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In this paper the current status of knowledge and research efforts on atmospheric aerosol investigation over Ukraine region are reviewed. Several earlier results of atmospheric extinction, aerosol content and properties studies performed in Ukraine during the second part of the twentieth century are discussed. The recent findings on aerosol optical depth, Ångström exponent, optical and microphysical properties of aerosol particles (single-scattering albedo, size distribution, complex refractive index) and their seasonal variability obtained from both AERONET and portable sun-photometers measurements during the 2008–2016 period are presented and analyzed. Data of POLDER/PARASOL satellite instrument were also involved to study the aerosol properties over Ukraine and neighbor countries. The results showed that aerosol content and properties over Ukraine are very similar to ones over rest European urban regions but considerably lower than over polluted China territories. The first lidar measurements and the air quality evaluations by the PM concentration measurements in Ukraine are also discussed. The aerosol sources in Ukraine and surrounding territories are considered from analysis of the air mass back trajectory and simulation by GEOS-Chem model. The future satellite project Aerosol-UA for global aerosol studies by measurements of the scattered solar radiation polarization is discussed in the article.
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INTRODUCTION

Atmosphere aerosol influences on the solar radiation flux in the Earth's atmosphere. Aerosol reflects solar radiation and counteracts the greenhouse effect. Absorbing radiation aerosols (ex. black carbon) can act as greenhouse gases heating the atmosphere at the altitudes with large aerosol particle concentration. Aerosols also act as cloud condensation nuclei influencing on clouds properties, such as droplets sizes and number, clouds life time, and albedo. That determines three ways of aerosol influence on the climate system energy balance (Enhalt et al., 2001; Climate Change, 2013). Also aerosol particles in the surface layer of the atmosphere influence on the air quality and can be injurious to human health (Bernstein et al., 2004; Davidson et al., 2005; Anderson et al., 2012; Kim et al., 2015). It is very important to provide monitoring of the aerosols properties and concentration in the atmosphere and accumulate data from as much as possible part of the globe and of the time span. Different ground-based and satellite instruments are used to study the aerosol properties and dynamics on the regional and global scales. The remote sensing techniques: sun-photometers (Holben et al., 1998, 2001; Yoon et al., 2012; Che et al., 2018), lidars (Ansmann and Muller, 2005; Amiridis et al., 2009, and satellite instruments (Remer et al., 2008; Zhao et al., 2008; Tanré et al., 2011; Sayer et al., 2012; Winker et al., 2013; Kokhanovsky et al., 2015), are used or under construction (Marbach et al., 2015; Milinevsky et al., 2016) to study columnar aerosol content and properties. In-situ measurement provides data on the aerosol particles concentrations, formation, and properties in different layers of the atmosphere including surface air. The most effective results can be expected from the synergy of the different measurement techniques and observation results. To study aerosols in specific regions of the world and on the global scale, the special national, regional and global networks of the different instruments have been created. For example, the sun-photometer international networks AERONET (AErosol Robotic NETwork, https://aeronet.gsfc.nasa.gov/, Holben et al., 1998), SKYNET (http://www.skynet-isdc.org/, Hashimoto et al., 2012), Sun-sky radiometer Observation NETwork (SONET) in China (Li et al., 2018), and the China Aerosol Remote Sensing Network (CARSNET) (Che et al., 2018), The NASA Micro-Pulse Lidar Network (MPLNET, https://mplnet.gsfc.nasa.gov/, Welton et al., 2001; Welton and Campbell, 2002), European Aerosol Research Lidar Network (EARLINET, https://www.earlinet.org/, Pappalardo et al., 2014), Latin American Lidar Network (LALINET, http://www.lalinet.org/, Guerrero-Rascado et al., 2016). These ground-based remote sensing techniques are used to study aerosols over land and to validate satellite measurements. To study aerosols and validate satellite measurements over the ocean, the Maritime Aerosol Network (MAN) has been established by NASA as a component of the AERONET (https://aeronet.gsfc.nasa.gov/new_web/maritime_aerosol_network.html, Smirnov et al., 2011).

The different aerosol contents, dynamics and other properties over the globe are obtained from the networks observations. The difference of the aerosol properties in dependence on their origin and the observational site location was revealed in the early study (Dubovik et al., 2002) from analysis of 8-years measurements with the AERONET sun-photometers performed at the different locations worldwide. The main classes of the aerosol particles were established in that study: desert dust, biomass burning, urban-industrial and marine aerosols. The robust models of the corresponding types of aerosol particles were developed. The typical values of the columnar aerosol optical depth (AOD), Ångström exponent (AE), particle single-scattering albedo (SSA), refractive index (RI), and size distribution were determined. Further cluster analysis of the AERONET measurements over the globe has been performed for the development of the satellite data processing algorithms (Omar et al., 2005), and has confirmed the Dubovik et al. (2002) classification with the additional rural background aerosol type. An analysis of the AERONET measurements performed at 15 sites in different worldwide locations during the 1995–2009 period has revealed the different trends of the fine and coarse modes AOD and AE in the different regions (Yoon et al., 2012). Though the study periods were different for each site, it was found that an increase of the aerosols content with fine mode particles dominated over industrial regions of East Asia and over agricultural regions of South Africa with the positive trends more than 6% per year and ~1.9% per year, respectively. Over sites in Western Europe and North America, these trends were insignificant or negative (from +0.25 to −2.3% per year). The decreased and increased trends of the coarse mode dominated aerosols were observed over desert regions depending on the meteorological conditions.

Observations at different regions refine the regional properties of the aerosol particles and dynamics. For example, columnar spectral AOD and AE (440–870 nm) determined from the multi-year (2005–2009) AERONET observations in Southern Italy were analyzed by Boselli et al. (2012). Using cluster analysis of AOD and AE, back trajectories of air mass analysis and aerosol transport models, the authors have found that the atmosphere over the site is polluted by natural aerosols, namely dust from Sahara (37.5%), sea salt from Tyrrhenian, Adriatic, and Ionian Seas (4%), and anthropogenic aerosols from the European continent (41%). The rest (17.5%) comprises mixed aerosols with back-trajectories at different altitudes that did not show the same path and origin. The AOD (440 nm) and AE values ranged from 0.03 to 0.6 and from 0.15 to 3.14, respectively. The mean value of AOD (440 nm) was equal to 0.161 ± 0.004 and mean AE was of 1.44 ± 0.54.

The cluster analysis of AOD and AE, and back trajectory statistics are used by Szkop et al. (2016) to study aerosol properties and classification over Central Europe from analysis of observations at the AERONET sites Belsk (Poland), Leipzig (Germany), Minsk (Belarus), and Moldova (Chisinau, Moldova) during 2001–2012. The MODIS satellite instrument data were used in the discussion of possible sources of aerosols. It was found that the mean values of AOT measured at all these sites do not differ significantly, and all sites affected by similar types of aerosol. Five aerosol types were identified by 2D cluster analysis for studied region: biomass burning aerosols with averaged on the cluster AOD (440 nm) = 0.58 ± 0.23 and AE (440–870 nm) = 1.62 ± 0.18 (approximately 13% of the observational days), predominance by desert dust (AOD (440 nm) = 0.29 ± 0.08, AE = 1.04 ± 0.26, 8.5% of days), urban-industrial (mixed continental and industrial, AOD (440 nm) = 0.28 ± 0.08, AE = 1.66 ± 0.15, 28% of days), polluted continental (AOD (440 nm) = 0.16 ± 0.03, AE = 1.53 ± 0.20, 31.5% of days) and mixed continental and maritime aerosol [AOD (440 nm) = 0.08 ± 0.02, AE = 1.32 ± 0.28, 19% of days]. The polluted continental aerosol originated from Slovakia and northern Hungary, urban-industrial aerosol originated from western Poland and eastern Germany, and continental-maritime aerosols originated from Scandinavia, Baltic Sea and Northern Atlantic, correspondingly, are the main pollutants over Central Europe. The biomass burning aerosol sources are localized around of Belarusian–Ukrainian border (Szkop et al., 2016).

Unlike Europe, the high aerosol content caused mainly by anthropogenic activities observed in the atmosphere over many areas of eastern China. The AERONET observations over the Chinese Yangtze Delta Region during 2007–2008 (Pan et al., 2010) and 2011–2015 (Che et al., 2018) found that the AOD (440 nm) reached values 1.41 ± 0.49 at some sites in July (Pan et al., 2010), but the typical AOD (440 nm) values in the region are approximately 0.71–0.76 and are similar to other urban areas of China, such as Shenyang (0.75), Beijing (0.76), Tianjin (0.74), Shanghai (0.70), and Hefei (0.69) (Che et al., 2018). The AE over the Chinese Yangtze Delta Region typically ranged from 1.1 to 1.6 (Pan et al., 2010). At the rural sites in theYangtze Delta Region the AOD (440 nm) can also be very high, up to ~ 0.68 that is 2–6 times higher than in other rural sites in China, where it ranges typically from 0.11 to 0.35 over southwest and northeast of China, respectively (Che et al., 2018). The aerosol classification is more complicated over China comparing to Europe. However it was found that the fine mode is the major contribution of the particles in the classification scheme based on SSA, fine-mode fraction and extinction Angström exponent (Che et al., 2018).

