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Abstract—The impact of aerosol sources on the pollution of the Russian sector of the Arctic is now strongly
underestimated. A new polar aerosol station was arranged in August 2019 on Bely Island (Kara Sea), on the
pathway of air mass transport from industrial regions of Western Siberia to the Arctic. Continuous aethalom-
eter measurements of a short-lived climate tracer, i.e., black carbon, (from December to April 2019 and from
January to November 2020) showed its seasonal variations with high values (60–92 ng/m3) in December–
April and low values (18–72 ng/m3) in June–September. Pollution periods are identified. Regional distribu-
tion of fossil fuel and biomass combustion sources are obtained using the black carbon concentration weight
trajectory model. The impact of gas f laring from oil and gas extraction areas of Western Siberia, the Volga
region, the Urals, and the Komi Republic is found to be most pronounced during the cold period, and the
impact from wildfire smoke emissions is found to be maximal in the warm season. A marker of biomass burn-
ing impact, determined from the difference between the black carbon concentrations measured in a broad
wavelength spectrum, indicated the predominant effects from residential wood combustion in the cold period
and agricultural and forest fires in the warm season.
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INTRODUCTION
Climate changes due to aerosol pollution of the

atmosphere present a serious problem worldwide.
Industrialization and population growth act to
increase the amount of aerosol substances emitted to
the atmosphere and the frequency of large-scale wild-
fires. The Arctic region is most vulnerable to fossil fuel
and biomass combustion emissions. The Arctic haze
phenomenon [1] is observed in the winter–spring
period as a result of a combination of intense long-range
transport of anthropogenic emissions from low latitudes
and temperature inversion. As the sunlight increases in
intensity in spring, the atmosphere becomes less stable,
the aerosol concentration decreases, and the effect from
local sources in coastal regions of the Arctic intensifies
as compared to the winter.

Black carbon (ВС) in the composition of combus-
tion products absorbs solar radiation well; BC is a
short-lived climatically significant constituent which
appreciably influences the climate of the Arctic [2].
The combined effect of BC and atmosphere-cooling

sulfates increases the Arctic surface temperature by
+0.29 K and makes ∼20% of all factors of the Arctic
warming since the early 1980s [3]. The BC accumula-
tion in the lower troposphere intensifies the energy
exchange between clouds and snow cover [4]. The ВС
deposition on snow acts to decrease the surface albedo
and speed up snow and ice melt [5].

A high-molecular-weight organic carbon, also
called brown carbon (BrC), absorbs UV solar radia-
tion, exhibiting strong differences between smokes
from wood combustion and motor vehicle exhausts [6,
7]. Accumulating in the Arctic aerosols after transport
of fire-emitted smokes, BrC appreciably contributes
to the warming of the atmosphere over the region with
radiative forcing of ∼30% relative to BC [8].

The atmosphere of the high-latitude Arctic (pole-
ward of 66° N) receives up to 62% of ВС from Russian
territories [9]. Aircraft measurements confirm that the
tropospheric BC over the coast of Russian Arctic seas
strongly varies in space and time, with its anthropo-
genic sources being predominant [10]. Despite the
176
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reduction in anthropogenic emissions over recent
decades [11], observations of seasonal BC cycles at
10 polar observatories, including the Tiksi Interna-
tional Hydrometeorological Observatory (HMO, coast
of the Laptev Sea, Eastern Siberian sector of the Arc-
tic), demonstrated the yearly recurring wintertime
phenomenon, i.e., Arctic haze. Plumes from wildfires
are recorded in the spring–summer seasons in coastal
forested regions of the Arctic [12]. The BC transport
by plumes from fires during summer was recorded in
measurements of physicochemical characteristics of
aerosol at Polar Station Ice Base Cape Baranov
(Severnaya Zemlya Archipelago, Eastern Siberian
sector of the Arctic) [13, 14]. Agricultural fires in the
European part of the Russian Federation and in the
south of Siberia are a significant source of emissions
and pollutants in the Arctic [15].

