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Abstract—A large-scale comprehensive study of the composition of the troposphere over the Russian sector
of the Arctic was carried out in September 2020 onboard the Tu-134 Optik aircraft laboratory. We studied the
spatiotemporal variations in aerosol and black carbon (BC) concentrations. The sensing data were used to
analyze the general and particular features of the spatial variations in the vertical profiles of aerosol and
BC concentrations. The columnar BC concentrations at the Arctic and subarctic latitudes were obtained.
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INTRODUCTION

The Arctic is an important component of the
Northern Hemisphere climate system. It is the Arctic
area where in recent decades there have been the con-
siderable changes in sea ice, snow cover, permafrost,
and atmospheric circulation [1, 2], heavily driven by
the variations in the atmospheric radiation budget and
snow-ice surface albedo [3—35].

At present, the supply of absorbing aerosol of
anthropogenic origin to the atmosphere of the region
is ranked by specialists as the second factor behind
CO, that is responsible for the observed climate
changes in the Arctic. Absorbing particles reduce the
single scattering albedo in the atmosphere and,
through deposition on the surface of ice and snow
cover, decrease its reflective properties, thus leading to
an additional increase in air temperature [6, 7]. Stud-
ies [8—11] showed that emissions of black carbon (BC)
particles, released during incomplete combustion of
fossil fuel and biomass at Northern Hemisphere mid-
latitudes, are one of the main pollution sources for the
atmosphere. The continuing retreat of Arctic sea ice,
making this area increasingly more accessible, leads to
a potential increase of emissions from local industrial
(shipping [12—14], oil and gas production [15])
sources. Based on measurements and modeling of the
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spatiotemporal variations in aerosol and BC concen-
trations, the authors of works [16—26] indicate
enhanced pollution in the entire Arctic troposphere:
the contribution from sources in northern Eurasia
(North America and Asia) are predominant in lower
layers (at high altitudes).

The aerosol radiative forcing is known to depend
not only on concentrations, but also on microphysical
properties of particles [27]. Model calculations [5, 28,
29] show that the surface temperature in the Arctic
depends in a complex way on the vertical distribution
of aerosol scattering and absorbing properties in the
visible wavelength range.

In the recent decade, there have been markedly
more works devoted to studying the aerosol properties
in this area [10—15, 19—32]. In the Russian sector of
the Arctic, in situ measurements have been performed
regularly at polar stations in settlements Barentsburg
(Svalbard Archipelago) [33, 34] and Tiksi [35, 36], at
Ice Base Cape Baranov (Severnaya Zemlya Archipel-
ago) [37, 38], and in yearly marine expeditions [39—
43]. Rare studies onboard aircraft laboratories have
also been carried out [44—46]. However, it should be
noted that most publications are devoted to observing
aerosol properties in the surface layer or optical char-
acteristics integrated over the atmospheric column. At
the same time, studies of the vertical distribution of
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Fig. 1. Map of the flights of Tu-134 Opfik aircraft laboratory in September 2020; circles indicate the centers of forest fires.

aerosol admixtures over the Arctic region are still frag-
mentary with respect to regions and periods of obser-
vations. We stress that, to the present, there is still a seri-
ous deficit of instrumental measurements, explaining
the large uncertainty [7, 47, 48] of estimates of how dif-
ferent factors influence climate changes.

Motivated by the urgency of the problem, a large-
scale comprehensive study of the tropospheric com-
position over the Russian sector of the Arctic was
undertaken in September 2020 onboard the Tu-134
Optik aircraft laboratory. In this work, we discuss the
measurements of the vertical distribution of the con-
tents of submicron aerosol and absorbing substance.

1. REGION OF SENSING
AND INSTRUMENTATION

The route of the Tu-134 Optik aircraft laboratory is
shown in Fig. 1. Most flights were carried out with a
change in altitude. The aircraft climbed to an altitude of
9—10 km, and then descended to 200 m over the sea and
to 500 m over the land. At altitudes of 200 m (500 m
over the land), 5 and 9 km, the aircraft flew horizon-
tally for ~10 min.

ATMOSPHERIC AND OCEANIC OPTICS

The Tu-134 Optik aircraft laboratory, instrumenta-
tion, and calibration and measurement techniques
were described in [49].

