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Abstract: Between 14 March and 21 April 2022, an extensive investigation of an extraordinary Sa-
haran dust intrusion over Europe was performed based on lidar measurements obtained by the
European Aerosol Research Lidar Network (EARLINET). The dust episode was divided into two
distinct periods, one in March and one in April, characterized by different dust transport paths. The
dust aerosol layers were studied over 18 EARLINET stations, examining aerosol characteristics dur-
ing March and April in four different regions (M-I, M-II, M-III, and M-IV and A-I, A-II, A-III, and A-
IV, respectively), focusing on parameters such as aerosol layer thickness, center of mass (CoM), lidar
ratio (LR), particle linear depolarization ratio (PLDR), and Angstrém exponents (AE). In March,
regions exhibited varying dust geometrical and optical properties, with mean CoM values ranging
from approximately 3.5 to 4.8 km, and mean LR values typically between 36 and 54 sr. PLDR values
indicated the presence of both pure and mixed dust aerosols, with values ranging from 0.20 to 0.32
at 355 nm and 0.24 to 0.31 at 532 nm. AE values suggested a range of particle sizes, with some regions
showing a predominance of coarse particles. Aerosol Optical Depth (AOD) simulations from the
NAAPS model indicated significant dust activity across Europe, with AOD values reaching up to
1.60. In April, dust aerosol layers were observed between 3.2 to 5.2 km. Mean LR values typically
ranged from 35 to 51 sr at both 355 nm and 532 nm, while PLDR values confirmed the presence of
dust aerosols, with mean values between 0.22 and 0.31 at 355 nm and 0.25 to 0.31 at 532 nm. The AE
values suggested a mixture of particle sizes. The AOD values in April were generally lower, not
exceeding 0.8, indicating a less intense dust presence compared to March. The findings highlight
spatial and temporal variations in aerosol characteristics across the regions, during the distinctive
periods. From 15 to 16 March 2022, Saharan dust significantly reduced UV-B radiation by approxi-
mately 14% over the ATZ station (Athens, GR). Backward air mass trajectories showed that the dust
originated from the Western and Central Sahara when, during this specific case, the air mass trajec-
tories passed over GRA (Granada, ES) and PAY (Payerne, CH) before reaching ATZ, maintaining
high relative humidity and almost stable aerosol properties throughout its transport. Lidar data
revealed elevated aerosol backscatter (baer) and PLDR values, combined with low LR and AE values,
indicative of pure dust aerosols.

Keywords: EARLINET; lidar; aerosols; Saharan dust; optical properties; CALIPSO

1. Introduction

The Sahara desert and its adjacent regions account for more than 50% of global dust
emissions [1]. Emitted dust impacts the climate system by interacting with both longwave
and shortwave radiation. Additionally, dust plays a crucial role acting as cloud conden-
sation nuclei (CCN) and ice nucleating particles (INPs) [2]. This aerosol-cloud interaction
refers to the aerosols altering the microphysical properties of clouds and modifying pre-
cipitation patterns [3]. This process ultimately influences the lifespan of clouds and mod-
ifies their water or ice content [4]. Moreover, dust aerosols exert a significant influence on
the dynamics and thermodynamics of the atmosphere [5] and can pose substantial health
risks to humans [6-9] when they exceed the particle concentration thresholds set by the
World Health Organization (WHO) Air Quality Guidelines [10].

Numerous studies have investigated the geometrical and optical properties of Sa-
haran dust layers, typically analyzed using lidar observations. Recent research, including
studies conducted over several European cities, has contributed significantly to this field
[11-29]. However, the total direct radiative effect of mineral dust (fine and coarse modes)
was recently updated and estimated to be —0.11 + 0.30 W/m? [30], which remains plagued
by considerable uncertainty. Consequently, comprehensive investigations into Saharan
dust events are necessary in all aspects to reduce this uncertainty.
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Throughout the years, numerous extreme dust events have been observed across dif-
ferent regions. The years from 2020 to 2022 have witnessed a notably elevated occurrence
of intense and prolonged dust events across the Mediterranean, influencing the European
area, even during winter and spring. These events were labeled as “unusual”, “historic”,
or “exceptional”, as mentioned by Cuevas-Agullo et al., (2024) [31]. During the spring of
2022, Europe experienced one extraordinary and enduring Saharan dust intrusion of great
magnitude. This vast dust plume made its way to Europe, prompting the European Aer-
osol Research Lidar Network (EARLINET; https://www.earlinet.org/, last access: 20 April
2024 [32]) stations to conduct extensive measurements focusing on the transport of Sa-
haran dust aerosols across the continent.

The event commenced on 14 March and persisted for several days, continuing until
the end of March for certain stations. Then, once again in April, most stations detected
dust until as late as 21 April, but not with the same intensity. The measurements were
conducted from 14 March to 21 April 2022, with a total of 18 ground-based lidar stations
contributing data to this study. Additionally, data from the CALIPSO (Cloud-Aerosol Li-
dar and Infrared Pathfinder Satellite Observations [33-37]) satellite were independently
utilized to complement the ground-based lidar measurements, providing additional in-
sight into the geometrical and optical properties of the observed aerosols. Furthermore,
the air mass back-trajectory model HYbrid Single Particle Lagrangian Integrated Trajec-
tory (HYSPLIT; [38-42]) and the Navy Aerosol Analysis and Prediction System (NAAPS;
[43]) were employed to delve into the origin of the detected aerosols, providing valuable
insights into their atmospheric transport pathways and source regions.

This paper is organized as follows: Section 2 details the EARLINET stations used in
this study, the derived lidar products, and the methodology used for monitoring the Sa-
haran dust aerosol layers. Section 3 covers the identification of the origins, model simula-
tions, and results of the geometrical and optical properties analysis of the dust aerosol
layers. It also includes spaceborne lidar data (Cloud—Aerosol Lidar with Orthogonal Po-
larization; CALIOP) and a case study from 15-16 March 2022. Finally, Section 4 presents
the main conclusions of this study.

2. Materials and Methods
2.1. EARLINET Stations

The EARLINET infrastructure established in 2000 [17] provides an excellent oppor-
tunity to gather a large collection of quality-assured ground-based data on the vertical
distribution of aerosol optical properties over Europe. Currently, the network includes 33
active lidar stations distributed over Europe and Central Asia, providing information on
aerosol vertical distributions on a continental scale. In our analysis, Level 1 EARLINET
data (https://data.earlinet.org/, accessed on 2 April 2024) at 18 stations (Figure 1) were
used in this study. The stations involved in this study were those capable of offering meas-
urements during the study period and willing to contribute by providing their observa-
tions.

The Garmisch-Partenkirchen—-Zugspitze (GAP) is the only station whose profiles of
aerosol backscatter coefficients (baer) retrieved from the lidar measurements have been ar-
chived in the NDACC database (current web address: https://www-air.larc.nasa.gov/mis-
sions/ndacc/data.html#, accessed on 2 July 2024) [44]. These data cannot be found in the
EARLINET database like the rest of the stations used in this study.
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Figure 1. The EARLINET stations that provided high-quality observations were used in this study.
The 3-letter code identifies the station according to the conventions defined within the infrastruc-
ture.

