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Abstract

:

Two approaches, based on Generalized Retrieval of Aerosol and Surface Properties (GRASP) and Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-2) models, are investigated for reproducing aerosol layers in the troposphere. The GRASP algorithm is supplied with synergistic LIDAR and sunphotometer measurements to obtain aerosol extinction profiles. MERRA-2 is an atmospheric reanalysis coupling model that includes an external mixture of sea salt, dust, organic carbon, black carbon, and sulfate aerosols. A data set from Racibórz observatory, obtained with LIDAR and a sunphotometer in the 2017–2020 period, is analysed with GRASP along with the closest grid point data given by MERRA-2. The models demonstrate satisfactory agreement, yet some discrepancies were observed, indicating the presence of biases. For vertically integrated profiles, the correlation coefficient (R) between aerosol optical thickness was calculated to be 0.84, indicating a strong linear relationship. The Pearson correlation coefficient calculated between profiles for the selected altitude sectors varies between 0.428 and 0.824, indicating moderate to good agreement at all altitudes. GRASP shows denser aerosol layers in the mid-troposphere, while MERRA-2 gives higher aerosol extinctions throughout the high troposphere to low stratosphere region. Moreover, GRASP does not provide vertical variability in the extinction profile near the ground, due to a lack of data in the LIDAR’s incomplete overlap range. Lastly, the aerosol layer identification and type recognition are validated with statistical analysis of air mass backward trajectories with endpoints spatially and temporally collocated with individual identified layers. These reveal potential source regions that are located within areas known to be significant sources for the different identified aerosol types.
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1. Introduction


Atmospheric aerosols are known to be important drivers of global climate through both direct and indirect aerosol–radiation interactions (ARI). The ARI effect is based on the direct scattering and absorption (collectively called extinction) of solar radiation on aerosol particles and on its indirect influence on the planetary radiative budget via aerosol–cloud interactions. This is evidenced by numerous studies, e.g., [1,2,3]. Additionally, prolonged exposure to aerosols has been repeatedly shown to have adverse effects on human health, including reduced quality of life and even premature death, e.g., [4,5], particularly at the local level. As reported by [6], air pollution poses a significant health risk to Europeans, as evidenced by the high levels of exposure to fine particulate matter in urban areas. In 2020, 96% of the urban population in the European Union was exposed to levels of fine particulate matter exceeding the WHO’s health-based guideline level. According to the same report, this exposure led to a staggering 238,000 premature deaths in the EU-27. Additionally, air pollution contributes to morbidity, with individuals living with diseases that result in personal suffering and significant healthcare costs.



The impact of ARI extends beyond climate and can also affect the diurnal evolution of the planetary boundary layer (PBL) by reducing the amount of solar radiation that reaches the ground [7]. ARI can also influence photochemical reactions in the atmosphere by attenuating high-energy photons in aerosol layers. Therefore, the ARI effect is dependent on the aerosol optical properties and their vertical distribution, which in turn affects the vertical distribution of aerosol composition, e.g., [8].



Most aerosols are concentrated in the PBL, where the majority of sources are located, and their typical lifetime is in the order of several days [9,10,11,12]. This allows for significant atmospheric transport roughly along air trajectories to occur [13]. The aerosol population in the PBL is often a mixture of local and remote emissions, while processes such as convection, movement over non-flat orography, advection over large-scale fires, and industrial emissions from high chimneys can inject aerosols into the free troposphere [14,15]. These aerosols can be observed with active profiling equipment such as LIDARs and ceilometers as regions of increased light backscatter [8]. Combining LIDAR/ceilometer observations with backward trajectory statistics has been shown to be effective in identifying potential sources of aerosol layers and differentiating between local and advected aerosol populations [16,17,18,19].



Numerical models are reliable tools for estimating the impact of aerosols on the atmosphere, but they mostly use standardized aerosol vertical profiles that can differ from the physical conditions. Therefore, additional observational constraints are required to understand aerosol distributions. LIDAR systems can provide this necessary detailed information on aerosol vertical distribution in the troposphere [20,21,22].



Alongside the vertical characterization of aerosol profiles, the determination of aerosol particle size is a fundamental aspect for accurately discerning aerosol types. Accurate determination of the Aerosol Particle Size Distribution (APSD) in areas with high pollution levels can aid in identifying the sources and causes of air pollution, leading to significant improvements in atmospheric aerosol and haze control [23,24]. A sun-photometer can effectively measure the APSD by obtaining the aerosol optical depth at various wavelengths from solar radiation information, as shown by [25,26,27,28]. However, it cannot retrieve the APSD in different vertical layers. In this regard, high-spatial-resolution LIDAR data can bridge the gap in this research field by providing APSD measurements in multiple vertical layers. Multi-wavelength LIDAR is a cutting-edge instrument used for observing atmospheric aerosol vertical structures, with exceptional temporal and spatial resolutions. The measurement principle involves observing and retrieving optical properties at various wavelengths, including backscattering and extinction coefficients, and correlating those with microphysical properties using different techniques. This approach has been utilized successfully in numerous studies [29,30].



