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ARTICLE INFO ABSTRACT

Keywords: This study evaluates potential differences in ”Be activity concentrations measured using two aerosol sampling

"Be systems equipped with PM;( and total suspended particles (TSP) inlets under real atmospheric conditions. During

Aerosol particles the study period, mean "Be activity concentrations were 4.4 + 1.4 mBq m~ for PM;q and 3.7 + 1.2 mBq m™° for

é;?nﬁzh:;;é?:;z:;wuy TSP samples. A strong temporal correlation was observed between both datasets (p = 0.882, p < 0.001), indi-
cating consistent response to atmospheric variability. Although individual weekly differences are not always
statistically significant when measurement uncertainties are considered, the overall distribution revealed a
systematic tendency toward higher "Be concentrations in the PMyq fraction, with relative differences ranging
from 4% to 44%, consistent with the preferential association of “Be with fine aerosol particles.

Six sampling weeks showed higher "Be values in TSP than in PMj, but only three met the criterion for sta-
tistically significant difference. Back-trajectory analysis showed that only one sampling week corresponded to a
well-defined Saharan dust intrusion, whereas the two other cases were more linked to regional resuspension
processes and accumulation of locally or regionally derived coarse particles that may enhance the relative
contribution of the TSP fraction. These findings indicate that episodic increases of “Be in the TSP fraction may
arise from both mineral dust advection and locally driven coarse-particle accumulation.

Multivariate analysis identified two dominant atmospheric regimes controlling radionuclide variability. The
first component linked “Be concentrations with temperature and wind direction, reflecting the influence of large-
scale atmospheric transport and vertical mixing processes. The second component grouped dust concentrations
and wind speed, indicating the importance of mechanically driven aerosol resuspension and transport. Overall,
the results demonstrate that while PM;( and TSP sampling systems provide highly comparable measurements of
atmospheric “Be activity, differences in particle size distribution during dust transport episodes can lead to
systematic variations between both fractions. These findings highlight the importance of considering inlet-
dependent size selectivity when comparing long-term radionuclide records obtained using different aerosol
sampling configurations.

1. Introduction

Beryllium-7 (“Be) is a cosmogenic radionuclide produced in the
upper troposphere and lower stratosphere by spallation reactions of
cosmic rays with atmospheric nitrogen and oxygen nuclei (Lal and Pe-
ters, 1967). The variability in activity of ’Be in surface air is the product
of interaction of three processes: production, transport, and deposition.
Once formed, ’Be rapidly attaches to atmospheric aerosols and is
transported downward to the Earth's surface through large-scale atmo-
spheric circulation and deposition processes (Feely et al., 1989;

Baskaran, 2011). Measurements of surface Be radioactivity are useful
for studying short-term atmospheric transport processes. Temporal
variations in the surface ’Be radioactivity were reported at many sites in
the world and transport processes of air mass were discussed. Due to its
relatively short half-life (53.3 days) and strong affinity for particulate
matter, “Be has been widely used as a tracer of atmospheric transport,
aerosol dynamics, and stratosphere-troposphere exchange (e.g., Koch
et al., 1996; Dibb et al., 2003; Duenas et al., 2011).

The measurement of “Be in surface air is commonly performed by
collecting airborne particles on filters using different sampling systems.
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Among these, PM;o samplers, which selectively collect particles with
aerodynamic diameters smaller than 10 pm, are frequently employed in
air quality monitoring networks, while Total Suspended Particle (TSP)
samplers collect a broader size range of aerosols (UNSCEAR, 2000).
Since "Be is predominantly associated with fine and accumulation-mode
particles, its measured activity may depend on the sampling method-
ology and particle size fraction considered (Papastefanou, 2006; loan-
nidou and Paatero, 2014). However, direct comparisons between PM;(
and TSP sampling systems remain limited, and the extent to which
sampling configuration influences ’Be quantification is still not fully
understood.

Meteorological conditions play a crucial role in controlling the at-
mospheric concentration and variability of “Be. Parameters such as
temperature, precipitation, wind speed, and wind direction influence
aerosol transport, vertical mixing, and removal processes, thereby
affecting surface-level “Be activities (e.g., Blazej and Mietelski, 2014;
Gordo et al., 2015; loannidou and Papastefanou, 2020). In particular,
strong winds and dust resuspension events may alter the relative
contribution of coarse and fine particles, potentially modifying the
apparent distribution of “Be between different particulate fractions.