Apart from the GAP, Payerne (PAY), and Roma-Tor Vergata (RME) stations, which
exclusively offer data at a single wavelength, during the under-study period, the remain-
ing stations are equipped with multiwavelength lidar systems capable of providing com-
prehensive aerosol properties across multiple wavelengths (Table 1). Specifically, these
systems offer up to three baer profiles (at 355, 532, and 1064 nm) and up to two extinction
coefficient (aser at 355 and 532 nm) measurements, in addition to aerosol-intensive proper-
ties such as backscatter and extinction-related Angstrém exponents (AEasssss2, AEvsss/s22,
and AEvss2/1064 nm), the lidar ratio (LR), and the particle linear depolarization ratio (PLDR)
at 532 nm and/or 355 nm.

Table 1. Aerosol lidar data used from selected EARLINET stations, along with the corresponding

observing sites” location, code, coordinates, and lidar setup during the analyzed events.

Location | Institute Code Coordinates Lidar Setup
Antikythera, Greece | National Observatory of Athens-NOA AKY 358600°N, 251.3100 E 195 3baer+ 2aaert2PLDR
Athens, Greece | National Technical University of Athens, Physics De- ATZ 37.9600°N, 23.7800°E, 212 3buer + 22204 2PLDR
partment m
Barcelona, Spain | Universitat Politecnica de Catalunya, Barcelona BRC  41.3930°N, 2.1200°E, 115 m  3baer+ 2aaer+t2PLDR
Bucharest, Romania | National Institute of R&D for Optoelectronics INO  44.3480°N, 26.0290°E, 93 m3baer+ 2aaer+ 1IPLDR 532
(INOE) nm)
46.7682°N, 23. °E, 4
Cluj-Napoca, Romania | Babes-Bolyai University of Cluj Napoca CLJ 6.7682°N, ri5509 , 405 3baer + 2aaer + 2PLDR
Dushanbe, Tajikistan | Leibniz Ir.lstl.tute for Tropospheric Research, DUS 38.5594°N, 68.8561°E, 864 3baert Dase+ 2PLDR
Leipzig m
Evora, Portugal | Institute for Earth Sciences (ICT-Instituto de Ciencias EVO 38.5678°N, =7.9115°E, 293 3baer + 2aaer+ 1IPLDR 532
da Terra) m nm)
Garmisch-Partenkirchen-Zugspitze, Germany | Karlsruher Institut fiir GAP 47.4167°N, 10.9797°E, 2675 1b
aer(532 nm
Technologie, KIT, Garmisch-Partenkirchen m G52 nm)
Granada, Spain | Andalusian Institute for Earth System Research, Uni- 37.1640°N, -3.6050°E, 680
aer + nm,
versity of Granada (IISTA-CEAMA) GRA m 3beer+ IPLDRes2nm)
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Kuopio, Finland | Finnish Meteorological Institute (FMI), Atmospheric

62.7338°N, 27.5431°E, 190

Research Centre of Eastern Finland, Kuopio KUO m 3beer+ 2PLDR
Leipzig, Germany | Leibniz Institute for Tropospheric Research, Leip- LEI 51.3500°N, 12.4330°E, 125 2baer(1064, 532 nmy+
zig m 2aaer+ 2PLDR
Lille, France | Lille University-Science and Technology LLE  50.6117°N, 3.1417°E, 60 m 3baer+ 2aaer+ 2PLDR
Observatory Hohenpeifienberg, Germany | DWD Meteorological Ob- HDB 47.8019°N, 11.0119°E, 974 3baer + 2aaer+ 1IPLDR 532
servatory Hohenpeissenberg m nm)
Payerne, Switzerland | MeteoSwiss Aerological Station, Payerne, EPFL, PAY  46.8167°N, 6.9333°E, 491 m Thaerss
Losanne
Potenza, Italy | Consiglio Nazionale delle Ricerche-Istituto di Metodo- POT 40.6000°N, 15.7200°E, 760 3baer+ 2aaer+ 1IPLDR 532
logie per I’ Analisi Ambientale (CNR-IMAA), Potenza m nm)
Roma-Tor Vergata, Italy | Consiglio Nazionale delle Ricerche-Istituto 41.8330°N, 12.6500°E, 110
o . RME 1baer(532 nm)
di Scienze Marine m
Thessaloniki, Greece | Aristotle gg(liversny of Thessaloniki, Thessalo- THE  40.6300°N, 22.9500°E, 50 m3baer+ 2aae:“:)1PLDR(532
. . . 52.2111°N, 20.9835°E, 112 2baer(532, 355 nm) +
Warsaw, Poland | University of Warsaw, Faculty of Physics WAW m Dt 2PLDR

2.2. The Cloud—Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) Satellite

Operating onboard the CALIPSO polar-orbiting satellite at an altitude of approxi-
mately 705 km, the CALIOP elastic backscatter lidar system emits laser pulses that cover
roughly 0.2% of the Earth’s surface per complete cycle. Since 2006, CALIOP has been con-
currently emitting at wavelengths of 532 and 1064 nm, capturing vertically resolved aero-
sol and cloud properties on a global scale, thereby offering significant advantages for re-
search in aerosol and cloud studies (https://www-calipso.larc.nasa.gov/, last accessed: 15
February 2024).

For this study, we used data from the L2 version 4.51 CALIPSO Aerosol Profile
(APro), featuring a horizontal resolution of 5 km along with Vertical Feature Mask (VFM)
data products. From the APro products, we derived various aerosol optical properties,
including the baer and aaer coefficients, the PLDR at 532 nm, and the AE»b associated with
backscatter coefficients obtained from wavelengths of 532 and 1064 nm. The VFM prod-
ucts played a crucial role in separating aerosols from clouds and further classifying aero-
sols into various types. This classification retained aerosols associated with dust aerosols,
specifically types 2 (Dust), 5 (Polluted dust), and 7 (Dusty marine), as classified by the
CALIPSO algorithm [45]. Additionally, CALIOP’s aerosol lidar ratio for each aerosol sub-
type is determined based on measurements, modeling, and cluster analysis of a multiyear
Aerosol Robotic Network (AERONET) dataset [33-37].

2.3. Selection of Dust Aerosol Layers

Ground-based lidar data were processed using the Single Calculus Chain [46-48],
which is an automatic analysis tool for processing aerosol lidar measurements and retriev-
ing their optical products. These products were then uploaded to the EARLINET data-
base. For the whole period of this study, the data were utilized to determine the geomet-
rical properties, i.e., the base, top, thickness, and center of mass (CoM) of the dust aerosol
layers. The base and top of each aerosol layer were identified using the gradient method
[30]. Then, the mean values of the aerosol’s optical properties (baer and aser coefficients,
PLDR, AEass5/532, AEbsss/s2, ABbsszsioss, and LR) were calculated for each station. Only desert
dust aerosol layers were examined in this study. These layers were identified as dust aer-
osol layers either by using the mean PLDR value within the aerosol layer (PLDR greater
than 0.16 [19]) or, in cases where no depolarization measurement was available, by utiliz-
ing the HYSPLIT backward trajectories coming over the Saharan desert.
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2.4. Navy Aerosol Analysis and Prediction System (NAAPS)

The Global Navy Aerosol Analysis and Prediction System (NAAPS; http://www .nrl-
mry.navy.mil/aerosol/, accessed on 28 June 2023) is a model developed by the Naval Re-
search Laboratory (NRL). The NAAPS generates three-dimensional forecasts of mass con-
centration fields for dust, smoke, sea salt, and anthropogenic-biogenic fine aerosols. These
forecasts include associated three-dimensional aerosol extinction coefficients and column-
integrated AOD fields. The NAAPS is driven by meteorological fields from the Navy
Global Environmental Model (NAVGEM), utilizing analysis fields every six hours and
forecasts provided at three-hour intervals. Variables from the NAVGEM used by the
NAAPS include topography, sea ice, snow cover, surface stress, surface heat/moisture
fluxes, precipitation, lifting condensation level, cloud cover and height, three-dimensional
winds, temperature, and humidity. For NAAPS analysis, aerosol sources, including sul-
fate/ABF (combined anthropogenic and biogenic fine species), dust and smoke, and dep-
osition processes are regionally tuned to best match observations from AERONET and
MODIS [43].