The strengths of LIDAR and sunphotometry are highly complementary: LIDAR can resolve details of aerosol vertical profiles and types, while a sunphotometer provides constraints on column-effective aerosol abundance, absorption, and microphysical properties across a large area [31]. Combining these two types of measurements enhances the observational information about aerosol properties [32,33]. Hence, by utilizing both LIDAR and sunphotometry measurements, a comprehensive determination of aerosol size, type, abundance, absorption, and vertical variations can be achieved for aerosol retrieval [34,35,36,37,38].



The Racibórz station (50.08° N, 18.19° E) is part of the observation network maintained by the Institute of Geophysics, Polish Academy of Sciences, and the primary site for this study. It is located in southern Poland and is surrounded by the Sudeten and Carpathian Mountains on either side. Since it is situated in a depression between the two mountain ranges, it is very susceptible to the flow of polluted air from the Ostrava industrial zone in the Czech Republic and also from the highly urbanized and industrialized region of Silesia in Poland. Long-range aerosol transport is often observed at this site [13,39]. The sources of aerosol advection to this region are identified to be biomass-burning aerosols from the Belarusian–Ukrainian border, urban/industrial aerosols from Slovakia and northern Hungary, continental aerosols from western Poland and eastern Germany, and maritime aerosols from the Baltic and North Atlantic seas [16,40]. Therefore, the station is at a hotspot of high aerosol loading for the region, as shown by [16,41].



The complexity of aerosol sources and sinks, the chemical composition of particles, and the high variability of their properties in space and time necessitate a comprehensive approach to obtain a reliable interpretation of measurements. It is important to note that the specific sources of aerosols in Racibórz can vary depending on the time of year and weather patterns. Hence, the qualification and quantification of the aerosol types are crucial for a better understanding of atmospheric stratification. Identifying aerosol types requires a multidisciplinary approach that combines different measurement techniques, including particle size and morphology, optical properties, modeling, source apportionment, and data analysis. This information can then be used to improve our understanding of the sources, behavior, and impacts of different aerosol types on climate, air quality, and human health.



In this study, we aim to utilize the unique composition of various aerosol types observed over Racibórz as a benchmark for comparison between local (single-point) measurement-driven (GRASP) and large-area reanalysis-based (MERRA-2) approaches to aerosol layer identification in the free troposphere.




2. Materials and Methods


2.1. Remote Sensing Measurements


2.1.1. Ceilometer


Historically, ceilometers were instruments developed for measurements of cloud base height. Most of the currently used designs share the operating principles with LIDARs and thus may be utilized for observations of atmospheric aerosols. However, by design, ceilometers emit low energy per impulse when compared to LIDARs, as they rely on more affordable diode-pumped lasers. This translates into limitations in signal-to-noise ratio, especially in the higher altitudes. The single-channel (wavelength) design also limits the information on aerosol size distribution that may be retrieved from the observations. The Racibórz station operates Lufft’s CHM15k “Nimbus” ceilometer capable of aerosol observations up to approximately 10 km with 15 m vertical resolution. Moreover, the relatively small diameter of the optical telescope used in its design allows for low-altitude observations (below 400 m above the instrument) where a typical LIDAR would already suffer from problems with an incomplete overlap between the laser beam and the telescope’s field of view (FOV). The instrument automatically applies a geometric correction function (provided by the manufacturer) to compensate for the incomplete overlap at the nearest ranges that results in a low signal-to-noise ratio (SNR) in this region. For this study, we chose 400 m as the lowest cut-off range. The Lufft’s CHM15k ceilometer, besides raw signals, reports aerosol properties like boundary layer height and altitude of detected clouds. These variables were used in this study both for estimating boundary layers and for cloud screening.




2.1.2. Sunphotometer


A triple sun–sky–moon photometer developed by CIMEL, operated at the Racibórz station, is a part of the AERONET network [42]. This instrument performs multi-wavelength measurements of direct solar radiation to retrieve aerosol optical thickness spectra at seven wavelengths and angstrom exponents. The instrument also repeatedly measures the sky radiances to obtain information on scattering at different angles. This information allows for retrieving columnar averages of both optical (i.e., aerosol optical depth, complex refractive index) and microphysical aerosol parameters, including approximated size distribution. Descriptions of the instrument and data products are given in detail by [25,43,44,45]. In this work, we used calibrated Level 1.5 as an input for the GRASP algorithm.





