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ABSTRACT

The results of measurements of aerosol and absorbing substance vertical profiles from onboard of the TU-134 "Optic"
laboratory aircraft during Arctic flights in the fall of 2020 are presented. The vertical distributions of mass
concentrations of aerosol and absorbing matter over Arkhangelsk, Tiksi and Anadyr are analyzed. The aerosol optical
characteristics over three cities in the north of Russia are reconstructed and compared with the measurement data.
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1. INTRODUCTION

Climate change at high latitudes is a predictor of changes on a global scale™™. It is important to understand the feedbacks
that lead to increased warming in the Arctic. Assessment of climate change in the poorly studied Arctic and subarctic
regions is impossible without detailed data on the absorbing and scattering properties of atmospheric aerosol®”. The
tropospheric aerosol optical characteristics and the parameters of the radiative forcing, such as the single scattering
albedo, directly depend on the ratio of the volume concentrations of absorbing and non-absorbing substances™.

Last decade, a lot of publications devoted to the study of aerosol in the Arctic region have appeared®*. In the Russian
sector of the Arctic, in situ measurements are regularly carried out at polar stations'?"’, in annual marine expeditions™>2.
In order to fill in the missing data over the ocean, studies performed from aircraft-laboratory®*?* or from the satellites®?’
are used.

Measurements of the angular scattering coefficients (¢ = 45°, A = 0.53 pm) and the concentration of the absorbing matter
(soot , BC - Black Carbon) were carried out as part of a comprehensive experiment on the study of the composition of
the troposphere in the Russian sector of the Arctic from onboard the TU-134 "Optic" aircraft-laboratory on September 4
till 17, 2020.

In this paper we analyze the vertical profiles of the mass concentrations of submicron aerosol and absorbing matter, and
determine the columnar mass concentrations of aerosol and BC over three settlements: Arkhangelsk (64.54 ° N, 40.54 °
E), Tiksi (71.69 ° N, 128.86 ° E), and Anadyr (64.73 ° N, 177.30 ° E). A model calculation of the scattering coefficient
in the visible wavelength range, at altitudes of 1 - 8 km with a step of 1 km, out over the three northern cities under study
was carried taking into account the absorbing and hygroscopic properties of particles.

2. ANALYSIS OF THE EXPERIMENTAL DATA

2.1. Instrumental and measurement techniques

The automated aerosol complex consisted of a MDA-02 three-wavelength aethalometer designed at IAO SB RAS
capable of measuring the absorbing matter mass concentration MBC and a PhAN nephelometer capable of recording the
angular scattering coefficient of the aerosol dry matter at ¢ = 45° and A = 0.53 um. The Tu-134 “Optic” aircraft-
laboratory, instrumentation, techniques for calibration and measurements are described in detail in Ref. 28.
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2.2. Vertical profiles of the aerosol and BC mass concentrations

The mass concentrations of aerosol and absorbing matter over Arkhangelsk, Tiksi, and Anadyr at different altitudes were
averaged over take-off and landing, and thus a mean vertical profiles were calculated. The aerosol mass concentration

was estimated using an empirical relationship Ma = 2.414(45°), where M, is measured in pg/m® and pd is in Mm*sr 1.
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Figure 1 — Mean values and standard deviations of the aerosol mass concentrations at different altitudes in the atmosphere over
northern settlements of Russia

The vertical profiles of the aerosol (Fig. 1) and absorbing matter (Fig. 2) mass concentrations over three settlements of
the north of Russia are similar to each other. The maximum values are observed near the ground and decrease with
altitude. The vertical profiles of M, and Mgc over Arkhangelsk and Tiksi have a well pronounced 5-km high mixing
layer. The maximum values of Mgc in the near-ground layer are recorded in Arkhangelsk, which is located near the
European industrial regions. Two other settlements, Tiksi and Anadyr, situated at the north of Yakutia and Chukotka, are
far from the permanent powerful sources of "soot". The minimum values of the concentration of absorbing matter are
observed here in the near-ground layer, and great deviation of the values over altitude is noted.
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Figure 2 — Mean values and standard deviations of the of the absorbing substance concentration at different altitudes in the atmosphere
over northern settlements of Russia