2.5. Definition of the Regions and HYSPLIT Model

The HYSPLIT model (https://www.ready.noaa.gov, last access: 5 April 2024) was
used to investigate the atmospheric transport of dust particles during this exceptional dust
event. For analyzing backward air mass trajectories, we used the “normal” method in con-
junction with meteorological data from the GDASI (Global Data Analysis System). More-
over, the model vertical velocity option was used to calculate these backward air mass
trajectories. The initial parameters for running the model included the coordinates of each
EARLINET station and the altitude (above mean sea level) at which the dust aerosol layer
was observed. The start time used as the input to the model was based on the time of the
averaged profiles for each measurement. The duration of the backward air mass trajecto-
ries was set to 168 h (7 days).

To analyze previously identified dust intrusion periods, we categorized the lidar sta-
tions into regions based on their geographical locations and the mean backward air mass
trajectory terminating over each station. The mean backward air mass trajectories were
computed using all backward trajectories ending over each station during the specified
time intervals of the study.

3. Results and Discussion
3.1. Description of the Event

During March 2022, a high-pressure system ejected Saharan dust particles over Eu-
rope, as indicated by Aerosol Optical Depth (AOD at 550 nm) simulations representing
dust particles on the green color scale in Figure 2. The dust trajectory initiated from Spain
and Portugal, gradually progressing towards France within the first three days. Subse-
quently, it redirected towards Italy and Greece, spreading across central Europe by 20
March and extending to Scandinavia by 28 March. By 30 March, much of Southern and
Western Europe was enveloped in a pervasive greenish hue, with the Scandinavian region
being relatively unaffected. AOD values during this period were found to reach up to 1.60,
as depicted in Figure 2.
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Figure 2. Map of the AOD at 550 nm, calculated by the NAAPS model during March 2022 (period
of this study) for three aerosol types: mineral dust (green/yellow), sulfates/ABF (orange/red), and
smoke (blue).

Transitioning into early April, as depicted in Figure 3, the dust predominantly lin-
gered over Eastern Europe on 1 April. However, from 2 to 4 April, minimal dust activity
was observed. Coming after this period, a renewed intrusion occurred, following a distinct
trajectory.
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Dust AOD levels began to rise again in Greece, gradually extending to Italy and parts
of the Balkans, with values ranging from 0.4 to 1.6. By 11 April, Spain and France experi-
enced another wave of dust (AOD~0.4), extending towards northern latitudes. Through
15 and 16 April, Southern European countries primarily bore the brunt of dust deposition,
with scattered areas across the continent still experiencing residual effects before the epi-
sode subsided. During the April period, AOD was at lower levels, presenting values less
than 0.8 according to Figure 3.
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Figure 3. Map of the AOD at 550 nm, calculated by the NAAPS model during April 2022, for three
aerosol types: mineral dust (green/yellow), sulfates/ABF (orange/red), and smoke (blue).

It is noteworthy to emphasize that while the March event was particularly extraordi-
nary, the subsequent episode, closely following the first, prolonged the impact of the
event.

During the March and April periods of dust intrusion, four regions affected by the
Saharan dust were identified, and are described in Table 2.
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Table 2. Definition of regions made for this study, for both March and April periods.

Region M-I Region M-II Region M-III Region M-IV
E GAP, HPB, KUO, LEI
=] ’ 7 ’ 4
:; AKY, BRC, EVO, GRA, POT DUS LLE, PAY, WAW ATZ, INO, RME, THE
g -Southern and eastern Europe
= -Trajectori t directl -
3 -South and West Europe . . -Central and northern Europe rajectories not directly con
B . . . -Station containing . . . . nected to the Saharan desert
-5 -Air mass trajectories directly . -Longer air mass trajectories crossing , .
g .. . Central Asian dust [29] -Air masses traveled over other
< linked with the Saharan desert over other areas .
S areas before reaching the sta-

tions
Region A-I Region A-II Region A-III Region A-IV
AKY, ATZ, BRC, GRA, POT CLJ, DUS GAP, HPB, LEI, LLE INO, THE
-Central and northern Europe -Southern and eastern Europe

April period of
dust

-Southern Europe
-Air mass trajectories directly
linked with the Saharan desert

-Station containing -Longer air mass trajectories crossing-Air masses traveled over other
Central Asian dust ~ over other areas before reaching the areas before reaching the sta-
stations tions

The backward air mass trajectory analysis based on the HYSPLIT model for each sta-
tion revealed the origin of the observed dust layers in March 2022 (Figure 4). Faint lines
represent the various backward trajectories, while bold trajectories represent the mean air
mass trajectory for each station.
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Figure 4. The 168 h backward trajectories of air masses arriving over 4 regions, derived from data
collected by 17 lidar stations during March 2022. These trajectories were calculated for air masses
arriving at the center altitude of each observed dust layer. The faint colored lines represent the total
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backward air mass trajectories, while the bold trajectories represent the mean trajectory for each
station during the period of March 2022.

In most of the cases, the air masses originated from western and northwestern Africa,
particularly from regions encompassing Morocco, the western Sahara, and Algeria. These
air masses crossed the Mediterranean region and reached the Iberian Peninsula. The dust
plume spread across western and central Europe and then a part of it continued towards
the Balkans and southern Europe, as can be seen by the relevant air mass trajectories.
However, this is not the case for DUS, as the air masses originate in northwestern Africa
and pass over Tunisia and Libya, crossing the Arabian desert, before finally reaching each
observation station.

Likewise, during April (Figure 5), the sampled air masses originated from western
and northwestern Africa, specifically from regions including Morocco, the western Sa-
hara, and Algeria. However, this time, they did not initially reach the Iberian Peninsula.
Instead, the dust intrusion is nearly direct for all stations situated in southern Europe. This
direct trajectory applies to all stations within Region A-I. However, the scenario still dif-
fers for the CL] and DUS stations (Region A-II). Although the air masses originate in north-
western Africa, they later pass over Tunisia and Libya and traverse the Arabian Desert,
before ultimately arriving at the DUS observation station. Meanwhile, for the CL]J station,
the mean air mass trajectory is common to the rest of the stations for the first 2 days and
then follows an eastern direction, most similar to the DUS station.
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Figure 5. The 168 h backward trajectories of air masses arriving over 4 regions, derived from data
collected by the 13 different lidar stations that measured dust aerosol layers during April 2022. These
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trajectories were calculated for air masses arriving at the center altitude of each observed dust layer.
The faint colored lines represent the total backward air mass trajectories, while the bold trajectories
represent the mean trajectory for each station during the period of April 2022.

