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Abstract: Considering the wide range of variability of all aerosol characteristics (especially in the
near-ground layer of the atmosphere near industrial centers), when creating a realistic empirical
model of optical and microphysical characteristics, the optimal dividing of the total data array
according to some multifactor signs is needed. In this paper, we analyze the main states of “dry”
aerosol on the basis of the results of long-term regular measurements in the near-ground layer of
the atmosphere near the city of Tomsk in 2000–2017. The following parameters were considered:
aerosol number concentration and size distribution function, total and angular scattering coefficients,
including the small-angle range 1.2◦ to 20◦, mass concentration and size distribution of absorbing
substances (equivalent black carbon), characteristics of the aerosol hygroscopic properties, and
spectral aerosol extinction of radiation on an open long path in the wavelength range 0.45 to 3.9 µm.
In our comprehensive study, we first proposed and developed an original approach (classification) to
study the optical and microphysical properties of atmospheric aerosol of various physicochemical
origins (background, smoke, smog, anthropogenic, etc.) based on dividing the entire data array
into characteristic subarrays (types of aerosol weather), which differ from each other in a different
combination of scattering and absorbing properties of particles. To divide the total data array into
types of aerosol weather including “Background”, “Haze-S”, “Smog”, and “Smoke haze”, the values
of the scattering coefficient of the dry aerosol matter σd(λ = 0.51 µm) = 100 Mm−1 and the ratio of
the mass concentration of the absorbing substance to the mass concentration of submicron aerosol
P = 0.05. The results showed that most of the seasonal average values of the aerosol parameters
analyzed in the paper are statistically significantly different when comparing various characteristic
types of scattering and absorbing atmospheric aerosol. The results of the research indicate that the
application of the developed classification of types of aerosol weather for the analyzed optical and
microphysical parameters of aerosol particles is quite effective and reasonable.
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1. Introduction

It is known that knowledge of the optical characteristics of atmospheric aerosols is needed to solve
a wide range of fundamental and applied problems (see, for example, [1–11]). Due to the observed
modern changes in the Earth’s climate system, one of the most complicated problems is to assess the
role of atmospheric particles in the formation of the radiation regime [3,8].
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This requires detailed information about aerosol scatter and absorption properties in the optical
wavelength range [9–11]. Obviously, it is impossible to provide the necessary accuracy when specifying
the optical and microphysical characteristics of atmospheric particles in modern climate models
without carrying out measurements at various spatial scales (local, regional, global).

The aerosol state at a given time, at a particular observation site, depends both on the history of the
air masses (in which, as they move in space, the aerosol composition is formed under the influence of
many sources and processes of natural and anthropogenic origins), and on relatively quickly occurring
processes directly in the period measurements. When creating approaches to the development of
dynamic models based on the measurement results, an important step is to determine the optimal
number of aerosol states that are most often realized at the observation point, similar to that usually
used to describe weather and climate in a particular geophysical region. Gorchakov [12] introduced
the term “optical weather” for continental conditions. The types of optical weather (haze, fog haze,
drizzle haze) were separated based on the scattering properties. Continuing research, it became
clear that only the scattering properties are not enough to identify the state of aerosol particles in the
atmosphere. The absorption properties of the particles also must be considered. Then, the term “aerosol
weather” was introduced [13]. This refers to the aerosol state at a given time at a particular observation
site, which can be represented as a combination of its principal characteristics: concentration, chemical
composition, particle size distribution function, growth factor, etc. Obviously, the most variable are
the aerosol characteristics in the near-ground layer of the atmosphere and those at observation sites
near large industrial centers. Here, in addition to the effects of large-scale processes (alternating air
masses, etc.), the intrinsic rhythms of anthropogenic impact are superimposed (industrial and motor
transport pollution types that have their own seasonal and diurnal cycles, which in turn depend
largely on weather conditions). Considering the wide range of variability of all aerosol characteristics,
when creating an empirical model, first of all, a certain typification of the total data array according
to some criteria is necessary. In [14], in order to select the main states of the complex of optical and
microphysical characteristics of the “dry” aerosol measured in the suburbs of Tomsk in all season, we
proposed a version of the classification according to the types of “aerosol weather”. At the first stage,
it was found that in all seasons, the main types of “aerosol weather” are reliably different in terms of
the ratio of the content of submicron and coarse particles. Based on these encouraging results, in the
present study, we analyze the whole complex of aerosol characteristics measured by our instruments.

2. Materials and Methods

2.1. Characterization of Measurement Site

Measurements of aerosol parameters (mass concentrations of the aerosol and absorbing substance
(soot), particle size spectrum) have been carried out at the Aerosol station of the Institute of Atmospheric
Optics of the Siberian Branch of the Russian Academy of Sciences (IAO SB RAS) [15], located in the
southeastern suburb of Tomsk (56◦28′ N, 85◦05′ E, the southeast of the West Siberian Plain) every hour
since 1997.

