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Abstract

The results of aircraft and near-ground investigations of the spatiotemporal variability of aerosol and black
carbon (BC) concentrations in the troposphere for the last two decades are reviewed. Since 1999, the airborne
sensing of vertical profiles of BC and aerosol concentrations in troposphere up to a height of 7 km in the regions
of West Siberia and Russian Subarctic had been carried out onboard flying laboratories. Since 1997, the Aerosol
Station in Tomsk conducts monitoring measurements of the aerosol and BC concentrations in the surface layer.

The data of airborne sensing were used for analysis of common and distinctive features of the spatial
variability of vertical profiles of aerosol and BC concentrations, BC fraction, single scattering albedo (SSA)
in the visible. The integral BC concentration and aerosol optical thickness in the column of the atmosphere
were obtained for the first time. The classifications of typical optical and microphysical states of the sub-
arctic troposphere have been performed for: 1) high transparency of air in the polar latitudes; 2) strong
impact of Siberian forest fires in warm season; 3) conditions of regional average background atmosphere
in the middle latitudes. As the latitude increases in the range of 55—75.2°N, the near-ground aerosol and
BC concentrations decrease threefold, on average. In the subpolar latitudes, a tendency to decrease of the
concentrations in the direction from the west (Kara Sea) to the east (Eastern Subarctic) is observed. The
generalized empirical model of the tropospheric aerosol in middle latitudes of West Siberia for cloudless
atmosphere had been developed for the first time and allows calculating the seasonal average vertical
profiles of SSA needed for estimation of the direct climate impact of aerosol.

The main features of diurnal, seasonal, and inter-annual dynamics of BC and aerosol concentrations,
and BC fraction have been studied for the near-ground measurements and parameterization of these de-
pendences are performed.

Key words: aerosol, black carbon, spatial-temporal variability, troposphere, vertical profiles, empirical
model of tropospheric aerosol, Russian Subarctic

INTRODUCTION the lowest level of scientific understanding

when estimating the radiative forcing of vari-

The urgency of comprehensive investigations
of spatial-temporal variability of the aerosol
and black carbon (BC) concentrations in the tro-
posphere has increased sharply in recent years
in connection with the significant effect exert-
ed by the carbonaceous aerosol coming to the
Arctic as a result of the long-range atmospheric
air mass transport on the ecology and global
climate change [1, 2].

According to the Resolution of the Inter-
governmental Panel on Climate Change (IPCC),

ous atmospheric components is currently as-
signed to the aerosol and BC [1]. A particular
problem is that the non-absorbing aerosol
and BC (as main absorbing substance in the
aerosol composition), depending on their sourc-
es, are emitted into the atmosphere in differ-
ent amounts. Then in the process of their phys-
icochemical evolution and long transport in the
atmosphere they interact with each other and
transformed into other structures that can dif-
fer strongly from the initial ones.
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The detailed data on BC and aerosol in back-
ground and poorly studied regions allow to deter-
mine BC fraction (the mass ratio of the absorb-
ing to non-absorbing substances), single scatter-
ing albedo (SSA) of aerosol in the visible wave-
length range and parameters of radiation forcing
used for assessment of climate change, particu-
larly global warming. Exactly SSA determines the
role of the aerosols in the atmosphere as a cool-
ing or warming factor. The value of albedo de-
pends strongly on BC fraction for the submicron
particles in the real atmosphere, which determines
the aerosol radiation forcing [3, 4]

Different remote methods are applied to in-
vestigation of aerosol properties: remote sensing
using the multi-wavelength satellite images [5],
sun-photometer measurements at the AERONET
network [6, 7], laser sensing of the atmosphere
[8]. Among local methods for investigation of at-
mospheric aerosol, the following techniques are
commonly used: airborne measurements of aero-
sol parameters in the troposphere at different
heights [9—15] and comprehensive long-term ob-
servations in the near-ground air layer at the sta-
tionary and mobile stations [16—19].

The data of such measurements are usually
used for determination of the aerosol and BC
mass concentrations, size distribution and com-
plex refractive index of particulate matter, for
calculation of different radiation-relevant char-
acteristics (SSA, upward and downward solar
radiative fluxes) [3, 4, 20, 21]. The most com-
plicated problem is connected with uncertain-
ties in estimates of the single scattering albedo
of carbonaceous aerosol and its seasonal varia-
tions for different regions.

Black carbon is a tracer of anthropogenic
and natural combustion that can be analyzed
to identify the potential remote sources of Arctic
BC-polluted air in northern and central Siberia
[22—24]. The correct prediction of the “Siberi-
an contribution” to BC and climate change in
the Arctic requires quantification of major pol-
lution sources and regions of Siberia with re-
spect to the mean daily, average seasonal and
annual BC and aerosol concentrations, vertical
profiles, the annual variability of a BC
fraction, SSA, and radiative forcing of carbon-
aceous aerosol [3, 4, 9, 10, 25, 26]. Such com-
plex data are important for development of the
empirical aerosol models in central and north-

ern Siberia both from the ground and the air-
borne sensing method [4], and can be included
into the models of long-range transport of BC
pollutions to the Arctic and forecast of the cli-
mate changes [27, 28].

The main purpose of this paper is to re-
view our investigations of the spatiotemporal
variability of the aerosol and BC concentra-
tions in the near-ground air layer and in the
troposphere of West Siberia and Russian Sub-
arctic in 1997—2016. The data of airborne sens-
ing of the troposphere up to a height of 7 km
in middle and subpolar latitudes were used to
analyze the spatial variability of vertical pro-
files of aerosol and BC concentrations, BC frac-
tion, SSA, and column-integrated concentra-
tions. The generalized empirical model of opti-
cal and microphysical characteristics of tropo-
spheric aerosol in West Siberia under conditions
of the cloudless atmosphere has been devel-
oped. This model accounts for the absorbing and
hygroscopic properties of particles. Many-year
monitoring measurements at the stationary sta-
tion has allowed us to reveal stable peculiari-
ties in the diurnal, seasonal, and year-to-year
dynamics of the aerosol and BC concentrations
in the near-ground air level, and this fact has
opened up the possibility of their analytical
parameterization.