3.2. Aerosol Geometrical and Optical Properties Per Site and Region

Figure 6 displays the number of observation days for each participating station in
this study, as well as the aerosol layers identified as desert dust at each station. In March
2022, during the peak of the dust transportation event, the average number of observation
days per station was eight, with a maximum of 17 days recorded in PAY and a minimum
of two observation days in ATZ and BRC. The Saharan dust aerosol layers varied between
one for the RME station to 122 observed in the PAY station. The number of dust layers
observed by the EVO (91), GRA (69), and LLE (42) stations was also sufficiently high. The
rest of the stations measured from one to 27 dust layers during this period.
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Figure 6. Observation days and Saharan dust aerosol layers per station for the March (top) and April
(bottom) periods, respectively.

Regarding the period of April, fewer observation days were noted, with fewer mon-
itored intense dust events compared to March, which did not affect all lidar stations. Spe-
cifically, DUS uploaded 13 days, while ATZ and CL] had only one day each. In the case of
the Warsaw station, unfavorable weather conditions in April led to a lack of mineral dust
observations. However, AKY recorded the event for eight days, with 102 Saharan dust
aerosol layers (in more than 85 profiles during the April period) detected during this pe-
riod.
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It should be noted that some stations operate 24 h a day, processing and uploading
the entire day’s measurements to the database, while others measure during specific hours
and process only those profiles. Additionally, some stations upload data even if the optical
properties are of lower quality (e.g., not continuous baer or PLDR profiles) or were taken
under the presence of low clouds; these had to be removed. In contrast, other stations
upload only cloud-screened profiles containing complete optical information. Overall,
many days during these two dust periods experienced heavy rain and cloudy conditions.
Consequently, several stations, particularly those in southern Europe closest to the Sahara
Desert, were unable to provide the expected number of measurements for this study.

Figure 7 presents the geometrical (CoM and thickness) and optical properties (baer,
aer, LR, PLDR, and AE) for each lidar station, grouped into regions (Regions M-I, I, III,
and IV) according to their geographical position and the mean backward air mass trajec-
tory ending over each station, as previously mentioned.
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Figure 7. Median, mean, standard deviation, and minimum and maximum values of geometrical
and optical properties of the dust aerosol layers observed over each station with measurements dur-
ing the March period of dust. Differently colored rectangles correspond to the different regions that
originated during this period.



Remote Sens. 2024, 16, 3350

13 of 29

During the March dust period, in Region M-I, dust layers were observed from heights
of 1.12 (BRC) to 8.13 (AKY) km (mean value 3.70 + 1.55 km), while the mean thickness of
the aerosol layers was equal to 0.96 + 0.62 km. The LR at 355 nm varied from 35 (AKY) to
65 sr (BRC), presenting an average value equal to 50 + 3 sr, which was the same as the
median value. The LR at 532 nm presented an increased range from 37 (EVO) to 73 sr
(AKY) and an average value of 49 + 6 sr, which was again the same as the median value.
The LR values indicate the significant presence of Saharan dust aerosols, with some po-
tential variability due to the influence of other regional aerosol sources. Similar PLDR val-
ues at both 355 and 532 nm were observed in Region M-I, which ranged approximately
from 0.16 to 0.43, with a mean value of 0.25 + 0.09 at 355 nm and 0.27 + 0.06 at 532 nm.
These consistent mean PLDR values at 355 and 532 nm suggest that the dust is relatively
pure, with limited contamination from other aerosol types. On the other hand, the AE
presented a wide range of values. AEwss3s values ranged from —0.72 to 1.14 (EVO), with
an average value of 0.08 + 0.50, while AEusss5 varied from -0.95 (EVO) to 1.20 (GRA) and
the mean value was equal to 0.07 + 0.39. Finally, AEviess3 ranged from —0.59 to 1.20 (EVO),
with a mean value of 0.72 + 0.17.

In Region M-II, the observed layers were found to be at higher altitudes only at the
DUES station. Specifically, the aerosol layers” CoM was found to be between 3.2 and 6.5 km,
with a mean value of 4.8 + 1.2 km. These elevated layers could be related to the long-range
transport of dust, from the Sahara towards Central Asia. The mean thickness was equal to
0.97 + 0.59 km. Moreover, dust aerosol layers were characterized by LR values of 36 sr at
355 nm and 39 sr at 532 nm. In this instance, the observed values fall within the customary
range associated with dust from the Middle East and Central Asia [29,49,50], suggesting
a more complex dust plume with a blending of Saharan and Asian dust, with the latter
possibly predominating. The mean PLDR values were found to be equal to 0.20 at 355 nm
and 0.24 at 532 nm, which are lower than the ones measured in Region M-I. The AE values
were found to be equal to 0.53 (AEas32s355), 0.23 (AEbsssss), and 1.01 (ABbiosssa2).

Regarding Region M-III, dust aerosol layers were found between heights of 0.86 to
7.83 km (mean value 4.4 + 1.59 km), suggesting a more complex dust transport process in
this region, potentially influenced by varying meteorological conditions. Meanwhile, their
thickness presented a mean value of 1.00 + 0.63 km. Both minimum and maximum values
of LR at 355 and 532 nm demonstrated increased variations ranging from 22 (HPB) to 78
sr (WAW and LLE, respectively), while the mean value was found to equal 45 + 7 sr at 355
nm and 54 + 8 sr at 532 nm. Regarding the PLDR values at 355 nm, they varied from 0.17
(LLE) to 0.39 (LLE), with a mean value of 0.27 + 0.05, while the corresponding values for
532 nm ranged from 0.20 to 0.44 (LLE) and 0.31 + 0.05, respectively. Concerning the AE
values in Region-III, the values ranged between —1.13 to 1.15 (LLE) (AEass55), -0.93 (LLE)
to 1.16 (HPB) (AEsss2ss5), and 0.01 (LLE) to 1.14 (HPB) (AEbiess22), while the mean values
were equal to 0.04 + 0.38, 0.69 + 0.25, and 0.75 + 0.17, respectively. Finally, in Region M-1V,
the CoM ranged between 1.60 km (INO) and 6.79 km (INO), while the mean and median
values were equal to 3.47 + 0.67 km and 3.41 km. The thickness of aerosol layers presented
a mean value of 1.05 + 0.49 km. The higher CoM values in this region reflect the presence
of well-elevated dust layers, potentially due to strong vertical transport mechanisms. The
LR at 355 nm ranged from 36 sr (INO) to 53 sr (ATZ) with a mean value of 45 + 12 sr, while
LR at 532 nm ranged from 41 sr (INO) to 69 sr (INO) with a mean value of 51 + 8 sr and a
median value equal to 53 sr. These LR values are consistent with the presence of mineral
dust, particularly of Saharan origin. The PLDR values ranged between 0.20 (ATZ) to 0.40
(ATZ) with a mean value of 0.32 + 0.06 and a median of 0.31 at 355 nm. In addition, at 532
nm, the PLDR value varied from 0.18 (THE) to 0.36 (ATZ), with a mean of 0.26 + 0.07.
These PLDR values further support the presence of dust particles, as they fall within the
expected range for Saharan dust, particularly in areas close to the dust sources. The AE
values ranged between -0.35 to 1.02 (INO) (AEass355), —0.87 to 0.64 (INO) (AEbsz2sss), and
-0.43 (INO) to 1.17 (THE) (AEbuess2), while the mean values were equal to 0.25 + 0.12,
-0.03 + 0.26, and 0.83 + 0.41, respectively. This wide range in AE values reflects the
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variability in particle size distribution, likely due to the mixing of dust with other aerosol
types as it traveled from the source regions.

