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Abstract: The aim of this paper is to statistically characterize gross beta activity concentrations in
ground-level air in Bilbao (northern Spain) by analysing five years (2014–2018) worth of weekly
measurements in aerosols collected in filters to analyse the impact of local meteorological parameters
on concentrations. In addition, synoptic meteorological scenarios associated with anomalous beta
surface activity concentrations were identified. Over this five-year period, beta activity concentrations
ranged from 35.45 µBq/m3 to 1778 µBq/m3 with a mean of 520.12 ± 281.77 µBq/m3. A positive
correlation was found with the alpha concentrations (0.67), with an average of 0.138 for the alpha/beta
ratio, and a low correlation was found with 7Be (0.16). Statistical analysis identified a seasonal
component in the time series, increasing, on average, beta activity concentrations from winter to
autumn. The highest beta activity concentrations were measured under the arrival of southerly
land winds with low wind speeds, while the wind analysis (surface winds and air masses) of two
different seasonal periods (autumn 2015 and winter 2017) have highlighted how small variations in
synoptic and local winds highly influence beta activity concentrations. These results are relevant to
understand the meteorological factors affecting beta activity concentrations in this area and hence to
define meteorological scenarios that are in favour to high/anomalous surface activity concentrations
that are harmful to the environmental and public health.

Keywords: gross beta activity; meteorological parameters; air masses; surface winds; northern Spain

1. Introduction

The presence of gross beta activity concentrations in the air can be explained in normal
situations as being due to the presence of long-lived daughters of gaseous 222Rn, such as
210Pb (T1/2 = 22.2 years) and 210Bi (T1/2 = 5.01 days), which are attached to aerosols after
cluster formation [1–3], and the presence of cosmogenic radionuclides such as 7Be, 22Na,
and so on [3]. Therefore, the atmosphere is not free of beta emitters, the concentration
of them being due to the descendants of radons such as those from the alpha emitters
if it is assumed that they are in secular equilibrium in the atmosphere [4]. In addition,
when a nuclear accident or incident occurs, part of the radionuclides released into the
atmosphere are beta emitters (e.g., 90Sr-90Y, and 129I-131I) [5], which results in the need to
measure gross beta activities and the calculation of the dose received by the population to
identify unusual levels of radioactivity. The possibility of having measurements of gross
beta activity concentrations is as such important in order to control radioactivity levels,
which are hazardous to humans when emitter nuclei are inhaled, and to establish the
temporal and spatial variation of radionuclide concentrations in the atmosphere.

The environmental radioactivity levels in the atmosphere, under normal and accident
conditions, are determined by meteorological conditions. Many studies have performed
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analyses on the relationship between meteorological conditions and the concentration
of diverse radionuclides in the air [6,7]. The understanding of aerosol gross activity
concentrations and the detection of activity peaks or anomalies in a region is then based
on the evaluation, analysis, and identification of the main meteorological scenarios and
parameters influencing them, such as rainfall, temperature, relative humidity, pressure,
and wind speed and wind direction. In this sense, several studies have explained the
variation of gross beta activities and their relationship with meteorological parameters
in the Iberian Peninsula, such as Sáez-Muñoz et al., 2018, in Valencia (east) [8]; Dueñas
et al., 1999, and Cabello et al., 2018, in Malaga (south) [9,10]; García-Talavera et al., 2001,
in Salamanca (west) [11]; and Rodas Ceballos et al., 2016, [12] and Hernández et al.,
2005, [13] in the Balearic and Canary Islands, respectively. However, and to the authors’
knowledge, in the north of the Iberian Peninsula, which as different meteorological and
climatic conditions, there is a lack of studies analysing gross beta activity concentrations
and their link with meteorological conditions. The findings of this investigation hence
complement those of earlier studies, and on top of this, it provides insights on the impact
of synoptic meteorological conditions on anomalous beta activity concentrations.

This paper characterizes the gross beta activity concentrations and identifies the
meteorological factors influencing its temporal distribution in the city of Bilbao (Spain).
We have used weekly measurements of gross beta activities spanning a five-year period
(2014–2018), with the main purpose of finding variation in gross specific activities and their
correlations with meteorological parameters.