Let us note that the principal quantity of absorbing particles us transported to the eastern sector of Russian Arctic from
remote industrial regions and from forest wildfires®. Analysis of back trajectories obtained using the HYSPLIT model
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has shown that during flights over Tiksi and Anadyr the air masses arrived from the south of Yakutia, where wildfires
were observed at that moment. As was shown®®, wildfires in the south Yakutia and Irkutsk region in warm season
make the main contribution into air pollution with soot in eastern sector of Arctic.

2.3. Columnar concentrations of submicron particles and absorbing matter

Comparison of the columnar mass concentrations of submicron aerosol M, (col ) and soot Mp(col) up to 9 km obtained
over Arkhangelsk, Tiksi and Anadyr are shown in Fig. 3 as histograms. It is seen that the columnar mass concentrations
of aerosol particles over Arkhangelsk is 1.5 times greater, and the concentration of soot is 3 times greater than over
Tiksi, and M, (col ) is 4 times greater and Mpc(col) is 1.6 times greater than over Anadyr.

Let us note that the values Mjpc(col) in the eastern part of Arctic are in good agreement with the data obtained earlier
during the airborne campaign POLARCAT — 2008 on the route Novosibirsk — Salekhard — Khatanga — Chokurdakh —
Pevek — Chokurdakh — Yakutsk — Mirmyj — Novosibirsk™.
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Figure 3 — columnar concentrations of aerosol and BC over northern settlements.

3. RECONSTRUCTION OF THE AEROSOL OPTICAL CHARACTERISTICS
3.1. Technique

The model for reconstruction of the aerosol optical properties is described in detail in Ref. 38. Let us present here only
the main stages. The mean values of the aerosol scattering coefficient at the wavelength of 0.53 um at the angle of 45° at
different altitudes are used for reconstruction of the set of optical characteristics. The microstructure of dry particles is
taken in the form of superposition of two lognormal distributions of submicron and coarse fractions. Non-absorbing
particles with the refractive index n = 1.5 were considered at the first stage of calculations. The parameters of the
fractions (median radius, half-width and amplitude of the distribution) for the aforementioned set of altitudes were
selected so that the angular scattering coefficient pu(p = 45°, A = 0.52 um) of the dry submicron fraction calculated by
Mie formulas coincides with the mean values measured at this altitude. Then the complex refractive index was modeled
taking into account the content of the absorbing matter. Based on the results of Ref. 35 and 36, the absorbing matter was
represented by a lognormal distribution in submicron fraction. The change of the particle radius with relative humidity
was considered in the framework of the Laktionov’s semi-empiric theory of equilibrium condensation growth of
atmospheric aerosol®”. The complex refractive index at the change of relative humidity was determined as the function of
particle radius according to the mixing rule assuming that the particle volume increases during humidification only due
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to condensation of water vapor. The parameter of condensation activity was not directly measured during the described
flights, so we used its values obtained earlier under continental conditions over Western Siberia.

3.2 Reconstructed vertical profile of the scattering coefficient

The following input data were used for reconstruction of the optical characteristics: the angular scattering coefficient of
the dry matter of submicron aerosol pg(e = 45°, A = 0.53 pm), the mass concentration of absorbing matter Mg,
parameters of the size distribution function of the dry matter of aerosol and absorbing substance?**, characteristics of
the aerosol condensation growth®® and the parameter of condensation activity y. The values of the parameters are
presented in Table 1, where rq, I, and rgc, respectively, are the median radii of distributions of submicron and coarse
aerosol fractions and black carbon; sq, S¢, and Sgc, respectively, are the variances of the distributions of submicron and
coarse aerosol fractions and black carbon; and A, is the amplitude of distribution of the coarse aerosol fraction. It was
shown in Ref. 38 and 39 that, when using this set of the input parameters, the aerosol optical characteristics in the visible
wavelength range are reconstructed quite reliable. Calculation was carried out at four wavelengths A = 0.45, 0.53, 0.63,
and 0.69 um at the altitudes of 1 — 8 km with the step of 1 km over three considered northern cities.

