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HIGHLIGHTS

e Two atypical and intense dust Saharan
events affected Spain during March
2022.

o These Saharan dust events caused in-
crements of radionuclides in atmo-
spheric aerosols.

e Record concentrations of '*’Cs were
recorded during these events in Malaga.

o PM10,'%Cs, “°K and gross alpha con-
centrations correlated during these dust
events.

e Rainfall enhanced aerosols deposition to
approximately 26-56 days of dry
deposition.

ARTICLE INFO

Handling editor: Milena Horvat

Keywords:

Saharan dust
Long-range transport
Caesium

Plutonium

Aerosol

Atmospheric deposition

GRAPHICAL ABSTRACT

Two int isod
Long-range transport and et it

deposition of radionuclides
from Sahara Desert

Aerosol and wet
deposition samples for
radiometric measurements

Extreme episodes of
dust intrusions from arid
regions affect large
areas

Content of natural and
anthropogenic
radionuclides

Global atmospheric
fallout

2zl s ki 2390240py,
Origin of the

anthropogenic
radionuclides using their
isotopic ratios

wicg
Global atmospheric fallout
+

Chernobyl NPP accident

«WJ f nn-'h'u.'

ABSTRACT

The present study focuses on the two consecutive and markedly intense Saharan dust intrusion episodes that
greatly affected southern Spain (Malaga) and, to a lesser extent, the Canary Islands (Tenerife), in March 2022.
These two episodes were the result of atypical meteorological conditions in the region and resulted in record
levels of aerosols in the air at the Malaga location. The activity levels of various natural and artificial radio-
nuclides ("Be, 219Pb, 40K, 137Cs, 9Py, 24%pu, 239+240py) and radioactive indicators (gross alpha and gross beta)
were impacted by these events and the results are described herein. These episodes caused, for example, the
activities of '*’Cs in aerosol samples at the Malaga monitoring station to reach the highest concentrations ever
recorded since high-volume aerosol monitoring started at this site in 2009. A link between the activity levels of
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137Cs, 40K and gross alpha in the atmospheric aerosols and daily PM10 concentrations during the episodes is also
reported. In addition, isotopic ratios are discussed in the context of the source and destination of the various
anthropogenic radionuclides measured. The atmospheric residence time of aerosols during these episodes is also
evaluated because it concerns how intrusions to the Canary Islands should be analysed. Finally, for the first time,
the concentrations of '*’Cs deposition by rainwater during a Saharan dust intrusion are reported and the
deposition rate of these radionuclides during these episodes is discussed.

1. Introduction

Dust is considered one of the major sources of tropospheric aerosols
in the atmosphere and constitutes an important key parameter in
climate studies (Kaufman et al., 2002). Desert dust can be transported
over long distances from the source regions (Prospero et al., 2002,
2021). Generally, large-sized particles are deposited near their source,
but smaller ones can remain suspended in the air for a few days or even
weeks (Rodriguez-Navarro et al., 2018). Large masses of dust transferred
during dust outbreaks can lead to higher pollution levels than those
arising from average transfer processes. They also produce pollutant
fluxes that can be equivalent to the fluxes accumulated over several
months or even years. This particularly concerns particle-reactive con-
taminants such as trace metals and long-lived artificial radionuclides
(Eyrolle et al, 2009). The global significance and impact of
desert-derived mineral dust aerosol have attracted extensive research
focused on analysing dust composition, mineralogy, physical properties,
sources, and transport mechanisms (Goudie and Middleton, 2001;
Prospero et al., 2002; Scheuvens et al., 2013). Data from these studies
have contributed to a better understanding and modelling of dust cycles,
and their impact on global atmospheric dynamics, climate, and
biogeochemical cycles.

The Sahara Desert is the most important dust source in the world.
Approximately 12 % of the Saharan dust moves northwards to Europe,
28 % westwards to the Americas and 60 % southwards to the Gulf of
Guinea (Engelstaedter et al., 2006). The frequent occurrence of African
dust outbreaks has implications for air pollution regulation strategies
and accounts for the marked difference in the features of airborne par-
ticulates between Southern and Northern Europe (Rodriguez et al.,
2001). Saharan dust transport can greatly increase the ambient levels of
aerosols (particulate matter) recorded in air quality monitoring net-
works (Querol et al., 2009b). This is especially relevant in Southern
Europe (Rodriguez et al., 2001; Escudero et al., 2005; Gerasopoulos
et al., 2006; Escudero et al., 2007; Kocak et al., 2007; Mitsakou et al.,
2008) and in some Atlantic islands (Prospero and Nees, 1986; Chiapello
et al., 1995; Arimoto et al., 1997; Viana et al., 2002). Saharan dust
outbreaks may also transport microorganisms and anthropogenic pol-
lutants to these locations and directly impact human health (Poly-
menakou et al., 2008; Rodriguez et al., 2011; Tobias et al., 2011;
Karanasiou et al., 2012; Gonzalez-Martin et al., 2018; Gonzalez-Martin
et al., 2021).

Long-term studies on Saharan dust outbreaks have proven to be
useful for investigating average dust properties in terms of seasonal
patterns and recurrent transport scenarios (Papayannis et al., 2008;
Valenzuela et al., 2012; Cachorro et al., 2016; Sicard et al., 2016). Some
of these studies have characterised the meteorological situations that
favour their occurrence (Salvador et al., 2014; Diaz et al., 2017). Others
have focused on the long-range transport of dust using satellite obser-
vations or modelling tools (Barreto et al., 2022; Liu et al., 2022). Some
publications have analysed the composition of dust, as well as its
chemical, microphysical, and physical properties (Moreno et al., 2006;
Titos et al., 2017; Rodriguez et al., 2020). Other studies have correlated
these episodes to the concentration levels of particulate matter PM10
and PM2.5 (Querol et al., 2019; Capraz and Deniz, 2021) or the mea-
surement of aerosol optical depth (AOD) from remote sensing in-
struments (Fernandez et al., 2019). Previous long-term investigations
have revealed a clear seasonal pattern of Saharan dust events affecting

Central Europe based on 218 identified episodes (Varga et al., 2013;
Varga, 2020).