The mass concentration of absorbing substance
My (ug/m?) was measured using MDA-02 aethalom-
eter developed at the Institute of Atmospheric Optics,
Siberian Branch, Russian Academy of Sciences; and
the angular scattering coefficient of “dry matter” of
submicron particles [y (¢ = 45°) (Mm !sr!) at a
wavelength of 0.53 wm was recorded using a PhAN-M
nephelometer. The mass concentration of submicron
aerosol M, (ug/m?) was estimated empirically using
the formula M, = 2.4y, (¢ = 45°) for the particle den-
sity of 1.5 g/cm’.

2. ANALYSIS OF EXPERIMENTAL DATA

2.1. Altitude Distributions of Concentrations
of Aerosol and Absorbing Substance

During the aircraft Arctic campaign we recorded
different types of the vertical distribution of mass con-
centrations of aerosol M, and absorbing substance
My (Fig. 2).

The vertical M, and My distributions over the
Barents (Fig. 2a) and Kara (Fig. 2b) Seas are charac-
Vol. 35
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Fig. 2. Vertical profiles of the mass concentrations of submicron aerosol (gray line) and absorbing substance (black line) over:
(a) Barents; (b) Kara; (c) Laptev; (d) East Siberian; (e) Chukchi; and (f) Bering Seas.

terized by values decreasing with altitude and a pro-
nounced mixing layer up to 5 km. The correlation
coefficient K between M, and My over the total data-
set is 0.93 for the Barents Sea and 0.67 for the Kara
Sea. Large mass concentrations in the lower atmo-
spheric layers can be attributed to the sources of aero-
sol and absorbing substance existing on the Earth’s
surface. Analysis of back trajectories, obtained using
the HYSPLIT model (https://www.ready.noaa.gov/
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HYSPLIT.php), showed that air masses during flights
to this region came from the European part of the con-
tinent (Fig. 3a). High correlation coefficients seem to
indicate that the measurements were carried out in a
single air mass that was formed earlier and transported
to the study region.

The vertical distributions of M, and Mg over the
Laptev Sea (Fig. 2c) are characterized by values

2022
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Fig. 3. 7-Day back trajectories of motion of air masses and the centers of temperature anomalies (circles), carried to the altitudes
of 0.5; 2; 3; 5; and 9 km over the basins of: (a) Laptev; (b) Chukchi; and (c) Bering Seas.

decreasing with altitude, and a weak mixing layer up to
2 km; K = 0.57 over the total dataset for the Laptev
Sea.

Over the East Siberian Sea (Fig. 2d), the vertical
M, distribution shows a poorly defined mixing layer
up to 2 km with low concentrations of 13 pg/m? in the
surface layer and a rapid decrease to 3 ug/m? at 2 km.
The mass concentration of absorbing substance in low
atmospheric layers (0.5—2 km) is characterized by small
concentrations, ~0.1 pug/m? and My increases to
0.5 ug/m? at altitudes from 2 to 3.5 km.

The recorded vertical distributions of submicron
aerosol and “soot” are nonuniform and formed by dif-
ferent air masses at diverse altitudes. This is rather
expected because, as an air mass moves over the terri-
tories where in the surface layer there are no perma-
nently active intense soot sources, the general compo-
sition of submicron aerosol is driven by natural factors;
and the main mass of absorbing particles comes to the
region as a result of transport from remote industrial
regions.

The Mg value was found to increase with altitude
over the Chukchi Sea (Fig. 2e); My = 0.2—0.5 ug/m?
at altitudes from 2 to 7 km. In its vertical profile over
the Chukchi Sea, the M values decrease with altitude,
and show a pronounced mixing layer up to 2.5 km. We
note that at altitudes from 2.5 to 7.5 km over the Chuk-
chi Sea, M, ~2.9 + 0.4 ug/m?3, which was a factor of
1.8 larger (M, = 1.6 £+ 0.1 ug/m?) than over the Laptev
Sea, a factor of four larger (M, = 0.7 £ 0.05 ug/m?) than
over the East Siberian Sea, and a factor of 2.3 larger
(M, = 1.3 £ 0.2 ug/m?) than over the Bering Sea.

