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Abstract: Extraordinary high aerosol contamination observed in the atmosphere over Kyiv city,
Ukraine, during the March — April 2020 period. The source of contamination was the large grass
and forest fires in the northern part of Ukraine and the Kyiv region. The level of PM2.5 load inves-
tigated using newly established AirVisual sensors mini-network in five areas of the city. The aer-
osol data from the Kyiv AERONET sun-photometer site analyzed for that period. Aerosol optical
depth, Angstrom exponent, and the aerosol particles properties (particles size distribution, sin-
gle-scattering albedo, and complex refractive index) were analyzed using AERONET
sun-photometer observations. The smoke particles observed at Kyiv site during the fires in general
correspond to aerosol with optical properties of biomass burning particles. The variability of the
optical properties and chemical composition indicates that the aerosol particles in the smoke
plumes over Kyiv were produced by different burning material and phases of vegetation fires at
different time. The case of enormous PM2.5 aerosol contamination in Kyiv city reveals the need to
accept strong measures for forest fire control and prevention in Kyiv region, especially in the
north-west region where radioactive contamination from Chornobyl disaster is still significant.

Keywords: aerosol; PM2.5; forest fires; AERONET; aerosol optical depth; Angstrom exponent

1. Introduction

Aerosol particle emissions from vegetation fires have large impacts on both climate
and air quality. Biomass burning plays an important role in the climate system. Forest,
grass and peat fires aerosols can be transported over long distance and influence aerosol
content and properties, and air quality in populated regions. For example, large wildfires
in the European part of Russian Federation which occurred in summer of 2010 influenced
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greatly on the air pollution in densely populated Moscow city and region [1,2], and the
atmosphere contamination was observed overall neighboring countries [3-5]. The aero-
sols from the wildfire in Canada occurred during 2-7 July 2013 were observed over the
Central and Eastern Europe [6].

Forest, grass and peat fires produce so-called biomass burning (BB) aerosols that are
the mixture of different particles containing such substances as black carbon (soot), sul-
fate, nitrate, ammonium, and dust. The mixture of substances in a particle and mixture of
different type of particles in the smoke plume determine the microphysical and optical
properties of aerosol observed at the observational site. The particle size distribution of
the BB aerosols influences the PM2.5 and PM10 concentrations, which are the air quality
factor [7].

The special studies stressed on the negative impact of fine particles on the human
health, (see, e.g., [8,9]). It is essential to identify accurately and quantify specific air
particulate matter pollution by the BB aerosol, especially in the urban areas. In situ PM
concentration measurements are common technique to estimate the air pollution in dif-
ferent regions of the globe [10-13], particularly using low-cost instruments for the air
quality monitoring networks [14,15]. Also the remote sensing measurements are used for
it [16-19], modeling [20,12] and synergy of different techniques [21]. Particularly, simu-
lation of the air mass transport is required to estimate the wildfire aerosols influence on
the air quality, which depends on the meteorological parameters [22, 23].

Kyiv city and region influenced by numerous local aerosol pollution sources and by
the aerosol transport from remote sources, mostly wild and human-made forest and peat
fires, grass burn. The most dangerous grass and forest fires take place in radioactive
contaminated areas like Chornobyl Exclusion Zone [24]. These events release dust, bio-
mass burn particles, soot, black carbon and radioactive Cs-137 that spread on long dis-
tances with wind transfer. The increased aerosol optical depth was observed by Kyiv
AERONET/PHOTONS site in April-May every year. It is mainly caused by agricultural
burn and forest/peat fires, which govern a seasonal feature of aerosol properties over the
Ukrainian rural and urban-industrial areas [25]. The air transport potential influence on
seasonal and local variations of aerosols content and properties at the Kyiv AERONET
site has been considered in [26,25], including the 3-D back-trajectories and cluster analy-
sis to determine the prevailing directions of air mass transport and possible aerosol
origin, as well as GEOS-Chem modeling [27-29].

The purpose of this paper is to consider in details the case of intensive aerosol par-
ticles contamination of the surface atmosphere layer in the Kyiv city and the atmosphere
column during the March-April 2020 period, especially on the 4 — 15 April 2020 when
large areas of forest fires in north part of Ukraine including Chornobyl Exclusion Zone
(ChEZ) took place. The forest fire took place also in Zhytomyr region at northwest of
Kyiv city and in ChEZ till the end of April 2020.

The local AirVisual network in situ observations, established by authors in Kyiv city,
and other measurement techniques used are described in Section 2. The PM concentra-
tion measured by Kyiv AirVisual network, the AERONET AOD data comparison with in
situ PM2.5 concentration measurements, as well as PM2.5 concentration intercomparison
with HORIBA sensors data, discussed in Section 3. Aerosol columnar microphysical and
optical properties considered in Section 4 followed by discussion in Section 5 and con-
clusions in Section 6.

2. Materials and Methods

In this work, we use the set of data for the aerosol contamination event study in
March-April 2020 from five sensors of the AirVisual network, the PM10 and PM2.5
APDA-371 HORIBA standardized analyzer. The ground-based measurements of the
aerosol optical depth (AOD) and other aerosol parameters with the AERONET Kyiv site
sun-photometer was used for analysis as the powerful tool for investigations [30,31]. The
HYSPLIT back trajectories algorithm has been applied to derive the transport of aerosol
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particles. Zoom Earth maps on-line instrument [32] and the satellite remote sensing
measurements by MODIS and VIIRS instruments provided fire maps with large coverage
area was used as well [33].