2. Materials and Methods
2.1. Study Area

Airborne particulate samples were collected weekly on the roof of the Faculty of
Engineering of Bilbao (43.26◦ N, −2.9◦ W) from January 2014 to December 2018. This
period was selected to analyse the relationship between beta activity concentrations and
meteorological parameters because it covers the new location of the air sampler close to the
meteorological station (Figure 1b). Bilbao, located in the narrow valley of the Nervion river,
is on the north coast of Spain and is about 16 km away from the sea and is surrounded by
hills, with an altitude between 80 and 300 m (Figure 1a) [14,15].

Bilbao has a humid oceanic climate with a predominance of westerly winds. Due
to the proximity to the sea, the climate is mild and does not have very marked thermal
contrasts between seasons: 8 ◦C average temperature in winter and 20 ◦C in summer. The
average annual precipitation is over 1000 mm.

Figure 2 shows the surface wind rose diagrams that represent the wind speeds and
directions in Bilbao during the study period (2014–2018). Hourly wind speed and wind
direction values recorded were used. While the length of each spoke around the circle
indicates the frequency at which the wind blew from the indicated direction in the present
study period, the colors indicate wind speed categories from each direction. Winds predom-
inantly come from two main directions, northwest and south-southwest, and wind speeds
are usually below 6 m/s. This figure also shows the evolution of weekly temperature
averages and the relative humidity as well as the total amount of precipitation from 2014
and 2018. These measurements are used in the present analysis.
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Figure 1. (a) Location of the sampling site in the northern area of the Iberian Peninsula and (b) the aerosol samplers (low and
high flow samplers) and the meteorological station used in the present analysis.

  
Figure 2. Meteorological measurements during the period 2014–2018 in Bilbao.

2.2. Beta Activity Concentrations

Aerosol samples were collected using an air sampler RADECO trademark, mod. AVS-
28A (17 West Pkwy Plainfield, CT 06374, USA) (Figure 1) that can be considered as a low
volume sampler because its nominal flow rate is 30 L/min. The total volume that can be
circulated over the course of a week is about 300 m3, and aerosol sampling takes seven days.
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The filters used in this sampler are cellulose nitrate membrane filters (diameter 47 mm and
0.8 um pore size). Every week, the filter was removed from the sampler and was placed in
a dryer in our laboratory. The filter was kept in its location outside for six days each week
before measurements were taken in order to allow the thoron and radon short-lived alpha
progeny to decay, and, after that, the samples were measured in a gas flow proportional
counter. In order to determine the dust content in the filter, before and after the sampling
periods, they were weighted.

A proportional counter with 10 detectors, a Berthold LB 770 10-Channel α-β Low-
Level Counter, was used for the measurements. The system was calibrated by counting
standard samples that had been prepared with the same geometry, in this case, with a
90Sr/90Y standard source. The efficiency of the detectors was between 39% and 42%, which
was obtained with a measurement of at least 20,000 counts. The background of the detector
using a clean filter was determined by four cycles of 1000 min, which were measured
on the weekend before the measurements were taken. The counting time was 1000 min,
and the detection limits obtained were between 9.45 µBq/m3 and 129.30 µBq/m3, and the
uncertainties, which had a coverage factor k = 2, were 13.50 ± 10.05 µBq/m3. In the same
filters, the alpha and beta activity concentration could be sampled and measured, so the
values could be used for a previous alpha concentration study that was taking place during
the same period [16]. On the same roof where the low air sampler was located, there was
also a high flow sampler. From 2001 to 2018, during two periods of time (2001–2008 and
2009–2018), the 7Be concentration had been analysed [14,15,17,18].

The following checks were performed to rule out a sampling problem and/or any
problems with the measurement equipment. We checked the sampler, and the flowmeter
records were studied by combining the results with the weight of the dry waste. The
analysis revealed normal values. Calibration of the sampler and the maintenance were also
correct. A daily control time of 4 min and a weekly equipment background of 4000 min
were performed, and normal values were obtained. Every 3 years, calibrations were
performed, and in the studied periods, three calibrations were completed, obtaining good
results of the equipment, as expected.

