Atmospheric 'Be and ?'°Pb is measured at the Institute of Energy Technologies of the Universitat
Politécnica de Catalunya (INTE-UPC) since January 2001 (Valles et al., 2009). A sampler pump (ASS-
500 station) is used to make a maximum flow rate of 800 m’ h' through G3 polypropylene filters with a
size of 44 x 44 cm’® and 93% collection efficiency, with an average weekly volume ranging between
70-10° m® and 120-10° m’. Sampled filters, after being folded and pressed to obtain a minimum surface
area of about 8 x 8 cm’, with the active area facing inwards, are analyzed by y spectrometry with two
Canberra Hyperpure Germanium (HPGe) coaxial detectors model GX4020 and GX3020, equipped with a
cryostat with Carbon Epoxy window and a cryostat with a Be window, respectively. Detectors present
nominal relative efficiencies of 41 % and 33 %, respectively. The y spectrum resolutions are 1.86 keV
and 1.77 keV at 1.33 MeV of “Co. The real acquisition times (T,) ranged from 2 to 4 days. Theoretical
details are presented in Duch et al. (2015).

2.3 Cluster analysis of back trajectories

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (version 4; Draxler and
Hess, 1998; Draxler et al., 2009) was used to study the main large-scale patterns of air transport to the
city of BCN. HYSPLIT was driven with meteorological data from the Global Data Assimilation System
(GDAS) reanalysis archive maintained by the Air Resources Laboratory (ARL), which is freely available
on-line at http://ready.arl.noaa.gov/. 10.080 kinematic 3D back trajectories were computed twice per day
(at noon and midnight) for a period of 14 years (2001-2014). Following Izquierdo et al., 2014, the back
trajectories were initialized at 1500 m, which is representative of the mean synoptic transport of the upper
boundary layer and the lower troposphere (e.g. Jorba et al., 2004; Izquierdo et al., 2014; Banks et al.,
2015), and integrated back in time for 7 days. The length of the back trajectories was selected in relation
with the time of collection of the sampled air on the filters, as explained in section 2.2. Although the
increasing of the length of the back trajectory also increases the uncertainties associated with it, as the
present study does not aim at localizing any particular source but at investigating the main atmospheric
circulation patterns over Barcelona, clusters of long term back trajectories were here used. Indeed longer
term trajectories are best used in a statistical sense such as "trajectory clustering" to determine transport
regimes (e.g. Freitag et al., 2014). In addition, a survey of results from previous studies employing

different techniques suggests that average trajectory errors are on the order of 15-20% of the distance
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travelled after a few days (Stohl, 1998). The final back trajectories were divided into groups by means of
a cluster analysis, which is a widely used statistical multivariate technique to explore recurrent patterns
within large datasets (Brankov et al., 1998; Cape et al., 2000; Cristofanelli et al., 2006; Liu et al., 2013;
Piflero-Garcia et al., 2015). Back trajectories were clustered by minimizing the relative distance of each
single trajectory from the trajectories centroids based on the Haversine formula of the great-circle as

explained by Jorba et al. (2004).

2.4 Astronomical, meteorological and climate data

Sunspots occur in the Sun's photosphere when temporary darker areas appear compared to surrounding
regions. They correspond to a higher concentration of the magnetic field flux that inhibits convection and
results in reduced surface T compared to the surrounding photosphere. The flux of GCR is reduced during
Sunpots occurrence and so is 'Be which is directly created by the former (e.g. Cannizaro et al., 1995; Al-
Azmi et al., 2001; Azahra et al., 2003; Renfro et al., 2013; Hernandez-Ceballos et al., 2015). The number
of sunspots is modulated with decadal frequency by the 11-year solar sunspot cycle. We use daily data of
the number of sunspots from the Sunspot Index and the Long-term Solar Observations data center (SILSO
data/image, Royal Observatory of Belgium, Brussels) and correlated them with 'Be concentration on

annual basis.