Analogous profiles of BC concentration were also
obtained in 2008 during flights in the region of Barrow

ATMOSPHERIC AND OCEANIC OPTICS

research station in Alaska in the framework of the
POLARCAT program [50, 51], as well as along the
coastal zone of the Laptev, East Siberian, and Chukchi
Seas [46]. Probably, an inversion distribution of the
concentrations of absorbing aerosol has been formed
due to the absence of aerosol sources near the Earth’s
surface and to the effect of long-range pollutant trans-
port. We note that the analysis of back trajectories and
satellite maps of the centers of temperature anomalies
(https://firms.modaps.eosdis.nasa.gov/) (see Fig. 1)
shows that air masses were mainly transported from
the European part of the continent and passed beyond
the zones of wildfires; therefore, BC particles are
mainly anthropogenic in origin.

The altitude distribution of M, over the Bering Sea
(Fig. 2f) is characterized by values decreasing with
altitude and a well-defined mixing layer up to 3 km.
On the other hand, there is no mixing layer for the ver-
tical distribution of Mp; and up to 3 km, My varies in
the range 0.08—0.1 pg/m?. The correlation coefficient
between M, and My is 0.27 over all dataset for the Ber-
ing Sea (Fig. 2f); and back trajectory analysis (Fig. 3c)
showed that the vertical profiles of M, and My were
formed at different altitudes by diverse air masses.

2.2. Spatial Distributions of Aerosol
and Black Carbon Mass Concentrations

Long-term overflights between settlements (e.g.
Tiksi — Anadyr, Yakutsk — Tomsk) have been carried
out at altitudes of 9—10 km until approaching to land-
ing (see Fig. 4).

We will consider the results from four flight paths:
1) Naryan-Mar — Sabetta; 2) Tiksi — Anadyr; 3) Novo-
sibirsk — Arkhangelsk; and 4) Yakutsk — Tomsk.
Vol. 35
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Fig. 4. Horizontal distributions of the mass concentrations of absorbing substance (black line) and aerosol (gray line) along:
(a) Naryan-Mar — Sabetta; (b) Tiksi — Anadyr; (c) Novosibirsk — Arkhangelsk; and (d) Yakutsk — Tomsk flight paths.

The Naryan-Mar — Sabetta overflight (Fig. 4a) was
on September 7, 2020. After climbing to an altitude of
8—10 km, the aircraft flew in a single air mass (K= 0.8)
with increased content of absorbing submicron aerosol.

During the horizontal flight leg at an altitude above
8 km, M, = 0.4 £ 0.12 ug/m?, and My = 0.14 +
0.09 ug/m3. As aircraft moved eastward, toward
Sabetta, the “soot” and aerosol contents decreased. In
our opinion, the Naryan-Mar — Sabetta segment is a
striking example of the transport of substance from
anthropogenic sources in the west.

On the Tiksi — Anadyr path (Fig. 4b) at the altitude
above 8 km, M, = 0.72 £ 0.19 ug/m?, and My-=0.03 £
0.01 ug/m?. On this segment, M, and My are almost
uncorrelated (K = 0.15). Submicron aerosol content
decreased when approaching Anadyr.

Despite the fact that the Tomsk — Arkhangelsk
flight (Fig. 4c), which was on September 4, 2020,
overpassed the industrial regions and fire centers (see
Fig. 1), low mass concentrations M, = 0.4 + 0.19 ug/m?3
and My = 0.02 + 0.02 pug/m?3 were recorded in this
area, with no correlation between them (K= 0.1).

The flight from Yakutsk to Tomsk (Fig. 4d) was
over the centers of forest fires (see Fig. 1). On this seg-
ment, M, = 1.91 + 1.21 ug/m?, higher than along three
other segments; My = 0.05 *+ 0.03 pg/m?. The con-
tents of submicron aerosol and absorbing substance
increased when approaching Tomsk.

ATMOSPHERIC AND OCEANIC OPTICS  Vol. 35
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2.3. Total BC Content in Atmospheric Column
of 0.2—9 km

The spatial distribution of the total content of
absorbing substance My(col) in the atmospheric col-
umn up to 9 km is presented in Fig. 5. Over land,
Mpgc(col) was calculated from measurements per-
formed during takeoffs and landings in settlements.
We found that Mpy-(col) = 0.6—6.9 mg/m? over
Arkhangelsk, 0.4—6.5 mg/m? over Naryan-Mar, 1.4—
2.5 mg/m? over Sabetta, 0.3—1.3 mg/m? over Tiksi,
0.5—1.3 mg/m? over Anadyr, and 0.9—1.0 mg/m? over
Yakutsk. While moving from west to east, Myc(col)
over settlements decreases and becomes less dispersed.