In this context, the present study aims to compare ’Be concentrations
measured using PM;o and TSP sampling systems and to assess the in-
fluence of meteorological variables on the observed differences. Multi-
variate statistical techniques, such as VARIMAX-rotated Factor Analysis,
are applied to identify the main processes governing ’Be behavior and
dust dynamics. This approach provides insight into the combined effects
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of atmospheric transport, meteorology, and sampling methodology on
7Be measurements, contributing to a better interpretation of long-term
radionuclide monitoring data.

2. Material and methods
2.1. Sampling site and aerosol collection

An airborne aerosol sampling campaign was carried out at the Uni-
versity of Malaga (36°42'56" N, 4°28'25" W), located in southern Spain
(Fig. 1). The site is situated about 5 km inland from the Mediterranean
coastline and can be classified as an urban background station influ-
enced by both continental and marine air masses. The station forms part
of the Environmental Radioactivity Monitoring Network operated by the
Spanish Nuclear Security Council (CSN), ensuring standardized pro-
cedures, routine quality control, and national-level data comparability.

Airborne dust samples were periodically collected from February
2024 to January 2025 using two high-volume aerosol sampling systems
operating in parallel (Fig. 2). Sampling and sample preparation were
carried out following the environmental radiological surveillance pro-
cedures established by the Consejo de Seguridad Nuclear (CSN, 2005;
updated in 2025). Each sampler operated continuously over one-week
intervals, with aerosol particles collected on a single filter during each
sampling period. Thus, every filter represents an integrated weekly
sample, providing average "Be activity concentrations and reducing the
influence of short-term atmospheric variability. Throughout the study

A

Fig. 1. (a) The coastal city of Malaga in southern Spain, on the Mediterranean shore (b) Location of sampling point (red point). (c) Two high-volume samplers are
located on the roof of the Central Research Facilities Building (SCAI) at the University of Malaga. (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. High-volume samplers were used during study. a) and b) pictures depict
PM;, and TSP samplers, respectively. Orange arrows show the distance of the
filter holders from the roof floor; (c) panoramic image of the roof showing the
distance between samplers. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

period, a total of 52 paired weekly samples (n = 52) of PM;(y and TSP
were collected and subsequently analysed under identical laboratory
and counting conditions.

The samplers were installed on the roof of the Central Research Fa-
cilities Building (SCAI), at approximately 10 m above ground level. The
rooftop consists of a flat gravel-ballasted roofing system, as illustrated in
Fig. 2. Although gravel-covered roofs may allow limited accumulation of
coarse dust, the sampling inlets were positioned well above the imme-
diate surface layer, minimizing potential influence from local particle
resuspension.

The PM;( and TSP samplers were installed approximately 10 m apart
on an unobstructed rooftop platform. The inlets were positioned at
heights of 1.2 m (PM1¢) and 1.5 m (TSP) above the surface and oriented
towards the predominant wind direction (see Fig. 2). After filtration, the
air was exhausted downward through the base of each pumping unit.
The separation distance, vertical inlet offset, and exhaust configuration
minimize potential aerodynamic interference, shadowing effects, or
recapture of filtered air between samplers. The vertical separation is
small compared with the characteristic turbulent mixing scale above
rooftop level and is not expected to generate systematic concentration
gradients under typical atmospheric mixing conditions.

The PM; fraction was collected using MCV/CAV-A/Mb high-volume
sampler (MCV, S.A. https://mcvsa.com/en/products/) equipped with a
PM size-selective inlet (50% aerodynamic cut-off at 10 pm), operating
at a nominal flow rate of 30 m® h™!. The inlet complies with the con-
ventional PM;( sampling criteria based on aerodynamic diameter sep-
aration. Aerosols were retained on circular quartz microfiber filters
(150 mm diameter, QMA type, MCV, S.A.), with a nominal particle
retention efficiency higher than 99% for particles larger than 0.3 pm. In
parallel, total suspended particles (TSP) were collected using a PTI high-
volume sampler (model ASS-500), fitted with square polypropylene
filters (440 mm side length type G-3, Physic-Technik-Innovation, PTI),
designed for high-volume TSP aerosol collection.

