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Abstract

:

The wintertime outbreaks of Saharan dust, increasing in intensity and frequency over the last decade, have become an important component of the global dust cycle and a challenging issue in elucidating its feedback to the ongoing climate change. For their adequate monitoring and characterization, systematic multi-instrument observations and multi-aspect analyses of the distribution and properties of desert aerosols are required, covering the full duration of dust events. In this paper, we present observations of Saharan dust in the atmosphere above Sofia, Bulgaria, during a strong dust episode over the whole of Europe in February 2021, conditioned by a persistent blocking weather pattern over the Mediterranean basin, providing clear skies and constant measurement conditions. This study was accomplished using different remote sensing (lidar, satellite, and radiometric), in situ (particle analyzing), and modeling/forecasting methods and resources, using real measurements and data (re)analysis. A wide range of columnar and range/time-resolved optical, microphysical, physical, topological, and dynamical characteristics of the detected aerosols dominated by desert dust are obtained and profiled with increased accuracy and reliability by combining the applied approaches and instruments in terms of complementarity, calibration, and normalization. Vertical profiles of the aerosol/dust total and mode volume concentrations are presented and analyzed using the LIRIC-2 inversion code joining lidar and sun-photometer data. The results show that interactive combining and use of various relevant approaches, instruments, and data have a significant synergistic effect and potential for verifying and improving theoretical models aimed at complete aerosol/dust characterization.
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1. Introduction


The Sahara is the largest non-polar desert on Earth, with an area of more than 9 × 106 km2, emitting hundreds of millions of tons of mineral dust into the atmosphere annually [1,2,3,4,5]. This makes it a very important component of the global dust cycle, particularly in the northern hemisphere [6,7,8,9,10]. Thanks to regional and global-scale air circulation systems, huge amounts of Saharan airborne particulate matter undergo long-range transport over thousands of kilometers downwind, reaching the Caribbean to the west and covering the Mediterranean basin and all of Europe to the east–northeast [1,11,12,13,14,15,16,17]. Filling such vast atmospheric areas with dust aerosols carried by warm and normally dry air masses has a substantial effect on the thermal regime and radiative balance of the atmosphere. This makes desert dust one of the key climatological factors, with a relative weight comparable to that of greenhouse gases [18,19,20,21,22,23,24]. Dust-treating models are better parameterized and more accurate and reliable when related to dust events in regions near the dust sources, but less so for remote regions [25]. To compensate for model parameterization deficiency, a multitude of systematic remote sensing and in situ measurements for monitoring atmospheric desert dust properties with appropriate approaches and tools are needed, especially in regions far from the dust sources.



Regional and global air circulation systems drive the spread of desert aerosols with strong seasonal dependence, with specific patterns and manifestations varying throughout the year [5,26,27]. In terms of intensity and frequency, emissions and long-range transport of Saharan dust over Europe, including the Balkans, exhibit a pronounced maximum in spring and summer and a minimum in winter, the latter being considered for a long time atypical [12,28,29,30,31]. For this reason, observations of Saharan dust at mid-latitudes are most frequent during the spring-summer period, while during the winter, they are quite rare [13,32,33,34,35,36]. However, in the last decade, a marked trend has been observed toward an increase in the frequency and strength of winter dust episodes at mid-latitudes [37,38,39,40,41,42]. In this regard, there is a growing need for more in-depth observations and relevant characterization of the wintertime events of Saharan dust outbreaks spreading to the north–northeast over the Mediterranean, Europe, and the Balkans, in particular.



An obstacle hindering the achievement of the above objectives is that in most remote measurements of airborne desert dust, these measurements are often fragmentary, not covering the full cycle of events due to adverse weather conditions. Periods of prolonged stable meteorological conditions in the absence of significant amounts of other aerosol types during the dust events are most favorable for better monitoring, characterization and parameterization of airborne desert dust. In particular, such conditions could be provided by blocking weather patterns. These are synoptic-scale situations in which the normal zonal flow has been temporarily suppressed in a sector by the strong, persistent meridional flow. This blocks the normal west-to-east progress of extratropical migratory cyclone systems [43]. Such blocking patterns are stationary ridges, omega blocks, dipole (Rex) blocks, Rosby wave breaking, etc. [44,45,46,47].



Due to the natural spreading of dust aerosols over large atmospheric domains and the high spatial and temporal dynamics of their distribution, remote sensing using ground-based, airborne, and spaceborne active and passive sensors has been recognized as the primary approach for their monitoring and research [14,48,49,50,51]. Lidars of different types are established and traditional tools for active remote aerosol observations. They offer great capabilities for recording, measuring, and height profiling a range of optical, microphysical, topological, and dynamical characteristics of atmospheric aerosols, including desert dust, in near real-time over large areas with high spatial and temporal accuracy and resolution [52,53,54,55,56,57,58,59,60,61,62].



Given its significant impact on climate, ecosystems, and human health [63,64,65], desert dust is recognized as a crucial climatological factor. It is one of the main types of aerosols being extensively monitored and studied within the lidar networks around the world, in particular the European Aerosol Research Lidar Network (EARLINET) [66] and the pan-European Aerosol, Clouds, and Trace Gases Research Infrastructure (ACTRIS) [67]. Despite the serious merits noted above, lidars have some limitations. They are mainly related to the impossibility of using pure lidar data to directly determine essential aerosol characteristics, such as aerosol mass concentration, particle size distribution, and other climatically important parameters determining their positive or negative radiative effect.



Sun photometers are multi-channel passive sensors that detect direct solar radiation at discrete spectral lines from the UV to the near IR regions [68]. Most of them are incorporated in ground-based networks for coordinated automatic measurements, the largest of which is AERONET (AErosol RObotic NETwork) established by NASA and PHOTONS (PHOtométrie pour le Traitement Opérationnel de Normalisation Satellitaire) [69]. Sun photometers provide several significant columnar atmospheric optical and microphysical parameters, but their disadvantage is the lack of range/height resolution. Since the two lidar and radiometric methods mutually compensate for their shortcomings, the combined use of both provides additional information on atmospheric aerosol properties. This is implemented in the theoretical algorithms and inversion codes developed, such as LIRIC [70], GARRLiC [71], POLIFON [72], and GRASP [73]. These allow a much more complete characterization of atmospheric aerosols, providing determination and range/height-resolved profiling of their important physical characteristics, such as volume and/or mass concentration, and distinguishing between aerosol size/shape modes.



Another approach for passive remote detection and monitoring of atmospheric aerosols is satellite aerosol imagery [74,75]. A highly sensitive and powerful tool for imaging and monitoring the course and dynamics of atmospheric processes over land and oceans and in the lower atmosphere (including the transport of aerosols and desert dust) is the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard NASA’s Terra and Aqua satellites [76].



Along with the active (lidar) and passive (radiometric and satellite) remote sensing approaches, local (in situ) measurements play an important role in aerosol monitoring for tracking and environmental control of near-ground aerosol contaminants [77,78]. They allow automated and permanent data acquisition for the aerosol mass concentrations (PM10 and PM2.5) and ecologically significant molecular atmospheric constituents.



Web-accessible online resources for air transport modeling [79,80] and dust forecasting [81,82,83,84,85,86] play a significant role in identifying the type and origin of registered atmospheric aerosols. Consequently, these resources contribute to a more complete and adequate characterization of aerosols in the atmosphere. In order to better reveal the impacts and interrelationships of the dust episodes with components of the global and regional climate systems, the online availability of resources for reanalysis of climatological datasets using data assimilation is of great benefit and importance [87,88,89,90].



During mid- and high-latitude dust load events, especially in winter, the transport of warm, dry air masses to typically seasonally colder areas can seriously perturb the local weather and the vertical aerosol stratification [42]. To clarify the effects of dust loads on the latter, vertical profiles of basic meteorological parameters (temperature, pressure, relative humidity, etc.) obtained using local radiosondes or from modeling/forecasting sources are important for direct comparisons and analyses and calibrating lidar profiles of aerosol parameters [80,91].



In this work, we present a comprehensive multi-instrumental study and characterization of a six-day Saharan dust load event in the atmosphere above Sofia, Bulgaria. This event was part of a larger dust episode observed over Europe in February 2021 [92] conditioned by a sustained synoptic-scale blocking weather pattern taking place over North Africa, the Mediterranean, and Europe. This is conducted by combining data from remote (lidar, radiometric, satellite) and in situ (PM10) measurements with data from modeling/forecasting and reanalysis resources. To the best of our knowledge, this work is the only such study of the dust episode in question in the Balkan region.



The main objective of the work is to follow, examine, and characterize the strong wintertime dust event observed above Sofia, Bulgaria, as a part of a larger synoptic-scale dust episode, throughout its entire period of presence, using active and passive remote, in-situ, and modelling instruments and approaches.



