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Abstract—We analyze the results of the laser granulometry of a nanosized fraction of settled aerosol substance
and UV spectrometry of water washouts from the surfaces of different-age needles of four forest-forming
plant species. The activity of efflorescence of phenolic compounds onto different—age needle surfaces is esti-
mated for the period of winter dormancy of plants. A possibility is shown for the secondary organic aerosol
production as a result of photoactivated reactions between phenolic compounds and deposited aerosol sub-
stance. It is discussed how secondary organic aerosols can enter the winter forest canopy under the influence
of the radiometric photophoresis. The secondary aerosol photophoresis in the field of IR radiation, leaving
the snow cover surface (“snow” photophoresis), is speculated to affect significantly the vertical transport of
the secondary organic aerosols in the winter coniferous forest canopy.
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INTRODUCTION

The authors of work [1] presented the results of
laser granulometry and UV spectra of water washouts
from different-age needles, based on which the
assumed that phenolic species can serve as precursors
for organic aerosols. It should be noted that phenolic
species are ubiquitous in the plant world [2—4]. At
present, natural compounds are found to include
some hundreds of thousands of phenolic species [5—7]
and, in particular, tens of thousands of flavonoid
structures in plants [8]. Phenolic compounds are syn-
thesized as monomers, oligomers, and polymers and
are encountered in almost all plant cells [9]. Under
normal conditions, most of the ordinary phenols are
colorless acicular crystals rapidly darkening in air.
They are characterized by relatively narrow tempera-
ture range of melting and evaporation. For instance,
the melting temperatures are ~100°C for flavone and
316°C for quercetin [2, 3].

Phenolic compounds are weakly soluble in water
and very soluble in organic solvents. Their prominent
feature is the high reaction capacity because the mol-

ecule of ordinary phenol is a polar compound consist-
ing of a benzol core and hydroxyl group. Polyphenols
may react with metals to form chelate compounds,
bind with organic acids, amines, and alkaloids; they
are characterized by hydroxylation, methylation, gly-
cosylation, acylation, methoxylation, and condensation
reactions. It is also important that phenolic compounds
have characteristic absorption spectra in specific UV
regions [10], allowing them to inhibit the origination of
active oxygen species in plant cells [11, 12]. Photo inhi-
bition of singlet oxygen by polyphenols and, in partic-
ular, flavonoids, reduces the UV absorption by plants
in the wavelength range 280—315 nm [13] and protects
plant from photooxidative stress, which is important
for the life of coniferous plants during winter.

Needles remain green because metabolic processes
in coniferous plants continue in winter [14]. Under the
conditions when photosynthesis is halted due to low
temperatures [15], but the needle chloroplasts con-
tinue functioning [16, 17], polyphenols become much
more important in protecting green leaves of conifer-
ous plants from photooxidative damage [18, 19], sug-
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gesting that the production of the secondary organic
aerosols associated with entry of polyphenols onto
needle surfaces during efflorescence persists into win-
ter. Therefore, the purpose of this work is to elucidate
the specific features of production of the secondary
organic aerosols during efflorescence of polyphenols
onto the surfaces of different-age needles and to iden-
tify how polyphenols enter the forest canopy during
the winter dormancy of plants.

TARGET STRUCTURES AND METHODS

Needle samples were collected in late December
2021, in the period of the winter dormancy of plants.
The experimental site was on the territory of Botanic
Garden of Pitirim Sorokin Syktyvkar State University,
4 km west of Syktyvkar in the suburban green zone. To
collect needle samples in different age fractions, we
chosen four model tree species in groups of two: 18—
25-year-old Siberian pine (Pinus sibirica Rupr Maur
Tour) and Scotch pine (Pinus sylvestris 1..) and 10-year-
old undergrowth of European fir (4bies alba Mill.)
30—40-year-old Siberian spruce (Picea obovata Lebed.).
The needles in age fractions were sampled from the
second-order branches in the lower third of the crown
in each tree species within eastern bearings (in azi-
muthal sector between 45 and 135°). The fractional
composition of the deposited aerosol substance in
samples of different-age needles was studied by the
method of dynamic light scattering.