The PM;o sampler operates at a fixed flow rate throughout the
sampling period. In contrast, the TSP sampler does not include an
automatic constant-flow controller. Due to progressive particle loading
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of the filter—particularly during Saharan dust intrusion events—the
airflow typically decreased from approximately 700 m> h™! at the start
of sampling to about 350 m® h™! at the end of the weekly collection
period. To account for this variation, the total sampled air volume for
each system was obtained directly from the calibrated volumetric
flowmeter integrated into the sampler. Both flowmeters are periodically
calibrated by the manufacturer following standard metrological pro-
cedures. Therefore, activity concentrations were calculated using the
actual integrated air volume rather than nominal flow values, prevent-
ing systematic bias associated with flow rate reduction.

Although the filter retention efficiency exceeds 99% for the relevant
particle size range, the overall sampling efficiency (including inlet
aspiration and particle transmission) cannot be assumed to be strictly
100% under all atmospheric conditions. Differences in inlet design, flow
regime, and particle-size-dependent aspiration efficiency may lead to
slight variations in the effective collection of coarse particles. Since at-
mospheric “Be is predominantly associated with fine and submicron
aerosols, both systems efficiently collect the fraction carrying most of
the radionuclide activity. Consequently, minor deviations from the
theoretical expectation TSP > PM;o may occur without implying sys-
tematic bias or instrumental artefacts.

2.2. Gamma spectrometric analysis

After sampling, the filters were stored under controlled laboratory
conditions for 96 h prior to gamma spectrometric analysis to allow for
the complete decay of short-lived radon progeny (e.g., 2!*Pb and 21*Bi)
originating from 2?2Rn. This waiting period prevents spectral interfer-
ence and avoids potential overestimation of gamma-emitting radionu-
clides due to freshly deposited radon decay products. Given the half-life
of “Be (53.3 days), this storage time does not introduce any significant
decay bias.

Gamma-ray measurements were performed using a low-background
coaxial high-purity germanium (HPGe) detector (GX3520; Canberra
Industries Inc., USA) coupled to a Genie, 2000 spectral analysis system.
The detector has a relative efficiency of 35% and an energy resolution of
0.83 keV at 122 keV and 1.75 keV at 1332 keV. The system was operated
under recommended bias conditions and housed within a lead shielding
assembly to minimize background radiation. “Be activity concentrations
were determined via its characteristic gamma emission at 477.7 keV.
Energy calibration was performed using certified reference sources, and
full-energy peak efficiency calibration was conducted using a
multi-gamma reference standard provided by the Research Centre for
Energy, Environment and Technology (CIEMAT), Madrid, Spain. To
exclude geometry-dependent artefacts, efficiency calibration was per-
formed independently for each filter configuration (PM;o and TSP). The
reference solution was homogeneously deposited onto clean filters of
each type, reproducing the exact counting geometry of real samples.
Independent efficiency calibration curves were thus obtained and
applied to their corresponding sample sets.

Counting times ranged from 172,800 to 216,000 s, to ensure
adequate counting statistics and minimize uncertainty. Minimum
detectable activities (MDA) were calculated according to Currie (1968).
Background subtraction and uncertainty propagation followed standard
low-level gamma spectrometry procedures and according to the Spanish
Nuclear Security Council's procedural document (Consejo de Seguridad
Nuclear, 2025). Activity concentrations were corrected for radioactive
decay to the midpoint of each sampling period and are reported in mBq
m~3 with standard uncertainties (10), including contributions from
counting statistics and efficiency calibration. This calibration and
analytical approach ensure that observed differences in 7Be concentra-
tions between PM;o and TSP samples are not attributable to detector
efficiency bias, counting geometry effects, or statistical treatment. Our
laboratory regularly participates in inter-calibration tests in the field of
gamma spectrometry organised by the International Atomic Energy
Agency (IAEA), the Joint Research Centre (JRC), and the Spanish
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National Security Council (CSN).