The region of Tomsk is characterized by continental climate (continental cyclonic type) with cold
winter (temperature can be below −40 ◦C) and hot summer (up to 35 ◦C). The mean temperature in
January is about −20 ◦C, and in July, it is about 20 ◦C. Winter lasts from November until March, and
summer is from June until August. Snow lays on average 181 days a year. Its average maximum height
is observed in March and is approximately 70 cm. South and southwest winds prevail in winter, spring,
and autumn. In summer, the winds of northern and eastern directions often occur in the region.

In Tomsk region there are vast forests and wetlands, which are the main sources of natural aerosol.
Significant sources of secondary aerosol are photochemical reactions in the atmosphere. A part
of the aerosol is brought to the atmosphere of Tomsk under the influence of long-range transport.
In particular, in summer, the Tomsk region is often influenced by smoke plumes of remote forest
wildfires in Eastern Siberia.
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In addition, the nearby industrial center also is a source of anthropogenic aerosol. The main urban
sources are motor vehicles, state district power plants, and in winter, stove heating. In winter, there are
often temperature inversions, which favor aerosol accumulation in the near-surface air layer.

2.2. Instrumentation and Techniques

Daily measurements of the dependences of the coefficient of aerosol scattering on the relative
humidity of the air (hygrograms) were started in 1998. They allow one to study the hygroscopic
properties of the particles. Round-the-clock, every-hour measurements of the angular scattering
coefficients I(ϕ) in the small-angle rangeφ = 1.2◦–20◦ at the wavelength of 0.65 µm were started in 2010,
and those of the size distribution of the absorbing substance (soot) began in 2013. Measurements of the
spectral transparency of the atmosphere on an along path are carried out mainly in the warm period
of the year from March until October with a periodicity of 1–3 h. The following parameters of the
atmospheric aerosol “dry matter” were used for analysis: the size distribution of aerosol particles,
scattering coefficients σd (λ = 0.51 µm) (where the index “d” means “dry”), mass concentration and size
distribution of the absorbing substance in the submicron aerosol fraction, angular scattering coefficients
in the small-angle range I(ϕ), characteristics of the aerosol hygroscopic properties, and the results of
measurements of the spectral transmission of the atmosphere in the wavelength range 0.45–3.9 µm on
a near-ground long path.

The particle size distribution function was measured in the diameter range d = 0.4 to 10 µm
by means of optical counters (in different years: AZ-5, AZ-10, and an instrument for Industrial
Control–Gases, Tubes, Aerosol, Russian abbreviation is PKGTA) [16].

Investigations of the absorbing substance in the aerosol composition were carried out using an
aethalometer (absorption photometer). The aethalometer was calibrated by a gravimetric method
using pure soot (black carbon). Therefore, in this article, we also use the terms “soot” and “black
carbon” (BC) to describe the properties of the absorbing substance of an aerosol, keeping in mind that
we are talking about the absorbing component as a whole. The parameters related to the absorbing
fraction are marked by the index “BC”. Measurements of the absorbing substance size distribution
were carried out by means of a diffuse spectrometer of soot [17,18], which is a combination of a selector
of particles (eight-stage diffuse battery of a grid type) and a Multiwavelength Differential Aethalometer
(MDA) designed at IAO SB RAS [18]. The method provides for measurements of the size distribution
of the mass concentration of soot in the size range 10 to 1000 nm.

Measurements of the spectral transparency of the atmosphere Т(λ) and determination of the aerosol
extinction coefficients β(λ) in the wavelength range 0.45 to 3.9 µm have been carried out since 2000 on
an 880-m long near-ground path by means of a two-channel multiwavelength photometer [19]. During
2000–2006, the random error δβ in determining the coefficients β(λ) was 8 to 14 Mm−1 in different
years. In 2007, because of technical reasons, the path on which the extinction is measured was moved
to another place. During 2007–2017, the error δβ was 37 to 54 Mm−1. Besides this, as the data show, its
new location turned out to be under higher anthropogenic loading. The different quality levels of the
data prevent combining them into one array. Considering the purpose of this work, an analysis was
made of the 2000–2006 array, which was obtained in less polluted atmospheric conditions. In addition,
the data on the spectral transparency of the atmosphere in winter are very few, so this parameter is
analyzed for three warm seasons: spring, summer, and autumn.

To study the transformation of the optical and microphysical properties of aerosol under the effect
of changing air humidity, a method was developed [20], which includes measuring the scattering
coefficients of aerosol particles at zero relative humidity (in a real experiment, humidity values usually
do not exceed 20–30%) and their changes during the process of artificial humidification.

Thus, the following time intervals were considered for the aerosol parameters:

• 2000–2017 for the angular scattering coefficient at the angle of 45◦, the mass concentrations of
aerosol and absorbing substance (soot, equivalent black carbon), the number, concentration, and
particle size distribution function, the parameter of condensation activity;
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• 2010–2017 for the angular scattering coefficients at small angles (1.2◦ to 20◦);
• 2013–2017 for the size distribution of the absorbing substance (equivalent black carbon); and
• 2000–2006 for the aerosol extinction coefficients.