Table 1. Input parameters

H, | P& 2 | RH, e
km 0.53 ktmz Mgc, ng/m % Y Ssub um' A Sc | fe, um | rgc pum Sec
Mm™~sr
Arkhangelsk
1 5.06+2.76 | 0.73£0.27 | 46 | 0,35+0,13 0.6 0.04 0.7 0.5 1.6 0.088 | 0.56
2 8.11+£3.97 1.18+0.74 53 0,45+0,15 0.62 0.05 0.4 0.7 15 0.089 0.6
3 6.80+2.96 1.1£0.53 44 | 0,54+0,16 | 0.42 | 0.06 0.5 0.7 15 0.06 0.4
4 3.84+2.51 0.51+0.3 32 | 0,54+0,24 | 0.52 | 0.07 | 0.05 | 0.7 1.5 0.085 0.5
5 0.67+£0.42 | 0.08+£0.04 | 20 | 0,56+0,18 0.5 0.05 0 0 0.065 0.5
6 0.424+0.19 | 0.12+0.05 | 20 | 0,56+0,18 0.7 0.03 | 0.02 1 4 0.08 0.6
7 0.30+0.07 | 0.09+0.06 | 23 | 0,56+0,18 0.7 0.03 | 0.02 2 0.079 | 0.64
8 0.25+0.08 | 0.09+0.06 | 22 | 0,56+0,18 0.7 0.03 | 0.02 | 0.8 2 0.067 0.5
Tiksi
1 8.42+0.16 | 0.66+0.29 | 62 | 0,35+0,13 | 0.53 | 0.09 0.3 0.3 1 0.08 0.53
2 6.64+8.61 | 1.11+0.92 | 38 | 0,45+0,15 | 0.65 | 0.06 0.1 0.3 1 0.086 | 0.65
3 4.69+£6.42 | 0.87+0.74 | 43 | 0,54+0,16 0.6 0.04 0 0 0 0.08 0.6
4 2.68+3.58 | 0.43+0.35 | 40 | 0,54+0,24 0.5 0.06 0 0 0 0.082 0.5
5 0.53+0.48 0.1+0.01 34 | 0,56+0,18 0.5 0.06 0 0 0 0.078 | 0.53
6 0.34+0.14 | 0.07+£0.07 | 29 | 0,56+0,18 0.6 0.04 0.4 0.3 1.2 0.08 0.6
7 0.334+0.09 0.13+0.02 22 0,56+0,18 0.51 0.04 0 1 0 0.074 0.49
8 0.39+0.07 | 0.13+0.03 | 18 | 0,56+0,18 0.6 0.03 | 0.19 0 0.4 0.07 0.5
Anadyr

1 7.52+9.71 0.72+1.13 75 0,35+0,13 0.5 0.037 0.1 1 0.4 0.06 0.46
2 2.84+2.72 0.07+0.04 61 0,45+0,15 14 0.001 0 0 0.075 0.8
3 0.78+0.54 0.1+0.11 63 | 0,54+0,16 0.5 0.04 0.1 0.5 2 0.06 0.5
4 0.41+0.38 0.1+0.12 38 0,54+0,24 0.57 | 0.045 1 0.5 0.06 0.085 0.7
5 0.35+0.28 | 0.17+0.26 | 24 | 0,56+0,18 | 0.62 | 0.038 0 0 0 0.065 0.6
6 0.324+0.19 | 0.13+0.23 | 19 | 0,56+0,18 | 0.65 | 0.05 0 0 0 0.08 0.6
7 0.25+0.05 | 0.07+0.07 | 16 | 0,56+0,18 | 0.63 | 0.048 0 0 0 0.079 | 0.64
8 0.24+0.03 | 0.11+0.11 16 | 0,56+0,18 0.8 0.06 0 0 0 0.067 0.5
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To assess the quality of reconstruction, the angular scattering coefficients of the dry matter of submicron aerosol py(e =
45°, )\ = 0.53 um) were compared with the measured data (Fig. 4). The values of the input parameters pgy(p = 45°, A =
0.53 um) and Mg were selected taking into account their standard deviations (Table 1). As is seen, the discrepancy
between mean measured and reconstructed values of pg(p = 45°, A = 0.53 um) does not exceed 15%. An exception is the
profile over Anadyr, where the discrepancy reaches 35% at the altitudes of 3 — 5 km. There are the altitudes where the
mass concentration of soot over Anadyr (see Fig. 2) varies within a wide range. Minimum discrepancy between the
measured and reconstructed values pgy(e = 45°, A =0.53 pum) is observed over Arkhangelsk and does not exceed 7%.

