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Abstract—We present the results of comparative characterization of fractional composition of surface aerosols
in the period of summer vegetation and winter dormancy of woody plants in the boreal zone of Western Sibe-
ria. The article presents statistics on the size distribution of acrosol particles at the Fonovaya Observatory of
IAO SB RAS (Tomsk Region) from July 1, 2022, to June 30, 2023. The analysis of the ratios of aerosol frac-
tions revealed a paradoxical situation, where the number concentration of aerosol particles 0.3—2.0 um diam-
eter turned out to be significantly higher in winter than in summer. A phenomenological model is suggested
which describes this effect as a manifestation of the action of radiometric forces.
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INTRODUCTION

The effect of the feedback mechanism in the “for-
est—aerosols—climate” system has been actively stud-
ied in the framework of the hypothesis, first formu-
lated in work [1]. This hypothesis states that the global
increase in air temperature and CO, concentration in
the atmosphere entails the intensification of activity of
photosynthesis and the growth of biomass of plants. It
is noted that this should lead to the increased emission
of non-methane biogenic volatile secondary organic
aerosols in boreal forests [2]. However, photosynthetic
enzymes are effective only in the warm season. At the
same time, researchers overlook such an important
additional source of secondary aerosols as the prod-
ucts of metabolic reactions synthesized by certain
plants in the winter period [3]. These are coniferous
plants, occupying about 80% of the area of boreal for-
ests in Russia [4], as well as epiphyte lichens.

It is now becoming clear that lichens can influence
the chemical composition of the atmosphere. For
instance, volatile organic compounds (exometabo-
lites) released by lichens to the environment exhibit

high chemical activity [5]. After entering the environ-
ment, they favor the generation of secondary aerosols
and their growth [5, 6]. In this regard, we note that the
effect of exometabolites of coniferous plants and epi-
phyte lichens on the size distribution of surface aero-
sols during the winter dormancy period of plants is as
yet poorly studied.

The purpose of this work is to study the specific
features of the dynamics of the distribution of number
concentration of surface aerosols in different vegeta-
tion phases of deciduous and coniferous trees.

MATERIALS AND METHODS
Method of Measuring Aerosol Number Concentration

The continuous measurements of aerosol particle
size distribution were carried out using a Grimm 1.108
aerosol spectrometer [7] installed at the Fonovaya
Observatory (Institute of Atmospheric Optics, Sibe-
rian Branch, Russian Academy of Sciences, Tomsk
(IAO)). The number concentration (N, dm™3) of aero-
sols in the diameter (d) range from 0.3 to 20 um

206



DYNAMICS OF DISTRIBUTION OF AEROSOL FRACTIONS

)

° 30t

)

3 20f

[av]

g 10 |

E ol - " AUW

]

%D—IO— VW

%—20-

2-30

o] 1 1 1 1 1 1 1 1 1 1 1 1 J

A JLAS OND J FMrAp M Jn J1
2022 2023

Fig. 1. Time interval for the warm (red curve) period of
photosynthesis, with a mark of its beginning on April 20,
2023, and for the cold period (blue curve), with a mark of
its beginning on October 26, 2022; from here on, J stands
for January, F for February, Mr for March, Ap for April,
M for May, Jn for June, J1 for July, A for August, S for Sep-
tember, O for October, N for November, and D for
December.

divided in 15 subranges was hourly measured for
10 min with preliminary 3-min isokinetic pumping
from an airflow in a wind tunnel from the altitude of
4.9 m.

Statistical Estimate of Time Dynamics
of Size Spectrum of Surface Aerosol

The statistical parameters of the size distribution of
surface aerosols were calculated from a sample com-
piled using a continuous measurement time series
within the time interval from July 1, 2022, to June 30,
2023. This sample encompasses the entire phase of the
winter plant dormancy during winter 2022/23; the
sample size was 8760 hourly observations. Servicing
software was written to work with the sample and to
estimate how the size spectra of surface aerosols are
related to meteorological data.