2.1 AirVisual data

The five stations of the AirVisual network, used in the study, have been established
by authors at the beginning of 2020. The stations are distributed in Kyiv city in the way to
cover the most part of city regions. The AirVisual network stations are distributed all
over Kyiv with purpose to cover as much of the city territory as possible. These AirVisual
stations are Artema Street, Golosiiv, Nauky Avenue, Trostyanetska, Chornobylska Street
and APDA-371 HORIBA Popudrenka station. The Golosiiv site co-located with Kyiv sun
photometer AERONET/PHOTONS site. The main sensor of the network is AirVisual Pro
smart air quality monitor with the advanced laser technology that provides highly ac-
curate readings of fine particles PM2.5 with 2.5 um aerodynamic diameter down to
0.3 um [34].

The device is equipped with a SenseAir S8 mini-NDIR sensor measuring CO2 levels
between 400 and 10 000 ppm, specially designed optical sensor AVPM25b for aerosol
concentration measurements, which allows to determine the concentration of PMI,
PM2.5 and PM10 in the range from 0 to 1000 ug m-3 (¥10%), temperature from 10 to
+40° C, and 0-100% (+1%) humidity. With WiFi, the device can also transmit the meas-
urements to an environmental pollution map [35], which displays data from AirVisual
devices located in different regions of the world.

2.2 PM-sensor HORIBA

The Popudrenka site, which operates in accordance with European Union and
United States Environmental Protection Agency (EPA) regulations, for PM10 and PM2.5
monitoring belongs to the O.M. Marzeiev Institute for Public Health of the National
Academy of Medical Sciences of Ukraine (50.4593N, 30.6337E). The sampling site meets
the requirements of the location representativeness when the sensor is placed out of the
local sources of pollution and free from aerodynamic turbulence.

The in situ measurements of PM10 and PM2.5 mass concentrations are performed
using the HORIBA APDA-371 Air Pollution Dust Analyzer, which consists of detector,
pump and sampler. The PM2.5 and PM10 monitoring site provides automatic continuous
measurement of mass concentrations using the industry certified principle of the beta ray
attenuation method as a simple way to measure the mass concentration in mg m-3 or pg
m-3 with long-term stability. The aerosol particles deposited on the tape reduce the beta
particles number achieving the detector, in direct proportion to the dust mass. Knowing
the airflow rate, the dust mass is calculated. The inertial force screens particles with di-
ameter more than 10 . When measuring PM2.5 particles, air passed through a special
cyclone that filtered particles larger than 2.5 microns in size. The measurement accuracy
of the method is + 5%.

2.3 AERONET sun photometer data

The ground-based network of the automatic autonomous sun-photometers AER-
ONET (AErosol RObotic NETwork) [30,31] consists of several hundreds of observational
sites located all over the globe and allows obtaining long-term series of aerosol parame-
ters averaged in the atmosphere column at each observational site. The CIMEL CE-318
sun-photometers of various models are the principal instruments of the network. The
measurements are performed in the spectral bands 440, 500, 675, 840 and 1020 nm. The
AERONET direct sun and inversion algorithms and software are used for the determi-
nation of spectral AOD and aerosol particles columnar properties from sun-photometer
measurements [36-38].

The AERONET data are useful to study the local aerosol behavior and seasonal
dynamics. For the purposes of the paper, we use the data of Kyiv AERONET site, which
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continuously operates since 2008 at south-west part of Kyiv city [25,39]. The Kyiv
AERONET site is located on the roof of the building where the Golosiiv Air Visual sensor
installed. The site operates in Golosiiv forest (50.3636N, 30.4967E), in 10 km southward
from the city center. For aerosol parameters analysis in this paper, we use the aerosol
Version 3 direct sun algorithm (DSA) level 1.5 parameters from the AERONET database:
daily weighted averages of AOD at 500 nm, and the Angstrom exponent values com-
puted using the 440-870 nm spectral channels. In addition, the particles columnar size
distribution (SD), single-scattering albedo (SSA), and complex refractive index (RI) are
analyzed in the paper.

2.4 Satellite data on fire locations

Moderate Resolution Imaging Spectroradiometer (MODIS) is an instrument aboard
the Terra (known as EOS AM-1) and Aqua (known as EOS PM-1) satellites. Terra and
Aqua MODIS instruments are viewing the entire Earth's surface every 1 to 2 days, ac-
quiring data in 36 spectral bands, or groups of wavelengths. The infrared channels pro-
vide observations of thermal anomalies/active fire. The observations are available in near
real-time and for almost global coverage. The fire detection by MODIS based on absolute
detection of a fire when the fire strength is enough to detect, and on detection relative to
its background taking into account the variability of surface temperature and reflection of
sunlight.

Chernihiv

Zhytomyr

.....

(b)
Figure 1. (a) MODIS/VIIRS fire map data March 15 — April 15, 2020, prevailed wind direction N-
NW, wind speed up to 27 km h-1. Two big forest fire areas were persistent at north of Chernobyl
region. (b) Satellite image April 8, 2020 with large forest fire in the northwest of Kyiv region. Plots
have been created by open access data from [32,33].

