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Abstract

The paper presents the results of a comprehensive analysis of atmospheric aerosol based on
in situ photometer SPM measurements data, MODIS (Aqua/Terra) and VIIRS satellite data,
and HYSPLIT air flow modeling data. The study was conducted by comparing the optical
characteristics obtained during the same periods over the Black Sea region and tracking
the movement of aerosol towards reservoirs located in different parts of the Volga River:
the Middle Volga (Gorky and Cheboksary Reservoirs) and the Lower Volga (Kuybyshev
and Volgograd Reservoirs). The analysis revealed the days of dust aerosol presence in the
atmosphere. We compared the periods when high values of the aerosol optical depth (AOD)
and low values of the Angstrom exponent were obtained for the Black Sea and for the Vol-
ga River. The periods when high values of AOD and low values of the Angstrom exponent
were obtained simultaneously for the Black Sea and for the Volga River region were identi-
fied. A key finding of this study is the stability of the aerosol optical characteristics over the
Black Sea and the Kuybyshev Reservoir, which persisted even during intensive dust
transport from the Sahara Desert. This proves that regional algorithms for the Black Sea can
be used to restore the brightness coefficients from satellite data when there is dust aerosol
in the atmosphere over the Volga River reservoirs. The presented results provide a prelimi-
nary description of the atmosphere optical characteristics in the study regions and may be
useful for testing the accuracy of standard atmospheric correction algorithms for satellite data.
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AHHOTAIHUSA

[IpencraBneHsl pe3yabTaThl KOMIDIEKCHOTO aHaM3a aTMOC(HEPHOT0 a’po30Jisi ¢ MCIOJIB30-
BaHMEM HATYpHBIX (oToMeTpudyeckux uaMepeHuit SPM, cnytHukoBbix aanaeix MODIS
(Aqua/Terra), VIIRS, a Takxe MOAETHUPOBAHHUs TPACKTOPHI MEPEMEICHHUsI BO3YITHBIX
notokoB HYSPLIT, npoBeneHHOTO B paMKax COMOCTABIICHHSI ONTHYCCKUX XapaKTEPUCTHK
aTMOC(EpHOro a’po30id Haj PerHoHoM YepHOro Mops M BOAOXpaHWIHIIAMH OacceiiHa
p. Bonru (I'operoBckum, Yebokcapckum, KyiiObimeBckum U Bonrorpaickum). Ananu3
OCHOBAH HA JIaHHBIX, ITOJYUYEHHBIX B OJJHH U T€ € IIEPHOJIBI, C MOCIEAYIONIM OTCIIC)KHBA-
HHEM TepeMENICHHs a3p030Jis B HANPABJICHUN BOJDKCKUX BOJOXpaHWIHIL. B xone paboTs
BBISIBJICHBI JIHU C MPUCYTCTBUEM B arMocdepe mbuieBoro aspo3ods. [IpoBeneHo cpaBHeHue
MIEPHOJIOB, B KOTOPHIE OBUIM TOJYYEHBI BBHICOKHE 3HAUEHHS adPO30JIbHOW ONTHYECKOH TOJI-
LIMHBI U HU3KKHE — MapaMeTpa AHrcrpeMa Hajx YepHbiM MopeM 1 Boiroit. BrisiBnensl nepuo-
JIbl, KOTJIa JaHHbIe aHOMAJIMK HaOJIOJaIMCh CHHXPOHHO B 000uX pernoHax. KitoueBoii pe-
3yJIbTAT JJAHHOTO MCCIIEJOBAHUS COCTOMT B TOM, YTO ONTHYECKHE XaPaKTEPUCTHKH a3po30JIs
Haj YepHbiM MopeM 1 KyHOBIIIEBCKMM BOJOXPAHUIIMIIEM B NIEPHO]T HHTEHCUBHOTO IBUIEBO-
O MepeHoca co CTOPOHbI IycThiHM Caxapbl He MpeTepriesy 3HAYUMbIX U3MEHEHUH. DTO CBU-
JICTENIbCTBYET O BO3MOXKHOCTH TNPUMEHEHHS PETHOHAIBHBIX ATOPUTMOB, pa3pabOTaHHBIX
Jutst YepHOro Mopsi, Ipy BOCCTAHOBJIEHHH KOA((UIIMEHTOB SPKOCTH MO CITyTHUKOBBIM JIaH-
HBIM HaJ BojioeMaMu p. Bojiru B yClOBUsIX IPHCYTCTBHUS B aTMOcdepe MbUIEBOTO a’spo30Jisl.
[pencraBiieHHbIE pe3yNbTaThl (OPMHUPYIOT NPEIBAPUTEIBHOE OMHCAHNUE ONTHYECKUX Xapak-
TEPUCTHK aTMOC(ephl B HCCIEAYEMBIX PETHOHAX M MOTYT OBITh HCITOJIB30BAHBI JUISl OLIEHKH
TOYHOCTH CTaH/IAPTHBIX aJITOPUTMOB aTMOC(EpHOIT KOPPEKIIMH CITyTHUKOBBIX JAHHBIX.