Substantiation of the Choice of Temperature
Limits for Photosynthesis

At temperatures from 0 to +10°C, the enzymes
responsible for photosynthesis are inefficient, and this
reduces the photosynthesis rate. At the same time, the
temperature limits within which photosynthesis can
occur differ for plants in different climatic zones. For
instance, the minimal temperature for plant photo-
synthesis in the temperate and middle latitude belt is
~0°C; while for tropical plants it is +5 to +10°C.
Therefore, in this paper, the time limits of the warm
and cold periods in the plant life cycle are referenced
to the dates with a certain temperature mark. The start
(end) of the warm period of photosynthesis for the
study area was counted off from the date when the
daily average temperature was established to be above
(below) 0°C. The start of the cold period was set to the
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date of establishing the daily average temperatures
below 0°C; and the cold period ended when the daily
average temperature was stably above 0°C (Fig. 1).

Statistical Processing

In this paper, samples were handled using the
median, which is convenient in that it is not very sen-
sitive to the occurrence of individual extreme values in
the sample. The median is an asymptotically normal
random quantity described by the Weibull distribution
function [8]. This function better characterizes the
data for which the presence of normal, logarithmically
normal, or any other distribution law is difficult to
anticipate. The median can be applied even if a set
under study comprises a certain number (up to 25%)
of “zero” samples.

The median is more stable than the arithmetic
mean under the conditions of excessive (sharp-
topped) distributions and, more importantly, it does
not depend on the distribution law of a random quan-
tity, because its position does not change upon any
calculation transforms of the parameter under study.
This latter is very important in our situation, when a
single type of particle distribution can hardly be antic-
ipated beforehand for each aerosol size fraction. The
seasonal dynamics of the size distribution of surface
aerosols were visualized using columnar and linear
diagrams. The former were plotted using median val-
ues, and the latter were plotted using the sliding aver-
age. This latter made it possible to smooth out sharp
peaks and to identify the common tendencies in sea-
sonal dynamics of the size distribution of aerosol par-
ticles.

Trajectory Analysis of Air Mass Transport

The trajectory analysis over the observation site
was carried out using 7-day back trajectories calcu-
lated by refined method [9] using the trajectory model
NOAAHYSPLIT 4 [10] and based on the grid archive
of meteorological data NCEP GFS1p0 with a resolu-
tion of 1° in longitude and latitude. The calculations
took into account only those fragments of air mass
transport trajectories, which fell within the regional
atmospheric boundary layer (ABL) until their arrival
at the lower troposphere over the Fonovaya Observa-
tory. In other words, if a trajectory fragment in any
region was above the ABL, it was not used in the trans-
port probability calculation. The calculations were
performed for all levels above the surface from 100 to
2100 m with a step of 100 m for the lower troposphere.
Back trajectories started in backward model time
(ended in real time) at all indicated levels every hour
(00:00 UTC, 01:00 UTC, etc.) in the period from July 1,
2022, to June 30, 2023. The thus obtained back trajec-
tory set was used, applying method [11], to calculate
the fields of the monthly average probability of air par-
ticle transport in the regional-scale ABL, which allows
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us to judge the potential aerosol sources for the lower
troposphere over the Fonovaya Observatory.

RESULTS AND DISCUSSION

Comparative Analysis of Relationship between Surface
Aerosols Fractions in Warm and Cold Periods
of Photosynthesis

The results of statistical processing of the sample
are presented in Table 1. Note the strong dispersion of
the coefficients of variation for aerosol particles with d
from 0.3 to 3.0 um. The coefficients of variations vary
from 118 to 214% (93—124%) for the warm (cold)
period. Such values for the cold period are due to the
absence of emissions of biogenic volatile secondary
organic aerosols associated with deciduous trees. At
the same time, the relatively sharp increase in the
coefficient of variations for aerosol particles with d >
3.0 um is associated with the winter effect of local
sources [12].

If we compare the average number concentrations
of surface aerosols (Fig. 2), we can note that they are
paradoxically lower in the warm period than in the
winter period of photosynthesis, despite the fact that
the total area of leaf surface is incomparably larger in
summer than in winter forest canopy. This is because
the lifetime of summer aerosols is shorter than the life-
time of winter aerosols.

