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Abstract. Biomass burning is one of the biggest sources of black carbon concentrations which negatively impacts human
health and contribute to climate forcing. In this work we explore horizontal and vertical variability of black carbon
concentrations over Ukraine during a wildfire episode in August 2010. Using Enviro-HIRLAM modelling framework the black
carbon atmospheric transport was modelled for coarse and accumulation mode aerosol particles emitted by the wildfire.
Elevated pollution levels were observed within the boundary layer. The influence of the black carbon emissions by the wildfire
was identified up to 550 hPa level and at distances of about 2000 km from the fire areas. Strong temperature inversions at
nighttime resulted in subsiding air mass movement and lead to increased concentrations of black carbon in the atmospheric
boundary layer. Ground-based measurements of dust showed increase of concentration up to 73% in comparison to average
values. The fingerprint of local fires was found in the areas with local maxima of summary black carbon values for coarse
mode. The findings of the case study could help to understand the behaviour of black carbon distribution during anticyclonic

conditions which often observed in mid-latitudes in the summer and lead to wildfires occurrence.

1 Introduction

“Black carbon (BC) is the component of fine particulate matter (PM2.5) considered as one of the contributors to climate forcing
next to carbon dioxide (Bond et al., 2013, Kurganskiy et al., 2015) and highly probable harmful health impact (Janssen et al.,
2011; WHO, 2012; O’Dell et al., 2020)”. “BC is formed as a product after incomplete combustion of biomass and fossil fuels
(e.g., Forbes et al, 2006, Bond et al., 2013)”. “Large amount of BC is emitted into the atmosphere from biomass burning
(Konovalov et al., 2018) as a part of total chemical species flux during wildfires (Amiro et al., 2001; Barnaba et al., 2011;
Virkkula et al. 2014a), which cause elevated pollution levels around burned areas (e.g. Virkkula et al. 2014b; Wu et al., 2018;
Castagna et al., 2021)”. “BC content and different aerosol constituents in case of huge emission frequently estimated by using
atmospheric modelling (Hodzic et al., 2007; Bessagnet et al., 2008; Konovalov et al., 2018; Singh et al., 2018; Magalhaes et
al., 2019; Kostrykin et al., 2021) and sometimes in-situ measurements (Yttri et al., 2007; Eleftheriadis et al., 2009; Singh et
al., 2018; Jia et al., 2021)”. In Ukraine, there are no observations for carbonaceous aerosols in the atmosphere. “Moreover,

only few studies have mentioned about Ukrainian territory and BC distribution during wildfire events (Pavese et al., 2002;
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Yang et al., 2017)”. Considering the gap in knowledge of BC distribution over Ukraine and some ongoing problems with its
modelling capacities and emission inventories, this study aims to analyse temporal and three-dimensional spatial scales of BC
distribution after wildfire emissions in case of unfavourable weather conditions leading to elevated pollution episodes that are
frequently observed on the Ukrainian territory.

As a starting point for the current case study, the forest fire events occurred in summer 2010 at the center of the European
territory of Russia with strong wildfire emissions. These emissions supported by extremely hot weather and rainless conditions.
“Several studies discussed different aspects of this event, including aerosol distribution (Galytska et al., 2010; Konovalov et
al., 2011; Witte et al., 2011; Galytska et al., 2016), radiative effects (Chubanova et al., 2012) and air temperature changes (Pere
etal., 2014)”. “The emissions were detected and influenced atmospheric composition in Finland as well (Leino et al., 2014)”.
“The most severe period was connected with the August fires with a lot of pollution transported towards Ukraine (Galytska et
al., 2016) and it ended after 18th August when the pollution levels returned to typical for these geographical regions (Witte et
al., 2011)”.

“In more detail, Galytska et al. (2018) focused on analysis of summer 2010 wildfires’ events and on studying aerosol content
changes for period 1 July — 20 August 2010”. This study used satellite data from the Moderate Resolution Imaging
Spectrometer (MODIS) and the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) for detecting burned areas,
aerosols’ vertical profiles and clouds. Data from ground-based sun photometers of AErosol RObotic NETwork (AERONET),
measuring column-integrated aerosol optical depth (AOD), were validated against the satellite measurements. The HYbrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model was used to simulate air mass backward trajectories (with
vertical levels of 0.5, 1.5, 3, 4 and 5 km), and analysis of meteorological situation and air masses transport were performed
with help of a series of synoptic maps. The maximum AOD above Moscow (Russia) on 7th August was associated with
airflows from the central part of Russia at levels of 0.5-1.5 km passing through fire areas. In Kyiv, the maximum AOD was
registered on 15th August (up to 4 km level) with air movements from the forest fire regions. The simulated air trajectories
referred to anticyclonic movements in both cases. These conditions facilitated stagnation of air and accumulation of pollutants
in the region of interest. In Sevastopol, the maximum AOD was observed on 16th August within the layer 0.5-5 km due to air

masses transport from the territory of active fires.