2.2. Model Data Analysis


2.2.1. GRASP


The Generalized Retrieval of Aerosol and Surface Properties (GRASP) is a versatile algorithm used to retrieve optical and microphysical aerosol properties for both fine and coarse modes from multiple data inputs, such as satellite, nephelometry, and sun/sky photometry data, and LIDAR data [35]. The GRASP algorithm utilizes a synergy of LIDAR and sunphotometry measurements to obtain aerosol extinction profiles. The algorithm is based on a lookup table approach, where the measured parameters are checked against a large number of pre-calculated theoretical atmospheres. The best match is found through an iterative process and the aerosol profiles of coarse and fine modes that fit best to measurements are chosen. Moreover, complex refractive indexes are retrieved for both modes. GRASP retrievals are limited to altitudes for which LIDAR data with sufficient SNR is available. While physical parameters of the system, like laser power and aperture size, remain constant, the SNR is also dependent on the amount of ambient sunlight [32,34,36,46,47].



The column-integrated aerosol Volume Size Distributions (VSDs) are retrieved by adjusting 25 logarithmically equidistant triangle bins from 0.05 to 15 µm in radius, the same as those calculated by the AERONET algorithm. A recent study by [27] showed that approximations of the VSDs are considered to be bimodal log-normal distributions, described by six parameters (volume median radius, standard deviation, and volume concentration of each of the fine and coarse modes). Therefore, constraining the data to the VSD bins when the SD is not log-normal can be problematic because of the presence of asymmetrical mode VSDs, and sometime the retrievals may have a trimodal structure. The method based upon simplified bimodal VSDs could produce invalid retrievals; thus, the former strategy is preferred despite the more complicated calculations required. Sensitivity studies by [48] found that the retrieval of bi-component aerosols was not unique. Therefore, the AERONET algorithm assumes a mono-component aerosol for each fine and coarse mode with a size-dependent complex refractive index. Moreover, this study utilizes a single-wavelength LIDAR that provides no information on size distributions in individual aerosol layers.



The simultaneous inversion of LIDAR and sun-sky photometry measurements by GRASP is expected to improve the retrievals, since the LIDAR and sunphotometry measurements complement each other and provide the information required for LIDAR retrievals that otherwise would be assumed. Therefore, the column aerosol properties obtained by GRASP will differ from those of AERONET [36].




2.2.2. MERRA-2


Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-2) is an atmospheric reanalysis coupling state-of-the-art modeling and assimilation techniques to provide complete data sets back to 1980. MERRA-2 is based on the GEOS-5 Earth system model [49] with, among others, the Goddard Chemistry Aerosol Radiation and Transport model (GOCART) [50,51]. An up-to-date description of the aerosol model and assimilation system, as well as its evaluation, is given by [52,53]. The model includes an external mixture of sea salt (SS), dust (DU), organic carbon (OC), black carbon (BC), and sulfate (SU) aerosols. Fine-mode aerosols consist of sulfates and carbonaceous fractions. BC and OC aerosols are represented by two tracers/bins with a dry size of 0.35 µm and a density of 1800 kg/m3. SU aerosols are represented by four tracers, with only SO2 considered, having a dry size of 0.35 µm and a density of 1700 kg/m3. Sea salt aerosol is represented by five bins with dry-size ranges and densities ranging from 0.079 to 7.772 µm in radius and 2100 to 2700 kg/m3 in density. Dust aerosol is also represented by five bins, ranging from 0.73 to 8.0 µm in radius and 2000 to 2500 kg/m3 in density.



Wind-driven emissions are used for both sea salt and dust aerosols and are parametrized following [54,55]. Sulfate and carbonaceous aerosol emissions are both naturally and anthropogenically driven. Natural SO2 sources include volcanoes, e.g., [56,57], and biomass-burning sources. The Quick Fire Emissions Dataset (QFED) [49,58] is used to estimate biomass-burning emissions of SO2 and carbonaceous aerosols. It uses mainly MODIS level-2 fire and geolocation products with cloud correction [59] and special treatment of non-observed land areas. Anthropogenic sources that are the most important for the near-ground atmosphere include international shipping [60], aircraft [61], and energy-sector emissions of SO2 [62]. A detailed description of emissions is given by [53].



The coarse fraction of aerosols is represented by five bins of dust and five bins of sea salt aerosols. Aerosol optical properties in the model are based on Mie scattering theory for spherical particles [50,51] whilst properties of non-spherical dust particles are calculated according to [63,64]. Refractive indexes of aerosol are taken from the Optical Properties of Aerosols and Clouds (OPAC) database [65]. Hygroscopic growth of SU, SS, and soluble fractions of carbonaceous aerosols follows the scheme provided by [50].