Aerosols can deposit onto the Earth’s surface due
to turbulent and gravitational sedimentation, as well as
due to washout by precipitation (moist deposition).
However, if we consider the aerosol particle deposition
rate as a function of the particle diameter, the sedi-
mentation mechanism for small particles (with d from
0.01 to 10.0 um) is predominantly determined by tur-
bulent diffusion [13]. On the contrary, the gravita-
tional sedimentation becomes more important if the
particle diameter >10.0 um. However, the wintertime
increase in the number concentration of particles with
d = 0.3-0.4 to 1.6—2.0 um gives grounds to believe
that the manifestation of these two mechanisms in
winter is complicated by the effect of radiometric pho-
tophoresis.

Snow cover under any conditions, and even at the
lowest temperature, emits intrinsic heat in the form of
longwave radiation and shows a high ability to reflect
solar radiation. In the field of infrared radiation leav-
ing the snow cover, positive, so-called snow, photo-
phoresis [3] and the associated subvertical motions of
aerosols counteracting the gravity force (photopho-
retic levitation [ 14]) can occur. Evidently, snow photo-
phoresis can be a significant seasonal factor of vertical
aerosol transport in the field of infrared radiation
formed over the snow cover. Therefore, the observed
paradoxical effect of the wintertime increase in the
number concentration of fine aerosols stems from
snow photophoresis, when turbulent sedimentation of
fine aerosol in the surface air layer is already ineffec-
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Fig. 2. Relationship of the number concentrations of sur-
face aerosol in the warm (gray columns) and cold (black
columns) period of photosynthesis among different frac-
tions of surface aerosol: d = 0.3—0.4 (columns 7); 0.4—0.5
(columns 2); 0.5—0.65 (columns 3); 0.65—0.8 (columns 4);
0.8—1.0 (columns 5); 1.0—1.6 (columns 6); 1.6—2.0 (col-
umns 7); 2.0—3.0 (columns &); 3.0—4.0 (columns 9);
4.0—5.0 (columns /0); and 5.0—7.5 um (columns 71).

tive, while the gravitational sedimentation is still inef-
fective. This gives rise to diffusion-gravitational equi-
librium, where particles hang above (levitate) over the
snow cover in the field of infrared radiation emitting
by the snow cover. This increases the aerosol lifetime
in the winter forest canopy and leads to an increase in
the number concentration of aerosol particles of cer-
tain sizes, being the fractions with d = 0.3—0.4 to 1.6—
2.0 um in our case.

Features of Dynamics of Fractional Composition of
Surface Aerosols in Summer Vegetation and Winter
Dormancy of Woody Plants

The daily and seasonal dynamics of the size spec-
trum of surface aerosols were estimated using contin-
uous measurement series from July 1, 2022, to June
30, 2023. The continuous measurements of aerosol
distribution in specific periods of time were repre-
sented graphically using servicing software to visualize
the specific features of the dynamics of distribution of
aerosol fractions in different vegetation phases of
deciduous and coniferous plants (Fig. 3). In order for
all dynamics of aerosol size fractions to be displayed
simultaneously in a single row in a chosen time inter-
val, the range of the ordinate axis in the monthly dia-
grams was determined from maximal and minimal
median values of aerosol number concentration
recorded for each size range.

Figure 3 shows predominance of particles with d =
0.3—4.0 um in December, January, and February in
the surface atmosphere. After sap flow and bud swell-
ing begin in deciduous plants, the concentration of
small particles with d = 0.3—0.65 um is barely detect-
able. However, after the leaves are out and until trees
are completely covered with leaves (May to June),
almost the entire range of particles is detected in the
surface atmosphere. Then, in midsummer (July) in the
Vol. 38
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Fig. 3. Daily dynamics of the number concentrations of fractions of surface aerosol (morning measurements are highlighted by

red).

blooming and ovary phase, “disappearance” of fine
(d= 0.3—1.6 um) and coarse (d = 4.0—7.5 um) frac-
tions and dominance of the medium-size (d = 1.6—
4.0 um) fraction is recorded. The relationship among
fractions again changes with the advent of the fruiting
phase (August): fine and medium-size fractions are
stably recorded in the surface atmosphere, with the
coarse fraction becoming almost indiscernible.

