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Abstract. We report results of lidar studies of the atmospheric aerosols present above the city of
Sofia during four episodes of wintertime Saharan dust intrusions in the last decade. The optical
and microphysical properties of the detected aerosols, as well as the aerosol layering and dynam-
ics, are retrieved and characterized. By combining lidar results with in situ PM10 concentration
measurement data and air-transport modeling/forecast data, the effects of mixing and interaction
of desert aerosols with local ones are analyzed as dependent on the altitude range, phase, and
intensity of the dust load events. Included in the analysis are also meteorological radiosonde
data, which allow us to ascertain the direct and strong influence of the desert air and aerosols
on the local atmospheric conditions and meteorological parameters and thus, indirectly, on
essential components of the local weather, such as the seasonal thermal regime and the regimes
of cloud formation and precipitation. Using online resources, color maps of air temperature
anomalies in the region for the days of lidar measurements are also provided based on clima-
tological data over the three preceding decades. The results presented are in conformity with
previously published statistical data of other authors and indicate that the wintertime intrusions
of warm air masses from North Africa carrying Saharan dust to Europe, and particularly to
the Balkans, rare and atypical until recently, nowadays show a trend of increasing in terms
of frequency and intensity, pointing to deviations in the seasonal regime of the involved inter-
continental air circulation systems. © The Authors. Published by SPIE under a Creative Commons
Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part requires
full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JRS.15.024517]
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1 Introduction

The rise in the mean annual atmospheric temperature of Earth’s climate system, known as global
warming, has shown a distinct and sustainable trend over the last few decades,1 being at present
clearly evident even on regional and local scales. Along with the greenhouse gasses, mineral
aerosols (dust) play an important role in the phenomenon.2 Dust emissions into the atmosphere
result from various natural processes and human activities. The biggest source of natural mineral
aerosols on Earth is the Sahara Desert.3 Huge amounts of airborne desert dust are frequently
transported north-eastward to the Mediterranean and Europe each year.4–13 Intrusions of Saharan
dust over Europe mostly take place in spring and summer, as observations by ground-based
and air/space-born apparatus have shown. In winter, the European continent is predominantly
invaded by cold frontal systems from the north; therefore, events of desert dust transport are less
probable and, as a rule, rare.5–7,10 However, cases of the presence of Saharan dust in the atmos-
phere above Europe in winter months have multiplied, as proven by satellite, in situ, and lidar
observations conducted during the last several years.8,11,14–22

The massive load of desert dust into the atmosphere and its subsequent long-range transport
over vast geographic areas has various and strong effects on the global and regional climate,
atmospheric conditions, processes, and air circulations, as well as on ecosystems and human
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health.1,23–28 Furthermore, when the events of atmospheric mineral dust intrusions at middle and
high latitudes take place during the winter season, these effects have more specific and much
stronger manifestations. The climate-related effects of Saharan dust can then be regarded in two
aspects. First, the transfer of unusually hot desert air masses to much colder atmospheric regions
that causes the wintertime occurrence of desert dust at the mentioned latitudes could be regarded
as a natural result of, and an indication for changes in, the typical seasonal regime of synoptic-
scale air circulations. This is normally accompanied by an anomalous (for the season) increase of
the regional and local air temperature. In recent years, events of long-range wintertime dust/heat
transfer over Europe have been observed quite frequently.11 Therefore, they could be considered
a manifestation of the possibly emerging changes mentioned above in the seasonal atmospheric
circulation systems that mobilize air masses from North Africa northeastward over the
Mediterranean to Europe. These could also be associated with likely changes in the regional
climate system.

Moreover, the atmospheric thermal and radiative balance can be severely affected and per-
turbed due to the enormous amounts of dust particulate matter of predominantly large sizes being
loaded,28 in view of the high radiative forcing potential of the desert aerosols. Second, in the
quite common case of desert air/dust spreading near the surface, direct and/or indirect effects on
the local air quality and, especially, on human health appear even in a stronger form, as in winter-
time the human organism is vulnerable to seasonal colds and viral diseases. The mentioned
significant climatic and health impacts of the Saharan dust intrusions make it sensible that such
events be extensively monitored and studied.

Lidars are efficient and widely adopted instruments for conducting observations of
atmospheric aerosol pollutants, including desert dust.6–9,12,17,18,29,30 They enable real-time mea-
surements and assessments of atmospheric aerosols, establishing their optical, topological, and
dynamical parameters over broad areas with high spatial and temporal resolution. Furthermore,
the microphysical properties of mineral dust particles can also be determined and characterized
qualitatively or quasi-quantitatively in terms of Ångström exponent31–33 evaluation and profiling
by making use of two- or multi-wavelength lidars.34,35 A nearly complete characterization of the
optical, physical, and microphysical properties of aerosol/dust particles (including determination
of the particle size distribution and mass/volume concentration) can be achieved by combining
multi-wavelength lidar measurement data with Sun-photometer data36 and applying newly devel-
oped synergistic theoretical approaches, such as GARRLiC and LIRIC.37–39

Extensive studies and permanent monitoring of Saharan dust events over Europe30 have been
a primary goal and subject of measurement activities and campaigns implemented in the frame-
work of the European Aerosol Research Lidar Network (EARLINET).40 This is a key compo-
nent of the European Research Infrastructure for the Observation of Aerosol, Clouds, and Trace
Gases (ACTRIS).41

In this paper, we present results of lidar observations of unusual winter penetrations of dust-
rich air masses from the Sahara Desert into the atmosphere over Sofia, Bulgaria, performed on
the 17th, 24th, 1st, and 18th of February in the years 2014, 2017, 2018, and 2019, respectively.
The distinguishing feature of the meteorological conditions during these four days of lidar
atmospheric measurement was that the air temperatures registered close to the surface were
atypically high (in the range 10°C to 20°C) for the Sofia region. More specifically, meteorologi-
cal data showed that the maximum temperature recorded in Sofia on February 17, 2014, was
21°C; February 24, 2017, 19°C; February 1, 2018, 11°C; and February 18, 2019, 14°C.42 It
should be emphasized that such temperatures are very high for the month of February, as proved
by the long-term systematic meteorological measurements in Sofia. According to them, February
is defined as one of the coldest months of the year, with the climate normal average monthly
temperature of 0.8°C.

In Bulgaria, the weather fluctuations in February have become more frequent and significant
during the last decade, being expressed in combining typical winter cold periods with unusually
warm spring-like ones (with temperatures near and above 20°C). In general, the rise in the air
temperature in the region is caused by an invasion of warm air masses from the south and
southwest. Therefore, the more frequent warm periods in February commented on above may
be due in large part to winter air/dust transport from North Africa, particularly, from the Sahara
Desert.
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The objectives of this work are as follows:

(i) To present and analyze examples of significant intrusions of warm air masses carrying
Saharan dust from North Africa over the Mediterranean to the region of Bulgaria taking
place during the coldest months of the winter in recent years. To discuss the possibilities for
the observed events to be related to possible deviations from the established seasonal
regime of the regional atmospheric circulations in the broader context of ongoing climate
changes;

(ii) To explore and characterize the optical and microphysical parameters of the observed aero-
sols, as well as the topological and dynamic features of the aerosol/dust field stratification;

(iii) To reveal the effects resulting from the mixing and interaction of desert particulate matter
with local aerosols on their optical and microphysical properties, together with the effects
resulting from the dust transport history;

(iv) To evaluate the influence of the atypical winter Saharan dust load events on local weather
conditions and meteorological parameters.

