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Abstract 20 
 21 

This work analyses the influence of local meteorology and air mass origin on radioactivity levels measured 22 

in Granada (Southern Spain). To the scope, gross α and gross β activities at ground-level air were weekly 23 

recorded from 2006 to 2021, by collecting aerosol filters and successively analysing them by low-level 24 

proportional counting. Time series decomposition shows a strong correlation between the seasonal 25 

components of gross α and gross β and the local meteorological parameters, in particular temperature and 26 

wind speed. Back trajectories reaching the study area during the sampling, calculated at three height levels 27 

(750m, 1500m, and 3000m a.s.l.), were analysed by three methods with the aim to determine the main 28 

characteristics of air masses reaching Granada, and their impact on airborne radioactivity levels. The 29 

results of the residence time and clustering analyses showed that an increase in the radioactivity levels in 30 

the southeast of Spain is connected with air masses coming from the Mediterranean at 750 m and from the 31 

South (Sahara Desert) at 3000 m. In line with the outcomes obtained by the cluster analysis, the 32 

Concentration Weighted Trajectory (WCWT) results highlight that the air masses transported from 33 

Mediterranean and African regions are a potential source of gross α and gross β. Moreover, the findings of 34 

the WCWT bring a new aspect by revealing that the southern France region can also have a significant 35 

contribution to gross alpha and beta activities. 36 

Keywords: Gross Alpha, Gross Beta, Air masses, Back-trajectories, Radioactivity. 37 
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1.  Introduction 38 
 39 

Natural radioactivity in air is explained by the presence of cosmic radiation which generates cosmogenic 40 

radionuclides (e.g. 14C, 7Be, and 3H), and the release of some naturally occurring radionuclides from the 41 

Earth’s crust to the atmosphere, mainly represented by 222Rn from the 238U family, and its progeny 42 

(Chambers et al., 2017, 2018; Brattich et al., 2016, 2017; Papastefanou, 2008; Piñero-García et al., 2015). 43 

Although atmospheric radioactivity is generally controlled by natural sources and dilution (atmospheric 44 

mixing depth and dispersion), atmospheric radioactivity levels can typically fluctuate as a result of 45 

atmospheric circulation, but may occasionally increase either due to natural processes or to anthropogenic 46 

sources, such as from nuclear accidents, nuclear weapon tests, nuclear energy production, etc . Most of 47 

airborne radionuclides are associated with aerosol particles whose size distribution ranges between the 48 

nanometer and the tens of micrometer size (Papastefanou, 2008). Similarly, to stable aerosol species, 49 

particle size distribution controls the size distribution of airborne particle-reactive radionuclides, affecting 50 

their atmospheric residence time (which for radionuclides depends also on their physical lifetime), and 51 

consequent environmental fate, including respirability and therefore inhaled doses. Therefore, monitoring 52 

radioactivity levels in the ambient air is mandatory in order to ensure the protection of human health. In 53 

addition, the study of atmospheric radioactivity has been historically widely applied as a way to analyze 54 

short, medium, and large-scale atmospheric transport processes (Chambers et al., 2017, 2018; Brattich et 55 

al., 2021; Hirose, 2012; Lee et al., 2007; Sykora and Klaus, 2009; Turekian and Graustein, 2003). 56 

222Rn is a gaseous radionuclide that forms naturally from the decay chain of 238U and has a half-life of 3.8 57 

days. 222Rn has several daughters, such as 218Po (3.1m, α);214Pb (27m, β); 214Bi (20m, β);214Po (160μS, α); 58 
210Pb (22.3 years, β−); 210Bi (5 days, β−); and 210Po (138 days, α); These emitters represent a potential 59 

hazard of internal contamination, especially if 222Rn and descendants are inhaled. Although the shorter-60 

lived progeny may have higher immediate activity levels, their shorter half-lives mean that they decay 61 

relatively quickly, reducing their long-term impact. Conversely, radon progeny with longer half-lives, such 62 

as 210Pb, can persist in the atmosphere for longer periods of time and potentially be transported over longer 63 

distances, resulting in more widespread exposures (World Health Organization, 2009). Several studies have 64 

been conducted on radon in Spain, addressing various aspects of the topic. For instance, (Fernández et al., 65 

2021; García-Talavera and Acevedo, 2019) focused on identifying the areas in Spain that are exposed to 66 

radon, creating a radon potential map.  (Vargas et al., 2015) studied the vertical radon structure in the 67 

southwest of the Iberian Peninsula. 68 

Furthermore, radon as a noble gas directly emits its alpha emissions in the gas phase while its progeny, 69 

highly particle-reactive, interacts by association with the carrier aerosol in the particulate phase. As such, 70 

they are considered the main contributors to the gross α and gross β activities measured in air (Sáez-Muñoz 71 

et al., 2018). These parameters are usually used as indicators useful to promptly detect unusually high 72 



3 
 

levels of radioactivity records in the atmosphere, at the basis of efficient alerting initiatives by 73 

environmental radiological surveillance. As a result, extensive radioactivity databases are available 74 

worldwide enabling to successfully perform different modelling studies. The long-term monitoring of 75 

atmospheric gross α and gross β activities concentration allows the analysis of temporal trends, 76 

periodicities, and influencing variables. In particular, gross α and gross β are highly affected by 77 

meteorological parameters, such as precipitation and relative humidity which control the wet removal of 78 

the particulate phase to which most of the airborne radionuclides are associated, as well as air temperature, 79 

atmospheric pressure, wind speed, wind direction, i.e. the parameters driving atmospheric circulation. A 80 

number of studies have been carried out regarding weekly measurements of gross α and gross β variations 81 

in several sites of Spain; such as North West by (Garcı́a-Talavera et al., 2001), and in South East by (Sáez-82 

Muñoz et al., 2018). They provided detailed information about the impact of meteorological conditions at 83 

their sampling sites based on the gross α and gross β concentrations in surface air. In Malaga, South of 84 

Spain, (Cabello et al., 2018) studied the influence of air mass circulation on the variations of gross α and 85 

gross β concentrations, and conclude that the African air masses at 3000 m a.s.l. and Mediterranean flows 86 

at 500 m are related to high gross α and gross β activities. Similar conclusions were obtained also by 87 

(Piñero-Garcíaet al., 2015) who indicate that radioactivity levels in aerosols at their study site are increased 88 

by long-range air masses transported from Africa suggesting an influence of local geological background. 89 