The Visible Infrared Imaging Radiometer Suite (VIIRS) satellite instrument collects
global observations in the visible and infrared wavelengths across land, ocean, and at-
mosphere. It has 22 channels ranging from 0.41 um to 12.01 um. VIIRS is one of five in-
struments onboard the Suomi National Polar-orbiting Partnership (SNPP) satellite plat-
form. Besides measuring aerosol properties, ocean and land surface temperature, ice
movement and temperature, VIIRS data product can be used for fires observations VIIRS
375 m resolution thermal anomalies/active fire data product and near real-time MODIS
thermal anomalies and fire locations provides images of the area [33], which produced
strong aerosol contamination of the atmosphere over Kyiv city (Figure 1). Satellite image
for date of outburst of pollution is shown in Figure 1b for April 8, 2020 with large forest
fire in the north of Kyiv region [32].

2.5 Back trajectories simulation technique
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To analyze the impact of weather conditions on the aerosols loading and transport
in the atmosphere during wildfires in March — April 2020 we also calculated trajectories
of air masses using Hybrid Single Particle Lagrangian Integrated Trajectory Model
(HYSPLIT). This model was developed by the National Oceanic and Atmospheric Ad-
ministration’s (NOAA) Air Resources Laboratory (ARL) [36,37]. HYSPLIT uses a large
variety of meteorological data, which are results of observations and calculations by
numerical meteorological models. The following meteorological parameters are em-
ployed for computing the trajectory: horizontal components of wind speed, temperature,
pressure on the altitude of the trajectory and surface pressure. Most of the meteorological
data include field of vertical motion. Due to the results of detailed analysis [38] the un-
certainty of calculated trajectories is ~20% in the horizontal direction for the time periods
of above 24 h in the free troposphere, and after 120 hours the uncertainty is approxi-
mately~400 km in the horizontal and about 1300 m in vertical planes.

The model is freely available and can be downloaded with all necessary compo-
nents. However, we used the on-line version of the HYSPLIT program via AERO-
NET/Data Synergy Tool [30,31] to compute the back trajectories of the air mass from the
Kyiv AERONET site.

3. Results

Increasing wildfires in the spring in Ukraine and neighboring countries is a typical
situation often caused by traditional grasp burning but in 2020 these events and dry
weather conditions led to extensive problems as huge uncontrolled wildfires (especially
in the northern part of Ukraine), largely burned territories and strong air contamination
over Kyiv and others cities (Figure 1). For example, satellite observations detected nu-
merous places of thermal anomalies in North Ukraine during data from March 15 to
April 15, 2020 shown by red areas in Figure 1a. The northeast winds brought aerosol-rich
airs for large distances from fire sources, dense smoke could be observed from space
(Figure 1b), and Kyiv and its suburbs were covered by a powerful smoke layer from
wildfire regions from time to time during these days. PM concentration and spectral
AOD were observed in Kyiv and analyzed in the paper and aerosol particles properties
as well.

3.1 AirVisual in situ measurements

Using four AirVisual sites observations, the PM2.5 data in the atmosphere over Kyiv
city have been collected and analyzed during the March — April 2020 period. In March
four maxima of PM2.5 were observed. The PM2/5 concentration increased up to 80 ug m-
3 approximately, which is three times higher than the threshold of PM2.5 pollution ac-
cording to European standards of 25 pg m= (Figure 2a). The largest pollution was ob-
served at the Nauky Avenue site in the first half of March, and at Artema Street and
Trostyanetska sites in the second half of March 2020 (Figure 2a). On April, a significant
increase of PM2.5 aerosol contamination to 40-70 g m- was registered in the first half of
April with maximum detected at the Trostyanetska site. The extreme contamination with
the PM2.5 maximum 220 pg m-3 was observed on April 18 (Figure 2b). The PM2.5 con-
tamination at Trostyanetska site is largest in average daily values. Therefore, the level of
pollution by PM2.5 particles is almost 10 times higher than the EU restrictions. Note that
so significant contamination with PM2.5 aerosols was not local, the increase of PM2.5 was
also observed at the other four AirVisual sites.

To evaluate the data accuracy and stability of measurements by AirVisual Pro sen-
sors, we compared the data of synchronous measurements of PM2.5 by AirVisual Artema
Street site and HORIBA APDA-371 analyzer at the Popudrenka site for the period
March-April 2020 (Figure 3). Synchronous daily averaged measurement data of AirVis-
ual and Popudrenka sites are shown in Figures 2a and 2b.
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Figure 2. Air Visual network PM2.5 daily averaged measurements in Kyiv city in four sites: Nauky,
Artema, Trostyanetska, Golosiiv and APDA-371 Popudrenka site in (a) March and (b) April 2020;
the daily averaged AOD of all particles (total) and AOD fine particles (fine) over Kyiv from ob-
servations with AERONET Kyiv site sun-photometer at 500 nm wavelength during (c) March and
(d) April 2020.
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Figure 3. Comparison AirVisual PM2.5 data from Artema Street site with APDA-371 Popudrenka
site simultaneous measurements March — April, 2020.

As shown in Figure 3, the values of aerosol contamination AirVisual and APDA-371 are
consistent for small concentrations of PM2.5 (up to ~40 pg m-), but the divergence in-
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creases at values of PM2.5 more than 60 pg m=. Linear regression with Pearson correla-
tion coefficient r = 0.94.