In the following sections, results are presented and discussed related to the presence, top-
ology, density distribution, temporal evolution, and microphysics of the Saharan dust layers
observed.

2 Measurement Site, Instrumentation, and Methods

Bulgaria is situated in the central part of the Balkan Peninsula (in the Eastern Mediterranean
basin). The only Bulgarian lidar station is located in the Laser Radars Laboratory (LRL) of the
Institute of Electronics, Bulgarian Academy of Sciences, and has been part of the EARLINET
network since 2002. The lidar site is positioned in an urban area of the capital city of Sofia
(42°39′14″N, 23°23′14″E). Topographically, Sofia is located at about 600 m above sea level
(ASL) in a natural basin surrounded by mountains. Hereinafter, the cited values of elevation
(height or altitude) are measured above ground level, unless it is explicitly stated that they are
ASL. The time and time intervals are quoted in coordinated universal time (UTC). In the month
of February, when all lidar measurements considered here were conducted, the local time (LT) in
Bulgaria is the standard East European Time (UTC + 2).

The wintertime Saharan dust events presented and discussed were studied by means of an
aerosol lidar designed and built in the LRL.8,12,43 The lidar system is configured in a mono-static
biaxial alignment pointing at an angle of 32 deg with respect to the horizon, as determined by
its position in the lab. Therefore, although signals from as far as 30 km can be recorded, the
maximum sounding height is limited to about 16 km. The light source is a solid-stateQ-switched
frequency-doubled Nd:YAG laser (pulse energy of up to 600 mJ at 1064 nm and 80 mJ at
532 nm; pulse duration of 15 ns FWHM; laser-beam divergence of 3 mrad; fixed repetition rate
of 2 Hz). The light backscattered by atmospheric molecules and aerosol particles is received by
a Cassegrain telescope (aperture of 35 cm and focal distance of 200 cm). The lidar measures
backscattered signals with a time/height resolution of 100 ns∕7.5 m.

The Klett-Fernald’s inversion algorithm is applied for retrieving the atmospheric aerosol
backscatter coefficient (BSC) profiles44,45 using a constant lidar ratio (the ratio of aerosol extinc-
tion and backscattering coefficients) of 45. We consider this value of the lidar ratio to be rea-
sonable in cases of aerosols dominated by Saharan dust.46–48

The profiles are calibrated using values of the molecular BSC known from the standard
atmosphere (SA) model49 for values measured of the close to the surface air pressure and temper-
ature. The calibration altitude intervals of nearly pure molecular atmospheric content are deter-
mined by applying the standard Rayleigh fitting procedure.50,51

For each measurement cycle, we calculate the averaged aerosol BSC profile, and using a
series of consecutively recorded range-corrected signals (RCS), a colormap in height–time coor-
dinates is constructed, illustrating the spatial distribution and temporal dynamics of the aerosol
fields detected. The profiles obtained at the two laser wavelengths (532 and 1064 nm) are then
used to calculate the corresponding profiles of the backscatter-related Ångström exponent
(BAE), which is regarded as an indicator of the dominant particle size fraction in the aerosol
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layers registered. To make assumptions about both the type and origin of the aerosols in the
layers detected by the lidar, we use the data and images provided by the Barcelona
Supercomputing Center Dust Models (BSC-DM) BSC-DREAM8b and/or NMMB/BSC-
Dust,52–54 as well the hybrid single-particle Lagrangian integrated trajectory (HYSPLIT) model,
developed in the Air Resource Laboratory of National Oceanic and Atmospheric Administration
(NOAA), USA.55,56

3 Dust Transport Episodes

3.1 Dust Transport Model Forecasts

Figure 1 presents the vertical profiles of the Saharan dust concentration (in μg∕m3) in the atmos-
phere above Sofia as forecasted by BSC-DM and colormaps (in the insets) of the dust-load
magnitude (in g∕m2) related to the four-day measurements, the results of which are discussed
and analyzed here. The Sofia region is marked by a red circle, and the heights are given in km
ASL. The dust transport data for 2014 and 2017 are provided by the BSC-DREAM8b model;
those for 2018, by the NMMB/BSC-Dust model; and for 2019, by a combination of the data
provided by the models depending on their availability for the respective dates.

The dust maps in Fig. 1 show moderate-to-considerable dust loads above Bulgaria. A closer
analysis of these BSC-DM forecasts reveals that the transport episodes that include the dates of
lidar measurements considered here were as follows: episode 1: February 17 to 22, 2014; episode
2: February 24 to 27, 2017; episode 3: February 1 to 4, 2018; episode 4: February 3 to 21, 2019.
Thus the first three measurements performed fell in the first part of the respective periods,
whereas the last one took place closer to the end of a rather long transport episode.

The vertical profiles of the dust concentration in the air above Sofia provide more detailed
information on the specificity of the separate transport events in question. Thus BSC-DREAM8b
forecast for February 17, 2014, [Fig. 1(a)] indicates that the atmosphere above the city was
loaded by Saharan dust from ground level (600 m ASL) to a height of about 8 km ASL.
The concentration was steeply increasing up to about 1 km ASL and rising rather slowly up
to 3 km ASL. The aerosol layer’s highest density occurred in the range 3 to 5 km ASL, with
a maximum (about 70 μg∕m3) at 4 km ASL. Above 5 km ASL, the dust load gradually receded.
The conditions during the second set of lidar observations, as illustrated by the profile of
February 24, 2017, [Fig. 1(b)] were characterized by dust loading from ground level to about
4 km ASL, the dust being located mainly within a layer with approximate boundaries 1.8 to
3.8 km ASL with the center of mass near 2.3 km ASL. In the case of February 1, 2018, we
used the information made available by the NMMB/BSC-Dust model, namely, the atmosphere
over the entire territory of Bulgaria was loaded by Saharan dust; above Sofia, the dust was
located in the height interval 3 to 8 km ASL, with a higher concentration (80 to 90 μg∕m3)
between 4.2 and 5.8 km ASL. In the last case considered here, that of February 18, 2019,
we combined the information made available by the NMMB/BSC-Dust (dust-map) and the
BSC-DREAM8b (dust concentration profile) models [Fig. 1(d)], which allowed us to conclude
that the atmosphere above Sofia contained Saharan dust.