Although artificial radionuclides such as '*’Cs and transuranic nu-
clides are commonly observed at ultra-trace levels (10—15 ppm) in the
present-day environment, they represent a historical concern for human
health protection (United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR, 2000). In terms of the radiological impact
of Saharan dust outbreaks, a large deposition of 137¢s, 20Sr, uranium,
thorium and plutonium isotopes and *!Am was reported in France as a
result of a big Saharan dust storm in February 2004 (Masson et al.,
2010). Similarly, a large deposition of '¥Cs in Monaco was reported in
connection with the arrival of sand from North Africa (Pham et al., 2005,
2017, 2020). The concentrations of radioactive material in seasonal dust
storms were studied in the Middle East and Northern African regions
(Hamadneh et al., 2015; Aba et al., 2018). Our research team has
collected radiometric data associated with over 90, low-altitude, dust
intrusions to the Canary Islands since 2001 when the monitoring of at-
mospheric aerosols started at this site (Hernandez et al., 2005a; Her-
nandez et al., 2007; Karlsson et al., 2008; Lopez-Pérez et al., 2020,
2021). However, studies focusing on the radiological influence of dust
intrusions are not unique to the Sahara Desert. Similar dust episodes
originating in the Mongolian and Chinese deserts have also been studied
in Japan (Igarashi et al., 2005), and the relationship between atmo-
spheric deposition of 3’Cs and Asian dust intrusions has been docu-
mented (Akata et al., 2007; Fujiwara, 2016). Their findings support the
hypothesis that the depositions of anthropogenic radionuclides observed
in Japan are primarily the result of long-range transport of Asian dust,
rather than local resuspension.

The location of the Iberian Peninsula and the Canary Islands, close to
the Sahara Desert, makes these regions prone to dust intrusions of
Saharan origin (Goudie and Middleton, 2001; Alonso-Pérez et al., 2007;
Gelado-Caballero et al., 2012; Michaelides et al., 2018; Cuevas et al.,
2021; Prospero et al., 2021). These dust intrusions are locally called
“Calimas” (AEMET, 2022). When these Calimas reach southern Europe,
PM10 (particulate matter with a diameter of 10 pm or less) concentra-
tions typically range between 10 and 60 pg m . The Saharan dust ac-
counts for, in these cases, between 25 and 50 % of the total PM10 in the
air (Rodriguez et al., 2004). However, in March 2022, two spectacular
dust episodes occurred. There were reports of red skies and dust deposits
across Europe. The WMO Barcelona Dust Regional Center reported
PM10 concentrations that were historically high at 107 of Spain’s 471
measurement stations. Some of them exceeded concentrations of 1700
pg m~3 (Copernicus). These episodes greatly affected the Andalusia re-
gion (Southern Spain, Iberian Peninsula) where the daily recorded PM10
values showed unusually high concentrations in most air quality
monitoring stations (Junta_Andalucia), leading in some cases to them
exceeding more than 50 times the World Health Organization’s (WHO)
latest recommended annual limits of 15 pg m~3in 24 h (WHO).

The aim of this work and additional research currently ongoing at
our facilities is to try to understand how Saharan aerosol intrusions
impact the presence of various radionuclides in the atmosphere and how
the increased concentrations in aerosols impact the soil inventories of
anthropogenic radionuclides (Lopez-Pérez et al., 2021, 2022). Ulti-
mately, the aim is to be able to use this radiometric data to better un-
derstand environmental processes such as aerosol resuspension,
transport, and deposition, which may be critical to modelling the dis-
tribution and final destination of radioactive elements after nuclear
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accidents. In addition, given the current political instabilities in the
world, it is critical to be able to identify whether the source of anthro-
pogenic nuclides in the atmosphere is related to events that took place in
the past or new accidental releases of radioactivity. Moreover, extreme
weather events have increased globally due to climate change, including
extreme temperatures (Intergovernmental Panel on Climate Change
(IPCC, 2014). As a result, desert regions are growing. This means that
the occurrence of natural dust outbreaks is likely to increase in the
future with more important consequences. This is why it is of great
importance to understand the potential radiological effects of this type
of intense episode.

The two episodes that occurred in March 2022 were related to a
specific weather pattern associated with a deep low-pressure system
located southwest of the Iberian Peninsula, and a persistent high-
pressure area above southern Europe. Because of its virulence, the first
episode produced a storm that was even given a name: Storm Celia
(AEMET). These conditions provided an efficient pathway for northward
aerosol advection (AEMET, 2023). Because of these events, sharp in-
creases in the radioactivity levels in atmospheric aerosols, especially
137¢s and 40K, were recorded by the Mdlaga (MLG) and Tenerife (TNF)
monitoring stations. Similar increases in radioactivity levels, associated
with dust outbreaks, have been previously reported for Tenerife
(Hernandez et al., 2005a; Hernandez et al., 2007; Karlsson et al., 2008;
Lopez-Pérez et al., 2020). However, this is the first time that radiometric
data are reported for dust intrusion episodes crossing two monitoring
locations and two different times during the same period providing a
picture of how these events evolved in time.

This present study: 1) reports and compares the content of anthro-
pogenic (*¥7cs, 23%puy, 2*%py, and 2*°*2*°pu) and natural ("Be, *°K,
210pp) radionuclides and gross alpha/beta activity concentrations in
atmospheric aerosols, collected at ground level, at the Malaga and
Tenerife radiological monitoring stations, as well as aerosol concentra-
tions (PM10) collected at these sites during the two dust episodes; 2)
reports the time evolution of the events using supporting data from the
Copernicus Atmosphere Monitoring Service, HYSPLIT air mass back-
trajectory model (Stein et al., 2015), and NOAA-20 VIIRS True Color
Corrected Reflectance and The Modern-Era Retrospective analysis for
Research and Applications, Version 2 (MERRA-2) images (Gelaro et al.,
2017); 3) reports, for the first time, the concentrations of the above
mentioned radionuclides in wet deposition samples collected during
such dust intrusion episodes and provides deposition rates; 4) discusses
the origin of the said anthropogenic radionuclides using their isotopic
ratios and 5) discusses the residence time of the aerosols from these
storms as this influences how the origin of Saharan intrusions in the
Canary Islands has been characterised in previous studies, using solely
back-trajectory models.