“Spatiotemporal distribution of trace gases and aerosol at the ground level was analysed by Konovalov et al. 2011”. “The total
CO, PM10 and O3 concentrations were analysed using satellite measurements and the CHIMERE chemistry transport model
(Konovalov et al., 2011) with the most attention to the Moscow region”. It was found that extremely high levels of daily mean
CO and PM10 concentrations reached 10 and 700 ug/m3 respectively. Oz concentrations were episodically very large (up to
400 pg/mq) even after emission significantly decreased. It was estimated that approximately 10 Tg CO were emitted in the

Moscow region during the 2010 heat wave (more than 85% of the total annual anthropogenic CO emissions). “Aerosol, emitted
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from summer 2010 wildfires caused shortwave direct radiative effects (Pere et al., 2014)”. Significant reduction of diurnal
average solar radiation was found to be at the ground and up to 80—-150W/m2. The resulting feedbacks lead to a cooling of the
air up to 1.6°C at the surface and up to 0.1°C at altitudes of 1.5-2.0 km.

We explored the BC concentrations in Ukraine during the intensive biomass burning episodes in the region in August 2010.
We deployed Environment — High Resolution Limited Area Model (Enviro-HIRLAM) modelling system in the analysis. “It
is a fully online coupled (integrated) numerical weather prediction (NWP) and atmospheric chemical transport (ACT)
modelling system for research and forecasting of meteorological, chemical and biological weather (Baklanov et al., 2017)”.
These simulations will help us to understand temporal and spatial BC distribution after wildfire emissions in case of summer
anticyclonic conditions leading to frequent wildfires occurrence in mid-latitudes and resulted elevated pollution levels. Here
we initialized a case study was carried out for elevated pollution episodes in August 2010 over Ukrainian territory caused by
atmospheric pollution transport from the severe forest fires occurred in central part of Russia. BC concentration and its
distribution were estimated for extended period 2-18 August 2010 considering the extreme pollution episode lasted 7-17
August 2010. Analyses were conducted for both the accumulation and coarse modes as their particle sizes tend to collect in

the lowest atmospheric layers and mostly could have influence on human health.

2 Data and methods
2.1 Enviro-HIRLAM setup

“The Enviro-HIRLAM system consists of two main blocks. The HIRLAM model itself as a NWP model, which could be used
for research and operational purposes (HIRLAM-5 Scientific Documentation, 2002)”. The Enviro-components are integrated
into the NWP model. These components include a variety of atmospheric chemistry schemes, which simulate tropospheric
sulphur cycle chemistry, gas-phase chemistry, photolysis rates, heterogeneous chemistry, aerosol formation and dynamics, its
wet and dry deposition, different feedback mechanisms (direct, semi-direct, indirect). “For modelling of fluxes of BC the
Enviro-HIRLAM has been already used for the Northern Europe and Arctic regions (Kurganskiy et al., 2015; Nuterman et al.,
2015)”.

The model domain for runs covers almost all the European territory and it is enlarged for considering the atmospheric
circulation in the middle latitudes. It consists of 500x400 grids along longitude vs. latitude. It has 15-km horizontal resolution
and time step of 120 sec. The area of interest is within 20-45°E and 40—-60°N (Fig. 1). Generated model output is saved at

every 3 h interval.
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Figure 1: The area of interest and locations (black dots) of the radiosoundings stations (Kyiv, Odesa, Kharkiv, VVoronezh, Rostov-
na-Donu, Kalac) and locations (red squares) of air pollution monitoring stations used in this study.

The vertical structure includes 40 model levels with more detailed resolution in the boundary layer. In general, main weather-
forming layer (i.e., up to 500 hPa) includes 22 model levels. This provides a great opportunity for studying the BC vertical
transport. The model was run as the following: at first, the reference (or control) run and then, the run with direct aerosol effect
included. However, for the purpose of the BC spatio-temporal analysis during severe forest fire episode (7-17 August 2010)

we decided to use the output of only a reference run.

The spatial analysis of modelling results was carried out considering all grid cells without spatial averaging and interpolation.
It allowed detecting concentrations changes within each grid caused by anticyclonic air movements. Evaluation of accumulated
BC impact was performed by time integration of concentration for studied period. Therefore, the summed values represent the

total amount (for both the accumulation and coarse modes) transported by air movements through grid cells.