Model spatial resolution is 0.5° × 0.625° latitude by longitude and 72 hybrid levels from ground to 0.01 hPa. Values for grid points closest to Raciborz were used to calculate vertical profiles of aerosol optical properties for each aerosol type. We used the inst3_3d_aer_Nv data collection [66] MERRA-2 product for aerosol mixing ratio and the inst3_3d_asm_Np data collection [67] MERRA-2 product for relative humidity and layer height values. We used Mie scattering theory for spherical parties [68] and non-sphericity for dust according to [64] to calculate aerosol extinction from mixing ratios and aerosol properties used in MERRA-2 reanalysis. Aerosol properties calculated for model layer heights, which are irregular according to surface pressure, were interpolated on regular altitude vectors. Calculated extinctions of each aerosol type were integrated for each aerosol layer (see Section 2.3) to obtain the optical thickness of the detected layer related to each aerosol type. The aerosol of maximum thickness for the specific layer was considered to be the dominant type for this specific layer.




2.2.3. Backward Trajectory Statistics–Source Appointment


Statistical analysis of air mass backward trajectories was used to find possible aerosol source regions. We employ a novel approach developed by our team in previous studies [13,39]. This approach is sensitive to the local distribution of wind directions, in contrast to the commonly used concentration-weighted trajectory, CWT [69,70], and potential source contribution function, PSCF [71] methods and in general does not require knowledge of tracer value. It needs only to identify trajectories related to the investigated event. Five-day-long backward trajectories were computed for the Racibórz location with the HYSPLIT model [72] using GDAS meteorological archives. Hourly trajectories calculated over Raciborz every 250 m vertically were used. The endpoint altitudes correspond to the aerosol layer detected by the ceilometer. The calculated trajectories were cast onto a two-dimensional grid positioned over Europe to find possible source regions.
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According to Equation (1), the value of each grid point Rij is equal to the total number of hours τij spent over it by the trajectories normalized by the length dij of each trajectory (measured along the trajectory). This range correction eliminates the problem with an increasing density of trajectories close to the receptor site. Such a density in the case of straight randomly populated trajectories is inversely proportional to the distance from the receptor.





2.3. Manual Layer Recognition


The ceilometer data were manually analyzed to identify and quantify the aerosol layers in the troposphere. We distinguished separate layers, i.e., aerosol layers residing above well-developed boundary layers during the day as well as night-time residual layers. Each identified layer was characterized by geometrical parameters like minimum altitude over the ground level and maximum altitude. Moreover, the start and stop times of the layer were obtained. In this way, each layer was described as a simplified rectangular object constrained by two altitudes and two times. These parameters were used to select calculated backward trajectories that are representative of the selected layer. Moreover, altitudes were used as boundaries to calculate layer optical depth through the integration of the extinction profile.





3. Results


Ceilometer measurements were analyzed for the period 2017–2020 to manually identify aerosol layers. Then, ceilometer and photometer synergy were utilized with GRASP to obtain profiles of aerosol extinction, and finally, corresponding profiles of aerosol extinction for different types of aerosols were calculated based on MERRA2 mixing ratios and Mie scattering theory.



3.1. GRASP vs. MERRA2 Correlation


We conducted a comparison between the AOT values derived from the MERRA2 dataset and those obtained through GRASP (Figure 1). Data for the nearest grid point to the station location were chosen as representative of the studied location. We used GRASP and coincident MERRA-2 data only for cases when layers were manually recognized. Moreover, it is worth noting that the time between measured (GRASP) and modeled (MERRA-2) values may be up to 1.5 h, as MERRA-2 data are available in 3-h intervals.



The correlation coefficient (R) between the two datasets was calculated to be 0.84, indicating a strong linear relationship. However, a significant number of outliers, defined as exceeding 1.5 standard deviations, was observed for AOT, specifically when free tropospheric layers are present. These findings suggest that the aerosol modeling in the PBL is in good agreement between the two datasets. However, discrepancies arise when detached, high-altitude aerosol layers are present, indicated by a divergence between the modeled and retrieved values.



Detailed study and statistical analyses of both datasets were performed to better understand agreements and discrepancies for different altitudes and seasons.




3.2. Vertical Extinction Profiles-GRASP vs. MERRA2


The high correlation coefficient between AOT values reproduced by GRASP and MERRA2 (R = 0.84), combined with a significant number of outliers in both distributions, necessitates further analysis of the vertical aerosol structure for a better understanding of the correspondence between the results yielded by the two approaches. To this end, we performed a statistical analysis of vertical profiles of aerosol extinction (α-profile) given by both GRASP and MERRA2 to quantify the differences at various altitudes. We analyzed the obtained profiles and identified altitude regions (hereafter called sectors) where we observed overall different behavior of the profile values and derivatives with height. Moreover, the vertical structure varies greatly with the seasons, predominantly within and immediately above the PBL. Thus, we divide our further analysis into warm (April–September) and cold (October–March) parts of the year.



