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Purpose. The Black Sea region where the forest fires were recorded by the FIRMS system, as well as
the atmosphere above it, namely the fire-induced variation of the atmospheric aerosol basic optical
characteristics, were the main objects of the investigation. The study is aimed at examining the fires
in the Black Sea region in 2018-2019 for assessing correlation between these events and variability of
the basic optical characteristics over the Black Sea.

Methods and Results. Based on the FIRMS system data, variations of intensity of the fire-induced
radiation were studied. The results of statistical processing of the MODIS and VIIRS satellite data on
the fires in 2018-2019 were represented. For the dates when the fire numbers were the highest in
the Black Sea region, the basic optical and microphysical characteristics of the atmospheric aerosol
were analyzed due to the SPM and AERONET data. The dates when the fire intensity was particularly
high (based on the MODIS and VIIRS data) were analyzed and compared with the dates when
the anomalous values of the atmospheric aerosol optical characteristics were recorded over the region
under study.

Conclusions. For the fire events in the Black Sea region revealed due to the MODIS and VIIRS data,
complex analysis of the air mass transfer was performed by the model HYSPLIT, and the aerosol was
typed by the CALIPSO algorithm. On June 22, 2019 the most intense fires were recorded. According
to the aerosol typing by the CALIPSO algorithm, on this day the predominant aerosol types were
the contaminated dust and smoke. Using the MODIS and VIIRS data, investigation of possible source
of the aerosol transfer on this date showed that the area of intense inflammationn and smoke was
located to the northeast from the Black Sea region. Since the satellite-derived data on this day showed
no dust transfer either from the Sahara or the Syria deserts, it is possible to conclude that increase of
the values of aerosol optical depth AOD (500) was conditioned by transfer of the aerosol resulted
from biomass burning from the north to the Black Sea region.
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Introduction

Fires play an important role in the formation of the local, regional and global
variability of the atmosphere properties. This manifests itself, for example, in
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the release of greenhouse gases and aerosols into the atmosphere. Emissions of
aerosol into the atmosphere formed as a result of forest fires can have a significant
impact on the microphysical and optical characteristics of clouds, and,
consequently, on the processes of precipitation and, as a result, on the weather of
the whole region [1; 2, p. 215].

Fires make significant changes in the natural hydrophysical and ecological as
well as biogeochemical cycles of elements. An increase in the scale of carbon-
containing emissions causes ambiguous changes in the state of climatically active
components of the atmospheric layer. These changes, in particular, include
deformations of the micro- and macrostructure of cloud fields caused by active
penetration of smoke aerosols into the atmosphere. Changes in the reflectivity of
the underlying surface lead to difficultly predictable variations in radiation forcing
[1, p. 126; 3, p. 247; 4].

Atmospheric aerosol and its constituent soot aerosol are radiation-active
components of the atmosphere that affect climate change. In this regard, the study
of sources of soot-containing aerosol of natural and anthropogenic nature, such as,
for example, forest fires and city smog, is of considerable interest [1; 3, p. 247].
Soot is a byproduct of combustion and has a significant effect on the atmosphere,
settling on low-lying clouds and trapping the Earth’s heat. Estimates of
the variability of relative soot content in atmospheric aerosol are important for
the modernization of both empirical aerosol models and climatic estimates [3, 5].
In addition, due to air currents, soot moves over long distances and settles on any
underlying surface, reducing its reflectivity, which can cause, for example,
additional snow melting and water evaporation [6].

The complex impact of forest fires on atmospheric characteristics makes it
difficult to assess the true scale of damage to the studied region. In this regard,
the creation of modern interdisciplinary fire research methods is a fundamental task
in the study and forecasting of atmospheric processes.