Meteorological data of RH and T for the city of Barcelona were obtained from the Automatic
Meteorological Station Net of the Catalan Meteorological Service, and from the Meteorological
Equipment Net of the Catalan Government. Monthly means of this previous data were correlated with

monthly averages of "Be and *'°Pb concentrations.

The North Atlantic Oscillation (NAO) is one of the main modes of atmospheric variability in the north
Atlantic, which is typically characterized by fluctuations in sea level pressure between Iceland and the
Azores Islands (e.g. Hurrell, 1995; Hurrel and Desel, 2009). Swings between the positive and negative
phases produce large changes in the mean wind speed and direction over the Atlantic, the heat and
moisture transport between the Atlantic and the neighboring continents, and the intensity and number of
storms, their paths, and their weather (Hurrell et al., 2003). In the Iberian Peninsula, the NAO has been
found to influence the precipitation in western and central Spain, while it has a much weaker contribution

to the rainfall over the Mediterranean basin of Spain (Rod¢ et al., 1997; Queralt et al., 2009).

The WeMO is a regional pattern, recently proposed, produced by the sea level pressure difference
between southern Spain and northern Italy. WeMO is used to explain the larger fraction of rainfall in this
area (Gonzalez-Hidalgo et al., 2009). Indeed, the WeMO index allows the detection of the variability
relevant to the cyclogenesis in the far western Mediterranean basin, resulting significantly better than the
NAO to explain the monthly pluviometric anomalies during autumn and winter (Martin-Vide and Lopéz-

Bustins, 2006).
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Monthly data of the NAO and WeMO indexes were used in the present work in relation with the
atmospheric concentration of ‘Be and *'°Pb in Barcelona. NAO data was derived from NOAA (available
at https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-station-
based), while the monthly time series of the WeMO index was taken from the Group of Climatology of
the University of Barcelona (available at http://www.ub.edu/gc/English/wemo.htm).

3. Results

3.1 Atmospheric variability of 'Be and *'°Pb

Seasonal and Inter annual variability under different local meteorological conditions

Figure 1 depicts the weekly time series (in black) of atmospheric concentration of "Be (upper panel) and
219 (bottom panel). The seasonal variability of the time series is presented by means of the 3-month
moving average (in green). The 'Be and *'°Pb concentrations measured over the whole 14-year period
present mean values and corresponding errors of 3.74 + 0.04 mBq m™ and 0.47 + 0.01 mBq m” ,
respectively. The standard deviations over the dataset are 1.2 mBq m™ and 0.2 mBq m™ for "Be and *'°Pb,

respectively.

Figure 2 shows the box plot of the average monthly concentration of 'Be (upper panel), *'°Pb (central
panel) and their ratio "Be/*'’Pb (bottom panel) for the whole period. Both radionuclides exhibit a marked
seasonality. On the one hand, the concentration of 'Be is minimum in winter, with median values ranging
between 2.83 + 0.03 mBq m™ in December and 2.95 + 0.04 mBq m” in January, and maximum in
summer, with concentrations between 5.18 + 0.05 mBq m™ in June and 4.61 + 0.06 mBq m™ in July.
21%p largely increases from May (0.42 + 0.01 mBq m™) to September (0.63 + 0.01 mBq m™). The

"Be/*'°Pb ratio shows a maximum in winter-spring seasons and a minimum in the summer-fall seasons.