1.1. Description of the dust episodes of March 2022

The March 2022 dust outbreaks are characterised by their extreme
intensity and duration affecting the entire Iberian Peninsula and later
the Canary Islands. The intrusions entered the Peninsula from the
southeast. The first episode reached Malaga on March 14th and Tenerife
on March 17th. The second episode arrived in Mdlaga on March 22nd
and in Tenerife on March 30th. Both episodes lasted approximately one
week and also impacted areas of western, central, and northern Europe.
In Fig. 1, the data of the fifth-generation atmospheric reanalysis of the
global climate data (ERA5), computed by the European Centre for
Medium-Range Weather Forecasts (ECMWF) (C3S), show the geo-
potential height and wind velocity (above 8 m s}, approx. 29 kmh™!) at
850 hPa level, for the beginning of both dust episodes. The synoptic
situation shows a similar scenario leading to these extreme episodes in
both situations. A meander in the jet stream gave rise to a deep upper-air
trough, close to producing a cut-off low, with the minimum of the
geopotential height located over the Gulf of Cadiz and an extensive area
of high pressure at the surface over southern Europe.
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1.1.1. First episode (MLG: March 14-18th, TNF: March 17-20th)

The formation of the deep low (storm Celia) above Spain is visible in
Fig. 1 with the bands of clouds on March 14th and 15th. Clouds from
March 16th appeared as very bright white over the Iberian Peninsula,
moving to central Europe. The storm Celia and high-cloud remnants
above Europe are visible in the figure, hiding the complete detection of
the dust’s eastward outbreak. The synoptic situation produced an
intense flow of air masses from the NW of the African continent towards
the Iberian Peninsula that continued towards the Canary Islands. The
strong and persistent windstorm, lasting for more than 24 h, signifi-
cantly contributed to the immense dust cloud that invaded the Peninsula
from the second half of the 14th, entering from the southeast. This sit-
uation mobilised, and wet-deposited, vast amounts of dust blown from
distant areas south of the Sahara.

The optical satellite images in Fig. 1 show the dust through occa-
sional gaps in the cloud, covering some parts of the north of Spain,
Portugal, and France. However, precisely because of the cloud cover, the
visualisation of the dust plumes, which also affected the whole southern
half, centre and east of the Peninsula, is difficult. For this reason, the
MERRA2-DUCMASS images are also shown in Fig. 1. They present the
true extent of these events illustrating that the first of the dust episodes
was continent-wide with a strong input from central Sahara and is — at
the date of the episode — one of the largest dust intrusions that has ever
impacted Europe. In the second half of March 15th, the Celia storm
began to lose intensity and started a gradual transition towards the
Mediterranean region via the north of the African continent. Celia
ceased to be named as such on the synoptic maps on the 16th, so her life
cycle barely lasted about 48 h.

The Celia storm remained stationary until the 15th in the area of the
Gulf of Cadiz. This caused strong winds and maritime storms over the
Canary Islands, as well as heavy rainfall in the provinces of Malaga and
Cadiz and affecting various areas of the central part of the Iberian
Peninsula.

1.1.2. Second episode (MLG: March 22-31st, TNF: March 30-03rd)

The second episode began on the 22nd of March in a similar way to
the previous one, with the development of a deep trough following a
curve in the polar jet stream. The minimum of the geopotential height of
the system was again over the Gulf of Cadiz. Although the low that
developed was not as strong as in the first situation, it did facilitate a
massive new intrusion of dust towards SW Europe, aided by a surface
anticyclone located in the western Mediterranean. After reaching the
Iberian Peninsula on 24 March, the dust mass began a turn across the
Atlantic, finally reaching the Canary Islands on 29 March. In the satellite
images, once again, the extensive cloud cover associated with the low
prevents the invasion of dust over the peninsula from being clearly seen
on the 24th. On the 25th, however, the dust is visible in the SW of the
peninsula. On the following days, the 28th and 29th, it is noteworthy
how much dust is suspended over the Atlantic and how the synoptic
situation generates a cyclonic turn of these air masses until they reach
the Canary Islands. Once again, the MERRA2 images show the move-
ment of the dust mass in this episode and its marked intensity. Dust
washout episodes deposited yellow-brownish dust material on parked
cars, roof windows, and other exposed obstacles.

2. Material and methods
2.1. Sampling sites

Sampling locations of the two radiological monitoring stations
relevant to this study are shown in Fig. 2. Both radiological monitoring
stations belong to the Radioactivity Environmental Monitoring (REM)
network managed by the Spanish Nuclear Security Council (CSN).

The MLG station is in the Mediterranean coastal city of Malaga (SE
Spain) which is the second most populous city in the Andalusia region
and the southernmost large city in Europe. Malaga is a city of commerce
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Fig. 1. Geopotential height (mgp) and wind velocity (>8 m s~!) at 850 hPa using ERA5 data on March 14 and 24, 2022 (first row). NOAA-20 VIIRS True Color
Corrected Reflectance (2nd and 4th rows) and MERRA2 DUCMASS and flux (3rd and 5th rows) images.
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Fig. 2. Map showing the geographical situation of the sampling sites: MLG station at Malaga (4°28'8"W; 36°43'40"N; 10 m.a.s.l.; SE Iberian Peninsula) and TNF

station at Tenerife (28° 27’ 29" N; 16° 17’ 48" W; 295 m.a.s.l.; Canary Islands). The images depict the high-volume aerosol samplers at each station.

and tourism. Therefore, the local anthropogenic pollutant source is
mainly traffic (Amato et al., 2014). The monitoring station is placed in
the grounds of the University of Malaga. A detailed description of the
MLG station is given elsewhere (Duenas et al., 1999; Gordo et al.,
2015a). There is a clear seasonal trend in this region with a higher fre-
quency of dust outbreaks in May-August, with second modes in March
and October (Escudero et al., 2005). Generally speaking, dust storms
affecting the western and central Mediterranean are caused by
low-pressure systems over the Atlantic or North Africa, high pressure
over the Mediterranean, or high pressure at upper levels over NW Africa.
In some cases, rain is also present during dry transport events (Querol
et al., 2009a; Pey et al., 2013).

The second location, the TNF station, is located in the grounds of the
University of La Laguna which is within the Santa Cruz de Tenerife
metropolitan area on the island of Tenerife (Canary Islands). The local
sources of anthropogenic aerosols at the Tenerife sampling site are
limited to emissions from cars and the smoke from two large hospitals,
which are within an approximately 1 km radius of the sampling site. A
detailed description of the TNF station is given by (Hernandez et al.,
2005Db). At this site, the climate is generally mild, due to the influence of
the temperate Atlantic trade winds and the cool waters of the subtropical
North Atlantic. Easterly Saharan air episodically reaches the island.
These Saharan air masses normally produce an increase in the temper-
atures and a drop in relative humidity, down to ~15 % (Barbosa et al.,
2016). There are two main dust seasons in the Canary Islands, one in
winter and the other in summer (Alonso-Pérez et al., 2011). In the winter
dust season (November-March), high concentrations of aerosols at
ground level (up to 3000 pg m~>) have been registered (Lopez-Pérez
et al., 2020; Cuevas et al., 2021). During the summer season (July-Au-
gust) dust episodes are associated with the circulation of the dusty
Saharan Air Layer (SAL) and aerosols generally arrive on the islands at
much higher altitudes, >2000 m.a.s.l. (Viana et al., 2002; Barreto et al.,
2022).