Kawuessie cioa: SPM, MODIS, VIIRS, SILAM, o6parusie Tpackropun HYSPLIT, mapa-
MeTp AHICTpeMa, IbUIEBOH a’3po30Jib, JBIMOBON a’3p030Jib, a3pO30JIbHAsl ONTHYECKAsT TOJI-
muHa, AOT, Bonra, UepHoe Mope, atMoc(epHbIi a3po30i1h
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30H Mopst. 2025. Ne 3. C. 141-162. EDN AIMHIF.

Introduction

The primary objective of satellite oceanography is to obtain reliable information
about the state of various water bodies and to study trends in changes in their water
quality as well as to assess the impact of anthropogenic and biogenic factors on water
areas. A variety of natural phenomena, including forest fires, dust storms and vol-
canic eruptions, as well as a range of technological processes, result in an increase
in the amount of harmful substances entering the atmosphere and hydrosphere
[1-3]. When solid fuels are burned, toxic chemicals are released into the environ-
ment as part of the exhaust gases. The most prevalent of these are carbon mon-
oxide, sulfur dioxide, nitrogen oxides, hydrocarbons and dust [4-6].

The growing pollution of air basins in several cities demonstrates the substan-
tial impact of modern industrial production on the natural environment, disrupting
the existing balance and cycle of substances and energy. Therefore, long-term pro-
grams to maintain the normal functioning of natural ecological systems are becom-
ing increasingly important [2—6].

The objects of study are the Black Sea (western and Crimean coasts, where
the AERONET (AErosol RObotic NETwork) Galata Platform (43.0° N, 28.2° E)
and Sevastopol (44.58° N, 33.43° E)) and the Volga River reservoirs. The first
measurements of atmospheric characteristics over the Black Sea were made as
early as 1910, and systematic photometric observations within the framework of
the international AERONET program have been conducted since 2006. In 2015,
the second stage of photometric measurements was initiated using the domestic SPM
(Sun Photometer Mobile) photometer analogous to the AERONET instruments.

Unlike the Black Sea, comprehensive studies of the Volga as a single ecological
system have not yet been conducted. Effective river monitoring requires analysis of
the entire water system, including three interrelated components: the atmosphere,
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the aquatic environment and the aquatic organisms. The water body ecological and
toxicological state is determined by interdependent processes such as water ex-
change with the atmosphere, transport of toxic substances through the air and entry
of pollutants into the water [7]. Therefore, a comparison of data from these two
regions enables the identification of both general patterns of aerosol transport and
transformation, and processes that are specific to each region.

In 1995-2003, a large amount of data on gas emissions into the atmosphere
was obtained in the Volga River basin. Analysis of this data revealed a trend to-
ward improvement in atmospheric conditions: total gas emissions into the atmos-
phere over the Volga basin decreased by 2.0 million tons, from 9.1 million tons
in 1995 to 7.1 million tons in 2003. In 2017-2019, as part of the federal project
“Revitalization of the Volga,” a concept was developed to reduce diffuse pollution
of the Volga [8], based on an analysis of hydrological data on pollutants and
atmospheric parameters.

Nevertheless, the current data are insufficient to solve a significant applied
problem, namely the use of optical satellite information to assess the quality of
the Volga River waters. Furthermore, the role of long-range intensive aerosol
transport, particularly the influence of intensive air flow from the Black Sea region
on atmospheric characteristics over the Volga basin, remains under-researched.
In order to resolve these issues, a thorough investigation is necessary that incorpo-
rates data regarding the state of the atmosphere and the aquatic environment.

In this regard, the present study focuses on comparing the optical character-
istics of atmospheric aerosols over the Black Sea and the VVolga reservoirs, which
allows for the identification of general patterns of aerosol particle transport and
transformation in both regions.

The analysis employed in situ data, MODIS (Aqua/Terra) satellite data, Visible
Infrared Imaging Radiometer Suite (VIIRS) data and the results of air flow model-
ing using the HYSPLIT model for four reservoirs located in different parts of
the Volga River: the Middle Volga (Gorky and Cheboksary Reservoirs) and the Lower
Volga (Kuybyshev and Volgograd Reservoirs) (Fig. 1), in comparison with similar
data obtained over the Black Sea.