A summary table of the average values of the measured and calculated parameters and their
standard deviations is given in Appendix A.

2.3. Aerosol Weather Classification Principle

A study of the factors of the formation of aerosol weather was begun in [13], and as the data
accumulated, in 2019, an attempt was made to analyze the differences in the particle size distribution
functions and the aureole scattering phase function in different types of aerosol weather [14].

In the framework of the proposed classification, the entire data array for each season was divided
into four types of “aerosol weather”: “Background”, “Haze-S”, “Smog”, and “Smoke haze”. We call
haze “Haze-S”, because the measurement site is located in a suburban area, and hence, we are dealing
with suburban haze. Separation by types of “aerosol weather” was carried out in the coordinates
“σd–P”, where σd is the scattering coefficient of the dry aerosol matter (λ = 0.51 µm), and P is the
ratio of the mass concentration of the absorbing substance to the mass concentration of submicron
particles [21]. Separation of the data array along the boundary σd = 100 Mm−1 was made based on
knowledge of the properties of one-parameter models of surface hazes [22]. The allocation of situations
according to P = MBC/MA, where MBC is the mass concentration of black carbon, and MA is the mass
concentration of submicron aerosols (P-criterion), was carried out on the basis of information about the
optical characteristics of the smoke of distant forest fires [21].

Figure 1 shows the percentages of different types of aerosol weather in the total data array
(2000–2017) [14]. Let us note that when analyzing the specific parameters relating to each type of
aerosol weather, the quantity of data may differ from that given in the general figure. In particular,
measurements of angular scattering coefficients in the range φ = 1.2 to 20◦ were started in 2010, and
measurements of the size distribution of absorbing substances were started in 2014.
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Figure 1. Percentage of occurrences of aerosol weather types in different seasons according to the data
set obtained in 2000–2017.
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The figure shows that the total proportion of situations related to the class of “Haze” (“background”
and “Haze-S”) in all seasons was 80–90%. The proportion of situations with high turbidity (“Smog” and
“Smoke haze”) was much smaller (10–20%). These types of weather have their specific a priori
sources of aerosol particles. In the first case, these are urban sources of pollution (boiler houses,
state district power plants, motor vehicles); in the second case, these are smoke plumes from remote
forest wildfires. Due to the specificity of the sources, it is clear that the aerosols in these types of
weather will have chemical and morphological compositions characteristic of this type of weather only.
Therefore, in addition to the formal division into types of aerosol weather, the other parameters in
smog situations should noticeably differ from those for the class of hazes.

Considering the rather formal separation of the haze class (“Background” and “Haze-S”),
one problem is to try to answer the question of whether such a separation is appropriate, or whether
the haze class can be considered a single type of aerosol weather.

3. Results and Discussion

3.1. Particle Size Distribution Function

3.1.1. A Technique for Correcting the Optical Counter Data Using the Aureole Scattering Phase
Function Data

Measurements of particle size distributions using optical counters are limited to a particle diameter
range of 0.4 to 10 µm. Obviously, to retrieve the aerosol optical characteristics in the visible and infrared
wavelength ranges, it is necessary to have information about the size distribution function from a few
hundredths up to at least tens of microns. It is known that when approximating the size spectrum
beyond the boundaries of the counters’ sensitivity, errors are unavoidable [16,23–26].

Earlier, when creating the tropospheric aerosol model, a procedure [27] was applied, where the
particle size distribution was represented by a superposition of two lognormal distributions: submicron
(i = sub–submicron) and coarse (i = c–coarse) particle fractions.

∆V
∆lnr

=
1
√

2π

n∑
i=1

Vi

lnSi
exp

− ln2 (r/ri)

2 ln2 Si

 (1)

Here, r is the particle radius; ln2Si is the geometric standard deviation of the mode i; ri and Vi are
the median radius and the volume concentration of mode i, respectively, and n = 2.

A comparison of the extinction coefficients reconstructed in the framework of the empirical model
and the measured aerosol optical depth [14,27–30] showed that the representation of the distribution
function with dispersion lnSsub = 0.8 is quite acceptable for wavelengths in the visible range and is
consistent with the results of many researchers [31–33].

The greatest problems in the comparison were observed in the near IR region, where the correct
data on the size distribution of coarse particles were obviously insufficient. Then, when approximating
and correcting the size distribution in this range, the width of the submicron fraction lnSsub = 0.8 was
fixed for all types of “aerosol weather” and seasons. The measured angular scattering coefficients I(ϕ)
in the range of scattering angles ϕ = 1.2◦ to 20◦ provide data on particle sizes up to 10 to 15 µm [34,35].