The specific objectives of this study are listed below:



(i) Using data reanalysis to characterize the dust episode in question, taking into account the global and regional meteorological and air-circulation processes and mechanisms (in particular blocking patterns) conditioning its formation and manifestations; (ii) identifying the areas of origin of the detected Saharan dust layers and defining the general and specific features and effects of the dust plume’s long-range transport to the region of measurements; (iii) obtaining a broad set of data that describes, profiles, and characterizes the physical, optical, microphysical, geometrical, and dynamical parameters of the dust aerosols and layers observed through remote, in situ, and modeling instruments and approaches. Aerosol/dust concentration profiling using the LIRIC-2 inversion code; (iv) examining the impacts of the dust-carrying warm and dry desert air masses on basic parameters of the winter weather in the Sofia region, as well as on the structure (layering) and aerosol content of the local troposphere during the dust event; (v) concluding the effects of the studied dust episode/event on the regional and local climate and air quality based on a systematic analysis of the experimental and modeling results obtained.



The paper content is organized as follows:



In Section 2, the methods and instruments used are described and briefly characterized. The main results obtained are reported and discussed in Section 3. The basic conclusions of the work are summarized in Section 4.




2. Instrumentation and Methods


2.1. Measurement Site Description


Bulgaria is a country in Southeast Europe located on the eastern flank of the Balkan Peninsula (Figure 1a). Sofia is the capital and largest city of Bulgaria. It is situated in the western part of the country, in Sofia Valley, surrounded by nearly high mountains on all sides, with the Vitosha Mountain to the south and the Balkan Mountains to the north (Figure 1b). The valley has an average altitude of about 550 m above sea level (ASL).



Sofia has a humid continental climate, with an average annual temperature of 10 °C, a mean annual precipitation of 576 mm, and a mean annual relative humidity of 68% [93]. Winters in Sofia are cold and snowy. On the coldest days, temperatures can drop below −15 °C, most notably in January and February. Summers are quite warm and sunny, whereas springs and autumns are usually short with variable and dynamic weather.



The remote aerosol measurements described in this work were performed mainly at the Sofia lidar station of EARLINET and the sun-photometer station of AERONET. Both stations deployed in the Laser Radars Laboratory of the Institute of Electronics, Bulgarian Academy of Sciences (IE-BAS)—42°39′14″N, 23°23′14″E—represent the Sofia ACTRIS station together (see Figure 1b).




2.2. Remote Sensing Observational Instruments and Methods


2.2.1. Lidar System and Methodology


The lidar measurements during the dust load event were carried out using a lidar system developed at IE-BAS with three operational channels (two elastic-scatter channels at 1064 nm and 532 nm and a Raman channel at 607 nm).



The lidar transmitter is a flashlamp-pumped frequency-doubled/tripled pulsed Nd:YAG laser LOTIS TII model LS-2147N(MH). The laser emits at 1064/532/355 nm with maximum output energies of 850/500/270 mJ, separately in a single-wavelength regime (pulse duration: 16–18 ns (FWHM), pulse repetition rate: up to 10 Hz; beam divergence: Θ0.86 ≤ 0.8 mrad). For multiwavelength lidar measurements, the laser is operated in a frequency conversion configuration in which all three wavelengths are emitted simultaneously in a single output beam. In such a configuration, it produces a maximum output energy of about 200 mJ at each wavelength, depending on the variable pumping energy.



The radiation backscattered by the atmospheric aerosols and molecules (lidar signal) is received by a Cassegrain telescope with a clear aperture of 35 cm and a focal distance of 200 cm, with an adjustable iris field-stop diaphragm (up to 1 mm).



After the telescope, the lidar signals pass through a multi-channel optomechanical wavelength separator. They are further received and digitized by compact, noise-resistant photo-electronic modules connected to the PC-controlled lidar acquisition system. The modules comprise 10 Hz, 14-bit analog-to-digital converters providing a time/range resolution of 100 ns/15 m. The photosensitive elements in the lidar channels for the UV and visible spectral ranges are photomultiplier tubes; in the IR region (at 1064 nm), such an element is an avalanche photodiode with cascade amplification. As during the dust episode described the lidar spectral block was in partial reconstruction and upgrading, the lidar measurements were performed using only two aerosol lidar channels at 1064 nm and 532 nm.



The lidar system is arranged in a monostatic biaxial disposition with a laser beam pointing at a slope angle of 30° with respect to the horizon determined by its location in the laboratory. Thus, the system registers lidar signals with a reachable range/height limit of 30/15 km.



For retrieving profiles of the aerosol/dust backscatter coefficient (BSC), the widely recognized and adopted Klett–Fernald’s inversion algorithm [94,95] was applied. Specifically, the version of the algorithm used in this study assumes a constant lidar ratio (the ratio of aerosol extinction to backscattering coefficients) applied for the entire lidar pathway.



The aerosol BSC profiles were calibrated utilizing pure-molecular reference ones obtained by standard procedures from atmospheric pressure and temperature height profiles, using data from meteorological radiosondes and/or modeling data [80,91]. The calibration altitude intervals of nearly pure molecular atmospheric content were determined applying the standard Rayleigh fitting procedure [96,97].



The spatial distribution and temporal dynamics of the aerosol fields detected are displayed as colormap diagrams in height–time coordinates using series of consecutively recorded profiles of time-resolved range-corrected lidar signals (RCS).



In order to estimate qualitatively the dominant particle size fractions in the aerosol layers registered, backscatter-related Ångström exponent (BAE) profiling was conducted based on the time-averaged BSC profiles at the two laser wavelengths (532 nm and 1064 nm) [98,99,100], using the following expression:


BAE(z) = ln[BSC(z,λ2)/BSC(z,λ1]/ln(λ1/λ2),



(1)




where λ1 = 1064 nm, λ2 = 532 nm, and z is the lidar distance.




2.2.2. Sun Photometer


A Cimel CE318-TS9 sun/sky/lunar photometer, the standard instrument of AERONET [68,69,101], was installed at the IE-BAS in May 2020, and the AERONET site Sofia_IEBAS was established [102]. It has nine channels with central wavelengths at 340, 380, 440, 500, 675, 870, 937, 1020, and 1640 nm and a field of view of about 1.3°. The instrument automatically performs direct sun irradiance measurements every 3 or 5 min at the above-mentioned wavelengths and direct moon irradiance measurements at wavelengths ≥ 440 nm. Sky radiances in almucantar and hybrid scenarios are generally measured once per hour at the following wavelengths: 380, 440, 500, 675, 870, 1020, and 1640 nm. The instrument is being annually calibrated at AERONET-EUROPE, operating within the ACTRIS Center for Aerosol Remote Sensing at Laboratoire d’Optique Atmosphérique, Université de Lille, France (CARS-ASP-CNRS), following the AERONET protocol.



The raw data are regularly transferred to the AERONET and processed to obtain the columnar aerosol optical and microphysical characteristics. These characteristics are derived by direct measurements, the AERONET spectral deconvolution algorithm (SDA) [103,104], and the inversion algorithm [105,106,107] and include spectrally dependent aerosol optical depth (AOD), Ångström exponent (AE), fine and coarse mode AOD, particle depolarization ratio (DR), lidar ratio (LR), particle volume size distribution (PSD), single scattering albedo (SSA), complex refractive index, phase functions, (in)direct radiative forcing (RF), etc. The estimated uncertainty in the AOD is less than 0.01 for wavelengths longer than 440 nm and less than 0.02 for those shorter than 440 nm, while the relative uncertainty in measuring sky radiance is assumed to be about 5% [69,106,108,109]. Inversion parameters’ uncertainties are discussed in [106,109]. The set of retrieved parameters used in this work is provided in Section 3.5.




2.2.3. MODIS-Terra Imaging of the Aerosol/Dust Plume Spread


The MODIS instrument operates in a total of 36 spectral bands, covering the wavelength range 0.4–14.4 µm, with varying spatial resolutions in those bands, as follows: 250 m (Bands 1–2), 500 m (Bands 3–7), and 1000 m (Bands 8–36) [76]. The first seven bands in the wavelength range from 0.46 to 2.16 µm are used for retrieving the aerosol properties. Two MODIS sensors operating on the NASA Earth Observing System (EOS) Terra (EOS AM-1) and Aqua (EOS PM-1) satellites are widely used for earth and climate measurements [76,110]. The EOS satellites’ orbit is 705 km in descending (Terra) or ascending (Aqua) mode. The swath dimensions are 2330 km across the track by 10 km along the track at the nadir. The global coverage ranges from one to two days.



In this work, we use the MODIS Corrected Reflectance imagery visualized on the NASA Worldview website (https://worldview.earthdata.nasa.gov/, accessed on 29 April 2021), part of the NASA Earth Observing System Data and Information System (EOSDIS). The imaginary resolution is 250 m, while the temporal one is daily.