Total columnar content of absorbing substance
over sea water basins in the Russian Arctic was deter-
mined from data recorded when the aircraft descended
from 9 km to 200 m and ascended from 200 m to 9 km.
Observations showed that Mg(col) varied from 0.36
to 1.75 mg/m? over the Barents Sea, from 1.12 to
2.54 mg/m? over the Kara Sea, from 0.41 to 1.5 mg/m?
over the Laptev Sea, from 0.27 to 1.67 mg/m? over the
East Siberian Sea, from 0.21 to 0.88 mg/m? over
the Chukchi Sea, and from 0.52 to 0.6 mg/m? over the
Bering Sea.

We note markedly spatially nonuniform distribu-
tions of soot and submicron aerosol over the Chukchi
Sea. Let us compare the average values of My and M,
measured on horizontal flight legs at the altitude of

2022
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Fig. 5. Spatial distribution of the total content of absorbing substance in atmospheric column up to 9 km

200 m in two different regions. On the first leg 83 km

inlength (173.43° W, 68.04° N — 174.85° W, 68.57° N)
Mg = 0.14 £ 0.18 ug/m3, M, = 11.04 £ 5.6 pg/m?,
and K = 0.84. On the second leg 91 km in length
(178.96° W, 69.85° N — 177.62° W, 69.52° N) My =
0.07 £ 0.07 ug/m3, M, = 46.64 *+ 33.57 ug/m?, and
K=-0.2.

A single anomalously high value Mgc(col) =
8.48 mg/m? was recorded in the Chukchi Sea near
Kolyuchin Island (174.38° W, 67.4° N). It is just over
this water basin where we noted the inversion-charac-
ter vertical profile of My (Fig. 2e) and concluded that
it was formed by different air masses that came from

the northeastern part of the Pacific Ocean, Alaska
and Yakutia (Fig. 3b).

We summarize the results of our measurements by
noting that the total columnar content of absorbing

ATMOSPHERIC AND OCEANIC OPTICS
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substance in the Asian part of the Arctic compare well
with the data obtained during POLARCAT-2008 flight
campaign on the route Novosibirsk — Salekhard —
Khatanga — Chokurdakh — Pevek — Chokurdakh —

Yakutsk — Mirny — Novosibirsk [46].

CONCLUSIONS

Based on data of aircraft sensing of the tropo-
sphere, obtained during a complex experiment for
studying the composition of the troposphere in the
Russian sector of the Arctic in September 2020 over
the Barents, Kara, Laptev, East Siberian, Chukchi,
and Bering Seas, we determined the vertical profiles of

the mass concentration of submicron aerosol and
absorbing substance.

It is shown that the altitude distributions of the con-

tents of aerosol and absorbing substance over the Bar-

Vol. 35 No.1 2022
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ents and Kara Seas are similar in character: the values
are maximal near surface and decrease with altitude.

Again, over the Chukchi Sea we recorded an inver-
sion distribution of “soot” over the altitude. We found
that in the observation period over this water basin, the
vertical distribution of aerosol characteristics was
formed by different air masses coming from the north-
eastern part of the Pacific Ocean, Alaska, and Yakutia,
the northwestern part of the continent.

We note that the analysis of the correlations
between the concentrations of submicron aerosol and
soot in the atmosphere over different water basins
revealed significant differences. It is shown that the
variations of these quantities demonstrated close cor-
relations over the Barents and Kara Seas. Back trajec-
tory analysis showed that the measurements in this
area were conducted in relatively stable air masses. On
the contrary, in the eastern sector of the Arctic flights
the correlations between My and M, were weak over
the entire vertical profile. This fact indicates that in the
observation period the structure of the vertical distri-
bution of aerosol composition was formed by airflows,
coming from different territories, in a good agreement
with the data from trajectory analysis.

The conjecture that BC particles, recorded in
almost all flights in September 2020 in the atmosphere
over the Arctic seas, are mainly anthropogenic in ori-
gin was based on the estimate of the relationship
between M, and My. Our analysis of satellite images
and migration of air masses, the trajectories of which
passed mainly outside wildfire zones, suggests that
smoke plumes from fires could hardly influence
strongly the increase of the concentrations of absorb-
ing substance in the entire altitude range up to 9 km.

These arguments make it possible to justifiably
conclude that the particles of absorbing substance are
supplied to the troposphere of the Arctic sea basins as
part of long-range transport of industrial pollutants
from the continent.
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