In this work, the measurements of gross α and gross β in Granada over 16 years (2006–2021) are used as a 90 

large database to obtain more robust conclusions about their temporal behavior. The main aim is thus to 91 

identify the synergism between atmospheric transport features factors and natural radioactivity background 92 

on the variability of gross α and gross β activities. For this purpose, the concentrations of gross α and gross 93 

β radiation data collected on a weekly basis at Granada (Spain) over the study period were studied by 94 

means of several methods including time series and back-trajectory analysis. 95 

All in all, the specific goals of this study are to: 96 

- Interpret the variability of gross α and gross β time series. 97 

- Examine the influence of atmospheric parameters on different components of time series, using the 98 

Time Series Decomposition (TSD) technique. 99 

- Extract the periodicities in time series by using the Continuous Wavelet Transform (CWT) analysis. 100 

- Investigate the principal sources areas for α and gross β activities in air masses using clustering 101 

analysis of air masses back trajectories and Weighted Concentration Weighted Trajectory (WCWT) 102 

Model. 103 

 104 

 105 
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2. Data and methodology 106 
 107 

2.1. Description of data site and radiometric analysis 108 
 109 

The current research was carried out in Granada for 16 consecutive years 2006 to 2021. This city is located 110 

in the South of Spain, bounded in the West by the provinces of Malaga and Cordoba, and in the North by 111 

Jaen province. It has a continental Mediterranean climate, relatively hot and dry in summer due to the 112 

protection of the winds from the tip of the Sierra Nevada, and cold winters resulting from the city’s 113 

location in the foothills of Sierra Nevada at an altitude of 680 m asl. (Piñero-García and Ferro García, 114 

2014). Granada is frequently affected by huge Saharan dust events because of the limited distance from the 115 

African continent, of the order of 200 km (Guerrero-Rascado et al., 2009). These events result in sudden 116 

increases in particulate matter concentrations, together with significant physico-chemical changes in the 117 

surrounding atmosphere, due to the hygroscopic characteristics and high mineral content of the dust 118 

particles (Titos et al., 2014; Morozzi et al., 2021). 119 

The sampling station is located on the rooftop of the Faculty of Sciences of the University of Granada 120 

(37.177N, 3.598 W, 680 m a.s.l.), where the Radiochemistry and Environmental Radiology Laboratory is 121 

situated. Airborne PM10 samples were collected weekly on cellulose filters, 47mm diameter and 0.8 mm 122 

effective pore size, by using an air sampler RADECO, model AVS-28A. The air sampler worked with a 123 

flow rate of 85 L/min, collecting an approximate volume of 800m3 per week. After sampling, the filters 124 

were stored in desiccators inside Petri dishes until the measurement, in order to prevent contamination of 125 

the samples. The total covered period ranges from January 2006 to December 2021, thus giving a total 126 

sampling coverage of 16 years with 864 filters. The gross α and gross β indexes were measured in the 127 

collected filters by using the proportional counter Berthold LB -770-2/5. The detection system was 128 

equipped with 10-channels, which allows us to measure 10 samples simultaneously. Each filter is placed on 129 

a stainless steel planchet during a measurement time of 1000 minutes. The radionuclides 241Am and 90Sr, as 130 

standard sources of α and β emitters, respectively, were employed to calibrate the instrument. The system 131 

performance was verified by measuring standard samples prepared by the CIEMAT Ionizing Radiation 132 

Metrology Unit. Background contributions and limits of detection of the instrument have also been 133 

evaluated in order to ensure the results at every moment. 134 

 135 

2.2 Studied variables 136 
 137 

In this work, the following meteorological parameters, provided by the Spanish National Institute of 138 

Meteorology, AEMET, were analysed: air temperature (T)(ºC), relative humidity (RH%), wind speed 139 

(WS)(km/h), precipitation (Pp)(mm), and pressure (Pr)(bar). In order to homogenize the time series with 140 

the time resolution of radioactivity levels, the original daily measurements of temperature, humidity and 141 
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wind speed were transformed to average weekly values. weekly precipitation totals calculated from daily 142 

precipitation data were used due to the typical rainfall regime in Granada, characterized by torrential 143 

rainfall on a few days and dry weather on others (Piñero-García et al., 2015). 144 

2.3 Time Series Decomposition (TSD) 145 
 146 

Time series data can display different patterns; it is convenient to split a time series into distinct 147 

components, each one representing a different type of underlying pattern. There are several procedures that 148 

can be applied to analyse a time series (see e.g., Scott and Richard 2011). In this work, additive Time 149 

Series Decomposition (TSD) was used to detect the intrinsic dynamics of gross α and gross β time series, 150 

as well as to investigate the link of each component with different meteorological factors. Therefore, three 151 

independent components were estimated. 152 

- Trend component (Tt), which presents the long-term behavior of the time series. It can be 153 

increasing, decreasing, or stationary in the mean. 154 

- Seasonal component (St) reflects sub-annual fluctuations in a time series. It displays regular 155 

patterns during a given period of time (in this study such a period is one year). 156 

-  Irregular (Rt) or unpredictable component, describes the random factors affecting the behavior of 157 

the time-dependent variable after detrending and removal of seasonal components. 158 

 159 

Based on the TSD, the data studied can be defined as: 160 

 161 

                                            Yt = Tt+St+Rt                                           (1) 162 

where (Yt) are the observations. 163 

TSD method identifies the trend component based on a centered moving average filter of order 12. This 164 

component is subsequently removed from the original time series. The seasonal pattern is determined using 165 

the average of the detrended gross α and gross β activities concentration in each month, taking into account 166 

the 16 years of measurements. Finally, the irregular component is calculated by subtracting the trend and 167 

seasonal estimates. 168 

 169 

2.4 Continuous Wavelet Transform (CWT) analysis 170 
 171 

The Continuous Wavelet Transform (CWT) method is a useful technique to analyze time series that 172 

include non-stationary power at many different frequencies (scales) (Daubechies, 1990). Here, wavelet 173 

power spectra were computed by the Morlet wavelet transform, defined as a harmonic wave with a 174 

frequency, containing a plane wave modulated by a Gaussian: 175 

                           𝛹𝛹0(𝑛𝑛) = 𝜋𝜋
−1
4 𝑒𝑒−𝑖𝑖𝜔𝜔0𝜂𝜂𝑒𝑒

−𝜂𝜂2

2               (2) 176 

 177 
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In the above relation, ω0 is a dimensionless frequency, η is the non-dimensional time parameter, and Ψ0(n) 178 

is the basic wavelet function. Assuming a time series X with values xn, uniform time spacing δt, and time 179 

index n = 0, …, N-1, the continuous wavelet transform of this time series is defined as the convolution of 180 

the scaled wavelet function with the original time series: 181 

 182 

                                              𝑊𝑊𝑛𝑛(𝑠𝑠) = ∑ 𝑥𝑥𝑛𝑛′𝛹𝛹 ∗ ��𝑛𝑛
′−𝑛𝑛�𝛿𝛿𝛿𝛿
𝑠𝑠

�𝑁𝑁−1
𝑛𝑛′=0                                         (3) 183 

 184 

Where, Ψ is defined as a normalized function of a wavelet function Ψ0. The asterisk indicates the complex 185 

conjugate, s stands for the scale, n′ refers to the time translation, and N is the length of the time series. 186 