3.2.1. Warm Season—Overview


During the warm season in Racibórz, we predominantly observed a convective diurnal evolution of the PBL. These conditions drive near-ground aerosols to higher altitudes during the first part of the day. The typical PBL top over Racibórz was observed at approximately 1500 m above the observatory, with most of the free-tropospheric aerosol layers located immediately above, within approximately 1 km. The remaining layers (with a few exceptions) were observed in the middle troposphere, roughly between 3 km and 5 km. To reflect the observed regimes in the vertical distribution of aerosols, we divided the observation domain into four sectors with boundaries at 680, 1700, 2800, 5000, and 7600 m. These values were selected manually at the “spikes” of the second vertical derivative of the averaged MERRA2 α-profile. The lowest and the highest values represent the lowermost full overlap altitude of the ceilometer and the highest altitude of GRASP retrieval, respectively. Figure 2 shows the averaged α-profiles and the selected sectors.




3.2.2. Cold Season—Overview


The cold part of the year is dominated by cases where the PBL was low and relatively stable. Thus, almost all of the layers were observed above the height of the diurnal PBL, mostly up to approximately 2200 m. Higher-altitude layers were retrieved by GRASP up to 5000 m, while MERRA2 shows a marked increase in aerosol load even higher, up to 8500 m. To reflect these observations, we chose to divide the observational domain into three sectors for the cold season, with thresholds at 680, 2200, 5000, and 7600 m. Similar to the warm season analysis, two external thresholds are enforced by minimal full overlap and by the top of the GRASP retrieval domain. The averaged α-profiles and the sector boundaries are shown in Figure 3.




3.2.3. Statistical Analysis of the Aerosol Extinction within the Sectors


We start the statistical analysis by calculating average values within the sectors for individual profiles; thus, we represent each profile with four averages representative of the predefined sectors. The results are shown using box plots for MERRA2 and GRASP profiles in Figure 4.



To test the validity of the choice of the sectors, the pairs of the obtained populations are investigated using the Wilcoxon signed-rank test (Wilcoxon t-test). This test provides information on whether the two populations are statistically different from each other in the case of non-normal distributions. Populations of AOTs or extinctions are typically log-normal, as negative values cannot be observed. The performed analysis indicated a proper choice of sectors, as differences between sectors are statistically significant.



In addition, Wilcoxon analysis of MERRA2 vs. GRASP for each sector was performed for both the cold and warm parts of the year. Sample populations and the related median values differ significantly for most cases except Sectors 2 and 4 during the warm part of the year. This result is not surprising and confirms the difference between median values visible in Figure 4 and bias within sectors between the mean profiles visible in Figure 2 and Figure 3.



While a positive result of the Wilcoxon T-test indicates statistical differences between the populations, it does not provide information on the correlation between individual data points. In principle, a bias may be present between the data sets that will influence the medians and averages of the populations but not the correlations between the individual values. To analyze the co-behavior of GRASP and MERRA2 in the corresponding sectors, we prepared scatter plots for each pair of sectors, fitted straight lines to identify potential biases, and calculated correlation coefficients (R) for the population pairs. The results for warm and cold seasons are given in Figure 5 and Figure 6, respectively, along with the calculated values of the Pearson coefficient.



These results show an overall good (R > 0.5) correlation between GRASP and MERRA2 within sectors during the warm season. Sectors 1 and 3, which were identified to have statistically different median values, have the highest R values (~0.61 and ~0.82, respectively). This shows that, especially for sector 3 (middle troposphere), there are biases present between the populations. The remarkably high correlation coefficient in sector 3 indicates that while the models agree well on the altitude and time of occurrence of layers in this region, the retrieved values of extinction within the individual layers are consequently higher in GRASP profiles.



The correlations calculated for the cold season are high for sectors 1 and 2 (~0.71 and ~0.69, respectively) and moderate for sector 3 (~0.43). Strong biases are visible in sectors 1 and 2, as the GRASP retrieves significantly higher values in α-profiles compared to MERRA2. In the high troposphere (sector 3), the higher values are given by MERRA2. Episodes of high-altitude layers, associated with long-range transport, are occasionally modeled by MERRA2 but are not always retrieved by GRASP. The optical thickness of these layers is small, and thus it is probable that the ceilometer has an insufficient SNR to distinguish these layers from the noise.



The results of the proposed comparison between GRASP and MERRA2, in the scope of aerosol layer recognition in the free troposphere, show good agreement between the reanalysis and retrievals for most of the cases; however, bias was identified. The correlation coefficients between the averages calculated for sectors of individual α-profiles were moderate to high (>0.4) with the lowest values observed for the highest sectors, a representative of the high troposphere. This is most likely the direct result of the low SNR of the ceilometer in this region resulting in higher-than-desired variability of high-altitude GRASP retrievals. In most sectors, biases were observed towards GRASP profiles (i.e., GRASP retrieved denser aerosol layers than MERRA2). This may be a result of incorrect normalization of GRASP profiles to AOT from the sunphotometer, as the ceilometer profiles are available neither near the ground level nor in the high atmosphere (>~8 km). Note that our retrievals with GRASP assume negligible aerosol concentrations above the retrieval’s upper boundary of 7600 m, while MERRA2 routinely allocates a considerable amount of aerosol in higher altitudes.