2.3. Meteorological Parameters and Backward Trajectories

In this study, we considered the hourly values of temperature, relative humidity, pre-
cipitation, and wind speed and direction measured on the roof of the Faculty of Engineering
of Bilbao. We used the WRPLOT View software [19] to generate wind rose diagrams. In
addition, the set of backward air trajectories was calculated using the HYSPLIT (Hybrid
Single-Particle Lagrangian Integrated Trajectory) model [20,21], taking meteorological
inputs from the Global Data Assimilation System (GDAS) with a temporal resolution of 6 h
and a spatial resolution of 1◦. These files include vertical wind component information,
which makes it possible to calculate three-dimensional kinematic air trajectories. Following
the methodology used in previous studies conducted in the same area [17], air trajectories
with a duration of 96 h, in time steps of 1 h, and at an ending altitude of 100 m above
ground level were calculated. Four backward air trajectories were calculated for each
sampling period considered in the present study (one every six hours). An amount of
7224 backward air trajectories was calculated. The cluster technique implemented in the
HYSPLIT model [22] was used to identify airflow patterns, and synoptic scenarios. This
technique has worked very well in previous studies [23], and more information can be
found in the HYSPLIT model user guide.

3. Results and Discussion
3.1. Beta Activity Concentrations

Figure 3 presents time behaviour of weekly beta activity concentrations along the
five studied years (from 2014 to 2018) in Bilbao. Beta activity concentrations in the aerosol
samples range from 1778 µBq/m3 to 35.45 µBq/m3, with an average over the five years of
520.12 ± 281.77 µBq/m3, where the uncertainty is given as the sample standard deviation.
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These levels are consistent with those reported in other studies conducted in the different
areas of Spain, such as in the south [9,24,25], in the east [8], and in the west [11].
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These set of data can be considered to be a time series after applying the total and par-
tial correlation. A time series can be decomposed into four components: trend, seasonality,
cyclical component, and irregular component. Trend represents the evolution of the series
over a long period of time and needs yearly values. As such, in this case, the analysis of
trend is not relevant because only 5 years cannot explain future evolution. In Figure 4, the
trend of the series is shown.
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Figure 4. Trend for the period 2014–2018 in Bilbao.

For annual (non-seasonal data) data, more data are better, but sometimes, 25 obser-
vations can give an acceptable accuracy [26]. However, the seasonality and the cyclical
component, due to the fact that the analysed periods of time are lower than a year, can
be studied, and the autocorrelation total and partial are the tools for this study. For the
autocorrelations, the delay is indicated on the X-axis, and the correlation value is indicated
on the Y-axis (between −1 and 1). Both correlations show a certain correlation between the
observed values (represented in blue)with a time delay of k = 52 weeks, which allows us to
affirm the presence of a seasonal component in the time series (Figure 5).
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The existence of this dominant seasonal and cyclical behaviour in Bilbao is statistically
justified by the periodogram calculated and shown in Figure 6. The X-axis represents
frequency, and the Y-axis represents the spectrum. While the first peak represents a
one-year period beta activity concentration activity (frequency 1.93 × 10−2 week−1, i.e.,
52 weeks), the second peak (frequencies 3.9 × 10−2 week−1, i.e., 25 weeks) is the one
representing the intra-annual variability. In addition, the Grubbs test was used to study
the existence of outliers among the registered values and concluded that there were no
outliers in the present set of data because G-crit > G-crit with a 99% confidence interval on
the p-value.
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These results agree with the components of the alpha activity concentration identified
and analyzed in previous studies at the same site [16]. In this sense, a positive correlation
between alpha and gross beta (0.67) was found, which can be explained by the principal
source term of both the airborne alpha and gross beta concentration being the same in
normal situations. In addition, the alpha/beta ratio was calculated for each week. The
average was 0.138, which is close to the normal ratio of 0.1 [3] as well as to other values
obtained in Spain (0.14 in Salamanca (west) [11]; 0.1 in Malaga (south) [9]; 0.2 in the Canary
Islands (south) [13]; and close to 0.1 in Valencia (east) [8]). Nevertheless, despite the fact
that the 7Be values show seasonality and annual periodicity, the correlation with the beta
activity values is negligible, with acorrelation value of 0.16, which is similar to the value
obtained in the Canary Islands (0.16) [13].