For each of the regions studied, background characteristics of atmospheric
aerosols were determined, serving as a reference point for assessing the conse-
guences of aerosol impact. Background characteristics in this work refer to the av-
erage values of optical parameters calculated with the exclusion of emissions.
The background aerosol in the regions under study consists primarily of submicron
fractions of mineral dust and other aerosols (predominantly sulphate) of continental
origin. These particles have penetrated through the cloud filter into the upper tropo-
sphere at an altitude of 2-3 km over the oceans and 5 km over the continents and
have been distributed there relatively evenly, with a particle number concentration
of ~ 300 cm™ at standard temperature and pressure [9].
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To compare, Table 1 demonstrates such background characteristics of atmo-
spheric aerosol as aerosol optical depth (AOD) at a wavelength of 500 nm
(AOD(500)) and Angstrom exponent (o) in different regions. For instance, in the Nor-
thern Tian Shan region, which is affected by dust aerosols, the AOD(500) value
during the period of aerosol transport to the region was found to be 0.74 + 0.14,
which exceeds the background values (Table 1) by more than three times [10].
In the Baikal region, which is mainly affected by seasonal fires, the AOD values
exceed background levels by six to eight times across most of the spectrum when
smoke is present in the atmosphere [11]. The background values for the region of
Middle Urals, which is subject to dust emissions and smoke transport from fires,
are presented based on the results of optical characteristic measurements conducted
at the Kourovka Astronomical Observatory (Sverdlovsk Oblast) and in Ekaterin-
burg [12]. The estimation of background values of atmospheric aerosol for central
Russia can be made based on the variability of optical characteristics obtained
in Moscow and the Moscow region. Thus, background values for this region,
according to data from the Zvenigorod Scientific Station of A. M. Obukhov Insti-
tute of Atmospheric Physics RAS, are given in [13]. For the Siberian region, back-
ground values for atmospheric aerosols were obtained from photometric measure-
ments at the Fonovaya station, Tomsk Oblast. During periods of intense fire in this
region, the AOD(500) index has been recorded at 0.95 + 0.86, which is approxi-
mately six times higher than background values and 2.5 times higher than the typi-
cal values for smoke aerosols [14]. The establishment of background levels is
a prerequisite for the subsequent identification of anomalies caused by long-range
transport of aerosols.

Table 1. Background optical characteristics of atmospheric aerosol obtained over
various regions

Region/city Background Angstrom
AOD(500) exponent o
Northern Tian Shan 0.24 £ 0.09 -
Baikal region <01 -
Sverdlovsk Oblast 0.135+0.128 -
Ekaterinburg 0.168 £ 0.126 1.239+0.3
Zvenigorod 0.17 +0.06 1.46+0.4
Tomsk Oblast 0.16 + 0.08 1.4+04
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In particular, periods were selected for analysis when the values of AOD and
the Angstrom exponent deviated significantly from background levels. This facili-
tated the identification of episodes of intensive air flow from the Black Sea region
towards the Volga basin, and the subsequent quantitative assessment of their im-
pact on the optical properties of the atmosphere over reservoirs.

Ground-based photometric measurements were used to verify satellite data and
modeling results. Ground-based solar photometry is one of the main remote sens-
ing methods for determining the composition of atmospheric gases and aerosols,
along with satellite remote sensing. The primary benefit of satellite systems is their
extensive coverage capacity, which facilitates the description of the spatial distri-
bution of the optical characteristics of the atmosphere (e.g., MODIS radiometers
on the Terra and Aqua satellites). However, the underlying surface reflectivity is
unpredictable enough, which significantly limits the AOD determination accuracy,
allowing reliable data to be obtained only in a narrow spectral range. This creates
serious difficulties in determining the composition of aerosol particles. The advent
of remote sensing methods has contributed to the emergence of innovative ship-
and satellite-based technologies and systems, facilitating the operational monitor-
ing of water quality in such eutrophic water bodies as the Gorky, Kuybyshev and
Volgograd Reservoirs. In light of the constraints imposed by remote methods,
in situ studies of aerosols employing photometers continue to be a pertinent under-
taking. The factors influencing the composition of aerosols, including meteorologi-
cal conditions, are not yet fully elucidated.

Fig. 1. Location of the study geographical objects on the Volga River.
The numbers denote reservoirs: 1 — Gorky Reservoir; 2 — Cheboksary
Reservoir; 3 — Kuybyshev Reservoir; 4 — VVolgograd Reservoir (Satellite
VIIRS)
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This study aims at a comprehensive analysis of the optical characteristics of
atmospheric aerosols over the Black Sea and four reservoirs in the Volga River
basin (Gorky and Cheboksary in the Middle Volga, Kuybyshev and Volgograd
in the Lower Volga) in 20222024 based on in situ measurements, satellite obser-
vations (MODIS/Aqua-Terra, VIIRS) and HYSPLIT air flow trajectory modeling
data. The research objectives include comparing the spatio-temporal variability of
aerosol parameters over the specified regions, tracking the transport of aerosol
masses from the Black Sea towards the Volga reservoirs, and analyzing the charac-
teristics of their distribution over these water areas.