3.3. Seasonal Variability of Aerosol Optical Thickness


We examined the optical depth of atmospheric aerosols, including both the cumulative columnar values and the contributions of individual layers. We compared the AOT obtained from photometric measurements with the values provided by MERRA2. The results are shown in Figure 7. It should be noted that the total AOT only encompasses cases where layers were detected.



Our analysis reveals two prominent peaks in AOT, occurring in June and August. However, no significant peak is observed during the spring season, which is typically associated with biomass-burning episodes or accumulation of aerosols in the boundary layer during the slow movement of an air mass. Mentioned yearly patterns with two seasonal peaks were found for central Poland [40,73] and the Tatra Mountains [74]. We identify two distinct regimes based on the time of the year: a warm period characterized by higher AOT values, and a cold period with lower AOT values. We consistently observe higher AOT values from our retrievals compared to the values obtained from MERRA2. This discrepancy suggests that some aerosol layers might be missing in the reanalysis data or that the amount of aerosol in the free troposphere is underestimated in the transport model.




3.4. Aerosol Typing within Layers


Our analysis, depicted in Figure 8, reveals two prominent peaks in the number of identified layers, occurring in April and August. However, it is important to note that the high number of layers observed in April does not correspond to high AOT values, as depicted in Figure 7. This observation suggests that most layers identified in April are optically thin.



Further investigation indicated that over 50% of the layers identified in April were attributed to dust particles. This finding suggested that the high number of layers during this period was driven primarily by the advection of dust particles from the Sahara at high altitudes.



A high contribution of DU in the free troposphere is observed throughout the year, likely associated with the long-range advection of the Saharan dust. This is supported by many previous studies, e.g., [75,76]. Our analysis shows a large number of DU layers in the spring season, which could be linked to local agricultural activities. Specifically, freshly plowed soil, which is devoid of vegetation, is prone to wind-driven erosion, leading to the generation of dust particles.



Additionally, we have observed the presence of OC from biomass-burning episodes during the late summer season. Our findings suggest that the high temperatures and low humidity during this period increase the probability of wildfires, resulting in the release of OC into the atmosphere. Vertical distribution of layers indicates high-altitude trans-Atlantic OC aerosol advection from North America. Such layers have been observed over Europe in several studies, e.g., [77,78].



Moreover, sea salt particles exhibit a significant contribution throughout the year, which agrees with results provided by various chemical models, e.g., [79,80]. Our findings align with the advection patterns originating from the Baltic and the North Sea (see Section 3.6.3).




3.5. Vertical Distribution of Aerosol Species


The vertical distribution of aerosol layers within the entire dataset is presented in Figure 9, with each layer identified based on the dominant aerosol species provided by MERRA2. Percentage composition of the aerosol type for each consecutive one kilometer range is given in Table 1.



The maximum number of identified layers is observed at approximately 2000 m, while very few cases are observed above 6000 m. These high-altitude cases are predominantly characterized by OC aerosols, indicating trans-Atlantic transport. Sea salt aerosols are primarily observed closer to the ground, with the highest concentration occurring at 1200 m. This observation is in agreement with the absence of strong convection over the seas. However, the unexpectedly strong contribution of sea salt aerosols may be an artifact of the model and requires further investigation. One possible explanation is that these were continental aged aerosols, with low AODs and moderate AE values, which were misidentified as sea salt aerosol.



Mineral aerosols, specifically dust particles, contribute significantly to pollution at lower altitudes and become the dominant contaminant above approximately 2 km. This finding suggests a mixture of both local sources (such as agricultural activities and wind-driven soil erosion) and remote sources (such as Saharan dust). Sulfate-rich layers, characteristic of continental anthropogenic pollution, are mainly present in the low troposphere, up to 4 km. This indicates local emissions and short-distance advection. In contrast, organic carbon aerosols are observed at higher altitudes, predominantly above 2 km. This type of aerosol is often observed during the eastward advection of air masses traveling over both natural and human-induced fires in eastern Europe [39]. These biomass-burning aerosols travel at higher altitudes, above the PBL, and can become the dominant species in the free tropospheric layers over Poland.



It is important to note that the analysis specifically focuses on free tropospheric or residual layers and excludes aerosols within the convectively active boundary layer. This has two identifiable consequences. Firstly, the number of free tropospheric layers decreases near the ground, as the height of the PBL oscillates between approximately 100 m during winter and 1.5–2 km during the summer season. This effect is an artifact of the chosen analysis scheme and does not carry scientific significance. Secondly, the contribution from BC aerosols, associated with low emissions and coal burning, is very low. This is attributed to the fact that BC emissions predominantly occur during the colder half of the year when the PBL is typically low and convectively stable, e.g., [81,82], resulting in minimal aerosol entrainment into the free troposphere.