AIRCRAFT SENSING OF THE BC AND AEROSOL
CONCENTRATIONS IN THE TROPOSPHERE
OF WEST SIBERIA AND RUSSIAN SUBARCTIC

Since 1999, the Zuev Institute of Atmo-
spheric Optics of the SB RAS carries out the
airborne sensing of vertical profiles of BC and
aerosol concentrations in the troposphere up to
a height of 7 km in the regions of West Sibe-
ria (172 flights) and Russian Subarctic (31
flights) (55.0—75.2°N, 61.3—171°E) [9, 10]. Black
carbon and aerosol concentrations were mea-
sured simultaneously with an MDA-02 four-
wave differential aethalometer [29] and FAN-
M angular nephelometer [30] (developed in IAO
of the SB RAS) from onboard Optik AN-30
and Optik TU-134 flying laboratories [13]. A
total of 172 flights in the southern Novosibirsk
Region (West Siberia) [9] and 31 flights in
subpolar subarctic regions of Siberia (within
the POLARCAT-2008 Program and the YAK-
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Aerosib Russian-French Project) [10] have been
carried out. The routes of subarctic flights in-
cluded several segments conditioned by the need
of aircraft landing and refuelling in midpoint
airports. To obtain vertical and horizontal cross
sections of the atmosphere, the sensing was
carried out with the flight height varying from
the minimal possible level (0.5 km above ground
level and 0.1 km in airport zones) to 8.5 km.
During the flight between cities, the aircraft de-
scended and ascended several times. As a re-
sult, at all segments of the routes, we have
obtained horizontally spaced vertical cross sec-
tions of the troposphere up to a height of 8.5 km.

TABLE 1

The data of airborne sensing have been used
to study peculiarities in the spatial variability
of vertical profiles of the mass concentrations
of BC — Mg (Mg/m?®) and aerosol — M, (ug/m?),
BC fraction P = Mgc/M,, complex refractive
index of particles, and SSA in the visible spec-
trum, as well as the integral BC concentration
— Mpgc (col) (mg/m?)) and the aerosol optical
thickness of scattering — AOT at a wavelength
of 0.53 pm over the atmospheric column up to
a height of 7 km. The ranges of variability of
the differential aerosol and BC mass concen-
trations and the integral parameters are sum-
marized in Table 1.

Differential and integral characteristics of aerosol and BC over the atmospheric column up to 7 km from the results
of airborne sensing of the troposphere in northeastern regions of Siberia in 1999-2016

3

No. Flight routes Dates M,, ug/m? Mpge, Ug/m” Integral parameters over
atmospheric column up to 7 km
Mgo(col), mg/m?>  AOT  P(col) w(col)
1 POLARCAT (56—72°N) 7-12.07.2008 0.06—300 0.01-1
Novosibirsk—Salekhard High air transparency in subpolar latitudes — 0.139 0.043 0.012 098
Salekhard—Khatanga 0.249 0.049 0.019 097
Khatanga—Chokurdakh 0.153 0.018 0.032  0.96
Chokurdakh—Pevek—Chok 0.161 0.019 0.032 096
Chokurdakh—Yakutsk Wildfires 1.72 1.52 0.004 0.99
Yakutsk—Mirny 1.31 0.64 0.008  0.99
Mirny—Novosibirsk 0.370 0.038 0.036 095
2 YAK-Aerosib (66—75.2°N)  15—17.10.2014 0.8—6 0.02—-1 High air transparency
in subpolar latitudes
Salekhard—Dikson 0.310 0.049  0.026
Salekhard—Novaya Zemlya 0.364 0.063  0.030
3 YAK-Aerosib (56—62°N) 31.07-01.08.2012 2—-295 0.02—6.5 Strong influence of the fast Siberian
forest fires
Novosibirsk—Tomsk 4.25 0511  0.031 0.96
Tomsk—Mirny 6.19 1.32 0.017  0.97
Mirny—Yakutsk 9.96 2.77 0.014 098
Yakutsk—Bratsk 423 0461 0034 095
Bratsk—Novosibirsk 5.36 141 0.014 098
4 YAK-Aerosib (56—62°N) 15—-18.04.2010 0.7-9 0.01-3 Background cloudless conditions
Novosibirsk—Mirny 0.836 0.054 0.058 0.92
Mirny—Yakutsk—Lensk 0.352 0.086 0.015 0.98
Lensk—Bratsk 0.501 0.017 0.110 0.86
Bratsk—Novosibirsk 1.820 0.137 0.049 093
5 West Siberia (54.5°N), 1999-2011 0.5—50 0.02—5 Average seasonal background
Novosibirsk Region Spring 2.64 0.180  0.034 0.92
Summer 0.78 0.101  0.029 0.96
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The analysis has shown that the ranges of
variability of aerosol and BC mass concentra-
tions in the troposphere of the studied subarc-
tic region are very wide: 0.06—300 pg/m?® and
0.01-6.5 ug/m?> The ranges of variability of the
integral BC concentration and the aerosol scat-
tering optical thickness over the atmospheric
column up to 7 km were also wide being about
two orders of magnitude: Mpc(col) = 0.14—
9.96 mg/m? and AOT = 0.02—2.8. The so wide
spatiotemporal variability of the aerosol and BC
content in the troposphere is caused by various
factors: the dynamics of wvertical profiles of
the studied characteristics, the action of fac-
tors associated with the processes of genera-
tion of aerosol particles, their physicochemical
transformation, and long-range transport by air
masses. An important purpose of the airborne
sensing was the study of general and distinc-
tive features of vertical profiles and spatial
variations of the aerosol and BC concentrations,
as well as classification of flights with allow-
ance for the typical states of the subarctic tro-
posphere. The data of airborne sensing have

been classified for the first time by the integral
characteristics of atmospheric
column: AOT (0.53 pm), Mg (col), P (col), and
SSA (col). The detailed analysis of the data has
allowed us to divide the flight series into three
groups of “optical weather” depending on the
degree of aerosol turbidity of air and reflect-
ing the characteristic states of subarctic aerosol.
The first group corresponds to the conditions of
low turbidity of the troposphere (high transpar-
ency of air) in the subarctic latitudes for flight
cycles Nos. 1 and 2 (see Table 1) under POLAR-
CAT-2008 (Eastern Subarctic) and YAK-Aerosib-
2014 (Kara Sea). The second group of flights in
the mid-latitudes corresponded to the conditions
of extremely strong (cycle No. 3) or moderate in-
fluence of smokes from Siberian forest fires on
the composition of tropospheric aerosol. The in-
fluence of forest fires also manifested itself in
cycle No. 1 in the flights in the mid-latitudes at
the route segments from Yakutsk to
Novosibirsk. The third group of flights charac-
terizes the “regional mean aerosol background”
and corresponds to the levels of moderate aero-

Fig. 1. Integral BC concentrations in polar and middle latitudes during the airborne sensing campaign POLARCAT

(7-12.07.2008, 56—72°N).
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Fig. 2. Vertical profiles of aerosol (a) and BC (b) concentrations in the cycle of route flights in subarctic regions of Siberia
in 2008 within the framework of POLARCAT: 1 — Novosibirsk—Salekhard, 2 — Salekhard—Khatanga, 3 — Khatanga—
Chokurdakh, 4 — Chokurdakh—Yakutsk, 5 — Chokurdakh—Pevek, 6 — Yakutsk—Mirny, 7 — Mirny—Novosibirsk.

sol turbidity of air in the mid-latitudes: cycles
Nos. 5 and 6. Taking into account the proposed
classification of aerosol states of the troposphere,
we have considered peculiarities in the dynamics
of aerosol and BC content in the subpolar and
mid-latitudinal regions of Siberia.