2.3. Meteorological data and statistical analysis

Meteorological data were obtained from a monitoring station oper-
ated by the Regional Government of Andalusia (Junta de Andalucia) in
Campanillas (Malaga; 36°43'44"N, 4°33'38"W), located approximately 5
km west of the aerosol sampling site and considered representative of
local atmospheric conditions. Datasets are publicly available on the
Regional Government of Andalusia website. Daily meteorological data
were processed to calculate mean air temperature (°C), cumulative
precipitation (mm), mean wind speed (m s’l), and mean wind direction
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over the same periods as the aerosol sampling. Since wind direction is a
circular variable, it was transformed into its sine and cosine components
prior to multivariate analysis to avoid discontinuity effects associated
with angular measurements. Specifically, the cosine component was
defined as Wind EW, representing the east-west directional component,
and the sine component as Wind NS, representing the north-south
directional component. These transformed variables were used in the
statistical analysis instead of raw angular values.

These meteorological variables were analysed together with the
measured "Be activity concentrations and aerosol mass concentrations
to investigate their interrelationships and potential controlling factors.
The statistical evaluation was performed using the complete dataset
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Fig. 3. (a) Temporal evolution of “Be activity concentrations (in mBq m™~>) measured in TSP and PM,,, filters during the study period. Error bars represent standard
uncertainties (10). Stars indicate sampling weeks in which "Be activity values in TSP exceed those of PM;, values (red stars indicate statistically significant dif-
ferences). (b) Aerosol mass concentration (in g m~>) in TSP and PMy;,, filter samples. Bigger dots indicate sampling weeks in which ”Be activity values exceed those
of PM; values. (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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comprising 52 weekly observations (n = 52), corresponding to the
paired PM;( and TSP samples collected during the study period. Cor-
relation analysis was conducted using the Spearman rank correlation
coefficient (p), given the non-normal distribution of several variables. In
addition, multivariate statistical analysis was performed using factor
analysis with VARIMAX rotation in SPSS (version 30.0). This method
groups correlated variables into a reduced number of orthogonal com-
ponents, thereby facilitating the identification of the dominant atmo-
spheric processes influencing ’Be behaviour and particulate matter
dynamics during the study period.

2.4. Back-trajectory analysis

Air mass back-trajectory analyses were performed using the HYSPLIT
(Hybrid Single-Particle Lagrangian Integrated Trajectory) model
developed by the National Oceanic and Atmospheric Administration Air
Resources Laboratory (ARL). Meteorological input data were obtained
from the GDAS (Global Data Assimilation System) archive with 1°
spatial resolution.

Four-day backward trajectories were computed for the Mélaga
sampling site for each day within selected weeks of interest. Trajectories
were calculated at three arrival heights above ground level (AGL): 500
m, 1500 m, and 3000 m, to characterize transport pathways within the
lower troposphere and assess the potential contribution of long-range
transported air masses.

This multi-level approach enables discrimination between local/
regional recirculation patterns and synoptic-scale advection, particu-
larly during Saharan dust intrusion events. The analysis was specifically
focused on sampling periods exhibiting statistically significant differ-
ences between TSP and PM;, ’Be concentrations.

3. Results and discussion
3.1. Comparison between ’Be activity concentrations in TSP and PMjo

Fig. 3 illustrates the weekly temporal evolution of Be activity con-
centrations measured with the PM;o and TSP samplers throughout the
study period. The similarity in the temporal behaviour of the two sam-
pling systems is evident in the parallel fluctuations of the curves, and
this agreement is quantitatively supported by a strong Spearman cor-
relation (p = 0.882, p < 0.001). This high correlation demonstrates that
both PM; and TSP samplers respond consistently to changes in atmo-
spheric conditions, validating their use for monitoring ’Be in aerosol
samples.

Both time series display comparable seasonal patterns and vari-
ability, with higher concentrations typically observed during spring and
summer months and lower values in autumn and winter. This seasonal
variability aligns with the known influence of atmospheric dynamics on
the transport and deposition of cosmogenic radionuclides: enhanced
vertical mixing and increased stratosphere-troposphere exchange dur-
ing warmer periods generally lead to elevated surface ’Be levels,
whereas more stable conditions in cooler seasons result in reduced
concentrations (e.g., Duenas et al., 2015; Hernandez Ceballos et al.,
2016; Alegria Gutiérrez et al., 2020). The highest “Be activity concen-
tration was observed during summer, including a peak of 8.1 + 0.8 mBq
m~2 in PM;o on 5-12 August 2024. Both "Be in PM10 and "Be in TSP
exhibit moderate positive correlations with particle mass concentrations
(PM;0: p = 0.490; TSP: p = 0.637; p < 0.001 in both cases). This rela-
tionship is expected, as higher aerosol loads provide greater surface area
for radionuclide attachment and reflect atmospheric conditions condu-
cive to particle accumulation. The stronger correlation observed for TSP
may reflect the inclusion of coarser particles that contribute to overall
mass variability.