Based on Equation (3), calculation of the continuous wavelet transform is possible, but it is highly time 187 

consuming. Nevertheless, Equation (4) becomes faster using the convolution theorem (Fourier space) as 188 

below (see (Keim et al., 2004) for further details): 189 

  190 

                                       𝑊𝑊𝑛𝑛(𝑠𝑠) = ∑ 𝑥𝑥𝑘̂𝑘𝛹̂𝛹 ∗ [𝑠𝑠𝜔𝜔𝑘𝑘]𝑒𝑒𝑖𝑖𝜔𝜔𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛𝑁𝑁−1
𝑛𝑛′=0                                    (4) 191 

 192 

2.5 Trajectory database, residence time, and clustering analysis 193 
 194 

The analysis of back-trajectories provides information on the dispersion/recirculation of substances in the 195 

atmosphere, as well as studies the origin and history of the air masses reaching a particular sampling site.  196 

In this work, the meteorological database used as input for the trajectory calculation is ERA-Interim, 197 

interpolated to 0.5 deg horizontal resolution, from the European Centre for Medium-Range Weather 198 

Forecasts (ECMWF). Specifically, 96h kinematic 3D back-trajectories, were calculated 4 times per day, 199 

every 6 hours at 00:00, 06:00, 12:00 and 18:00 (UTC). In addition, three altitudes above sea level (a.s.l) 200 

have been considered over the study site: 750m (within the planetary boundary layer), 1500m (about the 201 

upper limit of the boundary layer), and 3000m (free troposphere). The back-trajectories calculation was 202 

performed using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler 203 

et al., 2009). 204 

The time spent by the air parcels reaching the study site over different regions was calculated by counting 205 

the number of end-points (one per hour) that lie within each region. The primary regions of interest are the 206 

continental and oceanic areas, each as a whole and then disaggregated as the Atlantic, the Mediterranean, 207 

continental Europe, and continental Africa. Subsequently, the association between residence times and 208 

concentration activities was analysed.  209 

Cluster analysis is a common statistical technique used to partition datasets (a set of trajectories) into 210 

homogeneous subgroups or clusters. The similarity metrics implemented in HYSPLIT is based on the 211 

Euclidean distance between trajectories, using the following equations: 212 

 213 
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 214 

 215 

                                                               𝑑𝑑𝑚𝑚𝑚𝑚 = �∑ (𝑙𝑙𝑙𝑙𝑙𝑙𝑚𝑚𝑚𝑚 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖)2 + (𝑙𝑙𝑙𝑙𝑙𝑙𝑚𝑚𝑚𝑚 − 𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖)2𝑛𝑛
𝑘𝑘                  (5) 216 

 217 

                                                                         𝐶𝐶𝐶𝐶𝐶𝐶𝑚𝑚 = ∑ 𝑑𝑑𝑚𝑚𝑚𝑚
2𝑐𝑐

𝑖𝑖=1                                                 (6) 218 

                                                                                        219 

                                                                                       𝑇𝑇𝑇𝑇𝑇𝑇 = ∑ 𝐶𝐶𝐶𝐶𝐶𝐶𝑚𝑚𝑁𝑁
𝑚𝑚=1                                                  (7) 220 

 221 

Where dmi is the Euclidean distance between the ith trajectory and the mean trajectory (or cluster-mean, m), 222 

n is the number of endpoints in a trajectory, lon and lat are the longitude and latitude values, respectively, 223 

at the endpoints (m, k) and (i, k). CSVm is the Cluster Spatial Variance for the mth cluster; c is the number 224 

of trajectories in the cluster m. Finally, TSV accounts for the Total Spatial Variance and N is the number of 225 

clusters.  226 

This method works following an iterative procedure. First, the number of generated clusters is equal to that 227 

of the trajectories. After each iteration, two clusters are merged together, until only two clusters remain. As 228 

the merging criteria, all the possible combinations are tested according to the TSV value, in such a way that 229 

the combination with the minimum TSV is retained for the next iteration. The final clustering solution is 230 

the one with a number of clusters for which the TSV does not start to increase as the clusters are merged 231 

into a few. 232 

2.6 Weight Concentration Weighted Trajectory (WCWT) Mode 233 
 234 

After calculating the trajectories reaching the sampling site, WCWT analysis has been carried out to 235 

identify potential source areas of α and β emitters comprised in the gross α and gross β activities. This was 236 

accomplished by combining back trajectories with the measured activity concentrations. The full 237 

geographic region covered by the air-mass trajectories is gridded into small cells (i, j) with a resolution 238 

scale of 0.5º × 0.5º (Cheng et al., 2013) and the residence time of each trajectory over each grid cell is 239 

obtained. Then Cij, the average weighted concentration in the ith cell, as follows: 240 

 241 

                                                                                𝐶𝐶𝑖𝑖𝑖𝑖 = 1
∑ 𝜏𝜏𝑖𝑖𝑖𝑖𝑖𝑖𝑀𝑀
𝑙𝑙=1

∑ 𝐶𝐶𝑙𝑙𝑀𝑀
𝑙𝑙=1 𝜏𝜏𝑖𝑖𝑖𝑖𝑖𝑖                                                    (8) 242 

 243 

where l is the index of the trajectory, M is the total number of trajectories, Cl is the concentration pointed 244 

on the arrival of trajectory l, and τijl refers to the time spent in the ijth cell by trajectory l. To reduce the 245 

effect of small values of Cij, an arbitrary weight function Wij was multiplied to minimize the uncertainty in 246 

the values for these cells. 247 

                                                                   𝑊𝑊𝑖𝑖𝑖𝑖 = �
0.7𝑖𝑖𝑖𝑖30 ≤ 𝑛𝑛𝑖𝑖𝑖𝑖 ≤ 50
0.7𝑖𝑖𝑖𝑖15 ≤ 𝑛𝑛𝑖𝑖𝑖𝑖 ≤ 30
0.05𝑖𝑖𝑖𝑖0 ≤ 𝑛𝑛𝑖𝑖𝑖𝑖 ≤ 15