Conditions of high transparency of air
in subpolar latitudes

In July 2008 (International Polar Year) with-
in the framework of POLARCAT Project, a
cycle of route aircraft sensing of the concen-
trations of BC and submicron aerosol in the
troposphere in the subpolar latitudes along the
route Novosibirsk—Salekhard—Khatanga—
Chokurdakh—Pevek (Chukotka)—Chokurdakh—
Yakutsk—Mirny—Novosibirsk was carried out
(cycle No. 1 in Table 1). The region of the flights
lied in the latitude range of 56—72°N and the
longitude range 77—171°E (Fig. 1). At the route
segments Khatanga—Chokurdakh and Chokur-
dakh—Pevek—Chokurdakh, the flights were
carried out in the subpolar latitudes (70—72°N).

Figure 2 shows the vertical profiles of aero-
sol (a) and BC (b) concentrations for various
route segments. In the flights, the coordinated
variations of the shape of the aerosol and BC
vertical profiles were observed. Aerosol and BC
concentrations varied in wide ranges from 0.06
to 300 pg/m? and from 0.003 to 1 ug/m?, re-
spectively. It should be noted that the flights
along the subpolar Khatanga—Chokurdakh and

Chokurdakh—Pevek—Chokurdakh route seg-
ments took place under conditions of the ex-
tremely high transparency of air at all the
heights in the troposphere (see Figs. 2, 3). In
the subpolar latitudes, the extremely low con-
centration levels were observed: lower than
1 pg/m?® for aerosol (see Fig. 2, a) and lower
than 0.05 pg/m? for BC (b).

Figure 3 illustrates the dynamics of the ver-
tical profiles of the aerosol and BC concentra-
tions in the subpolar latitudes. The profiles for
every segment were obtained at the significant
horizontal averaging over the subpolar path
from Khatanga to Pevek about 2400 km long.
It can be seen that for aerosol and for BC the
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Fig. 3. Inverse vertical profiles of the aerosol and BC
concentrations in the subpolar latitudes (70—72°N) obtained
on July 8—9 of 2008 in the flights under POLARCAT:
1 — Khatanga—Chokurdakh, 2 — Chokurdakh—Pevek.
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average vertical profiles for the considered seg-
ments are close to each other both in the shape
and in the range of variation of the charac-
teristics. This circumstance is indicative of the
homogeneous composition of aerosol in the tro-
posphere of the studied subpolar region.

The aerosol and BC concentrations at the
subpolar paths took extremely low values and
varied in narrow ranges of 0.3—1.5 pg/m?® and
2—40 ng/m? with height. These levels of the
differential concentrations corresponded to the
conditions of high transparency of air with the
extremely low values of AOT ~0.018 and the
low values of the column-integral BC concen-
tration ~0.15 mg/m? (see Table 1 and Fig. 1). The
low values of the BC concentrations obtained
in these flights in the near-ground layer are
close to the background summer levels of the
BC content in the arctic aerosol under condi-
tions of the low effect of long-range transport
of anthropogenic pollutants [14, 15, 31, 32].
Thus, according to the data of measurements
in 1998—2007 at the Zeppelin station (78.9°N,
11.9°E, 475 m above ground level), the month-
ly average BC concentrations in February—
March (in the period of Arctic haze) achieved
maximal values 80 ng/m?® and decreased down
to minimal values 010 ng/m? in June—Septem-
ber [31]. The so low average summer BC con-
centrations (10 ng/m?®) were observed in the
measurements of 1989—-2003 at the Barrow
(Alaska, the USA) and Alert (Canada) polar
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stations [32]. The measured data demonstrate
the year-to-year trend to decrease of the av-
erage BC concentrations, which is likely caused
by the decrease of BC emissions in high lati-
tudes and in regions of Northern Eurasia [23].

An important feature of the subpolar at-
mosphere was that the shape of the vertical
profiles of aerosol and BC became inverse,
showing an increase of the concentrations with
height (see Fig. 3). It should be noted that sim-
ilar inverse profiles of BC concentration were
observed by American scientists in 2008 in the
flights near the Barrow research station on
Alaska within the framework of
the POLARCAT Program [14, 15]. The obtained
inverse concentration profiles differ qualitatively
from the vertical profiles usually observed in
flights in mid-latitudes of 45—65°N, in which
the aerosol and BC concentrations decrease with
height (see, for example, [8—11] and the route
segments Novosibirsk—Salekhard and Mirny—
Novosibirsk in Fig. 2). The aerosol and BC con-
centrations can increase, on average, four to
five times with height. It should be noted that a
local maximum of the BC concentration was
observed at heights of 2-3km in
the Chokurdakh—Pevek segment.

In October 15—17, 2014, four flights of the
flying laboratory were carried out in Russian
Subarctic to the Kara Sea (55.0-74.8°N, 61.3—
82.9°E): flight No.1 Novosibirsk—Salekhard,
No. 2 Salekhard—Kara Sea (eastern sector, north
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Fig. 4. Vertical profiles of the aerosol (a) and BC (b) concentrations in the cycle of route flights in October 15—17 of 2014
in Russian western Subarctic (region of the Kara Sea): 1 — Salekhard—Novaya Zemlya, 2 — Salekhard—Dikson.
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of Dikson)—Salekhard, No.3 Salekhard-—
Kara Sea (western sector, south of Novaya
Zemlya)—Salekhard, No. 4 Salekhard—Novosi-
birsk. For the first time, 14 spatial vertical cross
sections of the troposphere up to a height of
7 km were obtained for the region under study.
In the subpolar latitudes, the shape of the ver-
tical profiles of the aerosol and BC concentra-
tions (Fig. 4), in contrast to those observed in
2008 in Eastern Subarctic (see Fig. 3), was char-
acterized by a decrease of the concentrations
with height and appearance of local maxima
at heights of 0.5—2 km and 4—6 km. At flights
in the mid-latitudes (Novosibirsk—Salekhard and
Salekhard—Novosibirsk) and the subpolar lati-
tudes, the aerosol and BC
trations M, and Mg in the vertical profiles
varied within 0.25—-20 and 0.02—1.0 pg/m?, re-
spectively. In the subpolar latitudes (71—
74.8°N) north of Salekhard (66.6°N), the rang-
es of variability of the concentrations become
narrower: 0.8—6 pug/m? for aerosol and 0.02—
0.3 ug/m? for BC.It follows from the aforesaid
that in the flights Novosibirsk—Salekhard and
Salekhard—Novosibirsk the latitudinal depen-
dence manifested itself as a decrease in the
value of the near-ground concentrations, on
average, three times, as the latitude increased
from 56 to 74.8°N (see Table 1).