Every year, maximum values are reached during autumn (October–November–
December), while the minimum ones are registered during winter (January–February–
March) (Figure 7). Box-plots describing the shape of the seasonal distribution of values
and its variability help to summarize and compare this seasonal variability of the beta
activity concentrations. A positive trend during the year is shown, with all of the calculated
percentiles (i.e., the percentage of values that fall below the xth percentile) increasing from
winter to autumn in the same year. The minimum value (P5) increases from 107 µBq/m3

to 224 µBq/m3, while the maximum value (P95) ranges from 803 µBq/m3 to 1315 µBq/m3.
The occurrence of the maximum in autumn is not in line with previous works analyzing
beta activity concentrations conducted in the Iberian Peninsula [16–18], which showed
that the maximum average values are reached in the summer and that the minimum
values are obtained in the winter. On the contrary, similar behaviour has been found in
other analyses, such as in Milan [27] and New York [28]. This seasonal variation in the
beta activity concentrations points to the potential effect of atmospheric factors on these
activities in order to justify the heterogeneity of concentrations in different periods of the
year, which will be investigated in the next two sections.
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Figure 7. Total and seasonal box-whisker plots for beta activity concentrations over the period
2014–2018 in Bilbao. The rectangle represents the 50% of data (interquartile range from 25th (P25)
to 75th (P75) percentile), the small cross identifies the mean, the continuous horizontal line inside
the rectangle identifies the median (50th percentile, P50), the squares and circles identify the 90th
(P90) and 10th (P10) percentiles, respectively, and the whiskers extend between the 95th (P95) and
5th (P5) percentiles.
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3.2. Meteorological Impact of Beta Activity Concentrations

In the present analysis, we have taken the following months to define corresponding
seasons: winter (January, February, and March), spring (April, May, and June), summer
(July, August, and September), and autumn (October, November, and December). Time
series of temperature, relative humidity, precipitation, wind speed and direction were used
to study the influence of the atmospheric factors on the airborne beta activity in Bilbao
(Figure 2). Averages of each atmospheric factor corresponding to each sampling period
were calculated, except for precipitation, which was calculated as the weekly sum.

Correlations between beta activity concentrations and these atmospheric factors were
calculated to evaluate the linear relations between them. Figure 7 displays the scatter plot
obtained and the Pearson Correlation (PCC) (in Figure 5, PCC appears as r) performed at
the significance level of 0.05 for the beta concentrations, and each of the meteorological
parameters that were considered. The distribution of the corresponding pairs of values
is indicated by different colors based on the P90, P75, P50, P25, and P10 percentiles
(Figure 8). The correlations found were around zero, i.e., there is no relationship between
the two variables displayed. The highest one is the positive correlation between the
beta and temperature (PCC = 0.20), which is associated with the thermal differences
and cyclical behavior of temperature over the years, with minimum temperatures in the
winter and maximum temperatures in the summer. There is a negative correlation with
relative humidity (PCC = −0.04) and precipitation (PCC = −0.02), which would indicate an
influence on the decrease in the activity because of the scavenging of airborne radionuclides
by rainfall and high relative humidity conditions.

This figure also displays the set of wind rose diagrams associated with each range of
beta activity concentrations. This tool provides a complete and practical summary of the
correlations between prevailing wind speeds and directions and beta activity concentrations
in Bilbao. Wind direction is grouped in sixteen sectors, while wind speed is grouped on six
6-velocity-range discretization. To read each wind rose, each angular histogram of the wind
direction only contains the information on the relative frequency of the wind blowing from
this certain direction sector, and each color represents the wind speed relative frequencies
for each given direction sector.