Dynamic light scattering method. The method essen-
tially consists of recording the time fluctuations in the
intensity of the laser beam scattered in a disperse
medium. When the laser beam passes through local
particle concentrations, partial scattering of light and
the associated local changes in optical density of the
disperse medium occur, as well as the ensuing changes
in the refractive indices of light. The numerical param-
eters of light scattering depend on particle size, particle
diffusion intensity, and viscosity of the liquid [20]. The
method of dynamic light scattering is among nonde-
structive ones. It needs no precalibration and is
equally efficient both for low particle concentrations
and in the presence of particle aggregates. The mea-
sured particle size ranges from 0.5 nm to few microns.
The method is characterized by the low cost of the
measurements, small error, and rapidity.

Preparation of washouts from needles for granulomet-
ric analysis and UV spectroscopy. We placed needle spec-
imens, 30 pieces in each age fraction, in glass beakers
and added deionized water (50 mL). Then, the glasses
were placed into an ultrasonic bath Sapfir UZV-5.7
(working frequency 35 kHz and generator power 150 W),
in which the specimens were exposed to ultrasound for
5 min. A ZetaSizer Nano ZS laser analyzer (Malvern
Panalytical, Great Britain) was used to determine
nanoparticle sizes in specimens. Particles in the size
range 1—10000 nm were measured. In each measure-
ment of the volume particle content, the optimal
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accumulation time of the correlation function was
automatically determined by software of the instru-
ment; then, they were averaged. The volume content
of the nanoparticle fractions in specimens was inte-
grally calculated from the ratio (%) of the areas of the
figures circumscribing these particle size distributions
in linear coordinates. A Solar PB2201 (Spectroscopy,
Optics, and Lasers—Advanced Developments Ltd.,
Belarus) spectrophotometer was used for UV spec-
troscopy of water washouts from needles.

RESULTS

Frequency distribution of particles in aerosol sub-
stance over sizes in water washouts from leaf surfaces of
shortleaf plants (Siberian pine and European fir) in win-
ter needle specimens is presented as distribution histo-
grams (Figs. 1a and 1b).

Comparison of granulometric compositions of
aerosol substance with respect to six age fractions in
winter samples of Siberian pine showed (Fig. 1a, /—6)
that the particle sizes (diameters D) lie in the range
from 40—170 to 3000—7000 nm. The particle distribu-
tion is trimodal with a large variance. Large particles
with diameters 3000—7000 nm are predominant
(67%). Small (40—170 nm) and medium-size (170—
3000 nm) particles make 2—3% and 12—48% respec-
tively.

Specimens for European fir needles show somewhat
different results. For instance, particles in six age frac-
tions vary in size from 50 to 1800 nm (Fig. 1b, I—6),
with a predominant contribution (67—81%) from large
particles 3000—7000 nm in diameter. Small (75—300 nm)
and medium-size (300—3000 nm) particles amke 1—
5% and 17—40%. As in the first case, the particle dis-
tribution is trimodal with a large variance.

Frequency distribution of particles of aerosol sub-
stance over sizes in water washouts from leaf surfaces for
longleaf plants (Siberian pine and Scotch pine) in winter
needle specimens is also presented in Figs. 1c and 1d.
For the Siberian pine specimens, the particles in six
age fractions vary in diameter from 50 to 7000 nm
(Figs. 1c, 1—6). Large particles with diameters 3000—
7000 nm are predominant (50—78%). Small (50—
150 nm) and medium-size (250—1000 nm) particles
make 2—10% and 20— 44%, respectively. The particle
distribution is trimodal with a large variance.

For specimens of needles of Scotch pine, the parti-
cles in four age fractions vary in size in the same limits
(50—7000 nm) (Figs. 1d, I—4), again large particles
with diameters 3000—7000 nm being predominant
(62—74%). It is noteworthy that small (50—200 nm) and
medium-size (250—1800 nm) particles make 6—7% and
18—32%. However, it should be noted that Scotch pine
shows much wider size ranges of medium-size and
small particles than Siberian pine does. The particle
distribution is trimodal with a large variance.
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Fig. 1. Granulometric composition of aerosol substance in water washouts from different-age needles (/—6 indicate the needle age
in years): (a) Siberian spruce (Picea obovata Lebed.); (b) European fir (Abies alba Mill.); (c) Siberian pine (Pinus sibirica Du Tour);
and (d) Scotch pine (Pinus sylvestris L.)