The comparison of the vertical profiles over
the Kara Sea (see Fig. 4) shows that the west-
ern part of the troposphere in the region of
Novaya Zemlya is more “polluted” with aerosol
and BC than the eastern part near Dikson set-
tlement. At heights up to 3 km and 4-6 km,
the excess of the aerosol concentration was
about two times, and for BC the excess was
two to ten times. The excess of the integral
concentrations (see Table 1) was not so pro-
nounced (on average, 1.3 times): BC = 0.36—
0.31 mg/m?, AOT = 0.063—0.049.

The data of airborne sensing of the tropo-
sphere in the subpolar latitudes in fall of 2014
and in summer of 2008 (see Table 1) demon-
strate the significant decrease of both differen-
tial and integral aerosol and BC concentrations
in the direction from the west (the Kara Sea) to
the east (Eastern Subarctic) (see Table 1). As to
the aerosol concentration, this decrease corre-
sponds to the ranges from 0.8—6 to 0.3—1 pg/m?,
1. e, 2.7 to 6 times. The corresponding BC pro-
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Fig. 5. Vertical profiles of BC fraction during flight
campaign to Kara Sea in 2014 (56—75.2°N):
1 — Novosibirsk—Salekhard, 2 — Salekhard—Dikson,
3 — Dikson—Novaya Zemlya, 4 — Salekhard—Novosibirsk.

tiles vary from 0.02-0.3 to 0.01-0.05 pg/m?, i. e,
2 to 6 times. The mean integral BC concentra-
tion and AOT within the ranges of 0.34—
0.16 mg/m? and 0.056—0.02, respectively, 2.1—
2.8 times. The obtained estimates show a ten-
dency to decrease of the aerosol and BC con-
centrations in the subpolar latitudes in the west-
to-east direction.

For all route segments of the flights to the
Kara Sea, the vertical profiles of the BC
fraction P value have maxima at the heights
of 4—6 km, whose values can achieve 0.10—0.18
for the flights in the mid-latitudes (Fig. 5). The
P values are reduced to 0.10 for the western sec-
tor of the sea and to 0.07 for the eastern sector.
The revealed maxima of the elevated content
of BC (P values) in the subpolar and middle lat-
itudes evidences that in the measurements peri-
ods at the heights of 4—6 km the long-range
transport of BC-containing aerosols occurred.

Influence of smokes from forest fires
in the warm season

The airborne sensing of the atmosphere on
July 31, 2012 and July 19, 2013 was carried
out under conditions of extensive Siberian for-
est fires in the Tomsk Region, Krasnoyarsk
Territory and Yakutia, which caused the heavy
smoke pollution of the troposphere all over the
tropospheric thickness at all segments of the
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Fig. 6. Vertical profiles of aerosol (a) and BC (b) concentrations in the cycle of route flights by the YAK-Aerosib
Program in the period of Siberian forest fires in July—August of 2012: 1 — Bratsk—Novosibirsk, 2 — Yakutsk—Bratsk,
3 — Mirny—Yakutsk, 4 — Tomsk—Mirny, 5 — Novosibirsk—Tomsk.

flight route (Fig. 6, see Table 1). The shape of
the aerosol and BC profiles is characterized by
the maxima at heights of 3, 5.5, and 8 km.
The variations of the concentration with height
were 30—91 times for aerosol and 4—120 times
for BC. In the horizontal cross sections, the aero-
sol and BC concentrations varied 3—19 times,
showing the maxima at heights of 0—1, 3-5,
and 8 km. The flights in 2012 were subject to
the extremely strong effect of smokes from
Siberian forest fires. The high concentrations
of aerosol and BC were achieved: up to 300 pg/m?
and up to 6.5 ug/m?, respectively.

The maximal smoke pollution of air was
observed at the segments Mirny—Yakutsk and
Tomsk—Mirny. The atmospheric optical
thickness AOT at a wavelength of 0.53 pm and
the integral BC concentration Mgc(col) were
characterized by the extremely high values of
0.46—2.77 and 4.23—18.7 mg/m? (Fig. 7) all over
the flight route. The data of Table 1 and Fig. 1
demonstrate that the flights in the middle lati-
tudes under the POLARCAT Program in July
2008 at the segments from Yakutsk to Novosi-
birsk also took place under conditions of the
increased influence of smoke from forest fires.

Fig. 7. Integral BC concentrations during airborne sensing campaign in the middle latitudes in July—August, 2012.
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The comparison with the data of flights in
the slightly turbid (background)
atmosphere (April 15—-18, 2010, see Table 1)
has shown that the forest fires lead to an in-
crease of the aerosol concentration at heights
of 2, 4, and 6 km by 80, 33, and 12 times,
respectively. The values of P at heights up to
7 km becomes low — lower than 0.03, while
the smokes are characterized by high values
of the single scattering albedo in the visible
spectral region (0.96—0.98), manifesting itself
in the radiative-climate forcing as a cooling fac-
tor [3, 10, 33, 34].

Conditions of the regional mean aerosol
background in Siberian mid-latitudes

Flight cycles Nos. 4 and 5 in the middle lat-
itudes, which were characterized by the mod-
erate levels of the aerosol and BC concentra-
tions in the vertical profiles (see Table 1), were
classified as conditions of the regional mean
aerosol background in the troposphere.