Instruments and materials

The AOD was determined using in situ measurements obtained from two types
of solar photometer: the AERONET reference instrument Cimel [15] and its do-
mestic counterpart SPM (Sun Photometer Mobile) [16]. Both instruments operate
in the wavelength range of 340-2134 nm. When operating and calibration condi-
tions are met, the error in determining AOD is 0.01-0.02 and in determining
the atmosphere moisture content is approximately 0.1 g/cm?. A detailed description
of the calibration and calculation methods for the desired characteristics is provid-
ed in [16-18].

Satellite data on AOD and Angstrom exponent were obtained using the MAIAC
(Multi-Angle Implementation of Atmospheric Correction) algorithm based on MODIS/
Terra and MODIS/Aqua data [19, 20]. The spatial resolution of the algorithm is
1 km, which facilitates the tracking of small-scale urban pollution, smoke from
fires (including small local outbreaks), and dust storms. The selection of this prod-
uct was determined by its accessibility, high resolution, and capacity to monitor
aerosol dynamics in near real time.

In order to analyze the sources of aerosol transport in the Black Sea region as
well as the Gorky, Kuybyshev and Volgograd Reservoirs, the results of modeling
the backward trajectories of air flow movements were used. This modeling was
carried out using the HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Tra-
jectory model developed by Air Resources Laboratory (ARL)) software package v.
The simulation results demonstrate the predominance of western air mass transport
in the region under study 9. This study presents the first analysis of not only back-
ward but also forward trajectories of air currents over the Black Sea. This made it
possible to compare optical characteristics with the time shift of aerosol movement
over the Black Sea and, several days later, over the reservoirs.

The VIIRS radiometer set provides users with Deep Blue NASA Standard
Level-2 (L2) aerosol products from the Joint Polar Satellite System (JPSS). Since
17 February 2018, the VIIRS Deep Blue Aerosol (DBA) algorithm has been used

D Available at: http://ready.arl.noaa.gov/HYSPLIT.php [Accessed: 25.08.2025].
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to obtain AOD values [21, 22]. The Deep Blue algorithm is used to analyze data
obtained over land, while the Satellite Ocean Aerosol Retrieval (SOAR) algorithm
is used over water areas. Data obtained in certain VIIRS operating ranges and pro-
cessed using two algorithms described above provide ultimately reference AOD L2
Deep Blue values at a wavelength of 550 nm for the region under study [22, 23].

The Dark Target/Bright Target Algorithm (DBA) was applied to VIIRS data
to create a long-term climate data series on atmospheric aerosols. The DBA algo-
rithm was originally developed to detect aerosols over bright surfaces. To achieve
this objective, a global database of surface reflectivity coefficients with a resolution
of 0.1° in the visible spectrum was created using the method described in [24].
The aerosol type and AOD are determined simultaneously using look-up tables
based on satellite observations. The MODIS Collection 6 (C6) data are reprocessed
using an algorithm that employs three different approaches to determine surface
reflectivity coefficients in different terrain types (arid/semi-arid regions, vegetated,
urban/built-up and transitional areas). To identify smoke aerosols, the spectral
curvature method is used, based on the ratio of surface reflectivity coefficients
at wavelengths of 412/488 and 488/670 nm. In addition to VIIRS data, new models
of non-spherical dust particles are also used to improve the accuracy of AOD de-
termination. In 2020, the latest V011 DB L2 aerosol products were integrated into
the data processing system. The methodology permits the extension of the range of
detectable surfaces from the brightest to the very darkest [24, 25], improving aero-
sol monitoring capabilities significantly.

One of the tasks of the DBA and SOAR algorithms is to determine the types
of atmospheric aerosols during the daytime in the absence of clouds and snow.
Over land, the aerosol type is classified based on the AOD values, Angstrom exponent
(o), Lambert-equivalent reflectivity (LER) and brightness temperature. The combined
aerosol type over land and ocean is determined based on pixels that have passed
quality control [21, 22, 24].

CALIPSO satellite data were analyzed to determine the predominant aerosol
type. The main objective of CALIPSO is to measure the characteristics of aerosols
and clouds on a global scale. The CALIPSO algorithm classifies aerosols by type
based on the measured depolarization coefficient (dv): pure marine aerosol
(6v € [0.025-0.05]), particles of polluted dust or smog (8v € [0.05-0.15]), most
likely dust aerosol (8v € [0.15-0.5]). The spatial resolution for most types of aero-
sols is 80 km, with the exception of clean marine and polluted continental aerosols.
About 80% of smog and 60% of polluted dust aerosols are found over the water
surface. Clean dust is distributed approximately evenly over both land and water
surfaces [25, 26].

