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Abstract: Emissions of immense amounts of desert dust into the atmosphere, spreading over vast
geographical areas, are in direct feedback relation with ongoing global climate changes. An extreme
large-scale Saharan dust episode occurred over Mediterranean and Europe in April 2019, driven by a
dynamic blocking synoptic pattern (omega block) creating conditions for a powerful northeastward
circulation of air masses rich in dust and moisture. Here, we study and characterize the effects
of related dust intrusion over Sofia, Bulgaria, using lidar remote sensing combined with in situ
measurements, satellite imagery, and modeling data. Optical and microphysical parameters of the
desert aerosols were obtained and vertically profiled, namely, backscatter coefficients and backscatter-
related Angstrom exponents, as well as statistical distributions of the latter as qualitative analogs
of the actual particle size distributions. Dynamical and topological features of the dust-dominated
aerosol layers were determined. Height profiles of the aerosol/dust mass concentration were obtained
by synergistic combining and calibrating lidar and in situ data. The comparison of the retrieved
mass concentration profiles with the dust modeling ones shows a satisfactory compliance. The local
meteorological conditions and the aerosol composition and structure of the troposphere above Sofia
during the dust event were seriously affected by the desert air masses.

Keywords: atmospheric aerosols; Saharan dust; aerosol optical properties; aerosol mass concentration;
lidar; long-range transport; Bulgaria

1. Introduction

The natural and anthropogenic aerosols are important constituents [1,2] and major pol-
lutants of the atmosphere [3]. They have significant impacts on the atmospheric chemistry
and physics, energy balance, hydrological cycle, and visibility, thus affecting the biosphere,
the ecological state of the environment, and human health. Aerosols have multiple direct
and indirect effects on the atmospheric radiative properties [4—6], causing regional or even
global climate changes [2,3,7]. The indirect aerosol effects include those on the physical,
optical, and lifetime properties of clouds and, thus, on the precipitation regime, as they act
as water/ice cloud condensation nuclei [6]. The fine fractions of the atmospheric aerosols
are air pollutants endangering human health to a particularly high degree, since the parti-
cles easily penetrate the respiratory tract and the bloodstream upon inhalation, potentially
causing serious health problems, such as lung cancer, cardiovascular and cardiopulmonary
diseases, asthma, etc. [8,9].

Mineral dust is among the most widespread aerosol types strongly influencing the
environment and human life in the various aspects mentioned above [10-13]. North Africa
(Sahara Desert) is recognized to be the biggest area on Earth producing dust, with the
mass of mineral particles emitted annually, reaching gigatons [14-18]. These tremen-
dous amounts of dust are transported by air circulation systems thousands of kilometers
across the Atlantic to North and South America, as well as to Europe and the Middle
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East [13,18-23]. A considerable part of these dust emissions crosses the Mediterranean
and reaches mostly Southern and Central Europe, and less often the northern parts of the
continent [10,13,23-26].

A number of studies have described the mechanism of desert dust transport from
North Africa to Europe (see, e.g., [13,15,24,27]). In the spring-summer period of the year,
the Saharan heat low [28], a near-surface thermal low-pressure system that is a significant
component of the West African monsoon system [29], plays an important role in the Saharan
dust spreading patterns. It manifests itself as an intensification of the humid southwestern
monsoon flow from the Atlantic, as well as of the dry Harmatan from the north and east.
Additionally, the high-energy Sharav cyclones, which usually appear in the spring and early
summer, are able to mobilize large amounts of desert dust and transport them eastward
over the Mediterranean basin [30]. For this reason, the most intense transport of dust from
North Africa over the Mediterranean to Europe, including the Balkan Peninsula, happens
mainly in spring and summer [31-33]. As a departure from this trend, some winter events
of Saharan dust intrusions over Europe have been observed in recent years [34-36].

The normal course of the characteristic regional air circulations transporting dust is
sometimes disrupted by blocking meteorological systems. These are synoptic situations
in which the normal zonal flow of air masses is temporarily altered by the appearance
of a flow sector with a high meridional component that obstructs the normal west—east
movement of cyclone systems [37]. Examples of such blocking patterns are stationary
ridges, omega blocks, dipole (Rex) blocks, Rosby wave breaking, etc. [38—40]. These
synoptic patterns can create large areas of high atmospheric pressure with stable dry and
clear weather conditions, or vice versa, such of low pressure and intense cloud transport
and rainfalls. In particular, they can strongly influence the transfer of dust from Sahara over
the Mediterranean and Europe, which naturally occurs in the predominant north-northeast
nearly meridional direction.

Various measurement techniques are being utilized for atmospheric aerosol/dust
tracking, detecting, and studying, including in situ sampling and passive or active remote
sensing ones. Because of the desert aerosols’ natural distribution over large atmospheric
domains with a high spatial and temporal dynamics, the remote sensing by ground, air
and space-based passive and active sensors remains the main approach to studying and
characterizing them [41-45].

The active remote sensing by lidars is a widely adopted and efficient technique for
carrying out observations of atmospheric aerosols, including desert dust. Being particu-
larly sensitive to changes in the atmospheric aerosol density, the lidar approach provides
retrievals of vertical profiles characterizing the aerosol/dust optical and microphysical
properties, such as backscattering or extinction coefficients and the Angstrém exponent.
Fixed or mobile ground-based lidar systems are used, as well as such mounted aboard
aircrafts and satellites [32,44,46-50]. Lidars make it possible to determine the vertical
stratification of aerosol layers and to monitor their dynamics with high spatial and tem-
poral resolutions, reaching high altitudes. Modern lidar systems containing a variety
of elastic, Raman and (de)polarization receiving channels allow complex and reliable
characterization of aerosol properties, including determination of the degree of particles’
(non)sphericity [45,47,48]. Desert dust is one of the main types of aerosols being studied,
which is due to its great climatological importance; systematic observations and analyses
have been performed [32,42] by lidar networks around the world, such as the European
Lidar Network (EARLINET) [51], a key component of the Aerosol, Clouds and Trace Gases
Research Infrastructure (ACTRIS) [52].

An imperfection of the lidar technology is that it does not allow one to determine
and/or profile some important quantitative aerosol characteristics, such as mass concentra-
tion and particle size distributions. Automated systems for environmental control provide
in situ data from measurements of aerosol mass concentrations (PM, 5 and PM7y). However,
they are characterized by a high degree of locality of the measurements, lacking range
resolution and spatial coverage. The appropriate combination of lidar data with in situ mea-
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surement data could make it possible to overcome the deficiencies of the two approaches
and to calibrate the lidar data in view of achieving range profiling of the aerosol/dust
mass concentration.

The passive satellite remote sensing plays an important role in detecting, identifying,
and mapping the atmospheric aerosol/dust content, particularly in cases of studying atmo-
spheric processes on intercontinental or global scale. The Moderate Resolution Imaging
Spectroradiometer (MODIS) aboard the NASA'’s Terra and Aqua satellites is a powerful and
highly sensitive instrument for imaging and monitoring global dynamics and processes
occurring on land and oceans, and in the lower atmosphere (including transport of aerosols
and desert dust) [53]. Modeling and forecasting data from web-accessible resources are of
great importance for determining the type and origin of aerosols, as well as for tracking
their transport history to the place/time of observation [54-57].

In the second half of April 2019, an extreme massive large-scale Saharan dust episode
was observed over the Mediterranean and Europe, spreading desert aerosols north to the
polar region and west to the Caribbean [26,58-60]. In this paper, we report results of study-
ing and characterizing the manifestations of this episode in the atmosphere above Sofia,
Bulgaria, in the period 22-26 April 2019, after the long-range transport of desert aerosols,
using lidar and in situ measurements combined with satellite imagery and modeling data.

The main objectives of the work are:

e Studying and characterizing the optical and microphysical properties of the de-
tected aerosol/dust layers, along with the topological and dynamical features of
the aerosol/dust field density distribution; based on that, determining the strength of
the dust event over Sofia, after the dust long-range transport.

e Identifying the dust source areas, the driving synoptic mechanism and the connection
between the large-scale spread and distribution of the dust plume with the regional
air circulation systems; evaluating the effects of desert dust interaction with other
aerosols during the transport and at the measurement site; assessing the impacts
of the dust intrusion on the structure and composition of the local troposphere and
meteorological conditions.

e  Exploring the possibilities for synergistic combination of data from lidar and in situ
aerosol measurements to calibrate and convert retrieved vertical aerosol/dust backscat-
ter profiles to mass concentration ones; comparing the latter with the available model-
ing/forecasting profiles of dust concentration and analyzing the degree of compliance
in terms of shapes and values.