Figure 2 highlights a 2-month lag relation between the seasonalities of 'Be and *'°Pb. In order to further
investigate this relation, the lead-lag correlations between the monthly "Be and *'°Pb time series were
calculated. Here we define h as the time lag (in months) between both radionuclides, so that the time
series of 'Be is leading the time series of *'°Pb when h is negative, and is lagged when h is positive (i.e.
"Be is shifted by h months). Table 1 depicts the lead-lag relation for different values of the lead/lag factor
h. Results are in line with the above-mentioned delay between seasonalities, given that correlations are
positive for lead times of 'Be from h = -4 to h = +1. Nevertheless, the maximum correlation is found for
the simultaneous time series (h = 0). This double behavior, with maximum correlation for h = -2 between
the seasonalities and h = 0 for the raw time series, provides some insight into the mechanisms explaining
the variability of both radionuclides, both at seasonal and interannual timescales. Thus, the monthly

variability of "Be and *'°Pb is largely and simultaneously influenced by a set of common atmospheric
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factors, while the delay in the seasonalities might reflect differences in the factors modulating the annual

cycle (e.g. the radionuclide sources, see the Discussion section).

Figure 3 shows the box plots of the average monthly values of local T (°C), in the upper panel, and RH
(%), in the bottom panel. Median T values range between 9 °C in winter and 22 °C in summer. The upper
panels of Figures 2 and 3 show a zero-lag relation between the seasonalities of atmospheric 'Be
concentrations and the local T measured at the Barcelona station. On the other hand, RH (Figure 3,
bottom panel) shows a less pronounced annual cycle and large variability within each month. Median
values of RH of around 70% are observed in Barcelona, with lower values during the dry season

(summer) and larger values during the rainy season (mainly autumn).

Figure 4 depicts the monthly averages of atmospheric *'’Pb (upper-left panel) and "Be (bottom-left panel)
concentrations and T (upper-right panel) and RH (bottom-right panel) conditions for each year. These
plots show some major outliers (coloured rings) in 'Be and 2'°Pb (left panels) that cannot be explained
neither by the seasonal variability of the radionuclides nor by the local meteorological conditions. Indeed,
when these plots are compared with Figure 4, and taking into account only some of the major outliers, we
observe that:
1 June and August 2003: they show high concentration values for *'°Pb (green circle) but not for
"Be. These months corresponded to extremely high T and to low RH values;
2 July 2006: the highest values of both *'°Pb and 'Be were recorded, together with the highest T
values and the lowest RH conditions over the whole year;
3 September and October 2008: they correspond to the highest values of '°Pb and "Be over the
year, but in this case, this did not correspond to extreme T and RH conditions;

4 March and April 2012: only high "Be concentration values and low RH were reported;

(93]

July 2013: it corresponded to the highest values of both *'°Pb and "Be and the driest RH conditions
over the year;

6 The smallest values of 'Be were observed in January 2001, 2004 and 2006 and in February 2005.

The lowest T over the year was observed for the latter case, but no large anomaly was found for

the others events.

Inter annual variability related to sun spots cycle

Figure 5 shows the year-to-year variability of annual mean 'Be (black circles), *'°Pb (red circles) and the
number of sun spots (blue circles). The variability of the annual mean solar activity is seen to be
negatively correlated with the atmospheric concentration of "Be. Instead, the annual time series of *'’Pb
variability is not influenced by the solar activity. We note that a decreasing trend of 20% was observed

for 2'°Pb over the 14-year period.

3.2 Origin of air masses and role of climate



281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320

Following the methodology of Izquierdo et al., 2014, the main pathways of air masses arriving at the
sampling station have been described by means of back trajectories in a particle trajectory model.
Atmospheric values of "Be and *'’Pb were associated with the back trajectories in order to infer the areas
and sources of high and low radionuclide concentrations. The analysis was performed by considering
those cases with concentrations below the 25th percentile and above the 75th percentile, which
correspond to 2.8 mBq m™ and 4.5 mBq m™ for 'Be (left panels) and 0.3 mBq m™ and 0.6 mBq m™ for
219p} (right panels).