2.2 Additional data for analysis

The mass concentration of dust in PM10 size fraction is only aerosol species that are measured at 129 monitoring sites in
Ukraine. “These measurements contain all coarse aerosol particles regardless of their origin (Nadtochii et al., 2019)”.

Therefore, it is complex to compare accurately results with ground-based measurements. The Ukrainian air pollution
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monitoring network was established several decades ago, and under continuous development and expansion. Therefore,
majority of the monitoring sites are situated in cities. Such cities have large number of anthropogenic sources such as factories,
thermal power stations, roads, etc. Hence, it is reasonable to use daily averaging and to calculate integral value for each city
based on several monitoring stations. Such approach can improve signal-to-noise ratio in a time series. In our study, dust mass
concentration data was selected from year 2010 in 20 Ukrainian cities, which are approximately geographically equally
distributed within the country. It was done for purposes of intercomparison between western-eastern-southern-northern

territories.

The upper air soundings data from the Wyoming University database (http://weather.uwyo.edu/upperair/sounding.html) were
used to detect temperature inversions. The air temperature vertical profiles were analyzed for 2-18 August 2010 at the
following soundings stations: Kyiv (station code 33345), Kharkiv (34300), Odesa (33837), Rostov-na-Donu (34731), Kalac
(34247) and Voronezh (34122). Voronezh and Kalac are situated near the areas where the forest fires occurred. Kharkiv and
Rostov-na-Donu were selected for estimation of inversion impact at some distance from the fires. Kyiv and Odesa were chosen
as relatively distant to sources of the emissions. The temperature vertical profiles were taken into consideration up to 3-3.5
km above the ground surface at 00 UTC times during the studied period.

Note, that different additional fire related emissions of local origin could also take place. These can influence the observed
levels of the BC concentrations in the lowest layer near the surface. “For that, we used the Global Fire Emissions Database
(GFED4) (Giglio et al., 2013) from which analysis of burned areas was made”. This database has a spatial resolution of
0.25°x0.25° of latitude vs. longitude. The burning fraction selected for August 2010 represented the fraction of the burned area
within 0.25°x0.25°cell.

3 Results and discussion

3.1 Synoptic weather situation during summer 2010 in Ukraine

According to the Climate Forecast System (CFS) Reanalysis (source: www.wetterzentrale.de) of the 500 hPa geopotential

maps over Europe, the blocking anticyclone, which caused severe hot weather, lack of precipitation and occurrence of
wildfires, lasted from the end of June to the second half of August 2010 over the East Europe and south-western regions of
Russia (see example Fig. 2). Hot air masses from Central Asia penetrated into the north-west, and anticyclone was detected
throughout the whole troposphere before the highest pollution levels distributed out of burning cells. Continuous extreme
weather and clear sky conditions together with highest insolation in the middle latitudes caused domination of high temperature
and low humidity regimes. These were the most favorable conditions for drought formation that played crucial role in emerging

fires and their rapid distribution.
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Figure 2. 500 hPa geopotential over Europe on 6th August 2010 (source: www.wetterzentrale.de)

3.2 Dispersion of wildfire emissions

The main source of wildfire emissions was located outside of the Ukraine’s territory and consisted of several burning areas
(see Fig. 3b). Observed anticyclonic conditions influenced on formation and development of spatio-temporal patterns for BC
atmospheric transport and dispersion. The time-series for each grid point consist of two maxima. These are connected with
observed dominated atmospheric circulation patterns. Typical clockwise air movement for anticyclones in the Northern
Hemisphere caused intensive atmospheric transport towards Ukraine during two episodes: 7-8 and 13-16 August 2010. For

these episodes, elevated concentrations were also observed in the northern regions of Ukraine (as shown in Fig. 3).
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Figure 3: The spatial distribution of the BC (for the accumulation mode) during the episodes of its highest
concentrations at the near-surface level in the days of air movement towards Ukraine at: 00 UTC on 3rd August (a),
18 UTC on 7th August (b), and at 06 UTCs on 8th August (c), 13th (d), 14th (e), 15th (f).