Figure 8 also presents the geometrical (CoM and thickness) and optical properties
(baer, aser, LR, PLDR, and AE) for each lidar station, grouped into regions (Regions A-, 1II,
III, and IV) according to their geographical position and the mean backward air mass tra-
jectory ending over each station, as previously mentioned.
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Figure 8. Median, mean, standard deviation, and minimum and maximum values of geometrical
and optical properties of the dust aerosol layers observed over each of the stations with measure-
ments during the April period. Differently colored rectangles correspond to the different regions
that originated during this period.

Regarding the April dust period, the dust layers in Region A-I ranged from 0.90 to
6.83 km, with a mean value of 3.47 + 1.20 km, while the mean thickness of the layers was
0.92 + 0.58 km. The observed LR at both 355 and 532 nm exhibited increased variation,
with values varying from 35 to 72 sr (AKY), with an average of 51 + 4 sr, and between 33
(AKY) to 77 sr (POT), with a mean value of 45 + 10 sr, respectively. Moreover, similar
PLDR values from both 355 and 532 nm were observed in Region A-I, which ranged ap-
proximately from 0.17 (AKY and GRA) to 0.42 (BRC and POT), with a mean value equal
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to 0.29 £ 0.06 at 355 nm and 0.31 + 0.06 at 532 nm. These similarities in the PLDR values at
both 355 and 532 nm confirm the non-spherical shape of the particles. The AEaszsss values
ranged between -0.60 (POT) to 0.96 (AKY) with an average value of —0.30 + 0.46, while
AEusa2sss varied from -0.99 (AKY) to 1.18 (POT) and the mean value was equal to 0.21
0.43. Finally, AEbi0ess2 accumulated from -0.94 (POT) to 1.19 (AKY) and had a mean value
of 0.43 +0.48.

The aerosol layers in Region A-II were observed at an altitude (CoM) of 1.57 to 6.31
(DUS) km (mean value 3.72 + 1.50 km) and thickness varied from 0.18 (CLJ) to 2.04 (DUS)
km, with an average of 0.90 + 0.56 km. The PLDR values accumulated between 0.17 to 0.28
(DUS) with a mean value of 0.22 + 0.03 and a median of 0.21 at 355 nm. In addition, at 532
nm, the PLDR value varied from 0.20 (DUS) to 0.39 (CLJ) and had a mean of 0.31 + 0.09.
The AE values ranged between -0.58 to 0.24 (DUS) (AEbsx2s355) and 0.83 to 1.10 (DUS)
(AEbi064532), while the mean values were found to equal -0.09 = 0.16 and 0.95 + 0.10, respec-
tively.

Regarding Region A-III, we observed dust layers at heights from 1.40 (LEI) to 7.56
(HPB) km (mean value 5.17 + 0.90 km), and the layers’ thicknesses varied from 0.32 (LLE)
to 2.41 (GAP) km, with a mean value of 1.50 + 0.40 km. The LR values at 355 nm varied
from 35 to 64 sr (LLE), while at 532 nm, the LR values presented an average value of 48 +
4 sr. These LR values across the region are indicative of Saharan dust, with some potential
influence from other aerosol sources. As for the PLDR, at 355 nm, the values accumulated
from 0.16 to 0.30 (LLE) and had a mean value of 0.22 + 0.04, while the corresponding values
for 532 nm ranged from 0.16 to 0.38 (LLE) and 0.28 + 0.04, respectively. Concerning the AE
values, we observed a range between —1.00 (LEI) and 1.07 (LLE) (AEasz255), -0.95 and 1.14
(LLE) (AEsss2s35), and —0.01 and 1.28 (LLE) (AEbioes/552), while the mean values were found
to equal 0.34 + 0.50, 0.59 + 0.61, and 0.51 + 0.27, respectively. This broad range in AE values
suggests that the dust particles vary in size, possibly due to different aging processes
and/or mixing with other aerosols during transport.

Finally, the elevated dust layers in Region A-IV were observed to be between 1.30
(THE) and 6.14 (INO) km (mean value 3.23 + 1.40 km), while the average thickness value
was equal to 0.91 + 0.49 km. The LR values at 355 nm varied from 33 to 37 sr (INO), with
an average of 35 + 3 sr, while the LR at 532 nm varied from 33 to 58 sr (INO) with an
average value of 46 + 18 sr. PLDR values at 532 nm ranged approximately from 0.18 to
0.41, with a mean value of 0.25 + 0.09. The variability in PLDR values indicates a mix of
dust particles with particles of other shapes and sizes, potentially due to the influence of
atmospheric processes. The AEass35 value was equal to —0.21 (INO), while AEusyss varied
from -0.23 to 1.20 (INO) with a mean value equal to 0.59 + 0.61. Finally, AEbiess3 accumu-
lated from 0.85 to 1.36 (INO) and the mean value was equal to 1.10 + 0.10. Mean aerosol
optical properties per region of study and dust period are also shown extensively in Table
3.

Table 3. Mean aerosol optical properties (PLDR, LR, and AE) per study region for both March and
April periods.

Optical Properties Region M-I  Region M-I  Region M-Il  Region M-IV
PLDR 355 nm 0.25+0.09 0.20 0.27 +0.05 0.32+0.06
PLDR 532 nm 0.27 +0.06 0.24 +0.03 0.31+0.05 0.26 +0.07
LR 355 nm (sr) 50+3 36 45+7 45+ 12
LR 532 nm (sr) 49+ 6 39 54+8 51+8

A5 0.08 +0.50 0.53 0.04+0.38 0.25+0.12
AEBvsss5 0.07 +0.39 0.23 0.69 +0.25 -0.03+0.26
AEBbi0s4532 0.72+0.17 1.01 0.75+0.17 0.83+0.41

Optical Properties  Region A-I  Region A-IL Region A-IIl  Region A-IV
PLDR 355 nm 0.29 +0.06 0.22 0.22 -
PLDR 532 nm 0.31 +0.06 0.31 +0.09 0.28 +0.04 0.25+0.09
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The intensive optical properties values observed during both periods are within the
given uncertainties and consistent with those reported for mineral dust over Europe in
recent years [13,16,17,20,21,26,27,51-56]. The AEBass2355 and vsa2/355 values were close to 0 in
all regions, indicating the presence of large particles, while the AEb0s4/1064 values were
slightly higher, occasionally exceeding 1. Although pure dust layers are typically rare over
Mediterranean cities due to contamination from urban pollution or biomass-burning aer-
osols (BB) [19], in some cases, the values of optical properties in this study reached values
very similar to those measured for pure dust during dedicated campaigns in Africa
(SAMUM and SHADOW) [57-60], as well as for long-range transported pure dust over
Barbados (SALTRACE) [61].

3.3. Aerosol Geometrical and Optical Properties as Obtained by CALIPSO

Apart from the ground-based EARLINET lidar data, CALIPSO data were inde-
pendently used, when available, to also depict this event from the spaceborne side.
CALIPSO overpasses for the specific period of March and April were retrieved and the
geometrical and optical properties of the dust layers are shown in Figure 9 for the corre-
sponding stations. Some stations are missing due to the lack of an overpass during that
period, or because signals exhibited a low signal-to-noise ratio (usually daytime orbits
that are affected by noise and/or no dust aerosol layers were identified).
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Figure 9. Geometrical and optical properties, mean values, and std obtained per station using the
CALIPSO satellite during the dust periods of March and April 2022. Different colored lines
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correspond to different stations. Missing stations did not provide any layers based on CALIPSO
observations.