3.2 Results from In Situ PM10 Concentration Measurement

Data provided by the automated measuring stations (AMSs) in Sofia, part of the National
Automated System for Environmental Monitoring (NASEM) administrated by the Executive
Environment Agency of Bulgaria,57 showed high aerosol concentrations at ground level during
the Saharan dust events discussed in this work. Five of the stations are located in the city (at 550
to 600 m ASL). In their data, the contribution of anthropogenic aerosols to the mass concen-
tration of particulate matter with an aerodynamic diameter of <10 μm (PM10) in winter months is
particularly high; we, therefore, did not use these data. The sixth station, Kopitoto AMS, is
located at about 800 m above the other stations (1321 m ASL, 42°38′13.2″N, 23°14′38.4″E)
in the Vitosha Mountain and is thus classified as an elevated rural reference station for aerosol
background measurements. The height of the winter atmospheric boundary layer (ABL) above
Sofia is estimated at 900 to 1200 m, so the anthropogenic aerosols contribution to the PM10 data
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provided by this station in wintertime can be neglected. The annual mean values for PM10

registered by this station are 16 μg∕m3 (2017), 17 μg∕m3 (2018), and 14 μg∕m3 (2019).
Time series data of hourly mean values of the PM10 mass concentrations registered by the

NASEM AMSs in Sofia, presented in Fig. 2, are available at the European Environment Agency
database.58 As seen, the hourly mean values of the PM10 mass concentrations at Kopitoto AMS
for the periods analyzed here are significantly higher than those normally registered at this sta-
tion in winter. For instance, the values measured on February 15, 2014, were below 5 μg∕m3,
then increased up to a maximum value of 62 μg∕m3 at 13:00 LT (11:00 UTC) on 18 February,

Fig. 1 BSC-DM forecasted Saharan dust concentration profiles and regional dust load maps
(insets) for (a) February 17, 2014; (b) February 24, 2017; (c) February 1, 2018; and
(d) February 18, 2019.
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and decreased slowly reaching values again below 10 μg∕m3 on 20 February. A similar behavior
is seen during the other three transport episodes discussed here.

Juxtaposing the temporal course of PM10 concentration in Fig. 2 to the episodes of Saharan
dust transport over Bulgaria listed in Sec. 3.1 demonstrates the good correspondence between
these episodes’ time intervals and the intervals when increased PM10 concentration was mea-
sured over the local ABL. In particular, as can be seen from Fig. 2(d), the aerosol load of the low
troposphere over Sofia in the period February 1 to 23, 2019, is high with short breaks, being in
good compliance with the BSC-DM forecasts. Therefore, the results of the in situ measurements
by the Kopitoto reference AMS confirm the presence of desert dust in the atmosphere above
Sofia during the lidar observation described here. It thus becomes possible to use data from
this AMS when developing methodologies of calibrating lidar profiles of optical aerosol char-
acteristics with respect to profiles of the mass concentration of atmospheric aerosol when remote
lidar sensing is conducted simultaneously with in situ measurements.

3.3 Air Temperature Composite Anomalies Related to the Dust Load Events
Considered

Figure 3 displays color-coded maps of the air temperature composite anomalies with respect to
the climatological means at a 700-mb level over the region of interest for the dates of lidar
measurements, based on NCEP/NCAR (National Centers for Environmental Prediction/
National Center for Atmospheric Research) reanalysis of climatological (1981 to 2010) data
provided by the NOAA Physical Sciences Laboratory.59 As can be seen on the maps, on the
days of the lidar measurements considered, Bulgaria is located either in the red areas of the
largest positive temperature anomalies reaching values of nearly 10°C [panel (a)] or very close

Fig. 2 Hourly mean values of the PM10 mass concentrations measured by the Kopitoto
AMS (BG0070A) in the periods of Saharan dust intrusions over Sofia analyzed in the work:
(a) February 16 to 22, 2014; (b) February 23 to 28, 2017; (c) February 1 to 5, 2018; and
(d) February 1 to 22, 2019. The vertical green bars indicate the time intervals of lidar
measurements.
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to them with anomaly values of 6°C to 7°C [panels (b)–(d)], depending on the stage of the
given dust load episode. Referring to case (a), a similar picture and very close values of temper-
ature anomalies for the region of Bulgaria were reported for February 19 and 20, 2014, in
Ref. 15.

The color patterns of the temperature anomalies in Figs. 3(a)–3(c) outline well the path of
motion of the warm masses carrying desert dust from North Africa drawn mainly to the northeast
over the Mediterranean and Europe. We note that these are episodes of active air transport,
the core of which has recently reached the region of Bulgaria. In the particular case in Fig. 3(d),
there is no such well-defined direction of warm-air transport. Instead, there is a wide oval zone
of positive temperature anomalies with the warmest core spread mainly over Central and
Northeastern Europe, around which is a vast zone of negative temperature anomalies, including
the Sahara Desert. Such a pattern of temperature anomalies indicates a rather completed stage of
heat transfer from North Africa to Europe. It agrees well with the finding noted in the Secs. 3.1
and 3.2 that the lidar observation date in question falls at the end of a prolonged dust episode.
This is indirectly evidenced by the corresponding histogram of PM10 concentration shown in
Fig. 2(d). The maps of the composite temperature anomalies for the entire episodes of desert air/
dust intrusions are similar to those shown in Fig. 3 for the periods close to the lidar measurements
performed.

We note that the data on temperature anomalies in Fig. 3 for the region of Sofia are in good
agreement with the meteorological radiosonde data related to the near ground air temperature in
the days of lidar measurements, presented in the Secs. 5.1.1–5.1.4. Together, they testify to the
strong and direct perturbing effects of the warm air masses and desert dust transport from North
Africa on such an important component of local weather as the air temperature.

Fig. 3 Color maps of temperature anomalies at a 700-mb level, with respect to the climatological
means for the period 1981 to 2010, over the region North Africa–Mediterranean–Europe, for
(a) February 17 and 18, 2014; (b) February 24 and 25, 2017; (c) February 1 and 2, 2018; and
(d) February 18 and 19, 2019. The location of Sofia is marked by blue circles.
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4 Aerosol Layering Structure and Air Mass Transport Forecasts

The atmospheric aerosol loads registered during four-day lidar observations conducted at the
wavelength of 1064 nm analyzed here are presented in Figs. 4–7 as RCS colormaps in
height–time coordinates to illustrate the temporal evolution of the aerosol height distribution.
The respective HYSPLIT diagrams depict the backward air mass trajectories, which provide
insight into how the air masses over Sofia (during the lidar sensing) had been moving a few
days before the measurement. They include three trajectories that end over Sofia at heights fall-
ing within characteristic height sections of the retrieved profile of the atmospheric aerosol BSC.
The information provided by the BSC-DM and HYSPLIT models is used to draw conclusions
concerning the origin and type of the particles in the aerosol layers registered.

Figure 4(a) shows a dynamic colormap displaying the temporal evolution of the aerosol
height distribution during the lidar measurements conducted on February 17, 2014. In Fig. 4(b),

Fig. 4 (a) Time series of the dust/aerosol vertical distribution in terms of range-corrected lidar
signals, as measured on February 17, 2014, at 1064 nm and (b) HYSPLIT-model backward tra-
jectories ending above Sofia at 18:00 UTC on the same day.