Thus, a common feature for all winter specimens of

0.45 needles is that the granulometric composition of dif-
ferent-age needle fractions is characterized by a tri-
0.30 modal distribution of nanoparticles with a large vari-
ance. Large particles (3000—7000 nm in diameter) are
0.15 predominant, with their contribution reaching 50—
74%. Small (50—300 nm) and medium-size (300—
0 3000 nm) particles make 2—10% and 20—50%.

0.30 Content of phenolic compounds in water washouts
from winter needles. Figure 2 presents results from UV
0.20 spectroscopy of water washouts from different-age
needles. It can be clearly seen that the water washouts
for all specimens quite strongly absorb the radiation in
2 0.10 the UV region 250—400 nm, with absorption intensity

k2 gradually decaying in the longer wavelength region.
'§ 0 A common feature for all specimens is a peak in
= 0.18T the absorption zone at 275 nm, indicating that speci-
= 0r mens of washouts comprise polyphenols, entering
~ B needle composition. At the same time, the behaviors
0.121 of spectral curves somewhat differ among coniferous
i tree species. For instance, as compared to shortleaf spe-
0.06 [ cies (Figs. 2c—2d), longleaf species (Figs. 2a and 2b)
B show UV spectra of polyphenols shifted somewhat to
0 the longer wavelength region. Possibly, this difference
. in the patterns of the curves stems from the difference
0.18 [ in the composition of phenolic compounds, which
i strongly vary in the content in the period of winter
012 dormancy of plants (Table 1). Data for compiling the
N table, which characterizes the time series of relative
0.06 [ variations in the content of polyphenols in water wash-
= outs from different-age needles, were extracted from
oL the plots (Figs. 2a—2d). After comparison of these

200 250 300 350 400  time series we can note two features. Siberian spruce

shows an inversion in the content of polyphenols: the
. ) signal of polyphenol content is much stronger in water

Fig. 2. UV absorption spectra of water washouts from nee- . .

dles in age fractions from winter specimens for: (a) Euro- washouts from the first-year than sixth-year needles

pean fir; (b) Siberian spruce; (¢) Siberian pine; and (Table 1)-' Moreover, the character of polyphenol

(d) Scotch pine; here, /—6 indicate needle age in years. accumulation on the needle surface shows no well-

Wavelength, nm
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Table 1. Relative variations in the content of phenolic com-
pounds in water washouts from different-age needles in time
series (according to UV spectroscopy data)

Tree species Period of winter dormancy, years

1<3<2<6<5<4

6<5<3<2<4<1

4<3<2<6<1<5
2<3<1<4

European fir
Siberian spruce
Siberian pine
Scotch pine

defined increasing trend of polyphenol content with
aging of needles.

DISCUSSION

As applied to higher plants, polyphenols are pre-
dominantly localized in tegmens, i.e., cuticle, epider-
mis, and its derivatives (hairs and trichomes) [21—24].
It is noteworthy that phenolic compounds are mainly
accumulated in cell walls within tegmens, as exposed
most strongly to unfavorable factors [25, 26]. Different
plants are thought to have become able to synthesize
phenolic compounds during their evolution, which
raised their resistance to permanently changing envi-
ronmental conditions [8].

Increase of polyphenol content in plant tissues and
their efflorescence onto needle surface during winter
plant dormancy. Comparison of quantitative parame-
ters that determine the granulometric composition of
aerosol substance in water washouts from different-
age needles showed that the summer specimens are
characterized by bimodal distribution of particles with
diameters from 50 to 2000 nm, with small particles
being predominant and making 91—-96% [1]. The win-
ter specimens are characterized by trimodal distribu-
tion, the particle diameters are 60—7000 nm; large
particles (3000—7000 nm) are predominant, their per-
centage attains 50—74%.