For those days the highest values for BC (accumulation mode) in the boundary layer exceeded 400-600 ppbm near the burning
cells and 70-150 ppbm over the selected territories of eastern, central and northern parts of Ukraine. For coarse mode, these
values were 300-450 ppbm and 50-80 ppbm for the same territories, respectively. Due to burning cell’s location, maxima in
time series shifted from the east and north-east to the west and south-west regions of Ukraine. The shifting period depended

on anticyclonic air masses movement. Nevertheless, during 7-8 and 13-16 August, the higher values in the western part of
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Ukraine were observed within 24 h after maxima emerged on the east. During unfavorable circulation conditions, the BC
plumes were transported and dispersed at distances more than 2000 km away from the original burned areas. The dominated
hot and dry weather conditions interrupted in the second half of August 2010. It occurred when blocking anticyclone weakened

and cyclone arrived from the western sector.
3.3 Diurnal variability of BC in the region

During 3-18 August at nighttimes the whole European territory of Russia, central and eastern territories of Ukraine were
characterized by presence of surface air temperature inversions. Therefore, it is well seen through BC diurnal variations in the
lowest 500-meter layer. The deepest and strongest (up to 655 m depth and up to 12.5°C) inversions were observed during 4—7
and on 16 August (see Fig. 4). At 500 m level the air temperature was warmer by 10—12°C than at 2 m. For other nights the
inversions were weaker with an average difference of 3—4°C in the 2-500 m layer.

00 UTC, Kalac (34247) 00 UTC, Kharkiv (34300)
3500 - 3500
Aug. 4
3000 - 2 —Aug.5 3000 -
2500 Aug.& 2500
—Aug. 7
£ L €
- 2000 Aug. 16 - 2000 -
£ =
20 o
% 1500 | % 1500
1000 1000
500 500
0 0 L .
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35
Temperature, deg. C Temperature, deg. C

Figure 4: The air temperature vertical profiles from the vertical sounding stations Kalac and Kharkiv for selected dates
(4-7 and 16 August 2010) with the deepest surface temperature inversions at nighttime (00 UTC).

In our study, diurnal variations of BC content in the boundary layer were well detected. Maxima more often were observed at
night and morning hours, whereas daytime pollution levels in the lower troposphere were low. These diurnal variations
appeared due to radiative surface cooling on summer nights, and especially in case of blocking anticyclones. Such anticyclones
cause forming of air temperature surface inversions. Together with intensification of downward air movement at nighttimes,
BC from the whole lower and middle tropospheric levels is accumulated within the boundary layer reaching elevated values
there. During daytime, the processes of less intensive air descending and turbulence increasing are resulted in more
homogeneous vertical distribution. Hence, it can lead to decrease of near-surface BC content. As it happened throughout the

Ukraine’s territory with anticyclonic weather, BC spatial distribution at the separate level in the lower troposphere looks more
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with dominating horizontal dispersion. This may cause confusion about physical reasons of observed diurnal changes. In the
middle troposphere any diurnal variations of BC content are negligible because surface inversions do not reach these altitudes.
The vertical distribution of BC particles was well detected in the lowest 3-km layer with the maximum observed in the
boundary layer. Approximately at 700 hPa level, BC concentration for both accumulation and coarse modes started to decrease
very rapidly (Fig. 5). The levels of 630 hPa for the coarse mode and 590 hPa for the accumulation mode were identified as the
highest altitudes where the influence of wildfire emissions was detected constantly during daytime. Rarely, during the midday

elevated BC concentrations were detected at 590 hPa (for the coarse mode) and at 550 hPa (for the accumulation mode)

hPa (a) coarse mode, 00 UTC 14.08.2010 hPa (b) coarse mode, 12UTC 14.08.2010
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Figure 5: BC vertical profiles for coarse (a,b) and accumulation (c,d) modes over Kalac, Kharkiv and Odesa at 00UTC
(a,c) and 12UTC (b,d) on 14th August.

It is well seen from the fig. 5 that BC rather equally distributed in the 1000-700 hPa layer during day hours. But at nightime,
BC was observed mostly in the boundary layer, especially the coarse mode. Temperature inversions and air descending during
night hours caused more intense coarse mode deposition, therefore it is hard to find coarse particles at the distance more than
1000 km out from the active fires (represented by Odesa at fig. 5). However, accumulation mode could be transported at such

long distances and the transportation was observed at the lower 3-km layer.
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3.4 Spatial variability in BC in Ukraine during the wildfire episode

In general, the wildfire emissions have large accumulative effect in the near-surface layer. Total accumulated amount of BC
for the period 3-18 August 2010 reached 13500 ppbm (for accumulation mode) and 2200 ppbm (coarse mode) in the lower
tropospheric layer near the burning areas/ cells (Fig. 6). A large amount of combustion products was transported through the
atmosphere to the south-west and deposited over territories of the Eastern Ukraine, the Azov and Black Seas. The integral
values of BC on these territories exceeded 800 and 150 ppbm for accumulation and coarse modes, respectively. This is well
seen from Fig. 6 where the regions were affected by intensive deposition processes. Due to smaller sizes of the particles, the

accumulation mode has larger spatial coverage than the coarse mode.
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Figure 6: The integral value of the near-surface BC concentrations for the coarse (a) and accumulation (b) modes for
the period 3-18 August 2010.