Measurements of the optical characteristics of the atmosphere over the Black
Sea and the Volga River were carried out from small vessels or from the shore.
The periods of atmospheric aerosol measurements over the reservoirs of the VVolga
River are shown in Table 2. Measurements over the Black Sea were carried out
simultaneously.
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Table 2. Qualitative and quantitative data on measurements of main atmosphere optical
characteristics over reservoirs of the Volga River

. . Number
Reservoir Period
of measurements
. Spring—summer

Gorky Reservoir 2022-2024 292

. 09.09.2023-10.09.2023;
Cheboksary Reservoir 16.092023—17.09 2023 18

. 17.07.2023-28.07.2023;
Kuybyshev Reservoir 09.09.2023—16.09.2023 58
Volgograd Reservoir 28.05.2024-07.06.2024 13

As Table 2 shows, in the case of the Gorky Reservoir, the focus is on seasonal
trends rather than specific periods. This discrepancy can be attributed to the fact
that while expeditions in the region of the reservoir were ongoing, the measure-
ments were taken over the course of a single day, a week or more.

During expeditions to study the optical properties of the atmosphere over
the Middle and Lower Volga region, data were obtained on the AOD variability
across the entire operating range of the SPM photometer, namely at 11 wave-
lengths: 340, 379, 441, 501, 548, 675, 872, 940, 1244, 1020 and 1556 nm.
The most interesting channels for research are those close to satellite channels:
comparative analysis of remote and in situ data makes it possible to solve many
problems in both optics and hydrophysics in general. For central Russia, the AOD
values above 0.3 at a wavelength of 500 nm are considered to be high. The present
study determines the type of aerosol and the region that was the source of aerosol
activity for dates with such values.

Results

As previously mentioned, 2015 marked the start of a period in which the opti-
cal properties of atmospheric aerosols over the Black Sea were monitored using
an SPM photometer. This enabled a new stage of comparative studies of different
regions equipped with similar instruments to begin. The nearest water body where
photometric measurements are carried out is the VVolga River basin. This paper pre-
sents a comparative analysis of the optical characteristics of atmospheric aerosols
obtained over the Black Sea (in the western and Crimean coastal zones), alongside
data from regular measurements taken over the Gorky, Cheboksary, Kuybyshev
and Volgograd Reservoirs, as well as in the Nizhny Novgorod Oblast, between
April 2022 and July 2024. The activity of dust and smoke aerosol transport from
forest fires was also studied during this period.

Analysis of seasonal AOD trends in many regions of central and southern Rus-
sia revealed a primary maximum in spring and a secondary maximum in summer,
the latter of which is more pronounced during intense forest fires. As is well known,
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a large number of forest fires are recorded in both the Black Sea region and
the Nizhny Novgorod Oblast during the summer period. These fires can cause
cloudiness in the atmosphere and, accordingly, lead to an increase in the values
of the main optical characteristics of atmospheric aerosols during this period [25].
It is known that dust and smoke aerosols are characterised by AOD values that are
more than twice the monthly average [1-3]. Fig. 2 shows average daily values
of AOD(500) for the period of synchronous atmospheric studies over the Black Sea
(Crimean coast (Fig. 2, a) and western coast of the Black Sea (Fig. 2, b)) and
the Volga River basin (Fig. 2, ¢). As can be seen, high AOD(500) values were rec-
orded over the Volga River in April, July and August 2022 as well as in April
2023. To determine the main source of aerosol input that has the greatest impact
on the properties of the underlying surface as determined by remote sensing me-
thods, it is necessary to analyze the seasonal and daily variability of aerosol optical
characteristics.

Fig. 2, b shows that the maximum AOD values were observed on 13 April,
6, 7, 24-27 July, 5-8, 24-27 August in 2022; on 12, 24-28 April, 25-27 May,
18, 26-28 July in 2023; and on 4 June 2024. In general, increases in AOD values
are not short-term events occurring over the course of a single day, but rather peri-
odic in nature. This can be the result of intense dust transport and large-scale forest
fires, the latter of which are a source of burning biomass aerosols (smoke aerosols).
The only exception is a slight increase in AOD in the summer of 2024. However,
it should be noted that measurements only began at the end of May in 2024.

Gorky Reservoir

Since 2022, the SPM photometer has been continuously monitoring optical
characteristics in the study area, providing background characteristics of atmos-
pheric aerosols over the Gorky Reservoir and Nizhny Novgorod. In the 2016-2017
studies, the background values were considered to be AOD(500) ~ 0.18 and a. = 1.45,
but later regular measurements covering not only the summer period showed
that the background values in the study region were lower: AOD(500) = 0.12 and
a=1.22 [26]. Analysis of particle size distribution revealed no predominance of
particles of a certain size, whether large or small, for background aerosols.

To identify sources of aerosol activity, satellite data were analyzed for all days
on which elevated values of atmospheric aerosol optical properties were recorded
during in situ measurements.