3.2 AOD data from Kyiv AERONET site

In this paper, we use level 1.5 of AERONET data, which is tested and corrected for
the cloud impact under Version 3 (V3) of the standardized algorithm for processing ob-
servational data, adopted in the AERONET network [37]. Although sun-photometer data
have been not yet corrected for possible changes in photometer calibration, experience
with sun-photometer shows those significant changes in sun-photometer parameters
over a period of 2 months are very unlikely. Therefore, we are confident in data reliability
and to conclude these changes in the parameters of the aerosol layer are real. Analysis of
the previous observations showed that typical AOD values at wavelengths 500 nm at
Kyiv site do not exceed 0.2-0.3 [5,25,39]. During March—April 2020 significant AOD in-
creasing were detected from sun-photometer observations of the Kyiv AERONET site
(Figure 2¢, 2d): in March (18 and 19 and from 27 until 30) and in April (10, from 17 until
19, and 25). The aerosol content increases mainly due to the fine mode of aerosol. In the
AERONET algorithm the particles volume size distribution is determined using the bi-
modal lognormal model, which consist of fine and coarse modes [36,38]. Minimum of the
two-modal size distribution is a boundary between fine and coarse modes that lies in the
particle diameter range 1 to 2 um. This means that the fine mode AOD is formed by the
aerosol particles with a diameter of ~2 um. The fine mode AOD is determined by spectral
discrimination algorithm from spectral AOD measurements [39] using bimodal lognor-
mal model of aerosol particle size distribution.

Comparison of the AOD measured by the remote sensing with the ground-based
data of the AirVisual PM2.5 concentrations shows changes of AOD(500 nm) synchronous
with PM2.5 (Figure 2) despite the gaps in the observations of the AOD due to clouds.
Both data series show a significant increase of air pollution over Kyiv on March 17-19
and 25-30, and during April 16-19. The cloudiness explains the data gaps from 3 to 12
March and during some other days in March and April (Figure 2c, d). In general, the
AOD increases at the same periods as the PM concentrations increase (Figure 2a, b) but
some discrepancies occur between AOD and PM2.5 data (see Figure 2b and compare
Figures 2a and 2c). Thus, PM2.5 concentration on March 17-19 was the same approxi-
mately as on March 25 — 30 (~40 to 70 ug m-3) but AOD increasing was very different,
AOD(500 nm) was not more than 0.3 during former period and more than 0.6 during
latter. On the contrary, on April 10 the sun-photometer registered a significant increase in
AOD relative to its normal values from 1 to 15 April, while ground-based PM concentra-
tion measurements showed a more or less stable, but relatively high level of PM2.5 con-
centrations. Apparently, this is possible due to the peculiarities of the movement of air
masses at different altitudes, and the increase in AOD on this day could be caused by the
transport of aerosol particles from distant sources above the surface layer of the atmos-
phere.

Aerosol particles usually concentrated in boundary layer from the surface to a
height a few kilometers during such events. For example, measurements of the aerosol
altitude distribution over Kyiv by lidar measurements during a similar case of air pollu-
tion from forest fires in early September 2015, revealed aerosol particles from the surface
and up to 4-5 km [40]. The satellite CALIOP lidar data analysis in July-August 2010
during large-scale forest fires in the European part of Russia showed that the products of
aerosol fires over Ukraine were observed from the surface to altitudes of 6 km [5].

3.3 Back trajectories
Back trajectories of the air mass indicate the influence of the large forest fires in the
north region of Ukraine on the aerosol content and properties in the atmosphere of Kyiv
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in the spring of 2020. The back trajectories for Kyiv were computed with on-line version
of HYSPLIT model [41-43] for altitude 0.1 to 5 km above ground level (AGL). The alti-
tude of the lowest trajectory was about 100 m over the instrument locations.

S P

Source * at 50.36N 3050 E

Meters AGL

06 00 18 12 06 00 18 12 06 00 18 12
047 04fte 04115

(a) (b)
Figure 4. Smoke plumes of the forest fires in the north part of Ukraine on April 17, 2020: (a)
MODIS/Terra image, (b) back trajectories on altitude 100 and 500 m AGL for Kyiv AERONET site
on April 17 passed over territories with fires. Kyiv and Golosiiv observational sites location marked
with a circle in the right bottom corner of (a). Plots have been created by open access data from [36].

Back trajectories on altitude 100 m to 1500 AGL for Kyiv AERONET site on March
26-30 passed over territories with fires during previous 3 days. Fires were the largest
during March 26-28. These fires were the most probable cause of aerosol loading of the
atmosphere over Kyiv on those days.

Increased pollution of the air in Kyiv on April 17-19 was caused by the large forest
fires, which took place in the northern region of Ukraine, north-west from Kyiv. Smoke
trails from the fire locations visible on the MODIS pictures (Figure 4a) show it. Also the
back trajectories of the air mass movement for Kyiv (Figure 4b) indicate the north-west
wind and the air pass over the fires. Distances from location of fire to the Golosiiv ob-
servational site ranged 90 to 240 km approximately as it can be estimated using the scale
of the MODIS pictures. The largest fires were located at the distance about 200 km. The
air mass moved to Kyiv from the azimuth direction approximately 3000 almost without
mixing the air layers in altitude range from surface to 1500 m AGL (Figure 4b), but air
speed was different for different altitudes.