The size spectrum was corrected in several stages. At the first stage, a formal approximation of
the experimental data obtained in measurements by an optical counter of the form dV/dlnr of two
lognormal functions Vsub and Vc was carried out. To estimate the ratios of the concentrations of
submicron and coarse fractions, the volume concentration of the submicron fraction Vsub was taken to
be equal to 1, and the volume concentration of the coarse fraction Vc was calculated from the ratio
Vc/Vsub [25].

At the second stage, according to the Mie formulas, the angular scattering coefficients
were calculated in the angular range ϕ = 1.2◦ to 20◦. Then, the calculated and the measured
scattering coefficients normalized to the value of the scattering coefficient at an angle of 10◦
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were compared. The distribution parameters (the median radius, geometric standard deviations,
and the volume concentration) were determined by an iterative technique (the library fit technique).
The necessary number of iterations was chosen to ensure a minimum of discrepancy between
the calculated and measured values of the angular scattering coefficients in the small-angle range.
An example of the results of such a selection is presented in Figure 2. Here, the big hollow circles show
the data of the measured angular scattering coefficient, and the small solid squares show the calculated
data. The estimates show that the error in determining the scattering coefficients lies in the range of 3%
to 11%.
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3.1.2. Analysis of The Parameters of The Particle Size Distributions in Different Types of
Aerosol Weather

The values of the retrieved parameters of the distribution functions of the form given in Equation (1)
are presented in Appendix A. As can be seen from the data, the trend of an increasing median radius
of the submicron fraction rsub was observed for almost all seasons, from minimum values in the
“Background” conditions to maximum values in the conditions of “Smoke haze”. Only in winter was
the rsub value for “Smoke haze” slightly less than that for “Smog”, which is probably due to insufficient
data for this situation (the total proportion of smog and smoke situations in different seasons did not
exceed 10–20%). The maximum rsub values were observed in autumn in all types of aerosol weather,
and the minimum values are realized in summer in “Background” and “Haze-S”. The maximum
values of the median radius of the coarse fraction rc in the spring and summer are quite explainable by
the effect of the emission of coarsely dispersed particles from the open ground surface. It is also quite
obvious that the minimum values of rc in all types of aerosol weather are observed in the cold period,
when the ground surface is covered with snow.

We note that the lnSc value characterizing the distribution width of the coarse fraction was quite
stable in different types of aerosol weather. In summer, spring, and autumn, it was approximately the
same and varied in the range of 0.87–0.95. In winter in all types of aerosol weather, this parameter
takes on large values from 1.15 to 1.3.

3.2. Analysis of the Size Distribution of the Absorbing Substance (Equivalent Black Carbon) Concentration in
Different Types of Aerosol Weather

Studying the distribution of the absorbing substance over the size spectrum of atmospheric
aerosol is important for the development of correct models for calculating radiation-relevant optical
characteristics, primarily the aerosol single scattering albedo in the visible wavelength range.
This parameter determines the role of aerosols in the atmosphere as a cooling or warming factor,
causing aerosol radiation forcing in the atmosphere and climate change [36–42]. Information about
the equivalent black carbon (EBC) size distribution is also necessary for correct estimates of the mass
of absorbing substances falling to the surface at various distances from remote sources of industrial
pollution and smoke from wildfires, including in the Arctic region [38,43–45]. Detailed studies of
the dynamics of the optical and microphysical properties of absorbing atmospheric aerosols are also
important for the development of empirical aerosol models [27].

To study the peculiarities of the variability of the size distribution of the absorbing substance
(EBC) in various types of aerosol weather, its content in a submicron aerosol was analyzed as a function
of the diameter of aerosol particles in an approximation of a single-mode lognormal distribution [46]:

dVBC/d ln D = (VBC/(
√

2π × SBC)) × exp(− ln2(D/DBC)/(2× SBC
2)) (2)

where D (nm) is the diameter of aerosol particles, VBC (µm3/cm3) is the volume concentration of
the absorbing substance, DBC (nm) is the median diameter of EBC size distribution, and SBC is the
geometric standard deviation. In this section, we analyze the dynamics of the absorbing substance size
distribution in the form of the product of the volume concentration VBC and the normalized BC size
distribution function dVBC/dlnDnorm:

dVBC/dlnD = VBC × (dVBC/dlnD)norm (3)

This approach allows us to separately study the variability of the volume concentration of
black carbon, which characterizes its content in a unit volume of air, and the normalized to volume
concentration BC size distribution, characterizing qualitative changes in the distribution due to
variation of the shape parameters DBC and SBC.