Fig. 5 (a) Time series of the dust/aerosol vertical distribution in terms of range-corrected lidar
signals, as measured on February 24, 2017, at 1064 nm and (b) HYSPLIT-model backward
trajectories ending above Sofia at 17:00 UTC on the same day.
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the HYSPLIT backward trajectories calculated for the time interval of the lidar observations are
shown. As seen, on that day, the lidar registered an aerosol layer extending from the ground to
4.5 km and another one with a variable structure in the 5.8- to 7-km range, most probably a cirrus
cloud. The lower layer includes a clearly delineated dense part (2 to 3 km), which during the
measurements undergoes a partial downward redistribution of the aerosol density.

The trajectories for heights 2.5 to 4 km (120-h duration) indicate that the air masses in this
height range have moved for a long time low over the Sahara surface. The trajectory terminating
over Sofia at 6.8 km shows that the air masses originating from the Atlantic Ocean have passed
over the Sahara in the height range 4.5 to 5.5 km, thus remaining within the Saharan ABL,
the upper boundary of which reaches 5 to 6 km.60–62 One can, therefore, assume with a high
probability that the air masses at 6.8 km above Sofia have transported dust from the Sahara
Desert.

Fig. 6 (a) Time series of the dust/aerosol vertical distribution in terms of range-corrected lidar
signals, as measured on February 1, 2018, at 1064 nm and (b) HYSPLIT-model backward
trajectories ending above Sofia at 17:00 UTC on the same day.

Fig. 7 (a) Time series of the dust/aerosol vertical distribution in terms of range-corrected lidar
signals, as measured on February 18, 2019, at 1064 nm and (b) HYSPLIT-model backward
trajectories ending above Sofia at 18:00 UTC on the same day.
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In summary, the evidence supplied by the above HYSPLIT backward trajectories combined
with the BSC-DM forecasted profile in Fig. 1(a) lead us to the conclusion that on February 17,
2014, the atmospheric aerosols detected above Sofia within the height range 1 to 6.5 km con-
sisted predominantly of desert aerosols transported over a long distance, their highest mass con-
centration being at 2 to 3 km. Also these data provide grounds to presume that the formation of
the cirrus cloud seen in the height range 5.8 to 7 km was assisted by the desert particles serving as
condensation nuclei.

Figure 5(a) shows an RCS map constructed using vertical lidar profiles recorded on February
24, 2017. The altitude range of the RCS dynamic colormap shown is limited to 10 km, as the
atmosphere above was free of aerosols. However, below this limit, practically the whole tropo-
sphere was loaded with varying amounts of aerosols. One can see a quite dense and well-
expressed aerosol layer located between the surface and altitudes of 2 to 2.7 km, randomly
extended up to nearly 5 km with a decreasing density. Above it, relatively dense aerosol layers
occur with a “wings”-like distribution in the range 5 to 9 km. In this height range, cirrus clouds
normally appear, which most probably is also the case here.

Figure 5(b) shows the HYSPLIT-model backward trajectories ending at 17:00 UTC on
February 24, 2017, above Sofia at heights of 2.2, 4.5, and 7 km, calculated for a 120-h period.
One can see that all trajectories have parts passing over the Sahara Desert for considerable time
periods (1.5 to 3 days). At the two lower altitudes, the air masses moved through the Sahara ABL
near the desert surface, thus possibly capturing considerable amounts of mineral dust. It is worth
noting that during the days prior to the measurements, according to BSC-DM forecasts, the lower
atmosphere over the Sahara regions considered had been rich in very dense dust fields, enabling
dust transport to the site of lidar measurements. The trajectory ending at 7 km passed over the
Atlantic Ocean and relatively high over the Sahara (at a height of 3 km, but within the desert
ABL). Therefore, most likely the air masses at the height of 7 km above Sofia during the mea-
surements contained moisture and desert aerosols, which could serve as condensation nuclei for
the formation of the cirrus clouds registered.

Based on the modeling presented above and the preprocessed lidar data, one can convinc-
ingly state that the atmospheric domains from the surface up to altitudes of about 5 km in the
time interval of lidar measurements conducted on February 24, 2017, contained considerable
amounts of Saharan-dust-rich aerosols, whereas the aloft aerosol layers above 5 km were most
probably cirrus clouds.

Figure 6 shows the RCS time series obtained on February 1, 2018, and selected HYSPLIT
trajectories, in support of the conclusions drawn about the origin of the lidar-registered aerosols.
The colormap illustrates the temporal evolution of the aerosol height distribution in the time
interval 16:15 to 17:45 UTC. The altitude range is limited to 8 km because the atmosphere above
was free of aerosols. As seen in Fig. 6(a), two zones differing in their vertical mass stratification
can be distinguished for the time interval of the experiment. The first one occurs between 16:15
and 17:15 UTC, and the second occurs between 17:15 and 17:45 UTC. During the first hour of
sounding, a well-defined layered structure can be demarcated in the aerosol field observed, with
three characteristic height zones of aerosol loading. Thus a bottom aerosol layer of relatively
high density extends from the surface up to 2 km. Above it, two partially merged layers are
situated—one in the range 3 to 4 km and another one of higher density and homogeneity in
the range 4.8 to 6 km. The second time interval is characterized by changes in the aerosol field
structure. In particular, the intermediate aerosol layer (3 to 4 km) has dissipated, whereas a
denser and inhomogeneous layer has appeared between 6 and 7 km.

The HYSPLIT-model backward trajectories (calculated for a 130-h period) ending above
Sofia at heights 2.5 to 7 km [Fig. 6(b)] indicate that the air masses have drifted for a long period
of time over the Sahara Desert passing through its ABL. Therefore, it could be expected that
the aerosol layers in this height range above Sofia contain Saharan dust.

Figure 7 exhibits information related to the measurement conducted on February 18, 2019.
The results of this lidar observation differ from those discussed so far by the detection of a clearly
outlined narrow aerosol layer over the ABL between ∼2.1 and 2.4 km, above which the atmos-
phere is clear [Fig. 7(a)]. Below this layer, the aerosol mass is distributed in two other distinct
layers—a denser one near the ground and one of lower density centered around the height
of 1 km.
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The backward trajectories for February 18, 2019, shown in Fig. 7(b), combined with the
BSC-DM maps for the same day [Fig. 1(d)] and several days earlier, provide evidence for the
presence of considerable amounts of Saharan dust in the two upper aerosol layers registered
(in the height range 0.5 to 2.5 km) captured partially directly over the Sahara and partially indi-
rectly from regions with an atmosphere rich in desert dust.

5 Lidar Profiling of Aerosol Properties

5.1 Vertical Lidar Profiling of Aerosol Density and Backscatter-Related
Ångström Exponent Analysis

In the following sections, we present and analyze separately for each measurement the averaged
vertical profiles of the aerosol BSC calculated for the two laser wavelengths and the correspond-
ing Ångström exponent profile. The conclusions about the origin and composition of the regis-
tered aerosol layers are supported by HYSPLIT and BSC-DM modeling data as well as by
meteorological radiosonde data.

5.1.1 Lidar observations conducted on February 17, 2014

Figure 8 presents vertical profiles up to a height of 9 km of the atmospheric aerosols’ optical and
microphysical parameters derived from data of lidar measurements carried out in the interval
14:20-16:40 UTC on February 17, 2014, as well as meteorological profiles for the same day.