�                                             (9) 248 
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Therefore, the Weight Concentration Weighted Trajectory is defined as: 249 

                                                                               𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑊𝑊𝑖𝑖𝑖𝑖 × 𝐶𝐶𝑖𝑖𝑖𝑖                                                    (10) 250 

3. Results and Discussion 251 

3.1 Gross α and gross β activities: Time Series 252 
 253 
Figures 1(a,b) shows the weekly evolution of gross α and gross β activities in the atmosphere. The 254 

evolution of both parameters indicates a cyclical pattern corresponding to the annual variation. This 255 

variability over the seasons is mainly explained by atmospheric factors (Sáez-Muñoz et al., 2018). The 256 

highest gross α and gross β activity concentrations were recorded in summer (between June and 257 

September) while the lowest values were measured in winter. This observation can be explained by the 258 

increased dryness and the intense convection promoting both radon exhalation and soil resuspension 259 

through turbulence and significant vertical uplift of aerosol particles (Berriban, et al., 2022; Brattich, et al., 260 

2020; Hernández-Ceballos et al., 2022; Lee, 2007; Tositti, et al., 2014). Thus, this phenomenon increases 261 

the airborne levels of gross α and gross β emitters, and therefore the values of gross α and gross β as a 262 

result of the enhanced crustal contribution of both gaseous and particulate natural radionuclides. 263 

Figure 1 (c) presents the superimposed plot of the monthly average alpha and beta activities. In general, the 264 

evolution of both indexes presents a similar pattern over the years. However, during some years, the curves 265 

are quite different. The variations in patterns between gross alpha and gross beta activities observed during 266 

specific years can be attributed to a combination of several factors. These include the presence of different 267 

radioactive isotopes contributing to each activity index (Hernándezet al., 2005), temporal variations in 268 

emission sources, environmental factors such as weather patterns and precipitation, locality of the sampling 269 

point and the history of the air mass. (Terrayet al., 2020). Indeed, the occurrence of these anomalies still 270 

needs more studies to be evaluated. The activity concentrations of both gross α and gross β ranged from 271 

0.015 ± 0.002 mBq/m3 to 0.422 ± 0.133 mBq/m3, and from 0.034 ± 0.003 mBq/m3 to 1.100 ± 0.017 272 

mBq/m3, respectively, and the mean values determined over these years are 0.163 ± 0.007 mBq/m3 and 273 

0.499 ± 0.008 mBq/m3. Similar pattern has been reported in other locations of the Iberian Peninsula such as 274 

Salamanca or Málaga (Dueñaset al., 2011a). To provide a complete statistical comparison, box, and 275 

whiskers plots are also displayed in Figure 1. The median value is 0.142 ± 0.007 mBq/m3 for α and 0.476 ± 276 

0.007 mBq/m3 for β, not significantly different from the mean values. The symmetry of the box with 277 

respect to the middle line suggests that gross β radiation follows symmetry in the frequency distributions, 278 

therefore, it has a normal distribution. On the contrary, gross α activities follow a log-normal distribution. 279 

In order to support this assessment, the Kolmogorov-Smirnov test has been applied. The test confirms that 280 

normal distribution is the best fit for the evolution of gross β, with a significant p-value higher than 0.05 281 

(0.073). Conversely, the log-normal distribution is suitable for gross α with a significant p-value of 0.4518. 282 
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Log-normality has been widely observed for both indoor and outdoor radon which may be substantially 283 

represented in gross alpha radiation, in agreement with (Bossew, 2010) on the basis of the physical 284 

phenomenology of radon emission. As concerns the normal distribution of gross beta, this issue would 285 

require an in-depth investigation, which is beyond the scope of this paper. 286 

287 

288 

289 

Figure 1: Temporal variation of (a) gross α and (b) gross β activity concentrations, including seasonally and monthly 290 

averages, for the period 2006-2021. Box and whiskers are added at the right, (c) supposed plot of monthly moving 291 

average of both indexes. 292 
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 293 

3.2 Influence of local meteorological parameters in gross α and gross β activities concentration 294 
 295 

3.1.1. Decomposition Time Series of gross α and gross β activity concentrations 296 
 297 

According to the TSD method previously described, gross α and gross β time series were decomposed into 298 

three independent components namely trend, seasonal, and random components. As a complement, the 299 

multiple regression analysis was used to determine the relative importance of each component in gross α 300 

and β variability, attending to standardized coefficients of each component (Baset al., 2016). The relative 301 

importance of the Trend component is 9% and 16% for gross β and gross α, respectively, for the Seasonal 302 

component it accounts for 42% and 41%. The Random Component represents 49 % and 43 % of gross β 303 

and gross α, respectively. 304 

In order to get a clear idea of the underlying patterns and fluctuations in gross α and gross β activities, 305 

various graphs are presented in Figure 2. Figure2 (a, b) illustrate the trend, while Figure2 (c, d) represent 306 

the data with the trend removed. Finally, Figure2 (e, f) show the single composite year for gross α and 307 

gross β, respectively.  308 

As shown in Figure 2(a, b), An inter-annual variability is clearly displayed. Generally, a clear positive 309 

trend can be observed for gross β compared to gross α, which instead shows a slightly decreasing behavior. 310 

Figures 2 (c, d) shows the seasonal pattern of gross α and gross β over the sampling period. This 311 

seasonality becomes very clear in Figures 2 (e, f), where weekly mean values of gross α and gross β over 312 

the sampling periods are plotted. These figures highlight the intra-annual variability of gross α and gross β. 313 