Thus, in the flights under YAK-Aerosib in
April 2010 by the route Novosibirsk—Mirny—
Yakutsk—Lensk—Bratsk—Novosibirsk (56—62°N),
the following concentrations were achieved: 0.7—
9 ug/m? for aerosol and 0.01-3 pg/m?® for BC.
The aerosol and BC measurements in the tro-
posphere over the Zav’yalovo village (54.5°N,
West Siberia) of the Novosibirsk Region in
cloudless atmosphere once every month from
the Optik-E AN-30 flying laboratory in 1999—
2011 [8] were also classified as background.
These data had allowed us to estimate the em-
pirical average seasonal vertical profiles of the
concentrations, BC fraction, and SSA for the
dry matter of aerosol particles and to study
their relation with the temperature stratifica-
tion in the troposphere.

In this case, the range of variability of the
concentrations with height were, on average,
from 0.02 to 5 pg/m? for BC and from 0.5 to
50 ug/m? for aerosol, that is, the variations
exceeded two orders of magnitude. Against the
background of monotonic decrease with height,
local maxima of the concentrations were ob-
served quite often at different heights. An im-
portant feature is the closeness of the shapes
of vertical profiles of aerosol and BC. The
shape of the vertical profiles is characterized

by the significant seasonal dynamics closely
connected with variations of the temperature
stratification of the tropospheric boundary layer.
In the cold season, temperature inversions in
the height range of 0.5—1.5 km, which are char-
acteristic of the Siberian region, lead to the
most pronounced dynamics of the vertical pro-
file of BC. The largest gradient of variation is
usually observed in the subinversion layer: from
3-5 to 0.1 pug/m?> Above the inversion layer,
the further, less pronounced decrease of BC
down to 20—10 ng/m?® occurs with height. In the
warm season, the daytime rare temperature
inversion in combination with the seasonal de-
crease of the intensity of BC sources lead to a
decrease of the concentrations in the near-
ground layer. As a result, the range of vari-
ability becomes narrower and the dynamics of
the vertical profiles becomes smooth.

The estimates of the column-integral aerosol
and BC concentrations from the results of air-
borne sensing (see Table 1) corresponding to the
aerosol background of Siberia in the middle lati-
tudes can be used for verification of data obtained
by the methods of sun photometry and satellite
sensing, as well as developed models of the opti-
cal characteristics of tropospheric aerosol.

Aerosol model of cloudless troposphere
of West Siberia

Based on the long-term airborne measure-
ments under background conditions [9] the gen-
eralized dynamic model of tropospheric aero-
sol in West Siberia under conditions of the
cloudless atmosphere has been developed for
the first time [4]. The model takes into account
the absorbing and hygroscopic properties of
particles and uses as main input parameters the
seasonal-average vertical profiles of the aero-
sol scattering coefficient, particle size distribu-
tion, BC mass concentration, parameter of con-
densation activity of particles, and relative air
humidity for different seasons and air masses.

The atmospheric aerosol is modelled as a sum
of the fine (submicron sizes) and coarse frac-
tions of particles. Each fraction was represent-
ed in the form of lognormal particle size distri-
bution. Their parameters (mean radii and half-
widths of the distributions) were set according
to the model [4] for different seasons. The vol-
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ume filling factor of each fraction was select-
ed so that the angular scattering coefficient at
45° and A = 0.51 pm of the aerosol dry matter
calculated by the Mie theory formulas coincid-
ed with the seasonal average value [9, 35] the
respective altitude. The volume concentration
of BC in each fraction was determined so that
its total mass concentration at each altitude co-
incided with the experimental seasonal aver-
age value BC [9]. Refractive index of the dry
non-absorbing aerosol was set n = 1.5. Then the
refractive index of absorbing aerosol was cal-
culated taking into account the data on the BC
concentration. Based on experimental data [16,
36, 37], the variant was chosen for detailed
analysis, when 90 9% of the absorbing sub-
stance (BC) is concentrated in the submicron
fraction and 10 % is in the coarse one. It was
assumed that in each fraction BC is homoge-
neously distributed inside the particles. The com-
plex refractive index of particles for each frac-
tion was calculated using the well known homo-
geneous volume internal mixture rule. At the fi-
nal stage, the values of the fine fraction pa-
rameters were reduced to the seasonal average
relative humidity of air [38] using the Hanel for-
mula and seasonal average value of the param-
eter of condensation activity at each altitude [39].
Coarse fraction was not humidified, because it
was shown [40] that, for more adequate descrip-
tion of the optical properties of particles, one
should ascribe the greatest intensity of the con-
densation growth to the particles with the sizes
0.2—0.5 pm. The vertical profiles of SSA for the
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Fig. 8. Seasonal average vertical profiles of SSA at A = 0.55 pum
in different seasons.

humidified absorbing aerosol at 7 wavelengths
in the visible and near IR were calculated for
different seasons using Mie theory.

The characteristic peculiarity in all seasons
is low values of SSA in the near-ground air
layer (Fig. 8). The maximum is observed at the
altitudes of 0.5—1.5 km, then the values
of SSA decrease with altitude. The altitude of
4 km is distinguished in spring. The extremely
low value of the albedo is observed here, which
is caused by the enhanced concentration
of BC at this altitude [9]. Perhaps, it is effect
of remote transfer of aerosol from the regions
of the European part of Russia, where peat-
bog fires can be observed in April and May.
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Fig. 9. Average spectral dependences of SSA at different altitudes for contrast seasons: a — winter and b — summer.
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The values of SSA decrease with wavelength
in all seasons (Fig. 9). The most strong decrease
is observed in infrared range (A = 1.06 um). Near
to neutral spectral behaviour is observed in
spring at the altitudes above 3 km in the visible
wavelength range. In summer, selectivity of the
spectral behaviour of SSA in the visible range
is lower than in other seasons.

The developed empirical model of tropo-
spheric aerosol in West Siberia provides good
recovery of the vertical profiles of seasonal
average values of SSA needed to calculate the
radiation balance of the atmosphere in the vis-
ible region of the spectrum. It was established
that in the wavelength range 0.44—0.87 pm the
average values of SSA and asymmetry factor
for the column of the atmosphere, calculated
using the empirical model, are in good agree-
ment with the respective average values ob-
tained according AERONET network in Tomsk
for 2004—2009 [4]. Successful testing of the de-
veloped methodological approach allows us to
take it as the basis for the subsequent devel-
opment of an empirical model of tropospheric
aerosol in the Arctic region.