During the dust event in March, elevated aerosol layers were detected within an al-
titude range of 0.16 (PAY) to 9.56 km (ATZ) a.m.s.l., with thicknesses ranging from 0.12
(PAY) to 2.39 km (WAW) across all stations. The PLDR values observed ranged from 0.15
(LLE) to 0.25 (BRC), while the AE varied between -0.14 (PAY) and 1.09 (KUO). The baer
values ranged from 0.31 (INO) to 3.72 Mm-Isr! (WAW), and the aaer values ranged from
16.93 (INO) to 204.67 Mm™ (WAW).

At the AKY station, three aerosol layers were found between 1.89 and 4.81 km with
thicknesses ranging from 0.36 to 0.78 km, with PLDR and AE values of 0.16 and 0.91, re-
spectively. The ATZ station also presented three aerosol layers between 1.64 and 9.56 km,
with thicknesses ranging from 0.42 to 1.80 km. The PLDR values ranged from 0.17 to 0.19,
and AE values were between 0.70 and 1.02. The BRC station presented a single layer at an
altitude of 5.82 km with a thickness of 0.42 km, where the PLDR was 0.25 and the AE was
0.41. At the EVO station, two aerosol layers were observed between 4.54 and 6.65 km with
thicknesses from 0.36 to 1.98 km. The GAP station had one aerosol layer at 2.11 km with a
thickness of 0.90 km, with PLDR and AE values of 0.17 and 1.07, respectively.

At the HPB station, three aerosol layers were detected between 1.09 and 2.85 km, with
thicknesses ranging from 0.18 to 0.48 km. The PLDR values ranged from 0.16 to 0.21, and
the AE values were between 0.18 and 0.79. The INO station had three layers between 0.58
and 4.57 km, with thicknesses from 0.54 to 1.39 km and a mean AE value of 0.64. At KUO,
an aerosol layer at 1.07 km with a thickness of 0.96 km showed an AE value of 1.03. The
LEI station observed three dust layers between 0.40 and 4.23 km, with thicknesses from
0.48 to 1.20 km. The PLDR ranged from 0.16 to 0.21, and the AE ranged from 0.31 to 1.00.
The LLE station had two aerosol layers between 0.46 and 0.88 km, with thicknesses from
0.48 to 1.68 km, a PLDR of 0.15 for the first layer, and a mean AE of 0.96.

The PAY station presented four dust layers between 0.16 and 5.81 km, with thick-
nesses ranging from 0.12 to 1.56 km, a mean PLDR of 0.18, and AE values ranging from
-0.14 to 0.94. The POT station observed four layers between 0.60 and 2.61 km, with thick-
nesses from 0.66 to 1.68 km, PLDR values from 0.16 to 0.21, and AE values from 0.10 to
1.1. At RME, the aerosol layer was 1.62 km thick at an altitude of 1.03 km, with PLDR and
AE values of 0.15 and 1.06, respectively. Finally, at the WAW station, two aerosol layers
were observed between 1.35 and 1.71 km, with thicknesses from 0.24 to 2.40 km, a PLDR
of 0.16, and AE values from 0.74 to 1.01.

Regarding the dust event in April, CALIPSO found aerosol layers between 0.22 (BRC)
and 9.17 (KUO) km with thicknesses that ranged from. 0.03 (LLE) to 0.28 (BRC) km. The
mean PLDR values ranged from 0.15 (BRC) to 0.21 (GRA) and the mean value was 0.19.
The AE was between 0.18 (INO) and 0.56 (BRC), with a mean of 0.42. Furthermore, the baer
spanned from 0.36 (GAP) to 12.78 Mm™'sr' (BRC), while the aaer values accumulated be-
tween 15.85 (GAP) and 702.80 (BRC) Mm.

Concerning AKY, one aerosol layer was observed at 1.08 km with a thickness of 0.15
km, presenting a PLDR of 0.17 and an AE value of 0.43. Moreover, in BRC, four dust layers
were observed between 0.22 and 4.77 km, while their thicknesses varied from 0.04 to 0.28
km. The mean PLDR and AE values were found to be 0.16 and 0.67, respectively. GAP
presented two different aerosol layers at altitudes of 4.41 to 9.17 km, with a mean thickness
of 0.05 km, as well as a mean PLDR equal to 0.20 and a mean AE value equal to 0.43. In
addition, in GRA, the aerosol layer observed at 1.98 km with a thickness of 0.18 km pre-
sented a PLDR value of 0.21 and an AE value of 0.47. Two different aerosol layers were
found in the INO station at altitudes from 0.58 to 1.68 km and thicknesses ranging from
0.06 to 0.16 km, while the mean PLDR was 0.16 and the mean AE was equal to 0.18. In
KUO and LLE, three aerosol dust layers were observed in the range of ~2.04 to 9.16 km
and had a mean thickness of 0.04 km, while the mean PLDR and AE for both stations were
approximately equal to 0.20 and 0.43, respectively. In PAY, the thickness of the observed
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aerosol layer was 0.08 km at an altitude of 0.91 km and the PLDR value was equal to 0.19.
Finally, in THE one dust layer was observed with a thickness of 0.16 km at a height of 1.11
km, and the PLDR and AE values were 0.17 and 0.38, respectively.

In general, CALIPSO observations showed good agreement with ground-based lidar
observations, especially regarding the altitude at which dust aerosol layers were observed
in the troposphere, their thickness, and AE values. The baer, azer, and PLDR tended to be
slightly underestimated compared to the corresponding values observed with the ground-
based lidar systems. Notably, at the BRC, GRA, and LLE stations, CALIPSO measure-
ments were somewhat closer to those obtained from ground-based observations. These
variations could be due to the timing and spatial resolution of the satellite overpasses and
may be attributed to CALIOP’s nadir-only lidar configuration, which collects data exclu-
sively along the satellite’s orbit. Consequently, there is a possibility that the dust layers
detected by ground-based systems were not present at the exact time and/or coordinates
of the satellite’s overpass. This also highlights the need for complementary ground-based
measurements to capture the full extent of dust events, especially for layers that are spa-
tially or temporally variable.

3.4. Case Study (16 March 2022)

To enhance the understanding of this Saharan dust intrusion over Europe, this study
includes a detailed case study focusing on three specific EARLINET stations that share a
common backward air mass trajectory. This case study is crucial as it provides a focused
examination of dust transport and its atmospheric impact, offering insights that comple-
ment the broader analysis. This allows us to explore the mechanisms driving the observed
variations in aerosol optical properties. Additionally, through this focused analysis, we
aim to provide a comprehensive picture of the dust intrusion’s impact on air quality and
atmospheric conditions, thereby reinforcing the significance of our broader study.

Figure 10 presents the spatio-temporal evolution of the range-corrected lidar signal
(in arbitrary units—AU), obtained by the ATZ depolarization lidar system (DEPOLE) at
532 nm on 16 March 2022 over the station. During that day, the main free tropospheric
aerosol layer was detected within almost 4 to 6 km, following a descending motion during
the day. During local noon and afternoon hours (11:00-15:00 UTC), the layer was very
intense, while during the night hours (16:00-18:30 UTC), the dust covered almost every-
thing from 2 to almost 6 km a.m.s.l. Several aerosol layers were observed within this alti-
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Figure 10. The spatio-temporal evolution of the range-corrected lidar signal at 532 nm over Athens
on 16 March 2022.