Due to large amounts of pollutants emitted and
proximity to the region under study, gas f laring during
oil and gas extraction [16] accounts for as much as
42% of the annual mean BC concentrations in the
Arctic [17]. The largest oil and gas production areas in
Western Siberia and the northeast of the European
Russia, located on the air mass transport pathway to
the Arctic, introduce a disproportionately large con-
tribution to the pollution of the Arctic troposphere
[18, 19]. As a result of pollutant plume outflows from
these regions to the seas of the Arctic Ocean, the BC
concentrations increase to 400 ng/m3 as compared to
the level of few ng/m3 under the opposite wind direc-
tion [20]. However, estimates of the contributions
from gas f laring emissions at the polar stations operat-
ing in the European and Canadian sectors of the Arc-
tic are unreliable because they are far removed from
industrial sources [17], and because the existing mod-
els reproduce the BC concentrations in the Arctic
region with a large uncertainty [21].

The high BC concentrations, measured at the
Tiksi HMO, are caused by the residential emissions
and long-range transport from industrial regions pre-
dominantly in winter–spring period; lower concen-
trations during summer result from biomass burning
during wildfires [22]. Radiocarbon analysis data from
Tiksi HMO show that fossil fuel combustion contrib-
utes 32 ± 16% more than biomass burning [23]. Previ-
ously, it was shown [24] that the transport dispersion
model of particles coupled with the inventory of
anthropogenic emissions and biomass burning emis-
sions accurately determines the contributions of BC
sources in the European sector of the Arctic. However,
this model gave a surprisingly small contribution of
∼6% from gas f laring emissions for the Tiksi HMO,
mostly due to uncertain data on the spatial distribution
of BC sources over the territory of Siberia, the absence
of an emission inventory, and the large distance of the
station from gas and oil production regions.

Complex measurements of the properties of Arctic
aerosols, including aerosol absorptance in a wide solar
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radiation spectrum, are required to estimate the cli-
matic consequences of emissions of carbon-containing
aerosols. A new polar aerosol research station on Bely
Island in the Kara Sea (Yamalo-Nenets Autonomous
Okrug (YNAO), Western Siberian sector of the Arctic,
https://peexhq.home.blog/2019/12/11/new-research-
aerosol-stations-in-the-russian-arctic), owned by
Moscow State University (MSU), was installed in
2019 to carry out long-term complex observations of
the composition of the Arctic atmosphere and to esti-
mate the influence of emissions from the oil and gas
extraction sector. Three-month continuous measure-
ments of the BC mass concentrations were prelimi-
narily conducted at an aerosol complex near Sale-
khard [25]. The station is located in the north of the
YNAO on the pathway of the outflow of large-scale
emissions from industrial regions of Western Siberia
and densely populated and industrial regions of Eurasia
to the Arctic and, as such, provides a unique opportu-
nity for studying the aerosol pollution of the atmo-
sphere of the Western Siberian sector of the Arctic [26].

The purpose of this work is to analyze the measure-
ments of the BC concentration carried out with the
instrumental complex at Bely Island station and to
study the distribution of pollution sources of Arctic
aerosols on Bely Island in the cold and warm time of
the year.

MEASUREMENTS AND DATA PROCESSING

Bely Island is in the Kara Sea and separated from
the Yamal Peninsula by Malygina Strait. The annual
average temperature is −10.6°C. Winters are long and
cold: the average temperature is −24.2°C (occasion-
ally reaching −59°C) in February, fogs are typical
during summer, and the average air temperature is
+5.3°C. The monthly precipitation amount is more
than 20 mm.