The paper content is organized as follows: After the introduction section, the applied
instrumentation and methods are described in Section 2. The main results obtained of
the conducted lidar and in situ measurements, along with those of dust/aerosol mass
concentration profiling, are reported and discussed in Section 3, as are the results concerning
Saharan dust transport modeling/forecasting and data reanalysis. The basic conclusions of
the work are summarized in Section 4.

2. Instrumentation and Methods
2.1. Measurement Site Description

The geographical setting of the measurement site is shown in Figure 1. Bulgaria is
located in southeastern Europe, in the northeastern part of the Balkan Peninsula (Figure 1a).
The capital Sofia is Bulgaria’s largest city with a population of 1,249,277 as of 31 December
2020 [61]. It is located in Sofia Valley in the western part of the country (Figure 1b). The
area of the valley is about 1180 km?. Its length from northwest to southeast is 75 km, with
its width varying from 5 to 20 km. The average altitude of the valley is about 550 m above
sea level (ASL). As seen in Figure 1, the valley is surrounded by mountains on all sides,
the largest being the Balkan Mountains on the northeast and Vitosha Mountain on the
south. The climate of Sofia is continental with 1961-1990 climate normal mean annual
air temperature of 10 °C, mean annual precipitation of 576 mm and mean annual relative
humidity of 68%—World Meteorological Organization (WMO) Station Number: 15614 [62].



Atmosphere 2022, 13, 981 4 of 28
o Kostinbrod % Jo6pocnasLm Vckb [ I~ A7 A% N2
(a) o 3 ‘(C) KocTuH6poa, & 7/ ] 17 AY
SR ) Voynegovtsnl » ) .
X b ‘ 12 BoitHeroBLM / t 00 10 20)
i kilometers
! ’{\A/Irgr'\:ngr Svetovrachene r~
. I_Fl’r°|95ha RabcD CBeToBpayeHe
g ROIELIS - Voluyak Negovan
Bozhunshtec Bonysik HeroeaH
Eomypmu.;e E80 |
Gurmazovo el
N_‘I’ypmaaoso ;
Em 189 | [Ea0) =
Bankya |yanyane
o g EaHKﬂ MBaZHHe Sofia Dolni Bogrov.
1 [onHn Borpos
C
' Malo Buchino Odwlﬂ @
| c. Mano / m| < Krivina :
< EylMHO ey KpusuHa 5
P /) 5 ¢ Ravi
/ /7. T AN NVAD) A & Kazichene i 224
7 ) AD 1
} v KB Mﬁngﬁmpcm o, §| Kasnuere
3 \\ MLADOST
R Y SN ‘ MIAZOCT
. Viadayalit, | VITOSHA 82
e 3 aya\ . BUTOLLA | A1
, s 1]
V/ Im German
Y i ' »FepmaH '
aglchevo J N ¥ DR h { ) 1 Lozen
»arnieso B\ l\. ,/ ; } Pancharevo ) ?enoﬂoseH
Ii‘l;;i-artm v e I'IquapeBo AR BN
Pynapiiu Ma_p Data: Google, © 202285 S5 icTpuuia /Eokalvane)‘ (‘r AR
Y% — Sofia lidar station (IE-BAS)
A _ Kopitoto AMS (BG0070A)
A — Mladost AMS (BG0079A)

Figure 1. Geographical situation of the area of measurements: topographic maps of (a) Europe
(source: https://commons.wikimedia.org/wiki/File:Europe_topography_map_en.png, accessed
on 1 February 2022), (b) Bulgaria (source: https://commons.wikimedia.org/wiki/File:Bulgaria-
geographic_map-en.svg, accessed on 1 February 2022), and (c) Sofia (Google maps image). The
positions are indicated of Sofia, the lidar station, and the Kopitoto AMS and Mladost AMS.

The lidar measurements described in this work were performed at the Sofia lidar
station (42.654055° N, 23.386972° E, 600 m ASL) located in the southeastern part of Sofia
(Figure 1c) at the Institute of Electronics, Bulgarian Academy of Sciences (IE-BAS).

The vertical profiles of the meteorological parameters (air temperature, atmospheric
pressure, relative humidity, dew point, mixing ratio, wind speed, and wind direction) are
provided from daily (at 12:00 UTC) radiosonde measurements performed by the Central
Meteorological Observatory of Sofia city, National Institute of Meteorology and Hydrology
(NIMH)—WMO Station 15614 (42.655° N, 23.384° E, 586 m ASL). The station is located
about 300 m away from the lidar site. The data are freely accessible at the site of the
University of Wyoming [63].

The in situ measured data on the PM; mass concentration used in this paper were
provided by two automated measuring stations (AMSs) in Sofia, part of the National
Automated System for Environmental Monitoring (NASEM). The system is supervised by
the Ministry of Environment and Water (MoEW) via the Executive Environmental Agency
(ExEA) [64] and is tasked with monitoring the ambient air quality in Bulgaria. The ExEA
provides the technical, methodological, and software resources necessary for the NASEM
operation and development. The positions of the two AMSs—one urban located close
to the lidar site (Mladost AMS) and one rural reference station for aerosol background
measurements located in the Vitosha Mountain (Kopitoto AMS), are indicated in Figure 1.

2.2. Remote Sensing Observational Instruments and Methods

The Saharan dust episode in April 2019 described and discussed in this paper was
explored by using the two elastic-scatter channels of an aerosol lidar developed at the Laser
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Radars Laboratory of IE-BAS [49,50]. It is configured in a monostatic biaxial alignment; due
to its position in the lab, its line of sight (LOS) is inclined at an angle of 32° with respect to
the horizon. Thus, although signals backscattered from up to 30 km can be registered, the
maximum sounding height is 16 km.

The radiation source is a high-power frequency-doubled Nd:YAG laser equipped with
a single-pass optical amplifier (pulse energy of up to 800 mJ at 1064 nm, 100 m]J at 532 nm;
pulse duration of 15 ns FWHM,; repetition rate of 2 Hz; laser-beam divergence of 3 mrad).
The lidar transmitting unit also includes prism-based optics to steer the output laser beam
to the atmosphere and to adjust it precisely in order to achieve a good overlap between the
beam and the telescope’s field of view. The lidar receiving unit consists of a telescope, a
wavelength separator (spectrum analyzer), and high-sensitivity photo-electronic modules
enabling registration of backscattered signals with a range/height resolution of 15/7.95 m.
A Cassegrain type telescope (35 cm aperture; 200 cm focal length) receives the backscattered
radiation from the atmosphere. The incoming optical signals collected by the telescope
are directed to the wavelength separating unit. The spectrum analyzer has selective
spectral channels for 1064 nm and 532 nm operated in analog mode and comprising
specific combinations of narrowband interference filters, short/long band-pass filters, beam
splitters, dichroic mirrors, and neutral densities. An effective suppression is, thus, achieved
of the background noise and parasitic inter-channel cross-talk transmission over the filter’s
blocking range (200-1100 nm) to levels of <10~* (OD > 4) of the peak transmission at
532 nm and 1064 nm. The photo-electronic modules comprise photo-receiving sensors—a
photo-multiplier tube at 532 nm and an avalanche photodiode at 1064 nm, as well as
10-MHz 14-bit analog-to-digital converters.

Acquiring and processing of lidar data is performed using specialized software (Tropo-
Suite) developed at the Institute of Physics, National Academy of Sciences of Belarus, Minsk,
Belarus. The pre-processing includes optical background subtraction, profile smoothing,
and range-correction of the raw lidar data, whereas the main processing involves calcula-
tion of the aerosol backscatter coefficient (BSC) and error estimation. The Klett—Fernald
inversion algorithm [65,66] is used to retrieve the vertical BSC profiles. The algorithm is
based on a prior selection of two values: a lidar ratio (the ratio of aerosol extinction and
backscattering coefficients) which is assumed to be altitude independent, and a reference
BSC value at a calibration height at which the particle backscatter signal is negligible com-
pared to the molecular one. Under cloud-free conditions, the reference point is normally
selected in the altitude range 6-10 km, and the constant lidar ratio is chosen in the interval
40-60 sr, depending on the dominating aerosol type [32,46-48,67-71]. The retrieved lidar
profiles are calibrated using values of the molecular BSC known from the standard atmo-
sphere model [72] for values of the air pressure and temperature measured close to the
surface. The calibration altitude intervals of nearly pure molecular atmospheric content are
determined by applying the standard Rayleigh fitting procedure [73-75].

In order to characterize qualitatively the dominant aerosol particle size fractions
in the aerosol layers observed, profiles of the backscatter-related Angstrom exponent
(BAE) [49,67,76] are calculated based on the retrieved BSC profiles at 532 nm and 1064 nm:

BAE(z) = In[BSC(z,A2)/BSC(z,A1)]/In(A1 /A2) )

where A1 = 1064 nm, A, = 532 nm, z is the lidar distance.