Figure 11 shows the daytime evolution of the ultraviolet solar radiation (UV-B: 280-
320 nm) (W/m?) reaching the ground during the period of 15 to 17 of March 2022. The UV-
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B was measured by a Brewer MK IV spectrophotometer, installed at the Biomedical Re-
search Foundation of the Academy of Athens (BRFAA), Greece (37.99°N, 23.78°E; 180 m
a.m.s.L.). This spectrophotometer measured the direct, diffuse, and global spectral irradi-
ances in the UV and visible regions (from 380 to 750 nm). The uncertainty in the Brewer
measurements is estimated to be 5% for wavelengths above 305 nm and Solar Zenith An-
gles (5ZAs) smaller than 70° [62]. The UV-B radiation, alongside the SZA (degrees) and
the T (°C), depicts the size of this dust event in terms of solar radiation scattered by the
dust aerosol load in the atmosphere over ATZ.
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Figure 11. Daytime evolution of the total UV-B radiation (W/m?), along with the SZA (degrees) and

the Temperature (°C), reaching the ground, as measured by the Brewer spectrophotometer of
BRFAA from 15 to 17 March 2022 over Athens.

The highest UV-B values (0.81 W/m?) occurred prior to the dust event, on March 15
during local noon hours (10:00 UTC), when no dust was still observed in the atmosphere.
Comparing these values to the UV-B values (0.69 W/m?) measured the following day
(March 16), especially from 10:00 to 12:00 UTC when this thick dust aerosol layer was
formed, reveals a decrease of approximately 14% due to the presence of desert dust aero-
sols. This pattern also persisted on March 17 (0.70 W/m?), when dust was also observed
until noon and UV-B values reached up to 0.70 W/m?2.

Using the air mass backward trajectories analysis provided by the HYSPLIT model,
we found that the air masses sampled over the ATZ station on 16 March 2022 (Figure 12)
originated from the western and central Sahara before passing over GRA, overpassing
PAY via France, and eventually reaching ATZ by crossing the continental region adjacent
to the Adriatic Sea and the Balkans.

To find the aerosol layers that were possibly common within these three stations, the
backward air mass trajectories were calculated with a starting point at ATZ at the altitude
of the dust layer. Going back in time, we calculated the time when the distance of the
trajectories and the coordinates of the stations, PAY and GRA, were minimized. The pro-
files of each station, obtained at times closest to when the backward air mass trajectory
passed close by, were retained and used for this case study.
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Figure 12. HYSPLIT backward trajectories of the air mass during 15-16 March 2022, ending over (a)
the ATZ, (b) PAY, and (c) GRA stations.

Starting with the GRA station (Figure 13a), the retrieved profiles of baer (at 355 and
532 nm) and PLDR at 532 nm on 15 March (06:00 UTC) showed the presence of three ele-
vated layers, characterized by extremely high aerosol backscatter coefficients. However,
for this case study, we are going to focus on the middle- and high-altitude aerosol layers
that originated in the Saharan desert according to HYSPLIT and possibly transferred
through PAY to ATZ. The baer in this case was 3.41 £ 1.77 Mm'sr! at 355 nm and 4.42 +
1.04 Mm-'sr! at 532 nm at 5.92 km, while the PLDR was found to be equal to 0.34 + 0.04
and AEwsss5 was equal to —0.64 + 0.60, indicating the contribution of pure dust in the
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atmosphere [13,52]. For the higher layer at 7.33 km, the mean baer was 10.93 + 6.61 Mm'sr!
at 355 nm and 10.73 £ 4.96 at 532 nm Mm'sr-!, while the PLDR was found to be equal to
0.27 +0.04 and AEsss235 was equal to 0.13 + 0.56. Later that day, at 08:00 UTC, we observed
the middle-altitude aerosol layer at a lower altitude of 4.62 km, with a baer of 6.18+ 3.26 at
355 nm and 4.18 + 1.46 Mm-sr! at 532 nm, while the PLDR decreased to 0.20 + 0.01 and
mean AEus»ss5 was increased to 0.38 + 0.27. Possibly, the middle-altitude layer was united
with the lower non-Saharan aerosol layer; thus, the PLDR was decreased and the AE was
slightly increased. We should also notice that at this altitude, the T obtained by the radio-
sonde was equal to -12.5 °C, and the value of RH was equal to 65%, indicating that the RH
was increased inside the dust aerosol layer.
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Figure 13. Vertical distribution of the aerosol optical properties (baer at 355 and 532 nm) along with
mean values of the PLDR at 355 and 532 nm (blue and green stars) as measured by the three lidar
stations (a) GRA, (b) PAY, and (c) ATZ studied in this case study. Light blue and red lines correspond
to relative humidity (RH) and temperature (T) obtained by radiosondes for the corresponding day
and time of the lidar profiles, provided by the Department of Atmospheric Science, University of
Wyoming.
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Later, on 15 March, during night hours, the air masses passed over PAY. At 21:30
UTC, we observed two aerosol layers at 3.43 and 4.47 km characterized by baer (at 355 nm)
values of 7.08 + 2.22 and 1.99 + 0.93 Mm-'sr!, respectively (Figure 13b). Subsequently, by
22:30 UTC, this layer fragmented into thinner layers located at 3.04, 3.73, and 4.56 km with
baer values equal to 8.54 +1.85, 8.05 £ 1.40, and 2.56 + 0.75 Mm'sr-1. Once again, it is noticed
that the formation of dust aerosol layers coincided with a simultaneous increase in the RH
values retrieved by the radiosonde, with a value equal to 83% and T equal to —7.77 °C
within the aerosol layers. Moreover, on 15 March 2022, the PM1o/PM:s ratio was increased,
reaching even the value of 3.5 (Figure Al), further supporting the case for the presence of
coarse Saharan dust aerosols observed over the PAY station. The PM data were provided
by the National Air Pollution Monitoring Network (NABEL), which is a joint activity of
the Swiss Federal Office for the Environment (http://www.bafu.admin.ch, last accessed:
13 April 2024) and Swiss Federal Laboratories for Materials Science and Technology
(EMPA). Designed to gauge air quality across Switzerland, NABEL oversees measure-
ments at 16 strategic locations, with varying pollution situations throughout the country.
In situ data were only used in this case because the PAY station could provide only baer (at
355 nm), which does not give us any more information concerning the particles observed
in the atmosphere, such as PLDR and AE, which were provided by the two other stations.