As it can be seen, the wind in the present study area is blows predominantly from
the northwest-north and south-southeast directions, which is in agreement with Figure 8.
There is a negative correlation (PCC = −0.12) between the wind speed (weekly average)
and beta activity concentrations, which suggests that low (high) wind speeds would favour
higher (lower) concentrations of beta activity concentrations. This fact is confirmed by
analysing the wind roses obtained for different beta activity concentrations. Minimum
beta activity concentrations (<P10) are characterized by slightly higher wind speeds in
all directions, while the maximum concentrations are clearly associated with low wind
speeds. This fact agrees with what was expected, i.e., the dispersion rates of substances in
the atmosphere are governed by the strength of the wind, causing a remarkable dispersion
and dilution during windy periods and an accumulation during less windy periods. In
addition to differences in wind speed, a decrease in the occurrence of winds blowing
from the northwest (from the sea) can be observed when comparing the wind roses of
the maximum (P90) and minimum beta activity concentrations (P10). It can be concluded
from Figure 8 that the highest beta activity concentrations in Bilbao are characterized by
low wind speeds that mainly blow in the southeast direction (from land) as well as by low
relative humidity and high temperature.
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3.3. Case Studies

Figure 9 shows the year-to-year variability of the beta activity concentrations measured
in the city of Bilbao from 2014 to 2018. This graphical method of displaying variation in
a set of data is often used in exploratory data analysis for a first glance at the data [29].
Figure 8 shows that the mean is always greater than the median (P50), which denotes a
dominance of low beta activity concentrations as well as the large impact of occasional
high values. The variability in these high values can also be observed by considering the
positive asymmetrical distribution from 2014 to 2017 (P75 value is farther from the median
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than P25). In 2018, however, this does not happen, and more variability in the low beta
activity concentrations is observed. In line with this, we note an increasing trend in the
annual mean values (squares) from 2014 to 2017 (beta activity concentrations increased
16%), which is broken in 2018.
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To complement and understand this year-to-year variability, Figure 8 also displays
the seasonal average of the beta activity concentrations during this five-year period by
considering the monthly distribution that was indicated previously. There is a clear
behavior to reach the lowest concentrations in winter, while the maximum concentrations
are registered in the summer (2014–2018) or in the autumn (2015, 2016, 2017). In this
figure, however, there are some anomalous “seasons” that clearly influence the annual beta
activity concentrations, such as in 2017, in which the seasonal winter values are largely
different and higher than in the rest of the years, or in 2015, in which autumn is the highest
seasonal value obtained in Bilbao. Therefore, if aiming at understanding the year-to-year
variability, the meteorological conditions associated with these anomalous seasons should
be analysed in order to understand the origin and the reasons for these beta activity
concentrations in Bilbao. Considering the weak correlation of beta activity concentrations
with temperature, relative humidity, and rainfall obtained in Section 3.2, we focused on
the analysis of the wind conditions. In this sense, this fact cannot exclude the impact that
these meteorological factors have on the beta activity concentration variations, as has been
investigated in previous studies [30,31]. However, we have focused on investigating the
impact that air masses and prevailing surface winds, i.e., from synoptic to local, have on
this intraannual variation and how differences during the year and between years can
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cause temporal variations in beta activity concentrations. To this purpose, wind roses
and air mass trajectories were used. The use of backward trajectories is justified due to
the impact that airflow patterns have over the surface weather conditions and aerosol
concentrations in a given area and over a period of time [32]. The set of synoptic scenarios
was analysed by clustering the backward trajectories calculated for all sampling periods.