The BAE profiles thus determined are subjected to a statistical frequency-count analysis
of BAE occurrences to obtain overall and partial BAE distributions, which are regarded as
being qualitative counterparts of the real aerosol particle size distributions. Combining the
time-averaged BAE profiles and the corresponding BAE distributions with the air-transport
modeling data available from online web resources makes it possible to derive qualitative
or semi-quantitative information concerning the type, origin, and microphysical properties
of the aerosols observed [36,49,77].

The lidar observations of the atmosphere are performed in a regime of multiple
registrations of lidar returns with an averaging time of 1 or 3 min (130 or 390 laser pulses).
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Subsequently, these profiles are averaged over the whole measurement period in order to
estimate and visualize the integral mass vertical stratification of the aerosol layers registered.
To illustrate the spatial distribution and temporal dynamics of the aerosol fields detected in
each measurement cycle, color maps in height-time coordinates are constructed using a
series of consecutively recorded range-corrected signals (RCS).

2.3. Modeling/Forecasting and Reanalysis Data Provision

The NMMB/BSC-Dust model [54,55] and the Hybrid Single-Particle Lagrangian In-
tegrated Trajectory (HYSPLIT) model [56,57] are used in the paper to make assumptions
about both the type and the origin of the aerosols in the layers detected by the lidar. The first
one is an online multi-scale atmospheric dust model designed and developed at Barcelona
Supercomputing Center-Centro Nacional de Supercomputacion (BSC-CNS) in collabora-
tion with the National Oceanic and Atmospheric Administration/National Centers for
Environmental Prediction (NOAA/NCEP), NASA Goddard Institute for Space Studies, and
the International Research Institute for Climate and Society (IRI). The dust model is fully
embedded into the Non-hydrostatic Multiscale Model NMMB developed at NCEP [78,79].
The NMMB/BSC-Dust model provides dust forecasts for both regional (Northern Africa,
Middle East, and Europe) and global domains [54,55,80].

The HYSPLIT model [56] is developed by the NOAA's Air Resource Laboratory (ARL)
to simulate the dispersion and trajectories of pollutants in the atmosphere over local
to global scales. In this paper, we used the model to compute the air mass backward
trajectories ending above Sofia during the time of lidar measurements, by running it
interactively on the web through the ARL READY system [57].

Combining HYSPLIT backward trajectories with satellite imagery, such as from the
moderate resolution imaging spectroradiometer (MODIS) [53], can provide insight into
whether the significant concentrations of aerosols detected are caused by local sources of
air pollution or are the result of an external air transport. The MODIS sensor has a total of
36 spectral bands, covering wavelengths from 0.4 um to 14.4 um, with varying spatial reso-
lutions on those bands—250 m by 250 m (Bands 1-2), 500 m by 500 m (Bands 3-7) and 1 km
by 1 km (Bands 8-36). Two such instruments, operating on the NASA Earth Observing Sys-
tem (EOS) Terra and Aqua satellites, are widely used for earth and climate measurements.
In this paper, we use the MODIS Corrected Reflectanc imagery visualized in NASA World-
view website (https://worldview.earthdata.nasa.gov/, accessed on 17 February 2022), part
of the NASA Earth Observing System Data and Information System (EOSDIS). The imagery
resolution is 250 m, and the temporal resolution is daily. Thus, MODIS imagery offers a
useful tool for timely and accurate monitoring of dust storms [81,82].

Reanalysis of climatological data by the National Centers for Environmental Prediction
and the National Center for Atmospheric Research (NCEP/NCAR) [83,84] is applied
for synoptic meteorological analyses regarding the Saharan dust episode. Maps of the
composite mean of 700 hPa geopotential height and wind field are compiled using the Daily
Mean Composite application provided by the NOAA Physical Sciences Laboratory [85].

3. Results and Discussion
3.1. MODIS-Aqua Images of the Dust-Cloud Plume Spreading

Figure 2 shows satellite images obtained by the MODIS-Aqua satellite depicting the
propagation of the dust plume and cloud coverage over the Mediterranean and Southeast-
ern Europe at the beginning (22 April), the middle (24 April), and the end (26 April) of the
period under review.
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Figure 2. MODIS-Aqua true-color images of the dust-cloud plume spread for (a) 22 April 2019,
(b) 24 April 2019, and (c) 26 April 2019. The blue star indicates the position of Sofia station. The
images are downloaded from the NASA Worldview website (https://worldview.earthdata.nasa.gov/,
accessed on 17 February 2022) by using the NASA Worldview Snapshots application.

A distinctive feature of the dust transfer during this episode is the strong mixing of the
dust plume with water clouds, which spread simultaneously as a mixed cloud-dust mass
with a specific fibrous veil-like structure. At the beginning of the period, this cloud-dust
mass is more compact and monolithic (Figure 2a); later on it is torn into separate zones
dominated by clouds or dust (Figure 2b); subsequently, the former spreads to the north and
east, whereas a cloudless zone, dominated by significant amounts of dust, is established
over the Mediterranean (Figure 2c). Bulgaria, including Sofia, falls mainly in the mixed
dust-cloud zones. Normally, Saharan dust is transported northeast to the Balkans in the
form of warm and dry desert air masses [50]. In contrast, the mixture of dust and clouds
observed during the episode discussed here rather suggests the spread of moisture-rich
air masses. On the other hand, this is a prerequisite for the formation of cloudy and rainy
conditions in the reached areas, which would make it difficult to track the event in its
entirety with ground-based optical instruments for remote monitoring, such as lidars.

3.2. NMMB/BSC-Dust Global Dust Model Forecasts

Figure 3 presents the Global-scale NMMB/BSC-Dust model maps of the Saharan dust
distribution for the same three characteristic days (22, 24, and 26 April) from the period of
the dust episode considered here, as in Figure 2. Note that the three dates belong to the
period of highest intensity and onset of abatement of the dust episode, the latter covering
almost the entire second half of April 2019. The maps show two distinctive features of the
transport of desert aerosols from the Sahara Desert. The first of them is the extremely wide
geographical domains reached by dust loads; the second one is the atypically high densities
of dust coverage in significant parts of the invaded areas, reaching 4 g/m?.

NMMB/BSC-Dust Dust Load (g/m* ) and 700 hPa Wind NMMB/BSC-Dust Dust Load (g/m* ) and 700 hPa Wind NMMB/BSC-Dust Dust Load (g/m* ) and 700 hPa Wind
12h forecast for 12UTC 22 Apr 2019 12h forecast for 12UTC 24 Apr 2019 12h forecast for 12UTC 26 Apr 2019
hitp:/ [www.bsc.es [projects/earthscience [NMMB—BSC—DUST) http: [ /www.bsc.es [projects/earthscience /[ NMM B~ BSC - DUST) hitp:/ fwww.bsc.es [projects/earthscience [NMMB~BSC~DUST)
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Figure 3. Global-scale NMMB/BSC-Dust model results for the dust load and the 700 hPa wind field
at 12 h forecast for 12 UTC on (a) 22 April 2019, (b) 24 April 2019, and (c) 26 April 2019.
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On the 22 April, Figure 3a, the main dust plume has covered with high densities
the whole of Northern Africa, Western and Central Mediterranean, as well as Southern
and Central Europe. On 24 April, Figure 3b, it has already reached Northern Europe, the
British Isles, Iceland, and parts of Scandinavia. On the third of the days shown, 26 April
(Figure 3c), the dust-invaded zones have spread even further north over all of Scandinavia
and northeast to Greenland and the Arctic North. In addition, with smaller but still
significant densities, desert aerosols have spread eastward over the Arabian Peninsula and
Central Asia, as well as westward across the Atlantic Ocean, reaching the northern parts
of South America. Thus, the picture of the Saharan dust spread during the period under
consideration outlines a dust episode with exceptional strength and extent, significantly
exceeding the heavy dust outbreaks typical for this period of the year [26,58,59].

3.3. NCEP/NCAR Reanalysis

To clarify the mechanism and driving force of the large-scale episode in question, it is
necessary to consider the synoptic situation in the geographical areas affected during the
event. The geopotential height for a given atmospheric pressure value is a representative
synoptic parameter for the formation of frontal systems and the related changes in the
air circulation.