As Fig. 2 shows, the average daily AOD(500) value of 0.28 recorded on 13 Apiril
2022 is the highest one for the entire spring period of 2022. The results of model-
ing the backward trajectories of air flows for that day using the HYSPLIT model
showed the movement of dust aerosol at an altitude of 3 km from the Karakum side.
This means that the increase in AOD on 13.04.2022 is due to the presence of dust
aerosol in the atmosphere over the region under study.

During the summer of 2022, a significant number of days were observed to
have elevated AOD values, with levels exceeding more than twice the annual average
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Fig. 2. Average variability of aerosol optical depth
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across the entire spectral range. A thorough analysis of satellite data, comple-
mented by the findings from backward trajectory modeling, revealed that the ob-
served increase in AOD values was predominantly attributable to the presence of
smoke aerosols from forest fires, which were localized east of the Gorky Reservoir.
The average daily AOD(500) value of 0.39 on 12 April 2023 represents the maxi-
mum for the entire measurement period under study. The maximum AOD value
(AOD(500) = 0.45) on that day was recorded at 14:00. Satellite data indicates that
MAIAC AOD values over the Gorky Reservoir were within the range of (0.4 +0.01).
The backward trajectories of air flows were simulated using the HYSPLIT soft-
ware package, with the start time of the simulation set at 14:00 UTC, the time
when the maximum AOD values were recorded. The transport area coincided with
the area in which the AIRS MODIS/Aqua algorithms determined an increased con-
centration of dust aerosols. A thorough examination of the contribution of coarse
and fine aerosol particles to the total AOD(500) revealed that elevated AOD values
were predominantly attributable to the presence of fine particles, which constituted
up to 80% of the total. MAIAC satellite data confirm that AOD values exceed
background levels, which is consistent with the results of in situ measurements.
The VIIRS Deep Blue algorithm for 24 April 2023 identified the presence of
dust particles, as well as mixed and background aerosols (Fig. 3). High Angstrom
exponent values for 24-28 April 2023 (o > 2) confirm that the elevated AOD val-
ues are attributable to the presence of finely dispersed absorbing aerosols in high
concentrations.
High AOD values were also

—
‘ . recorded at the end of April and the
") end of July 2023. Analysis of mo-
Ivanovo _ Rgs(g'l\%ir del and satellite data to determine
- - s the source of aerosol activity that
Kovrov - - NI\;IZZghé?(])a influenced the variability of AOD
— values at the end of April 2023 re-
® Dust Buckground " e Mixed vealed no signs of dust transport or
Primarily finely dispersed @ Smoke intense fires, when the smoke could

have moved into the atmosphere of
the region under study.

The values of AOD(500) were
determined to be 0.29 on 25 May
2023, at a = 0.7. When determining

Fig. 3. Satellite images obtained using
the VIIRS spectroradiometer (flight time
10:33 UTC) using the VIIRS Deep Blue
algorithm for 24 April 2023 (Archive
AERDB_L2_VIIRS_NOAA20_NRT doi:10.506

7/VIIRS/AERDB_L2_VIIRS_NOAA20_NRT.0
02; AERDB_L2_VIIRS_NOAA20 doi:10.5067/
VIIRS/AERDB_L2_VIIRS_NOAA20.002 (date
of access: 20 January 2024)
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the predominant aerosol type using
the VIIRS Deep Blue algorithm,
the presence of mixed and fine
aerosols was detected on that day.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2025



Statistical analysis revealed that AOD values exceeding the monthly average were
observed on 26 of the 226 days of observation. Elevated AOD values were mainly
observed on days when smoke and dust aerosols were present in the atmosphere
over the study region, but they were also recorded on days when anthropogenic
aerosols were detected. In some cases, the origin of aerosol activity could not be
ascertained.

Given the absence of documented transport from Africa via the Black Sea
during the study period, a direct comparison between the optical characteristics
obtained for this reservoir and those of the Black Sea stations was not feasible.

Cheboksary Reservoir

The expedition to the Cheboksary Reservoir was the shortest, with a duration
of four days. During this period, AOD(500) values approximating the background
values for the Nizhny Novgorod region were obtained (average AOD(500) = 0.11).

Average Angstrom exponent a = 1.7 demonstrates the predominance of fine
particles during the study period. This is confirmed by data on particle size distri-
bution: the contribution of the coarse mode is only 21% of the total AOD(500) value.

Analysis of optical characteristic data for the periods 9-10 and 16-17 Septem-
ber 2023 for the Black Sea stations confirmed the presence of fine and background
aerosols over the entire Black Sea water area (average AOD(500) values for both
stations did not exceed 0.12).