The retrieved height profiles of the aerosol BSC for the two lidar wavelengths
(1064∕532 nm) averaged over the entire measurement period are shown in Fig. 8(a). The graphs
are displayed starting from the initial height of 0.35 km, where the laser beam and the receiving
telescope field of view overlap completely. The profiles consist of two main thick layers: a low
relatively smooth aerosol/dust layer extending up to a height of 4.5 km with a maximum at about
3.6 km and a layer of cirrus clouds in the range of 5.5 to 7.5 km with a more complex shape. This
structure is an integral variant of the aerosol distribution map shown in Fig. 4(a) for the day in
question.

The maximum aerosol BSC values for the bottom layer are 8.08 Mm−1 sr−1 at 532 nm and
5.14 Mm−1 sr−1 at 1064 nm. These values are significantly higher (about 3 to 4 times) than
the ones measured most frequently at ABL heights in the Sofia area, which is indicative of

Fig. 8 Lidar measurements carried out on February 17, 2014: (a) vertical profiles of the aerosol
BSC at the two laser wavelengths 532 and 1064 nm. (b) The corresponding aerosol BAE derived
from the lidar measurements. Mean BAE values of characteristic profile parts are labeled and
shown by dashed lines. (c) Meteorological radiosonde data (temperature, T ; dew point, DP; and
relative humidity, RH).
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a significant amount of aerosol load. Bearing in mind the BSC-DM forecast map in Fig. 1(a) and
the HYSPLIT backward trajectories shown in Fig. 4(b), one can state with certainty that the
dense unstructured layer observed up to 4.5 km is composed mainly of Saharan dust. This con-
clusion is indirectly supported by the BSC-DM-forecasted height profile of the concentration of
Saharan dust over Sofia in Fig. 1(a) related to the time of lidar measurements, which is similar in
terms of height location and shape to the BSC ones.

Figure 8(b) shows the vertical profile of the BAE obtained on the basis of the BSC profiles
seen in Fig. 8(a) as well as the average BAE values for several characteristic height intervals from
this profile. In the densest central section of the dust layer (2 to 3.5 km), the average BAE value is
0.68, in the sublayer above it (3.5 to 4.3 km) it is 0.77, and in the lower part of the layer (0.5 to
2 km) located in and just above the ABL it is 0.94. The corresponding backward trajectories in
Fig. 4(b), significant portions of which extend over the Sahara Desert passing around the middle
of its ABL, clearly point to desert aerosol content in these layers. Therefore, the BAE values
determined for the central and upper part of the dust layer (0.68 and 0.77, respectively) can be
considered to be related to the inflowing dust-containing aerosols. The one for the lower part of
the layer (0.94) is likely characterizing the mix of dust with aerosols (apparently finer ones) of
local origin present over the Sofia region. Note that BAE values of about 0.7 indicate the pre-
dominant presence of dust fractions of micron- and slightly-over-micron- size ranges.63 This may
be related to the fact that the corresponding backward trajectories do not pass near the desert
surface but mainly through the ABL above it.

Near-zero BAE values in the height range of cirrus clouds (5.5 to 7.5 km) with an average
value of 0.14 are typical for this type of cloud composed of large ice crystals.64 In the aerosol-free
zones below (4.5 to 5.5 km) and above (>7.5 km) the cirrus clouds, the BAE exhibits values of
about 1.25 that are common for background aerosols in the free troposphere. Therefore, these
standard values in the above two cases indirectly support and validate the BAE values obtained
for the aerosol layers dominated by Saharan dust.

The intrusions of warm air masses carrying desert aerosols over the Sofia region in February,
which were uncharacteristic in the near past as this is one of the coldest winter months in
Bulgaria, should be expected to perturb the weather and the atmospheric parameters in the
region. Figure 8(c) shows the vertical profiles of the atmospheric temperature (T), dew point
(DP), and relative humidity (RH) obtained by radiosonde on February 17, 2014. A good cor-
respondence can be found between the meteorological profiles presented and the BSC ones
displayed in Fig. 8(a). Near the surface, the air temperature has atypical values for the season
at about 15°C, being consistent with the composite temperature anomalies shown in Fig. 3(a). In
the lower zone below 4.5 km where the Saharan dust layer is located, the RH appears to be very
low (20% to 30%). Expectedly, the DP profile is very well separated from the T one, reflecting
the extremely dry conditions far from those for water condensation. The minimum of the RH
profile is almost exactly at the same height as the maximum of the Saharan dust layer. Within the
cirrus cloud height range, a quite high RH value of about 80% is measured, whereas the DP
profile is tightly approaching the T one. The aerosol-free zone (4.5 to 5.5 km) appears to be a
transitional one, connecting the markedly dry lower part and the considerably more humid upper
part of the profiles.

The above-mentioned features of the meteorological profiles, being in good accordance with
the presence, concentration, and distribution of desert aerosols, can be regarded as convincing
evidence of the serious impact that the atypical incursions for the winter season of Saharan dust-
containing warm air masses have on the local meteorological conditions and parameters.

5.1.2 Lidar observations conducted on February 24, 2017

Figure 9 presents vertical profiles up to a height of 10 km of the atmospheric aerosols’ optical
and microphysical parameters from lidar measurements carried out in the interval 16:50 to 18:50
UTC on February 24, 2017, and the meteorological profiles for that day.

Time-averaged height profiles of the aerosol BSC retrieved for the two lidar wavelengths are
displayed in Fig. 9(a). Based on the analysis of the air-transport modeling data presented above,
the BSC profiles obtained can be divided in two main parts: a lower part extending up to altitudes
of about 5.5 km containing aerosols dominated by Saharan dust and an upper part in the altitude
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range 5.5 to 10 km consisting of cirrus clouds. The strongly pronounced bottom of the lower
part, stretching up to about 3.5 km and centered at an altitude of 1.5 km, correlates very well with
the BSC-DM dust concentration profile for the time of lidar measurements, displayed in
Fig. 1(b). The BSC profiles at the two wavelengths show a gradual decrease in the aerosol den-
sity upward to 5.5 km, with some secondary bulges centered close to 2.8 and 4.2 km. The more
distinct sublayer in the height range 3.5 to 5.0 km and centered at about 4.2 km is also identified
as containing mainly desert aerosols based on the HYSPLIT backward trajectories shown in
Fig. 5(b).

The peak values of the aerosol BSC in the lower dust-dominated part of the profiles are
calculated to be of 2.95 Mm−1 sr−1 at 1064 nm and 3.91 Mm−1 sr−1 at 532 nm. These values
are about two times lower than the ones obtained on February 17, 2014, but they are still sig-
nificantly higher than those usually measured for general aerosols at ABL altitudes above Sofia.
Therefore, this particular event of Saharan dust load can be classified as a moderate-to-strong
one. Note that this particular date of lidar measurements is the first one of a four-day dust
intrusion episode. Typically for the beginning of dust load events, aloft cirrus clouds are present,
extending within a height range of about 5 km above the dust-containing layers.