For the studied period, in general, ground-based dust measurements also showed elevated levels connected with forest fires.
However, analysis of daily averaged values did not give significant results because of high noise level in time series. Proximity
of the selected monitoring sites to anthropogenic dust sources in industrial regions and near the roads with intense traffic
emissions caused high variability and heterogeneity of obtained daily averaged values. The difference between dust content in
August 2010 and other months became more visible when daily values were averaged to monthly ones for all sites within each

city.

Almost all geographical regions except northern part of Ukraine have clear maxima of ground-based dust concentrations during
August 2010. The highest exceeding over urban background values in August were observed on the eastern territories. Here,
the integral value of the near-surface BC concentrations for the coarse mode was higher than 250 ppbm. For the cities on the
east, the dust concentrations were 27-47% higher than average dust content in 2010. Moreover, these were also 23—-72% higher
than multi-year average concentrations for month of August. Overall dust content on the east was 0.02—0.07 pg/m3 higher than

usually in August.

10
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Large difference in dust content between August and other months was observed on the seashore of the Azov Sea and in the
central part of Ukraine. The concentrations were higher on 0.05-0.25 pg/m3 than usually in the same month. Majority of cities
in the central part of Ukraine showed 17-73% higher dust concentrations than average in 2010 and 8-45% higher than usually
in August.

In the western parts of Ukraine, the integral values were lower than 100 and 500 ppbm for coarse and accumulation modes,
respectively (Fig. 6). In these regions the dust concentration difference between August and other months was very low and it
did not exceed 0.05 pg/m3. However, dust content in the region is low and differences up to 0.05 pg/m3 correspond to 28—
58% concentration increase over average values.

It should be noted that in addition to the BC atmospheric transport from remote regions (i.e. in particular, due to forest fires
occurred outside of Ukrainian territory), local fire emissions could influence levels of near-surface concentrations. During the
studied period of elevated pollution episodes in August 2010, there were observed a large number of local fires (Fig. 7). Of
course, these could not impact large pollution levels throughout whole boundary layer and the middle troposphere, and
moreover, were not transported far from original burned areas. But these fires may influence the total BC deposition and
accumulation near the surface layer. The largest area of local fires was observed in the Eastern Ukraine, where burned fraction

reached 0.13 (i.e. that on these territories local fires could contribute up to 10-13%).

11
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Figure 7: Fingerprint of local fires or burned fraction for August 2010 /derived from 0.25°x0.25° grid-cell resolution
GFED4 database/.

From the distribution of the near-surface BC concentrations for the coarse mode (Fig. 6) it is seen that there are three “tails”
penetrating rather far from the main burning cells into Ukraine. The first one is observed in the north-eastern part, the second
— from the eastern to the southern part, and the third is distributed across the Azov and Black Seas. Existence of such “tails”
in integrated values could be the result of not only the coincidence with intensification of the BC atmospheric transport during

dominated anticyclonic conditions, but also the impact of local fires with burned fraction more than 0.05 within a grid-cell.

4 Conclusions

Employing the Enviro-HIRLAM online integrated modelling system, the patterns of the BC spatio-temporal distribution were
estimated for selected elevated pollution period of August 2010 in Ukraine, which resulted from severe forest fires in the
central part of Russia. The highest BC content was observed in Ukraine in 2010 during two episodes 7-8 and 13-16 August
because of air prevailing movement towards Ukraine from areas/ cells with burning forests. The stationary anticyclone and
hence, favourable conditions with deep nighttime air temperature inversions caused constant emission distribution and large
accumulative effect in the boundary level. BC was distributed over distances more than 2000 km from original emission

sources. Over Ukraine, it reached 70-150 ppbm for the accumulation mode and 50-80 ppbm for the coarse mode. Vertical
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transport was slower, and particles mainly dispersed in the lowest 3-km layer. However, the fingerprint of BC could be also
detected in the middle troposphere (i.e., up to 630 hPa level for the coarse mode and up to 590 hPa for the accumulation mode).
The temperature inversions at nights caused diurnal variability of the BC vertical distribution. Here, concentrations descended
to the lower layers at night and ascend at daytime by weakening of downward air movement. For the near-surface level, the
integral values over the Eastern Ukraine, Azov Sea and Black Sea territories exceeded 800 and 150 ppbm for the accumulation
and coarse modes, respectively. The features of the integral content distribution for the entire studied period and “tails”
existence might be influenced also by the BC emissions from the local sources of fires that observed during these days in the
eastern and north-eastern parts of Ukraine.
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