Devices and materials

EOSDIS (Earth Observing System (EQOS) Data and Information System) is an
international distributed system of space data bases, which was created and
operates as part of CINTEX (Catalog Interoperability Experiment) pilot project for
the exchange of catalogs. NASA EOSDIS information system is the main structure-
forming part of CINTEX. At present, this system includes 15 centers for storing and
processing space data: 9 from the USA and one each from Australia, Germany,
Israel, Canada, Russia and Japan. A feature of EOSDIS data system and,
accordingly, CINTEX is that the user searches for data simultaneously in all data
centers included in system ! EOSDIS provides all the services required for
the execution of the EOS program, namely: data collection and storage, their
processing, provision of means of remote access to reference information data
catalogs [7, p. 241]. One of the EOS program features is the possibility to
periodically structure the raw data archive using updated calibration and
geolocation information [8].

1NASA, 2020. Earth Observing System Data and Information System (EOSDIS). [online]
Available at: https://earthdata.nasa.gov/eosdis [Accessed: 06 August 2020].
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The data array of MODIS spectral radiometer, namely, the data on thermal
anomalies, or active fires, is one of the EOSDIS products [8]. Thermal anomalies
are the first remotely detected objects with a resolution of ~ 1 km, which could be
analyzed in a comparative relation with the smoke data obtained from onboard and
ground sensors of a fire hazard. Until 2003, the forest fire monitoring system was
based on the data from NOAA meteorological satellites and AVHRR high-resolution
radiometers. Both satellite data sets contained information about the same territory,
updated several times a day. The emergence of new space systems (TERRA/AQUA)
based on MODIS made it possible to expand the capabilities of remote means and
methods for monitoring the forest fires. Since 2003, MODIS module for primary
and thematic data processing has been put into operation to create derivative
products — thermal anomalies 2. The data on MODIS fires have been used to solve
a wide range of scientific problems regarding the impact of aerosol generated as
aresult of biomass burning on the Earth’s climate [9-10], as well as numerous
tasks of operational monitoring and remote sensing [11, 12].

The data provided by FIRMS (Fire Information for Resource Management
System), which is a part of EOS (LANCE), are analyzed in the paper. For
the analysis of thermal anomalies over the Black Sea, this fire information system,
within 3 hours after the satellites pass over the study area, provides a file
containing the coordinates of fires and information about their intensity obtained
by VIIRS [13] and MODIS [14]. VIIRS is a two-band radiometer operating in
the UV, IR and visible range (0.45-12 pum).

The main parameter of the temperature anomaly (fire) intensity is the radiation
power of fire (Fire Radiative Power, FRP). FRP defines the amount of thermal
energy released per unit of time during the burning of vegetation and is measured in
MW. In [15], the method for calculating the FRP index, which provided
the estimation of the integral radiation power of heat radiation from a thermally active
zone, was used.

On the basis of the technique of processing images in the infra-red range (on
4 um channel) according to MODIS and VIIRS data, variations in the radiation
power from fires are investigated. The images of thermally active areas (thermal
anomalies) located near the Black Sea region were processed using satellite data
for the period 2018-2019. Each fire record in the database is a set of coordinates of
the identified thermally active zones. For each site designated as a thermally active
zone, the FRP index was calculated and statistical data on the localization and
intensity of forest fires were obtained [3].

For determining the aerosol type over the region under study the CALIPSO
satellite data were analyzed.

CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observation) is a US-French research satellite launched as part of NASA EOS
(Earth Observing System) program and designed to study the cloud cover of
the Earth.

2 Ershov, D.V., Korovin, G.N., Shulyak, P.P., Dvorkina, N.B., Kovganko, K.A., Petrov, P.V.,
Lupyan, E.A., Mazurov, A.A. and Proshin, A.A. [et al.], 2004. Russian Remote Monitoring System
for  Forest Fires. ArcReview, (4). [online] Available at: https://arcreview.esri-
cis.ru/2004/10/13/wildfire-monitoring-russia/ [Accessed: 06 August 2020].
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The main goal of CALIPSO is to carry out global measurements of aerosols
and clouds. Such measurements are necessary for studying the degree of aerosols
and clouds impact on the climate system, as well as for refining the forecast of
long-term and seasonal interannual climate changes. CALIPSO is paired with
the US-based CLOUDSAT (Cloud Satellite) system, 94 GHz nadir-directed radar
that measures the cloud backscatter as a function of distance.