Particles from 1.6 to 7.5 um diameter are clearly
predominant in the leaf blossoming and leaf fall phase
(September). The period of transition to winter dor-
mancy lasts for two months (October and November).
The minimal number concentration of surface aero-
sols in all size intervals is recorded in this time. Then,
the winter growth in emissions from coniferous trees
and epiphyte lichens is observed, which are strongly
obscured in the warm period of photosynthesis not so
much due to the emissions from deciduous trees, but
due to the growth of aerosol particles as a result of
summertime turbulence activation in the forest can-

opy.

Thus, the graphical technique used for visualizing
the results of statistical analysis of time evolution of
aerosol number distribution coupled with phenologi-
cal phases makes it possible to estimate in a new way a
likely contribution of woody plants to the regional-
scale aerosol climate.

ATMOSPHERIC AND OCEANIC OPTICS

Correlation between Meteorological Parameters
and Number Concentration of Size Fractions
of Surface Aerosols

The correlation analysis was carried out to identify
the character of the interrelation between meteorolog-
ical parameters and the number concentration of size
fractions of surface aerosols. Based on it, we singled
out two groups of particles (d = 0.3—2.0 and 2—
7.5 um). There is a week negative correlation with the
temperatures in group 1, and a positive correlation in
group 2 (Table 2).

However, these correlations should not be under-
stood as a decrease in the concentration of fine aerosol
fractions and a growth of the content of large particles
with decreasing temperature. The correlation coeffi-
cient in group 1 becomes negative only when data for
late December and November are taken into consider-
ation (if these months are disregarded, the correlation
coefficient is positive, as in group 2). Possibly, the vol-
ume of emissions in group 1 increases in this period for
other reasons; however, the temperature in late
November—December decreases, resulting in the neg-
ative correlation. If this is accepted, the presence of the
negative correlation between the temperature and the
growth in the number concentration of large particles
indicates indirectly that the aerosol lifetime increases
in the period of winter plant dormancy. As a result, the
Vol. 38
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Table 2. Correlations between meteorological parameters and the number concentrations of aerosols from different size

fractions
d, um
Meteorological
parameter group 1 group 2

0.3-0.410.4—0.5|0.5—0.65|0.65—-0.8|0.8—1.0 | 1.0—1.6 | 1.6—2.0 [2.0—3.0 [ 3.0—4.0 |4.0—5.0 | 5.0-7.5
T —0.13 | —0.20 | —0.35 —0.42 |—0.41 |—0.27 0.12 0.51 0.49 0.34 0.31
Trin —0.15 | —0.21 —0.35 —0.43 |—0.42 |—0.29 0.07 0.45 0.42 0.28 0.25
T ax —=0.10 | —0.17 —0.31 —0.39 |—0.37 |—0.23 0.17 0.56 0.53 0.38 0.36
P 0.12 0.16 0.27 0.32 0.30 0.19 | —=0.06 | —0.31 |—0.28 | —0.10 | —0.12
P 0.12 0.17 0.28 0.33 0.31 0.19 | —0.07 | —0.33 |—0.29 | —0.12 | —0.13
U 0.05 0.06 0.05 0.03 —0.06 | —0.21 |—0.35 | —0.37 | —0.32 | —0.36
44 0.01 | —0.01 —0.05 —0.08 |—0.09 |—0.05 0.11 0.29 0.30 0.26 0.23
T, —0.13 | —0.19 | —0.34 —0.42 |—0.41 |—0.28 0.09 0.46 0.43 0.28 0.25
RRR —0.06 | —0.06 | —0.08 —0.09 |[—0.08 |—0.06 | —0.02 0.01 |—0.03 |—0.08 |—0.09
888 0.27 0.33 0.45 0.52 0.51 0.43 0.15 | —0.24 | —0.29 | —0.23 | —0.22

Meteorological data are imported from https://rp5.ru/Weather_in_Kozhevnikovo, Tomsk_olast. Here, 7 is the temperature;
Py is the atmospheric pressure at station altitude; P is the atmospheric pressure reduced to the mean sea level; U'is the relative humidity; V'V
is the horizontal visibility range; 7 is the dew-point temperature; RRR is the precipitation amount; and sss is the height of snow cover.

number of large aerosols increase in each particle size
range. This is very similar to the domino effect, when
the particle growth (coagulation) wave passes from
one size range to the neighboring one.