TEMPORAL DYNAMICS OF BC AND AEROSOL
CONCENTRATIONS IN THE NEAR-GROUND AIR LAYER

Since 1997, the Aerosol Station of TAO of
the SB RAS located on the southeastern pe-
riphery of the city of Tomsk conducts round-
the-clock every-hour monitoring measurements
of the angular scattering coefficient of the dry
matter of submicron aerosol at a wavelength
of 0.51 pm with the FAN-A angular nephelom-
eter and the BC mass
concentration Mg (in ug/m?®) with the MDA-
02 four-wave aethalometer developed by IAO,
SB RAS [3, 17, 29, 30, 33]. The data on the
angular scattering coefficient at an angle of 45°
are used to calculate the mass concentration of
dry submicron aerosol M, (in Hg/ m?) based on
the one-parameter model of atmospheric haze
[41]. The measurements of the aerosol and BC
content are used for calculation of the impor-
tant radiation-significant parameter — BC
fraction P in particles, which is determined as
a ratio of the mass concentrations of BC and
submicron aerosol with a mean error of about
15 %. The results of monitoring measurements
are then organized into arrays of annual aver-
age, seasonal average, and diurnal average
values of aerosol parameters.
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Multi-year regular observations have re-
vealed the stable season-to-season variability of
the mass concentrations of submicron aerosol
and BC with a minimum in the summer peri-
od and a maximum in winter (Fig. 10). A simi-
lar dependence is also characteristic of the BC
fraction P. Monthly average values of P vary
from 3 to 15 %.

The annual dynamics of P is caused by the
fact that the seasonal dynamics of BC concen-
tration is more pronounced than variations of
the aerosol concentration, which is determined
by seasonal differences in the intensity of the
major processes, responsible for emission of
submicron aerosol and BC. Actually, the pro-
cesses of photochemical generation of aerosol
particles become significantly more intense upon
the transition to the warm season. At the same
time, the intensity of BC generation decreases
with termination of the heating season. These
seasonal differences in the processes of aerosol
emission and BC sink favour the formation of
the summer minimum in the annual profile of
the BC fraction.

Forest fires, various by their scales often
appear at the territory of Siberia in the warm
period. As a smoke plume of forest fires comes
to a measurement site, the BC and aerosol
concentrations increase drastically. For a half
of these realizations the mass concentrations
of submicron aerosol exceed the high winter
peaks of the aerosol content caused by the heat-
ing season and temperature inversions that are
often observed in Siberia in winter. These situ-
ations were observed in 1997, 1999, 2003, 2004,
2006, 2013, and, especially, 2012. For the BC
values, the excess was observed only in 2012.
The level of the summer minimum of the BC
fraction P under these conditions becomes even
lower, since the value of P decreases in smokes
of forest fires [3, 33]. In summer of 2012, the
smoke haze from Siberian forest fires was ex-
tremely dense for the last 15 years. A charac-
teristic feature of smokes is a sharp decrease
of the soot fraction to 0.02—0.03 [33].

For the analysis of temporal variability of
aerosol characteristics, arrays, freed of the
forest fires influence, were created (Fig. 11).

For the entire period of observations, the sta-
bility of the annual behaviour of aerosol charac-
teristics in the near-ground atmosphere is ob-
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Fig. 11. Mean annual behaviour of the mass concentrations
of aerosol, black carbon and BC fraction (red lines — taking
into account fires).

served. The weak effect of smokes from spring
grassland fires and summer-fall forest fires shows
itself for only 1/3 of year realizations. Under these
conditions, the annual behaviour of the BC and
aerosol concentrations and the relative content of
BC has a pronounced winter maximum and sum-
mer minimum of concentrations.

In addition, the year-to-year variability of
these aerosol characteristics is observed (Fig. 12).
For the entire period, statistically significant
negative trends for Myc (—2.4 % a year) and P
(—2.9 % a year) were observed, as well as the
statistically insignificant trend of M, (=0.2 %
a year). One can see that the temporal profiles of
the annual average values of aerosol parameters
under study have local extremes. Straight lines in
the figure illustrate these trends. The significant
negative trend of P indicates that the decrease
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Fig. 12. Temporal course of the annual average mass
concentrations of submicron aerosol and soot and the
relative content of soot and their linear trends.
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of the absorbance of aerosol particles observed
for the last 19 years still continues.

Using the results of measurements at the
Aerosol Station of the Institute of Atmospheric
Optics of the SB RAS, peculiarities of the di-
urnal dynamics of the aerosol characteristics
in the surface air layer were analyzed [17].

For the influence study of the cloudiness on
the form of diurnal courses, alongside with
complete data arrays, subarrays for the radia-
tive type of weather: clear atmosphere (cloud
amount of 0—2) and cloudy atmosphere were
considered (cloudiness amount of 8—10).

The analysis of experimental data has al-
lowed revealing the major peculiarities in the
time dynamics of the diurnal profiles, normal-
ized with the values of daily average concen-
trations. The BC diurnal profile is close to that
of aerosol in its shape. The shape of the diur-
nal profiles is identical for all seasons and has
two maxima (morning and evening-night ones)
and two minima (nighttime and daytime) (Fig. 13).
The positions of the maxima in the diurnal pro-
files of aerosol demonstrate seasonal variabili-
ty, which manifests itself in the closer positions
of the maxima in winter (morning maximum at
8—9 Local Time and evening maximum at 21-22
Local Time) and the separation in summer (6
and 23 Local Time). For the diurnal profile of
soot, the corresponding positions of the maxi-
ma are 11-12 and 20—21 LT in winter and 9
and 22 LT in summer. In the spring-summer pe-
riod, the extremes of the diurnal profiles are

most pronounced in amplitude. In fall and win-
ter, the diurnal profiles are less contrast.

At the radiative type of weather, all the
extremes of the diurnal profiles of soot and
aerosol are clearly pronounced and statisti-
cally significant. Under overcast conditions,
the seasonal profiles of aerosol and BC smooth
out. The amplitude expressiveness of the ex-
tremes may decrease by 10—20 % for aerosol
and by 10—40 % for soot. In this case, all the
extremes of the BC diurnal profile remain
statistically significant. However, for the aero-
sol, the amplitudes of the morning maximum
and the night minimum strongly level out,
and, as a result, for all seasons the differ-
ence between these extremes becomes statis-
tically insignificant.

This allows making the conclusion that the
continuous cloudiness is an important geophys-
ical factor that affects strongly peculiarities of
the diurnal profile of aerosol and soot. A prob-
able mechanism of cloud influence on the di-
urnal profiles is its limiting effect of clouds on
the processes of aerosol removal to the upper
tropospheric layers and on the intensity of the
aerosol formation in the surface layer.