CO, assimilation and the associated phloem carbo-
hydrate transport cease in winter in coniferous plants,
stomatal transpiration reduces, and the intracellular
CO, concentration decreases. Therefore, for conifer-
ous plants, keeping needles green in the period of win-
ter dormancy, there appears a danger of photodestruc-
tion of pigment complexes and chloroplast mem-
branes in needles [27]. It is obvious to speculate that
redundant under-used solar energy also leads to the
growing intracellular content of phenolic compounds,
as polyphenols have sensibilization properties and, as
such, favor rapid reduction of the concentration of
active forms of oxygen and prevent oxidation stress [13].
It is also noted that the excessive UV radiation
increases antioxidant activity and the general polyphe-
nol (flavonoid, phenylpropanoid, and phenolic acids)
content in plants [28]. Therefore, the revealed winter
increase in the content of phenolic compounds in
water washouts from different-age needles can be con-
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sidered as a protection from photooxidative stress
caused by the excessive UV radiation.

Diffusiophoresis and efflorescence of polyphenols
onto the surfaces of different-age needles: generation of
secondary organic aerosols. Our studies show that,
during winter, coniferous trees have to partially scatter
the energy of absorbed quanta of light in the form of
heat in order to avoid damaging the pigment com-
plexes and chloroplast membranes by solar radiation,
the intensity of which overwhelms the capabilities of
electron transport [19, 29, 30]. As a result, an ordered
motion of colloid particles of polyphenols occurs in
cellular parenchyma of needles and in the cells of
external protective tissues due to the action of forces of
molecular origin, namely, thermophoresis and diffusi-
ophoresis [31, 32]. Ultimately, phenolic compounds
may accumulate in the cells of parenchyma and exter-
nal protective tissues and their excessive amount may
diffuse through cellular walls of epidermis and cuticle
and, through efflorescence, accumulate on the needle
surfaces. Exposed to UV radiation, and with the par-
ticipation of deposited aerosol substance, phenolic
compounds experience photochemical conversions on
needle surfaces. This process is accompanied by the
generation of secondary organic aerosols, in which
polyphenols are fixed according to the absorption of
UV radiation in the wavelength range 250—400 nm
(see Figs. 2a—2d).

Activation of secondary aerosols in the boundary
layer and their entry into winter forest canopy stem from
the action of radiometric forces, i.e., photophoresis. The
phenomenon of photophoresis was first established by
Ehrenhaft [33]. In his experiment (1917), Ehrenhaft
identified an effect, during which certain air-sus-
pended dust particles in the ray from a powerful lamp
moved in the direction toward the source of radiation.
The effect discovered was called photophoresis. Fur-
ther studies of particle motion in the field of optical
radiation showed that, because of the inhomogeneous
structure and optical properties of the material com-
posing a particle, the incident optical radiation is non-
uniformly distributed over the particle volume. There-
fore, either the illuminated or shaded part of the parti-
cle can turn out to be more heated. As a consequence,
positive and negative photophoresis effects are distin-
guished [34, 35]. Studies of the particle motion in the
field of optical radiation had long been just of scien-
tific interest because no practical applications existed
for this effect. In this regard, we can mention the stud-
ies of the effect of responses of evaporating aerosols
exposed to solar radiation [36], as well as studies of
how solar radiation influences the aerosol deposition
rate in the atmosphere [37]. Interest in photophoresis
showed up only with the advent of new experimental
instrumentation based on the use of lasers [20, 38—40].
The possibility of tuning the wavelength of laser radia-
tion taking into account the absorption by a specific
particle substance makes it possible to discriminate
them from aerosol flow, to ensure capturing and hold-
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ing particles in laser beam, to carry out their separation
in a liquid, and to implement optical particle levitation
in air and vacuum [41—46].

Separation of secondary aerosols in the boundary
layer and their entry into winter forest canopy. It was
shown [1] that how secondary aerosols enter into the
forest stand canopy is associated with the processes in
the boundary layer. Its simplified pattern comprises
separation of the laminar boundary layer from the leaf
surface, with the formation of a vortical zone and a
subsequent transition to turbulence.