Kuybyshev Reservoir

In this area, high AOD(500) values (twice as high as background levels) were
recorded on 26-28 July 2023. During the entire expedition period, the maximum
AOD values over the Kuybyshev Reservoir were recorded on 28 July 2023 (aver-
age daily AOD(500) value = 0.38, with AOD(500) = 0.43 at 10:00, which is twice
the background values for central Russia). On the same day, the Angstrom expo-
nent values were below 1.0 (Fig. 4). An analysis of the particle size distribution
revealed that large particles constituted 45% of the total. Such a set of optical charac-
teristics is typically obtained when recording arid aerosol over the region under study.

A comparative analysis of optical characteristics over the same period
at the Kuybyshev Reservoir and the Black Sea revealed that two days before
the maximum values were recorded over the Volga, high AOD values and low Ang-
strom exponent values were obtained at the Black Sea AERONET Galata_Platform
(AOD(510) = 0.4 and a = 0.7) and Sevastopol (AOD(510) = 0.39 and o = 0.8)
stations. The transport of dust aerosols from Africa towards Crimea and central
Russia can last from one day to more than a week. This means that the aerosol rec-
orded on 28 July 2023 over the Kuybyshev Reservoir could have been present
in the atmosphere of the Black Sea on 26 July. This assumption can be confirmed
by the results of HYSPLIT modeling of backward and forward air flow trajectories.
Over the Black Sea, the maximum daily values of the AOD and the minimum val-
ues of the Angstrom exponent were recorded at 14:00 UTC at the Galata_Platform
station (AOD(510) = 0.48; a = 0.48) and at 16:00 at the Sevastopol station
(AOD(500) = 0.4; o = 0.66). Over the Black Sea, the maximum daily values of
the AOD and the minimum values of the Angstrom exponent were recorded
at 14:00 UTC at the Galata_Platform station (AOD(510) = 0.48; a = 0.48) and
at 16:00 at the Sevastopol station ((AOD(500) = 0.4; a = 0.66). A thorough analysis
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Fig. 4. Variability of the AOD and the Angstrom exponent during the expedi-
tions over the Kuybyshev Reservoir (a) and over the Black Sea (b). The red ellip-
ses denote cases of high AOD values and low Angstrom exponent values

of the variability of optical characteristics during the movement of dust aerosol
over the Black Sea stations and over the Kuybyshev Reservoir indicates that
the aerosol has not undergone any changes in composition or properties. The opti-
cal characteristics obtained on 26 July 2023 over Sevastopol and on 28 July over
the Kuybyshev Reservoir differ minimally. Taking into account the distance from
the Black Sea Galata_Platform and Sevastopol stations to the Kuybyshev Reservoir
(~ 2000 km), the speed of dust aerosol movement was determined (~ 50 km/h).
Given the highest AOD(500) values over the Kuybyshev Reservoir were
obtained on 28 July 2023 in the morning hours, the backward trajectories of air
flows were calculated using the HYSPLIT model for 10:00 UTC. Analysis of
modeling data revealed that at an altitude of 3 km, air mass transfer from the Sa-
hara Desert is recorded (Fig. 5, b). As can be seen, based on the backward trajec-
tories of air masses, the transfer from Africa was recorded both over the Black
Sea AERONET stations (Fig. 5, a, ¢) and over the Kuybyshev Reservoir (Fig. 5, e).
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The results of forward transport modeling confirm the presence of an air mass that
was located over the Black Sea at an altitude of 3 km on 26 July 2023 and appeared
over the Volga region on 28 July (Fig. 5, b, d).
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Fig. 5. HYSPLIT air flow simulation data: backward (a) and forward (b) trajectories
for Galata_Platform station; backward (c) and forward (d) trajectories for Sevastopol sta-
tion for 26 July 2023; backward trajectories for Kuybyshev Reservoir for 28 July 2023 (e)
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Continued Fig. 5

A satellite image of the Black Sea central part also shows a trail of haze, which
can be dust aerosol transported from Africa. Satellite AOD measurements are not
available for the Volga River. However, AOD values in the coastal region exceed
background levels and exhibit minimal variation from the in situ SPM data for that
particular day (according to MODIS data, AOD(500) values range from 0.35 to 0.36).
To confirm the presence of a dust aerosol source, the CALIPSO satellite data were
analyzed (Fig. 6).

1A thorough analysis of aerosol type data employing the CALIPSO satel-
lite algorithm over the specified water body revealed the presence of substantial
amounts of both polluted and clean dust aerosol. In conclusion, the results of both
modeling and remote sensing confirm that the elevated AOD values, low Angstrom
exponent values and high concentration of large aerosol particles are due to the pre-
sence of arid-origin particles in the atmosphere. A comprehensive analysis of

the spatio-temporal variability of the optical

20— 28.07.2024 - properties of aerosols over the Kuybyshev
] ! Reservoir and the Black Sea it indicated that
£ 153 . during intense dust transport from the Sa-
N . hara Desert, the characteristics of aerosols
= U Dust remained constant, despite the difference
Tos o : I Smoke in the time of their detection over the regions.