We analyze the observations from August to
December 2019 and from January to November 2020.
The period from November 1, 2019, to April 1, 2020,
as well as November 2020, when the temperature
dropped below −10°C, is conventionally designated as
cold and the remainder as warm. The cold period was
dominated by continental (S–SE) winds. From June
to September, the average temperature was kept above
0°С and N–NE winds were predominant, which
determined the predominance of oceanic air masses
that came from the Arctic Ocean area. The air tem-
perature decreased and stayed below 0°С in October
due to lower insolation. The average wind speed over
the observation period was 5–10 m/s.

The MSU research station Bely Island has been
continuously operated since August 2019. Its position
in the north of Western Siberia (73°20′7.57″ N,
70°4′49.05″ E) relative to the Arctic stations Zeppelin,
Alert, Barrow, Summit, Tiksi, and Ice Base Cape
Baranov is shown in Fig. 1. The pavilion of the aerosol
. 2  2023
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Fig. 1. Map of polar aerosol stations.
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complex is approximately half a kilometer to the
southeast of the hydrometeorological station, where a
diesel generator operates, the only local pollution
source on the island. The measurements made when
wind blew from the direction of the station were sorted
out of the dataset. The isolation of the Bely Island sta-
tion from anthropogenic sources is the main advan-
tage of instrumental complex over the Tiksi HMO,
which is significantly affected by emissions from the
nearby Tiksi settlement [22].

In the station pavilion, a continuous sampling sys-
tem is mounted, which has been designed for use
under severe Arctic conditions. An aethalometer АЕ33
(Magee Scientific, Aerosol d.o.o.) is used to determine
the absorptance of particles that deposit on filter
after air is pumped through with different f low
speeds, which give the coefficient of correction for
absorption inside the filter [27]. The measurements
are carried out at seven wavelengths in the range from
ultraviolet (370 nm) to infrared (950 nm) with a reso-
lution of 1 min. The absorption efficiency at a wave-
length of 880 nm is recalculated into the equivalent
black carbon concentration eBC (880) with a mass
coefficient of 7.7 m2/g. The spectral dependence of
absorption makes it possible to take into account the
absorption by high-molecular organic carbon in the
ultraviolet region increased as compared to the infra-
red [28]. The difference between еBC (370) and
еBC (880), called the Delta-C parameter, turns out to
be considerable in biomass burning emissions [29, 30].
In this work, the parameter Delta-C is used as an
indicator of the effect of residential wood combus-
tion and wildfires.

Background aerosol concentrations in the Arctic
region are determined in the absence of the effects of
local and regional pollutions [22, 31]. The value of
10 ng/m3, equaling 20 percentiles of the sample
ATMOSPHE
throughout the measurement period, was taken as
the background concentration in this work. Long-
term events, during which the concentrations еВС
exceeded a threshold of 90 nm/m3, equal to the
80th percentile of the sample, are identified as pollu-
tion episodes.

To determine the impact zone of the possible
sources of BC emissions on pollution level on Bely
Island, the HYSPLIT model, Air Resources Labora-
tory [32], was used to calculate the array of back tra-
jectories of air mass transport throughout the observa-
tion period with a time interval of 1 h and 240 h back-
ward at altitudes of 100 and 500 m above the ground
level (AGL) with a spatial resolution of 1° latitude and
1° longitude. Based on this, we carried out the cluster
analysis of similar in origin and close trajectories,
with the angular distances used as a criterion for clus-
tering [33]. A trajectory calculated by averaging angular
distances over all trajectories represents a given cluster.

The method of referencing the air mass transport
trajectories to the pollutant concentration at time of
their arrival at the observation site, i.e., Concentration
Weight Trajectories (CWT) method, is an efficient
tool for analyzing atmospheric pollutant transport and
identifying their possible pollution sources [34]. Spa-
tial sources are determined by calculating the pollutant
concentrations Cij for each grid cell (i, j):

(1)

where i and j are the latitude and longitude of the cell;
k is the index of the trajectory; N is the total number of
the calculated trajectories; Ck is the concentration
measured at time when kth trajectory arrives at the
measurement site; and τijk is the time while the kth tra-
jectory is within the cell (i, j).