The latest measurements of the aerosol optical properties were performed over Lumbini, Nepal, with the AERONET sun-photometer (Rupakheti et al., 2018). The site is located near the northern edge of the central Indo-Gangetic Plains (IGP) and before the Himalayan foothills (and Himalayas) to its north. Average AOD (500 nm) value was found of 0.64 ± 0.38 during January 2013–December 2014, and 0.72 ± 0.44 during the post-monsoon season. More than 80% of the daily averaged AOD (500 nm) values were above 0.3 during the monitoring period. The levels of aerosol load observed over Lumbini are comparable to those observed at several heavily polluted sites in the IGP. It was found from analysis of the AOD and AE, that anthropogenic, biomass burning, and mixed aerosols are the most prevalent aerosol types. The aerosol volume-size distribution was bi-modal during a year with modes centered at 0.1–0.3 and 3–4 μm.

The ground-based sun-photometer observations are used in the modeling of the aerosol properties, spatial-temporal distribution and dynamics on the global and regional scales, (e.g., Omar et al., 2005; Yu et al., 2012; Menut et al., 2013; Chin et al., 2014) and also to validate the satellite data on aerosol properties (e.g., Holben et al., 1998; Fan et al., 2008; Goloub et al., 2008; Bréon et al., 2011; Smirnov et al., 2011; Xiao et al., 2016).

The current article is aimed to review results of the aerosol study in the Earth's atmosphere over Ukraine due to their substantial influence on the air pollution and climate. The layout of the region discussed in the review is shown in Figure 1. Several earlier results of atmospheric extinction, aerosol content and properties studies performed during second part of twentieth century are discussed in the article. In recent years the atmospheric research in Ukraine is developed in cooperation with international programs of climate change studies using up to date techniques. In Ukraine, atmospheric aerosol measurements by the AERONET technique have been provided since 2006 in Sevastopol and since 2008 in Kyiv. The recent findings on aerosol optical depth, Ångström exponent values, optical and microphysical properties of aerosol particles (size distribution, single-scattering albedo, complex refractive index) obtained from AERONET measurements, are discussed in the paper.


[image: image]

FIGURE 1. Ukraine territory and other adjusted investigated regions for aerosol study discussed in the paper. The sun-photometer AERONET sites location is shown by stars.



The data from satellite instruments (ex. POLDER, MODIS) have also discussed, and the short campaign of lidar measurements in Kyiv carried out during August–September of 2015. The development of the space radiometer/polarimeter instruments for the Aerosol-UA project for atmospheric aerosols global monitoring is discussed in the review as well. These instruments will investigate microphysical properties of aerosol particles. The air quality evaluations by PM2.5/PM10 measurements in Ukraine, GEOS-Chem modeling and localization of aerosol sources in East-European region by back-trajectory statistics are also discussed in the review.

Earlier Data on Aerosol Content and Properties in the Atmosphere Over Ukraine

Estimations of the aerosols content and properties in the atmosphere over several regions of Ukraine since 1955 were performed from measurements of the direct solar irradiation. The observations were carried out with actinometers of the former Soviet Union State Meteorological Network and later in Ukraine (Russak, 1990; Abakumova et al., 1996; Climate of Ukraine, 2003). In that technique, the aerosols considered as one of the main contributors to the atmosphere extinction. Aggregated data on the aerosol influence on the atmosphere transparency in the 1955–1995 period over urban regions of Ukraine (Poltava, Odessa, Kherson cities), and over rural regions (Bolgrad and Ascania Nova) are analyzed in Climate of Ukraine (2003). The time span of 30 years observations is divided into three periods that differ by natural and anthropogenic factors. These periods are 1955–1970, 1971–1985, and 1986–1995. The tendency of the atmospheric transparency decreasing was found in both urban and rural regions for each of these periods due to increasing of the aerosol extinction which was larger at urban regions. Aerosols contribution to the atmosphere extinction at Ascania Nova was 33% in the first period and 38% in the third one, but at Odessa, it was 38% and 43%, respectively. These results were considered as a tendency of aerosols content increase in the atmosphere over Ukraine due to the strengthening of the anthropogenic factor. Larger aerosols contribution was observed during summer months with the maximum in June–July whereas in winter the aerosol contribution was small.

In addition, the remote measurements of the spectral AOD and Ångström exponent determination had been carried out in the former USSR with special photometers M-83 (Gushchin, 1988). To determine AOD, M-83 photometer was provided by the glass filters with spectral bands that were centered at 344, 369, 463, 530, 572, 627 nm wavelengths with a full width at half maximum (FWHM) equal to 31, 22, 17, 60, 33, and 32 nm respectively. The Ångström exponent value was determined using 369 and 530 nm wavelengths. The several observational sites were located in Ukraine, for example, in Kyiv, Odessa, Lviv, Feodosia (Karadag, Crimea). Instrument design, the procedure of the aerosol properties measurements and summary of results of data analysis published in Gushchin (1988). The aerosol measurement results in Ukraine during 1972–1984 are shown in Figure 2. In Figure 2A the number of measurement years for Lviv is total 6, for Odessa - total/warm period 7/10, for Feodosia/Karadag - total/warm period 10/11.
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FIGURE 2. Spectral AOD and Ångström exponent at Lviv, Odessa, and Feodosia/Karadag sites in Ukraine multiyear averaged over the period 1972–1984. (A) Spectral AOD solid symbols—total AOD, open symbols—warm period AOD, (B) AOD (530 nm) at Odessa and Feodosia/Karadag sites of Ukraine averaged over warm part of a year for the 1972–1984 period, (C) yearly averaged Ångström exponent (369–530 nm) for at Lviv, Odessa, and Feodosia/Karadag sites in Ukraine in the period of 1969–1982. In figures: Lviv (square), Odessa (circle), Feodosia/Karadag (triangle). Plots have been created by data from Gushchin (1988).



The measurements of the atmosphere extinction in the Crimea Peninsula have the longest history in Ukraine. First observations were started in 1924 at the Feodosia Central Hydrometeorological Station (Karadag) with the Michelson actinometer. Then, measurements were continued at the new station in Simferopol from 1926 to 1932 (the first observational period) with Michelson actinometer provided with optical glass filters in U (wavelength λ < 520 nm), R (λ > 625 nm), and V (λ = 520–625 nm) spectral bands. The second observational period lasted in 1972–1990 in Feodosia. The observations were carried out with M-83 photometer. Measurements of the spectral extinction of the atmosphere have been performed during 1996–2000 using the sun tracking sun-photometer (Terez and Terez, 2002). The photometer provided the measurements in five spectral bands extracted by interference filters centered at 357, 401, 448, 512, and 750 nm. Results of the observations were compared with the data of earlier studies in 1924–1932 and 1972–1990. From these measurements, conclusion follows: the atmosphere transparency in Crimea in 1924–1932 can be considered as a background level, during 1972–1990 the atmosphere transparency decreased, presumably because of anthropogenic influences and the El Chichon volcano eruption, and during 1996–2000 the atmosphere transparency returned to the background level (Terez and Terez, 2002). More detailed information about aerosols content and optical and microphysical properties in the atmosphere over several regions of Ukraine were obtained after 2006 using AERONET sun-photometers technique (Holben et al., 1998; Goloub et al., 2008).

Aerosol Remote Sensing Over Ukraine by AERONET Technique

Aerosol remote sensing measurements by AERONET sun-photometers have been started in Ukraine in 2006 at Sevastopol (Yakovleva and Tolkachenko, 2008). The measurements in Kyiv permanent site by the AERONET sunphotometer CIMEL CE318 started at the end of March 2008 (Danylevsky et al., 2011a,b) and are still in progress. The measurements by the AERONET sunphotometer at the Martova permanent site, located approximately at 70 km eastward of Kharkiv city, has been set in November 2013, and previously the measurements with sun-photometer CIMEL CE318-EDPS9 were performed at Lugansk AERONET site from November 2011 to November 2013. These two sites have produced the data on aerosol amount and properties over the Eastern part of Ukraine. The Sevastopol AERONET site is located in a coastal zone quite distantly from continental part of country and aerosols type is slightly different from ones over continental Ukraine. All AERONET aerosol sites in Ukraine, besides Sevastopol site, are operated and calibrated under the AERONET/PHOTONS responsibility (Goloub et al., 2008).