Combining satellite imagery, such as the one provided by MODIS, with data from other air-transport tracking web resources, such as HYSPLIT backward trajectories [79,80], makes it possible to determine whether the detected aerosol pollutions of the atmosphere are caused by local sources or by ones external to the region.





2.3. In Situ PM10 Measurements


The ambient air quality in Bulgaria is monitored by the National System for Environmental Monitoring (NSEM), which is supervised by the Ministry of Environment and Water (MoEW) via the Executive Environmental Agency (ExEA). ExEA also administers the National Automated System for Environmental Monitoring (NASEM) for the whole country, providing the technical, methodological, and software resources necessary for its operation and development. All measurements and observations are carried out by the structures of the ExEA using common, unified methods for sampling and analysis in accordance with the procedures ensuring the quality of measurements and data. All ExEA laboratories are accredited under the BS EN ISO/IEC 17025-General requirements for competence in testing and calibration from Executive Agency “Bulgarian Accreditation Service” (EA BAS).



In this paper, we use time series data of hourly mean values for the PM10 mass concentration obtained by the air quality automated measuring stations (AMSs) in Sofia, part of the NASEM [111]. All the AMSs operate continuously (24 h), and the data on the air quality from them are received in real-time in the National Air Quality Database at the ExEA. There are six stationary air quality AMSs on the territory of Sofia. Five stations are located in the city (at 550–600 m ASL). The sixth station, Kopitoto AMS, is located about 800 m above the other stations (1321 m ASL, 42°38′13.2″N, 23°14′38.4″E) in Vitosha Mountain (see Figure 1b). Thus, this is classified as an elevated rural reference station for aerosol background measurements. The height of the winter atmospheric boundary layer (ABL) top above Sofia is estimated to vary in the range of 950–1200 m ASL [112,113], so the anthropogenic aerosol contribution to the PM10 data provided by this station in winter can be neglected. The distance between Kopitoto AMS and Sofia IE-BAS station is about 11.8 km.




2.4. Modeling/Forecasting and Reanalysis Data Provision


Specialized online resources for quantifying and mapping the spread of desert dust are available via the Barcelona Dust Regional Center [114], allowing interactive access to different dust forecasts and dust-related observational platforms and products. Similar possibilities are provided by the SKIRON Dust modeling system of the Atmospheric Modeling and Weather Forecasting Group (AM and WFG) of the Department of Physics of the National and Kapodistrian University of Athens (NKUA) [81,82]. Important information on the transport history of the detected aerosols/dust is accessible via the Real-time Environmental Applications and Display System (READY) of the National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory (ARL). This information is made available through the online-operated interactive Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) transport and dispersion model [79,80]. The latter provides backward trajectories ending above the measurement site at a given height and time, thus tracking the pathway of the air masses prior to their appearance over the study area.



To make assumptions about both the type and origin of the aerosols in the layers detected by the lidar, we use data and images provided by the Barcelona Supercomputing Center Dust Model BSC-DREAM8b [83,84], the SKIRON, and the HYSPLIT.



Data from the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) Reanalysis [88,89] provided by the NOAA Physical Sciences Laboratory [90] are also used for synoptic (re)analyses.




2.5. LIRIC Inversion Code Analysis and Data


An essential component of the results presented here on characterizing the atmospheric aerosols dominated by Saharan dust is the height profiling of their volume concentrations by applying the Lidar-Radiometer Inversion Code (LIRIC) [70].



LIRIC is designed to implement a combined lidar and radiometric aerosol sounding (LRS) technique at joint EARLINET and AERONET stations. It is a statistically optimized inversion algorithm that retrieves the parameters of an aerosol model optimized for minimizing the residuals of measured and calculated result datasets from LRS experiments. LIRIC employs the AERONET aerosol model [105,107], assuming that the aerosol modes’ volume concentrations change over altitude.



Note that LIRIC is an inversion approach providing simultaneous height profiling of the volume concentration for fine and coarse aerosol fractions, with possibilities (upon the availability of depolarization measurement data) of distinguishing between the spherical and non-spherical modes of the latter [70]. The LIRIC input lidar dataset consists of backscatter signals at the wavelengths 532 nm and 1064 nm (mandatory), and 355 nm (optimally) with both cross- and parallel polarization components of the lidar signal at 532 nm wavelength (optimally). The column parameters of the aerosol layer from radiometric measurements are loaded into the LIRIC using AERONET Level 1.5 or 2.0 data.



The LIRIC-2 code [115] is an evolution of LIRIC. Also, it includes new program modules for processing data of LRS measurements when Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) of NASA’s Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite measures aerosols in the vicinity of AERONET or Sun-sky radiometer Observation NETwork (SONET) [116,117] radiometric site. New program shell and modules were developed to ensure the implementation of new options for the formation and preliminary processing of input data files and to estimate the uncertainty of the retrieved aerosol parameters for the specified input data uncertainty.





3. Results and Discussion


3.1. Synoptic Situation during the Dust Episode


3.1.1. Blocking Circulation Patterns


In order to analyze the synoptic situation over Europe and the Mediterranean conditioning the dust outbreak episode under consideration (20–28 February 2021), data are mainly used from the NCEP/NCAR reanalysis dataset.



Figure 2 shows diagrams outlining the meteorological circulation picture in the upper troposphere and the tropopause of the Northern Hemisphere. These diagrams refer to a period of time shortly after the onset of the dust episode and immediately before the start of the aerosols/dust measurements described here. The polar jet-stream map from the Global Forecast System (GFS) model analysis of the California Regional Weather Server of San Francisco State University [118] and the NCEP/NCAR maps of the vector winds and geopotential height show pronounced undulation/meandering and meridional circulation in the longitude/latitude range 15 W–45 E/20 N–70 N (the upper right of the maps). This region includes the northernmost parts of Africa, the Northeast Atlantic, the Mediterranean, and the whole of Europe, forming a single Rossby wave. On the one hand, it is manifested by the strong and sharp penetration of cold air masses from north to south–southeast and the formation of a low-pressure area with cyclonic (anti-clockwise) vorticity over the Northeast Atlantic, Northwest Africa, and Southwest Europe. On the other hand, a wider oval (omega-like) zone showing the entry of warm air masses from North Africa and the Mediterranean to the north over the whole of Europe occurs in the neighborhood. It is related to the former, with anti-cyclonic (clockwise) vorticity partially entering the polar vortex zone. The possible projection of such a Rossby wave structure down to lower-lying tropospheric domains could be a typical and clear prerequisite for forming a synoptic blocking pattern.



Figure 3 shows NCEP/NCAR maps of the geopotential height composite for the longitude/latitude interval 20 W–50 E/20 N–75 N and the period of measurements. The 700 mb level chosen corresponds to heights in the lower half of the troposphere at mid-latitudes, where the dust transport considered here is mainly concentrated. Partially labeled isopleth contours of constant geopotential heights and the corresponding color bars are shown. The wind patterns depicted by wind vectors indicating the direction and amplitude of the air flows are also outlined on the maps. The wind vector lengths correspond to wind velocities of 5–30 m/s.



As can be seen from the maps in Figure 3, during the considered period, a synoptic-scale blocking weather pattern is formed over North Africa, the Mediterranean, and Europe. This pattern is characterized by strong meridional components of the air circulation. The observed blocking circulation pattern features are important for air mass tracking and how the desert aerosols are transported during the dust episode. The blocking structure undergoes a significant evolution during the period in question. Starting from an initial stationary ridge (22 February), it transforms into a fully formed, slightly fluctuating omega block (23–25 February) and converts to a high-over-low (26–27 February). It further develops into a Rex block in the following days (not shown).



Thus, within the period under review, the blocking system manifests itself in all the variants stated above. Nevertheless, most of the time, it retains some of its main features, such as the location of the high-pressure ridge core with a high geopotential height above the Mediterranean basin and the noticeably low airflow velocities in its interior combined with the high velocities of its meridional flows. Bulgaria, particularly Sofia, remains in the peripheral part of the anticyclonic ridge core of the blocking weather pattern throughout the period considered; the geopotential height is in a relatively constant range of 3100–3150 m, suggesting stable, likely cloudless, atmospheric conditions. Due to the above-mentioned features of the wind pattern within the blocking structure, a specific feature of the regional air circulation appears. This is expressed by the fact that the air flows carrying air masses from North Africa, in this case, enter the region of Bulgaria mainly from the north–northwest, in contrast to the typical entry for the region of those from the south–southwest. As a result, this creates specific, uncommon conditions for studying the dust load event considered.




3.1.2. Air Temperature Composite Anomalies in the Dust-Affected Areas


An essential aspect of analyzing and characterizing winter dust episodes, such as the one considered here, is related to the heat transfer from desert sources to mid- and high-latitudes, typically characterized by low seasonal temperatures. In this regard, it is important to clarify how the warm desert air masses affect the regional and local weather and meteorological parameters, particularly the air temperature, in the dust-laden zones.