It can be seen that the highest activity concentrations in gross α and gross β were recorded during the 314 

summer (between weeks 25th and 45th), while the lowest values were measured during the remaining 315 

seasons of the year, especially in winter. 316 

However, the relative importance of the time series components of gross α and gross β activity 317 

concentrations data present some inconsistencies over the period study. This variability is represented by 318 

the irregular component (which is obtained by the subtraction of the composite seasonality from each year 319 

observations), which reflects the fluctuations observed due to some events such as sudden changes in 320 

climatic factors (wind speed, temperature, air pressure and precipitation, etc.). Where, the large 321 

contribution of the "random" component is probably due mainly to the synoptic time scale at this site, 322 

which is shorter than the integration period of the measurements. This means that large-scale weather 323 

events occur frequently and rapidly at this site, resulting in significant random fluctuations in the 324 

measurements. 325 

The trend component is characterized by a feeble relative importance; however, the seasonal and random 326 

components have a strong influence on gross α and gross β variability. Therefore, it is essential to analyze 327 

in more depth their connection with atmospheric parameters to detect sources of variability that explain 328 
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gross α and gross β activities. Due to the nature of each component, the pattern of random component is 329 

difficult to interpret, as it is a result of unforeseen events. Thus, more efforts have been put in analysing the 330 

variability of the seasonal component. 331 

332 

333 

334 

Figure 2: Trend (a, b), Detrend (c, d) and Single composite year (e, f) obtained by decomposition of gross α and 335 
gross β time series over the period 2006-2021. 336 

 337 

3.1.2. Correlation of gross alpha-beta and the meteorological parameters.  338 
 339 

In the current section, we will focus on the impact of the local meteorological parameters (T, RH, WS, Pr, 340 

and Pp) on the different components (Trend, Seasonal, and Random components). Spearman’s and Pearson 341 
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linear correlations of gross α and gross β activities and the time series components with atmospheric 342 

parameters are given in Figure 3. 343 

The results show that the trend and irregular components of gross α and gross β present a weak correlation 344 

with atmospheric parameters. However, the seasonal component presents a moderate correlation with some 345 

of the studied parameters. For this reason, in the following, we will focus on this component. There is a 346 

relatively strong (both positive and negative) correlation with Temperature and wind speed, and a weak 347 

correlation with the remaining parameters. 348 

In the case of temperature (T), there is a clear positive correlation, r = 0.19 for gross α and r = 0.47 for 349 

gross β. If one compares this value with other studies performing a similar correlation study, there is a clear 350 

agreement with some of them, e.g., correlation coefficients ranging from 0.18 to 0.36, and from 0.11 to 351 

0.63, for gross α and β, respectively (Dueñas et al., 1999; Hernández et al., 2005; Sáez-Muñoz et al., 2018). 352 

The temperature gradient can influence atmospheric stability. Basically, these processes are sub-daily and 353 

are captured by hourly data and we have weekly data. Therefore, this mechanism is not dominant on a 354 

weekly basis. But also, other synoptic conditions wherein gradients in T and Pressure may affect large-355 

scale transport from areas with larger radon potential. Furthermore, several factors may contribute to the 356 

apparent positive correlation between temperature and gross α and gross β. On seasonal timescales, the 357 

radon source function is larger in summer, and nocturnal mixing depths are often shallower in summer. 358 

These two factors combine to result in higher concentrations of gross α and gross β activities (Reiter and 359 

Munzert, 1982). Additionally, the air originating from oceanic regions is highly depleted in radon as 360 

compared to continental ones, owing to emanation fluxes less than 1%. Conversely, air from terrestrial 361 

regions is typically warmer and drier, with high levels of radon progeny. Therefore, while a positive 362 

correlation with temperature has been observed, it is more likely that the reason is related to the surface 363 

characteristics of the fetch region.  364 

Concerning the wind speed (WS), it is also influencing gross α and β activities but negatively (r = −0.35 365 

and -0.27, respectively). These coefficients are also found in other cities (Dueñas et al., 1999; Hernández et 366 

al., 2005). This relationship is explained by the behavior of wind, which increases the dilution and the 367 

dispersion effects leading to the decrease of aerosol-borne radioactivity. 368 

 369 

 370 

 371 

 372 

 373 
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 374 

Figure 3: Spearman’s and Pearson correlation of (a) gross α and (b) gross β observations, trend, seasonal and random 375 

components with the meteorological parameters and teleconnection indices during the study period (2006–2021). 376 

 377 

3.1.3. Periodicities in gross α and gross β activities data 378 
 379 

In order to understand the monthly variability of gross α and gross β activity concentration between 2006 380 

and 2021, Continuous Wavelet Transform (CWT) analysis was carried out using the ‘Morlet’ wavelet. The 381 

CWT investigates the inter-annual periodicities in the gross α and gross β time series. Figure 4 displays the 382 

local wavelet power spectra of the monthly gross α and gross β time series. In the Figure, the x-axis 383 

represents the study period and the y-axis represents the time scale of a periodicity, where the unit is 1 384 

month. The existence of a region enclosed by a thick dark contour confirms, at the 5% confidence level, 385 

when tested against red noise, the presence of periodicity at time scales that are read in the y-axis, with a 386 

period of time covering the number of years that can be read on the x-axis. There are two types of 387 

periodicities, strong and intermittent. The strong and stable periodicity of time-series presents continuous 388 

bands at a certain period. However, the intermittent periodicity is explained by the presence of ‘islands’, 389 

where power fluctuates above and below the noise level. Results in the so-called cone of influence are 390 

potentially affected by artifacts due to the finite length of the time series and are not considered. 391 

 392 

 393 

 394 
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395 
Figure 4: CWT analyses (a) of gross α and (b) gross β time series. The bar on the right denotes the wavelet power 396 

(colored shading). Significant periodicities at the 5% confidence level, tested against red noise, are indicated by thick 397 

black contours. The cone of influence is under the U-shaped white line. 398 

 399 

The different sets of periodicities for each data were represented by the CWT analysis during the 16 years 400 

studied. For gross α data, the CWT analysis finds periodicities at the 1-4, 4-7, 6-8, and 10-14 month scale. 401 

In gross β data, the periodicity occurs at 1-4, 4.5-7.5, and 10-14 month scales. The strong periodicity 402 

observed for 10-14 months suggested that gross α and gross β activity concentrations have a recurrent 403 

pattern corresponding to the expected annual variation observed also in airborne radionuclides determined 404 

in gamma spectra of atmospheric filter samples (Xianhua et al., 2021; Yasin et al., 2020; Renjie et al., 405 

2013). Periodicities around 6-month can be related to the similarities in temperature and rainfall in spring 406 

and autumn, while other inter-seasonal periodicities larger than one month are a combination of several 407 

meteorological factors difficult to identify. 408 

As shown in Figure 3, a specific trend (inter-cycles) of gross α was noted between 2009-2013 and 2013-409 

2016. The same behavior was also observed in the gross β trend between 2007 and 2020, where several 410 

inter-cycles of two years appeared (2007-2009, 2009: middle of 2010, 2010-2013, 2013-2015, middle of 411 