Moving upward, the color ratio (defined as BSC532∕BSC1064) exhibits an emerging tendency
to increase. However, above 6 km, the BSC profiles at 1064 and 532 nm rapidly approach each
other to nearly merge along the whole cirrus cloud altitude range, reaching the peak value of
3.2 Mm−1 sr−1 at an altitude of 6.6 km.

According to the BSC-DM forecasts, two other short Saharan dust load events took place
above Sofia in the beginning of February 2017, one of which (on 6 February) was also detected
by our lidar.

The vertical BAE profile calculated based on the discussed above BSC profiles at the two
lidar wavelengths is displayed in Fig. 9(b) to analyze and characterize qualitatively the micro-
physical properties of the detected aerosols in terms of size fraction domination. As previously
adopted, the mean BAE values for the distinguished sublayers are denoted by vertical
dashed lines.

As can be seen in the lower part of Fig. 9(b), the BAE values increase in the upward direction
in the range 0.4 to 1.0 km in a nearly stepwise manner with the altitude changing from 1 to 6 km,
following the above-mentioned increase of the color ratio. Taking into account the inverse pro-
portion between the BAE values and the dominant size of the aerosol particles, the conclusion
could be drawn that the obtained BAE profile reveals some stratification of the dust particle size
fractions, with the coarser modes located at the bottom of the layer and the finer ones located

Fig. 9 Lidar measurements carried out on February 24, 2017: (a) vertical profiles of the aerosol
BSC at the two laser wavelengths 532 and 1064 nm. (b) The corresponding aerosol BAE derived
from the lidar measurements. Mean BAE values of characteristic profile parts are labeled and
shown by dashed lines. (c) Meteorological radiosonde data (temperature, T ; dew point, DP; and
relative humidity, RH).
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near its top. At an altitude of 1.5 km corresponding to the peak of the bottom aerosol layer, the
BAE reach its minimum value of 0.4, indicating the largest dust particle modes. In general, such
stratification is considered natural, resulting from processes of gravitational settling or similar
aerosol/dust sedimentation processes.65 The obtained BAE values correspond approximately to
dominating dust particle size in the near over-micron range.33 In contrast, the BAE values in the
altitude range above 6 km steeply decrease, keeping levels close to zero, being typical for cirrus
clouds.8,33,66 We regard them as reference ones, indirectly supporting the validity and reliability
of the obtained BSC and BAE profiles.

Meteorological radiosonde data are shown in Fig. 9(c) to assist the analysis of the effects of
desert aerosols on the state and conditions of the atmosphere above Sofia, as well as to clarify
their distribution and interactions with local aerosols. The vertical profiles of the atmospheric T,
DP, and RH are displayed for altitudes up to 10 km. Within the dust-dominated height range up
to 6 km, the RH expectedly exhibits low values in the range 10% to 50%. A thermal inversion is
observed on the T profile in the altitude range 1.8 to 2.1 km. The aerosols are normally confined
below the inversion, with the latter serving as a barrier preventing the upward penetration of
particulate matter. To some extent, such an effect can be observed by referring to Fig. 9(a), which
shows that the densest bottom aerosol layer is almost entirely concentrated immediately below
the inversion. However, aerosol layers are also continuously extending far above the inversion.
This means that the desert aerosols breaking through the inversion barrier are most likely present
both above and below it, thus mixing with local aerosols, including ABL ones.

As seen in Fig. 9(c), the temperature at the surface is approaching 20°C, which is unusually
high for the month of February in Bulgaria. This is in good agreement with the picture of the
composite temperature anomaly for the day shown in Fig. 3(b). Moreover, referring to the RH
and DP profiles, an evident drying of the atmospheric air can be observed above the inversion in
the altitude range 2 to 5.5 km. These peculiarities witness to the significant heat transfer from
North Africa to the Sofia region taking place in the middle of the winter season, which can
naturally be attributed to the Saharan dust load event. The DP profile touches the T one at
an altitude of 7.8 km, indicating favorable conditions for the crystal nucleation process forming
the cirrus clouds. However, this is about 1.2 km above the peak of the observed cirrus clouds, as
can be seen in Fig. 9(a). This deviation can be ascribed to the gap between the time of meteoro-
logical radiosonde measurements (12:00 UTC) and the one of lidar measurements (16:50 to
18:50 UTC). More specifically, this can result from the diurnal downward convection of the
atmospheric air in the evening hours (particularly after sunset at 15:13 UTC).

5.1.3 Lidar observations conducted on February 1, 2018

Figure 10 presents vertical profiles, up to a height of 8 km, of optical and microphysical param-
eters of atmospheric aerosols from lidar measurements carried out in the interval 16:15 to 17:45
UTC on February 1, 2018, as well as meteorological profiles for that day. Representative time-
averaged height profiles of the aerosol BSC for the two lidar wavelengths (1064∕532 nm) are
shown in Fig. 10(a). Referring to the BSC-DM modeling data about the vertical distribution of
dust concentration in Fig. 1(c), as well as to a more extensive analysis of the HYSPLIT backward
trajectories including the ones displayed in Fig. 6(b) and discussed above, one can conclude that
on February 1, 2018, desert aerosols were present in the atmosphere above Sofia mainly in the
height range 2.5 to 7.5 km. According to the BSC-DM forecasts, Saharan dust load events with
an overall duration of nine days occurred above Sofia in the first half of February 2018, indicat-
ing moderate to high-dust transport activity in the considered winter period.

At the bottom of the BSC profiles in Fig. 10(a), a well-outlined layer occurs located mostly
within the local ABL and slightly above its seasonal top. It is identified to be mainly consisting of
local aerosols. Moving upward, the BSC profiles at the two wavelengths reveal the thick dust-
containing layer mentioned above, consisting of a pronounced main aerosol layer centered at
about 5.0 to 5.5 km and secondary layers of lesser density below and above located in the altitude
ranges 2.5 to 4 km and 6.5 to 7.5 km, respectively. This layer structure is a time-averaged expres-
sion of the one appearing in the already commented on dynamical colormap shown in Fig. 6(a).
The BSC peak values for the densest dust-containing layer are 0.87 Mm−1 sr−1 for 532 nm and
0.63 Mm−1 sr−1 for 1064 nm, i.e., considerably lower than the ones obtained in the two
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previously considered cases. These low BSC values can be ascribed to the above-mentioned
extension of the total dust-containing aerosol field over a quite wider height range, as well
as to the absence of significant amounts of other aerosols to be mixed with, in contrast to the
preceding cases.