Aerosol Effects during Long-Range and Regional
Transports: Anomalous Character of Aerosol Field

Correlation coefficients (Table 3) were calculated
to estimate the relationships between the concentra-
tions of aerosol fractions. One can note that the size
fractions are divided into two blocks with respect to
cross-correlations. The first block comprises the par-
ticles with d = 0.3—0.4; 0.4—0.5; 0.5—0.65; 0.65—0.8;
0.8—1.0; 1.0—1.6, and 1.6—2.0 um, and in the second
block includes particles with d = 2.0-3.0; 3.0—4.0;
4.0-5.0, and 5.0—7.5 um. It is noteworthy that there is
a high positive cross-correlation inside these blocks
(bolded in Table 3).

An examination for the presence of interrelation
between the number concentrations of aerosols of dif-
ferent sizes and meteorological parameters using a
multiple regression model (the dependence of the
concentration of each fraction on all weather variables
at once) gave no results: the coefficients of determina-
tion were low. The inclusion in the calculations of
weather parameters with a lag revealed no significant
correlations as well. However, we revealed one strange
circumstance: many quite significant bursts in the
number concentration of surface aerosols in the final
data. In Fig. 4, these bursts are shown as peaks with
marks above the line represented by a sliding average.
These peaks are not associated with the weather con-
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ditions; however, they make quite a significant contri-
bution to the statistics. These peaks show no time peri-
odicity. However, if this circumstance is considered in
combination with the dynamics of the distribution of
aerosol fractions in different phenological phases, the
number concentration of large aerosols increases due
to aggregation of small particles, the concentration of
which increases due to their excessive generation
during photosynthesis in the warm period.

On the contrary, deciduous trees do not participate
in the generation of secondary organic aerosols in win-
ter; therefore, the contribution of biogenic volatile
secondary organic aerosols in the wintertime aerosol
field over the Fonovaya Observatory is totally con-
trolled by coniferous trees and epiphyte lichens.
Against this background, the winter and autumn
bursts of excessive concentration of aerosols may be
both due to local sources [12], and to long-range
transport.

The probability of the air mass transport from
droughty belt in the south of Russia within the bound-
aries 40°—50° N, 50°—80° E (Kazakhstan and north of
the Aral—Caspian arid region) is much larger in the
cold (October—March) than the warm (April—Sep-
tember) season (Fig. 5) [9, 15]. Hence, the effect of
mineral aerosols cannot be totally excluded, though
according to satellite (Aqua-AMSR) measurements,
in 2022—2023 in this droughty region, soil was much
wetter in the cold season than in the warm (Fig. 6).

It should be noted that the high occurrence fre-
quency of long-range transitions from the Aral—Cas-
pian region gives grounds to consider it as the main
off-season source of fine aerosol fraction, because,

2025
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Table 3. Correlation between the number concentrations in different aerosol size fractions
d,um |0.3—0.4]0.4—0.5]0.5—0.65|0.65—0.8| 0.8—1.0 | 1.0—1.6 | 1.6—2.0 | 2.0—3.0 | 3.0—4.0 | 4.0-5.0 | 5.0-7.5
0.3-0.4 1
0.4-0.5 | 0.99 1
0.5—0.65| 0.94 0.97 1
0.65—0.8 | 0.89 0.92 0.98 1
0.8—1.0 0.87 0.90 0.96 0.99 1
1.0—1.6 0.85 0.86 0.91 0.94 0.97 1
1.6—2.0 | 0.73 0.71 0.70 0.71 0.76 0.88 1
2.0-3.0 0.29 0.24 0.18 0.16 0.21 0.40 0.76 1
3.0-4.0 | 0.09 0.04 | —0.01 —0.02 0.03 0.20 0.58 0.94 1
4.0-5.0 | —0.02 |—0.05 |—0.07 |—0.06 —0.03 0.08 0.38 0.72 0.86 1
5.0-7.5 | —0.01 |—0.04 |—0.06 —0.05 —0.02 0.11 0.41 0.76 0.90 0.97 1

under arid conditions, aerosol is constantly generated
by the underlying surface and dispersed by convective
and vortical flows in the ABL and consequently to the
troposphere with a high probability [16, 17]. This off-
season effect of the Aral—Caspian region obscures the
oscillations in particle size composition in the aerosol
field over the Fonovaya Observatory in the periods of
both summertime vegetation (to a lesser degree) and
wintertime dormancy of woody plants (to a higher
degree). However, the effect of the woody plants on
the relationship between percentages of mineral and
organic aerosols can be estimated more accurately
after analysis of the chemical composition of aerosol
samples from different fractions.