Three temporary AERONET sites—Donetsk, Yevpatoria, and Kyiv-AO—have been established during 2011–2013 in Ukraine. The measurements at these three sites were carried out during short time intervals—from several days to 3 months as at Kyiv-AO site, using CE318-EDPS9 sun-photometer as a mobile site, which traveled over Ukraine regions. In addition, short series of measurements were carried out using Microtops II portable sun-photometers at certain sites in Ukraine from time to time (Odessa, Rivne, Chornobyl Exclusion zone) and during trip campaigns such as in June 19–20, 2009 through the central region of Ukraine (Kremenchuck, Dnipro, Zhovti Vody, Kirovohrad, which was recently renamed to Kropyvnytskyi) and through the east region (Donetsk, Mariupol, Zaporizhia, Yevpatoriya) or along Kyiv–Odessa road in 2009–2012 (Milinevsky et al., 2012; Bovchaliuk V. et al., 2013). The measurements at Kyiv site provides the most complete study on aerosol properties over continental part of Ukraine because of the longest set of data, and most detailed results of the Kyiv site data analysis is presented in the review.

Kyiv AERONET Site Description and Conditions of Observations

The Kyiv AERONET site is located on the roof of the building of Main Astronomical Observatory of the National Academy of Science of Ukraine, at Golosiiv forest, 10 km southward of the city center. The site is equipped with the CIMEL CE-318 sun-photometer in different modifications. In Table 1 the different models of the CIMEL sun-photometers used at Kyiv site during the period of measurements are listed.


Table 1. List of sun-photometers which used for aerosol measurements at the Kyiv AERONET site.
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The data of measurements are sent via the Internet to the AERONET database twice a day, processed and displayed on the Kyiv AERONET web-page on the same day, including various aerosol optical properties. The landscape around the Kyiv site allows perform the celestial hemisphere scans by sun-photometer and the location ensures good conditions for measurements. The weather condition allows direct Sun measurements during each month of each year, but warm part of the year is the most favorable period for observations.

In the period of 2008–2016 the measurements were performed on the average during 83–87% of days in June and July, 79–77% in May and August, 50–60% days in March, April, September, and October. The worst weather conditions are during the cold period—only 15–17% of observation days in December and January and 22–24% in November and February.

AOD and Ångström Exponent Data Analysis for the Kyiv AERONET Site

The most representative data on aerosols pollution from AERONET optical remote sensing technique are AOD at 440 nm because (1) all types of aerosol particles efficiently scatter solar light at this wavelength and (2) each model of sun-photometers has this spectral channel.

Analysis of AOD (440 nm) Level 2.0 data measured at Kyiv AERONET site over all time of observations showed that the most probable values are in interval 0.05–0.30 for each year, which is 70% during 2008–2014 (except 2010 when it was 63% only owing to intensive wildfire influences in the Summer), 77% in 2012 and 80–83% during 2013–2014.

The value of AOD (440 nm) = 0.3 corresponds to atmosphere transparency decreasing at this wavelength to 75%. It means that in most of the cases the aerosols diminished the atmosphere transparency over Kyiv during 2008–2014 approximately to 75%. But sometimes the special events occur like in summer 2010, when the higher AOD (440 nm) about 1.5 over all time of measurements was observed on August 15, 2010 that caused by the influence of intensive wildfire over west regions of Russia and the southeast of Ukraine (Galytska et al., 2018).

Analysis of other sets of AOD (440 nm) measurements performed at temporal AERONET sites and with Microtops II portable sun-photometer, as it mentioned above, resulted in the conclusion that atmosphere contamination by aerosol over other regions of Ukraine do not differ significantly from one over Kyiv and Kyiv site data are representative for aerosols amount and properties for Ukraine continental part.

Comparison of yearly averaged AOD (440 nm) over Kyiv site and some other sites in the world shows that aerosols amount and optical properties over Kyiv are very similar to ones over AERONET sites located in neighboring countries (Minsk, Moldova, Moscow sites) and in Europe (Munich site) but aerosols amount over Kyiv site are approximately three times as much as at Canberra site (Australian coastal zone) and approximately ten times as much as at Mauna Loa oceanic site, but are approximately three or four times less than at China's sites Beijing and Taihu (Figure 3).
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FIGURE 3. Comparison of aerosol amount by AERONET measurements over various sites over the world.



Also, there is a tendency to decrease AOD over Kyiv during 2008–2015 (see Figure 4): yearly averaged AOD (440 nm) decreasing to 0.09 from 2008 to 2015, but there is the increase in 2016. As Ångström exponent did not change significantly at least from 2010 to 2014, it can be concluded that AOD decreased without changing the particles optical properties. This means that aerosol particles amount diminished in the atmosphere over Kyiv at that time, which could be the effect of industrial activity decreasing in Ukraine.


[image: image]

FIGURE 4. Yearly averaged (A) AOD (440 nm) and (B) Ångström exponent (440–870 nm) at Kyiv site, data level 2.0.



Following seasonal changes of the particles amount and properties in the atmosphere over Kyiv were found: AOD maximums are observed in the spring (mainly in April) and in the late summer (mainly in August), see Figure 5A. Ångström exponent also has the largest value in the spring (April) and in the summer (July–August) (Figure 5B). The Ångström exponent seasonal variations suggest that in the aerosol particles amount increasing prevail fine mode particles over coarse mode. More seasonal properties of aerosols over Ukraine can be found in the subsequent section of the review and in Milinevsky et al. (2014).
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FIGURE 5. Seasonal changes (A) of the AOD and (B) Ångström exponent over Kyiv site. Data level 2.0 averaged over 2008–2016.



Kyiv and Kyiv-AO Sites Data Comparison

To estimate spatial nonuniformity of the aerosol layer over Kyiv, the simultaneous measurements at the Kyiv and Kyiv-AO AERONET sites have been performed during Summer–Autumn 2012. Temporary Kyiv-AO AERONET site is located at the Astronomical Observatory of the Taras Shevchenko National University of Kyiv in the center of the city, approximately 10 km northward from permanent Kyiv AERONET site.

Comparisons of Level 2.0 daily averaged AOD (440 nm) and Ångström exponent at 440–870 nm revealed discrepancies of these parameters at several days between observational sites exceeding the measurements uncertainties which are approximately ± 0.02 for AOD and ± 0.2 for Ångström exponent (Figure 6). The analysis in details has to be applied to data of each those days to reveal causes of the discrepancies. As possible sources of discrepancy, the real differences between optical aerosol particles properties over these sites can be considered. Specifically, in some cases, the Ångström exponent at Kyiv site exceeds ones at Kyiv-AO site, which suggests the fine-mode particles prevail over Kyiv site at these days. The differences between particles optical properties as well as their amount in the atmosphere over the big city can be nonuniform on the scales of several kilometers and hours due to the variability of the particles sources.
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FIGURE 6. Comparison (A) of the AOD (440 nm), and (B) Ångström exponent (440–870 nm) for Golosiiv forest (Kyiv AERONET site) and center of the city (Kyiv-AO AERONET site). The difference (C) of AODs and the difference (D) of Ångström exponents between Kyiv-AO and Kyiv sites, correspondingly.



To eliminate the sun-photometer properties influences on the results, the simultaneous intercalibration measurements by both instruments were performed at Kyiv site during September 10–13, 2012. The daily AOD (440 nm) differences not exceeded 0.01 and Ångström exponent daily differences not exceeded 0.1 at low values of AOD (Table 2).


Table 2. Results of Kyiv and Kyiv-AO sun-photometers comparison.
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AERONET Sun-Photometer Measurements in the East of Ukraine

Two AERONET sites were established in the east region of Ukraine. The site at Lugansk was located in the city and operated during November 2011–August 2013. The permanent Martova AERONET site is operating from December 2011 and measurements are ongoing. The Martova site located at the Low-Frequency Observatory of the Radio Astronomy Institute of National Academy of Sciences of Ukraine at Martove village situated in the rural environment approximately in 70 km eastward from Kharkiv city.

According to the measurements at the Lugansk site, the most probable Level 2.0 values are AOD (440 nm) 0.1–0.3; Ångström exponent (440–870 nm) 1.3–1.7; the effective radius of the aerosol particles Reff is 0.2–0.3 μm. Measurements at the Martova site have been started from December 11, 2013. The most probable Level 2.0 values over the period 2013–2014 were: AOD (440 nm) 0.1–0.2, Ångström exponent 1.4–1.8, Reff is in 0.2–0.3 μm range. It follows from these data that the content and main properties of the aerosol particles in the eastern part of Ukraine are more or less uniform and practically are similar to measured at the Kyiv site, especially if results are compared with other parts of the world (see Figure 3).

Aerosol Optical Properties From Microtops II Measurements in Several Regions of Ukraine

The spectral AOD at 340–1020 nm spectral range were measured with a portable Microtops II sun-photometer in some other regions of Ukraine and the Ångström exponent values have also been determined from the observations (Bovchaliuk V. et al., 2013). The measurements in Kyiv city regions were also carried out during the four-year period. The Microtops II data simultaneous measurements with CIMEL sun-photometer at Kyiv AERONET site were performed regularly for data validation. The observations with Microtops II sun-photometer gave the opportunity to estimate aerosol pollution of the atmosphere over different regions of Ukraine.