High concentrations of "Be and *'°Pb (Figure 6, upper panels) are mainly associated with back trajectories
passing with larger frequency (violet regions) over land and mainly over the north of Spain and the south
of France, in correspondence to the Catalan Pyrenees. Low 'Be and *'°Pb concentrations (Figure 6,
bottom panels) are related with air masses with more disperse footprints and passing more frequently over
northwestern Atlantic Ocean (violet regions). A comparison between the footprints associated with high
and low radionuclides concentrations show that: i) low concentrations are related with air masses coming
from the north-west of the city (10-25%, red regions), while ii) high concentrations are also associated
with air masses coming from the south (10-25%, red regions). Figure 6 also shows that long-range air
masses usually come from the WNW direction (red area), passing over these previous areas with a

frequency between 10-25 % (see the Discussion section).

A cluster analysis was applied to the back trajectories to define the main long range patterns of air
transport to the city of Barcelona. In agreement with Jorba et al (2004) and Banks et al. (2015), the main
six groups identified in this analysis are the Atlantic Occidental Slow (C1_AOS), North Atlantic Medium
(C2_NAM), North Atlantic Slow (C3 NAS), North Atlantic Fast (C4 NAF), Regional (C5 R) and
European (C6_E) clusters:

C1_AOS (21% of cases) is a short range cluster with origin over the Atlantic Ocean and arriving

at Barcelona after travelling 90% of the time over the ocean;

- C2_NAM (17%) is a medium range cluster arriving at Barcelona from the eastern coast of Canada
and spending 80% of its time over the ocean;

- C3_NAS (16%) is a short range cluster with origin over the North Atlantic region and spending
90% of its time over the ocean;

- C4 NAF (7%) is a long range cluster arriving in Spain from the west. Baeza et al. (2012) showed
evidences of artificial radionuclides released from the Fukushima Dai-ichi nuclear power station
and transported to Barcelona by these long range air masses;

- C5 R (20%) is a short range cluster characterized by weak winds and high residence times over

Spain;

- C6_E (19%) is an European short range cluster arriving at Barcelona from the east.

The variability of the concentrations of "Be and *'°Pb was analysed with regard to each cluster and the

associated average height of their origin (Figure 7). In addition, the variability of the monthly NAO and
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the WeMO indexes and of the monthly local T and RH conditions, measured at Barcelona, was also
calculated in relation with the previous back trajectory clusters (Figure 7). The boxplots in Figure 7a-h
show for each cluster the average values of 'Be, 'Be/*'’Pb, 2'°Pb, origin height, NAO, T, WeMO and RH,

respectively.

Panels 7a-d show that air masses from clusters C6_E and C5_R correspond to the largest values of *'’Pb
and "Be, as well as to the lowest values of 'Be/*'’Pb and of the altitude of the back trajectories. The NAO
index (Figure 7e) shows highest value, and with less variability, when air masses come to Barcelona
within the the C4 NAF cluster. In addition, the value of the NAO index is smallest in the C3 NAS
cluster, although the associated uncertainty range is also the largest. Regarding the WeMO index,
differences between clusters are smaller, although the smallest variability of the index is observed under
the clusters C3 NAS and C4 NAF (Figure 7g). In addition, the WeMo index is slightly larger in the
clusters C1_AOS, C5_R and C6_E. The highest T values are observed in the cluster C5_R and the lowest
values in the cluster C4 NAF (Figure 7f). No significant differences are observed in RH among clusters

(Figure 7g), although values are slightly larger in the cluster C4 NAF.

Table 2 shows the mean values and the standard errors of "Be and *'°Pb for each cluster. A t-test analysis
was performed to analyze the differences of 'Be and *'’Pb between each couple of clusters, and it
indicates that there is no significant difference (p < 0.05) between the clusters C1_AOS, C2 NAM,
C3 NAS and C4 NAF. However, average concentrations in clusters C5 R and C6_E are significantly

different with regard to both radionuclides.