8 1

11{r
7] i —e— measured
: —e— calculated
6 .

\
i

17\

altitude, km

1'2'3'4'5'6'7'8'9
w(e = 45°, A =0.53 um), Mm 'sr’'

Figure 4 — Vertical profiles of the measured and reconstructed angular scattering coefficient of submicron aerosol fraction over
Arkhangelsk, Tiksi, and Anadyr.

Then the vertical profiles of the ambient scattering coefficient were reconstructed taking into account the average values
of relative humidity RH at corresponding altitude obtained from measurements at take-off and landing in each city. The
reconstructed profiles of the scattering coefficient and the profiles of relative humidity used for reconstruction are shown
in Fig. 5. Let us omit the detailed analysis of individual profiles of the aerosol scattering coefficients over three cities
under study and pay attention to the fact that in spite of significant variability of the input parameters, the characteristic
features of the vertical distribution of ¢ generally correspond to the profiles of the aerosol mass concentration (Fig. 1).

Spectral behavior of the single scattering albedo in the visible wavelength range was calculated for Arkhangelsk, because
the minimum discrepancy between the reconstructed and measured values of the angular scattering coefficients of the
aerosol dry matter was observed over this city. The results of such calculation are demonstrated in Fig. 6.
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Figure 5 — reconstructed spectral behavior of the aerosol scattering coefficient (left plots) and mean relative humidity (right plots) over
Arkhangelsk (a), Tiksi (b), and Anadyr (c)
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Figure 6 — reconstructed spectral behavior of the single scattering albedo in visible wavelength range at different altitudes over
Arkhangelsk

CONCLUSION

Vertical profiles of the mass concentration of submicron aerosol and absorbing matter were determined according to the
data of airborne sounding of the troposphere, obtained in the comprehensive experiment on the study of the composition
of the troposphere in the Russian sector of the Arctic in September 2020, over Arkhangelsk, Tiksi and Anadyr. The
analysis has shown that the vertical distributions of the mass concentrations of aerosol and absorbing matter in three
settlements in northern Russia have a similar character: maximum values are observed near the ground, and then they
decrease with altitude. The total submicron aerosol content in the atmospheric column 0 to 9 km over Arkhangelsk is 1.5
times greater than over Tiksi and 4 times greater than over Anadyr. The content of absorbing matter over Arkhangelsk is
3 times greater than over Tiksi and 1.6 times greater than over Anadyr.

The aerosol optical characteristics over three settlements under study are reconstructed based on the results of
measurements of the angular scattering coefficients of the dry matter of submicron aerosol in the frameworks of the
developed empirical model in the visible wavelength range at the altitudes of 1 — 8 km with the step of 1 km.

A significant range of variability in the mass concentrations of aerosol and "soot" in the troposphere over Arkhangelsk,
Tiksi, and Anadyr, observed in different sounding cycles, affected the results of reconstructing the optical characteristics.

In is shown that, in general, the discrepancy between the mean measured and reconstructed values pgy(p = 45°, L = 0.53
um) does not exceed 15%.

Minimum discrepancies no more than 7% are obtained for the data array of Arkhangelsk, and maximum discrepancies
up to 35% are in Anadyr, where big variations of the mass concentration of the absorbing matter were observed.
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