The fields of the concentrations Cij received from
long-term observations make it possible to interrelate
high Сk values and the trajectories of air mass motion,
thus showing spatial regions with increased emission
intensity and probable location of the source. In this
work, the regional distribution of BC sources was
determined by referencing the trajectories calculated
throughout the observation period to the concentra-
tion at time of arrival at the Bely Island station. The
method is based on joint analysis of air mass transport
trajectories and aethalometer measurements of the
concentrations еВС.

Locations of gas f lares were determined using
MODIS and VIIRS satellite data on the glow of struc-
tures with temperature higher than 1200°С, corre-
sponding to the gas f laring combustion (https://viirs.
skytruth.org/apps/heatmap/). Data on fire activities
were received from the Fire Information for Resource
Management System (FIRMS) created by the
NASA/GSFC Earth Science Data Information Sys-

=

=

= τ
τ



1

1

1ln( ) ln( ) ,
N

ij k ijkN
k

ijk
k

C C
RIC AND OCEANIC OPTICS  Vol. 36  No. 2  2023



BLACK CARBON SEASONAL TRENDS AND REGIONAL SOURCES 179

Fig. 2. Monthly dynamics of median concentrations еВС
in 2019 and 2020. Height of boxes indicates values between
the first and third quartiles; vertical (horizontal) lines indi-
cate maximal and minimal (median) values.
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tem (https://firms.modaps.eosdis.nasa.gov/map), and
satellite sensing of thermally active points on the
Earth’s surface.

RESULTS AND DISCUSSION

Long-term studies of variations in aerosol constit-
uents at polar stations indicate that there are seasonal
trends characteristic for the Arctic [35]. The time
series of monthly average еBC values at the Bely
Island station is presented in Fig. 2. The concentra-
tions were maximal (as large as 160 ng/m3) from
ATMOSPHERIC AND OCEANIC OPTICS  Vol. 36  No

Fig. 3. Daily median еВС (880) and еВС (370) values in (a) col
lution episodes; dashed line indicates an threshold atmospheric
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November to April and minimal (about 20 ng/m3)
from June to August. The Arctic haze was recorded
from November 2019 to March 2020. The median con-
centration was maximal (127 ng/m3) in December 2019.
The concentrations were on the average 10 times lower
in summer than in winter, the minimal value of
30 ng/m3 being observed in July 2020. The second
year of observations showed similar features, with
concentration level again being low in summer and
high in winter. The еBC value reached an anomalously
high value of 72 ng/m3 in September 2020, two times
higher than in September 2019.

The monthly eBC showed similar variations in
2015–2016 at Tiksi HMO, with high values (∼130–
230 ng/m3) in the winter–spring period and low values
(∼20 ng/m3) from May to October [22]. At Ice Base
Cape Baranov station in the same period of time
during winter, the concentrations were recorded to be
142 ± 120 ng/m3, with a maximum of 350 ng/m3 on
January 13, 2016, and 67 ± 43 ng/m3 in summer [13].

Thus, the eBC values at three Russian stations, i.e.,
Bely Island, Tiksi HMO, and Ice Base Cape Baranov,
during Arctic haze were found to be higher than at
Alert site, Canada (100 ± 65 ng/m3), measured in that
period, which, in turn, was the highest recorded at all
other Arctic stations [36]. This result confirms the
conclusions in [37] and [23] that the Siberian Arctic is
more contaminated by large-scale emissions from the
Eurasian continent than other Arctic regions.