Properties of the aerosol particles depend on the time of smoke travel from fire to
the observational site (see e.g., [6]). The particles undergo changes because of aging, hy-
groscopic growth, and mixing with other pollutants. The more time the more changes. In
addition, the time travel dependence on the altitude of the air mass means that the
AirVisual sensors and the sun-photometer can observe different aerosol particles at the
same time. Taking into account the air mass speed dependence on altitude, the
sun-photometer observe more “fresh” aerosol compare to AirVisual sensors.

4. Discussion

Changes of aerosol columnar properties during air pollution over Kyiv and sur-
rounding areas were estimated using data of the AERONET Kyiv site. Variations in the
main parameter of aerosol contamination AOD(500nm), which is proportional to the
aerosol content in the atmosphere column, were discussed in Section 3.2. Here we con-
sider other characteristics that allow estimating the size of aerosol particles and making
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assumptions about their nature: Angstrom Exponent (AE), dependence on AOD and
particles volume size distribution averaged on the atmosphere column.

4.1 AOD and Angstrom Exponent

Angstrom Exponent (AE) is determined as AE = I0(AOD(%1)/In(AOD(%)

In(42)/In(41)
the choice of wavelengths, A1 and A2 [46]. In general, the AE can be calculated from two

or more wavelengths using a least squares fit. The AERONET algorithm defines AE in
the range of 440-870 nm. The Angstrom Exponent contains information on the size of the
particles and determines the dominant aerosol mode (coarse or fine) [38,44]. The larger
AE, the smaller particles are present in the atmosphere. Values of AE greater than 2.0
indicate fine mode particles (e.g., smoke particles and sulfates) exist, while values of AE
near zero indicate the presence of coarse mode particles such as dust or organic aerosols.
Scattering by molecules results in AE of ~4 [46].

and varies with

0.8

0.6

0.4

AOD(440nm)

0.2

0.0
2.0

1.8
1.6
14
1.2

1.0
01.03.2020 22.03.2020 12.04.2020 03.05.2020
Date

Figure 5. Daily averaged (top) AOD(440nm) and (bottom) Angstrom Exponent from the AERO-
NET Kyiv site sun-photometer observation during March-April 2020.

AE(440-870nm)

More details on the change of the daily averaged AOD and AE variations during the
period of significant pollution from March 15 to April 21, 2020 are presented in Figure 5.
Variations of the daily AE(440-870 nm) (Figure 5b) are in the range of 1.6-1.8, which in-
dicates the presence of a fine aerosol mode in the atmosphere produced by forest fires
and urban aerosols.

After March 26, the AE values decreased following to the AOD increase, which in-
dicated the coarse mode aerosols incoming to the atmosphere column over Kyiv up to
March 30 when AOD(440nm) reached peak value equal approximately 0.8 (Figure 5a).
Then AE increased again to 1.6-1.7 on March 31 and changed in the range approximately
1.7 to 1.2 with the typical AOD at Kyiv site (AOD(440nm) = 0.1-0.3) up to April 10. The
aerosol content and properties variation during those days, as well as during end of April
and start of May, is not interesting for analysis because firstly low aerosol content de-
termined from low number of observations, and secondly the AE short-time variations
suggest that AOD variations were provoked by aerosol of the various origins. On April
10 the AOD increased dramatically and AE values indicate the fine mode aerosol domi-
nant in the atmosphere column. It is obvious, that the smoke plume passed over the Kyiv
site on that day. Significant pollution of the atmosphere in Kyiv with biomass burning
aerosol occurred during April 16-20 (Figures 2b and 5a). The AE increasing from 1.4 to
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1.85 indicates that the fine mode particles dominated in the atmosphere column on those
days.

Spectral dependence of AOD characterized with AE is determined by aerosol parti-
cles size distribution and spectral dependence of the particles refractive index (RI) [46].
The particles size distribution is determined from the AERONET sun-photometer ob-
servations together with single-scattering albedo and RI using AERONET algorithms
[37,39]. These aerosol particle parameters depend on the particles origin and evolution in
the atmospheric circumstance.

April 17
March 29 P
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Figure 6. The aerosol particles columnar volume size distributions in the atmosphere over Kyiv
from sun-photometer observations (a) March 29, 2020; (b) April 17, 2020. The legend show the time
UTC of observation, AOD(440nm) and AE(440-870 nm).

Observations with sun-photometer at Kyiv site during the events of the forest fires
in March and April of 2020 qualified to determine the aerosol size distribution were
sparse because clouds. There were 20 successful blue-sky sun-photometer observations
with appropriate quality data to determine the aerosol size distribution in the period
March 28 - April 19, 2020. The data showed that particles size distribution was very
variable (Figure 6). During 29 March, the coarse mode particles predominated over the
fine mode only. In most of the other cases, the fine mode was dominant.