Measurements with Microtops II photometer were carried out in June 2009 during the trip along the road from Kyiv to Dnipro (Central Ukraine). The AOD (675 nm) changed from 0.1 to 0.16, and the Ångström exponent (675–870 nm) of 1.3–1.7 was calculated from those observations. Other transect measurements were made during the trip through the East and South of Ukraine on August 16–21, 2011. Large AOD (440 nm), approximately equal to 0.5–0.7, was observed in Lugansk at that time. On the contrary, in Zaporizhia, and in Kryviy Rih the AOD (440 nm) was less than 0.2. However, these small AOD were observed after rainfall and thunderstorm, and do not represent the average aerosol load in this region. The Ångström exponent was also decreased from 1.7 to 1.3 those days, which corresponded to the reduction of fine-mode aerosol particles as a result of the rain (Bovchaliuk V. et al., 2013).

Three field campaigns of observation have been provided in the Chornobyl Exclusion Zone region in the spring–summer season of 2011–2012 (Bovchaliuk V. et al., 2013). Upon the average AOD and Ångström exponent were similar in all periods of spring observations: AOD (440 nm) was equal approximately to 0.18–0.20 and Ångström exponent (440–870 nm) was 1.55–1.92. AOD slightly decreased at all wavelengths, while the Ångström exponent increased at the end of June.

Observations in Rivne city (the western part of Ukraine) during two summers and one autumn short periods in 2011–2012 found the AOD (440 nm) values approximately equal to 0.21–0.30, and Ångström exponent (440–870 nm) was approximately 1.48–1.63. AOD and Ångström exponent values were larger in summer period than in autumn.

Several observational campaigns were performed in Odessa city from July 2009 to August 2011 with different models of Microtops II sun-photometer, see Table 3. The highest AODs were observed in August 2010. It corresponds to the special event of the atmosphere pollution over most of the Ukraine territory from intensive wildfires in Russia (Galytska et al., 2018). Rest of the data has shown relatively low aerosol pollution of the atmosphere over Odessa. Approximately the same spectral AODs were observed in Odessa during earlier observational periods 1972–1984, see Figure 2B.


Table 3. Aerosol characteristics in the atmosphere over Odessa.
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The interesting result was obtained during the trip from Odessa to Kyiv on November 21, 2009. The AOD value was relatively low in Odessa in the morning, when AOD (440 nm) was approximately 0.17, and Ångström exponent was high (approximately 1.5). AOD decreased slowly with driving away from Odessa and after minimum near Uman' town with values AOD (440 nm) 0.12, then it grew significantly in the approach of Kyiv city up to AOD (440 nm) 0.32. At the same time Ångström exponent was approximately the same from Odessa to Uman' and then decreased significantly (became less than 0.32) with the approach of Kyiv city (Bovchaliuk V. et al., 2013). These measurements have shown relatively uniform aerosol pollution of the atmosphere over Ukraine, and Ångström exponent values close to 1.5–1.6 suggested the dominance of fine-mode particles.

Aerosol Radiative Forcing Analysis by Kyiv AERONET Site Data

Direct radiative forcing caused by aerosols (ARF) depends on AOD and other aerosol optical parameters. Aerosol contamination over Kyiv site in average is small in comparison to the sites where AOD is much higher, for example, over the China sites, and is approximately the same as over other sites located in neighboring countries and in other European countries (see Figure 3). Retrieved from AERONET website yearly mean ARF values are negative for each year from 2008 to 2014. However, ARF averaged for each month over all years is positive during December–March that probably caused by bright surface reflection by snow at the Kyiv site (see Derimian et al., 2016). Yearly ARF value at Kyiv site vary from −10 W/m2 in 2008 and 2014, to −3 W/m2 in 2011, and the seasonal variation range is approximately from −15 W/m2 in August to + 15 W/m2 in February.

The ARF value determined from AERONET website by observations at Kyiv site suggests that aerosols over Kyiv and Ukraine mainly contribute to the cooling of the atmosphere, though during a year the contributions vary from positive in snowing winter months to negative in the rest of a year. Therefore, aerosols contribute to reduce the difference of the weather conditions between cold and warm parts of a year in Ukraine.

To estimate regional radiative forcing in Kyiv area we apply also the model GAME (Global Atmospheric ModEl) that allows including aerosol altitude distribution measured by lidar (Dubuisson et al., 2006; Garcia et al., 2012; Derimian et al., 2016). Lidar aerosol altitude profiles in Kyiv have been measured in the campaign in 2015 (see next Section). Using the case with atmosphere that most contaminated by aerosols when AOD is 0.8 and real lidar aerosol height distribution, the radiative forcing by the GAME model is −62 W/m2. In the case when AOD = 0.3, by GAME model ARF = −26 W/m2, which corresponds to ARF values determined from AERONET data.

Lidar Aerosol Measurements

Ground-based radiometric measurements are providing high-quality data on aerosol optical parameters in the atmosphere column (Holben et al., 1998; Kim et al., 2011). However, altitude aerosol profile is also important for modeling of aerosol transfer and radiative forcing estimation (ex. Garcia et al., 2008). Lidar aerosol measurements are the most suitable tool to retrieve the aerosol altitude profiles. To increase the efficiency of the measurements, data processing methods, and spatial coverage by lidar observations, the network of similar lidar instruments are created. In East European region lidar networks are EARLINET (European Aerosol Research Lidar Network, www.earlinet.org) and CIS-LiNet (Atmosphere aerosol and ozone monitoring in CIS regions through lidar stations network, (www.cis-linet.basnet.by). The East European region includes 5 lidar stations operated in Minsk, Warsaw, Belsk, Bucharest, and Moscow. However, in the vast area of those regions—Ukraine territory—lidar measurements have not been provided until 2015.

The first lidar observations of aerosol in Ukraine have been carrierd out in 2015 (Yatskiv and Milinevsky, 2015; Bovchaliuk et al., 2017). The single-wave mini-lidar CIMEL CE370-2 (http://www.cimel.fr/) has been borrowed by the Laboratory Atmosphere Optics (LOA) of University Lille1 for joint collaboration aerosol study in Ukraine. The CIMEL CAML (Cloud and Aerosol Micro-Lidar) CE370-2 lidar is a monochromatic eye-safe and weatherproof instrument, which allows continuous measurements of aerosol spatial distribution on detection range 15–24 km (day-night). The CAML CE370-2 laser is the frequency doubled Nd:YAG at 532 nm wavelength with the pulse energy about 20 μJ, width <15 ns and rate 5 kHz (http://www.cimel.fr/). The CE370-2 lidar obtains data on the extinction and backscatter coefficients which are processed together with time series of AOD and Ångström exponent values measured by the AERONET sun-photometer.

The lidar measurements campaign in Ukraine has been performed from the mid-August until the end of September 2015. Using these data the altitudes and thickness of aerosol layers, dynamics and height aerosol distribution in that region were calculated. The event of strong smoke at the beginning of September has been investigated in details by lidar and sun-photometer measurements (Bovchaliuk et al., 2017).

The simultaneous observations were provided by the AERONET Kyiv site sun-photometer and lidar located at the same place. The analysis of specific optical and microphysical aerosol properties and their altitudinal distribution in the atmosphere over Kyiv city suburb has been made using lidar and sun-photometer observations (Bovchaliuk et al., 2017).

MODIS maps of detected wildfires and back-trajectory analysis have been used for air mass investigation over the Kyiv for the lidar observation campaign period. It was shown that the air masses arrived in Kyiv mostly from the north-west and the western parts of Ukraine in the period of the lidar measurements. On September 1–2, 2015, before the event of the strong smoke intrusion, the typical atmosphere with small aerosol content was measured at the Kyiv AERONET site. The significant increase of aerosols pollution of the atmosphere started in the evening of September 2. It was recognized by using back trajectory calculations and MODIS data (http://modis.gsfc.nasa.gov/) that the forest fire smoke was transported to Kyiv area by air mass from north-west regions of Ukraine. Measured mean values of AOD (440 nm) increased during the event from 0.1 to 0.4–0.8 and Ångström exponent at 440–870 nm changed from 1.6 to 1.8 indicating the redistribution of particle size to fine mode aerosols. The example of rapid arrival of the smoke cloud, as a product of biomass burning, over lidar at Kyiv site in September 2, 18:20UT is shown in Figure 7.
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FIGURE 7. Corrected by altitude lidar signal in logarithmic scale shows arrival in the area at 18:20UT of the strong aerosol smoke altitude distribution and dynamics over Kyiv AERONET site by lidar measurements.