2018-2020) which could be related to the influence of the Quasi-Bienial Oscillation (QBO) at the lower 412 

stratosphere in midlatitudes through instabilities propagating down to the troposphere. Therefore, the 413 

periodicity estimated of gross α data is ranged from 36 to 48 months scales and 24 months scales from 414 

gross β. However, the CWT results show unexpected periodicities of both data sets. The strong periodicity 415 

appears from 10-14 months scales stretching between 2008-2014 and 2016-2018 for gross α time series. As 416 

for gross β, this periodicity is extended from 2006 to 2011 and from 2012 to 2018. These unforeseen results 417 

may be explained by the poor relative importance of the trend component which includes only 9% and 418 

16.23% for gross α and gross β respectively. 419 

3.3 Impact of air masses on gross α and gross β activities. 420 
 421 
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The air masses reaching Granada are analysed by means of back-trajectories clustering methods. The 422 

purpose is to assess the origin, pathways, and frequency of air mass transport affecting Granada in the 423 

investigated period, as well as to identify which air masses are connected with the increase in the 424 

radioactivity levels in the atmosphere. The analysis of air masses has been carried out by dividing the data 425 

set into six activity concentration ranges of gross α index (being the same for gross β) at three different 426 

altitudes: 750m, 1500m, and 3000m a.s.l. (Ac<10P, [10P<Ac<25P], [25P<Ac<50P], [50P<Ac<75P], 427 

[75P<Ac<90P], and Ac>90P). 428 

The residence time over marine environments, before passage over the study site close to the surface, is 429 

associated with any of the activity concentration ranges, with slightly higher residence time for both the 430 

lowest and highest 10th percentiles (Table 1). However, it is clearly observed that while air parcels residing 431 

previously over the Atlantic present the lowest concentration activities, the ones residing over the 432 

Mediterranean are associated with the highest concentrations. Oceanic air is a poor source of gross α and 433 

gross β, but the Mediterranean shows a continental-like behavior due to the accumulation and ageing of a 434 

number of compounds of continental origin, as will be discussed later on. 435 

Continental transport to Granada at low levels is complementary to the transport from marine environments 436 

shown in Table 1, with a low association between residence times and activity concentrations but slightly 437 

lower times are associated with the highest and lowest activity concentrations. Disaggregation between 438 

European and African gives no further insight. In turn, the air parcels residing over North Africa and 439 

reaching the study site at higher altitudes (3000 m) do show a significant increase in activity 440 

concentrations. This height is within the altitude range of advected dust-laden layers of African air masses 441 

in the study area. Particle settling and entrainment into the atmospheric boundary layer allows detection at 442 

the ground level in the study site. 443 

 444 

Table 1:  Percentage of back trajectories (columns on the left) and hours (columns on the right) residing over some 445 
specific regions by gross α and gross β activity concentration ranges. The table shows only selected results for 750 446 
and 3000 m. 447 

  Trajectories (%) Hours (%) 
 Activity Over 

the sea Mediterranean Atlantic Over 
Africa 

Over the 
sea Mediterranean Atlantic Over 

Africa 

α 

P10 98.3 26.9 91.8 16.7 60.5 8.6 51.9 5.0 
P10/25 96.4 31.9 88.1 24.1 52.9 12.8 40.0 8.8 
P25/50 95.6 46.7 75.4 28.9 51.5 22.9 28.6 12.4 
P50/75 96.4 58.7 64.8 35.4 54.0 29.8 24.2 15.2 
P75/90 97.4 70.4 57.8 38.5 55.0 34.0 21.0 17.8 

P90 97.2 83.3 39.3 48.4 59.6 42.8 16.8 23.8 

β 

P10 98.4 26.9 91.8 14.8 59.8 7.6 52.2 4.8 
P10/25 97.4 31.9 88.1 19.1 53.7 10.6 43.1 6.3 
P25/50 96.5 46.7 75.4 28.9 52.9 21.8 31.1 11.5 
P50/75 95.3 58.7 64.8 34.4 52.3 29.0 23.3 14.7 
P75/90 96.6 70.4 57.8 46.1 55.7 37.4 18.2 23.5 

P90 96.8 83.3 39.3 53.3 58.1 47.0 11.1 23.7 
  750 m 3000 m 750 m 3000 m 



16 
 

 448 

Figure 5 and Figure 6 present the cluster analyses of the back-trajectories for the six ranges of gross α and 449 

gross β activities at the studied altitudes. Taking as a reference the origin and pathway of air masses, 450 

different clusters have been identified for each altitude: West (W), Northwest (NW), North (N), Arctic 451 

(Ar), South (S), and Mediterranean (Med). These clusters can be classified as fast or slow depending on the 452 

distance covered in 96-hour trajectories in each cluster. The West (W) includes tropical and warm polar 453 

maritime air masses formed over the Atlantic Ocean. The North (N) groups continental air masses 454 

originated over Europe, while there are polar maritime air masses generated over the Atlantic Ocean from 455 

high latitudes Northwest (NW). The Arctic air masses are characterized by cold air that originates from the 456 

polar regions near the Arctic Circle.  They are characterized by extremely low temperatures and typically 457 

form during the winter months, as well as Mediterranean (Med) mixed warm continental air masses over 458 

the Mediterranean Sea and tropical continental air masses from Africa; and finally, South (S) includes 459 

continental and tropical maritime air masses arriving from the south. To determine the link of back-460 

trajectories clusters with gross α and gross β peaks concentrations, the six activity ranges have been 461 

considered.  462 

The back-trajectories analysis shows that the dominant air masses reaching the Granada atmosphere are 463 

those coming from the North (N), Northwest (NW), and West (W). Although these air masses are 464 

characterized by a high-frequency distribution, most of them were accompanied by lower values of both 465 

indexes (lower half Activity concentrations < 50P), because the maritime air masses are depleted in crustal 466 

radionuclides and moreover favour the wet scavenging of residual crustal component from far continental 467 

sources, thus decreasing the gross α and gross β activity concentrations (Russo and Borras, 2022). As the 468 

Activity increases (> 50P), the impact of the southern (S) and Mediterranean (Med) air masses is more 469 

evident. These air masses are the ones most contributing gross α and gross β emitters to Granada. Indeed, 470 

The Mediterranean cluster shows a high-frequency distribution at the shallowest altitude (750m); on the 471 

contrary, cluster (S) has a clear contribution from the highest altitude (3000 m). 472 

 473 

 474 

 475 
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476 

477 

478 
Figure 5: Back-trajectory analysis obtained at three altitudes over Granada: 750m, 1500m, and 3000m a.s.l for the six 479 