2.2. Collection of atmospheric aerosol samples

The aerosol sampling and measuring procedures, which were used by
both monitoring stations relevant to this study, were the same since both
stations belong to the REM network. These are described in detail
elsewhere (Hernandez et al., 2007; Gordo et al., 2015a; Lopez-Pérez
et al., 2020). Briefly, at each site, two different types of atmospheric
aerosol samplers were used to collect total suspended particles: a
high-volume sampling station (HVS) type ASS-500 and a low-flow
sampling station (LVS), type Radeco, mod. AV-28A.

The HVS are all-weather instruments for the continuous collection of
air aerosols (see Fig. 2). The HVS aerosol sampling stations at MLG and
TNF are equipped with G3-type polypropylene filters (44 x 44 cm?).
These large filters are folded and pressed to obtain a surface area of
approximately 8 x 8 cm?, with the active area facing inward to prevent
loss of material. The mean average airflow for these units for a weekly
sampling period is approximately 600 m> h™!. However, the air volume
in these units can vary as it depends on the aerodynamic burden of the
filter with the aerosols collected in it and this ranges from 6E+04 to
1.2E+05 m®. In the LVS, the airflow is adjusted to collect, under normal
conditions, 35 L min~, although these values fluctuate from week to
week depending on the actual atmospheric situation. The low-volume
samplers are equipped with a calibrated internal flowmeter and the
system automatically records the total volume of sampled air. Cellulose
47 mm diameter filters are used in the low-volume sampler.

During normal radiological situations, the recommended sampling
period for these aerosol samplers (HVS and LVS) is one week. However,
during the two dust episodes studied herein, HVS filters had to be
changed at the MLG station after 2-3 days due to a significant drop in
pressure in the air pump. The exact sampling intervals are described in
the Supplementary Material (see Table S1).

The particulate matter collected in the various filters during the
studied episodes was measured gravimetrically. The filters impacted by
the Saharan dust episodes had characteristic yellow-brownish dust de-
posits (see Fig. S1 in the Supplementary Material for details), which are
not present under normal conditions.
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2.3. Collection of wet deposition samples

Rainwater samples were only collected during the two strong dust
outbreaks that occurred in March 2022 at the MLG station. The first
rainwater sample was collected on March 15th coinciding with Storm
Celia. The second rainwater sample was collected on the 25th. Both
intense episodes produced important wet deposition events that were
heavily dust-laden.

Rainwater samples were obtained with a dry/wet deposition col-
lector (ARS 1000 sampler, MTX, Italy) installed next to the HVS and LVS
aerosol samplers at the MLG station. Both wet deposition samples (WD)
were collected in high-density polyethylene containers with a 540 cm?
opening equipped with a rain sensor. A movable lid covered the wet
deposition container during dry periods and moved to cover the dry
container when the rain started. Containers were pre-cleaned by rinsing
several times with 500 mL 10 % (v/v) trace-metal grade HCI followed by
a rinse with deionized water. Rainwater collectors were deployed on
predicted days of rainfall. After the rainfall, the collectors were sealed
and returned to the laboratory. The sample collection periods were 1.13
days and 1.23 days, respectively at each of the episodes. These African
dust episodes were clearly recognisable because of the brown-reddish
drop marks on the white bucket walls. A volume of unfiltered rain-
water samples was preserved and used for gamma spectrometry analysis
(WD samples).

2.4. Radioactive and radio-chemical analysis

A scintillation detector ZnS(Ag) (MLG station) and low background
proportional counters (both stations) were used to determine the gross
alpha and gross beta activities, respectively, in the LVS filters. Due to the
low radioactivity level of the environmental samples, long counting
times (1000 min) were necessary. These measurements were carried out
between 3 and 5 days after the sampling to avoid the interference of the
short-lived radon daughters. Further details on the technical features of
the devices have been described in previous works (Duenas et al., 1999,
2001; Hernandez et al., 2005b).

High-resolution gamma-spectrometry was used to measure gamma-
emitting radionuclides (7Be, 21°Pb, 40K and ¥7Cs) in the large filters
from the HVS and the unfiltered rainwater samples. Measurements were
performed using coaxial-type germanium detectors. Their resolutions
were in the range of 1.7-1.8 keV at 1.33 MeV of *°Co. The acquisition
times ranged from 2 to 4 days. Reported uncertainties reflect propagated
errors arising from 2¢ counting error, the detector efficiency calibra-
tions, and the background correction. The background activities of the
detectors were monitored and accounted for regularly. Further details of
the low-background gamma-ray detection systems used for this study
and the calibration of the system for gamma-spectrometry can be found
elsewhere (Duenas et al., 1999, 2004; Hernandez et al., 2005b; Gordo
et al., 2015a; Lopez-Pérez et al., 2020).

The presence of 22°Pu (t; 5 = 24,110 yr) and 2*°Pu (t1,5 = 6563 yr)
was measured in four of the aerosol samples collected during March
2022. These filters were sent to the Centro Nacional de Aceleradores
(CNA) in Seville (Spain) (http://cna.us.es/index.php/en/) to determine
the concentration of plutonium isotopes by Accelerator Mass Spec-
trometry (AMS). In general, AMS determinations involved the chemical
isolation of the elements studied from the sample and their adjustment
to a specific physical-chemical medium. Details about the 23%240py
measurement techniques used are described elsewhere (Chamizo et al.,
2008, 2015).

2.5. Supporting atmospheric data

Version 4 of the Hybrid, Single-Particle, Lagrangian Integrated Tra-
jectory (HYSPLIT) atmospheric model was used to visualise the pathway
of the trajectory of the March 2022 dust episodes (Stein et al., 2015).
Four-day back-trajectories were calculated for the air mass arriving at
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the height of the stations (100 m for Mélaga and 300 m for Tenerife), and
1500 m and 2700 m above mean sea level.