Figure 4 displays color maps of the air temperature composite anomalies (TA) with respect to the climatological means based on the NCEP/NCAR reanalysis of climatological data provided by the NOAA Physical Sciences Laboratory [90].



As seen in Figure 4, the area of positive TA covers the Mediterranean and the whole of Europe and is surrounded mainly by areas of negative TA to the south and east. The core of the former moves over Central and Southeastern Europe. During this movement, the core shape and the spatial distribution of the TA in it also change. In general, areas at higher latitudes, with traditionally low seasonal temperatures, are subjected to positive TA, while the ones south of them, with typically higher seasonal temperatures (e.g., North Africa), undergo negative or zero TA. Combined with the fact that the positive/negative TA reach +(10–15) °C/−(10–12) °C, this reveals the presence of a serious heat transfer in the lower troposphere from North Africa (i.e., from the Sahara Desert) to the Mediterranean and Europe.



Bulgaria, particularly Sofia, is progressively covered by the zone of positive TA with increasing temperature values; on 23 February, it is close to its core with a positive anomaly of +11 °C, which is the highest for the entire period. This situation persists with some fluctuations until the end of the period, reaching a moderate TA of +5–6 °C. Thus, during the whole period of the lidar and radiometric measurements considered here, Sofia and the measuring site are in a zone of significant positive TA. This creates preconditions for a serious influence of the TA on components of the local seasonal weather, particularly for a possible increase in the near-surface air temperature with the corresponding climatic, environmental, and medical consequences.





3.2. Dust Episode Description


February 2021 appears to be a month of exceptional winter period activity and transport of warm air masses carrying Saharan dust northward to the temperate latitudes. Two significant dust episodes in their strength and scale in the first and last ten days of that month led to the transfer of tremendous amounts of dust over the Mediterranean and the whole of Europe. This seriously impacted the air quality and seasonal climate conditions in the affected regions. These dust events were the subject of research interest and study, as reflected in the specialized scientific literature [59,119,120,121]. Here, we present the results of experimental and model studies on the second of the two dust episodes noted.



3.2.1. Dust Spread Mapping and Imaging


Figure 5 presents forecast color maps of the total dust load of Saharan dust in the atmosphere over North Africa, the Mediterranean, and Europe for 22–27 February 2021, obtained by the SKIRON model provided by NKUA [81,82]. The transport of mineral dust from the Sahara to the Balkans, and in particular to Bulgaria, is usually observed in a northeastward direction over the Mediterranean Sea and the southern parts of Europe [122,123], whereupon, naturally, dust intrusions over the region of Sofia are generally observed as coming from the southwest. Chronological tracking of the dust transport shown in Figure 5 reveals a different path and a specific pattern of the desert aerosols’ distribution for the episode discussed here. As seen in Figure 5, a dense and narrow dust plume is formed at the beginning of the period, heading north and reaching Scandinavia. During this period, the region of Sofia remains on the lateral periphery of the dust plume, with relatively low levels of expected dust load.



In the middle of the period, a noticeable bending of the dust plume to the east–southeast can be observed at high latitudes (above 40 N). It is accompanied by a higher dust load (≥1000 mg/m2) over Eastern Europe and the Black Sea basin, reaching the western parts of Central Asia and merging with the dust-rich regions of the Middle East. During this middle period of the dust episode, especially on 24 February the Sofia region is covered by the densest parts of the dust plume. The forecast values of dust load are in the 600–1000 mg/m2 range.



The dust transport tracking presented above reveals a specific picture of the dust intrusion considered, according to which the dust-containing desert air masses occur and enter the atmosphere over Bulgaria and Sofia mainly from the north and partly from the northwest. This is unusual for Saharan dust intrusions over Bulgaria as a whole and even more so regarding the coldest parts of the winter, when markedly cold and snow-bearing atmospheric frontal systems reach the region from the north. We associate this atypical movement and intrusion of desert aerosols with the formation and dominance of the synoptic blocking pattern (in particular, the omega block), conditioning the atmospheric circulations in the Mediterranean region and Europe during the dust episode in question. In the next few days (25–26 February), high dust density persists over the already dust-covered regions, including Bulgaria. At the end of the period, a dust field movement begins from the northern parts of Europe to the south, while Bulgaria remains in its upper periphery with decreasing dust density.



A well-defined correlation is ascertained between the above-described picture of dust distribution and those of geopotential height (Figure 3) and temperature anomalies (Figure 4). It shows unequivocally that the dust episode is conditioned and driven by the blocking patterns formed and present over the Mediterranean and Europe in the period under consideration.



Figure 6 shows true-color images obtained by a MODIS-Terra satellite tracking the spread of the dust plume and cloud coverage from North Africa over the Mediterranean and Europe from 21 to 26 February 2021.



The satellite images are in good agreement with their counterparts in Figure 3 and Figure 5. They reveal additional characteristic features of the transport of dust-containing air masses driven by the blocking synoptic pattern. As in previous cases [36], dust plume transport occurs parallel with that of large cloud-bearing air masses. However, in the present case, a central cloud-free zone of the blocking synoptic system is observed, characterized by high atmospheric pressure, slow air circulation, and a cloud-laden periphery with low pressure and high air flow rates. Due to this feature, the contours and structure of the blocking pattern are clearly distinguished and well-outlined on the satellite images, in particular the omega-like contours on the upper three (a–c) ones. As can be seen, Bulgaria and Sofia remain permanently in the cloud-free zone, although close to its periphery, which favored our conducting daily lidar observations of the Saharan dust loads. The images for 24–26 February (panels d–f) clearly show that Sofia is in the dust-saturated zone (areas in hazy gray), while on 23 February (panel c), the dust region is partially masked by clouds in neighboring regions.




3.2.2. Dust Height Distribution and Dynamics


Lidar measurements of atmospheric aerosols and Saharan dust over Sofia were carried out using the lidar aerosol channels operating at 1064 nm and 532 nm within the nighttime interval 16:00–20:00 UTC, 22–27 February 2021.



Figure 7 presents colormaps of the height distribution and dynamics of the detected aerosols obtained as one-minute averaged time series of range-corrected lidar signals. Results are shown for the lidar channel at 1064 nm because of the higher contrast of the aerosol stratification at this wavelength, which is less sensitive to the molecular atmospheric component. All the values of elevation (height or altitude) cited below are as measured ASL.



As a general characteristic of the aerosol distribution observed, the aerosol layers are located entirely in the lower half of the local troposphere (at altitudes up to 5 km), while its upper half is nearly free of aerosols. As the nighttime ABL height above Sofia in winter varies near and slightly above 1 km [112,124], significant amounts of external aerosols are present in the low troposphere over Sofia throughout the period under review. In addition, the normally distinct upper boundary of the local ABL is heavily blurred by the presence of external aerosols.



According to the colormaps in Figure 4, the temporal dynamics of the aerosol density during the measurements on different days varies from weak to significant. At the beginning of the measurement period, loading the lower tropospheric parts with aerosols is still in progress. This is expressed clearly in Figure 7a, where emerging or still weak aerosol layers are visible in the 1.2–2.2 km height range, closely above the ABL. Taking into account the fact that this is the first day of the Saharan dust intrusion over the Sofia area, it can reasonably be assumed that the layers mentioned may contain incoming Saharan dust.



During the following days, aerosols remain predominantly in compact layer configurations of relatively high density at heights below 2.2 km. As an exception, on 24 and 27 February, upper layers with lower density and uneven aerosol distribution are also observed, extending up to and slightly above 4 km.



A characteristic feature of the atmospheric content above Sofia in the period studied is the absence of aerosols, including cirrus clouds, in the high troposphere, above the aerosol layers visible in Figure 7. Together with the aforementioned predominant compactness of those layers, this fact indirectly indicates that the Sofia region was located, albeit on its periphery, in the high atmospheric pressure zone characterizing the interior of the blocking synoptic pattern conditioning the dust episode/event under consideration. This is also consistent with the blurring observed of the local ABL top, influenced by the incoming external-to-the-region, most likely desert, aerosols.




3.2.3. Dust Transport Tracking


Figure 8 presents forecast vertical profiles of up to 12 km of dust concentration in the atmosphere over Sofia for the times closest to those of lidar measurements in the period 22–27 February 2021, as provided by the BSC-DREAM8b model [83,84]. Insets on the diagrams depict groups of three backward trajectories ending above Sofia within the time intervals of measurements on the different days. These trajectories are obtained using the NOAA HYSPLIT model [79,80] and correspond to the characteristic heights of the aerosol layers detected.