Table 2 also shows, for each cluster of back trajectories, the Spearman correlations between the monthly
values of 'Be and *'°Pb with the monthly time series of the NAO and WeMO indexes, T and RH. A
perfect Spearman correlation of +1 (—1) occurs when there is a monotonically increasing (decreasing)
correspondence between the values of the variables. None of the correlations with the NAO index have
been found to be statistically significant at the 5% level. Significant negative correlations were instead
found between the WeMO index and 'Be and *'°Pb in the C1_AOS, C2 NAM, C3_NAS and C6 E
clusters. In this way, the WeMO index seems to better represent the variability of the radionuclides over
the eastern region of Spain. Positive correlations have been found between both 'Be and *'°Pb
concentrations and the local T in almost all clusters. In contrast, negative correlations have been found
between 'Be and the observed RH. No significant correlations were found between *'°Pb and local

relative humidity (see the Discussion section).

4. Discussion

The mean atmospheric 'Be concentration over the period 2001-2014 is found to be in general agreement
with previous studies, after taking into account the dependency between the radionuclide concentrations
and latitude of the sampling site (e.g. Kulan et al., 2006; Leppanen et al., 2012; Hernandez-Ceballos et al.,

2015). Moreover, in line with previous results (e.g. Todorovic et al., 2005; Duenas et al., 2009; Tositti et
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al., 2014; Gordo et al., 2015) our results show a positive correlation between monthly measurements of

210pp and "Be.

Figures 2 and 3 showed the box plots of 'Be and *'°Pb, T and RH measured in Barcelona between 2001
and 2014. Taking into account that both radionuclides are simultaneously measured under the same
atmospheric conditions, the difference in the seasonal variability of their concentrations must be the result

of the different seasonality and strength of their respective sources and sinks.

Increases in the cosmogenic 'Be concentrations, observed simultaneously with the seasonal increase of
temperatures, could be associated with the intensification of the solar irradiance, which contributes to the
atmospheric warming and the subsequent vertical mixing between the upper and lower layers of the
troposphere. In this way, the tropospheric 'Be could be easily transported down to the surface layer. The
terrestrial >'’Pb depends on the release of ’Rn in the atmosphere, which is usually highest during the
warm season (Grossi et al., 2011; Lopez-Coto et al., 2013; Vargas et al., 2015) and can be accumulated
during the night within the shallow atmospheric surface layer, leading to an increase in the total weekly
219y concentrations before it escapes to the higher troposphere. Differences in the timing of these two
mechanisms could explain the 2-month lag between the seasonalities of 'Be and *'°Pb. We note that this

delay was also observed in Tositti et al., 2014.

Figure 4 was used to identify some of the major monthly outliers in 'Be and *'°Pb that cannot be simply
explained by means of the local T and RH conditions or the seasonal variability of the atmospheric
concentration of the radionuclides. Particularly, the event occurred in summer 2003 coincides with an
unprecedented record-breaking heat wave that affected western Europe (Beniston and Diaz, 2004) and the
city of Barcelona (Borrell et al. 2006, Ballester et al. 2011). The observed *'°Pb increase could be related
with a strong increase of *'°Pb within the lower atmosphere, due to “Rn exhaled from local sources
under high T and low RH conditions associated with heat waves and facilitating the **?Rn exhalation form
the soil (e.g. Grossi et al.,, 2011; Lopez-Coto et al., 2013, Karstens et al., 2015). The lack of a
corresponding increase in 'Be could be explained by the low sun activity during this year. Stefanon et al.
(2012) showed that another intense European heat wave event was recorded in July 2006 in certain
European countries. A close inspection to Figure 4 shows that in this case both radionuclides exhibited
highest concentrations in July of that year, together with warm and dry conditions over the year.
Regarding these episodes, Weigel et al. (2012) detected also an event of stratospheric intrusion near the
subtropical jet over the Mediterranean Sea during a flight campaign on July 29™ 2006, which could
explain the observed increase in the 'Be concentration during this episode. 2006 was also a year with high
production of cosmogenic 'Be due to the sun activity. High values of monthly *'°Pb and "Be were
observed in September and October 2008, which could not be explained by extreme T and RH
conditions. The analysis of data reveals that during the week between 17" and 24™ of September 2008,
high concentrations of both radionuclides were observed in Barcelona (8.52 = 0.13 mBqm~ for 'Be and
1.29 + 0.18 mBq m™ for 2'°Pb). The cluster analysis shows that the associated back trajectory cluster