Analysis of daily data in cold and warm periods
showed strong еВС variations against background of
seasonal behavior (Fig. 3). We single out pollution epi-
sodes when еВС exceeds a threshold of 90 ng/m3.
There were eight pollution episodes in the cold period
. 2  2023
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Fig. 4. Calculated average trajectories in clusters С1–С4 (left) and back trajectories of air masses (right) in (a) cold and (b) warm
periods of the year; black circle indicates the Bely Island.
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(Fig. 3b). High concentrations of eBC occurred thrice
during the first episode Х1. December 2019 (Х2) was
characterized by daily maximal еВС values through-
out observation period: 350 and 420 ng/m3 on Decem-
ber 4 and 19. A pollution episode ranked second in
intensity (∼300 ng/m3) occurred on November 24 and
25, 2020.

Cluster analysis of back trajectories in the cold
period revealed that the impact zone of possible BC
sources was mainly in the continental part of Eurasia
and had characteristic sizes of few thousand kilometers
(Fig. 4). Dominant is C1 cluster of trajectories, which
ATMOSPHE
pass through the north of the Scandinavia (Fig. 4a); it
comprising 46% of all trajectories over this period.
Clusters С2 and С3 encompass vast territories of East-
ern Europe, the European part of the Russian Federa-
tion, the Urals, Western Siberia, and, partly, Kaza-
khstan (24 and 16%). Fewer airf lows come from sub-
polar regions of the Arctic Ocean. Air mass transport
from Eastern Siberia and from the Arctic Ocean area
(cluster С4) turned out to be least significant (13%).

Air mass circulation strongly differs in the warm
period. Airflows substantially shift toward the Arctic
Ocean coast and encompass the Arctic Ocean area, as
RIC AND OCEANIC OPTICS  Vol. 36  No. 2  2023
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Fig. 5. Concentration еВС and Delta-C on the Bely Island (top) and spatial distribution of BC sources in (a) December 2019 and
(b) July 2020; triangles and circles indicate f laring installations in the oil and gas fields and fire centers northward of 60° N,
respectively.
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well as polar regions of the northern provinces of Can-
ada and Alaska and the regions of the Chukchi Sea and
Bering Strait (Fig. 4b). Transport was mostly westerly
from the ocean area in the cluster С1 and from the
northern territories of the Russian Federation (26 and
23%) in С2 and С3. To a lesser degree, the impact
zone was over the continental part of the Eurasian
region and island-type Severnaya Zemlya, Spitsber-
gen, Novaya Zemlya, Franz Josef Land Archipelagos,
and Greenland Island; 10% of trajectories from С4
cluster came from the east across the vast region of the
Arctic Ocean.

In cold period, еВС (370) was higher than еВС
(880) during pollution episodes Х4, 5, 7, and 8 (Fig. 5a).
They were characterized by the Delta-C values from
20 (November 19, 2020) to 56 ng/m3 (November 24,
2020) and determined by the prevalence of emissions
from wood combustion for the purposes of residential
heating in this period of time. We note that, based on
the Russian emission inventory, wood combustion
accounts for ∼61% of the total amount of residential
emissions, especially in regions of limited gas utiliza-
tion [38]. In the warm period, there were low еВС val-
ues, rarely exceeding the threshold for pollution epi-
sodes (Fig. 5b).

The BC concentration fields, calculated by Eq. (1)
using observations at Bely Island station, made it pos-
sible to estimate the spatial distribution of the main
ATMOSPHERIC AND OCEANIC OPTICS  Vol. 36  No
sources of fossil fuel and biomass combustion emissions
in the Eurasian continental part for different seasons. In
the cold period of the year, air masses came to Bely
Island from densely populated and industrial regions of
Eastern Europe, the European part of the Russian Fed-
eration, and the Kola Peninsula. The distribution of the
еВС sources in December 2019, i.e., in period when the
strongest pollutions were recorded, is shown in Fig. 5a.
The strongest BC emissions were detected in the West-
ern Siberian and Volga-Ural oil-and-gas bearing
basins, i.e., in Khanty-Mansiysk and Yamalo-Nenets
Autonomous Okrugs, leading in oil and gas production.
Satellite data on locations of gas flares in the largest gas
fields indicate that flaring gas combustion is the main
source of ВС emissions in these regions (Fig. 5a). The
regional distribution of BC sources identified in July
strongly differs from December distribution in that BC
sources are localized predominantly on the coast of
the Arctic Ocean (Fig. 5b). In work [39], it was shown
that the specific conditions of the atmospheric circu-
lation accompanying Siberian wildfires, may favor
reduction of efficiency of transport of atmospheric
admixtures to Arctic regions in this period of time.