- - 'mw - [ Polluted dust

0_:1 I | Non-defined
P Fig. 6. CALIPSO satellite data for 28 July
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Consequently, upon detection of dust aerosols over the Volga River reservoirs,
regional algorithms can be implemented to restore water brightness coefficients
for the Black Sea.

Expedition data on this reservoir were obtained during the period from 31 May
2024 to 5 June 2024. The average values of the main optical characteristics for
the study period were: AOD(500) = 0.16; o = 1. On 31 May 2024, a = 0.4, and
the AOD values across the entire spectral range were at an average level.

Satellite (MODIS and VIIRS) measurements of the AOD for 31 May 2023
confirmed the presence of an area with elevated values southwest of the VVolgograd
Reservoir (Republic of Kalmykia) (Fig. 7). Analysis of backward trajectories based
on HYSPLIT modeling results showed the transport of dust aerosols from
the Karakum Desert on 30-31 May 2024.

Analysis of VIIRS and Aqua/MODIS satellite images (True Color channel)
for 31 May 2024 over the Volgograd Reservoir revealed variable cloud cover dur-
ing the flyovers of satellites at 10:02 and 10:28 UTC, respectively. The clearest
image with minimal cloud cover was obtained using Terra/MODIS (True Color)
at 7:24 UTC. It is well established that dust particles facilitate the process of mois-
ture coagulation, leading to the formation of clouds comprising both fine and
coarse dust aerosol fractions subsequent to the dust aerosol passage [27, 28].
The results of wind speed modeling using the ICON software package [29]
at all altitudes up to 1500 m demonstrated transport from the Karakum Desert.
The maximum wind transport intensity was documented at an altitude of 500 m
(Fig. 8), which corresponded to the results of the HYSPLIT backward trajectory
modeling.

The expedition measurements for the study period from 31 May 2024 to
7 June 2024, obtained over the Volgograd Reservoir, were compared with data
from simultaneous observations over the Black Sea. Since the elevated AOD values
over the Volgograd Reservoir recorded on 31 May 2024 were caused by the advec-
tion of dust aerosols from the Karakum Desert, air currents over the Black Sea pri-
or to this event were not considered. However, it is noteworthy that on 4 and 5 July
2024, abnormally high AOD values were recorded over the Black Sea, with maxi-
mum values of AOD(500) = 0.3 and AOD(500) = 0.29, respectively. These values
are more than one and a half times higher than the standard background levels.
On these dates, measurements were obtained using an SPM photometer aboard
R/V Professor Vodyanitsky (during its 131 voyage). A comprehensive analysis of
in situ photometric measurements, VIIRS satellite data and HYSPLIT air flow
modeling results confirmed the transport of dust aerosols to the study region
(Fig. 9). Despite the fact that dust aerosol transport from Africa is frequently ob-
served over the Black Sea during the spring and summer months, it is challenging
to make an unequivocal quantitative evaluation of their contribution to the sea sur-
face brightness coefficient in May and June for this region due to the coinciding
intense phytoplankton bloom, which also results in a substantial increase in this
parameter [30].
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Fig. 7. Satellite data of MODIS (flight time 10:28 UTC)
and VIIRS (flight time 10:02 UTC) for 30 May 2024: AOD
distribution from the MAIAC algorithm (a), aerosol type de-
termination from the VIIRS Deep Blue algorithm (b)
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Conclusion

A comparative analysis of the primary optical characteristics of the atmo-
sphere above the Black Sea and four reservoirs on the Volga River was conducted,
resulting in the identification of periods with background values and episodes with
abnormally high AOD values. For these periods, a detailed analysis of satellite data
and the results of air flow modeling was performed. In the majority of cases,
the increase in AOD values in the studied regions was explained by dust aerosol
advection. A comprehensive study of the transport of dust from the African conti-
nent has led to the identification of the temporal patterns of dust aerosol movement
across the Black Sea towards the Kuybyshev Reservoir. Taking into account
the distance between the Black Sea Galata_Platform and Sevastopol stations, and
the Kuybyshev Reservoir, the average speed of dust aerosol movement was calcu-
lated (~ 50 km/h). The spring and summer periods have been identified as those of
high AOD values and low Angstrom exponent over the Black Sea and the Volga
River region. An important result of this study is the invariability of the optical
characteristics of aerosols over the Black Sea and the Kuybyshev Reservoir during
episodes of intense dust transport from the Sahara Desert. This indicates the possi-
bility of using regional algorithms developed for the Black Sea to restore bright-
ness coefficients based on satellite data over the Volga River reservoirs, consider-
ing the presence of dust aerosol.
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