The availability of stable peculiarities of
the seasonal variability of the normalized di-
urnal profiles of the aerosol and BC concen-
trations favours their approximation. This is
an important stage in development of aero-
sol models. We have proposed an approxima-
tion of the seasonal average diurnal profiles
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Fig. 13. Seasonal-average normalized diurnal variations of the aerosol (a) and BC (b) concentrations at the Aerosol
station of IAO of the SB RAS in cloudless atmosphere in 1997—-2008: 1 — winter, 2 — summer.
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TABLE 2
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Parameters of diurnal behaviour of the seasonal-average aerosol and BC concentrations for the complete data arrays

Parameters  Aerosol Black carbon

Winter Spring Summer Autumn Winter Spring Summer  Autumn
A 0.048 0.069 0.15 0.105 0.08 0.168 0.2 0.21
¢, 743 7.97 5 7.045 7.05 182 7 6.28
T, 10.8 10.5 134 10.6 11.1 124 12 11.2
Ay 0.987 0.97 133 0.966 0.995 1.01 1.04 0.995
A, 0.057 0.19 0.5 0.145 0.08 0.068 0.1 0.135
0, —1.42 —1.54 26.1 —2.5 10.09 —8.22 —18.1 10.8
T, 19.1 20.4 50.8 18.6 25.6 28.6 36.6 26.3

of aerosol and BC as a product of two sine
functions:

¢ ;¢1 DAy, + A, sin (2nt_T;¢2))

1 2

y=(1+ A, sin(2m

where A; and A, are the amplitudes; ¢; and ¢,
are the phases; T; and T, are the oscillation
periods (Table 2) [17].

The period of oscillations in the first sine
function corresponds to the time interval be-
tween the daytime and nighttime maxima. The
second sine function follows the amplitude dif-
ference of the diurnal extremes. The estimates
have shown that the proposed approximation
reflects the main peculiarities in the shape of
seasonal average diurnal profiles of the aero-
sol and BC concentrations and provides their
quantitative description with a mean error of
about 5 % (Fig. 14).

In the most part of observations in our re-
gion, the important role of smokes from fires
in boreal forests of Siberia has manifested it-
self in the dynamics of concentrations and the
chemical composition of aerosol in the surface
air layer. A weak influence of smokes from
grass fires and forest fires was observed only
in 1/3 of year realizations. The largest invasion
of smokes from forest fires was observed in
summer of 2012.

Extensive forest fires took place in the Si-
berian region in summer of 2012 under condi-
tions of the low-gradient baric field of high
pressure. The most intense forest fires were
detected at the Aerosol Station occurred from
late June to mid-August (Fig. 15). For the peri-
od of measurements, four prominent episodes
of invasion of smoke haze to the region of
measurements were observed: June 17—July 6,
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Fig. 14. Normalized seasonal average winter (a) and summer (b) diurnal profiles of the BC concentrations for 1997—2004
and their analytical approximation: 1 — measurement, 2 — approximation.



INVESTIGATIONS OF THE SPATIOTEMPORAL VARIABILITY OF BLACK CARBON AND AEROSOL CONCENTRATIONS IN THE TROPOSPHERE 437

«, 10004

™5 o

] ]

. 1004

(=] E

2 ]

= J

5 103

=} 3

@ f

Q

£ ]

S 3
o1t—-"r————7——
1 June 1 July 1 August

2012
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and BC (2) and their smoothed over 30 hourly points,
temperature (3) at the Fonovaya observatory. Dash straight
lines show background levels (August 10—31).

July 12—-20, July 23—27, and July 31—August 4.
The maximal (since 1997) values of the mass
concentrations of submicron aerosol and BC
were observed on July 27 of 2012. The mass
concentration of submicron aerosol of
1505.6 ug/m® and the BC mass concentration
of 38.8 ug/m*® were measured at 14:00 LT. The
daily average values for the same day were
1212.8 and 26.6 ug/m?, respectively [33].

To determine the contribution of the city to
the concentrations of submicron aerosol and BC
measured at the Aerosol Station, we conduct-
ed simultaneous aerosol measurements at the
Fonovaya (Background) observatory located in
the forest area 60 km west of Tomsk in differ-
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ent months of 2001, 2003, and 2011 [42]. In
November 2013, the Fonovaya observatory of
TIAO of the SB RAS has started the monitor-
ing measurements of the aerosol concentration
(FAN-M angular nephelometer) and the BC
mass concentration (MAAP 5012 aethalometer,
Thermo Fisher Scientific Inc., the USA) to pro-
vide for simultaneous two-site observations in
the near-surface air layer with the following
comparison of the dynamics of aerosol com-
position under urban and background conditions.

The annual profile of the seasonal average
mass concentrations of submicron aerosol
and BC in 2014—2015 at the Aerosol Station is
quite typical — with a minimum in summer and
a maximum in winter (Fig. 16). However, some
non-typical peculiarities appeared under back-
ground conditions. Thus, the seasonal average
concentrations of aerosol in summer turned out
to be higher than those in spring and fall, while
for BC the summer and fall concentrations are
close. In the annual profile, the differences in
absolute values of the aerosol parameters un-
der urban and background conditions are char-
acterized by the typical seasonal behaviour —
they are maximal in winter and minimal in sum-
mer. Thus, in winter, spring, summer, and fall,
their values are 11.1, 8.2, 2.1, 6.4 ug/m? for
aerosol and 0.83, 0.45, 0.42, 0.53 ug/m?* for BC.
The presence of these stable features provides
the possibility of the analytical parameteriza-
tion of the seasonal variability of the city’s
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Fig. 16. Seasonal average mass concentrations of submicron aerosol (a) and BC (b) in Tomsk and under background

conditions in 2014—2015.
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contribution (difference concentrations of aero-
sol and BC).

However, relative differences in the seasonal
behaviour are unstable. In the fall period, the BC
content under the urban conditions is 2.6 times
higher than under the background conditions,
while in winter the difference is only 1.9 times.

CONCLUSIONS

This paper presents the detailed analysis of
our longstanding investigations of the spatiotem-
poral variability of the aerosol and black car-
bon concentrations in the near-ground layer and
in the troposphere of West Siberia and Russian
Subarctic. The data of airborne sensing of the
troposphere in the middle and subpolar latitudes
have been used to study the ranges of variabil-
ity, as well as general and distinctive features
of the spatial variability of vertical profiles of
the aerosol and BC concentrations, BC fraction,
single scattering albedo, and concentrations in-
tegral over the atmospheric column.