Despite the strong temporal agreement between both datasets, 'Be
activity concentrations measured in PM;o samples tend to be higher than
those obtained from TSP samples. For the entire study period, the mean
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activity concentrations were 3.7 & 1.2 mBq m > for TSP and 4.4 + 1.4
mBq m ™3 for PMy¢. A Wilcoxon signed-rank test indicated a statistically
significant difference between the "Be activity concentrations measured
in PM10 and TSP (Z = —4.49, p < 0.001), with higher activities observed
in PM10 samples. Fig. 4 compares the distributions of “Be activity
concentrations in TSP and PM;o. PM;( exhibits a higher median and a
wider interquartile range, as well as a greater overall spread of values
than TSP.

Although 7Be activity concentrations measured in PM;, were
generally higher than those obtained in TSP samples, six sampling pe-
riods showed TSP values exceeding PM;( (18-25 March, 1-8 April, 6-13
May, 14-21 October, 16-23 December, and 23-30 December). Statisti-
cal significance was evaluated by comparing the absolute difference
between both measurements with their combined standard uncertainty.
Differences were considered statistically significant when:

|14pM10 7ATsp| > \/ u% + u% [1]

where:

o Appio is the measured “Be activity concentration in the PM; fraction
(mBqm3),

e Argp is the measured "Be activity concentration in the TSP fraction
(mBq m™3),

e upypio is the standard uncertainty (1c) associated with the PM;q
measurement,

e ursp is the standard uncertainty (1c) associated with the TSP
measurement.

This criterion is based on the propagation of independent un-
certainties and follows the principles established by Joint Committee for
Guides in Metrology (JCGM/WG1), 2008 in the Guide to the Expression
of Uncertainty in Measurement (GUM) (JCGM 100:2008), which pro-
vides the standard framework for combining uncertainties for addition
and subtraction operations in metrological measurements. The term on
the right-hand side of Eq. [1] represents the combined standard uncer-
tainty of two independent measurements, obtained by quadratic sum-
mation. Only three sampling periods fulfilled this condition, exhibiting
statistically significant higher “Be concentrations in TSP (18-25 March,
16-23 December, and 23-30 December). In the remaining cases, the
observed differences were within the associated measurement un-
certainties and therefore cannot be considered statistically significant.

Although individual weekly differences are not always statistically
significant when measurement uncertainties are taken into account, the
systematic shift observed in the distribution (Fig. 3) indicates a
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Fig. 4. Box-and-whisker plots of “Be activity concentrations in (TSP) and in the
PM;, fraction (mBq m~>). The central line within each box represents the
median; the box limits correspond to the interquartile range (25th-75th per-
centiles), and the whiskers indicate the minimum and maximum values.
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consistent tendency towards higher "Be values in the PM;q fraction.
Relative differences between the two samplers range from 4% to 44%.
This pattern suggests a preferential association of “Be with fine aerosol
particles, consistent with the established production of cosmogenic ra-
dionuclides in the upper troposphere and lower stratosphere and their
subsequent attachment to submicron particles (e.g., Papastefanou,
2009; Dtugosz-Lisiecka and Bem, 2020; Narazaki et al., 2021).

3.2. Meteorological influence and back-trajectory analysis

To characterize the prevailing atmospheric circulation during the
study period, a wind rose analysis was performed. The results are pre-
sented in the Supplementary Material (Supplementary Fig. S1), showing
a clear predominance of winds from the W-WNW sector, with secondary
contributions from the NW sector. Less frequent but noticeable occur-
rences from the SE-SSE sector were also observed. The dominant
westerly component reflects the regional synoptic circulation affecting
the study area, whereas southeasterly episodes are consistent with
episodic African air mass advection.