Figure 4 presents maps of the NCEP/NCAR reanalysis composite mean of 700 mb
geopotential height and the horizontal wind vectors over the region of Northern Africa,
Mediterranean and Europe (30-80° N, 10° W-55° E), during the period 17-27 April 2019.
Figure 4a—c shows maps of geopotential height and wind vectors for a three-day period
(17-19 April 2019) from the initial stage of the dust episode. They clearly show that over
the uppermost northern regions of Africa, the Mediterranean, and Europe to its northern
borders and beyond, an omega-like synoptic blocking pattern (omega block) [38-40] has
formed, transforming the normal zonal air circulation over the region (from west to east)
into one with a strong meridional component (from south to north and vice versa). The base
stationary ridge of the structure, originally located on the Eastern African Mediterranean
coast, is gradually moving east, while the main anti-cyclonic blocking high of the structure
(with clockwise vorticity) remains relatively stable over Scandinavia and Northern Europe.
The two satellite cyclonic cut-off lows (with anticlockwise vorticity) are formed in the
interface zone of the Eastern Atlantic, Western Mediterranean, Northwestern Africa, and
Southwestern Europe (the left one), and over the Black Sea and Turkey (the right one). For
the episode considered here, of particular importance is the first of them, which is formed
faster and is better expressed. The air masses in it are in a cycle of repetitive rotational
movement around the center of low pressure, passing over the region outlined above with a
high probability for enrichment with desert dust and moisture. During this initial period of
the episode, the air circulation has more significant wind components mainly on the outer
periphery of the omega pattern, while it is weak in its inner areas over the Mediterranean
and Europe.

As can be seen in Figure 4d—f, during the three-day period of 22-24 April, the position
of the base stationary ridge core of the omega pattern stabilizes in the zone 20-30° E, where
the eastern parts of the Balkan Peninsula, Bulgaria, fall in its upper part. At the same
time, the omega pattern itself is undergoing significant changes. From a well-formed, close
to classic omega structure on 22 April, it deforms significantly under the influence of a
cold frontal system from the west in the latitude range 40-60° N, thus losing its cyclonic
cut-off lows. This is accompanied by markedly increased air circulation, with high wind-
velocity values (up to over 20 m/s) from the west and Central Northern Africa (Algeria,
Tunisia, Libya) to the northeast-north through the Central Mediterranean over Central and
Northern Europe.
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Figure 4. Synoptic meteorological situation of the Saharan dust event studied: NCEP/NCAR
reanalysis composite mean of 700 mb geopotential height (shaded, units in m) and horizontal wind
vectors (black arrows, units in m/s), for the period 17-27 April 2019.

As can be seen in Figures 2 and 3, the increased air circulation to higher latitudes
is accompanied by an intensive transfer in this period of significant amounts of Saharan
dust over the mentioned regions, including Bulgaria. During the next three-day period,
25-27 April, as a wide and even colder frontal system appears from the northeast, the
omega pattern completely loses its typical shape, as one can see in Figure 4g—i. During the
period, the air circulation through the Mediterranean to Europe gradually decreases and is
increasingly reoriented from the northeast to the east, outside Sahara, with a tendency of
restoring the zonal circulation over Europe’s southern parts.

In summary, the large-scale and heavy dust episode observed over the Mediterranean
and Europe in the second half of April 2019 is conditioned and driven by a dynamic
synoptic blocking pattern creating conditions for a powerful joint circulation of air masses
rich in desert dust from Northern Africa and ones with high humidity from the Eastern
Atlantic and the Mediterranean.

3.4. NMMB/BSC-Dust Model Forecasts

Due to the great Saharan dust’s importance as a climatological, environmental and
health factor, modeling and forecasting its distribution is important for timely and adequate
monitoring and research of dust events, as well as for parameterizing and validating
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theoretical models for its description by experimental measurements. The models of the
BSC-CNS are widely accepted standard tools for predicting dust episodes on a global and
regional scale.

Figure 5 shows the forecast profiles of Saharan dust concentration over Sofia obtained
by using the NMMB/BSC-Dust model of the BSC-CNS, as well as maps of dust load and
wind field of 700 hPa (insets) over Northern Africa, Middle East, and Europe in the period
22-28 April 2019, for times coinciding with or close to those of the lidar observations
described in this paper.
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Figure 5. NMMB/BSC-Dust forecast Saharan dust concentration profiles above Sofia and regional
maps (insets) of dust load and the 700 hPa wind field, for the period 22-28 April 2019. Sofia position
is indicated by a red circle.

The first day on which the dust plume reached Sofia and lidar measurements were
performed was 22 April 2019. Figure 5a shows diagrams of dust concentration and dust
load referring to the end of that day, a few hours after the end of the lidar measurements.
This is done in order to better reveal the height distribution of the dust concentration,
for the purpose of comparing it with the lidar height profiles obtained by us, taking
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into account the space/time uncertainties of the model, particularly in the dust frontal
area [34,86-88]. The left-hand part of the color chart shows the wind field of the deep
low from the northwest, which causes an extensive vortex in the region of Southwestern
Sahara over the territories of Western Sahara, Mauritania, Mali, and Niger, giving rise to
the possibility of large masses of dust being lifted. These are directed by the powerful wind
flow on the periphery of the base ridge of the omega pattern (Figure 4d,e) to the northeast
through Algeria, Libya, and Tunisia over the Mediterranean to Central and Eastern Europe,
including the Balkans.

The vertical profile of the dust concentration in Figure 5a for the first day of the dust
intrusion shows the distribution of dust throughout the troposphere above Sofia (up to
about 11 km). This leads to moderate values of concentration in height, in the range of
30-40 pg/m?3. Such a height distribution of dust concentrations is likely related to the
intense turbulent convection of air masses in the region of the left cut-off low of the omega
pattern during the capture of dust in Northwestern Sahara. The dust plume front is formed
from there via the disintegration of the cutoff low and transformation of the rotational
energy of the cyclonic vortex into a linear one rapidly directed to the northeast.

As seen in Figure 5b, the densest dust plume parts (in dark brown color) enter Western
Bulgaria and Sofia in the evening on 23 April. At the end of the day their density is in
the range of 3-4 g/m? and the dust concentrations at an altitude of about 2 km reaches
800 pg/m3, a value that is very high for the region and a record one for the event consid-
ered. At the same time, Sofia falls exactly in the main stream of the dust trail, which, in
accordance with Figure 4e, is characterized by the highest intensity of air circulation for the
period, respectively of the dust load, namely, by a strong southwest wind with a speed of
approximately 20 m/s. As the dust concentration profile for this figure shows, the dust in
the central densest part of the plume is concentrated almost entirely in the lower half of the
troposphere, up to a height of about 6 km.

The density and height concentration of dust over Sofia and the region remain very
high on 24 April, as shown in Figure 5c. The former exhibits values in the range of 1-2 g/m?,
whereas the latter reaches 400 pg/m3 at a height of 3 km, which is half of the maximum
previously observed. In general, the dust plume has become slightly wider and monolithic
over Northern Africa and the Mediterranean, maintaining the direction of spreading. Only
its front part over Eastern Europe has shifted slightly to the east-southeast to the Black
Sea and Turkey, with Sofia remaining in its western part. These changes can be regarded
as indications of some reduction in the intensity and speed of dust transport. This is
confirmed by the decreased values of the southwest winds in the direction of the plume,
which can be seen in Figure 4f. Nevertheless, one can conclude that on 24 April the dust
event over Sofia is at its peak, which is also valid for the entire dust episode over Central
and Eastern Europe.

On 25 April, Figure 5d, the tendency to a reduction in the dust-load power becomes
apparent. The dust trail thins in its middle part and becomes fragmented into patches of
lower density over Northern Africa and the Mediterranean, leaving Bulgaria outside the
zone of high dust densities. Nevertheless, the values of dust load are moderate, falling in
the range 0.5-1 g/m?, and the altitude concentration is redistributed more evenly in the
range of up to 4 km, with a maximum of about 150 pg/m? at altitudes of 1-1.5 km.

On the next day, 26 April, the dust plume in its high-concentration zone loses its nearly
linear streaming, being torn into two main parts: one located in Southwestern Sahara and
the other in Northeastern and Eastern Mediterranean, as shown in Figure 5e. The wind
circulation is directed mainly eastward and much less to the northeast, due to the gradual
deformation of the omega blocking pattern to a high-over-low similar one (Figure 4h).
Northern and Eastern Europe remain in the dust-covered zone with declining dust load
and concentration. For Sofia, the latter is in the range of 0.25-0.5 g/m? and up to 50 pg/m?,
respectively, which indicates a trend towards ending of the event in the region. This trend
continues over the next two days. Figure 5f shows a dust load map and a dust concentration
profile over Sofia at 18:00 UTC on 28 April. They clearly show that the main part of Europe
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and the Mediterranean, including Western Bulgaria, are free of dust, as evidenced by the
very low residual dust concentrations above Sofia, namely, not exceeding 5 jg/m?.