3.6. Backward Trajectory Statistics—Geographical Validation of Aerosol Layer Typing


To test the performance of the proposed method for aerosol layer identification and type recognition, we employed a previously developed scheme for air mass backward trajectory statistics. We selected altitude regions shown in the previous Section 3.4 to be populated by layers of a certain aerosol type. Next, we calculated backward trajectories with endpoints spatially and temporally collocated with individual identified layers dominated by said aerosol type. Finally, we used the statistical method described in Section 2.2.3 to reveal potential source regions of the selected aerosol layers.



3.6.1. Sulphate Aerosols


The primary sources of sulfate pollutants in the area are likely to be anthropogenic in nature, including activities such as industrial operations, household heating, transportation, and biomass burning. The observed trajectory pattern (Figure 10) supports this notion as the identified potential sources are predominantly located over the densely populated landmass of the European continent. Notably, the trajectory paths demonstrate the presence of the Moravian Gate, a prominent geographic feature in the region.




3.6.2. Dust Aerosols


The strongest source of airborne dust particles in the vicinity of Europe is the Sahara, due to both the abundance of very fine sand material and the very strong convection that develops over the desert during daytime with the PBL top often reaching 5 km above the surface. Potential sources of dust aerosols were identified south of the Sierra Nevada and Atlas Mountain ranges (Figure 11). These aerosols were likely uplifted by air mass on the slopes of these mountain ranges and subsequently transported over the Atlantic and Mediterranean regions.




3.6.3. Sea Salt Aerosols


Sea salt aerosols are produced predominantly over large bodies of water during high-wind conditions; thus, we expect the Baltic, North Sea, and the greater Atlantic to be the primary sources for Racibórz. While the two latter are clearly visible in the result of the analysis (Figure 12), the lack of sources over the Baltic is puzzling. One possible explanation is that the overall domination of western advection over central Europe makes it unlikely for aim masses to travel approximately 1000 km south from above the Baltic.



An interesting artifact observed in the trajectory pattern is the presence of a cone-shaped feature near Racibórz, which has been demonstrated in previous studies to emerge between far-removed sources (in this case over the North Atlantic) and the receptor when no nearby sources are present.




3.6.4. Carbonous Aerosols


A strong hot spot for carbon aerosols is clearly discernible in central-western Europe, indicating the influence of heavy industrial activities in the region (Figure 13). Additionally, sources of carbon aerosols were also observed in the eastern part of the region, likely attributable to biomass-burning activities.



Interestingly, an unidentified source of carbon aerosols was observed over the North Atlantic, west of Ireland, necessitating further investigation to ascertain its origin and transport pathways. The presence of carbon aerosols in this area implies the potential contribution of long-range transport from other regions, likely at higher altitudes. To test this hypothesis, we expanded our analysis with faint, high-altitude layers identified mostly during the cold season.



The trans-Atlantic transport of OC aerosols, depicted in Figure 14, emerges as a significant source of carbon aerosols within the region. The study identifies specific sources of carbon aerosols over the Rocky Mountains at the USA-Canada border and the Appalachians in the eastern USA. These sources can be attributed to large forest fires occurring on mountain slopes, where orography-supported convection lifts the aerosols up to 4–5 km above sea level. These regions act as primary contributors of carbon aerosols in the area.






4. Discussion


The performance of the GRASP and MERRA2 models was compared in terms of reproducing aerosol layers. Overall, a satisfactory agreement was observed between the two models. Although a high correlation was evident, discrepancies in median values across various sectors indicated the presence of biases. Specifically, GRASP exhibited denser aerosol layers in the mid-troposphere, while MERRA2 allocated a significant amount of aerosol around the tropopause and even in the low stratosphere. One limitation of GRASP was its inability to provide information near the ground, primarily due to issues related to normalizing columnar AOT. Addressing the observed biases can potentially allow for improved agreement between GRASP and MERRA2. This can be accomplished by utilizing stronger LIDAR instruments for high-altitude retrievals and closing profiles at ground level using multi-angle nephelometer retrievals specifically tailored for the GRASP model.



When analyzing the MERRA dataset, the profile shows the maximum amount of dust. This could be due to the type of dataset used, as MERRA models dust into five bins, and for this analysis, the sum total of all the bins was used. Furthermore, such variation of aerosol species at different altitudes highlights the importance of understanding the sources and transport pathways of aerosols in the region to better understand the distribution and impacts of atmospheric pollutants.