Correlation analysis was performed using the Spearman rank corre-
lation coefficient to assess the relationship between ’Be activity con-
centrations and meteorological variables. A significant positive
correlation was observed between Be activity and mean weekly air
temperature for both particle fractions (PM;o: p = 0.577, p < 0.001; TSP:
p = 0.547, p < 0.001). This indicates enhanced radionuclide concen-
trations under warmer atmospheric conditions, consistent with intensi-
fied vertical mixing and more efficient stratosphere-troposphere
exchange processes. Precipitation showed significant negative correla-
tions with "Be activity (PMjo: p = —0.413, p = 0.002; TSP: p = —0.424,
p = 0.002), reflecting the scavenging effect associated with wet depo-
sition, whereby rainfall removes aerosol-bound radionuclides from the
atmosphere. Wind speed did not display a statistically significant cor-
relation with “Be activity (PMjg: p = —0.059, p = 0.680; TSP: p =
—0.150, p = 0.287), suggesting that local wind intensity alone is not a
dominant driver of ’Be variability. This behaviour is consistent with the
cosmogenic origin of “Be and its preferential association with fine par-
ticles, whose variability is mainly controlled by large-scale atmospheric
processes rather than mechanical resuspension. Wind direction was
decomposed into its zonal (Wind EW) and meridional (Wind NS) com-
ponents to avoid circular statistical artefacts. The zonal component
(Wind EW) showed a significant negative correlation with 7Be concen-
trations (PM;o: p = —0.465, p < 0.001; TSP: p = —0.562, p < 0.001),
indicating that variations in the east-west circulation component
significantly influence radionuclide variability. Considering the pre-
dominance of westerly winds in the study area, this suggests that specific
synoptic circulation regimes modulate vertical mixing efficiency and
long-range transport pathways. In contrast, the meridional component
(Wind NS) did not show statistically significant correlations with "Be
activity (PM;o: p = —0.056, p = 0.693; TSP: p = —0.127, p = 0.369),
indicating that north-south airflow variability played a comparatively
minor role during the study period.

A strong correlation was also observed between PM;( and TSP mass
concentrations (p = 0.890, p < 0.001), confirming the coherence be-
tween both sampling inlets. Overall, the results indicate that “Be vari-
ability is primarily governed by temperature-related atmospheric
mixing and large-scale zonal circulation patterns, while precipitation
acts as an efficient removal mechanism and local wind speed has a
limited direct influence.

Although 7Be activity concentrations measured in PM;, were
generally higher than those in TSP throughout the study period, six
sampling weeks showed “Be activity values in TSP exceeding those in
PM;jo (18-25 March, 1-8 April, 6-13 May, 14-21 October, 16-23
December, and 23-30 December; see Fig. 3). Among these, three activity
concentrations (18-25 March, 16-23 December, and 23-30 December
2024) exhibited statistically significant differences when considering
combined standard uncertainties. Therefore, detailed trajectory
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analyses were focused on these three cases to clarify the atmospheric
transport patterns associated with these sampling weeks (Fig. 5).

Back-trajectories for 18-25 March 2024 show a clear North African
origin of the air masses at multiple arrival heights (500, 1500 and 3000
m), consistent with a well-defined Saharan dust intrusion. This week was
characterised by the highest dust concentration observed in TSP filters
during the study period (205 pg m~%), together with the maximum "Be
activity concentration in TSP (6.0 + 0.4 mBq m™>). The trajectory
pattern and extreme aerosol loading jointly indicate that intense long-
range transport of mineral dust substantially increased coarse particu-
late matter levels and modified aerosol size distribution, leading to a
relative enhancement of “Be in the TSP fraction.

In contrast, the two December sampling weeks (16-23 and 23-30
December 2024) exhibit more complex transport patterns. Backward
trajectories indicate predominantly continental and regional recircula-
tion rather than a persistent North African pathway. Although these
weeks did not present a clearly defined Saharan intrusion, regional
resuspension processes and accumulation of locally or regionally
derived coarse particles may enhance the relative contribution of the
TSP fraction, thereby modifying radionuclide partitioning between
PM; and TSP without requiring long-range African transport.