In spite of the continuous existence during the coming days of sporadic low-level
residual dust in some parts, mainly in Northern Europe, that are due to the large scale and
strength of the dust episode, one can conclude that it has subsided almost completely by
the end of April.

3.5. Meteorological Radiosonde Data

In order to clarify the desert aerosols impact on the local weather, diagrams with
vertical profiles of meteorological parameters (air temperature, relative humidity, and
dew point) up to a height of 7 km are presented in Figure 6, for the days of the event (22,
24-26 April 2019) when lidar atmospheric observations were conducted. The data, accessi-
ble at the site of the University of Wyoming [63] originate from the daily radiosonde mea-
surements conducted at the NIMH-Sofia (WMO station 15614) located near the lidar site.

24 April 2019 12:00 UTC 25 April 2019 12:00 UTC 26 April 2019 12:00 UTC

7 22 April 2019 12:00 UTC

DP\_\T H DP T (RH DP\ \T RH

(b) (c) (d)
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Temperature (°C); Dew Point (°C); Relative Humidity (%)

Figure 6. Meteorological radiosonde diagrams for the days of lidar measurements: (a) 22 April
2019, (b) 24 April 2019, (c) 25 April 2019, and (d) 26 April 2019; T—temperature; DP—dew point;
RH—relative humidity.

The temperature profiles show a normal course of decrease in height with ground
values of 18-22 °C, which are relatively high, but not unusual for this season in Sofia [62].
Two well-expressed temperature inversions are observed: one at 4.3 km AGL on 22 April
(Figure 6a), and a second at 1.2 km AGL on 24 April (Figure 6b). Two less pronounced
inversions are also seen at 3 km AGL on 25 April (Figure 6¢c) and 3.7 km AGL on 26 April
(Figure 6d). Bearing in mind the forecast dust concentration profiles in Figure 5, the first
two inversions occur just below the lower limits of the main dust layers, while the second
ones are close to their upper limits for the respective days.

As a rule, low values of the relative humidity are observed in the altitude ranges
occupied by the Saharan dust layers [8§9-91] due to the fact that dust is transported normally
by warm and dry desert air masses. In contrast, the diagrams in Figure 6a—d show relatively
high RH values, reaching 70-80% in the height range of the dust layers. This is in agreement
with the MODIS images in Figure 2, demonstrating that the spreading of dust mixed with
clouds is a characteristic feature of the event arising from the formation of a dust-cloud
mix by the cyclone over the Gibraltar region (Figure 4c), which enriches the dust plume
with moisture. Note that when dust is transported by humid air masses, there is a high
probability of nucleating raindrops with fine dust particle fractions.

Due to the high RH values observed over Sofia, the dew-point profiles in the altitude
ranges of the dust layers (1-3 km AGL) in Figure 6 remain close to those of the temperature,
thus favoring the processes of dust-nucleated condensation.
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To conclude, during the dust event under consideration, the weather in Sofia was seri-
ously and specifically influenced by the intrusion of air masses carrying dust and moisture.

3.6. Lidar Observations of Aerosol/Dust Layering and Dynamics

Figure 7a—d shows colormaps of the height distribution and temporal dynamics of
the aerosol/dust layers as time series of range-corrected lidar signals at 1064 nm (with
1-3 min averaging) for the days of the dust event when lidar measurements were conducted
(22,24, 25, and 26 April 2019). A common feature of the presented colormaps is that the
aerosol/dust layers are located mainly in the lower half of the troposphere above Sofia,
which is also in accordance with Figure 5a—d. This is why the maps are shown to heights of
up to 8 km (Figure 7a) and up to 7 km (Figure 7b—d). As a rule, the aerosol/dust fields are
distributed in two or more separate layers stacked on each other, including the one of the
local atmospheric boundary layer (ABL).

Sofia, 24 April 2019, Wavelength: 1064 nm
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Figure 7. Color-coded time series of range-corrected lidar signals measured at 1064 nm on
(a) 22 April 2019, (b) 24 April 2019, (c) 25 April 2019, and (d) 26 April 2019.

Another characteristic feature of the aerosol distribution is the existence of an area at
altitudes of about 3 km where clouds are present. Given its location within the altitude
range occupied by dust, it is very likely that the clouds have been nucleated by fine dust
particles during air transport or above the measurement site.
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The representation of the aerosol distribution on the first day (22 April) of the event
over Sofia (Figure 7a) shows two main layers—a dense one in the ABL area and a second
one of weaker density located immediately above it at a height of about 3.5 km, as well
as a very weak one at altitudes near 7 km, which is not well observable due to the short
averaging time. This picture does not correspond well to the forecast profile of the dust
concentration shown in Figure 5a, as well as to that for 18:00 on the same day, where only
the layer at a height of 7 km is present. We attribute this poor correspondence to the highly
dynamic and turbulent formation of the dust plume forepart, which makes the accurate
forecasting difficult. Nevertheless, the similarity of that day’s aerosol distribution with
those of the following days, as well as the microphysical characteristics of the aerosol/dust
particles (discussed in Section 3.8) combined with the HYSPLIT aerosol transport data,
demonstrate convincingly that the layers detected in the lower troposphere above Sofia on
22 April contained significant amounts of Saharan dust.

As is clear in Figure 5b,c, 24 April is the day of the strongest Saharan dust intrusion
over Sofia region for the entire event. The related colormap in Figure 7b indicates the
presence of aerosols from the surface to heights just above 4 km distributed in three distinct
layers. The ground layer extends up to 1-1.5 km and nearly completely coincides with
the seasonal local ABL. Above it, the main aerosol layer is located at heights of up to
about 3 km, with its densest part at 2-2.5 km. In the 34 km height range, a secondary
aerosol layer is observed with a significantly lower density. Above heights of 4.5 km, the
atmosphere appears free of aerosols.

Over the next two days (Figure 7c,d), the aerosols are again distributed in two main
layers, similarly to those in Figure 7a: a denser near-ground layer up to about 2 km and a
less dense one above it up to 3-3.5 km, with the presence of clouds at heights of about 3 km.

In general, the aerosol density’s temporal dynamics in the dust-containing layers
observed is not high, except for as measured on 25 April (Figure 7c), when it is characterized
by greater fragmentation and variability. On that day, the weather was quite variable and
mostly cloudy, which hindered the evening lidar measurement.

3.7. Air Transport Tracking Using the NOAA HYSPLIT Model

In order to establish the sources and trace the air transport route of the aerosol/dust
layers observed, the corresponding backward trajectories ending above Sofia during
the lidar measurements for the days considered were calculated using the NOAA HYS-
PLIT model [56,57]. The results are shown in Figure 8a—f. Sofia’s location is marked by
a black star.

Figure 8a shows the backward trajectories ending at heights of 6, 7, and 8 km above
Sofia at 18:00 UTC on 22 April during the lidar measurements (17:30-19:00). Their shapes
and locations are in good agreement with the air circulation driven by the omega pattern,
shown in Figure 4e, falling into the zone of most intense air transport outlined by the
cyclonic left cut-off and the base ridge of the structure. It is also in agreement with the
dust-load map for the evening hours of the day seen in the inset of Figure 5a. Both confirm
that during the lidar measurement on that day the Saharan air layer reached Sofia region.
At the same time, the HYSPLIT backward trajectories for heights below 4 km (not shown), at
which the relatively dense aerosol layers in Figure 7a were recorded, had not reached North
Africa even by the end of the day. However, the forecast profile of dust concentration for
00:00 UTC on 23 April (Figure 5a) shows the presence of dust throughout the troposphere
above Sofia, including at altitudes below 4 km. Taking this into account, as well as the
microphysical properties of the registered layers, it can be confidently stated that these
are layers containing Saharan dust. Therefore, one can assume that they resulted from
dust redistribution through downward convection from the upper half of the troposphere
over Sofia, or a certain inaccuracy exists in the air-transport modeling, as discussed in the
Section 3.6.

The backward trajectories presented in Figure 8b for heights of 2, 3, and 4 km refer
to the end of 23 April, when the maximum of dust loading over Sofia for the whole event
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took place (Figure 5b). The dust transport is slightly reoriented and has a larger eastward
component through the central Mediterranean, in accordance with the air circulation in
Figure 4e.
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Figure 8. HYSPLIT backward trajectories ending above Sofia at heights of the observed aerosol/dust
layers, during or close to the lidar measurements conducted on (a) 22 April 2019, (b) 23 April 2019,
(c,d) 24 April 2019, (e) 25 April 2019, and (f) 26 April 2019. The red, blue, and green colored trajectories
refer to selected end-point heights (in ascending order) denoted next to the black star symbols in the
bottom sections of panels (a—f).