We observed limited instances of BC or OC dominant layers. This is likely due to the underestimation of BC and OC by the MERRA-2 model when considering other aerosol species. Ref. [83] made a similar observation using satellite remote-sensing data from PARASOL/GRASP. They retrieved global emissions of BC, OC, and dust aerosols and found significant underestimations compared to model inventories. BC emissions were 166.7% higher, while OC emissions were 184.0% higher than the inventories.



Moreover, our findings suggest that the limited presence of sea salt aerosols at higher altitudes indicates the importance of understanding local and regional factors that influence the distribution of atmospheric pollutants. Further research is needed to better understand the sources and transport pathways of these aerosols in the region.



The atmospheric composition over the Racibórz station is influenced by a complex interplay of various factors such as advection, orography, and altitude-dependent potential sources for individual dominant species. This complexity is reflected in the mixture of both local and long-range sources of pollutants, highlighting the need to consider atmospheric dynamics and transport when studying the distribution of pollutants in the region.




5. Conclusions


In this study, we used a combination of GRASP and MERRA2 models to identify aerosol layers in the atmosphere, while MERRA2 data on aerosol mixture allowed for identification of the dominant aerosol species in each detected layer. Moreover, statistical analysis of advection patterns of selected aerosol species was performed to validate our aerosol type recognition. We deem the result to be satisfactory, as all the primary species’ sources were located in the regions that are likely sources of the investigated species. Our approach enables the identification of seasonal pollution transport patterns and provides good identification of dust advection episodes and corresponding source appointments. Additionally, our method allows for confirmation of biomass-burning advection through the free troposphere, including mid- to long-range transport, even trans-Atlantic.



Our analysis also reveals that the variation in trajectory patterns at different altitudes underscores the importance of understanding atmospheric dynamics and transport in the region. Dust aerosols were found to have significant impacts on air quality, human health, and climate, highlighting the need for continued monitoring and research to better understand their sources and transport pathways. Overall, our study highlights the importance of considering the complex interplay of various factors that influence atmospheric composition and transport in the region to improve our understanding of air quality and its impacts on human health and climate.
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Figure 1. Scatter-plot comparison between AOTs from GRASP and MERRA at 1064 nm. 
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Figure 2. Average α-profiles GRASP and MERRA2 at 1064 nm—warm season. Horizontal dashed lines indicate the boundaries of the selected sectors. 
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Figure 3. Average α-profiles GRASP and MERRA2 at 1064 nm—cold season. Horizontal dashed lines indicate the boundaries of the selected sectors. 
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Figure 4. Box plots represent the distribution of α-profiles averaged within the sectors for warm (a) and cold (b) parts of the year. The n represents the total number of profiles per season. The line inside of each box is the sample median while edges represent the upper and lower quartiles. The whiskers represent the highest and the lowest values. 
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Figure 5. Scatter plots of α-profiles averages during the warm season within sectors 1 (a), 2 (b), 3 (c), and 4 (d). The R represents the Pearson correlation coefficient, while the dashed blue lines show the best linear fit. 
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Figure 6. Scatter plots of α-profiles averages during the cold season within sectors 1 (a), 2 (b), and 3 (c). The R represents the Pearson correlation coefficient, while the dashed blue lines show the best linear fit. 
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Figure 7. Seasonal variability of AOT from GRASP and MERRA2 at 1064 nm. 
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Figure 8. The number and dominant type of aerosol within layers observed over Racibórz for different months. 
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Figure 9. Vertical distribution of the number of dominant aerosol species per 15 m layers observed for 2017–2020 with a bin size of 200. 
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Figure 10. Statistical analysis of backward air mass trajectories calculated for layers dominated by sulfate aerosols at 250–2500 m. 
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Figure 11. Statistical analysis of backward air mass trajectories calculated for layers dominated by dust aerosols at 2500–4000 m. 
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Figure 12. Statistical analysis of backward air mass trajectories calculated for sea-salt–dominated layers at 250–2500 m. 
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Figure 13. Statistical analysis of backward air mass trajectories calculated for carbon-rich layers ending at 250–2500 m. 
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Figure 14. Statistical analysis of long-range backward air mass trajectories calculated for carbon at 4000–8000 m. 






Figure 14. Statistical analysis of long-range backward air mass trajectories calculated for carbon at 4000–8000 m.



[image: Atmosphere 14 01409 g014]







 





Table 1. Percentage composition of the aerosol type for 2017–2020.
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Aerosol

Type

	
Altitude Range




	
<1 km

	
1–2 km

	
2–3 km

	
3–4 km

	
4–5 km

	
5–6 km

	
6–7 km

	
7–8 km

	
8–9 km






	
SU

	
42.48

	
39.00

	
23.48

	
15.99

	
2.58

	
0.00

	
0.00

	
0.00

	
0.00




	
SS

	
26.62

	
17.18

	
6.70

	
4.38

	
2.79

	
0.00

	
0.00

	
0.00

	
0.00




	
BC