Based on the results of the comprehensive
analysis of the set of flights, we have pro-
posed the classification of aerosol properties in
the subarctic troposphere by the three charac-
teristic states of the optical weather reflecting
peculiarities of the spatial variability of the
studied characteristics, namely, (1) high trans-
parency of air and inverse vertical profiles in
the subpolar latitudes, (2) strong or moderate
effect of the smoke from forest fires on the
aerosol composition in the warm season in the
middle latitudes, and (3) slightly perturbed
states of the regional mean aerosol background
in the middle latitudes.

The latitudinal and longitudinal (west-to-
east) dependences of the aerosol and BC con-
centrations have been revealed. It follows from
the structure of the vertical profiles that in the
northern regions of Siberia there are no sig-
nificant sources of aerosol and Black Carbon
(except for the period of forest fires) and the
regional aerosol background at the vast areas
of these regions is formed by the long-range
transport of pollutants. The relation of the scat-
tering and absorbing characteristics of aerosol
suggests that the aerosol in the studied regions
is now the cooling factor in all the seasons.

The original empirical model of vertical pro-
files of the optical and microphysical charac-
teristics of tropospheric aerosol in West Sibe-
ria under conditions of the cloudless atmosphere
that takes into account the absorbing and hy-
groscopic properties of particles in the calcula-
tion of radiation-significant characteristics of
aerosol (SSA, radiative forcing) has been de-
veloped. The methodical approaches of the
model can form a good basis for the develop-
ment of a new model of subarctic aerosol.

Based on the many-year monitoring mea-
surements at the stationary aerosol station, the
stable peculiarities of the diurnal, seasonal,
and year-to-year dynamics of aerosol and BC
concentrations in the surface air have been re-
vealed, and this opens up the possibility of their
analytical parameterization.
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AnHoTanus

B craTtbe npezncraBieH 0630p pe3yabTaTOB CAMOJIETHBIX U IPU3EMHBIX JCCJIe0BAHNMII aBTOPaMM IIPOCTPaH-
CTBEHHO-BPEMEHHOJI M3MEeHUYMBOCTY KOHIeHTpalwmit aspososnd u Black Carbon B Tpomocdepe 3a nocienHne
nBa pecartuiaetud. C 1999 r. B VMucturyre ontukm atmocdepsr (JIOA) CO PAH BbmosHAETCA CaMOJIETHOE
30HAVIPOBaHME BEPTUKAJBHBIX IIpodueil KoHIleHTpaimii aspososd u BC B Tporocdepe A0 BBICOTHL 7 KM B
pernonax 3amanuoit Cubupn n Poceniickoit CybaprTuxnu. C 1997 r. Ha Aspososnbroii crannuyy VIOA, pacmnosio-
JKEHHOJ B IOTO-BOCTOYHOM OKpecTHOCTM TOMCKa, IPOBOAATCA KPYIJIOCYTOYHBIE MOHUTOPMHIOBBIE M3MEPEHUI
KOHI[eHTpalmii aspos3osa 1 BC B Ipu3eMHOM cJI0e BO3LyXa.

Ilo maHHBIM CAaMOJIETHOTO 30HAVPOBaHNA MIPOAHAJIM3MPOBAHEI OOIIVE U OTJINYNTESbHbIE 0COOEHHOCTY IIPO-
CTPaHCTBEHHOI M3MEHYMBOCTY BEPTUKAJBHBIX IPOQuIeli KOHI[eHTpalmii aspososns u BC, oTHOCUTEIBHOTO CO-
nepsxkanua BC u anbbeo 0THOKPATHOTO paccedHMA B BUAVIMON 00JACTM CIIeKTpa. BriepBhie MOJIy4YeHBI OLEHKU
MHTerpasbHoM KoHeHTparyy BC 1 adpo30JIbHOM OIITHMYECKO TOJIIM paccedHnsa cTosba atMocdeps! 10 BbICO-
Tel 7 kM. IIpoBenena kiaccu@uraima XapaKTEePHBIX ONTUKO-MUKPOMU3NYECKNX COCTOAHMII cyOapKTIYeCcKOon
Tponocdeps! AJIA CIeAYIONMX YCIOBMIL: 1) BBICOKOI IIPO3PAYHOCTY BO3AYXa B MOJAPHBIX IIIMPOTAX; 2) CUIBHO-
ro BozzeicTBMA ObIMOB CHUOMPCKMX JIECHBIX II0’KapOB B TeIIble CE30HBI oja; 3) CPeJHEro PeruoHaJbLHOTO
a’pO30JBHOr0 (POHA aTMOCKEPHI B cpeaHux Imporax. C pocToM IIMPOTHI B MHTEepBaJse 55—75.2° C.IIL. mponcxo-
AT yMEHBIIIEHVe IPU3EeMHBIX KOHIIeHTpalmit asposond u BC B cpepneM B 3 pasa. B IpMIONApPHBIX MIMPOTaX
[IpOABJIAETCA TEHIEHIA yObIBaHMA KOHIIEHTPAIWi B Hanpasienuy ¢ 3anazna (Kapckoe mope) Ha BocTok (Boc-
Tounada Cybapkruka). BriepBole paspaborana 0000I[eHHAA SMIMPUUYECKAA MOJAEJb TPOIOC(EPHOTO adPO30JIA
3anaznHoit Cubupn B ycsioBuaAx 6e3001a49HOM aTMocdephl, ITO3BOJIAIONIAA C yIETOM MOIVIOMIAIOIIX U TUTPOCKO-
IIMYECKNX CBOJMCTB YaCTUI] ONIPeeJiATh CPpeJHECEe30HHbIE BePTUKAJbHbIE IPOodhu aabbeo 0JJHOKPATHOTO pac-
ceAHNA, HeOOXOUMBIe IJIA OLIEHOK PaJMAallMOHHOTO (DOPCHMHra aspo30JId.

JI3ydeHb! OCHOBHBIE OCOOEHHOCTVI CYTOYHOII, CE30HHON 1 MEKTOJIOBOM M3MEHUMBOCTM KOHIIEHTPAL aspo30Jid U
BC, orHocuTessHOrO comeprkanna BC B Ipr3eMHOM cJloe BO3AyXa I IIPOBeZieHa IapaMeTPM3alyid STUX 3aBUCUMOCTENL

KaroueBsie cioBa: asposonb, Black Carbon, mpocTpaHCTBEHHO-BpeMeHHasA M3MEHUMBOCTE, Tporocdepa, Bep-
TUKAJIbHBIE MIPOMIIM, dSMIMpUYIecKasd MOJeJb TPOoIiocepHOro aspososida, Poccuiickasa CyOapKTuka