during this event was C5_R. In the first and third weeks of October 2008, measured concentrations of
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"Be and *'°Pb were 6.97 + 0.18 mBq m> and 1.20 + 0.15 mBq m>, respectively. These values were
associated with the C4 NAF and C5 R clusters. This example confirms the observed increase in both
radionuclide concentrations when westerly air masses are coming from the Iberian Peninsula through the
low atmospheric layer. ‘Be concentrations were largest in July 2006 and 2013, and in March/April 2012,
with dry atmospheric conditions. Trickl et al. (2015) described episodes of stratospheric intrusion in July
2013 with large-scale transport of smoke from fires in the North of America and eastern Siberia to the
Alps in Europe (e.g. Cristofanellli et al., 2006; Lee et al., 2007). Although a deep analysis of heat wave
and stratospheric intrusion events is out of the scope of this work, simultaneous measurements of 'Be and

219 can be an useful tool for the study of this type of events.

Figure 6 presents the frequency distribution map of air masses arriving at Barcelona when low or high
concentrations of "Be (left panels) and *'°Pb (right panels) are observed. Radionuclide concentrations
increase when air masses spend most of the time over land. In the particular case of *'°Pb, this could be
due to the atmospheric uptake of the exhaled **’Rn and its subsequent decay. The increase in the 'Be
concentrations could be due to the increase of atmospheric vertical mixing over the Pyrenees, as already
described in the Alps by other authors. However this hypothesis cannot be tested because the weekly
temporal resolution of our data does not allow a deeper analysis of these events. On the other side, humid
air masses with large residence times near water surfaces, such as the Atlantic Ocean, had less 210py,
uptake, due to negligible *?Rn exhalation from water bodies, and much more uptake of water vapour that

could facilitate the washout of both *'°Pb and "Be radionuclides.

Figure 7 and Table 2 show a significant increase in the concentrations of 'Be and *'°Pb within the
regional and European clusters. These clusters, which occur with a total frequency of 39 %, also exhibit
the lowest height in their origin. The concentration of 'Be could increase due to its transport from higher
European latitudes (45°-60°), which usually present larger atmospheric 'Be concentrations (e.g. Leppanen
et al., 2012; Hernandez-Ceballos et al., 2015). The increase of 2'°Pb could be explained by its uptake by
the air masses travelling to Barcelona. In addition, results show that the WeMO index, in comparison with
the NAO index, seems to better represent the variability of the radionuclides over the northeastern region
of Spain. This result is in agreement with Martin-Vide et al., 2006 and Izquierdo et al., 2014, for air
pollutants and rainfall intensity variability in this area. In fact, a negative phase of the WeMO index is
generally associated with weakened northerly winds, which can increase the atmospheric concentrations
of "Be and *'°Pb in Barcelona. The positive phase of the WeMO indicates the occurrence of enhanced
westerlies and northerlies from the Atlantic Ocean, and these air masses have been associated with a
decrease of atmospheric radionuclide concentrations measured in Barcelona. 'Be concentrations in almost
each cluster have been strongly linked to the local T and RH conditions. Indeed, high temperatures favour
the atmospheric vertical mixing and lead to the intrusion of dry stratospheric air masses that are rich in

"Be within the surface layer.