During the period of measurements, a data array was obtained containing 959 measurements
of daily average size distributions of the absorbing substance. Based on these data, the average



Atmosphere 2020, 11, 20 8 of 20

normalized size distributions were calculated for the four seasons and types of aerosol weather, and the
main distribution parameters were determined: the average values of the volume concentration VBC,
the median diameter DBC, and the standard deviations SBC. The average seasonal size distributions
of the absorbing substance are shown in Figure 4, and their parameters are given in Appendix A.
The figure also shows the number of measurements in each type of aerosol weather.
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Then, we compared our data with the results of other researchers [43–45,47–52]. The obtained
ranges of variations in the mean values of the median diameter DBC are in good agreement with the
data of airborne measurements of the refractory BC (rBC) mass concentration using a single-particle
soot photometer (SP2) in the Canadian Arctic, presented in [44], from flights at the altitudes from 0.1
to 5.5 km in the summer of 2014 and in the spring of 2015. In these flights, the BC median diameter
varied from 160 in summer to 220 nm in spring. Close ranges of variation in DBC = 168 to 192 nm
were obtained in [45] from marine measurements of black carbon in aerosol particles over the Arctic
Ocean, Bering Sea, and North Pacific Ocean during September 2014. Let us note that according to
the data obtained earlier in ground-based and airborne measurements in different geographical areas
using different methods for selecting aerosol particles (impactor [45,49], electric mobility [52], and
SP2, analysis of individual particles [51,52]), a soot concentration mode with DBC values in the range
from 170 to 200 nm was regularly observed. In this case, the values DBC = 200 nm were observed in
industrial city conditions [50].

An assessment of the significance of differences in the distribution parameters by Student’s test
showed that statistical significance of the differences in the median diameter DBC in different weather
types is mainly observed in winter and summer, and significant differences in the average SBC values
were observed in summer and autumn (at a probability level of difference greater than 0.95).

To compare the distributions, let us consider in detail the situations related to the types of aerosol
weather “Background” and “Haze-S”. We see that significant differences in the distributions can be
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observed both near the mode (the diameter range of D = 100–300 nm, in which the root-mean-square
deviation (RMSD) values are highest) and in the ranges of small (D < 100 nm) and large (D > 300 nm)
particles. In winter, statistically significant differences in distributions were observed between all types
of aerosol weather in almost the entire considered size range. In spring, differences were significant
only when comparing situations of the haze class (“Background” and “Haze-S”) and the class of
smog and smoke haze. It should be noted that in the summer and autumn, significant differences are
observed between the distributions in aerosol weather types “Background” and “Haze-S” in the size
range near the median radius.

3.3. Aerosol Hygroscopic Properties in Different Types of Aerosol Weather

Knowledge of the dynamics of aerosol optical parameters with changes in relative humidity is
important for assessing radiative properties. Such information obtained experimentally is clearly not
enough for the whole set of atmospheric–optical situations realized in the environment [53]. There have
been attempts in the literature to connect aerosol properties, including hygroscopicity, with its chemical
and disperse composition, type of air mass, and direction of its transfer [54–57]. Most studies of aerosol
hygroscopic properties have been aimed at investigating the dynamics of size and optical constants of
particles with changing humidity [57–59], and only a few works have been devoted to studying the
actual optical and radiation-significant parameters [60–64].

Many researchers use the formula of the Kasten–Hänel type for a quantitative description of the
dependence of the angular scattering coefficient on the relative humidity of air [65,66]:

I = I0(1 − RH)−γ (4)

where I is the angular aerosol scattering coefficient, RH is the relative humidity of air, and γ is the
optical parameter of the aerosol condensation activity, which characterizes the change in the scattering
coefficient with variation in the relative humidity.

This formula is a one-parameter representation; the dependence becomes linear in the coordinates
lnI–ln(1 − RH), and the parameter γ characterizes the slope of the obtained straight line [67].
This representation is especially convenient in the cases of when to study condensation activity,
the drying method is used, and the scattering coefficient is measured at two values of relative humidity:
ambient atmospheric (in situ) and close to zero [63,64]. In our investigations, we apply the technique of
artificial humidification of the aerosol under study, which provided the possibility of detailed study of
the dynamics of the aerosol optical characteristics in different ranges of relative humidity. The seasonal
average values of the parameter γ in different types of aerosol weather are given in Appendix A.

The measurements showed that in the entire range of relative humidity under consideration, the
one-parameter representation in Equation (4) is valid only in a limited number of realizations [65];
in other cases, at a certain humidity value, a dramatic increase in the scattering coefficient was observed
due to the phase transition (dissolution) of the particle matter.

The seasonal features of the manifestation of the types of hygrograms were analyzed in [67,68], and
the following notations was introduced there: G0 is the type of hygrogram without phase transition, i.e.,
the dependence is described by Equation (4) with the same condensation activity parameter throughout
the entire range of relative humidity; G1 and G2 are the types of hygrograms with a phase transition,
which is conventionally called by us “angle” and “step”. In the first case, at a certain humidity value,
the rate of increase of the scattering coefficient changes, i.e., the two sections below and above the
“threshold” humidity value are characterized by their own values of the parameter γ. In the second
case, in addition to a changing rate of increase of the scattering coefficient with humidity, there is a
dramatic increase in a narrow range of relative humidity (1–2% wide).