Figure 10(b) shows the BAE vertical profile corresponding to the BSC profiles in Fig. 10(a).
The average BAE values for the entire height interval shown, as well as for the several character-
istic aerosol layers from the BSC profiles, particularly, those comprising dust, are again marked
by vertical dashed lines. The mean BAE value averaged over the whole profile range is calcu-
lated to be of 0.70� 0.24, thus falling into the range commonly obtained for dust-dominated
aerosols in the Sofia region.8,12 The aerosol layer located close to the surface in the height range
0.4 to 1.8 km exhibits increasing in the upward direction BAE values from 0.25 to 0.70 with a
mean of 0.56, indicating domination of coarser-particle size modes. The BAE values typical for
aerosols within the ABL over Sofia are normally in the range 1 to 2. We consider two likely
reasons for these lower BAEs. The first one is associated with the possible penetration of coarse
fractions of Saharan dust into the local ABL, in accordance with the BSC-DM profile of the dust
concentration vertical distribution in Fig. 1(c). The second one is related to the fact that in the
winter period the atmospheric layer adjacent to the surface is normally rich in soot originating
from residential heating. In the height range 3 to 4 km, where the twin-peak dust layer of rel-
atively low density is present, the BAE assumes values in the range 0.8 to 1.0 with a mean of
0.86, indicating dust particles of a moderate size without strong domination of coarse or fine size
modes. Further upward, in the altitude range of the densest dust layer (4.3 to 6.4 km), BAE
values drop to reach a minimum level of about 0.35, pointing to the presence of significantly
coarser dust size modes. At heights close to 6.3 km, the BAE profile returns to levels of 0.8 to
0.95, thereafter decreasing down to 0.4 to 0.5 around 7 km.

Regarding the entire altitude range (2 to 7.5 km) of dust loading above the ABL, the shape of
the size fraction distribution in the observed three distinct dust layers appears to be inverted as
compared with the typical one because the coarser dust size-modes (in the upper two layers) are
located above the finer ones (in the lower “twin-peak” layer). This particle size-mode distribution
can qualitatively be explained referring to the lower part of the HYSPLIT diagram shown in
Fig. 6(b). As can be seen there, the height-related order of the three backward trajectories ending
above Sofia within the time interval of lidar measurements has been inverted during the trans-
port. The trajectory (colored in green) that appears above the lidar site at an altitude of 7 km
passes at significantly lower heights (1 to 2.5 km) over the Sahara; i.e., not very far from
the desert surface, thus making it possible to capture large dust particles. At the same time,

Fig. 10 Lidar measurements carried out on February 1, 2018: (a) vertical profiles of the aerosol
BSC at the two laser wavelengths 532 and 1064 nm. (b) The corresponding aerosol BAE derived
from the lidar measurements. Mean BAE values of characteristic profile parts are labeled and
shown by dashed lines. (c) Meteorological radiosonde data (temperature, T ; dew point, DP; and
relative humidity, RH).
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the (red colored) trajectory appearing as the lowest one over the lidar site (at 2.5 km) crosses
the desert atmosphere at altitudes of 4 to 5 km, thus likely capturing finer dust particle modes.
The intermediate (blue) trajectory ends above Sofia at approximately the same height (4 km) as
over the Sahara Desert crossing the ABL of the latter, indicating transport of dust fractions of
moderate size. The anomalous distribution of dust particle size fractions observed becomes rea-
sonable taking into account the discussed above height-related reordering of the corresponding
backward trajectories.

Figure 10(c) shows vertical profiles of T, DP, and RH of the atmospheric air over Sofia at
12:00 UTC on February 1, 2018. The meteorological conditions are nearly like the ones
observed on February 24, 2017, [as can be seen in Fig. 9(c)] but exhibiting some specifics.
Similarly, a temperature inversion is present at a height of about 2 km, accompanied by a rel-
atively dry zone above it extending up to 4 km (RH near 20%), which very likely can be ascribed
to the presence of dry and warm Saharan air masses. Accordingly, this results in a well-expressed
separation of the T and DP profiles above the inversion, defining conditions not favorable for ice
nucleation, which explains the observed absence of cirrus clouds. As a feature to be noted, the air
temperature near the surface (about 8°C) is lower compared with the ones in the previously
considered two cases. This fact can be explained by the lack of significant penetration of
Saharan air masses down to the surface, likely due to the presence of temperature inversion
near the top of the local ABL.

5.1.4 Lidar observations conducted on February 18, 2019

Figure 11 presents vertical profiles, up to a height of 9 km, of the optical and microphysical
parameters of atmospheric aerosols/dust derived from lidar measurements carried out in the time
interval 16:20 to 18:30 UTC on February 18, 2019, as well as the meteorological profiles for
that day.

Vertical profiles of the aerosol BSC for the two lidar wavelengths averaged over the entire
measurement period are shown in Fig. 11(a). As can be seen, during the lidar measurements on
this day, a distinct confinement of the atmospheric aerosols was observed in the bottom height
range of up to about 3 km. Above that height, the free of aerosols troposphere is extended, in
particular without water or cirrus clouds. Another distinguishing feature of the aerosol distri-
bution in this case is its well-expressed vertical stratification in three distinctly outlined, approx-
imately smooth, layers with peaks centered at altitudes of 0.35, 1.2, and 2.18 km. Referring to
Fig. 7(a), it can be seen that this distinct aerosol field stratification has remained constant

Fig. 11 Lidar measurements carried out on February 18, 2019: (a) vertical profiles of the aerosol
BSC at the two laser wavelengths 532 and 1064 nm. (b) The corresponding aerosol BAE derived
from the lidar measurements. Mean BAE values of characteristic profile parts are labeled and
shown by dashed lines. (c) Meteorological radiosonde data (temperature, T ; dew point, DP; and
relative humidity, RH).
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throughout the lidar measurements. It is worth noting that the lowermost layer nearly coincides
with the seasonal ABL for the Sofia area.

The maximum BSC values for the three registered layers (in bottom up sequence) are 1.47/
1.0, 1.3/0.8, and 0.62∕0.5 Mm−1 sr−1 at 532∕1064 nm, respectively. The BSC values for the
lowest layer are not very different from those traditionally measured for the local ABL. The
ones corresponding to the two upper layers are also not very high, exceeding slightly the ones
measured on February 1, 2018, but being significantly lower than those observed on February
17, 2014, and February 24, 2017. This indicates an event of low-to-moderate intensity of
Saharan dust transport to the region of measurement. Such a conclusion is supported by the
corresponding backward trajectories shown in Fig. 7(b) for the heights of the upper two regis-
tered layers that pass only partly over the western coastal Sahara region. The complete absence of
cirrus clouds during the measurement is an indirect indication for the absence of a frontal system
entering the atmosphere above the Sofia region. Therefore, the observed layers of moderate-
density desert aerosols are more likely residual from preceding dust intrusions, with possible
contribution of a low-intensity dust load on the day of measurement. Such an inference is sup-
ported by the analysis of previous BSC-DM data showing that the Saharan dust layers recorded
on that day are part of a significant, long-lasting episode of east-northeastward transport of
warm air masses from North Africa covering significant parts of Europe, including Bulgaria.
Furthermore, both the duration and intensity of this transfer, which began around 3 February
and ended around 21 February, are remarkably high and atypical for the winter period in
Bulgaria, exceeding standards even for the usual intense spring–summer dust-transport events.
Such duration and intensity can be considered potential indications of possible deviations in the
winter cycle of air circulations in North Africa and the Mediterranean basin.

Observations of intense Saharan dust transport over Sofia were also implemented with our
lidar system on several other dates within the above-mentioned period, when weather conditions
allowed (this remains beyond the scope of the present work).