The temporal evolution of the desert dust transport and its impact at
surface level and in the atmospheric column were also analysed using
information obtained from.

e Output of the NMMB/BSC-Dust and BSC-DREAM8b v2.0 models
from the Barcelona Dust Forecast Center (WMO)

e Satellite imagery from Meteosat RGB Dust composites

e Output of the Copernicus Atmospheric Monitoring Service (PM2.5 &
PM10 concentration maps at surface) (COPERNICUS)

e Aerosol data from the Modern-Era Retrospective analysis for
Research and Applications, v.2 (MERRA-2) (NASA)

Ground-level measurements of PM10 load during the dust events
were included in the present study and data were retrieved from the
nearest stations to the monitoring sites within the two metropolitan
areas. The PM10 data (ug-m ) refer to hourly concentration measure-
ments. The PM10 monitoring site in Mdlaga belongs to the Air Quality
Monitoring Network of the Regional Government of Andalusia (Carra-
nque; 36.72° N, 4.45° W) (Junta_Andalucia). Details of the PM10
monitoring station considered can be found in (de la Rosa et al., 2010).
Publicly available PM10 concentration data were obtained from the
Tome Cano monitoring station in Santa Cruz de Tenerife (Tome Cano
station; 28°27'43.8" N; 16°15'42.82" W, 67 m.a.s.l.), as part of the Air
Quality Control and Surveillance Monitoring Network belonging to the
Government of the Canary Islands (GOBCAN).

3. Results and discussion
3.1. Aerosol trajectories and PM concentrations

Fig. 3 shows some of the back-trajectories calculated with the HYS-
PLIT model for key moments during the two March 2022 episodes
(mostly when PM10 concentrations started to increase rapidly or peaked
at the monitoring sites). The first row of images shows the back-
trajectories arriving at the Malaga station in the first episode and seem
to indicate that the bulk of the aerosols (PM10) travelled to the MLG site
at an altitude between 1000-3000 m.a.s.l. The second episode (second
row), although less intense, also followed the previous pattern at the
MLG station.

The third and fourth rows of images show the air mass trajectories
towards the TNF station for the two episodes. The trajectories of the air
masses came over the Atlantic from the SW of Portugal to reach the
Canary Islands in the first episode. This is particularly observed in the
arrival heights of 1500 and 2700 m, indicating that the bulk of the
Saharan aerosols had to move up to these altitudes. In the second
episode, the dust plume penetrated further into the Atlantic and
required a cyclonic turn to reach the archipelago. The back-trajectories
show this behaviour with the air masses turning to reach the islands.

To fully comprehend these episodes, the authors looked at the PM10
(mass concentration in air) from the Copernicus Atmosphere Monitoring
Service. Fig. 4 shows the temporal evolution of the two dust episodes
(snap images). These images confirm that the aerosols reaching both
MLG and TNF belonged to the same dust resuspension events and that
the aerosols reaching the TNF monitoring station had been in the at-
mosphere for over four days when they arrived at this site. This is sig-
nificant because, in prior studies of dust episodes at the TNF site
(Hernandez et al., 2005a, 2005b; Karlsson et al., 2008; Stein et al., 2015;
Lopez-Pérez et al., 2020), 4-day back-trajectories were used to identify
the origin of the aerosol plumes. Thus, the two episodes discussed in this
paper would not have been identified as having an African origin. This
highlights the importance of combining multidisciplinary data, which
provides a more complete picture of the spatial and temporal distribu-
tion of air masses.

Hourly variations of PM10 concentration levels near the MLG and
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Fig. 3. Four-day HYSPLIT back-trajectories from the monitoring stations in Malaga (MLG) and Tenerife (TNF) during the two dust episodes of March 2022. The
altitude of arrival corresponds to the height of the stations (100 m for MLG and 300 m for TNF), 1500 m and 2700 m. The number in the rectangle corresponds to the

day of arrival.
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Fig. 4. PM10 aerosol concentrations at the surface a) during the first dust event, 14-17 March 2022; b) for the second dust event, 24-25 and 28-29 March 2022.
(Data courtesy of the Copernicus Atmosphere Monitoring Service).
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TNF stations are shown in Fig. 5 together with the start and end date of
each of the aerosol sample collection periods (see Table S1 in the Sup-
plementary Material). The dashed horizontal line marks the 50 pg m™>
limit set by the current European legislation for the concentration of
PM10 (See Fig. 5). According to this Air Quality Directive, any given
place in the EU cannot exceed an annual average PM10 concentration
limit of 40 pg m~3. Moreover, the daily PM10 value (50 pg m~>) cannot
be exceeded more than 35 times in a year (EU, 2008). It can be inferred
from this figure that the impact of the first Saharan episode in Malaga
happened mostly within one aerosol sampling week (MLG-160322) and
was most intense within two days (2022-03-14 — 2022-03-16). The
second Saharan intrusion at this site was slightly less intense (in terms of
peak hourly PM10 concentrations) but lasted longer (2022-03-22 —
2022-03-30). This is why the main radiometric results relevant to this
second episode are split into two different samples, the MLG-250322
and the MLG-280322 aerosol samples (lower concentrations were also
detected in the following filter sample). The impact of the two Saharan
episodes in Tenerife happened within the TFN-210322 and the
TFN-040422 aerosol samples, from 2022 to 03-17 - 2022-03-20 and
2022-03-30 — 2022-04-03, respectively. In both cases, as mentioned
earlier, the dust material did not travel west from northern Africa (the
most common route of dust intrusion to this site). Aerosols were trans-
ported instead north towards mainland Spain, and then south towards

Chemosphere 352 (2024) 141303

the Canary Islands as shown in Figs. 3 and 4. This is a significant mile-
stone, since it marks the first occasion where radiometric data have been
collected for a dust episode that travelled over both monitoring loca-
tions, MLG and then TNF.

As shown in Fig. 5, the Saharan episodes that took place in March
2022 severely impacted the region of Malaga. The maximum hourly
PM10 peak concentration recorded was 719 pg m > for the first episode,
and 619 pg m~> for the second one. According to the results, during the
sampling periods, the legal daily limit value (50 pg m~3) according to
the current European Directive (EU, 2008) was exceeded for eleven
days. To put this data into context and comprehend how severe these
episodes were, the maximum PM10 concentration reported by (Querol
et al., 2019) after analysing the intrusions that reached mainland Spain
between 2001 and 2016 was only 320 pg m >,

Up to 48.7 mm of rainwater was recorded on the 15th and 16th of
March at the MLG site (in the first episode), and up to 37.1 mm on the
24th-26th during the second episode. This enhanced the deposition of
aerosols from the atmosphere and caused sharp drops in hourly PM10
concentrations. Radionuclide content in the rainwater collected during
these two episodes is provided further below (see Table 1). In contrast,
the maximum hourly PM10 concentration recorded in Tenerife during
the period of interest was 298 g m~> (compared to the maximum ever
recorded at this site of 3000 pg m~2 in February 2020 (Lopez-Pérez
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Fig. 5. Hourly levels of PM10 in March 2022. The dashed horizontal line of 50 pg m > marks the limit set by the current European legislation for the concentration of
PM10 (EU, 2008). Activity concentrations of “°K, '*”Cs and gross alpha concentrations in surface-level aerosols measured at MLG and TNF monitoring stations during
March 2022. Shady areas mark when the episodes reached each of the monitoring sites.
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Table 1

Chemosphere 352 (2024) 141303

Radionuclide concentrations in rainwater deposits collected at the MLG monitoring station after the two dust events that took place in March 2022, and calculated

deposition rates.