In each of the identified types of aerosol weather, the frequencies were determined for when a
phase transition was recorded with an increase in relative humidity. The analysis showed that phase
transitions were observed only during aerosol weather such as “Background” and “Haze-S”, i.e., in
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slightly turbid situations. In situations of the types, “Smog” and “Smoke haze”, a phase transition
was recorded only in very few cases. Moreover, this, as a rule, was observed at a level of scattering
coefficient of aerosol dry matter that only slightly exceeded the value σd = 100 Mm−1, which we chose
as the “boundary” for the separation of aerosol weather types and is conditional. Therefore, detailed
analysis of the aerosol hygroscopicity here was carried out only for atmospheric situations of the types
“Background” and “Haze-S”.

Figure 5 shows the frequencies of each type for two kinds of aerosol weather: “Background” and
“Haze-S”. It was found in [68] that hygrograms with phase transition appear only under conditions of
σ < 100 Mm−1 (i.e., in the types of aerosol weather “Background” and “Haze-S”). Only these two types
are shown in Figure 5, because there is only one type of hygrogram (G0) under conditions of “Smog”
and “Smoke haze” [68]. As already noted in the analysis of the seasonal features of the appearance
of various types of hygrograms [67,68], the phase transition most often occurred in spring, and in
summer, their number is minimal. As the analysis showed, in the warm seasons (spring, summer,
autumn), the frequencies of phase transition of the aerosol matter during humidification were almost
the same in the “Background” and “Haze-S” types of aerosol weather. In winter, under “Background”
conditions, the frequency of phase transitions was almost two times higher compared to that under to
“Haze-S” conditions (43% and 20%, respectively).
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To assess the differences in the condensation activity parameter in the “Background” and “Haze-S”
arrays, the values γ were calculated in the relative humidity range of 30–90% without taking into
account the presence or absence of a phase transition. In this case, for hygrograms of type G0, this is an
experimentally observed parameter of condensation activity, and for dependences of types G1 and G2
(phase transition), it gives an idea of the average rate of increase of the angular scattering coefficient
with increasing relative humidity from 30% to 90%.

The seasonal average values of the parameter γ in different types of aerosol weather are given
in Appendix A. The estimates showed that significant differences in the value of the parameter of
condensation activity γ appeared in the data arrays “Background” and “Haze-S” only in spring.

3.4. Spectral Transparency of The Near-Ground Atmosphere

The average values and RMSDs of the aerosol extinction coefficients β(λ) at different wavelengths
for different seasons and types of aerosol weather are presented in Appendix A.

To describe the spectral dependences of the total aerosol extinction coefficients β(λ) in the
wavelength range 0.45–0.83 µm, the Angstrom formula was applied:

β(λ) = B·λ−α (5)

The parameter B denotes the extinction coefficient at the wavelength of 1 µm, and the exponent
α characterizes the slope of the spectral dependence of the coefficients β(λ) in the considered
wavelength range. The parameters α and B were calculated for each obtained realization β(λ); their
average values and RMS deviations are also given in Appendix A. Estimation of the reliability of
differences in the parameters α and B in different types of aerosol weather showed that in all seasons,
the Angstrom exponent α and the parameter B in the arrays “Background” and “Haze-S” are different.

Let us note that on an open atmospheric path, there are almost always coarse aerosol particles
of various origins (dust, organic matter, droplets of fog). For a correct analysis of the results, it is
necessary to divide the total aerosol extinction of radiation into components due to submicron and
coarse particles. To separate the coefficients β(λ) into components associated with submicron (sub)
and coarse (c) aerosols, it was assumed that aerosol extinction at a wavelength of 3.9 µm is caused
only by coarse aerosol, and that the spectral dependence of the extinction of radiation by the coarse
aerosol fraction is not related to the wavelength. In this case, the aerosol extinction component due to
submicron aerosol βsub(λ) can be represented as:

βsub(λ) = β(λ) − β(3.9) (6)

Such an approach to the separation of the aerosol extinction into components was previously used
when analyzing the results of measurements of aerosol optical depth [29,69].

For each spectral dependence obtained, the parameter CD = β(3.9)/β(0.55) was calculated,
which is equal to the ratio of the aerosol extinction coefficients measured at wavelengths of 3.9 µm
(characterizes extinction by the coarse fraction) and 0.55 µm (total extinction by submicron and
coarse aerosols). This parameter corresponds to the fraction of extinction of radiation by a coarse
aerosol at a wavelength of 0.55 µm. Figure 6 shows histograms of the distribution of the CD parameter
for three seasons.

A comparison of this parameter in the data arrays “Background” and “Haze-S” showed that the
Angstrom exponent α and the parameter CD = β(3.9)/β(0.55) were different in all seasons (spring,
summer, autumn).
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3.5. General Remarks

Before proceeding to the analysis of the results obtained, let us note that the main purpose of our
long-term comprehensive studies of the aerosol optical and microphysical characteristics is to create an
empirical model of a regional scale, where an important step is to determine the optimal number of
measured input parameters. Based on the experience of creating such models, it is obvious that the
large range of variability of aerosol characteristics in the near-ground layer of the atmosphere will
not allow us to find the minimum necessary set of parameters without a definite classification of their
most typical realizations.