α activity ranges from 2006 to 2021. 480 
 481 

 482 

 483 

 484 

 485 

 486 

 487 
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488 

489 

490 
Figure 5: (continued) 491 

 492 
 493 

 494 
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495 

496 

497 
Figure 6: Back-trajectory analysis obtained at three altitudes over Granada: 750m, 1500m, and 3000m a.s.l for the six 498 

β activity ranges from 2006 to 2021. 499 

 500 

 501 

 502 

 503 

 504 

 505 

 506 

 507 
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508 

509 

510 
Figure 6: (continued) 511 

 512 

It is essential to highlight that certain air masses originating from the north (N, NE) are linked to low gross 513 

α and gross β activity events, despite the fact that their paths pass over land before reaching Granada. This 514 

association can be attributed to the occurrence of significant wet scavenging along their trajectories, which 515 

results in aerosol depletion. This effect is illustrated in Figure 7, which reports the percentage of 516 

trajectories with relative humidity above 95% along their pathway together with the average humidity of 517 

the trajectories, for each activity range and each altitude. In this case, we have used only the last 48h of the 518 

back-trajectories before reaching the sampling site. This choice of 48h is based on the fact that wet 519 

deposition in proximity to the study site has more impact than further away. RH above 95% along the 520 
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trajectory has been used as a useful, rough, proxy of the wet scavenging effect at the height of the 521 

displacing air parcels, as they are close to water vapor saturation. In fact, we have manually analysed a 522 

large number of cases by using a more complete criteria: RH above 95% at points where the trajectory is 523 

well above the marine surface, and there is a reduction in specific humidity. With these criteria, ERA5 524 

precipitation (at the ground level) shows rainfall below the air parcel location in most cases, and the 525 

corresponding activity concentrations were low. Rainfall (at the ground) is not an available parameter in 526 

the ERA-Interim database. We have found that precipitation not far from the study site (i.e., in northern 527 

Morocco, southwestern Iberian Peninsula, the northern slope of Sierra Nevada or directly over Granada) is 528 

associated with the lowest 10th percentile of activity concentrations and that precipitation at the northern 529 

slopes of the Cantabrian Mountain range and in the northern part of the Pyrenees where linked to the 10-25 530 

and 25-50, percentile, respectively, for gross β activity concentrations. Rainfall was associated to the 531 

passage of cold fronts and to orographic precipitation. In Supplementary Material are included three 532 

examples.  533 

Figure 7 shows that air masses corresponding to lower concentrations of gross α and gross β activity 534 

concentrations are extremely humid. As the concentration increases, the humidity decreases. The results 535 

presented in Figure 7 highlight the inverse relationship between gross α and gross β activity concentrations 536 

and humidity, indicating that the presence of humidity efficiently removes radioactive particles in the 537 

atmosphere, a factor very well known in the case of artificial radioactive fallout observed for weapon 538 

testing as well as for the reported accidents such as Chernobyl or naturally occurring radionuclides 539 

(Battiston et al., 1987;  Tositti et al., 2020). 540 

 541 

 542 

 543 

 544 

 545 

 546 

 547 

 548 

 549 
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550 

551 
Figure 7: Average Humidity of the back-trajectories (a) for gross Alpha and (b) for gross Beta, Percentage of 552 

trajectories which have RH >95% (c) for gross Alpha and (d) for gross Beta, at three altitudes: 750m, 1500m, and 553 

3000m a.s.l. and   for six activity ranges from 2006 to 2021. 554 

 555 

To identify the impact of each region on the measured concentrations, we have combined all clusters 556 

corresponding to each altitude and which have a similar origin. As gross α and gross β have a log normal 557 

and normal distribution, respectively, Spearman and Pearson correlations were applied respectively to 558 

assess the influence of the combined clusters.  A positive correlation coefficient indicates that an increase 559 

in carrier aerosol concentration is related to the more frequent arrival of a particular air mass. On the other 560 

hand, a negative correlation value indicates a decrease in aerosol concentration with a higher arrival 561 

frequency of a type of air masses (Dueñas et al., 2011b).  562 

 563 

The correlation coefficients between weekly activities of gross α and gross β activity concentrations and 564 

the combined clusters arriving at 750, 1500 and 3000 m have been calculated and reported in the table of 565 

correlations in the supplementary material. Only the highest values of correlation coefficients are 566 
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highlighted. The monthly trajectory density plots of the interesting clusters compared with the seasonality 567 

of gross α and gross β activities are presented in Figure 8.  568 

According to table of correlations (supplementary material), there is a positive correlation between the 569 

activity concentrations of gross α and gross β activity concentrations and the air masses passing over the 570 

Mediterranean Sea at low altitude (Med 750m). The correlation coefficients for gross α and gross β are 0.3 571 

and 0.52, respectively. The density plot of these air masses confirms this finding by showing similar 572 

variations in gross α and gross β concentrations with the density of the Mediterranean Sea (Figure 8). In 573 

months when the proportion of Med air masses is high, there is an increase in both gross α and gross β 574 

concentrations, and vice versa. As previously reported in clustering results, as the altitude increases, the 575 

influence of the Mediterranean cluster decrease, resulting in a decrease in correlation. Where, at 1500m, 576 

the correlation coefficients drop to 0.1 and 0.13 for gross α and gross β respectively. At high altitude 577 

(3000m), the significance of the Med cluster fades completely. However, there is a positive correlation 578 

observed with air masses originating from the south, specifically Northern Africa and the Sahara Desert, 579 

which are 0.29 and 0.43 for gross α and gross β, respectively. This cluster shows also a similar seasonality 580 

of gross α and gross β activity concentrations (Figure 8), which have a higher frequency in the summer 581 

months and a lower in the winter months. Furthermore, gross α and gross β exhibit a negative correlation 582 

with air masses from the Atlantic Ocean (NW, W), as well as with Arctic air masses originating from the 583 

polar regions. Unlike the Mediterranean and south air masses, these air masses are more frequent during 584 

winter months and less prevalent during summer months. This contrasting pattern persists across all 585 

altitudes. For the sake of brevity, the density plots for 750m are only presented to avoid repetition in Figure 586 

8.  587 

 588 

 589 

 590 

 591 

 592 

 593 

 594 

 595 

 596 
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597 

598 

599 

600 

601 
Figure 8: Monthly trajectory density plots showing the seasonal change of clusters compared with the identified 602 

seasonality of α and β activity. 603 
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 604 