The spring—summer anomalous increases in the
number concentration of aerosol fractions 0.3—0.4 to

1.6—2.0 um (see Fig. 3) deserve a special explanation.
The turbulence development in the surface air layer is
determined by the gradient and daily behavior of the
temperature in the active layer. On the other hand, in
forest the role of the active surface is played by crowns.
During fair weather, crown surface is strongly heated
due to the influx of solar radiation. At the same time,
the forest plants are heated differently at different
height levels due to the nonuniform distribution of
solar radiation and temperatures in forest canopy [18].
Therefore, this temperature distribution creates favor-
able conditions for the development of convection and
turbulence in tree crowns. This should lead to faster
turbulent sedimentation of aerosols and a lower aero-
sol number concentration in the surface air layer.
However, the cases considered above exhibit a reverse
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Fig. 4. Seasonal anomalous bursts with outliers above red line, represented by sliding average, of the number concentration of
individual fractions of atmospheric aerosol: (a) d = 0.3—0.4; (b) 0.4—0.5; (c) 0.5—-0.65; (d) 0.65—0.8; (e) 0.8—1.0; (f) 1.0—1.6;
(g) 1.6—-2.0; (h) 2.0-3.0; (i) 3.0—4.0; (j) 4.0—-5.0; and (k) 5.0—7.5 um.
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pattern. Presumably, this is due to the action of forces
of a radiometric nature, prohibiting the turbulent sed-
imentation of aerosol and initiating subvertical
motions of aerosols against the gravity force (photo-
metric levitation [14, 19, 20]). It is noteworthy that the
presence of temperature and radiation stratification in
the canopy of the summertime forest can serve a kind
of a trigger of the processes of radiometric photopho-
resis, possibly manifested in summertime anomalous
bursts of aerosol number concentration. On the other
hand, the increase in the number concentration of fine
aerosol during winter can be due to the action of radio-
metric forces, initiated by the physical properties of
the snow cover. They arise when the turbulent sedi-
mentation of aerosols is no longer effective, while the
gravitational sedimentation is still ineffective. In other
words, there appears the diffusion-gravitational equi-
librium, under which the particles hang (levitate) over
this snow cover in the field of infrared radiation leav-
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ing the snow cover. This increases the lifetime of fine
aerosol fractions (i.e., particles with d = 0.3—2.0 um in
our case) and, hence, the particle number concentra-
tion in the surface air layer.

CONCLUSIONS

The comparison of continuous measurements of
the number concentration of surface aerosol during
the summer vegetation (warm period of photosynthe-
sis) and winter dormancy (cold period of photosyn-
thesis) of woody plants in a wide particle size range at
the Fonovaya Observatory of Institute of Atmospheric
Optics, Siberian Branch, Russian Academy of Sci-
ences (Tomsk oblast) in the period from July 1, 2022,
to June 30, 2023, revealed a paradoxical situation,
when the number concentration of aerosol particles
0.3—2.0 um diameters turned out to be higher in win-
ter than in summer. It is proved that this phenomenon
is caused by the action of radiometric forces and, in
particular, by snow photophoresis. These forces can
compete with the gravity forces, thereby ensuring the
conditions for the particle levitation over snow surface
in the surface air layer, increasing the life time and the
number concentration of particles with d = 0.3—
2.0 um. Evidently, this affects the radiation balance of
the winter atmosphere; therefore, the vertical particle
motions under the action of photophoretic forces
should be taken into consideration when constructing
transport models of vertical aerosol transport in the
lower troposphere. Moreover, radiometric photopho-
resis, in addition to the long-range transport of admix-
tures with moisture-carrying air masses, can be justifi-
ably considered as one of the potentially significant
mechanisms of the vertical aerosol transport in the
surface atmosphere when the wintertime aerosol field
is formed.
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