The predicted dust-concentration height distribution displayed in Figure 8 is in good day-by-day agreement with that of the aerosol layers detected during the lidar measurements, presented on the colormaps in Figure 7. Combined with the ascertained absence of aerosols upwards, this is a qualitative indication of the possible dominance of mineral dust over other aerosol types in the registered tropospheric layers.



As seen in the insets of Figure 8, all the groups of backward trajectories depicted pass for significant periods of time over large areas of North Africa, primarily over the Western and Northwestern Sahara. They cover territories in Morocco, Western Sahara, Mauritania, Mali, Algeria, Libya, and Tunisia, falling mainly in the cyclonic “trough” of the blocking pattern. Furthermore, the trajectories occur at different altitudes within the Saharan ABL (≤5–6 km). These regions of the Sahara Desert are identified as the dust sources for the considered dust episode also in Refs. [59,121]. The backward trajectories relating to the first two days of lidar measurements, 22 and 23 February (Figure 8a,b), pass mainly over the Northwestern Sahara at altitudes from the middle and upper parts of the desert ABL. For the remaining days of the period in question, 24–27 February (Figure 8c–f), along through the Saharan ABL, the trajectories pass for significant periods of time also in close proximity to the desert surface. Such passages create appropriate conditions for capturing and transporting large dust-size fractions. These features indicate the Saharan origin of the aerosols detected during the lidar observations.



In the lower half of the insets of Figure 8, plots are available of the time evolution of the altitudinal levels of aerosol/dust long-range transport from the dust sources in North Africa to the measurement area in Sofia during the period of interest. According to them, air transport takes place mainly at heights up to 3 km, with a few exceptions up to 4 km, exhibiting a marked trend towards decreasing height with the distance from the source. Considering that the dust sources are mainly located in the left cyclonic zone of low atmospheric pressure (“trough”) of the omega block (Figure 3), and the transport of the dust-carrying air masses is realized mainly through the interior high-pressure zone of the blocking pattern, the air-transport altitudinal characteristics noted above are reasonable.





3.3. Lidar Aerosol/Dust Retrievals and Radiosonde Data


During the dust event, the lidar measurements provided range-resolved data for vertical profiling of essential optical and microphysical characteristics of the detected atmospheric aerosols dominated by Saharan dust. For each of the days of the analyzed dust period, Figure 9 displays triple horizontally stacked graphs containing: retrieved time-averaged height profiles of the aerosol backscattering coefficients at 1064 nm and 532 nm (left-hand graphs); calculated time-averaged profiles of backscatter-related Ångström exponents (middle graphs); and daily profiles of meteorological parameters (temperature, dew point, relative humidity) based on radiosonde measurements and modeling data (right-hand graphs).



The lidar and meteorological profiles are compared to track the impacts of the intrusion of warm, dry air masses from North Africa carrying desert dust on the wintertime atmospheric meteorological characteristics and weather over the Sofia city area. We note that February is one of the coldest months of the year in Bulgaria, with a monthly average normal temperature of 0.6 °C [93].



Temperature (T) and relative humidity (RH) profiles are obtained from daytime radiosonde measurements standardly conducted at 12:00 UTC (solid lines) preceding the lidar measurements by nearly four hours. The radiosonde measurement site is about 300 m from the lidar/sun-photometer station. Modeling profiles of these parameters are also shown, obtained by the READY-Current and Forecast Meteorology model of NOAA ARL [125], for 18:00 UTC falling within the intervals of lidar observations (dashed lines).



The retrieved BSC height profiles are averaged over the full time of lidar measurements for the respective days, which is normally 2 or 3 h, as seen in Figure 7. The error bars shown in Figure 9 represent standard deviations calculated by the built-in lidar software based on the error-propagation theory. In the profile parts with a more significant aerosol load, they vary in the range of 20–30%.



As already commented in Section 3.2.2, the first day of lidar measurements is the first day of intrusion of desert aerosols in the Sofia area. For this reason, the values of the aerosol/dust optical parameters for the day are transient and relatively low. This is also visible on the BSC profile in Figure 9a, except for the narrow, dense layer below 1 km with high BSC values, which is a remnant of a near-ground fog layer observed earlier that day. This is confirmed by the meteorological profiles for the day, which show that the DP and T profiles are in contact near the surface, indicating water condensation conditions.



During the rest of the period considered (23–27 February), in which the dust event manifests itself in its prime, the presence of desert aerosols over the Sofia region is well pronounced. This is characterized by the formation of mainly monolithic, close-to-the-surface layers of Saharan dust up to 2.5 km (Figure 9b,d,e). Additionally, there are layers that extend to higher altitudes, reaching up to 5–6 km (Figure 9c,f).



The maximum BSC values obtained at 1064 nm and 532 nm fall in the range of 1–2.8 Mm−1 sr−1 and 1.4–3.7 Mm−1 sr−1, respectively. They indicate a dust load of moderate to nearly heavy intensity. The corresponding BAE values are quite low in the above-mentioned altitude intervals occupied by aerosol layers, falling in the interval 0.2–0.7. This indicates the prevalence of large aerosols in the supra-micron size range, which is also the typical size range of the Saharan dust particles. At the end of the dust event, the BAE values for the dust layers extending up to 4 km altitude are around 0.8 (Figure 9f), showing the tendency of a gradual decrease in the dominance of desert aerosols. At altitudes above the Saharan layers, the BAE assumes values of 1.2–1.5, typical of background aerosols in the free troposphere (according to the Standard Atmosphere Model [126]). Although the BSC values are very low at these altitudes and the estimation errors reach 50–100%, we include those parts of the BAE profiles in the analysis, since we use the BAE values typical for the background aerosols as reference ones for indirectly validating the BAE values related to the remaining aerosol-rich parts of the profiles.



Other research groups have reported aerosol/dust optical and microphysical parameters, particularly BSC and (B)AE, with value ranges similar to the ones presented above, regarding the same dust episode [59,121].



The radiosonde and model meteorological profiles presented in Figure 9 testify to the significant impact of the warm, dry air masses coming from Africa on important components of the local climate in the Sofia region. During most of the dust event period, the near-surface air temperature remains close to 20 °C, i.e., significantly and continuously exceeding the values typical for February, which are normally around or slightly above 0 °C. At the same time, the RH values measured at the heights of the Saharan dust layers are markedly low—of the order of 10–40%, except for some sections of the profiles on 24 and 25 February (Figure 9c,d), when they reach 70–80%.



Accordingly, the DP profiles remain mostly well separated from the T profiles, except for the two cases mentioned. Thus, it appears that the three targeted meteorological parameters important for the local weather in the Sofia region have been seriously and lastingly influenced by the warm dust-carrying air masses originating from North Africa. A similar significant increase in the near-surface air temperature (up to 18 °C) in the period 24–26 February 2021 was recorded for the Warsaw region, located much further north of Sofia (with climatologically mean values for February of about 0 °C) [121].




3.4. Profiling Aerosol/Dust Mode Volume Concentration Using LIRIC-2 Inversion Code


The range-resolved profiling of the total and/or size-mode-related aerosol mass/volume concentrations is a powerful tool for characterizing more completely atmospheric aerosols. However, this is a difficult task that challenges the capabilities of the remote and in situ approaches and instruments normally used for aerosol/dust analysis.



In this section, we present results on vertical (height-resolved) profiling of aerosol/dust volume concentrations retrieved from LRS measurements using the LIRIC-2 inversion code synergistically, combining sun-photometric and lidar data.



Sofia_IEBAS AERONET site carried out the full set of direct sun and sky radiance measurements during the dust event. For the period considered, depolarization data from the CALIOP lidar were unavailable due to the absence of suitable passages of the CALIPSO satellite close to Sofia. The lidar system used to carry out the measurements described here does not contain (de)polarization channels. For these reasons, separate volume concentration profiles of spherical and non-spherical modes of coarse aerosols, shown in previous cases [127], were not obtained here and the two-mode (fine and coarse) aerosol model was used for processing the LRS data.



Figure 10 shows vertical profiles of aerosol volume concentrations for the fine and coarse aerosol/dust size modes and the total volume concentrations. The aerosol concentration values are presented in dimensionless units, parts per billion (ppb, 10−9). The error bars in the figure represent standard deviations of the volume concentration values calculated using the program code’s Errors modeling module [70]. It generates the sets of disturbed lidar signals and columnar optical parameters of the aerosol layer in the range of their variations in a specific LRS experiment. Then, it estimates the resulting standard deviations of the volume concentration values.



The characteristic features in the height distribution of the aerosol/dust concentration, which can be distinguished from the profiles presented in Figure 10, are logically similar to those of the BSC profiles shown in Figure 9. However, they reveal significant specificities and distinctive peculiarities arising mainly from the size-mode distributions of aerosol/dust particles.