7Be 40 187¢ 210p}, 7Be/?1%p} 137 /40K
SAMPLE Value Unc Value Unc Value Unc Value Unc Value Unc Value Unc
MLG-WD-160322 Activity concentration 66E+2 4E+2 23E+2 2E+2 5E+1 1E+1 22E+2 3E+2 29E-1 4E-1 21E-3 5E-3
March 15-16th (Bq m~3)
48.7 mm Deposition 64E+1 3E+1 22E+1 2E+1 5E+0 1E+0 22E+1 3E+1 29E-2 4E-2 20E-4 5E-4
(Bqm™)
Deposition Flux 56E+1 3E+1 20E+1 2E+1 42E-1 9E-1 19E+1 2E+1 25E-2 4E-2 18E-4 4E-4
(Bqm2dhH
MLG-WD-250322 Activity concentration 142E+2 8E+2 104E+2 8E+2 19E+1 3E+1 60E+2 8E+2 24E-1 4E-1 18E-3 3E-3
March 24-25th (Bqm™3)
37.1 mm Deposition 53E+1 3E+1 39E+1 3E+1 7E+0 1E+0 22E+1 3E+1 OE-2 1E-2 7E-4 1-E4
(Bqm™)
Deposition Flux 43E+1 3E+1 32E+1 2E+1 58E-1 9E+1 18E+1 2E+1 7E-2 1E-2 6E-4 1E-4
(Bgm2dhH

et al., 2020). No rainfall samples were collected at the TNF station
during these events.

3.2. Levels of radionuclides in aerosol samples

Table S1 in the Supplementary Material shows the concentration of
radionuclides ("Be, 2!%Pb, “°K, 137Cs), gross alpha and gross beta activity
measured in the aerosol filters during the period of interest (2022-02-28
—2022-04-04) at the MLG and TNF radiological monitoring stations. The
total number of HVS aerosol samples collected at the MLG station was 7,
and 5 at the TNF station. The MLG station had to subdivide their stan-
dard weekly sampling during the two weeks of intense Saharan episodes
to prevent total saturation of the HVS filters. This was not necessary at
the TNF site since the concentrations of aerosols (PM10) recorded dur-
ing these Saharan episodes were approximately half of those docu-
mented in Mdlaga. Fig. 5 shows when the two episodes reached each of
the monitoring sites. The number of LVS samples for gross alpha and
gross beta activities was six for the MLG station and five for the TFN
station. The TSP values shown in Table S1 in the Supplementary Mate-
rial were calculated by dividing the total mass of aerosols collected in
each filter by the volume of air sampled. Although other short-lived
radionuclides from the natural series were also detected via gamma
spectrometry in the aerosol filters, they are not presented herein since
the data is not representative of the complete sampling period.

In terms of TSP for the HVS sampler, the maximum values recorded
at the MLG station were 382 and 185 pg m > during the first and second
episode, respectively, and 83 ug m~> and 37 ug m~> at the TNF station.
Average TSP concentration during these Saharan dust episodes was
higher at the MLG station by more than one order of magnitude
compared to the yearly mean value of 40 pg m~> for the period
2009-2011 (Gordo et al., 2015b).

To put the radiometric intensity of the episodes examined in this
work into context, it is important to note that before the Saharan events
discussed here, the monitoring station in Malaga had consistently
recorded '%7Cs concentrations in aerosol samples that fell below the
minimum detectable activity. This station has been operational with an
HVS sampler since 2009. Thus, this is the most intense set of dust in-
trusions since the station started collecting data with the HVS. The
monitoring station in Tenerife has recorded, since 2000, over ninety
Saharan intrusions. The maximum 3’Cs concentration ever recorded at
this station related to a Saharan episode was 11.7 + 0.1 qu-rn*3, in
March 2004 (Hernandez et al., 2005a). This is, after decay correction,
approximately the same concentration reported here for Malaga, and
seven times higher than the concentration reported here for Tenerife
during this period.

In terms of *°K, the maximum concentration ever documented by the
MLG monitoring station was during the first of the two Saharan episodes
studied here, with a value close to 200 puBgq-m~3. The highest “°K

10

concentration in the Tenerife station during the period of interest was 47
+ 3 pBq-m °>. This is approximately three times lower than the
maximum concentration ever reported at this sampling site, 165 + 4
pBq-m 3, which was during an extreme winter Saharan episode in
February 2020 (Lopez-Pérez et al., 2020).

In terms of gross alpha activities, the maximum value in MLG was
detected during the second Saharan event, even though the hourly peak
PM10 concentrations were not as high as during the first episode. The
alpha emitter 210pg_ a descendent of 21°Pb, is often the main contributor
to the gross alpha activities in the atmosphere (Terray et al., 2020).
However, it has also been shown that gross alpha activities normally
underestimate the concentrations of 2!°Po due to alpha particle atten-
uation (Terray et al., 2020). This may explain why higher PM10 con-
centrations in the first dust intrusion in MLG did not result in the highest
gross alpha activities. In comparison with previous recordings, the gross
alpha activities reported for these two events were not the highest at this
site, 84 + 7 uBq-m > for the first episode and 112 + 12 uBq-m 2 for the
second episode. In the case of the TNF site, the gross alpha activities
determined in February 2020 were approximately sixteen times higher
than the maximum reported for the March 2022 period (Lopez-Pérez
et al., 2020).

It has been suggested that gross beta activity from LVS samplers can
be used as a good indicator of the evolution of 2°Pb concentration in the
air (Duch et al., 2016). About 61-87 % of the gross beta activity comes
from 21%Pb (Duenas et al., 2004; Huang et al., 2009). The impact of
Saharan episodes on 21°Pb, "Be and gross beta concentrations in aerosol
samples is more complex and most likely depends on the altitude at
which the Saharan aerosols are resuspended and transported in the at-
mosphere (Hernandez et al., 2007, 2008; Gordo et al., 2015b; Zalewska
and Biernacik, 2022).