The influence of mineral dust transport on radionuclide dynamics is
further illustrated by the detection of 3’Cs in TSP filters during the
March episode (18-25 March 2024), coinciding with the confirmed
Saharan intrusion. During these days, a deep low-pressure system
developed to the south-west of the Iberian Peninsula, affecting both
surface and upper atmospheric levels. The associated circulation
generated persistent southerly winds that favoured the transport of
desert mineral dust across the Iberian Peninsula and the Balearic Islands.
During this week, 137Cs activity reached (10 + 3)e10~* mBq m~>, rep-
resenting the maximum value recorded during the study year at the
Malaga station and exceeding the minimum detectable activity. In the
corresponding PM; samples, the minimum detectable activity for 13’Cs
under the applied counting conditions was 1.2¢1072 mBq m S,
approximately twice the activity measured in TSP. Therefore, although
the absence of detectable 3’Cs in PMj during this episode is in line with
a preferential association of radiocaesium with the coarse aerosol frac-
tion transported by mineral dust, the influence of lower sampled air
volume and higher detection limits in the PM;, system cannot be
entirely excluded.

Importantly, 13Cs was detected in only three of the fifty-two ana-
lysed weeks, highlighting the episodic character of its atmospheric
presence. The concurrence of enhanced coarse dust loading, detectable
137Cs, and a statistically significant increase of “Be in TSP during the
March intrusion supports the interpretation that Saharan dust outbreaks
act as efficient mechanisms for the long-range transport of soil-derived
radionuclides. Radiocaesium present in arid North African
soils—originating from past atmospheric nuclear weapons testing and
the Chernobyl accident—can be resuspended and transported over long
distances during dust events, as documented in previous studies
(Hernandez et al., 2005, 2008; Liger et al., 2024).

Overall, these results demonstrate that while both PM;y and TSP
sampling systems provide highly correlated measurements of "Be, par-
ticle size distribution becomes particularly relevant during episodes
characterized by enhanced coarse particle transport. Synoptic condi-
tions governing dust mobilization and air mass origin modulate radio-
nuclide partitioning between size fractions, reinforcing the importance
of combining trajectory analysis, radionuclide measurements, and
aerosol mass data for a comprehensive interpretation of atmospheric
transport processes.

3.3. Multivariate statistical analysis
To investigate the influence of meteorological conditions on “Be

activity concentrations and dust levels, a factor analysis with VARIMAX
rotation was performed. The results are presented graphically in Fig. 6,
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Fig. 5. Four-day HYSPLIT back-trajectories for 18-25 March (a-c), 16-23 December (d-f) and 23-30 December (g-i) 2024 arriving at Malaga sampling site at 12:00
UTC for three arrival heights (500, 1500 and 3000 m a.g.l.). The number in the rectangle corresponds to the day of arrival.

where the loadings of the analysed variables are projected onto the
space defined by the first two principal components. These two com-
ponents together explain approximately 70% of the total variance in the
dataset.

The first component is characterized by high loadings of ”Be activity
concentrations in both PM;( (0.82) and TSP (0.88), together with tem-
perature (0.83) and wind direction (EW) (—0.78), indicating that these
variables jointly control the atmospheric behaviour and distribution of
7Be at this site. The strong contribution of wind direction (EW) for
component 1 agrees with the prevailing circulation pattern shown in the
wind rose (Fig. S1), which reveals a dominant W-WNW flow with

episodic southeastern contributions. This suggests that synoptic-scale air
mass transport plays a central role in modulating surface “Be concen-
trations. Such behaviour is in accordance with the well-established
origin of "Be in the upper troposphere and lower stratosphere, fol-
lowed by downward transport through vertical air mass exchange and
large-scale circulation processes. Similar associations between Be,
temperature, and synoptic-scale transport have been reported in previ-
ous studies, highlighting the role of atmospheric mixing and long-range
transport in modulating surface-level “Be concentrations (e.g., Herndn-
dez et al., 2008; Papastefanou, 2009; Sykora et al., 2016).

The second component shows strong associations between dust
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Fig. 6. Varimax-rotated factor-loading plot of the analysed variables projected onto the first two principal components. The diagram shows the relationship between
7Be activity concentrations (PM;o and TSP), dust mass concentrations, and meteorological variables.

concentrations measured with the two samplers (0.76 in PM10; 0.76 in
TSP) and wind speed (—0.90), highlighting the key role of wind in the
transport, dispersion, and accumulation of particulate matter. This
component reflects mechanical processes such as soil erosion, resus-
pension, and long-range advection, which are enhanced under high
wind speed conditions, particularly during Saharan dust intrusion
events. Similar factor structures linking dust loadings and wind speed
have been documented in aerosol studies conducted in southern Spain
and the Canary Islands, where African dust outbreaks are primarily
driven by strong synoptic winds and regional circulation patterns
(Querol et al., 2009).