Newly developed GARRLiC (Generalized Aerosol Retrieval from Radiometer and LiDAR Combined Data) algorithm has been used for data analysis (Lopatin et al., 2013; Bovchaliuk et al., 2016). The lidar data have been corrected for the incomplete overlap effect using the overlap function. The overlap is reached 50% at altitude 1,440 m and 80% at altitude 2,960 m. We also measure the afterpulse signal and apply this correction saving the afterpulse profile. The background noise and range correction have been applied as the regular lidar quality check. More about the lidar quality check and data processing methods used to develop the measurements during the Kyiv lidar campaign can be found in Bovchaliuk et al. (2016, 2017).

Six cases of coincident lidar and sun/sky-photometer have been processed for the period of lidar campaign (Bovchaliuk et al., 2017). The some examples of retrieved aerosol optical and microphysical properties for September 3 are presented in Figure 8. Biomass burning aerosol includes mostly two components: black carbon (BC), and organic carbon (OC). The first, BC, mostly absorbs solar radiation, while OC mainly scatters solar radiation. Both have a strong fine mode fraction (see Figure 8A). Particles of OC are generated during decaying vegetation, bacterial growth and other natural processes and BC are mainly formed from fossil fuels and other burning processes. Black carbon originated as long non-spherical sequences, which crashed and joined to other organic matters that coated collapsed BC sequences. Hence, particle properties of both OC and BC are strongly varied depending on the burning process or the processes during the transport (hygroscopic growth, coagulation or photochemical mechanisms, etc.). Consequently, aerosol particles which have been transported to Kyiv have modified particle properties depending on the processes during the transport. According to Dubovik et al. (2002) main optical properties of biomass burning particles varies from place to place. The lidar ratio (LR) of less absorbing urban aerosol particles varies in rage 35–70 sr, while LR of biomass burning particles has higher values 70–100 sr at 532 nm wavelength (Ansmann and Muller, 2005).
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FIGURE 8. Aerosol parameters from lidar and sun-photometer data of September 3: (A) size distribution, (B) single scattering albedo, (C) extinction profile. Lidar ratio at 532 nm wavelength of each retrieved case.



Size distribution indicated the increase of fine mode particles during the investigated event in Kyiv. Retrieved SSA during the event in comparison to the day before has lower spectral dependence, but all SSA retrieved on 1–3 September have high values which are varying from 0.96 to 0.88. Refractive index (RI) real part and RI imaginary part retrieved by the GARRLiC algorithm are equal 1.45 and 0.007 respectively. Lidar ratio for that aerosol at 532 nm wavelength varies from 62 to 72 sr (Bovchaliuk et al., 2017). In general, retrieved aerosol optical and microphysical properties indicate on the mixture of urban and biomass burning particle presence over the Kyiv city during the period of 1–3 September 2015.

The short lidar campaign of 2015 in Ukraine shows significant advantages for study aerosol properties and dynamics. Simultaneous lidar and AERONET sun-photometer observation results make it clear the need to install at least one lidar station in Ukraine and join to EARLINET network.

Analysis of Aerosol Distribution in the Atmosphere Using Satellite Data

The satellite observation allows studying the atmosphere pollution over the large territory. Since a number of the AERONET sites over vast Ukraine territory is a few, it is very important to use satellite data to study aerosols in that region. Data of the POLDER satellite instrument have been used to analyze the aerosols properties in the atmosphere over Ukraine and adjacent regions through the period of 2003–2011 in Bovchaliuk A. et al. (2013). The POLDER instrument had measured intensity and polarization of the solar radiance scattered by the surface and terrestrial atmosphere, and the inversion algorithm (Deuzé et al., 2001) retrieved at that time AOD simulating the particles with log-normal size distribution, effective radius from 0.075 to 0.225 μm and refractive index m = 1.47–0.01i. These properties correspond to the fine mode aerosols produced mainly by biomass burning and other anthropogenic sources (Dubovik et al., 2002). The inversion algorithm determined AOD at 865 nm and 670 nm with spatial resolution 6 × 6 km, and aerosol parameters were estimated with resolution 3 × 3 pixels, i.e., approximately 18 × 18 km over cloud-free regions. The Ångström exponent values are calculated for spectral range 670 to 865 nm using POLDER data.

The AOD (865 nm) monthly averaged values retrieved for April-May, and August-September month in 2003–2011, have been used for analysis in Bovchaliuk A. et al. (2013). Previously the comparison of the POLDER AOD (865 nm) and AERONET sites AOD (870 nm) has been performed using a methodology similar to described in Su et al. (2010). The sites which have been used for comparison were Sevastopol, Moldova, Kyiv, Belsk, Minsk, and Moscow. The AOD (870 nm) have been computed for data Level 2.0 correspond to fine mode particles with size < 0.3 μm. The AODs measured within ± 30 min of the satellite overpass times were selected due to the condition that AOD variation did not exceed 25% of the daily mean. Also, zero POLDER AOD values were excluded from analysis. The correlation coefficient between POLDER and AERONET AOD value varies from 0.63 (Sevastopol) to 0.93 (Kyiv) with the standard deviation of the points less than 0.02 for AOD between 0.01 and 0.25.

The AOD (865 nm) usually ranged from 0.05 to 0.20 over investigated territories in the summertime during 2003–2011, except 2004 when observations were not fulfilled. The increased AOD (865 nm) observed in April–May, and in August–September, which agreed with AERONET data at least over Ukraine, Moldova and the south of Russia (Bovchaliuk A. et al., 2013). The AOD (865 nm) values were larger over the central Ukraine, Belarus, Moldova, and over Moscow region of Russia, than over other studied regions, but this values decreased progressively since 2008. The AOD (865 nm) values increased up to 0.2–0.5 was observed in August 2010 (Figure 9) over entire investigated region due to the intensive wildfires in July–August of 2010 and fire products transboundary transport (Konovalov et al., 2011; Witte et al., 2011; Chubarova et al., 2012; Galytska et al., 2018).


[image: image]

FIGURE 9. Maps of monthly mean aerosol AOD at 865 nm retrieved for the investigated area from measurements of POLDER/PARASOL for April, July, and August in 2010 (A–C) and in 2011 (D–F). Note the intensive wildfire aerosol products from Moscow region started in July 2010 and rapidly increased in August 2010. Data credit: CNES/LOA/ICARE.



Seasonal Variability of Aerosol Properties in Ukraine

The seasonal aerosol variations over Ukraine regions were considered in Milinevsky et al. (2014) on the base of AERONET and POLDER measurements. In this review we also extended the consideration of seasonal features over Ukraine by using recent available data at AERONET database shown in Figures 10, 12. The POLDER data have been used to retrieve the aerosol seasonality over the several Ukraine cities where the aerosol load is comparably large (Dnipro, Donetsk, Kharkiv, Kyiv, Lugansk) and small (Lviv, Rivne). For comparison, seasonal peculiarities in Ukraine and Belarus from the data for Minsk AERONET site, as well as POLDER overpass, were analyzed. Some seasonal features of aerosol AOD can be extracted from the results of the Sevastopol AERONET site observations in Yakovleva and Tolkachenko (2008).
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FIGURE 10. (A) The seasonal variations of AOD (440 nm), and (B) Ångström exponent (440–870 nm) in the atmosphere over the Kyiv site during 2008–2016 period. (C) The averaged over 2008-2016 AERONET AOD (440 nm and 870 nm) and POLDER AOD (865 nm) seasonal behavior over the Kyiv site. (D) Aerosol volume concentration separated to total values, fine- and coarse-mode values at the Kyiv AERONET site. Monthly mean standard deviations from averaged values are shown by vertical bars. Capital letters on X-axes are the first letters of January–December month.



Monthly mean values of AOD at 440 and 870 nm, Ångström exponent (AE) at 440–675 nm and 440–870 nm wavelengths were retrieved from data of the Kyiv AERONET site. The other aerosol parameters as volume concentration, size distribution, refractive index RI (real and imaginary part), both absorption and extinction AODs, the single scattering albedo SSA have been extracted from AERONET database and used for analysis of aerosol variations over the Kyiv site. The POLDER monthly averaged AOD (865 nm) and the AE (670–865 nm) were analyzed over the Kyiv site. The AERONET and POLDER measurements were collated and comparison shows that the POLDER AOD (865 nm) values are regularly under AERONET AOD (870 nm), see Figure 10C. Authors Milinevsky et al. (2014) explained that difference by the diverse range of particles size that included in AOD evaluation in AERONET and POLDER algorithms, where POLDER values consider mainly fine-mode particles while AERONET AOD retrieval includes fine mode and coarse mode aerosols. Interesting that seasonal behavior of AOD and volume concentration (Vol-Con) values is different. When the AOD (440 nm) variation shows the clear double peak, the one maximum in total Vol-Con data is seen only in August (Figure 10D). The two maxima in Vol-Con are noticed in fine-mode Vol-Con only, but not in coarse mode. Authors of Milinevsky et al. (2014) interpret two peaks in AOD by the influence of fine-mode particles in spring on AOD formation.