The radiometric results of the first sample at each station shown in
Fig. 5 represent the background conditions usually observed at these
locations. The results for the subsequent samples show that the Saharan
dust episodes produced a pronounced increase in the concentration of
aerosol particles and radionuclides activities (*°K, 1*”Cs and gross alpha)
compared to the background conditions at these two sites. However, not
all radionuclides were impacted in the same way. As previously re-
ported, increases in 137¢g, 40k, gross alpha, PM10 and TSP concentra-
tions are usually correlated with Saharan episodes (Hernandez et al.,
2005a; Karlsson et al., 2008; Lopez-Pérez et al., 2020). Such an increase,
particularly in *3’Cs, during Saharan episodes, has also been reported in
Monaco (Pham et al., 2005, 2017, 2020) and in France (Menut et al.,
2009; Masson et al., 2010).

Fig. 5 shows that the concentrations of ¥Cs and “°K correlate well
with the peaks of hourly PM10 concentrations. A very good agreement
was also observed in the temporal evolution of the gross alpha activity
and peak PM10 data from the TNF station. However, the same rela-
tionship between gross alpha activity and peak PM10 is not evident for
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the MLG data (see 4th, 5th and 6th data points in Fig. 5). The authors
believe this could be related to the presence of 222Rn and 2'°Po in the air
(both alpha emitters), also transported from the north of Africa during
these events. 222Rn gas may have remained in the atmosphere over MLG
even after the main dust plume had passed the area and cleared par-
ticulate matter, especially since 2*Rn gas is less affected by rain.
Nonetheless, this will require further research.

Fig. 6 shows the concentrations, in mBq-g~}, of *’Cs and “°K
recorded at the two monitoring stations during these episodes. The '*7Cs
concentrations recorded for the first and second dust episodes agree
surprisingly well: ~15 + 2 mBq-g~}, even though the aerosols were
airborne for over three days between these two monitoring stations. This
is perhaps not surprising for 1%”Cs, which is often associated with small-
size aerosols that can have long atmospheric residence times
(Lopez-Pérez et al., 2013). The authors believe that the 137Cs data in
Fig. 6 show that the source of the dust for both events in March 2022
originated in the same region in Africa and the small variations in the
data are related to the long aerosol sampling times used in this study.
This result is in agreement with the data shown in Fig. 4.

The concentrations of “°K shown in Fig. 6 ranged between 200 and
600 mBq-g'. All concentrations recorded during dust intrusions
(highlighted in green and yellow) were above 400 mBq-g~* at the MLG
station and 350 mBq-g~! at the TFN station. However, the first and
second data points for the MLG-station (MLG-070322 and MLG-140322)
were also above 400 mBq-g ™! and cannot be directly correlated to a dust
intrusion (or peak of PM10 particles in the atmosphere). This indicates
that there is at least another source of this nuclide at this site. This is
confirmed by the fact that this radionuclide has been often detected at
this site since the monitoring started (unlike 137Cs). This additional
source is most likely continental because of the location of this site. This
is not the case for the TNF-station where “°K is almost always associated
with dust intrusions. The ratio “°K to '3”Cs, for the samples where 13’Cs
was detected (i.e., dust related), were found to be around 35 + 5, which
is a relatively narrow band, especially when data from two different sites
are compared. Further statistical analysis using long-time series will be
needed to establish the true significance of this ratio and its utility for
tracer studies.
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measured in the aerosol samples collected at the MLG and TNF monitoring
stations during the period of interest. Green and yellow shaded areas represent
the first and second periods with dust intrusion (for details see Fig. 5).
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3.3. Isotopic ratios

137¢s, 23%py and 2*°Pu ratios can be calculated and compared to
identify the origin of these radionuclides (Masson et al., 2005).
AZ*0py/23%py ratio of approximately 0.18 and '¥7Cs/?*%*240py < 40
means the origin of the plutonium isotopes is due to global fallout. A
ratio of 137Cs/239+240py greater than 40 means that an additional source
of 1%7Cs other than global fallout is involved (Brandt et al., 2002; Masson
et al.,, 2005; Kulan, 2006). Table S2 in the Supplementary Material
shows 24°Pu/2%%Pu and 1¥7Cs (decay corrected to 1998),/239+240py ratios
measured in four aerosol samples collected from both monitoring sta-
tions. Plutonium isotopes were only determined in two samples from
each of the sampling sites. The 2*°Pu/23°Pu ratios, close to 0.18 confirm
that the source of the plutonium isotopes measured on these filters is
from global weapons fallout, i.e., there are no signs that plutonium from
the French nuclear weapon tests performed in Algeria in the 60s
contributed in any way to the presence of these isotopes in the aerosols
transported in the two dust events studied here. The ratios between
137¢cs (decay corrected to 1998) and 239+240py, close to 44, indicate that
there is an excess of '3’Cs which is not related to the global weapons
fallout. The expected ratio for global weapons fallout for this region
would be around 20 (Baggoura et al., 1998). It is likely that '3’Cs
deposited over northern Africa after the Chernobyl NPP accident ex-
plains the higher ratios recorded in the aerosol samples (Lopez-Pérez
et al., 2022).

3.4. Levels of radionuclides in wet deposition samples

Table 1 shows the concentrations of the gamma-emitting radionu-
clides measured in the rainwater samples collected at the MLG moni-
toring station during the two dust episodes in March 2022. This is the
first time that individual radiological investigations of the wet fraction
of high-deposition Saharan dust episodes collected at this sampling
location have been reported. Unfortunately, no rainwater was collected
at the monitoring station in Tenerife during these two events to allow a
comparison between the two locations. Although the peak PM10 con-
centrations at the surface level in Malaga and the amount of rain
collected were higher during the first dust event, the concentrations of
both 137Cs and **K in the rainwater deposited were greater during the
second one. One of the causes could be the variations of PM10 con-
centrations with altitude, but there are other variables affecting wet
deposition processes that may have influenced the radiometric data
obtained here.