The classification considered in this paper (based to a certain extent on an intuitive definition
of the boundaries) according to types of aerosol weather is only the first step to highlight the basic
states of the optical and microphysical characteristics of the “dry” aerosol matter measured in the
near-ground layer of the atmosphere in the suburbs of Tomsk. The analysis of the aerosol particle
size distribution function, aerosol scattering coefficient σd (λ = 0.51 µm), mass concentration and size
distribution of the absorbing substance in the submicron aerosol fraction, angular scattering coefficients
in the small-angle range I(ϕ), characteristics of the aerosol hygroscopic properties, and the results of
measurements of the spectral transmittance of the atmosphere in the wavelength range 0.45 to 3.9 µm
on a long open near-ground path showed that for most of them, in each season, reliable differences
in the various types of aerosol weather were observed. Obviously, the types “Smog” and “Smoke
haze”, which we consider as separate classes, were observed in less than 30% of cases, differ a priori
already in the given coordinates “σd–P”, and have well-defined aerosol sources. So, let us discuss
in more detail the results obtained in the class of “Haze” (“Background” and “Haze-S”). To do this,
let us consider Table 1, where an assessment of the level of significance of differences in the parameters
between the aerosol weather types “Background” and “Haze-S” is presented.
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Table 1. Estimation of significance of differences between the aerosol weather types Background
and Haze-S.

Parameter Winter Spring Summer Autumn

Nf/Nc X X X 0.90 < p < 0.95
I20/I1.2 X X X 0.90 < p < 0.95
DBC X 7 X 7

SBC 0.90 < p < 0.95 0.90 < p < 0.95 0.90 < p < 0.95 X
CD = β(3.9)/β(0.55) – X X X

α – X X X
γ 7 X 7 7

proportion of hygrograms
with phase transition X 7 7 7

X confidence level >95%; 7 differences are not significant. «–» differences not estimated.

Let us emphasize that the proposed classification is based on analysis of the measurement data of
the aerosol “dry matter” by means of various methods and instruments. Obviously, each of them most
correctly represents the role of particles of only a limited size range. To construct an empirical model
suitable for assessing the whole complex of aerosol optical characteristics, undoubtedly, a next stage of
correction of the input parameters based on a comparison of the results of retrieval and measurements
in the real atmosphere will be required.

Figure 7 shows an example of a comparison of model calculations (input parameters taken
from Appendix A for summer, “Haze-S”) and the average values of the measured angular scattering
coefficients and spectral extinction coefficients. The values of the angular scattering coefficients in
absolute units in the small-angle range (Figure 7a) begin to differ only in the angular range < 3◦, which
is quite expected because of the large variability of the contribution of particles with size greater than
5 µm and do not go beyond the range of standard deviations of the measured I(ϕ). In turn, the data
from direct calculation (Appendix A, summer, “Haze-S”) of the spectral behavior of the extinction
coefficients in the visible wavelength range (Figure 7b) are approximately 30% lower than the measured
average values. By increasing the total volume of the submicron fraction by 30%, we could achieve a
very good agreement between the measured and retrieved values (Figure 7b).
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Figure 7. Comparison of measured and calculated values of angular scattering coefficient (a) and
spectral behavior of the extinction coefficients in the visible wavelength range (b).

The presented example illustrates the algorithm for further development of the empirical model
and adequate correction of its input parameters, and the results obtained already at this stage inspire
some optimism in the correctness of the chosen direction.
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4. Conclusions

Summarizing the material presented, we can conclude that most of the aerosol characteristics
in different types of aerosol weather significantly differ. However, it was shown that in the warm
season, these arrays are not distinguishable on average by the condensation activity parameter, which
apparently opens up the possibility of using the available measurement data when retrieving the
dependence of the optical characteristics on the relative air humidity for the entire class of hazes as
a whole.
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Appendix A

Table A1. Average values and root mean square(rms) deviations (in parentheses) of the atmospheric aerosol parameters.