Figure 8c,d shows the HYSPLIT backward trajectories ending above Sofia at heights
in the range of 1-4 km during the daytime and evening lidar measurements, respectively,
on 24 April—the day of the highest densities measured by the lidar for the entire period.
They show the preservation of the characteristic shape of the air transport route from the
previous days, passing mainly over Morocco, Algeria, and Tunisia and partly over the
northern areas of Libya. For these first three days of the dust event over Sofia, the heights of
the backward trajectories indicate that the mineral dust originates mainly from the Saharan
ABL (up to 6 km), while the trajectory ending at 1300 m at 18:00 on 24 April has for about
one day slid over Sahara surface in parts of northern Libya and Egypt, with possibility of
capturing coarse fractions of dust.

This air transport pattern is also maintained during the next two days of the event, 25
and 26 April (Figure 8e,f)—the high backward trajectories (ending above Sofia at 2800 m)
have crossed the upper Saharan ABL, while the lower ones (ending below 2500 m) have
passed through its lower part. The lowest (red colored) trajectories again contain sections
passing in the immediate vicinity of the Sahara surface, in areas of Libya. During these
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last two days, the lower (red and blue) backward trajectories deviate considerably from
their initial orientation, following changes in the wind circulations due to the significant
deformations and partial disintegration of the driving omega pattern (Figure 4g,h).

In summary, the picture of the Saharan dust air transport to Sofia region during the
dust event studied, as outlined by the HYSPLIT backward trajectories, is indicative of a
transfer of dust-containing air masses mainly from the western and partly from the central
zones of Northern Sahara, with possibilities for capturing both finer dust particles from the
Saharan ABL and coarse ones from or near the desert surface, as well as for carrying along
humid air masses from over the Eastern Atlantic and the Mediterranean.

3.8. Lidar Profiling and Analysis of the Aerosol/Dust Optical and Microphysical Properties

Depending on the meteorological conditions, in particular the cloud cover, the lidar
observations of aerosol/dust content of the atmosphere over Sofia were carried out in
the period 22-26 April 2019. Two-wavelength (at 1064 nm and 532 nm) nighttime lidar
measurements were performed on 22, 24, and 26 April, as well as a single-wavelength (at
1064 nm) daytime one on 25 April. The weather conditions did not allow lidar observations
on 23 April.

Based on the time series of high-resolution lidar measurements, some of which were
presented and discussed in Section 3.6, the integral height profiles of the aerosol backscat-
tering coefficient averaged over the measurement’s total duration for the respective days
were retrieved using the Klett-Fernald inversion approach [65,66]. For the cases of two-
wavelength measurements, the backscatter-related Angstrém exponents were calculated,
profiled, and analyzed in order to characterize qualitatively the predominant aerosol/dust
size fractions.

Figure 9a—i presents results regarding the above-mentioned parameters from the
two-wavelength evening lidar measurements. In its left-hand column (Figure 9a,d,g),
time-averaged vertical profiles of the aerosol BSC at 532 nm and 1064 nm are displayed
up to heights of about 8 km. Separately, Figure 10 shows the single-wavelength daytime
measurement at 1064 nm. The BSC profiles are retrieved using a constant lidar ratio of 45 sr,
with calibration intervals selected in the altitude range 6-10 km, as described in Section 2.2.

Due to the integral nature of the profiles with an averaging time of about two hours,
the aerosol/dust layer boundaries are expressed better than those seen on the colormaps
in Figure 7. At their bottom, these layers merge with the local ABL, extending down to
the surface, in accordance with the forecast profiles in Figure 5. The top boundaries of the
dust layers are at heights of about 3.5 km on 22 April (Figure 9a), 25 April (Figure 10), and
26 April (Figure 9g), whereas on 24 April (Figure 9d) they are at about 4.5 km. Although
separate sublayers are present in the structure of the aerosol field, as a rule they merge with
each other in continuous configurations. An exception is the weak separate dust layer at a
height of 6-8 km registered on 22 April (Figure 9a).

The profiles referring to 24 April (Figure 9d) show the presence of significant amounts
of aerosols at heights up to 4.6 km distributed in a main dense layer extending up to 3.2 km
with a pronounced peak at 2.35 km, and another one of a considerably lower density located
immediately above the first one and centered at about 3.8 km. In general, the shapes and
height distribution of the BSC profiles correspond well to those of the dust concentration
profile in Figure 5c, except for the smaller upper sublayer, which is much better expressed
in Figure 9d.

The maximum values of BSC determined at 1064 nm are in the range 0.8-4.5 Mm ~'sr— 1,
whereas those at 532 nm are between 1 Mm~!sr~! and 6.5 Mm~!sr~!. The upper limits of
these values were obtained during the nighttime measurement on 24 April (Figure 9d) at an
altitude of about 2.5 km and reflected the situation shortly after the forecast absolute maxi-
mum of the event over Sofia occurring at the very beginning of the same date (Figure 5b).
The BSC values quoted above are significantly higher than those normally measured over
Sofia region, thus indicating the extreme intensity of the dust episode considered here. The
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maximum values of the BSC standard deviations (shown as error-bars on the profiles) are
in the range of 20-25% with respect to the BSC mean.
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Figure 9. Time-averaged vertical profiles of the aerosol BSC at 532 nm and 1064 nm (left column)
and corresponding BAE (middle column), together with frequency-count BAE distributions (right
column) resulting from lidar measurements performed on (a—c) 22 April 2019, (d—f) 24 April 2019,
and (g—i) 26 April 2019.
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Figure 10. Time-averaged vertical profile of the aerosol BSC as retrieved from the daytime lidar
measurements performed on 25 April 2019.

The middle column of Figure 9b,e,h shows the vertical BAE profiles calculated based
on the two-wavelength time-averaged BSC profiles for the respective days. The average
BAE values are indicated for the dust-containing aerosol layers, as well as for the aerosol-
free areas of the troposphere up to heights of 8 km (delineated by dashed lines). For
the dust layers, these vary in the range of 0.43-0.74, logically pointing to the presence
of coarse aerosols, such as desert ones. Above the aerosol/dust occupied areas, these
values are around 1.26, which is typical for traces of background aerosols in the free
troposphere [36,49].

The dust layers are nearly plateau-like with slight undulations around the mean,
which is an indication of a composition that is close to a homogeneously mixed aerosol.

The average BAE values for 22 April (Figure 9b)—0.55 and 0.64 for the lower tropo-
sphere and 0.74 for the aloft dust layer, are higher than for the other days. In the case of
the lower layers this is to be expected, as they refer to the first day of intrusion of dust-
containing air masses over Sofia region, so that the percentage of local aerosols, some of
which are finer, is still significant. For the aloft dust layer, the higher average value of BAE
is due to the fact that the desert aerosols in it originate from altitudes of 3.5-6.6 km in the
upper half of the Saharan ABL, where normally there are no very large dust fractions.

For 24 and 26 April, Figure 9e,h, the average BAE values for the dust layers vary in
the range 0.43-0.54, indicating a more pronounced dominance of coarse fractions with a
particle size in the over-micron range.

The right column of Figure 9¢,f,i shows histograms of BAE distributions in terms
of BAE occurrences in counts obtained for the whole BAE profiles and for characteristic
sections of them, in particular for the dust-containing layers related to the three days
considered. Note that such distributions are a qualitative analog of the actual size distribu-
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tions of aerosol particles in an inverse proportion—lower BAE values correspond to larger
particle sizes. The displayed histograms are the result of a statistical analysis of the BAE
occurrences when scanning the BAE values with a bin window of 0.01. SD stands for the
standard deviation of the individual BAE values with respect to the BAE mean value, being
the square root of the BAE variance.

The panels labeled as (1) represent distributions corresponding to the whole BAE pro-
files, whereas the ones marked as (4) are for the respective sections of the free troposphere.
The BAE distributions relating to the layers with a predominant dust content are shown
in Figure 9’s panels(c)-(3), (f)-(2), and (i)-(3), while those for the dust layers mixed with
aerosols of local ABL are given in panels (c)-(2) and (i)-(2).

Panel (f)-(3) shows the BAE distribution for the sublayer observed on 24 April
(Figure 9e) in the altitude range 3.2-4.5 km and identified as containing a mixture of
dust and marine aerosols. When extended to cover also several previous days, the back-
ward trajectory for 3800 m in Figure 8e corresponding to this layer passes in close proximity
to the surface of the North Atlantic for a period of six days (13-19 April), with a high
probability of the air masses capturing coarse marine aerosols, whereafter they also cross
areas over North Sahara, making it possible to collect desert dust [60].