Table 1 also presents the deposition fluxes for individual radionu-
clides in terms of activity per area (Bq-m~2) as well as time (Bq-m~2.d™})
assuming 24 h of rain. Depositional fluxes of three natural radionuclides
7Be, 21%pb, 4K collected on a monthly basis in the period 2005-2015
were reported for Malaga (Duenas et al., 2017). The average annual
depositions were 1215 Bq-m 2year ', 144 Bq-m 2year ' and 67
Bq~rn’2~year’1 (Duenas et al., 2017), respectively, with the highest 40g
flux occurring in October 2008 due to an intense African dust outbreak
(Cabello et al., 2012). In comparison, the data from the two massive
episodes in March 2022 corresponded to approximately 1/3 of the ex-
pected annual flux for “Be, exceeding the combined yearly contribution
of both 21%Pb and “°K. Associated with particulate matter deposition,
unusual *¥’Cs concentrations were found in rainwater samples collected
in Malaga. Compared to other sites, a peak of 13”Cs in a deposition rate of
29.7 mBq-m~2-d~! during the large-scale Asian dust events was reported
in northern Japan, occurring from March 7 to March 25, 2002 (Akata
et al., 2007). The data obtained in the present study, 2-5 Bg-m~2-d"%, is
almost two orders of magnitude higher than those reported in Japan.
The '¥7Cs deposition in Monaco reported by (Pham et al., 2017) from the
Saharan dust event in February 2004 was 0.79 Bq-m~2. 137Cs levels in
dust deposition collected in several locations in France during the same
exceptional dust outbreak were in the range of 0.4-1.3 Bq-m~2 (Masson
et al., 2010). The high particle flux, combined with trace levels of 1*’Cs
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in these particles, causes a radionuclide flux that corresponds to major
transportation events of radionuclides from one place to another,
contributing to the current background level of artificial radionuclides
at trace levels in the atmosphere (Masson et al., 2010).

Wet deposition during dust outbreaks is typically known as “red
rain”, “dust rain”, “blood rain”, or “muddy rain” (Sala et al., 1996; Avila
et al., 1997; Fiol et al., 2005; White et al., 2012). In some cases, these
events are considered extreme, with 10-40 g m~2 of dust deposited after
a single red rain event. Several intense wintertime dust deposition
events have been recorded in Europe in recent years. These unusual
episodes were characterised by severe washout of mineral dust material
and were related to highly similar synoptic meteorological situations
(Varga, 2020). For example, an average of 18 -+ 8 g m~2 wet deposition
of dust was reported for the city of Granada (south Iberian Peninsula)
during an event in February 2017 (Rodriguez-Navarro et al., 2018).
These values exceeded the annual average of Saharan dust dry deposi-
tion in south-western Europe, which was estimated to range from
approximately 3 to 14 g m~2 (Goudie and Middleton, 2001).

Using the activity concentrations (in Bq-g~!) reported in Fig. 6, the
amount of atmospheric aerosols deposited by rain (wet deposition) was
calculated for the two events, based on both the 137Cs and the “°K
concentrations, which are known to be mainly associated with Saharan
dust intrusions. The results for the first rain event (March 14-15th) were
16 + 4 g m 2 of aerosols (based on '*’Cs data) and 24 + 3 g m~2 of
aerosols (based on “°K data). Estimates for the wet deposition during the
second dust event (March 24-25th) were 33 £+ 6 g m~2 of aerosols
(*¥Cs) and 43 + 4 g m~2 (**K). Thus, the data obtained agrees well with
both rain events. In addition, these values were similar to those reported
for the Granada episode of 2017 (10-40 g m~2) and much higher than
the yearly average for the region. Assuming that the rain events in
Mélaga lasted for 24 h in each case, the wet deposition rates would range
between 660 and 1400 mg m~2h~!. Studies of dust deposition flux
measurements in Gran Canaria (Canary Islands) estimated that the main
contribution to the annual particle fluxes is from dust inputs occurring
during periods of African dust transport (Gelado-Caballero et al., 2012).
Dry deposition dominated the particle fluxes and an average value of
25.0 + 0.3 mg m 2-d~! was measured during a three-year time-series
measurement (Lopez-Garcia et al., 2013). This means that the wet
deposition estimate would be equivalent to approximately 26-56 days of
dry deposition in Gran Canaria, which highlights the importance that
wet deposition has on the atmospheric deposition of dust aerosols during
outbreaks.

4. Conclusions

Two intense Saharan dust episodes that impacted southern Europe
and the Canary Islands in March 2022 have been studied in this work.
The mechanics of both events were similar. These two extreme episodes
significantly increased the concentrations of PM10, ¥Cs, “°K and gross
alpha activities in atmospheric aerosols monitored at two different lo-
cations: MLG (southern mainland Spain) and TNF (Canary Islands).
While similar increases have been previously reported at the TNF
monitoring station as a result of other Saharan dust intrusions, this is the
first time, since the start of operations at the MLG monitoring station,
that such increases, especially in 1*’Cs concentrations, are reported.

The intensity of the dust episodes was higher in MLG compared to
TNF because the aerosols travelled first in a northwest direction over
this site before veering south toward the Canary Islands. Most radio-
metric data previously presented by the TNF station regarding dust in-
trusions are the result of direct transport of dust from northern Africa in
a westerly direction over the islands. However, the data presented here
showed how Saharan aerosols remained in the atmosphere for 4-5 days
over the Atlantic and reached this site from the north/north-west. This
suggests that prior findings which relied on 4-day back-trajectories and
categorised air masses into two groups - African and Atlantic origin -
may require a reassessment for reasons of accuracy. There may have
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been occasions where concentrations of '*’Cs and *“°K were caused by
Saharan aerosols even though the air masses were classified as Atlantic.

The '¥’Cs concentrations, in Bq-g ! of aerosol, measured at both sites
indicate that both events in March 2022 had the same source of aerosols.
The “°K concentrations, in Bq-g~!, showed that the MLG station has a
second source of “°K, most likely related to its location in continental
Europe, which is not observed in TFN station.

The 2*°Pu and 2*°Pu ratios measured for some of the aerosol filters
collected during these episodes indicate that the source of these isotopes
was global atmospheric fallout from weapon tests. However, the ratios
between '%7Cs and 23°+240py suggest that there are additional sources of
137¢s. Based on the values, the authors believe there were also '%7Cs
from the Chernobyl NPP accident previously deposited over the north of
Africa.

137Cs and *°K concentrations measured in rainwater collected at the
MLG station during the two dust episodes showed how effective rain was
at “cleaning the air” (decreasing the concentration of PM10 particles by
one order of magnitude) at this site. It was estimated that the rain
enhanced the deposition of aerosols to an equivalent of 26-56 days of
dry deposition.

The results reported in the present study provide additional insights
into the dependence of the particle properties on source regions, and on
the geographical location where they are collected. These may be of
value to the scientific community since they contribute to documenting
and understanding the interaction between mineral aerosols and the
environment.

Even though the cases studied here lasted a few days, the radiological
impact reported here suggests that this type of extreme dust event from
the Sahara could have strong regional implications. In addition, the
information gathered implies an ongoing enrichment process of 13’Cs
and plutonium isotopes in the soils of receptor areas, a consequence of
the resuspension, transport, and deposition of Saharan dust.

The concentrations of radionuclides detected in the analysed aerosol
samples do not pose any radiological risk to the population.
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