4.2 Single-scattering albedo and refractive index

The single-scattering albedo (SSA) is an important property of the aerosols. SSA is
defined as ratio of the AOD caused by the scattering feature to the AOD caused by total
extinction (scattering and absorption) property of the particle and is determined with the
AERONET aerosol retrieval algorithm from sun-photometer observations of the sky ra-
diance along almucantar of the Sun at 440, 675, 870 and 1020 nm [37,39]. SSA depends on
the complex refractive index (RI) of the aerosol particle, and both parameters are deter-
mined by the aerosol retrieval algorithm and analyzed together. The complex RI consists
of the real and imaginary parts, and determines microphysical and chemical properties of
aerosol particles. Particularly the imagery RI determines the absorption properties of
aerosol particles. Knowing the values of these two parameters, nature and basic chemical
composition can be assumed.

March 29 April 17
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Figure 7. Spectral SSA and complex RI in the atmosphere over Kyiv from sun-photometer obser-
vations at (a) March 29, 2020; (b) April 17, 2020. The legends show the observation UTC which is
the same as on the Figure 6.

The columnar SSA and RI determined for the aerosols observed at Kyiv AERONET
site during events of significant pollution of the atmosphere in March and April 2020
were very changeable both in value and in spectral dependence (Figure 7). The SSA and
RI variation is very significant both from day to day and during each day. The large
values of SSA were retrieved on March 30, April 17-18, when SSA(440nm) was approx-
imately 0.97 to 1.0 and SSA(1020nm) from 0.90 to more than 0.99. The lowest values of
SSA were retrieved on March 28 — 29 with SSA(440nm) and SSA(1020) not more than
0.88. However, generally the SSA values were quite high during those events of the aer-
osol loading in the atmosphere over Kyiv. In addition, the prominent feature was varia-
tion of the spectral dependence of the SSA for those events. Although SSA(440nm) was
generally larger than SSA(1020nm), except for March 29, the slope of the wavelength
dependence was various during a day.

4.3. Comparison AOD and PM2.5

The results of measurements of PM2.5 concentrations by AirVisual stations were
compared with PM2.5 concentrations measured by the EU-certified APDA-371 HORIBA
sensor, as well as with data on the optical thickness and characteristics of aerosols in the
atmospheric column above Kyiv from observations with the sun-photometer of the
AERONET site (Figure 8). The comparison is the way to estimate the reliability and ac-
curacy of the PM2.5 concentration measurements. The data of AirVisual stations are in
good agreement with the PM2.5 values variations at Popudrenka station (Figure 3a, b).
The measurements also show a spatial difference between AirVisual stations. If in March,
the highest PM2.5 values were observed at Nauky Avenue and Artema Street stations, in
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April the highest (extreme) pollution levels were observed at Trostyanetska station. The
lowest values of PM2.5, as expected, were observed at Golosiiv station, which is located
in the forest-park zone on the outskirts of Kyiv. However, the time variations of PM2.5
concentration at this station also follow the variations of PM2.5 at other stations.

AOD(500nm)

o
V]

o
—

[T NS NS NS NS RS A |

OO TT T[T T T [T T[T T T[T T[T T rTr T TTT1]
0O 20 40 60 80 100 120 140 160

PM2.5(ug/m3)

Figure 8. Comparison of the daily averaged PM2.5 concentration with daily AOD(500nm) data
from AERONET Kyiv site for March — April, 2020.

To compare PM2.5 concentration and AOD data, the daily averaged PM2.5 data
obtained at four sites (Artema Street, Popudrenka, Nauky Avenue and Golosiiv) were
used on the days when AOD were measured with the sun-photometer at Kyiv AERO-
NET site during March and April 2020. The daily PM2.5 data were averaged over four
AirVisual sites and compared with corresponding daily averaged AOD(500nm). The
equation of linear regression

AOD(500nm)= a + b-PM2.5 (PM10) (1)

was used to quantify the AOD versus PM2.5 and PM10 relations. Obtained parameters of
regression: Pearson’s correlation coefficient r = 0.81, standard deviation (SD) of values
0.088; a = 0.088 + 0.019; b = 0.004 + 0.0004. Formally the r value indicates the close rela-
tionship between AOD and PM2.5 parameters of the atmosphere pollution but it is ob-
viously caused mainly by high contamination level in the near-ground air and atmos-
phere column on two days in April 17 and 18. On the contrary, AOD(500nm) of 0.62 was
observed on March 29 at relatively moderate contamination of the ground level air
(PM2.5 = 45 pg m=3). Also very low AOD occurred at the same level of PM2.5 (see Figure
8).

The large scattering of points relatively to the regression line can be explained by
different smoke plumes observed by AirVisual devices and by the sun-photometer, par-
ticularly because different velocity of the air mass moving at the different altitudes.
However, analysis of the back trajectories and satellite data on the fires location showed
the same origin of the atmosphere contamination by the aerosols during period under
study. It was the forest fires on the large area of the Ukraine and surrounding territories
of Belarus and Russia.