As can be seen from the histograms in panels (2) and (3) of Figure 9¢ f,i, the BAE values
for dust-containing layers are distributed in the range 0.3-0.75, values usually measured for
Saharan dust in Sofia region [36,49,50]. The normalized to the mean SD values range from
about 4% (22 April, panel c-2) to about 18% (26 April, panels i-2 and 3) with an average of
9-12% at the peak of the event (24 April, panels -2 and 3). It can be reasonably assumed
that these relative variations of the BAE are also representative of the relative changes in the
actual size of the dust particles with respect to their mean. These variations are acceptable,
given that the desert aerosols detected originate from the entire altitude range from Sahara
surface to the top of its ABL, as shown by the backward trajectories in Figure 8.

The BAE distributions relating to the free troposphere exhibit the wide shapes that
are characteristic for the general background aerosols, extending in the range 0.4-2 and
centered on BAE values of about 1.2.

The lidar observations on the aerosol’s optical and microphysical properties during
the studied dust event over Sofia (Figures 9 and 10) reveal that even after the long-range
transport (>2000 km) and the dust plume spreading over vast areas of the Mediterranean
and Europe, the intensity of the dust loading remained high, confirming the extreme
strength and large scale of the dust episode under consideration.

3.9. Results from In Situ PMy Concentration Measurements (21-27 April 2019)

It has been shown that desert dust is the main natural source contributing to increased
levels of PMjg in Southern Europe [59,92,93]. Furthermore, 96% of the mean annual PMjg
daily limit value exceedances registered at Madrid rural background stations has been
detected during Saharan dust outbreaks [92]. Specifically for the dust episode considered
here, the authors of Ref. [26] reported that the atmosphere from Africa through Crete over
Europe to Iceland had been loaded with an enormous amount of Saharan dust, reaching a
PMjg concentration of >150 pg/m?>. Our previous results from parallel lidar and in situ
measurements during the last decade show similar results. Comparison of the transport
episodes of Sahara Dust over Sofia with the time course of the PM;( concentration measured
by the elevated rural Kopitoto AMS demonstrates a good correlation between the time
intervals of these episodes and the intervals when measuring increased concentration of
PM; at the top of the local ABL [36].

The hourly mean values of the PMjy mass concentrations measured by two NASEM
AMSs in the period of Saharan dust intrusion over Sofia analyzed in this work are presented
in Figure 11. The lidar measurements intervals are marked by green stripes. Time series
data of the hourly mean values of the PMjy mass concentrations registered by the AMSs in
Sofia, operating in a continuous mode, are available at the European Environment Agency
(EEA) database [94].
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Figure 11. Hourly mean values of the PM mass concentrations measured by the (a) Kopitoto AMS
(BG0070A) and (b) Mladost AMS (BG0079A) in the period 21-27 April 2019. The vertical green bars
indicate the time intervals of the lidar measurements.

In order to analyze the air-quality situation during the event period, we selected two
of the six stationary air-quality AMSs on the territory of the city of Sofia. The first one is the
Mladost AMS (BG0079A) urban traffic station located at about 300 m away from the lidar
site (42.655488° N, 23.383271° E, 586 m ASL). This is an area of high population density
intersected by one of the main city thoroughfares with heavy traffic, so that it is strongly
influenced by local emissions. The annual mean PMj value registered by this station in
2019is 32.72 ug/ m?3 [64]. The second one, the Kopitoto AMS (BG0070A), is located at about
800 m above the other AMSs (42.637192° N, 23.243864° E, 1321 m ASL) in the Vitosha
Mountain. The station altitude is near the top of the local ABL and the data obtained are
practically unaffected by local anthropogenic aerosols. Thus, it is classified as an elevated
rural reference station for aerosol background measurements. The annual mean PM;( value
registered by Kopitoto AMS in 2019 is 15.5 pg/m? [64].

The low values of the mass concentration of about 10-15 ug/m?3, measured on 21 April
2019 by the Kopitoto AMS are typical for this station in the absence of incoming external
aerosols. As can be seen in Figure 11a, during the dust event period over Sofia when
the lidar observations analyzed here were conducted, the PM;y concentrations measured
exhibited a significant and stable increase with peak values of about 115 pg/m? registered
on 25 April 2019 in the time interval 21:00-23:00 UTC [94]. Due to technical reasons, no
data are available for this station from 27 April, 15:00 UTC, to 30 April, 10:00 UTC, in the
EEA database. The values of the PM;y mass concentration measured on 30 April 2019 (not
shown in Figure 11a) returned to the normal values for this station of 5-10 pg/m3. Thus,
the results of the in situ PM;( concentration measurements at the Kopitoto AMS confirm
the presence of desert dust in the atmosphere above Sofia during the lidar observation
period analyzed here.

The BSC-CNS forecast predicts a dust concentration peak around midnight between 23
and 24 April (Figure 5b). The discrepancy between that forecast and the above-mentioned
time of the dust peak, obtained from in situ measurements, is illusory. It could be explained
by the downward redistribution of the dust concentration which on 24 April reaches a
maximum at an altitude of 2-2.5 km; this maximum further descends to about 0.8-1 km
on 25 April, being in close proximity to the height of Kopitoto AMS (0.8 km AGL). On the
other hand, the comparison of the BSC values ratio from the lidar measurements performed
on 24 and 26 April (Figure 9d,g, respectively) for the altitude of 0.8 km with that of PM;
concentrations from in situ measurements for the respective hours (marked by green stripes)
of Figure 11a shows virtually the same value of about 0.65, thus supporting the reliability
of both measurements.
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The above-described downward convection of desert aerosols is also evident in
Figure 11b, on the diagram for PM;y concentration of the urban Mladost AMS, which
is located just below the height level of the lidar site. It also shows a similar course of
gradual increase in the aerosol concentration from 24 April to its maximum on 25-26 April,
although with the more moderate values of about 70-80 g/m?3; this points to a descent
of mineral aerosols to the surface, in accordance with the forecast profiles in Figure 5. As
expected, the effect of increased dust concentrations is masked by comparable high levels
of anthropogenic aerosols, given the station’s urban environment.

Thus, when remote lidar monitoring of predominantly homogeneous external aerosols
(as in the case of Saharan dust considered here) is carried out simultaneously with in situ
measurements by a reference rural AMS, which is indicative of the registration of this type
of aerosols, it becomes possible to use data from such AMS in developing methodologies
for calibrating the lidar profiles of optical aerosol characteristics and their subsequent
conversion to aerosol mass concentration profiles.

Due to the coincidence of the time periods of registered higher than usual values of
PM;j concentration measured by Kopitoto AMS with the period of the dust event, and
taking into account the absence of other aerosol layers registered by the lidar, one can
conclude that the data presented in Figure 11a refer almost entirely to mineral aerosols
brought from Sahara Desert. This means that the data from Kopitoto AMS obtained during
the event can be used for direct comparison with the concentrations forecast by the BSC-
CNS models for the station’s altitude, as well as for quantitative calibration of the lidar
measurements data.

3.10. Aerosol/Dust Mass Concentration Profiling

The modeling and experimental results presented in the previous (sub)sections of this
work unequivocally show that the aerosol layers observed in the atmosphere above Sofia
in the period 22-26 April 2019 consisted exclusively of Saharan dust transferred within
the heavy large-scale dust episode considered, which was partially mixed during the air
transport with a limited amount of marine aerosols, as well as with local ABL aerosols. In
addition, the small width of the BAE distributions of the dust-containing aerosol layers
(Figure 9¢,f,i) is an evidence of the high degree of mixing of the particulate matter in the
layers, i.e., of their homogeneous composition. These two features, together with the
absence of separate layers consisting of other aerosols, strongly favor the assumption that
the lidar ratio is practically constant in the altitude ranges occupied by aerosols. This means
that the height profiles of aerosol backscatter and extinction likely have nearly the same
shape, one that follows the shape of the aerosol mass concentration (MC) profile. Thus,
an opportunity is opened up for height profiling of the aerosol MC, using appropriate
calibration [95], directly from the aerosol BSC profiles, without the need for intermediate
determination of the aerosol extinction profiles. Here, this possibility is realized by using
the vertical aerosol BSC profiles presented in Figures 9a,d,g and 10, together with data
from parallel in situ measurements of the aerosol PMj( concentration in the respective time
intervals by the elevated rural Kopitoto AMS, shown in Figure 11a.

In order to calibrate the BSC profiles in reference to those of the aerosol MC, the
ratios were determined of the aerosol PM;( concentration values (in pg/ m?®) measured at
Kopitoto AMS to the aerosol BSC values (in 1/Mm sr) related to the station height (1321 m
ASL or 721 m AGL), representing the backscatter-to-concentration conversion coefficients
Kc (in g sr/m?). The calibration data for converting the aerosol BSC to MC are given in
Table 1. The standard deviations presented of Kc and aerosol MC are calculated on the
basis of those for aerosol BSCs, according to the error propagation theory [96] in the case of
independent variables, which is valid here.