The difference in aerosol characteristics variations is seen also in the western and central Ukraine areas. In the spring AOD reached maximum earlier in the west part of Ukraine and the same in the summer. The comparison of that type of aerosol variation with results of other authors, studied East European aerosols (Lund Myhre et al., 2007; Pietruczuk and Chaikovsky, 2012; Sayer et al., 2012), shows good agreement in seasonal variations. The investigations make it clear that biomass burning is the main process, which responsible for the spring AOD maximum (Figure 10). In general, the average aerosol characteristics show maxima in April–May and in August. The minimum AOD values are noticed in December–January according to AERONET and POLDER data (Figure 11).
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FIGURE 11. AOD (865 nm) and Ångström exponent AE (670–865 nm) seasonal variations. The values are averaged over 2008–2011 for cities: Kyiv, Minsk, Donetsk, Lugansk, Dnipro, Kharkiv, Lviv, and Rivne areas on the base of POLDER data. The figure is modified after (Milinevsky et al., 2014).



In the paper (Milinevsky et al., 2014) the seasonal aerosol variations in Ukraine and Belarus have been compared. The comparison results in the larger aerosol load in Ukraine than in Belarus in the summer month and in the autumn (August). However, the fine-mode aerosol amount in the atmosphere over the Minsk site exceeds that over the Kyiv site throughout the year.

The aerosol microphysics seasonal variation was investigated using the SSA and RI AERONET parameters with analyzed period 2008–2017. To increase the number of available observations we use Level 1.5 data. It was shown in Milinevsky et al. (2014), the features of Level 2.0 data are very similar to Level 1.5 data. However, Level 1.5 data allow comparing the SSA and RI values in cold and warm period, while sufficient Level 2.0 data exist for the warm period only. The monthly mean SSA and RI imaginary part is divided into two groups: in warm (April–October) and cold (November–March) month (see Figures 12A,C). In the warm period imaginary RI is lower which correspond to less absorbing particles, but in cold period imaginary RI is larger (Figure 12C) which could explain increasing of carbon aerosols amount due to coal burning for heating in winter. In general, the microphysical aerosol property behavior corresponds to mixture biomass burning (in spring and especially in early autumn), dust and urban-industrial aerosols according to classification in Dubovik et al. (2002); Giles et al. (2012); Penning de Vries et al. (2015). Interesting that coarse-mode aerosol amount in warm period is twice larger than in cold period, which authors (Milinevsky et al., 2014) explained by appearance steppe dust in the atmosphere over Ukraine from the south and south-east of Ukraine region where dust storms in summer time observed frequently. In the cold period, these regions are covered by snow, which protects from the dust storm. On the base of observations in Yakovleva and Tolkachenko (2008), the aerosol seasonality at this maritime AERONET Sevastopol site follows, in general, the usual two maxima pattern. The monthly mean AOD (500 nm) value is highest in August, however, the spring maximum is not so clear and smoothed during April–June. We have to note that this result obtained from 17th-month observation in 2006–2007.
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FIGURE 12. Seasonal variations of (A) single-scattering albedo, and (B,C) refractive index spectral dependences according to data from the Kyiv AERONET site.



The scatter plots for some aerosol characteristics and relations on the example of Kyiv site measurements have been studied in order to estimate the aerosol types. The general scatter plots pattern corresponds to aerosol classification from Yoon et al. (2012), where during winter the coarse mode (steppe dust) particles amount is much smaller than urban (car traffic) or industrial aerosol which is mostly fine-mode particles. According to scatter plots in Milinevsky et al. (2014) the urban-industrial aerosol is mostly measured in spring month including some aerosol biomass burning from wildfires and dust over the central part of Ukraine. During summer urban and industrial aerosols are prevailing along with combustion of biomass products, which are mostly fine-mode particles. The small AOD values in autumn/winter and large ones in spring/summer are corresponding to scatter plot data. The eastern countries of Europe are additional sources of industrial aerosols by air mass transport due to stable western winds in the spring and summer and according back-trajectory analysis.

The Saharan dust over the central part of Ukraine (AERONET Kyiv site observations) can appear as the secondary transport by air mass from the Mediterranean. The SSA and RI spectral aerosol parameters corresponded to the dust type particles could serve as the indirect confirmation of Saharan dust transport to that distance (Kim et al., 2011; Pavese et al., 2012). Consider the results of Israelevich et al. (2012) the Saharan dust can be seen in the atmosphere over central Ukraine in the spring (April) and late summer/autumn (August–September).

As the result of (Milinevsky et al., 2014) analysis and of the extended consideration by recent data in this review, the increasing aerosol concentration in the atmosphere over Ukraine in the spring and autumn is explained mostly by natural and agricultural fires, however these spikes are faded by other pollution sources like cars exhaust (Kyiv), industry and mining (Donetsk, Dnipro, Kharkiv). The air mass transportation of aerosol from remote areas (ex. from Moscow region in 2010 or steppe dust storm in 2007) also influenced on increasing of aerosol concentration (Birmili et al., 2008; Chubarova et al., 2012), which clear seen on the Ångström exponent (440–870 nm) vs. AOD (440 nm) scatter plot in Milinevsky et al. (2014).

Aerosol Sources in the Ukraine Region by Back-Trajectory Statistics and GEOS-Chem Modeling

One of an important goal of aerosols study is the determination of sources polluting the atmosphere with aerosols. It is important to estimate the contribution of aerosols from different sources to the total aerosol content over the observational site. The ground-based measurements with sun-photometers and satellite POLDER instrument data analysis showed relatively low pollution of the atmosphere over Ukraine by aerosols during the time of study excepting special events which occur from time to time (see above). We assume that the events of increased aerosol content over certain places specifically over Kyiv AERONET site are causing from distant aerosol sources. Therefore, we tried to study the paths of air mass over the territory of Ukraine and especially over Kyiv and to determine the localization of main areas contributing to the aerosol content here (Kabashnikov et al., 2014). The main technique to study of aerosol particles transport with air mass is global chemical transport models, for example, GEOS-Chem (Goddard Earth Observing System-Chemistry model; Bey et al., 2001), which are used widely to find the sources of aerosol loading to the atmosphere. As the alternative technique, the trajectory statistics method and the cluster analysis of the back trajectories can be used to determine the prevailing direction of particles transport over investigated territories and aerosol sources localization (Dorling et al., 1992; Schoeberl and Newman, 1995; Stohl, 1996, 1998; Kabashnikov et al., 2011).

The cluster analysis of the back trajectories (Dorling et al., 1992) was used to determine the prevailing direction of particles transport over investigated territories (see Figure 1) and aerosol sources localization (Kabashnikov et al., 2014). The method of trajectory statistics known as a concentration-weighted trajectory (CWT) method based on joint statistical analysis of aerosol column volume concentrations and back-trajectory data (Hsu et al., 2003) was used. To reveal the aerosol source in the region under study, three-dimensional back-trajectories were extracted from the AERONET website for AERONET sites Belsk, Moldova, Minsk, and Sevastopol. The back-trajectories for the Kyiv site were calculated with meteorological data supplied by Republican Hydrometeorological Center of the Republic Belarus (www.hmc.by). All trajectories were computed for arrival times at 00 and 12 h GMT and for eight pressure levels between 950 and 200 hPa. For each part of the area around the monitoring site, the volume mean aerosol concentration was calculated. Concerning Kyiv site it was found, the aerosol sources responsible for increasing of the coarse-mode aerosol volume concentration are located to the southeast from the Kyiv. The largest part of coarse-mode aerosols is transported to Kyiv from the direction of the Krasnodar region of Russia Federation (RF). Much smaller but significant part of coarse-mode particles arrives at the Kyiv site from the Stavropol region (RF), the Black Sea and from Balkans region (Serbia). The fine-mode aerosols concentrations increasing over the Kyiv site are caused mainly by the air mass from the east direction, namely from Voronezh and Orel (RF) and Kharkov cities, and from the south direction (Stavropol, RF). The main sources that produced the increased aerosols content over other sites were determined as well (see Kabashnikov et al., 2014). The summary is that the events of increased coarse-mode aerosol concentration at these sites have been caused by sources at regions around Donetsk, Rostov-on-Don, and Kharkiv cities, the fine-mode aerosols originated from areas of Tambov, Voronezh, and Kharkiv cities.

The potential influences of air mass transport on seasonal behavior of aerosols content at the Kyiv and Minsk AERONET sites has been considered in details by Milinevsky et al. (2014). The 3-D back-trajectories were computed at the height of 1.5 km (850 hPa) during the 48 h prior to observation. To determine the most probable directions of air mass transport and cluster analysis was applied to these sites. Five prevailing directions were determined for each of the sites during each season. For the Minsk site the most prevalent directions are northeast in winter (relative trajectory number is approximately 29% from all directions), northwest in the spring (28%), west in the summer (26%), and east in the autumn (36%). For the Kyiv site the most prevalent directions are north in winter (29%), west in spring and summer (30 and 24%, respectively), and south (39%) in autumn (Milinevsky et al., 2014).