The Varimax analysis reveals two distinct atmospheric control re-
gimes. The first component represents a large-scale circulation and
vertical mixing regime, characterised by strong contributions from "Be
(both fractions), temperature, and the zonal wind component (Wind
EW). This component is consistent with synoptic-scale modulation of
cosmogenic radionuclide transport and downward mixing processes.
The second component represents a mechanically driven aerosol regime,
dominated by wind speed, the meridional wind component (Wind NS),
and dust mass concentrations in both PM;¢ and TSP. This component
captures the dynamic processes responsible for dust mobilisation,
resuspension, and regional transport, particularly during Saharan
intrusion events at the sampling site.

4. Conclusions

This study provides a comparison of “Be activity concentrations
measured using PM; and TSP aerosol sampling systems under urban
background conditions. By explicitly accounting for methodological
factors associated with aerosol collection efficiency, detector perfor-
mance, and sampling temporal resolution, the adopted analytical
approach reduces interpretative bias associated with procedural vari-
ability and strengthens the robustness of the comparison.

Mean "Be concentrations during the study were 4.4 + 1.4 mBq m 3
for PMyo and 3.7 + 1.2 mBq m~> for TSP, with a strong temporal

correlation between both datasets (p = 0.882, p < 0.001). Although
weekly differences were generally not statistically significant when
considering combined standard uncertainties (16), a persistent tendency
toward higher ”Be values in the PM fraction was clearly observed. This
systematic difference, reaching up to 44% in relative terms, indicates
that inlet-dependent size selectivity can influence reported concentra-
tions even under comparable environmental conditions. Previous
studies have shown that “Be is predominantly associated with fine and
accumulation-mode aerosols, which explains the generally higher ac-
tivities measured in PM; o samples under typical atmospheric conditions.
(Papastefanou, 2009; Baskaran, 2011).

Only three weekly sampling periods exhibited statistically significant
higher "Be concentrations in TSP. Back-trajectory analysis showed that a
clear North African intrusion was evident in only one of these episodes
(March), whereas the two December cases were not associated with
well-defined Saharan transport patterns. This suggests that while intense
dust intrusions can enhance coarse-mode radionuclide transport, addi-
tional meteorological mechanisms may also contribute to temporary
shifts in aerosol size partitioning.

The detection of *”Cs in TSP during the March intrusion, reaching
(10 + 3) «10~* mBq m 3 (the highest value recorded during the study
year), further supports the role of long-range dust transport in mobilis-
ing soil-derived radionuclides. During the same week, *’Cs remained
below the minimum detectable activity in PM;q samples (1.2¢1072 mBq
m~%). Although this behaviour is in line with preferential association of
radiocaesium with the coarse aerosol fraction transported during dust
outbreaks, the influence of sampling volume and detection limits in the
PM; system cannot be entirely excluded.

Multivariate analysis using VARIMAX rotation identified two prin-
cipal components explaining approximately 70% of the total variance.
The first component linked “Be concentrations primarily with temper-
ature and atmospheric transport patterns, reflecting the influence of
large-scale circulation and vertical exchange processes. The second
component associated dust levels with wind speed, highlighting the
importance of mechanical transport and resuspension dynamics.
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Independent analyses performed separately for PM;( and TSP confirmed
the stability of the factor structure.

Overall, both PM;( and TSP sampling systems provide robust and
highly correlated measurements of atmospheric ’Be activity concen-
trations, indicating that either configuration can reliably capture the
general variability of this cosmogenic radionuclide. However, differ-
ences in particle size distribution, particularly during episodic dust in-
trusions, may alter radionuclide partitioning across aerosol fractions and
thus introduce systematic discrepancies when datasets obtained using
different inlet configurations are directly compared. These results
highlight the importance of considering aerosol size fraction and sam-
pling inlet characteristics when integrating or inter-comparing atmo-
spheric radionuclide datasets obtained using different sampling
configurations.
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