The main measuring instrument of CALIPSO is a three-channel radiometer
(operating wavelengths of the channels are 8.65 pm, 10.6 um and 12.05 pm). Since
the system is a lidar, it can be used for reconstructing the vertical structure of
the atmosphere. Unlike the sunlight, the “green beam” (523 nm) of CALIPSO is
fully polarized in one direction. Atmospheric scattering alters the incident
polarization, and measuring the degree of depolarization provides a wealth of
information about the nature of particles, especially their geometry. The preferred
type of aerosol depends on the location of the measurement, on the value of
the integrated backscattering coefficient and the depolarization coefficient of
the particles [16]. Aerosol typing used by CALIPSO is derived from AERONET
cluster analysis. The following types of aerosols are distinguished: smoke (aerosol
formed from the biomass combustion), dust, contaminated dust (mixtures of dust
and smoke), contaminated continental and pure continental aerosols [16-18]. Each
type of aerosol is characterized by a set of lidar ratios at wavelengths of 532
and 1064 nm. These ratios were calculated from typical distributions of particle
sizes and complex refractive indices taken from the AERONET measurement
database [19].

To determine the source of the aerosol generated from the biomass
combustion, the reverse trajectories of air mass transfer were analyzed using
the HYSPLIT model. HYSPLIT (Hybrid Single-Particle Lagrangian Integrated
Trajectory model) is a system for calculating airflow trajectories, as well as
complex transport, dispersion, chemical transformation and precipitation modeling.
This model provides backward trajectory analysis to determine the origin of air
masses and establish source — receptor relationships. HYSPLIT data is also used in
various models describing the atmospheric transport, dispersion and deposition of
pollutants and hazardous materials.

The model calculation method is a hybrid between the Lagrangian approach,
which uses a moving frame of reference to calculate advection and diffusion
(where trajectories or air masses move from their original location), and the Euler
method, which uses a fixed three-dimensional grid as a frame of reference for
calculating the concentrations of pollutants in the air. HYSPLIT has been
developing for more than 30 years, starting with the assessment of simplified single
trajectories based on radiosonde observations and ending with a system for
accounting for multiple interacting pollutants transported, dispersed and deposited
on a local and global scale [20].

Results
The data on fires acquired by FIRMS stored on the EOSDIS platform are
different: the data from the VIIRS satellite probe is supplemented with information
on fires detected using the MODIS algorithm due to the higher spatial resolution
(375 m), which provides a better response from fires in relatively small areas [3].
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In order to carry out a statistical analysis of thermal anomalies for the Black Sea
region, the area under study was distinguished in the FIRMS system and the period of
the highest fire activity for 2018 and 2019 (from June to September 2019) was
determined. The qualitative and quantitative results of fire assessment for this period
are presented below. According to MODIS data, the number of ignition points turned
out to be 3-5 times less than according to VIIRS data (Fig. 1, a).
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Fig. 1. Number of fires in 2019 based on the MODIS and VIIRS satellite data (a), AOD temporal
variability based on in situ measurements by SPM (b)