It was for the first time when the event of the large atmosphere contamination was
observed in Kyiv simultaneously by the sun-photometer and devices for PM2.5 meas-
urements. Previously the comparison was made to reveal and quantify the influence of
the aerosol particles concentration in the near-ground air in the Kyiv city on the columnar
aerosol content measured by AOD without the fires influence [7]. Daily AOD(500nm)
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Level 1.5 and daily averaged PM2.5 and PM10 measured with the laser monitor SDL607
in different locations at different daytime during transects campaign were compared. The
measurements of the AOD and PM performed during 32 days were selected for analysis
between June and October 2017. The AERONET algorithm [44] determines AOD(500nm)
for total particles in the atmosphere column, and separately for fine mode (0.05-1.0 um)
and coarse mode (1.0-15 um) particles. PM2.5 concentrations were compared with fine
mode AOD(500nm) and PM10 values with total AOD(500nm). Linear regression equa-
tion for AOD(500nm) (see equation (1)) was used to quantify the AOD versus PM rela-
tions. Obtained parameters of the regression were: total AOD(500nm) versus PM10: a =
0.03 +0.05; b =0.007 + 0.002, the Pearson’s correlation coefficient r = 0.52, standard devia-
tion of the points from regression line SD = 0.08. Fine mode AOD(500nm) versus PM2.5: a
=0.025 £ 0.03; b =0.006 + 0.002, R =0.57, SD = 0.05.

The biomass burning (BB) aerosol was recognized as a special aerosol type for re-
mote sensing and study of aerosol significance in the atmosphere. Smoke particle prop-
erties are well understood qualitatively [47]. For example, approximately 80-90% of their
volume is in the accumulation mode (particle diameters < 1um). Smoke particles are
composed of 50-60% organic carbon and 5-10% black carbon. Specific size distribution
parameters, SSA and RI were identified for the biomass burning aerosols originated from
different types of burning vegetation and smoke age (e.g., [47,48]). Such agents as type of
burning vegetation (trees, crown or stem of a tree, grass, peat etc.), meteorological con-
ditions, time of the smoke transport to the observational site (aerosol age) specify the size,
structure, chemical composition and optical properties of the smoke particles
[3,4,6,10,49-51], particularly absorption properties of the particles. To estimate the sepa-
rate effect of each factor and the effect in combinations of factors, special studies and
experiments were performed to determine optical properties of combustion particles
generated from various fuels, see e.g. [52-54]. It is also know from large number of
studies that properties and chemical composition of the biomass burning aerosol parti-
cles change significantly with age of smoke (see, e.g., new study [51]).

The properties of aerosol particles in smoke from vegetation burning are very var-
ious because depend on fuel type and moisture, combustion phase, wind conditions, and
several other variables. Also, the physical, chemical, and optical properties of BB aerosols
can change rapidly when they disperse in the atmosphere. Therefore, we can only esti-
mate the columnar biomass burning aerosol particles properties observed at certain site
for certain time.

Particle emissions from biomass burning are dominated by an accumulation mode,
with a volume median diameter of 0.25-0.3pum range (count median diameter of 100-150
nm) depending on age, fuel and combustion efficiency [47]. Dubovik et al. [48] obtained
the fine mode particles volume RMed = 0.13-0.16 um depending on burned vegetation at
different region of the globe (Amazonian forest and Brazil cerrado, African savanna, US
and Canada boreal forest), and coarse mode RMed = 3.4 um for boreal forest fires and
approximately 3.8-3.9 um for the others noted vegetation fires. The particle size distri-
bution of fresh smoke is typically dominated by a lognormal accumulation mode parti-
cles with median diameter of 120 nm [52]. The aerosols particle properties can be deter-
mined more precisely for certain region from the sun-photometer observation.

During events of significant contamination of the atmosphere over Kyiv in March —
April 2020, time of smoke travel was estimated with the HYSPLIT model back trajecto-
ries. Location of the fires and smoke origin were determined for April 17 (Figure 4b) and
age of aerosols was not more than approximately 10 hours. In order to reach Kyiv
AERONET site on March 27 — 29 the air mass traveled more than 2 to 3 days over large
area where fires took place (Figure 1a), and aerosol observed on those days was mixture
of the particles of different age. However, following [55] we can consider the aerosol
observed at Kyiv site as fresh during March and April events. Therefore, the particle size
distribution is dominated by a lognormal accumulation mode, which is a fine mode in
terms of the AERONET algorithm. The volume median radius of the fine mode particles
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vary from 0.10 to 0.23 pum and generally corresponds to data of other studies, e.g.
[47,48,52,55]. In addition, the lognormal particle size distributions for most of cases are
predominant by fine mode except March 29, when the coarse mode dominates (Figures
6a). Standard deviation (STD) of volume median radius retrieved by Version 3 AERO-
NET algorithm depend on the total particles AOD(440nm) [34]. Special procedure for the
STD estimation of the aerosol particles parameters created by AERONET team and
named U27 (see the AERONET technical document “Description of Aerosol Inversion
Uncertainty for Level 2 Products” [36]. The procedure takes into consideration the un-
certainties in the sun-photometer radiometric calibration, AOD(440nm) measurements,
solar spectral irradiance, and surface reflectance which results in 27 distinct combinations
of the perturbed input parameters to the inversion procedure algorithm.

For all our cases the AOD(440nm) is in range 0.34-1.60, and uncertainties of the fine
mode particles RMed and STD can be estimated using data demonstrated by [34] for sites
with dominant biomass burning and urban/industrial aerosols. The uncertainties of the
fine mode particles RMed are 0.03 to 0.06 um and of the size distribution width for fine
mode is 0.008 to 0.013 um. Also it can be noted that the coarse mode particles RMed ob-
tained from our observations during events in March and April is approximately 1.90 to
4.20 um. This range is larger than obtained in [43]. It is evidence of complexity of coarse
aerosol mixture in the considered case. It is necessary to note, the data of the cited authors
are the summary during several years of observations, while our results were obtained
from case study.