Atmosphere 2022, 13, 981 22 of 28
Table 1. Calibration data for converting aerosol backscatter to mass-concentration.
. BSC (532 nm) BSC (1064 nm) _3 Kc (532 nm) Kc (1064 nm) Columnar MC
Date in 2019 (Mm~1sr-1) (Mm~1sr-1) PMio(ug m™2) (gsrm—2) (g srm—2) (mg m—2)
22 April 1.30 + 0.24 0.87 +0.15 17.758 13.71 £ 2.58 20.53 + 3.58 47.95 £+ 0.04
24 April 0.93 4 0.53 0.58 +0.19 40.869 43.99 £ 25.19 70.59 + 22.68 529.33 + 0.68
25 April 1.59 £0.59 60.578 38.05 £ 14.05 219.26 £ 0.40
26 April 2.03 £0.47 1.37 £ 0.32 73.651 36.35 + 8.42 53.60 + 12.48 249.67 £+ 0.28

Since the aerosol BSCs were determined for the two lidar wavelengths (532 nm and
1064 nm), two Kc values and two MC height profiles were obtained corresponding to the
two wavelengths. Figure 12 shows the mean aerosol MC height profiles thus calculated
relating to the four days of lidar and in situ measurements. The height-integrated columnar
values of the calculated MC are given in the last column of Table 1. Both the data for 24 April
in Table 1 and the related MC profile in Figure 12b refer to the two-wavelength nighttime
measurements. As the daytime measurement on 25 April was performed at 1064 nm
only, the aerosol MC calibration was completed using only the BSC profile obtained at
this wavelength.
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Figure 12. Vertical profiles of the aerosol/dust mass concentration determined by the combined use
of data from lidar and in situ measurements.

The peak MC values for the measurement carried out on 22 April (Figure 12a) do not
exceed 20 pg/m3, whereas the corresponding columnar concentration is of the order of
48 mg/m?, being relatively low in line with the low values of both the BSC (Figure 9a) and
PM; (Figure 11a) for the day. At the top, the part of the MC profile at heights of 6-8 km
corresponds somewhat to the forecast profile for 18:00 UTC (not shown), whereas at the
bottom (up to 4 km) it is similar to the modeled one shown in Figure 5a for these heights,
relating to a slightly later time interval. For this first day of the dust plume intrusion over
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Sofia, some discrepancies exist in the height and time of the forecast profiles with respect to
the actual ones retrieved from lidar and in situ measurements, as discussed in Section 3.8
for the case of the BSC profiles.

The comparison of the aerosol MC profiles obtained on 24-26 April, displayed in
Figure 12b-d, with the modeled Saharan dust ones in Figure 5b—d for the same time periods
shows a fairly good agreement regarding the layers’” height boundaries, the profiles” shape
and the MC values. Note that the heights in Figure 12 are AGL, while those in Figure 5
are ASL.

The aerosol MC peak value calculated for the main aerosol/dust layer observed on 24
April (Figure 12b) at a height of 2.4 km AGL (3 km ASL), being about 300 ng/m3, is slightly
lower than the estimated forecast value of 400 ug/m? (Figure 5b), while a good profile
shape correspondence in the layer’s lower half is found. The sublayer superimposed on
the main one with a level of about 100 pg/m? located in the height range 3.2-4.5 km AGL
(3.8-5.1 km ASL), which in Figure 5b is not well defined, to some extent compensates for
the lower value of the main peak. The integral mass concentrations of the experimentally
obtained and the modeled dust layers up to heights of 4.5 km AGL (5.1 km ASL) are of
the order of 500 mg/m? and 700 mg/m?, respectively. In this case, the existence can be
acknowledged of a good qualitative and a satisfactory total quantitative correspondence, as
the modeled integral concentration exceeds the experimentally obtained one by about 30%.
It is worth noting that the height-resolution step applied to the BSC-CNS model profiles in
the lower half of the troposphere, where the aerosol/dust layers are observed, is of about
1 km increasing upwards to 2 km, both values being incommensurably larger than that of
7.95 m specific to the profiles in Figure 12. For this reason, no detailed matching should be
sought in the structure of the two types of profiles.

The MC profile in Figure 12c¢ related to the daytime measurement conducted on 25
April shows a relatively good general similarity with its corresponding forecast profile in
Figure 5d in terms of the aerosol distribution compactness and the layer boundaries. It
is symmetrical, with a nearly even maximum of about 100 pg/m? spread over the height
range of 1.5-2.5 km AGL (2.1-3.1 ASL), while the modeled one is more asymmetrical,
reaching at its bottom part (at 1-1.5 km ASL) about 150 pg/m?3. As in the previous case, the
integral mass concentration of the former, being about 200 mg/m?, is about 70% of that of
the latter.

Regarding 26 April (Figure 12d), the MC profile becomes more plateau-like, with the
maximum values of about 70-80 pg/m? remaining nearly constant in the height range
of 0.5-3 km AGL. The corresponding forecast profile in Figure 5e exhibits in its lower
part similar levels, which decrease gradually upwards with values slightly below those
of the aerosol MC profile measured. The dust layer integral concentrations of about
200 mg/m? are close for both profiles, with a slight predominance of about 15% in favor of
the measured one.

The partial discrepancies established above in terms of altitude ranges and time
intervals between the modeled and the measured MC profiles in the beginning of the
dust event, as well as the incomplete quantitative coincidence observed between them
throughout the event’s course, confirm the need for acquiring and directly comparing the
lidar and in situ data with the modeled data as a means of better parameterization of the
models in view of increasing their spatial and temporal forecasting accuracy.

4. Conclusions

The Saharan dust episode that occurred in the second half of April 2019 is an event of
an extraordinary massive large-scale transport of desert aerosols over the Mediterranean
and Europe, up to the polar regions in the north and over the Atlantic to the Caribbean in the
west, considerably exceeding the strong dust outbreaks typical for the spring-summer pe-
riod. Being formed in the interface of the monsoon zone of Northwestern Africa, the Eastern
Atlantic and the Western Mediterranean, the dust episode in question is conditioned and
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driven by a highly dynamic synoptic blocking pattern (omega block), creating conditions
for powerful northeastward circulation of air masses rich in desert dust and moisture.

Confirmed by MODIS satellite images, a distinctive feature of the dust transport
during this episode is the dust plume mixing with water clouds and their simultaneous
joint spreading in the form of a mixed cloud-dust field with a specific fibrous veil-like
structure. The HYSPLIT model backward trajectories show that the dust-containing air
masses originated mainly from the western and partly from the central areas of Northern
Sahara, with the possibility of capturing finer dust particles in the Saharan ABL and coarse
ones on or near the desert surface, as well as for carrying moist air from the Eastern Atlantic
and the Mediterranean.

The weather conditions in Sofia during the dust event, particularly the temperature
and the atmospheric water content, are seriously and specifically affected by the intrusion
of air masses rich of dust and moisture. The relatively low temporal dynamics observed of
the aerosol density in the dust-containing layers during the predominant part of the lidar
measurements is an indication of the high degree of mixing of the aerosol fractions and the
homogeneity of the dust layers.

The lidar measurements show that the Saharan dust layers are concentrated in the
lower half of the local troposphere, in relatively compact configurations superimposed
on the ABL and penetrating it down to the surface, with a definite dominance over local
aerosols. The biggest values of the aerosol BSC reveal that even after the dust plume
long-range spread, covering vast areas over the Mediterranean and Europe, the dust
density remains high, thus confirming the exceptional strength and large scale of the
episode in question.

The higher than usual PM;g concentration values measured by the Kopitoto elevated
rural AMS, increasing synchronously with the Saharan dust intrusion over Sofia region,
demonstrate that this station’s data are representative in what concerns the detection and
evaluation of external aerosols, particularly desert ones. The relatively high homogeneity
of the aerosol mix dominated by dust and its rather narrow BAE distributions favoring the
use of a constant lidar ratio allow one to calculate calibrating conversion coefficients and
use the in situ data to construct vertical aerosol mass concentration profiles directly from
the aerosol BSC profiles, avoiding the need for intermediate determination of the aerosol
extinction profiles.

The comparison of the thus obtained vertical aerosol concentration profiles with the
dust model forecast ones show a satisfactory correspondence regarding the layers’ height
boundaries, the profiles” shape, and the aerosol mass concentration values. The partial
discrepancies observed between them, more typical in the case of the turbulent front part of
the dust plume at the beginning of the dust event, show the need for collecting lidar and in
situ data and comparing them with the modeled ones as a means of better parameterization
of the models in view of increasing their spatial and temporal forecasting accuracy.
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