(a) Autumn 2015

Six airflow patterns were identified by considering the set of backward trajectories
during autumn in 2014, 2016, 2017, and 2018. Similar clusters from the west (W), northwest
(NW), and north (N) were identified as well as one cluster grouping trajectories with slow
continental displacement (Figure 10). Similar clusters were found in previous studies
conducted in Bilbao [4]. However, large difference in the displacement and frequencies
of the airflow patterns are shown when comparing both sets of results. In autumn 2015,
there was a decrease in the percentage of air masses from the NW and W (from 45% to
32%) and from the N (from 25% to 10%). This fact, however, is the opposite in terms of
the arrival of NE air masses, with 10%, and in those with the smallest displacement (Nb),
from 31% to 40%. Both present the arrival of continental air masses, which would mean
that there is a general increase in the arrival of continental air masses (from 31% to 50%)
during autumn 2015. This difference in percentage is not represented in surface winds
(wind roses), which show similar behaviour in terms of both speed and direction. In this
case, this surface air flow is decoupled from the synoptic situation. In the case of Bilbao,
the surface wind direction is conditioned by the orientation of the valley axis where the city
is located, and hence, surface winds are channeled through the valley. This result suggests
that in this specific season, long-range transport could play an important role in the gross
alpha, which is higher than the local wind directions.

(b) Winter 2017

Figure 11 shows the average displacement of each airflow pattern for each period
as well as the frequency (number in brackets) of each one. This figure shows that there
are not any large differences in the airflow patterns between winter periods. Five airflow
patterns that were identified in both periods were considered and taken as a reference
to the origin and the average pathway of each airflow pattern; the clusters correspond
to westerly (W), northwesterly (NW), northeasterly (NE), and slow continental southerly
flows (Nb). This number and type of clusters agree with previous studies conducted in
Bilbao [4]. However, large differences between both sets of airflow patterns are found in
the frequency of each pattern within each period. In winter 2017, there is a decrease in
the arrival of air masses from the NW and W (from 69% to 49%) and an increase in air
masses from the NE (from 20% to 28%) and especially in the Nb (from 11 to 28%), which
represents the shortest air mass displacement and at the lowest level. This kind of air mass
trajectory is usually associated with mesoscale circulations, which limit the occurrence
of the dispersion of substances in the atmosphere due to the prevalence of weak flows in
surface levels. This fact is seen in the corresponding wind rose of winter 2017, in which a
decrease in the intensity of surface winds is clearly observed. While in winter 2017, there
was a small occurrence of winds with intensities above 4 m/s; this frequency is much
higher in the other years. Hence, these figures mainly suggest that the development of
continental and slow Nb air masses is linked with high beta activity concentrations in this
area during the winter.
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Figure 10. Back-trajectory cluster centers (centroids) obtained at 100 m agl obtained for airflow pattern for each period and
wind roses showing the distribution of surface winds (direction and speed) in percentages for each period considered in
Bilbao. The left numbers in the centroids are an identification number of the centroid, and the right numbers (in brackets)
are the percentages of the complete trajectories occurring in that cluster.
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Figure 11. Back-trajectory cluster centers (centroids) obtained at 100 m agl obtained for airflow pattern for each period and
wind roses showing the distribution of surface winds (direction and speed) in percentages for each period considered in
Bilbao. The left numbers in the centroids are an identification number for the centroids, and the right numbers (in brackets)
are the percentages of complete trajectories occurring in that cluster.

4. Conclusions

Beta activity concentration is usually used as a control indicator for radioactivity
levels. In the present study, weekly beta activity concentrations from 2014 to 2018 in
Bilbao, northern Spain, were analysed (259 data). The autocorrelation function confirmed
that these beta activity concentration data can be considered as a time series, and the
periodogram showed an annual periodicity and significant seasonal variation of the beta
activity concentrations.
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The correlation with the alpha activity concentration (0.138) is similar to other sites
in Spain (Salamanca, Málaga, Canary Islands, and Valencia) and are in accordance with
United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) values
(0.1). However, there is no correlation (0.16) with the 7Be activity concentration measured
in the same place, and the results are similar the results found in the Canary Islands. In
the current study, no good correlations were found between the meteorological variables
(temperature, precipitation and relative humidity). The analysis of the wind behavior under
different gross beta activities concluded that the highest beta activity concentrations in
Bilbao are characterized by low wind speeds with a mainly southeast wind direction (from
land), low relative humidity, and high temperature. The air mass analysis of two anomalous
seasonal periods (autumn 2015 and winter 2017) reported the impact of meteorological
scenarios on the gross beta activity concentrations and how seasonal variations on synoptic
and local winds influence on the intensity of beta activity concentrations.
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