The comparison of the LIRIC-2 total volume concentration profiles in Figure 10 with the forecast mass concentration profiles of the BSC-DREAM8b model in Figure 8 for the corresponding dates shows good qualitative agreement. The two types of profiles match almost exactly with respect to the altitude ranges in which the aerosols and dust are concentrated. Satisfactorily good agreement is also observed in the general shape and course of the profiles and the heights of their maxima. A distinctive feature of the LIRIC-2 profiles is the higher differentiation in their shapes compared to the shapes of the model ones, which are naturally smoother. In the near-ground part of the profiles for 22 February, at a height of about 1 km ASL, a discrepancy is observed, which is explained by the presence of residual water aerosols from the morning fog on that day, as discussed in Section 3.3.



For comparison, Table 1 lists the height-integrated columnar values of the full volume concentrations of aerosol/dust for the days of the period considered and their fine and coarse fractions according to data from sun-photometric measurements at the Sofia AERONET station. In addition, the columnar volume concentrations of the spherical and non-spherical coarse aerosol sub-fractions are also given in the last two columns of the table.



As the profiles in Figure 10a show, on 22 February, the aerosol concentrations at heights above 1.5 km are very low (≤0.005 ppb), with those of the fine and coarse modes nearly coincident. Below 1.5 km, the coarse-mode aerosol concentration significantly exceeds that of the fine modes, whereas immediately near the surface, the ratio is inverted. These observations are in good agreement with the profiles in Figure 9a, showing still weak transport of Saharan dust and the presence of a near-surface residual fog layer.



During the next days of the dust period (23–27 February), the profiles in Figure 10b–f exhibit total peak volume aerosol concentrations falling in the range 0.038–0.11 ppb, with the upper limit measured on 23 February at an altitude of 1.84 km. These limits for the coarse and fine particle size modes are 0.03–0.09 ppb and 0.016–0.029 ppb, respectively. As can be concluded from these data, the maximum concentrations of the coarse aerosol/dust fractions are two to three times higher than those of the fine ones. The maximum value of this ratio is above six, as measured on 23 February (Figure 10b) during the initial stage of the dust event, while its minimum value is 1.55 and is measured on 27 February, the event’s last day.



Comparing the profiles of aerosol/dust coarse and fine mode concentrations, one can see that the ratio between them varies within the layers, exhibiting considerable dynamics in the mode concentration vertical distribution over the days of the event. Such a profile comparison related to 25 and 26 February (Figure 10d,e) is particularly revealing of the opposite trends in the size-mode concentration changes in the ABL approaching the surface—an increase in the coarse mode concentrations and a decrease in the fine mode ones. It is worth noting that the course of the BAE profiles below the height of 2.5 km for these two dates (Figure 9d,e) is markedly decreasing, which is in good agreement with the increasing dominance of coarse aerosol modes, as visible on the concentration profiles in Figure 10d,e.



Such a correspondence is also observed for the days when the course of the mode concentration profiles is similar (23, 24, and 27 February), as seen in Figure 10b,c,f. In these cases, the course of the BAE profiles (Figure 9b,c,f) within the near-surface aerosol layers is plateau-like indicating a close-to-constant ratio between the coarse and fine aerosol/dust size fractions. This good agreement between the concentration profiles and the BAE ones supports and indirectly validates the use of BAE for qualitative and semi-quantitative estimations of the dominant aerosol/dust size modes, particularly in cases of the absence of data on the ratio of their concentrations [36,98].



While the concentration profiles in Figure 10 show height-resolved ratios between the coarse and fine aerosol/dust size modes, the columnar data in Table 1 give their overall quantitative ratios.



The total aerosol/dust columnar concentration varies from its minimum value of 0.034 μm3/μm2 measured on the first day of the event (22 February) to its maximum of 0.138 μm3/μm2 reached on 24 February, with an average value of 0.09 μm3/μm2.



The fine-mode columnar concentration remains low throughout the period, being in the range of 0.015–0.054 μm3/μm2, with a median value of 0.02 μm3/μm2. In contrast, the coarse-mode concentration remains much higher, varying in the range 0.015–0.106 μm3/μm2, with a median value of 0.063 μm3/μm2, which is more than three times greater than that of the fine modes. Furthermore, on 23 February, the excess increases more than fivefold.



Comparing the last two columns of Table 1, it becomes clear that in the period 23–25 February, the spherical coarse-modes’ columnar concentrations do not exceed 10% of those of the non-spherical ones, while on 23 February, this part is below 1%. In the last two days of the period, that percentage rises to 33%.



The high ratios obtained between the columnar aerosol coarse-mode concentrations and the fine-mode ones and between the concentrations of non-spherical and spherical coarse modes are typical of Saharan dust. This provides evidence of its dominance over the local aerosols during most of the dust-event period.




3.5. AERONET Data and Retrievals


3.5.1. Basic Aerosol/Dust Properties


The wide variety of columnar aerosol properties determined by sun-photometric measurements makes the data from such measurements significant for aerosol/dust characterization. Furthermore, by combining them with lidar and modeling data within the approaches used, one can achieve a synergistic effect.



The data presented here are AERONET Version 3 Level 1.5 products representing data that are automatically cloud-screened and quality-controlled for instrument anomalies in near real-time. Detailed information on the AERONET Version 3 direct measurement data and inversion products can be found in [108,109,128].



We consider and analyze the following sun-photometer aerosol parameters: AOD at some of the available wavelengths; AE at the wavelength pair 440/870 nm obtained from direct measurements; fine and coarse mode AOD at wavelength 500 nm obtained from SDA; and the inversion parameters LR, DR, and RF. In addition, aerosol PSD is also analyzed. The AOD data at 532 and 1064 nm are obtained using LIRIC interpolation procedures [70,115]. The LR data at 532 and 1064 nm result from interpolation procedures, representing the last daily measurements, which are closest in time to the corresponding lidar measurements for the dates in question [129]. They fall in the time interval 14:00–15:00 UTC, whereas the related lidar measurements are conducted in the interval 16:00–19:40 UTC. These data are used for normalization purposes in the quantitative calibration of lidar backscatter profiles in the framework of the combined aerosol characterization approach used here.



Figure 11 presents diagrams of the daily mean values of the above aerosol characteristics obtained by sun-photometer data provided by the Sofia_IEBAS AERONET station and those resulting from interpolation procedures for the dust-event period. Figure 11a shows data related to the AOD at the following wavelengths in the visible and near-infrared spectral range: 440, 675, 870, 532, 1020, and 1064 nm. During the first three days of the event (22–24 February), the total AODs at the wavelengths presented increase significantly from values in the range 0.04 (at 1064 nm)–0.16 (at 440 nm) on 22 February to the values between 0.27 and 0.49 reached on 24 February. The latter are the maximal ones for the period considered. A decreasing trend is seen afterward to the minimal AOD values of about 0.03–0.14 obtained on 28 February, except for the secondary maximum observed on 27 February, with values varying in the range of 0.14–0.25. The values measured for the total AOD testify to a dust load of moderate intensity. However, given the winter period, which is normally characterized by weak outbreaks of desert dust from North Africa to the Balkans, the event can be described as a relatively strong one for the season [102].



The total AOD and that of fine and coarse size modes at wavelength 500 nm are presented in Figure 11b. On 22 and 28 February, a strong dominance of the fine aerosol fraction over the coarse one exists. In the prime of the dust event (23 to 27 February), the daily-mean coarse mode AOD slightly predominates. This can also be followed in Table 2, which summarizes the daily mean values of the total, fine, and coarse mode AOD at 500 nm and AE at 440/870 nm, along with their standard deviations.



The relative standard deviations (SD/mean ratio) of the total AOD calculated from the data in Table 2 for the individual days vary by 15–24%. This indicates relatively stable dust loading processes above the measurement area, which aligns with the predominantly stable weather conditions due to the blocking pattern. The results obtained correspond well with the pictures of the aerosol dynamics from the lidar measurements for the respective days presented in Figure 7.



The columnar lidar ratios for the different wavelengths (Figure 11c) show a nearly steady downward trend from values between 57 sr (at 1064 nm) and 85 sr (at 532 nm) at the beginning of the period to values in the range of 46 sr (at 675 nm)–65 sr (at 440 nm) at its end. This is consistent with the progressive dominance of Saharan dust, for which the noted lower LR values are typical.



Starting from values in the range 0.02 (at 1020 nm)–0.04 (at 440 nm) for the day of initial Saharan dust entry (22 February), the particle depolarization ratios (Figure 11d) at the different wavelengths show a substantial increase during the following days. They reach a nearly 3- to 10-fold excess with values of 0.14 (at 440 nm) and 0.21 (at 1020 nm) on 24 February, remaining relatively high throughout the period. This confirms the enhanced concentrations of desert particulate matter, which is of irregular shape producing high values of the depolarization ratio.