Season Type of Aerosol
Weather

Particle Size Distribution Function Ratio of Angular
Scattering Coefficients

rsub, µm
After Correction by Angular Scattering Coefficient Before Correction

Nf/Nc I(20◦)/I(1.2◦)
rc, µm lnSc Vc/Vsub rc, µm lnSc Vc/Vsub

Spring

Background 0.03 (0.003) 3.8 0.95 0.18 3.25 0.68 0.04 68 (50) 0.068 (0.050)

Haze-S 0.039 (0.001) 3.9 0.95 0.45 3.76 0.71 0.11 64 (51) 0.056 (0.040)

Smoke haze 0.05 (0.006) 4.1 0.95 0.38 3.79 0.84 0.10 97 (57) 0.116 (0.107)

Smog 0.036 (0.003) 4.1 0.95 0.14 4.14 0.81 0.04 100 (43) 0.114 (0.072)

Summer

Background 0.026 (0.005) 3.5 0.90 0.12 3.24 0.64 0.024 60 (39) 0.053 (0.023)

Haze-S 0.032 (0.011) 3.6 0.87 0.38 3.20 0.60 0.06 48 (34) 0.039 (0.016)

Smoke haze 0.086 (0.012) 3.3 0.90 0.16 2.53 0.62 0.313 93 (48) 0.172 (0.106)

Smog 0.042 (0.005) 3.3 0.90 0.25 2.96 0.62 0.07 71 (33) 0.068 (0.047)

Autumn

Background 0.042 (0.003) 3.2 0.90 0.26 2.79 0.60 0.06 83 (70) 0.078 (0.035)

Haze-S 0.047 (0.007) 3.4 0.90 0.48 3.09 0.63 0.15 75 (65) 0.066 (0.044)

Smoke haze 0.102 (0.02) 2.8 0.95 0.28 3.58 0.93 0.35 96 (72) 0.190 (0.078)

Smog 0.71 (0.011) 3.2 0.90 0.55 3.24 0.66 0.29 78 (59) 0.101 (0.078)

Winter

Background 0.035 (0.004) 3.0 1.25 0.1 2.95 0.77 0.03 108 (86) 0.150 (0.068)

Haze-S 0.0435
(0.005) 3.0 1.25 0.2 3.52 0.84 0.068 117 (128) 0.135 (0.061)

Smoke haze 0.043 (0.010) 3.0 1.15 0.12 3.25 0.80 0.053 107 (45) 0.154 (0.062)

Smog 0.056 (0.008) 3.1 1.3 0.19 3.61 0.93 0.094 131 (115) 0.167 (0.047)
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Table A2. Table A1 continued.

Season Type of Aerosol Weather
BC Size Distribution Extinction Coefficients, Mm−1

α B γ
DBC, nm SBC λ = 0.45 λ = 0.55 λ = 0.69 λ = 1.06 λ = 3.9

Spring

Background 175 (18.5) 0.64 (0.16) 204 (104) 159 (78) 122 (65) 93 (56) 69 (51) 1,07 (0,45) 96 (56) 0.426 (0.12)
Haze-S 167 (16) 0.67 (0.13) 227 (113) 180 (89) 140 (78) 114 (70) 89 (69) 1,00 (0,42) 115 (71) 0.305 (0.14)

Smoke haze 192 (3.2) 0.52 (0.05) 367 (192) 281 (148) 204 (108) 128 (67) 78 (56) 1,14 (0,36) 161 (79) 0.183 (0.040)
Smog 175 (17.7) 0.56 (0.11) 373 (145) 289 (114) 218 (92) 152 (79) 115 (79) 1,31 (0,41) 138 (70) 0.130 (0.060)

Summer

Background 173 (18.1) 0.66 (0.12) 202 (76) 166 (62) 124 (52) 95 (44) 64 (26) 1,02 (0,29) 98 (45) 0.230 (0.12)
Haze-S 163 (14.4) 0.63 (0.11) 213 (71) 172 (58) 134 (47) 106 (41) 76 (31) 0,90 (0,27) 109 (41) 0.215 (0.10)

Smoke haze 182 (20.4) 0.71 (0.10) 336 (129) 268 (111) 192 (77) 135 (50) 82 (28) 1,15 (0,15) 118 (28) 0.066 (0.060)
Smog 170 (20.5) 0.72 (0.08) 276 (46) 215 (36) 158 (21) 117 (32) 75 (15) 1,17 (0,32) 139 (51) –

Autumn

Background 169 (15.6) 0.65 (0.09) 237 (113) 193 (85) 150 (69) 110 (62) 85 (44) 1,00 (0,38) 116 (62) 0.305 (0.16)
Haze-S 168 (13.6) 0.61 (0.08) 225 (113) 180 (90) 146 (73) 118 (64) 90 (46) 0,81 (0,40) 122 (64) 0.302 (0.12)

Smoke haze 178 (17.2) 0.74 (0.10) 434 (308) 381 (295) 283 (221) 155 (92) 86 (34) 1,06 (0,33) 175 (82) 0.203 (0.063)
Smog 167 (36) 0.69 (0.15) 386 (184) 310 (157) 238 (121) 164 (79) 110 (51) 1,21 (0,35) 172 (108) 0.222 (0.082)

Winter

Background 199 (24.8) 0.60 (0.15) – – – – – – – 0.301 (0.11)
Haze-S 186 (24) 0.65 (0.15) – – – – – – – 0.285 (0.11)

Smoke haze 218 (7.10) 0.55 (0.05) – – – – – – – 0.226 (0.061)
Smog 188 (29) 0.67 (0.14) – – – – – – – 0.216 (0.079)
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