Finally, when the air masses reached ATZ, we observed that in the first morning
hours and until noon (09:19-13:00 UTC), the aerosol layers gradually increased in terms
of baer and decreased in altitude. Initially, the aerosol layer was observed at 5.40 km with
a baer equal to 3.39 + 1.62 Mm'sr! at 355 nm and 1.67 + 1.06 Mm™' sr-! at 532 nm, which, by
13:00 UTC, reached up to 7.94 + 5.38 and 7.64 + 5.19 Mm'sr! at 355 and 532 nm, respec-
tively. The PLDR values during this time period ranged between 0.35 + 0.06 and 0.40 +
0.10 at 355 nm and from 0.32 + 0.04 to 0.35 + 0.14 at 532 nm. After 14:00 UTC, the CoM
along with the baer started decreasing. The layers were located from 2.54 to 4.26 km and
the baer values remained high enough, ranging from 1.17 + 0.42 to 6.59 + 3.74 at 355 nm and
from 1.10 + 0.53 to 6.81 + 3.67 Mm'sr! at 532 nm. After 17:00 UTC, the layer was close to
4 km and the baer was still above 3 Mm'sr for both wavelengths. The PLDR values re-
mained above 0.31 at 355 nm and ranged between 0.29 + 0.02 and 0.36 + 0.05 at 532 nm,
until the end of the measurement. Finally, AEbs3255 was between —0.15 + 0.89 and 0.57 +
0.17 during the whole measurement. The T measured by radiosonde at this height was
equal to -10.1 °C, and the value of RH was equal to 62%, indicating that the RH was in-
creased inside the dust layer.

It seems that the aerosol layers in this case study traveled almost without altering
their properties; thus, the aerosol layers observed over ATZ presented high baer values,
even after several hours of traveling (travel time between GRA and ATZ is > 26 h). The
observed aerosol layers exhibited PLDR values at 532 nm ranging predominantly between
0.27 and 0.36, with only one value of 0.20 recorded over GRA at 08:00 UTC. These values
did not demonstrate an observable pattern in relation to temporal changes. AEbs32/s5 val-
ues show a slight increase by the time layers were observed over ATZ, suggesting changes
in particle size or composition during the transport.

Finally, it is also important to comment on the behavior of RH within the dust aerosol
layers at each station. The RH values ranged from 62 to 65% for the ATZ and GRA stations
and reached up to 83% for the PAY station. Despite the fact that RH values within this
range have also been reported in other studies, such as the SAMUM campaign, RH usually
decreases within the dust layers [60,57,63]. However, there are cases where this also occurs
when there is a sudden influx of moisture into the dust layer from nearby sources, such
as the oceans (for instance the Mediterranean Sea or the Atlantic Ocean), the dust layer
encounters an atmospheric region of high moisture, or if there are atmospheric processes
that transport moisture into the layer. In addition, Saharan dust layers may sometimes
interact with air masses that are already relatively moist [64,65]. If these moist air masses
mix with the dust layer, they increase the RH within the layer. Moreover, vertical atmos-
pheric motion may also play a role in altering RH values within the dust layers. Air mass
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lifting associated with atmospheric convection or orographic lifting along mountains can
lead to adiabatic cooling and to an increase in RH within the dust layer [66].

4. Conclusions

During March and April 2022, a high-pressure system advected Saharan dust aero-
sols over Europe. The air masses passed over Spain and Portugal, moved to France in the
first three days, and then spread towards Italy and Greece, thus reaching central Europe
and extending even up to Scandinavia. By the end of March, most of southern and western
Europe, as well as a small part of Scandinavia, was affected, with AOD (550 nm) values of
up to 1.60. At the beginning of April, the regions of Italy, Greece, and parts of the Balkans
were initially affected, and then Spain and France experienced another wave of dust ex-
tending towards northern latitudes. Although AOD values in April were lower, peaking
at 0.8, the southern European countries primarily bore the brunt of dust deposition, with
residual effects across the continent before the episode subsided. The March period of
intrusion was extraordinary in terms of both aerosol optical properties and duration, high-
lighting its potential to significantly influence regional climate and air quality. The subse-
quent episode of April, while less intense, demonstrated the persistent impact of dust aer-
osols across Europe, emphasizing the long-term consequences of such atmospheric phe-
nomena.

The stations used in this study were categorized into regions based on their coordi-
nates and their mean backward air mass trajectory. These regions experienced different
levels of impact from Saharan dust during March and April. Backward air mass trajectory
analysis revealed that, in most cases, the air masses originated from western and north-
western Africa (Morocco, the western Sahara, and Algeria), crossed the western Mediter-
ranean, and reached the Iberian Peninsula. The dust plume then spread across western
and central Europe, with the exception of the DUS station, where air masses originated in
northwestern Africa, passed over Tunisia and Libya, and crossed the Arabian desert, lead-
ing to a possible predominance of Asian dust in the observed dust aerosol layers, as indi-
cated by the aerosol’s optical properties. This regional variability in dust impact highlights
the complex nature of dust transport and its interaction with different air masses. The
presence of Saharan dust at the DUS station confirms that dust can have diverse sources
and pathways, influencing its optical properties up to distances of the order of 6.000-8.000
km.

The differences in the dust aerosol load across the studied regions emphasize the
importance of considering both source regions and transport pathways in understanding
dust events.

We observed sufficiently high baer coefficients (up to 19 Mm~ sr™), indicative of the
extremely high dust aerosol load in the troposphere over the EARLINET stations, partic-
ularly during the March period. In most of the stations, for both periods, the observed
PLDR values (from 0.16 to 0.43 at 355 and 532 nm) within the dust aerosol layers were
similar to those observed in studies of pure Saharan dust aerosols [67], staying almost
unaltered through their travel. The remaining optical properties (LR and AE) observed
across European stations fell within the typical ranges noted over the years across the
different regions of the continent [21]. Mean LR values within the different regions ranged
from 36 to 50 sr (355 nm) and 39 to 54 sr (532 nm), while in April, they varied from 35 to
51 sr (355 nm) and 45 to 48 sr at 532 nm. AEas»sss ranged between 0.25 to 0.53 in March
and —0.30 to 0.34 in April. AEssssss values ranged from —0.03 to 0.69 in March and from
~0.09 to 0.59 in April, with AEbiesss2 varying from 0.83 to 1.01 in March and 0.43 to 1.10 in
April. At the DUS station, LR values resembled those typical of Asian dust, measuring 36
and 39 sr at 355 and 532 nm, respectively. The variations of these aerosol optical properties
usually correlate with station location, air mass trajectories prior to arrival, and the inten-
sity of the Saharan dust event, along with other atmospheric parameters specific to each
episode of dust transport.
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Furthermore, a 14% decrease in UV-B radiation was observed at the ground from 15
to 17 March 2022 in ATZ due to the extinction of solar radiation by desert dust aerosols.
Detailed aerosol profiles from stations in GRA, PAY, and ATZ revealed, once again, ex-
tremely high baer values, reaching up to 10.73 Mm™'sr' at 532 nm (GRA), and notable PLDR
values, which were as high as 0.40 at 355 nm (ATZ). The consistency of aerosol properties
over time and space underscores the transport of nearly unaltered dust layers over long
distances for more than 26 h. Additionally, RH within the dust layers was relatively in-
creased, suggesting interactions with moist air masses.

Overall, this research underscores the critical importance of monitoring and quanti-
fying Saharan dust events due to their significant impact on solar irradiance, atmospheric
composition, and climate implications. Our findings, considering both ground-based and
satellite measurements and the relevant aerosol optical and geometrical properties, pro-
vide valuable insight into the three-dimensional dust transport mechanisms over the Eu-
ropean continent, which can lead to further improvement of current general circulation
and climate models as intense dust events may play a subsequent role in the Earth’s des-
ertification [68]. Furthermore, continuous investigation of such intense and large-scale
dust events is essential for advancing our knowledge of aerosol behavior and improving
predictive capabilities for future dust events.
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Figure A1. PMio/PM:s ratio within the period of 15-18 March 2022 over the PAY station. The dot-
ted box corresponds to the time period within which the lidar profile lies.
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