The spatial-temporal distribution of specific aerosol types in the atmosphere over Ukraine and Belarus has been simulated by using the GEOS-Chem model (Miatselskaya et al., 2016). GEOS-Chem is a global 3-D chemical transport model (http://www.geos-chem.org/) which uses detailed inventories for fossil fuel, biomass burning, biofuel burning, biogenic, and aerosol emissions. The GEOS-Chem model computes the spatial-temporal distribution of atmospheric species concentrations, including major aerosol types such as sulfate, nitrate, ammonium, black carbon, organic aerosol, mineral dust, and sea salt. Simulation of monthly mean aerosol content and types ratio over the period 2010–2013 showed that mineral dust is the dominant in the atmosphere over the region, 75% in Ukraine and 60.1% in Belarus. Nitrates, sulfates, organic aerosol, and ammonia also constitute significant fractions in the region, but sea salt and inorganic carbon are minor components, 1.6, 0.8% and 1.0, 0.6% respectively. The spatial distribution of aerosol volume concentration (in μm3μm−2) for fine-mode and coarse-mode aerosols in the atmosphere over Belarus and Ukraine simulated by the GEOS-Chem model and averaged over the period 2010–2013 was studied in Miatselskaya et al. (2016). The fine-mode particles are distributed over the region more or less uniformly, due to their relatively long lifetime in the atmosphere. The coarse-mode aerosol particles concentration distributed less uniformly and located close to source areas due to the relatively short lifetime. The coarse-mode aerosol is mainly concentrated over southern and eastern regions of Ukraine, and over the Black Sea and nearby terrains (Miatselskaya et al., 2016). It is known, that steppe regions in the south-east of Ukraine often become a sources of mineral dust, up to 3 10−4 kg m−2, which transported by strong winds on the far distance (Birmili et al., 2008), particularly to Belarus (Miatselskaya et al., 2016). Sources of mineral dust are negligible in Belarus. Seasonal variations of coarse, fine, and total aerosol are partly retrieved by the model except for some strong aerosol events as during wildfires in summer 2010. Particularly, dust loading in the atmosphere over the investigated region is more significant in summer than in winter.

The AERONET inversion algorithm (Dubovik and King, 2000) calculates volume concentration of fine (with radius 0.05–0.60 μm) and coarse (with radius 0.60–15 μm) modes of aerosol particles and total particles volume concentration from observed spectral AOD. The results of the simulation were evaluated using data of observations at Kyiv and Minsk AERONET sites. In general, aerosol columnar volume concentrations simulated by the GEOS-Chem and determined from AERONET sun-photometer measurements coincide to an order of magnitude only. Important sources of discrepancy are uncertainties and irregularity of AERONET measurements.

Air Quality Evaluations by PM2.5/PM10 Measurements

Ukraine historically as well as recently is a major source of aerosol and POP pollution associated with industrial infrastructure and transport. Some Ukrainian cities can be considered as most air-polluted cities in Europe. The additional source of aerosol pollution including small particles PM2.5 is military activity in the East of Ukraine. Recently Ukraine was recognized as the most polluted country in Europe, although this opinion is based on data extrapolation obtained in the studies conducted by other countries. It is well known that European Environment Agency (EEA) operates by monitoring stations of PM2.5 in 15 countries with data submitted to the AirBase database (see http://acm.eionet.europa.eu/databases/airbase/). This database comprises data on air quality in European area which submitted by AirBase stations throughout the Europe. On the base of these data, the annual mean map of Particulate Matter (PM2.5) concentration in Europe is produced. Unfortunately, in Ukraine PM2.5 monitoring is currently not providing, therefore, Ukraine territory on these maps looks like the white area where no data on PM2.5. According to United States, Environmental Protection Agency (EPA, http://www.epa.gov) control standards has been applied to PM10 and PM2.5. Latter is a more respirable toxic particle size. The 24-h PM2.5 standard was reduced to 35 μg/m3 in 2006, and the PM10 annual values standard was lowered as well. Later, in 2012, the standard 12 μg/m3 was applied for annual value of PM2.5.

These figures serve for us as the target for comparison with Ukrainian PM2.5 data. According to Central Geophysical Observatory (CGO) of Ukraine, the measurements of the mean value an archaic regulatory measure total suspended particles (TSP) in the air of Ukrainian cities is equal to 120 μg/m3 with peak values reached 1,800 μg/m3 in 2016. For example, in Kyiv city daily mean TSP values vary from 100 to 200 μg/m3 (http://www.cgo.kiev.ua/). Therefore the establishment of PM measurements in Ukraine and, particularly, in Kyiv with the appropriate informing network will be the important step toward control of air pollution.

The first attempt to estimate particulate matter pollution in Ukraine atmosphere has been undertaken by comparison of POLDER/PARASOL measurements over Europe with AirBase PM2.5 data (Bovchaliuk, 2013). The results of analysis of the monthly averaged PM2.5 concentration throughout Europe by AirBase data in the 2005–2013 period (including Ukraine territory) presented in Bovchaliuk (2013). The relation between daily PM2.5 concentrations measured in-situ at AirBase network and the aerosol optical depth (AOD) retrieved from POLDER data has been derived. The PM2.5 vs. AOD regression relation was retrieved from observations in 2007 (Bovchaliuk, 2013). It was shown that PM2.5 concentration over 20 in-situ monitoring sites correlates with the POLDER AOD (865 nm) overpass values having correlation coefficient R = 0.62 with RMS = 3.26. Fron this correlation the PM2.5 values were calculated as PM2.5 = 73.4AOD 865 + 9.6. The significant offset in 9.6 μg/m3 Bovchaliuk (2013) explained by usage of monthly mean AOD threshold 0.01 for PM2.5 assessment. Therefore, by this method, the PM2.5 values larger than 10.3 μg/m3 can be retrieved only.

According to results of Bovchaliuk (2013), the monthly averaged PM2.5 concentrations in 2005–2013 period in the ground-level atmosphere over Europe were less than 12 μg/m3, however, values 12–18 μg/m3 were measured in the industrial regions, especially in Poland, Northern Italy, and Romania. Over Ukraine, the largest PM2.5 data (55 μg/m3) have been observed upon wildfires event in August 2010, which is classified by EEA as unhealthy for sensitive groups. Similar investigation on comparison ground-based PM2.5 measurements with PARASOL AOD data over China reported in Guo et al. (2016). Using the much larger interval of PM2.5 measurements (3–1,000 μg/m3) with mean value 56 μg/m3, authors Guo et al. (2016) retrieved correlation coefficient between PM2.5 and POLDER AOD data R = 0.57–0.64, which is close to R obtained by Bovchaliuk (2013).

For preliminary evaluations of PM2.5/PM10 mass concentration in Kiev and several other cities in Ukraine we use laser monitor SDL607 for measurements in the period 08.2016–08.2017. This instrument has been compared with the PM2.5/PM10 HORIBA Analyser by simultaneous PM measurements and shows reasonable agreement. The results of the PM2.5/PM10 amount evaluation in Kyiv, Kharkiv and Lviv cities shows that PM values during the cold period of a year are often higher than maximum permissible level according to EEA standards (25 μg/m3). Mean PM2.5 values in Kyiv city varies in different locations within 33–45 μg/m3, mean PM10 values are within 29–71 μg/m3. From the measurements in other cities of Ukraine in cold period, the PM2.5 values vary (min-max) in Lviv within 11–38 μg/m3, in Kharkiv within 10–120 μg/m3.

To determine most PM contaminated sites in Kyiv city the measurement transects were organized when PM monitor SDL607 has been installed on the roof of the car and provided continuous measurements along city roads. Two examples of these transects are shown in Figure 13, where spikes of PM contamination exceed background values in five times from 15–20 μg/m3 to 85–95 μg/m3 in crowdy roads and traffic jam places.
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FIGURE 13. Continuous recording of PM2.5 (black) and PM10 (red) measurements along Kyiv city roads. Spikes correspond to high-level contamination in (A) central part of the city and road intersections; (B) ring road around the city and entry road.



For comprehensive monitoring of PM2.5/PM10 the HORIZON2020 Project SMURBS (SMart URBan Solutions for air quality, disasters, and city growth, http://www.era-planet.eu/index.php/calls/smurbs-strand-1/) has been recently started with particular scientific aims: (1) to establish an infrastructure to measure PM2.5/PM10 particulate loading of Kyiv city atmosphere, including meteorology, and using up-to-date monitoring instruments; (2) to create information tools and network for informing Kyiv city community on the state of PM pollution. It is planned that new infrastructure will be created at the existing air quality monitoring stations, which operated by the CGO, providing long-term PM2.5/PM10 observations potentially to be included in the AirBase.