For a comprehensive analysis of the variability of atmospheric aerosol optical
characteristics on the days with fires that are anomalous in intensity and in
the number of ignition points near the Black Sea, the temporal variability of data
obtained from VIIRS and MODIS satellites and field data of SPM photometer
(aerosol optical depth) (AOD), as well as the contribution of coarse (Coarse AOD
(500)) and fine (Fine AOD (500)) fractions to the total AOD distribution) (Fig. 1),
was studied. In 2019, the period with the largest number of fires is the second half
of July: according to MODIS data, the number of ignition points was 4707, and
according to VIIRS data — 24108. In this period, the maximum (more than five
times) discrepancy in the number of thermal anomalies according to the data from
two satellites (Fig. 1, a) was also noted. As can be seen from the figure, on July 22,
2019, the maximum number and intensity of thermally active points was observed.
On this day, AOD obtained by measuring with SPM photometer (0.36) exceeded
the monthly average value (0.25) by 1.5 times.
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For the period of fires, the largest in terms of the number and intensity of
ignition points, on the graph of AOD time distribution its maximum value was
recorded on July 30 (Fig. 1, b). AOD values for this day at the neighboring Black
Sea stations exceed the monthly average values for July by 1.5-2 times: at
Galata_Platform AOD station (500) = 0.36 (with the monthly average AOD (500)
= 0.2), at Gloria AOD station (500) = 0.34 (with the monthly average AOD (500)
= 0.265), at Eforie station AOD (500) = 0.423 (with the monthly average AOD
(500) = 0.2). An assessment of the intensity and number of fires for July 30 did not
show the maximum value of any of these parameters; however, for the previous
day (July 29, 2019), the number of thermal anomalies (1472) exceeded the monthly
average (930) by more than 1.5 times. Since no extrema of either optical
characteristics or the number of fires were recorded on July 30, 2019,
a comprehensive analysis of the variability of the main optical characteristics for
2019, combined with the study of satellite images and air mass transfers, was
carried out on July 22, 2019, when abnormally high AOD values, and maximum
indicators of the intensity and number of fires (Fig. 1).

For the days with AOD maxima (according to measurements with SPM
photometer) (Fig. 1, b), a comparative analysis of these values with the AOD
maxima at a wavelength of 532 nm obtained using CALIPSO ALay-Standard-V4
algorithm was carried out. For these days, the maxima of the lidar ratios Sa,
calculated by the formula Sa = o / B, where o is the extinction coefficient and f is
the value of the phase scattering function at 180° (table), were also analyzed.

According to CALIPSO classification of various types of aerosols, smog
includes aerosols the lidar coefficients of which at a wavelength of 532 nm have
values within 70 £ 16, and at a wavelength of 1064 nm — 30 = 14. Analysis of
the data presented in the table showed that on the days with high (according to
the SPM photometer measurements) AOD values, CALIPSO algorithm revealed
the presence of smog over the Black Sea region.

An increase in AOD may be due to the appearance of absorbing particles in
the atmosphere, which are dust and smoke [19-21]. In order to determine
the presence and direction of the absorbing aerosol transport over the Black Sea
region on July 22, 2019, the data of HYSPLIT model reverse trajectories were
analyzed (Fig. 2).

Values of AOD (based on the SPM data) and lidar relations Sa_532 and Sa_1064
(calculated by the CALIPSO algorithm) on the days when the numbers of thermal
anomalies were maximal

Date AOD (532) Sa_532 Sa_1064
09.07.2019 0.24 70 44
18.07.2019 0.67 70 48
22.07.2019 0.78 70 48
30.07.2019 0.52 70 44

PHYSICAL OCEANOGRAPHY VOL.27 1SS.5 (2020) 519



Source » at 4447N 3340E

Meters AGL

NOAA HYSPLIT MODEL
Backward trajectories ending at 0600 UTC 22 Jul 19
GDAS Meteorological Data

o7/22

18 12 06 00 18
07/21

Fig. 2. Back trajectories based on the results of HYSPLIT modeling for 22.07.2019

Latitude, °N

VUL E g |

Wind 2019072206

vy
J:Il

34 3% 38 40
Longitude, °E

Fig. 3. Wind speed and direction in the atmosphere surface layers on 22.07.2019

520

PHYSICAL OCEANOGRAPHY VOL. 27 1SS.5 (2020)



North-western, western and south-western winds, associated with atmospheric
circulation in the temperate latitudes of the Northern Hemisphere, prevail over
the Black Sea region. An analysis of wind directions and back trajectories showed
an atypical for the Black Sea region aerosol transport from the north and northeast
to the studied region in the surface layers up to 1.5 km (Fig. 2, 3).