Figure 11(b) shows the BAE vertical profile obtained on the basis of the BSC profiles of
Fig. 11(a). As previously, vertical dashed lines denote the average BAE values obtained for the
described above two characteristic altitude ranges of the profiles: 0.57 for dust-containing aero-
sol layers in the range 0.24 to 2.8 km and 1.26 for the free troposphere section 3 to 9 km. The
latter BAE value practically coincides with the typical average BAE value for background
aerosols8 in the case of SA.49 Because the three aerosol layers are well separated from each
other, which may suggest a different origin and/or aerosol composition, the BAE was also deter-
mined for each of them individually. The BAE partial values thus obtained are as follows: 0.79
for the lowest, 0.63 for the middle, and 0.45 for the top layers. The BAE value for the top layer
clearly indicates the dominance of coarse aerosol modes in the over-micron size range, which is
characteristic of the Saharan dust registered above Sofia.8 This is why we assume that this layer
is composed predominantly of desert aerosols. The bottom layer BAE value is slightly lower than
traditionally measured ones (∼1) for the local ABL, within which it falls, and is significantly
higher than that of the top layer. On the other hand, the intermediate BAE value of the middle
layer located at and just above the ABL top is much closer to that of the upper dust layer and
significantly lower than that typical of the ABL. This gives us reason to consider the two lower
aerosol layers a mixture of desert and local aerosols, with the lowest layer being dominated by
local aerosols and the middle one dominated by Saharan aerosols.

The above conclusions are consistent with the meteorological profiles for the date in
question, presented in Fig. 11(c). As can be seen, the temperature measured at the surface
(∼10°C) is moderately higher than the climate normal average monthly temperature for
Sofia in February. This also agrees well with the values of the composite temperature anomaly
that can be seen in Fig. 3(d). The RH varies with low values, mainly from 20% to 50%, over the
whole height range shown, with a pronounced minimum of 8% at a height of 2.3 km, coinciding
well with the center of the top Saharan dust layer. We associate these low-humidity values,
extending up to significant heights, with the influence of considerable amounts of Saharan dust
over Sofia in the above-mentioned previous time period of unusual for the season active transfer
of warm and dry air masses from North Africa. Expectedly, the DP profile remains far from the
T one.
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7 Discussion and Summary

Based on the analysis of the lidar observations of atypical winter intrusions of warm air masses
from North Africa carrying desert dust over the region of Sofia, Bulgaria, a summarizing dis-
cussion of the results obtained is presented below.

The episodes considered of long-range transport of Saharan dust over the city of Sofia during
the months of February in four years of the last decade can be considered representative with
respect to the objectives of this study because they present dust load events with various durations,
intensity, and vertical stratification of the invading aerosol fields. In addition, the cases presented
include lidar measurements conducted in the beginning, near the height, and in the end of the events
under consideration. The significant frequency and duration of these atypical events for the winter
season indicate that they become more common and repetitive, very likely due to synoptic-scale
changes in the seasonal cycle of the North African andMediterranean air circulations. A convincing
support to such a deduction is provided in particular in one of the dust load events considered here
(episode 4) that lasted continuously for about 20 days (February 3 to 21, 2019).

The vertical two-wavelength profiling of the aerosol optical parameters shows variations in
the maximum BSC values for the dust-containing aerosol layers within quite a wide range (0.9 to
8.1 Mm−1 sr−1 at 532 nm and 0.6 to 5.1 Mm−1 sr−1 at 1064 nm), in good agreement with the
available forecast data of the BSC-DM model for the dust load intensity and dust concentration.

When the intrusions of desert aerosols spread over wide altitudinal ranges of several kilo-
meters (episodes 1 to 3), a variety of aerosol density stratification configurations is observed. It
involves the formation of broad, nearly smooth profile shapes (case 1), as well as more complex
structures comprising sublayers (cases 2 and 3), centered at and around the upper boundary of
the ABL (case 2) or high above it (case 3). These peculiarities are mainly attributed to the lidar
measurements being conducted in the initial or middle phase of the dust load event. Thus they are
accompanied by stronger temporal dynamics of the aerosol density distribution, in accordance
with the higher intensity and dynamics of the intrusion events themselves. By contrast, when the
lidar observations are carried out during the final, damping period of the event (case 4), the dust-
containing aerosol layers are well separated and outlined and characterized by a very low dynam-
ics of aerosol density variations.

The average BAE values obtained for the dust-containing aerosol layers are in the range 0.4
to 0.9, indicating domination of aerosol fractions in the near over-micron size range. These BAE
values are close to the ones typically measured over Sofia in other seasons, accounting for the
naturally coarse particles of the Saharan dust, but which have undergone processes of partial
depletion of the largest fractions during the long-range transport (about 2000 km) to the meas-
urement site. The analysis of the BAE vertical distributions, indicative of the height distribution
of the aerosol size fractions, shows observations of a normal distribution, whereby the aerosol
particle size decreases upward (case 2), reflecting the natural stratification due to sedimentation
processes during transport. The deviations from this natural distribution of aerosol size modes
observed at low altitudes, mainly in and slightly above ABL (1 to 1.5 km), result from a blurring
of the ABL boundary and the corresponding interpenetration and mixing of local and desert
aerosols, with the dominance of the fine fractions (case 1) or large ones (case 3). In the latter
case, anomalous appearance of dense layers of coarse Saharan dust fractions was observed at
significant altitudes (5 to 6 km), located above much smaller aerosol size modes. This atypical
vertical distribution is explained by the HYSPLIT model transport history of the layers, revealing
significant convective uplift of the coarse desert aerosols during the transport, which end at the
observed height above Sofia in the time period of lidar measurement.

The comparative analysis of the data and the results from the lidar studies presented with the
corresponding meteorological data shows a good agreement between them. This confirms
unequivocally the serious perturbing effect of the invading warm air masses on the local weather
in the coldest winter months in question. In particular, the air temperature in a close vicinity to
the surface shows values significantly higher (by 5°C to 15°C) than those normally measured in
Sofia in the considered period of the year. This trend is more pronounced in the first days of the
dust-load events (cases 1 and 2), while it is less apparent in the later stages following the initial
intrusion (cases 3 and 4). The water content of the atmospheric air and the water condensation
processes are also highly affected. These find expression in a significant decrease of the RH
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within the altitudinal intervals dominated by desert aerosols, as well as in a departure from favor-
able dew conditions. Thus the cloud-formation and precipitation regimes are influenced. The
significance of this influence is particularly high in the case of durable events of Saharan dust
transport, such as the one in the period February 03 to 21, 2019 (case 4). Another important
aspect of the impact of Sahara air masses on the local weather conditions is related to temperature
inversions. On the one hand, warm air masses, when invading altitudes close to but above the
ABL top, create favorable conditions for the formation of T-inversions, which act as a natural
barrier preventing aerosol convection. On the other hand, desert air masses, being frequently
present both below and above the inversions, reduce their barrier effect. This favors the processes
of mixing and interaction of Saharan aerosols with the local ones, forming specific aerosol layer-
ing, composition, and particle size distributions. The mutual penetration and mixing is stronger
in the events of the desert aerosols advection at altitudes around the ABL (case 3) and less pro-
nounced at higher altitudes of loading (case 4).
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