Figure 11e presents the Ångström exponent time series, the daily mean, and the last for the day values. The latter are data related to the time intervals closest to those of the lidar measurements. The individual AE values vary between 0.29 and 1.67 during the period. The daily mean AEs, starting from the relatively high value of 1.45 (characteristic of fine aerosols) for the first day of the period, steadily decrease about twofold in the subsequent days, reaching values around 0.7. A value of 0.7 is characteristic of a substantial contribution from a large aerosol fraction primarily composed of Saharan dust.



One of the most important climate-significant integral resultant effects of the aerosol parameter complex discussed above is manifested in the radiative forcing that the aerosol/dust layers cause at the top of the atmosphere (TOA) and its bottom (BOA). Figure 11f displays the time diagram of the TOA and BOA aerosol/dust radiative forcing during the considered dust event. As can be seen, in both cases, a distinct and strongly negative (having a cooling effect) radiative forcing occurs, with values ranging from −6 to −35 W/m2 for TOA and from −25 to −65 W/m2 for BOA, with clearly pronounced peak negative values registered on 24 February. The negative (cooling) effect observed by radiative forcing is in agreement with the other authors’ results for winter events of Saharan dust transport over the northern Mediterranean region [123].




3.5.2. Aerosol/Dust Particle Size Distributions


Saharan dust, by nature, consists mostly of large, irregularly shaped particles [130,131]. For this reason, along with data on the degree of depolarization (depolarization ratio), the volume particle size distribution could be a significant indicator of the presence of desert aerosols and the quantitative ratio of coarse to fine aerosol fractions.



Figure 12 presents the aerosol PSDs for the days of remote and in situ measurements considered here. Daily mean distributions with corresponding error bars and those from the last measurements for the day at the time indicated on the figure panel legends are shown. These last ones are also the closest in time and practically immediately precede the daily lidar measurements. The error bars shown represent the calculated standard deviations with respect to the PSD daily mean. The PSDs displayed exhibit two-peak shapes typical of columnar sun-photometric measurements, with a peak for the fine aerosol size modes occurring around a particle radius of 0.1 μm and that of the coarse fractions distributed over the 1–10 μm size range.



As a general characteristic feature of the PSDs presented resulting from their comparison, on 22 February (Figure 12a), the fine aerosol fractions prevail, with peak values located around 0.1–0.3 μm. However, throughout the rest of the period 23–27 February (Figure 12b–f), coarse fractions dominate, centered mainly around the 2–3 μm size range.



This is consistent with the general course of the dust event, which began on 22 February and developed actively with high intensity during the following days of the period. The inversion of the ratio between the peaks’ intensities of coarse and fine aerosols is most clearly expressed by comparing the PSDs for 22 and 23 February, changing from about 0.4 (Figure 12a) to 2 (Figure 12b) for the mean PSD and up to nearly 5 for the last one of the day. It is in good agreement with the strong density increase in the dust layer located at a height of about 2 km visible in Figure 7a,b for these two days, as well as with the steep increase in the PM10 concentration on 23 February (see Figure 13 below). The distinct increase in the aerosol DR from about 0.025 on 22 February to about 0.15 on 23 February (Figure 11d) shows that the highly dominant coarse aerosols are also irregular in shape, supporting their identification as predominantly Saharan dust. PSDs very close to those shown in Figure 12 were reported for the same period and dust episode by AERONET data for Northeastern Europe (Warsaw) [121].





3.6. In Situ PM10 Concentration Measurements


Figure 13 presents the hourly mean values of the PM10 mass concentrations measured by the Kopitoto AMS reference rural station (BG0070A) in the periods of Saharan dust intrusions over Sofia analyzed in the work.
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Figure 13. Hourly mean values of the PM10 mass concentrations (red lines) measured by the Kopitoto AMS (BG0070A) in the periods of Saharan dust intrusions over Sofia from 21–28 February 2021. The green stripes mark the intervals of lidar measurements. 
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The low values of the PM10 mass concentration of about 5–10 μg/m3 measured at the very beginning of the period are typical for the Kopitoto AMS in the absence of incoming external aerosols, as the station is located near the top of the local winter ABL. As shown in Figure 13, during the dust event period over Sofia, 22–27 February, in which the lidar and radiometric observations analyzed here are conducted, the measured concentrations of PM10 particulate matter exhibit a significant and stable increase with an average value of 31.5 μg/m3 (SD = 17.5), and peak values reaching about 80 μg/m3. At the end of the period, on 28 February, the PM10 mass concentrations return to the usual station values of 5–10 μg/m3. A daily evolution of the PM10 concentrations with a course and values close to the ones displayed in Figure 13 was registered in the southeast of the Iberian Peninsula from 15–21 February 2021 [119]. Due to the proximity of that area to North Africa, the dust plume passed over it for several days before reaching Sofia, so the comparison is considered correct.



Bearing in mind the positions of the intervals of lidar measurements (green stripes) with respect to the total course of in situ measurements, it is clear that the lidar measurements on 22, 23, and 27 February are conducted during periods of maximum aerosol concentration for the day. Conversely, the lidar measurements on 24, 25, and 26 February are related to periods with PM10 mass concentration values close to the daily average. Based on the temporal coincidence of the periods of high PM10 values measured by the Kopitoto AMS with the time period of the dust event and taking into account the fact that the lidar detected no other aloft aerosol layers, it can be concluded that the increased PM10 concentrations presented in Figure 13 are most probably due to desert aerosols brought from North Africa. This means that the in situ data obtained can be used for a direct comparison with the predicted model dust concentrations for the height of the station, as well as to serve for quantitative calibration of data resulting from lidar measurements [36].



The day-by-day comparison of the mass concentration values measured by Kopitoto AMS around 18:00 UTC with the estimated values of the BSC-DREAM8b model for the station’s height shows good agreement in their course (increase–decrease) for the greater part of the period, except for 27 February. However, the in situ mass concentration values measured for the second half of the period are persistently higher (about 1.5–2 times) than those predicted by the model; on the last day, the excess reaches a maximum (nearly 5 times). The HYSPLIT backward trajectory analysis for Kopitoto AMS (not presented in the paper) shows that in the first half of the event (22–24 February), the registered aerosols are mainly Saharan dust, while in the second half (25–27 February) there is also a contribution of continental and marine aerosols, mostly on 27 February. This explains the discrepancy between the in situ and the above modeling data. The backward trajectories ending above the lidar/sun-photometer station at heights close to that of Kopitoto AMS indicate a possible limited presence of continental and marine aerosols on 25 and 27 February.





4. Conclusions


The paper provides a substantial set of representative observational data (remote, in situ, modeling/forecasting, reanalysis) concerning the intensity, dynamics, and characteristics of a specific wintertime Saharan dust load event that took place over Sofia, Bulgaria, in the period 22–27 February 2021. It resulted from the atypical long-range transport of desert particulate matter to the region of the Eastern Balkans. It was part of and manifested in a large-scale dust episode covering vast areas, including North Africa, the Mediterranean, and Europe.



The driving mechanism conditioning this Saharan dust episode is the formed synoptic-scale blocking weather pattern of evolving type centered over the Central-to-East Mediterranean and characterized by strong meridional components of the air circulations, as proven by the implemented NCEP/NCAR reanalysis. The most likely premise and reason for its formation is a large single Rossby wave that formed in the Northern Hemisphere Polar jet-stream projected down to domains in the low troposphere. The predominant part of the vast blocking pattern interior, including the Sofia region, is an area of sustained high atmospheric pressure, providing clear skies and stable cloudless conditions favorable for conducting remote measurements of atmospheric aerosols.



During the dust episode, a significant heat transfer from North Africa to the Mediterranean and Europe is ascertained in the lower troposphere, seriously perturbing the seasonal (wintertime) thermal regime over the affected areas. Zones at middle latitudes with traditionally low seasonal temperatures are subjected to positive composite temperature anomalies reaching +10–15 °C, while those south of them, with typically higher seasonal temperatures (e.g., North Africa), undergo mainly negative temperature anomalies reaching −(10–12) °C.



Based on the transport history of the recorded aerosol layers (mainly by HYSPLIT backward trajectories), the identified sources of the desert dust reaching the measurement site in the study period are large areas of North–Western Africa falling mainly in the cyclonic “trough” of the blocking pattern. Desert aerosols are captured at different altitudes within the Saharan ABL (mainly fine-size fractions) and in the immediate vicinity of the desert surface (predominantly coarse-size fractions).



The dust spread mapping (using SKIRON dust-load maps and MODIS-Terra images) reveals a specific and unusual picture of the dust event studied, according to which the dust-containing warm desert air masses occur and enter the wintertime atmosphere over Bulgaria and Sofia mainly from the north–northwest, in contrast to the normal for the region entry from the south–southwest. We associate this uncommon movement and intrusion of desert aerosols into the Sofia region with the specific arc-shaped air circulation formed by the synoptic blocking pattern.