For a comprehensive analysis of the aerosol sources transported from the north
and capable of affecting the optical characteristics of the aerosol over the Black
Sea region, the fire maps presented in the public domain on EOSDIS platform
(coordinates of thermal anomalies) were analyzed. The analysis of FRP data set for
July 22, 2019 revealed the area of fires between Zaporozhye and Donetsk regions

(Fig. 4).
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Fig. 4. Distribution of the inflammation points based on the satellite data for July 22, 2019

Soot is a byproduct of biomass combustion and it absorbs a noticeable fraction
of the incident solar radiation, which means that it also affects the atmosphere
AOD value over the studied region. In order to assess the extent of the spread of
fires and soot aerosol, the data of the main optical characteristics and back
trajectories of air mass transfer were analyzed both for Sevastopol and for
the neighboring western Black Sea AERONET stations: Galata_Platform
(Bulgaria), Eforie and Gloria (Romania). Analysis of the data for the same day did
not show abnormally high AOD values (500) at any western station; however,
onthe next day (July 23, 2019), AOD data at all these stations exceeded
the monthly average values for July by 1.5-2 times: at Galata_Platform AOD
station (500) = 0.42 (with a monthly average AOD (500) = 0.2), at Gloria AOD
station (500) = 0.435 (with an average monthly AOD (500) = 0.265), at
Eforie AOD station (500 ) = 0.3 (with an average monthly AOD (500) = 0.2).
The maximum AOD 532 value according to CALIPSO data, equal to 0.78, was
obtained on July 22, 2019, which coincides with the date of extremely high AOD
values both according to SPM measurements and according to the data of the Black
Sea stations of AERONET network. In order to confirm the fact that it is the aerosol
formed as a result of biomass combustion that is the cause of high AOD values
(500) for July 22, 2019, the CALIPSO data on the types of aerosols over the Black
Sea region were analyzed (Fig. 5).
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Fig. 5. Aerosol typing based on the CALIPSO satellite data for 22.07.2019

As can be seen from Fig. 5, contaminated dust and smoke are the predominant
types of aerosol for the day under study. This is due to the increased values of lidar
ratios characteristic of smog, Sa (532) = 70 and Sa (1064) = 48. Since July 22,
2019, the dust transport from both the Sahara and the Syrian Desert, according to
satellite data, was not recorded, it can be concluded that the increase in the AOD
(500) values was due to the transfer from the north to the Black Sea region of
precisely the aerosol formed as a result of the biomass combustion.

Conclusion

For the cases of registering fires in the Black Sea region using MODIS and
VIIRS satellite data, a comprehensive analysis of the data on air mass transfers by
HYSPLIT model and CALIPSO satellite data on aerosol types was carried out in
order to identify the degree of biomass combustion impact on the atmosphere over
the Black Sea region. Analysis of the variability of the main optical characteristics
from 2018 to 2019 over the Black Sea according to AERONET network and
according to SPM photometer for the dates of intense fires in the Black Sea region
showed an excess of the aerosol optical depth daily values at 500 nm wavelength
(AOD (500)) over the monthly mean values by 1.5-2 times. The date of the most
intense fires in 2019 is July 22.

Investigation of aerosol transport possible source for this day using the data from
two satellites MODIS and VIIRS showed that the area of intense fire and smoke is
located northeastward of the Black Sea region. According to CALIPSO data,
the predominant types of aerosols for the study day are contaminated dust and
smoke. Since each type of aerosol is characterized by a certain set of lidar ratios at
the wavelengths of 532 (Sa_532) and 1064 nm (Sa_1064), an analysis of these
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characteristics was carried out for the days of intense fires during the study period.
For July 22, 2019, increased values of lidar ratios characteristic of smog were
obtained: Sa_532 = 70 and Sa_1064 = 48. As, according to the satellite data, dust
transport from both the Sahara and the Syrian Deserts was not recorded, we can
conclude that the increase in AOD values (500) was due to the transfer from
the north to the Black Sea region of the aerosol formed as a result of biomass
combustion.
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