Polarimetric Satellite Project Aerosol-UA Developed in Ukraine

An idea to develop satellite instrument in Ukraine for the study of aerosols in the terrestrial atmosphere from space (Yatskiv et al., 2012) has arisen after the failed launch of Glory mission (Mishchenko et al., 2007) on March 4, 2011. Satellite instruments became effective tools for the study of the Earth's atmosphere and particularly aerosols during last decades (Lee et al., 2009; Su et al., 2010; Sayer et al., 2012). Especially, measurements of polarization of light scattered by the atmosphere and surface were recognized as effective techniques to study aerosol particles optical, microphysical and chemical properties from space (Mishchenko and Travis, 1997; Nadal and Bréon, 1999; Deuzé et al., 2001; Mishchenko et al., 2007; Kokhanovsky et al., 2015). The POLDER instrument was the first device that used multi-wavelength and multi-angle measurements of polarization to study aerosols from space (Deuzé et al., 2001). Instrument APS of Glory mission (Mishchenko et al., 2007) possessed larger ranges and more measurable wavelengths and angles than POLDER and could obtain much more accurate data on aerosols particles properties (Mishchenko and Travis, 1997; Mishchenko et al., 2007; Kokhanovsky et al., 2015).

After Glory failure and termination of POLDER/PARASOL mission in 2013 there are no like those space instruments in operation and study of aerosols global distribution and properties are not so effective. Though several new space missions are planned to study aerosols with instruments similar to POLDER, they were scheduled to launches at least for 2019 and later (Marbach et al., 2015; Milinevsky et al., 2015, 2016). On the other hand, Ukrainian scientists contributed greatly to the development of polarimetric techniques in remote sensing (see e.g., Videen et al., 2004; Mishchenko et al., 2010, 2011). Also, there are the intellectual asset and industrial structures in Ukraine to develop and produce the space instruments and facility. These are the reasons that we started to work on the space project for study aerosols by measuring intensity and polarization of light scattered by terrestrial surface and atmosphere. The project was named Aerosol-UA (Yatskiv et al., 2012; Milinevsky et al., 2015, 2016). The Aerosol-UA instruments are scanning polarimeter (ScanPol) and multispectral imager-polarimeter (MSIP). The instruments destined to receive data on the spatial and temporal distribution of the aerosols in the Earth's atmosphere and to determine chemical, microphysical, and optical properties of aerosol particles.

Design of the ScanPol instrument is very similar to APS instrument of the Glory mission (Mishchenko et al., 2007; Peralta et al., 2007). It is designed to measure Stokes parameters I, Q, U of scattered light within the wide spectral range from the ultraviolet (UV) to the shortwave infrared radiance (SWIR). The spectral channels of the ScanPol are centered at 370, 410, 555, 865, 1,378, 1,610 nm with a full width at half maximum (FWHM) from 10 to 40 nm. These spectral channels will be used to study the tropospheric aerosol properties over the ocean and the land surface, the color of the ocean, the cirrus clouds, stratospheric aerosols, which can be caused by volcanic eruptions, and the Earth's surface reflectance. The instrument will perform measurements in a wide range of scattering angles +50° to −60° from nadir with the instantaneous field of view (FOW) approximately 0.5° at about 200 viewing directions over each observed scene (Milinevsky et al., 2016). The required accuracy of polarization degree measurements is approximately 0.2%, and accuracy of light intensity measurements has to be better than 4% approximately. The prototype instrument ScanPol has already been manufactured, assembled and laboratory test is ongoing.

The multispectral wide-angle imager–polarimeter MSIP is designed to measure three Stokes parameters I, Q, U of scattered light in FOW 60° × 60° with spatial resolution 0.25° × 0.25°. The MSIP instrument consists of five optical channels: three channels intended for polarization measurements and two for photometric. Polarimetric channels will measure Stokes parameters at wavelengths 410, 555, and 865 nm with FWHM 20 nm. The first photometric channel has wavelengths centered at 410, 443, 470, and 490 nm, with FWHM 20 nm, and the second photometric channel has wavelengths centered at 555, 670, 865, and 910 nm with FWHM from 20 to 40 nm (Milinevsky et al., 2016).

In the MSIP channels, the image is the splitting by a special prism-splitter to produce four images at the CCD matrix detector. That allows measuring four polarization components 0°, 45°, 90°, and 135° in each of three polarization channels and four wavelengths intensity in each of photometric channels in the field-of-view. One of the special advantages of ScanPol/MSIP concept is inter-calibration of the ScanPol and MSIP instruments, which the first one is continuously calibrated onboard. In that way, the MSIP polarization accuracy expected as 1% or less. The one channel of the MSIP instrument has been produced on the base of optical and construction design computation, and used for laboratory measurements (Figure 14).
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FIGURE 14. The channel of multispectral imager-polarimeter MSIP prepared for laboratory test. (A) MSIP channel without matrix unit, (B) prism splitter, (C) four images after prism splitter.



Physical and logical structures of the facility are developed for data processing of measured by the ScanPol and MSIP polarimeters. It is planned to use the software on the base of the GRASP algorithm (Dubovik et al., 2011, 2014; Torres et al., 2017) for data analysis and aerosol properties retrieval. The synthetic data simulations using the GRASP algorithm have been fulfilled for mimic measurements of ScanPol and MSIP as overpasses at the AERONET Kyiv site. Obtained synthetic Aerosol-UA data compared to AERONET and POLDER measurements are in reasonable agreement.

It is planned to validate the Aerosol-UA data on global and regional scales by aerosol ground-based remote sensing measurements employing AERONET, mobile and portable sun-photometers, particularly Microtops II sun-photometer, which is the main instrument for the Maritime Aerosol Network (Smirnov et al., 2011). The columnar properties of the aerosol particle characteristics will be retrieved from ScanPol and MSIP data using the GRASP algorithm calculations combining with the ground-based measurements.

Advantages of the Aerosol-UA project will be provided by several features: (1) polarization is a relative measurement that can be made accurately; (2) polarimetric ScanPol measurements can be calibrated on the orbit; (3) polarization change with scattering angle and wavelength gives information on size, refractive index, and shape of aerosol; (4) synergy of scanner and imager will produce the new quality of data on aerosol properties. The project Aerosol-UA will be launched at the new YuzhSat satellite platform has been recently developed by Yuzhnoye State Design Office.

CONCLUSIONS

Estimations of the aerosols content and properties in the atmosphere over several regions of Ukraine for the second part of the twentieth century were found from measurements of the direct solar irradiation with actinometers. In addition, remote measurements of the spectral AOD and Ångström exponent had been carried out at several observational sites in Ukraine [Kyiv, Odessa, Lviv, Feodosia (Karadag, Crimea)] with special photometers M-83. The monitoring of atmospheric transmission has been provided in the Crimea region of Ukraine since 1996 with the sun-tracking photometer. The tendency of the atmosphere transparency decreasing was found in both urban and rural regions at the expense of aerosol extinction increasing. This tendency was various in different regions and time spans; it was larger at urban regions. However, the credibility of the earlier data needs validation.

Participation in the AERONET program and collaboration with LOA of University Lille 1 gave a good chance to study aerosols in the atmosphere over the large area of Ukraine and to contribute to the international database. Up-to-date techniques are used to measure and to analyze aerosols properties, such as sun-photometers, lidar, and satellite data. Also, we started to use modeling of the aerosol particles properties, concentration, and transport over the territory of Ukraine and adjacent countries. The current study has shown that contamination of the atmosphere over Ukraine with aerosols is similar to others areas of Eastern Europe and the aerosols properties are very similar too. Aerosol spatial distribution over Ukraine is approximately uniform spatially but special events of aerosol loading occur from time to time associated with fires and aerosol particles transport by the air flows. Observations over Kyiv AERONET site suggest on the negative trend of the AOD during 2008–2015. The seasonal behavior of AOD exhibits the pattern with two maxima, one in spring and second in the end of summer. Particles microphysical properties (SSA, RI and size distribution) differ for warm (April–October) and cold (November–March) parts of a year. Study of aerosols spatial distribution and transport over East European region suggests that main sources of aerosols are situated in the eastern and east-southern regions of Ukraine and correspond to industrial areas and steppe fields.

Aerosols radiative forcing at the Top-of-Atmosphere determined by observations at Kyiv site on the average is negative during the year and mainly contributes to cooling of the atmosphere over Kyiv and Ukraine, but it is positive in snowing winter months and negative in the rest of a year contributing to lessening difference of the climate conditions between cold and warm parts of a year in Ukraine. To improve estimation of radiative forcing it is reasonable to introduce lidar monitoring of aerosol in the area. Estimation of PM2.5 values in big cities of Ukraine shows reasonably good air quality during summer month and acceded EPA threshold values in cold period of the year. Newly developed satellite project Aerosol-UA for aerosol distribution and microphysics study should provide valuable data for climate modeling.
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