The warm and dry desert air masses have a strong impact on important components of the wintertime local weather in the Sofia region, as shown by meteorological radiosonde measurements and model estimates (unusually high for the season near-surface air temperatures of about 20 °C and markedly low relative humidity values of 10–40%). A serious overall effect is also ascertained on the aerosol composition, vertical stratification, and radiative forcing properties of the local troposphere.



The lidar measurements show that: (a) the aerosol layers are located entirely in the lower half of the local troposphere (at altitudes up to 5 km), in nearly compact configurations, superimposed on and mixed with the local ABL, while its upper half remains nearly free of aerosols; (b) the aerosol temporal dynamics is weak to moderate; (c) the maximum BSC values obtained at 1064 nm and 532 nm fall in the range of 1–2.8 Mm−1 sr−1 and 1.4–3.7 Mm−1 sr−1, respectively, denoting a dust load of moderate to nearly heavy intensity; (d) the BAE values falling in the interval 0.2–0.7 are quite low indicating the dominance of large aerosols in the supra-micron size range, typical of the Saharan dust particles.



The height-resolved profiling of the aerosol/dust modal (fine, coarse) and total volume concentration obtained using the LIRIC-2 inversion code represents an important achievement of the work. In addition to the quantitative characterization of the aerosol concentration, it also reveals the dynamics of the height distribution of the fine and coarse aerosol modes and their ratios. The retrieved volume concentration profiles correlate well with the dust mass concentration ones provided by the BSC-DREAM8b model. They are also in good agreement with the BAE profiles derived from lidar measurements, which indirectly validates the use of BAE for qualitative and semi-quantitative estimations of the dominant aerosol/dust size modes.



The wide variety of columnal aerosol parameters derived from AERONET sun-photometer data show good consistency with the overall pattern of the considered dust event and the lidar, LIRIC-2, and in situ data. The key aerosol parameters and their variations during the event are as follows: (a) AODs varying from 0.03 (at 1064 nm) to 0.16 (at 440 nm) in the beginning and the end of the event, reaching values of 0.27 and 0.49 during its prime; (b) DRs reaching values of 0.14 (at 440 nm) and 0.21 (at 1020 nm) in the middle of the period; (c) AE (at the wavelength pair 440/870 nm) decreasing from about 1.45 to 0.7; TOA/BOA RF exhibiting negative values going down to −35/−65 W/m2; (d) PSDs showing coarse-to-fine-mode ratios from about 0.5 at the beginning and reaching inverted values of 3 to 5 during the period of question. The overall behavior of the listed aerosol characteristics indicates that irregularly shaped large and very large particle size fractions prevail, indirectly proving the dominance of the Saharan dust over other aerosol types.



Based on the increased PM10 concentration values measured by the elevated rural Kopitoto AMS, which correlate well with the course of the studied dust event over Sofia, it can be concluded that the station provides representative qualitative and quantitative information about aerosols external to the region, in particular Saharan dust. Such data could be useful for validating and/or calibrating lidar and photometric data and for proper evaluative comparison to modeling/forecasting ones.



The productive complementarity and interrelationships between the data from various instruments and approaches contribute to adequate referencing and calibration of measurement data and profiling the aerosol/dust optical and microphysical parameters and mass concentration, leading to a more reliable and complete characterization of desert aerosols. The results obtained are in good agreement with the results of other studies related to the same dust episode.
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Figure 1. Geographic maps of (a) the Balkan Peninsula (source: https://commons.wikimedia.org/w/index.php?curid=110933799, accessed on 7 March 2023) and (b) Sofia (Google Maps image). The positions are indicated of the Sofia IE-BAS station (magenta star) and the Kopitoto automated measuring station (AMS) (orange triangle). 
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Figure 2. GFS analysis map of the Polar jet stream at 300 mb level (a); NCEP/NCAR reanalysis diagrams at 500 mb level for the Northern Hemisphere of the vector winds (b) and the geopotential height (c), in the period 21–22 February 2021. Sofia’s location is marked by a red circle. 
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Figure 3. NCEP/NCAR maps of the geopotential height composite mean (colored) and wind vectors (black arrows), at 700 mb pressure level, for the period 22–27 February 2021. Sofia’s location is marked by a blue circle. 
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Figure 4. NCEP/NCAR color maps of air temperature composite anomalies at a 700-mb level with respect to the climatological means for the period 1981–2010 over the region of North Africa, the Mediterranean, and Europe (20 N–60 N, 10 W–50 E) for the period 22–27 February 2021. 
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Figure 5. Forecast color maps of the total dust load of Saharan dust over North Africa, the Mediterranean, and Europe for 22–27 February 2021, obtained by the NKUA SKIRON model. Sofia’s location is marked by a red circle. 
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Figure 6. MODIS-Terra true-color images of the dust-cloud plume spread for (a) 21 February 2021, (b) 22 February 2021, (c) 23 February 2021, (d) 24 February 2021, (e) 25 February 2021, and (f) 26 February 2021. The red symbol indicates the position of Sofia station. The images are downloaded from the NASA Worldview website (https://worldview.earthdata.nasa.gov/, accessed on 29 April 2021) using the NASA Worldview Snapshots application. 
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Figure 7. Time series of the dust/aerosol vertical distribution in terms of range-corrected lidar signals for the measurement dates. 
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Figure 8. BSC-DREAM8b dust-concentration profiles and NOAA HYSPLIT model backward trajectories ending in Sofia (inset) for the time of lidar measurements in the period 22–27 February 2021. The corresponding time durations and ending heights of the trajectories are noted at the bottom of the insets. 






Figure 8. BSC-DREAM8b dust-concentration profiles and NOAA HYSPLIT model backward trajectories ending in Sofia (inset) for the time of lidar measurements in the period 22–27 February 2021. The corresponding time durations and ending heights of the trajectories are noted at the bottom of the insets.



[image: Remotesensing 15 03833 g008]







[image: Remotesensing 15 03833 g009 550] 





Figure 9. Time-averaged vertical profiles of the aerosol: BSC at 532 nm and 1064 nm (left), BAE (middle), radiosonde, and modeling meteorological parameters (Temperature, Dew Point, Relative Humidity) (right) for the days of lidar measurements. 
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Figure 10. Height profiles of the aerosol volume concentration for fine and coarse particle size modes and the resulting total aerosol concentration as retrieved by the LIRIC-2 inversion code. 
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Figure 11. Aerosol optical parameters derived from the AERONET radiometric data and interpolated ones at wavelengths 532 and 1064 nm. 
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Figure 12. Particle size distributions derived from AERONET radiometric measurements performed from 22–27 February 2021. 
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Table 1. Columnar Aerosol Volume Concentration.
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Date

	
Columnar Volume Concentration (μm3/μm2)




	
Total

	
Fine

	
Coarse

	
Coarse Spherical

	
Coarse

Non-Spherical






	
22 Feb.

	
0.034

	
0.019

	
0.015

	
0.015

	
0.000




	
23 Feb.

	
0.126

	
0.020

	
0.106

	
0.001

	
0.105




	
24 Feb.

	
0.138

	
0.054

	
0.084

	
0.006

	
0.077




	
25 Feb.

	
0.068

	
0.016

	
0.052

	
0.002

	
0.050




	
26 Feb.

	
0.063

	
0.015

	
0.048

	
0.012

	
0.036




	
27 Feb.

	
0.114

	
0.040

	
0.074

	
0.010

	
0.063
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Table 2. AERONET daily mean values of total, fine, and coarse mode AOD at 500 nm and AE at 440/870 nm, along with their standard deviations.
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	Parameter
	λ (nm)
	22 Feb.
	23 Feb.
	24 Feb.
	25 Feb.
	26 Feb.
	27 Feb.
	28 Feb.





	AOD
	500
	0.134 ± 0.0124
	0.160 ± 0.038
	0.438 ± 0.067
	0.189 ± 0.045
	0.135 ± 0.020
	0.222 ± 0.054
	0.116 ± 0.028



	AOD Fine Mode
	500
	0.112 ± 0.025
	0.072 ± 0.020
	0.213 ± 0.025
	0.085 ± 0.030
	0.069 ± 0.014
	0.103 ± 0.044
	0.101 ± 0.029



	AOD Coarse Mode
	500
	0.021 ± 0.002
	0.088 ± 0.045
	0.225 ± 0.056
	0.104 ± 0.021
	0.066 ± 0.006
	0.119 ± 0.016
	0.015 ± 0.003



	AE
	440/870
	1.45 ± 0.06
	0.79 ± 0.39
	0.73 ± 0.15
	0.65 ± 0.12
	0.89 ± 0.08
	0.68 ± 0.19
	1.57 ± 0.06
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