Biomass combustion has a specific effect on the
pollution of the Arctic during the warm period of the
year. During our measurements, severe wildfires
occurred in the north of Krasnoyarsk Krai, the Repub-
lic of Sakha, central and southern Siberia; about
7000000 ha of forest had burned from April to Novem-
. 2  2023
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Fig. 6. Back trajectories of air masses on September 1,
2020, at altitudes of 100 and 500 m AGL in the period of
pollution episode T6; fires in Krasnoyarsk Krai in the
region of trajectory passage.
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ber 2020 (https://aviales.ru/popup.aspx?news=6286).
Vast agricultural fires in the south of Siberia caused
strong springtime pollution Т3 (April 18 and 23,
2020), when Delta_C reached 214 ng/m3 (Fig. 5b),
indicating strong contribution of biomass burning.
Effect of wildfires was noted in Т4 (July 7, 2020), with
Delta_C = 100 ng/m3 (Fig. 5b).

The еВС values were the largest in September
2020 during episode Т6 (see Fig. 3b). The maximum
еBC (880) = 534 ng/m3 (September 1, 2020) was a
factor of five larger than the threshold value and a
factor of 20 larger than the Arctic background level.
High values of Delta_C = 209 ng/m3 indicate the
predominant pollution by fire smoke emissions. The
trajectory analysis at altitudes of 100 and 500 m AGL
for September 1, 2020, points to Krasnoyarsk Krai as
a region of sources of numerous fires (Fig. 6).

Thus, outflow of smoke plumes from Siberia
regions, namely, Krasnoyarsk Krai and Yakutia, where
about one million hectares of forest had burned,
entailed unprecedented pollution of the atmosphere of
the Arctic in September 2020 by forest biomass burn-
ing emissions.

CONCLUSIONS
Continuous measurements of aerosol absorptance

in a wide spectral range of solar radiation, carried out
at the polar station Bely Island, made it possible to
ATMOSPHE
determine for the first time the level of aerosol pollu-
tion in the Western Siberian sector of the Russian Arc-
tic from black carbon concentrations. The annual еВС
behavior thus obtained is characterized by high values in
winter during Arctic haze and low values in summer.
For 16 months of observations at Bely Island station we
recorded 15 pollution episodes with concentrations
reaching 420 ng/m3 in winter and 534 ng/m3 in sum-
mer. Episodes in the cold period turned out to be lon-
ger-lasting, more frequent, and more intense than in
the warm period.

The Arctic pollution in the winter–spring period is
mainly attributed to long-range air mass transport
from low latitudes. A unique position of the aerosol
complex on the outflow pathway of large-scale emis-
sions from industrially developed regions made it pos-
sible to determine the spatial distribution of gas-flar-
ing emissions as the main source of black carbon on
the territories of gas and oil fields in Western Siberia
and the Volga-Ural oil-and-gas bearing province,
confirmed by satellite data on the locations of gas
flares in these regions. The indicator of biomass burn-
ing impact showed the predominant influence from
residential wood combustion in densely populated
regions of Eastern Europe and the European part of
the Russian Federation in the cold period and from
agricultural and wildfires on the territory of Kras-
noyarsk Krai, the Republic of Sakha, and central and
southern Siberia in the warm period of the year.

Our data on BC absorptance in a broad spectrum of
solar radiation are used to estimate the influence of
fossil fuel and biomass combustion sources.
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