5. Conclusions
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In the present study, we performed an in-depth analysis of the variability of atmospheric 'Be and *'’Pb
concentrations in the city of Barcelona for the period 2001-2014 by using different tools, such as local
meteorological parameters, regional and global climate indexes and a clusters analysis of model back
trajectories of atmospheric transport. The main aim of this work was to address the seasonal and inter-
annual variability of the atmospheric concentrations of two radionuclides characterized by different

sources and measured under the same atmospheric conditions.

Results show a strong correlation between both "Be and 2'°Pb with local T variability, which can favour
the STE and the **’Rn exhalation from the ground. In addition, regional and European air masses are
found to transport atmospheric 'Be and 2'°Pb to the city of Barcelona. Finally, for the first time, the
variability of the regional WeMo index was found to be linked to the radionuclide concentrations. This
analysis shows that this index, defined as the difference in atmospheric pressure between two sites across
the western Mediterranean Sea, can explain better the radionuclide variability in northwestern Spain than

the NAO index.

Although the weekly resolution of the measured *'°Pb and "Be data is not enough to statistically quantify
the heat wave and stratospheric intrusion events influencing the radionuclide concentrations, our study
confirms that simultaneous measurements of 'Be, *'’Pb and local meteorological parameters could be
potentially useful to identify and differentiate this type of episodes. However, in order to investigate more
in depth the application of this tool for the diagnostic of these events over a larger European area, we will
need to include in future studies harmonized datasets of atmospheric 'Be and *'’Pb measured at different

European stations.
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Fig. 1. Concentrations of atmospheric “Be (top) and #'Pb (bottom) in the city of Barcelona. Green lines correspond to the 3-month moving average. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Box plots of “Be (top), @°Pb (middle) and the rato "Be"Ph (bottom) for each
alendar month. For each month the 25th (ow box limit) and 75th (up box boat)
percentles are reported in the plot The median (black line in the box ), min and max
values, described by the whiskers of each box, are also reported.
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Table 1

Spearman correlation values between "Be (t+ h)and
2

itivee) values of hwhen "Be leads to (is led by) 217Ph,

Fpht), with negative | pos-

TBet-4)  TBe{t-3)  TBe(e-2)  TBe{t-1)  TBe(t+0)  TBer+1)

ety 013 033 037 042 0.65 017




925

Table 2

Back traectories duster, frequency of the cluster occurrence, means of "Be and *YPb concentrations (mBg m—=) with their standard errors, Spearman correlations (and
wrresponding p-value) of monthly radionudide concentrations, for each cluster, with monthly values of the NAO and WeMO indexes, and with monthly local T (*C) and RH (%)
values in Barcelona.

Cluster  F(%) “Be Hip g 20y,

NAD WeMO RH T NAD WeMO RH T

CI_ADS 21 356+ 009 040+0.02 —009(027) —0.21(001) —021 (0.01) 058 (7.710°%) 002 (0.77) —021 (001} -0.16(0.07) 0.44 (79-10-%)
C2_NAM 17 3522010 039+0.02 0.10(027) —0.21(002) —024 (8.510~%) 043 (L110-%) 002 (0.81) -022(0.02) 0.02(0.84) 0.23(001)
C3I_NAS 16 380=011 040+0.02 -0.10(028) —0.21(0.03) —0.05(061) 041 (L3107 001(0.89) —027(0.004) 0.16(0.09) 0.30 (0.01)
C4_NAF 7 3452019 041+0.03 0.04(076) -003(0.81) -0.07(062) 025 (0.08) 0.11(0.46) -022(0.13) -0.18 (Q21) -0.03 (0.81)
C5.R 20 419x011 061+0.02 —006(048) —0.14(0.11) —027 (0.01) 049 (4310°%) 0.005 (0.95) —-006(0.50) -0.02 (0.81) 0.3 (1.1-10-%)
C6_E 19 397 £ 010 059 +0.02 0.04(062) -0.14(0.08) —022(8.910°7) 048 (9.210-") 007 (0.37) —017(0.03) -002(0.83) 0.32 (96-10-5)

Bold indicates the highest correlations values.