The results obtained indicate a significant relationship between air masses, coming from the Mediterranean 605 

and the south (North Africa), and high concentrations of gross α and gross β activity. North Africa is 606 

characterized by wide arid regions in connection with a hot desert climate with minimal rainfall. 607 

These dry environments, with low relative humidity (~10%) and high summer temperatures reaching 60°C, 608 

create favorable conditions for the re-suspension of substantial quantities of mineral dust.  Consequently, 609 

intense surface heating during the day generates strong vertical thermal turbulence, extending up to 610 

altitudes of 4000 meters (Dubief, 1977). This turbulence is followed by periods of atmospheric stability 611 

induced by nocturnal thermal inversions. This scenario is a major source of crustal emissions (mineral 612 

dust), which are then transported over long distances. This makes the Sahara Desert the major source of 613 

mineral aerosols on the global scale (Gordo et al., 2015). 614 

These conditions may explain the contribution of air masses from the south that reach high altitudes (3000 615 

meters) and carry gross alpha-beta emitters (Tositti et al., 2014). 616 

 617 

The influence of the Mediterranean Sea is noticeable. Although 222Rn exhaled by the oceans contributes to 618 

only 2% of the atmospheric standing stock of 222Rn, (Dueñas et al., 2004; Tositti et al., 2013, 2014) the 619 

Mediterranean sea is considered a reservoir of aged aerosols rich radionuclide as previously shown for 620 
210Pb by Brattich et al. (2016). It is also influenced by Saharan inputs, receiving substantial annual amounts 621 

of mineral particles. The average annual input of Saharan dust into the western Mediterranean has been 622 

estimated about 12.5 tons per square kilometer, with significant interannual variability. (Loÿe-Pilot et al. 623 

1996). Therefore, Mediterranean and meridional air masses reaching Granada carry significant amounts of 624 

α and β radionuclides attached to mineral dust during the Saharan incursions.  625 

Additionally, the air masses associated with higher concentrations of gross alpha beta radiation appear to 626 

be associated with Maroc addressing to local geological background in specific areas as reported in the 627 

next section. 628 

The clustering analysis divides the trajectories into subgroups with well-distinct characteristics and origins, 629 

providing the identification of the clusters dominant in each week. In fact, the fast transient events 630 

happening within the duration of the sampling can affect the result of the trajectory analysis. However, in 631 

this work, this was counteracted by the large number of samples analyzed: indeed, here we utilized long-632 

term measurements of gross α and gross β as a large database of more than 800 samples (weeks). The 633 

results indicate a clear difference between the cluster types contributing to high and low concentration. 634 

3.4 Source Areas of gross α and gross β activities 635 
 636 

To evaluate the accuracy of previous results, the WCWT model has been used. Figure 9 shows the 637 

distribution of WCWT values of gross α and gross β activities for each of the three studied altitudes. The 638 

colors present the weighted average concentration in a cell. According to the result displayed in Figure 9, at 639 



26 
 

the lowest altitude (750m), the highest WCWT values of gross α and gross β are mainly found in Northern 640 

Africa, southern France, as well as in the Mediterranean. On the other hand, the regions located in the 641 

Atlantic Ocean appear as poor sources of gross α and gross β emitters (low WCWT value). As the altitude 642 

increases, higher values of WCWT appear in the southern regions, while those of the Mediterranean coast 643 

are reduced. The same trends already emerged from the cluster analysis and Pearson/Spearman correlation.  644 

Moreover, the findings of the WCWT bring a new aspect by revealing that the southern France region can 645 

also have a significant contribution to gross alpha and beta activities. According to maps provided by the 646 

European Atlas of Natural Radiation, which has been developed and is being maintained by the Joint 647 

Research Centre (JRC) of the European Commission, this region is rich in uranium in the soil and has a 648 

high radon flux that can be transported by air masses arriving at Granada from this region. 649 

 650 

651 

652 

653 

 654 

Figure 9: WCWT values of gross α (left column) and gross β (right column) indexes at 750, 1500 and 3000m (from 655 

top to bottom) during the study period. 656 

 657 

 658 
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4. Conclusion 659 
 660 

The current research focuses on the influence of both local meteorological parameters and air masses 661 

(long-range transport) on atmospheric gross α and gross β activity concentrations, acquired weekly during 662 

an extended time interval of 16 years (2006-2021) at Granada, Spain. 663 

After analyzing all results, the following conclusions can be drawn: 664 

• Gross α and gross β activities concentration present cyclical variability that occurs each year, with 665 

the highest concentrations recorded in summer and the lowest values measured in winter. 666 

• The use of decomposition time series has shown to be a powerful technique to determine which 667 

component was responsible for different patterns of gross α and gross β variability, considering 668 

their relation with atmospheric parameters. The results show that temperature (T) displayed a strong 669 

positive correlation with the seasonal component, while wind speed (WS) was strongly negatively 670 

correlated with the same component. 671 

• The contradiction between the trend component of gross beta (which goes up) and that of gross 672 

alpha (which goes down) over the period of the study was unexpected and it will be analyzed in a 673 

future study where several sampling points with more impact parameters will be considered. 674 

• The Continuous Wavelet Transform (CWT) analysis has been used to identify the periodicities 675 

expected from the trend component. The results indicated that the strong periodicities were smaller 676 

compared with the periodicities of the trend component. 677 

• The analysis of back trajectories demonstrates the impact of long-range transport on radioactivity 678 

levels measured. The results obtained indicate a significant relationship between air masses coming 679 

from the Mediterranean and the south spatially North Africa, and high concentrations of gross α and 680 

gross β activity. Conversely, the low values of gross α and gross β are strongly associated to the air 681 

masses coming from northwest (Atlantic Ocean) and from polar regions (Arctic) which reduce the 682 

radioactivity measured in the atmosphere. Furthermore, the correlation between the combined 683 

clusters which have a similar origin and gross α and gross β activities, as well as the WCWT 684 

method confirmed that the ground level concentrations are influenced by the altitude of the air 685 

masses. In particular, the activity concentrations increase with the arrival of air masses from 686 

Mediterranean (low altitude, 750m) and from African (high altitude, 3000m) continent. 687 

• The hourly or higher resolution data, such as spectral analysis of hourly wind speed or pressure 688 

observations, could provide more insights into the typical synoptic timescales at our study site. For 689 

this reason, will consider incorporating higher resolution data in future studies to better understand 690 

the influences of local and synoptic meteorology on our observations. 691 

 692 

 693 

 694 
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