The optical properties of biomass burning (BB) aerosols were also studied by many
authors for different type of burning vegetation in different region of globe, for example
[48-50] and the others. The biomass-burning aerosol includes significant portion of or-
ganic matter, particularly black carbon, which is typically a dominant component of BB
aerosol [49] making high absorbing capacity of the aerosols. SSA and RI of the bio-
mass-burning aerosol depend on temperature of the combustion and burning substance
such as trees, peat or grass as well as on phase of burning. In addition, the SSA and RI of
particles depend on the meteorological conditions along the particles trajectory and on
the time of their transport from fire location to the observational site. The results of
spectral SSA of the BB aerosol from AERONET observation during 1993-2000, summa-
rized over 2 to 5 years for different locations on the globe, were published in [48]. The
SSA at standard AERONET wavelengths 440, 675, 870 and 1020 nm is different for dif-
ferent burning vegetation. The most absorbing aerosol originated from African savanna
fires has the averaged SSA values equal to approximately 0.88, 0.84, 0.80, and 0.78 at
noted wavelengths respectively, while SSA from the USA and Canadian forest fires are
0.94, 0.935, 0.92 and 0.91. The later results of [50] that analyzed the AERONET observa-
tions of the biomass burning cases in different geographical zones of the world became
expansion of the [48] data. The SSA data from that study differ a little from [48] results
and demonstrate similar spectral features. Properties of boreal forest burning aerosol
with contributions from peat fires (likely mostly dominated by smouldering combus-
tion), are characterized by the weakest absorption with SSA close to spectrally neutral.
Typical SSA at 500 nm ranges from 0.95-0.97 (sites dominated by boreal forest or peat
burning) to 0.88-0.9 (sites most influenced by grass, shrub, or crop burning). The
strongest absorption is observed in southern African savanna with average SSA(500nm) =
0.85. SSA spectral dependence also is different for absorption properties of the particles.
Particles with stronger absorption tend to have stronger spectral gradients in SSA, with
more absorbing capacity at longer wavelengths [50]. Reviewing and comparing the op-
tical properties of biomass burning particles estimated from in situ measurements, for-
ward calculations, and inversions studies by Reid et al. [49] give best estimates for me-
dian values of smoke optical properties, emphasizing that each fire has its own character
and can deviate significantly from the mean. Particularly, Reid et al. [49] emphasize also
importance of smoke aging for particles properties and give the results of SSA in situ
measurements of fresh and aged aerosols from different vegetation fires. The results


https://doi.org/10.20944/preprints202203.0053.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 March 2022 d0i:10.20944/preprints202203.0053.v1

15 of 18

showed that SSA of fresh smoke is lower than aged one, and particles from temperate
and boreal forest fires are the least absorbing comparing to particles originated from sa-
vanna grass fires.

The forests in the north region of Ukraine with latitudes approximately 51-52°N are
located on the border of the temperate and boreal zones, and in general, the properties of
the smoke particles observed at Kyiv site during the fires in March — April 2020 agree
with cited results for this type of burning vegetation. On base of data from GSFC AER-
ONET site [39] we can estimate the uncertainties of spectral SSA for Kyiv AERONET site
at events under study to be approximately not more than 0.025 at 440nm, 0.030 at 675nm,
0.035 at 870nm and 0.045 at 1020nm. Values of the real RI(440nm) can be estimated by the
same methodology as to be less than 0.02 for AOD(440nm) > 0.4, and for the imagery
RI(440nm) the uncertainty given in [39] is less than 0.004. Variability of the optical prop-
erties and chemical composition of the aerosol particles in the smoke plumes, which have
passed over Kyiv (Figure 7), were caused by different burning material and phases of
fires at different time. These features of the BB aerosols are typical for the region.

6. Conclusions

The first results of the recently created local network of AirVisual devices for sur-
face air quality monitoring in Kyiv using PM2.5 concentration measurements are pre-
sented in the paper. The network consists of five sites located in different areas of the city.
Sites determine the Air Quality Index (AQI), the concentration of suspended particles
PM2.5, air temperature, the concentration of carbon dioxide CO2.

In the paper, we examine in detail the results of measurements of AirVisual stations,
APDA-371 HORIBA Popudrenka station and AERONET Kyiv station, air pollution by
aerosol particles in the city of Kyiv in the March-April 2020 period during forest fires on
large areas in the northern region of the Kyiv city.

The properties of aerosol particles during pollution according to the measurements
of AERONET Kyiv station are also considered. These data allowed us to estimate varia-
tions in the size of aerosol particles and to make assumptions about their nature accord-
ing to the Angstrom AE parameter and its dependence on AOD at different wavelengths.

In the nearest future, we plan to expand the network of AirVisual stations to obtain
detailed information in other areas of Kyiv and to inform Kyiv residents about the state
of air pollution. It also is planned to assess the risks of aerosol pollution on the health of
Kyiv residents based on measurements in the AirVisual network and other existing tools.
The discussed case of enormous PM2.5 aerosol contamination in Kyiv city emerges the
needs to accept strong measures for forest fire control and prevention in Kyiv region es-
pecially at north-west area where radioactive contamination from Chornobyl disaster is
still significant and impacted on ecosystem [56].
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