Polyphenols and deposited aerosol substance react
to give aggregates which can represent structures of
alternating or interlacing inclusions of disperse parti-
cles, comprising phenolic groups. As secondary aggre-
gates of phenolic compounds grow to a certain critical
size, signified by the absence of a time trend of
increasing aerosols on the surfaces of different-age
needles (see Table), the energy of incident optical
radiation is absorbed and nonuniformly distributed
over the volume of the secondary aerosol.

The areas of temperature inhomogeneity occur on
the surface and inside the aggregate of deposited aero-
sols and polyphenols, the optical density of which
increases under UV irradiation. After colliding with
the particle surfaces in the boundary layer, some air
molecules are reflected from the surfaces of the heated
part of the secondary aerosol with a greater speed than
others reflected from colder secondary aerosol. As a
result, such a particle acquires uncompensated
momentum and is separated from the needle surface.
Considering that the evaporation point of phenolic
compounds is relatively low, we can speculate that the
momentum can sometimes be amplified by the
response of evaporating molecules of compounds,
comprising phenolic groups. In this case, separation of
larger secondary aerosols (particle size ranges from 60
to 7000 nm during winter) from needle surfaces can be
expected. Further motion of the secondary aerosol is
determined by the turbulence of airflows in the canopy
of the forest stand and, possibly, by the action of radio-
metrically derived forces.

Under any conditions, and even at the lowest tem-
perature, snow cover emits longwave radiation (intrinsic
heat) and can strongly reflect solar radiation. Therefore,
positive photophoresis and the associated subvertical
motions of the secondary organic aerosols against the
force of gravity (photophoretic levitation [44]) may occur
in the field of IR radiation leaving the snow-covered sur-
face. We suggest here that the transport of the secondary
aerosols in the IR radiation leaving the snow cover be
called “snow” photophoresis, to distinguish it from
“solar” and “thermal” photophoresis effects [45, 46].
The snow photophoresis is thought to be a significant
seasonal factor, influencing the vertical transport of
secondary organic aerosols in the field of IR radiation
generated above the snow cover.
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CONCLUSIONS

The method of dynamic light scattering and UV
spectrometry is used to study the granulometric com-
position of the nanosize fraction of aerosol substance
and ratios of phenolic compounds in water washouts
from different-age needles in four plant species. Our
results show considerably increased content of pheno-
lic compounds and aerosol particle sizes. Our values
are more than a factor of three larger than those for
summer samples. Taking into consideration their
capability of absorbing UV radiation, we suggest that
the increased content of phenolic compounds in water
washouts from different-age needles can be associated
with the protection from photooxidative stress, occur-
ring in green needles exposed to redundant under-
used solar energy in the period of winter plant dor-
mancy. Some of the phenolic compounds diffuse onto
the needle surfaces (efflorescence). The phenolic
compounds have photosensibilization properties,
equally manifested in both summer and winter, mak-
ing the surfaces of winter needles the favorable sites for
the photooxidative reactions between phenolic com-
pounds and deposited aerosol substance. Therefore,
the surfaces of different-age needles in the boundary
layer become sites for the origination of relatively solid
secondary aggregates of aerosols and polyphenols,
which can be considered off-season precursors of the
secondary organic aerosols in coniferous forests.
During winter, they are activated in the boundary layer
and enter the forest canopy in the field of IR radiation
from the snow-covered surface under the effect of the
positive (snow) photophoresis. Snow photophoresis
can be a cause for a prolonged stay in the coniferous
forest canopy of the secondary organic aerosols com-
prising phenolic groups. The secondary aerosols of
this type have pronounced absorbing properties in the
wavelength range 250—400 nm; coniferous forests
occupy more than 70% of the boreal area in the
Northern and Southern Hemispheres; therefore, the
entry of the secondary polyphenol-containing aero-
sols into the surface air seems to be no less important
to control, especially in winter period, than the emis-
sion of greenhouse gases.

Snow photophoresis can make a certain contribu-
tion to atmospheric radiation processes over conifer-
ous forested massifs and, thereby, can influence the
errors of remote monitoring of atmospheric pollution.
The accumulation of the secondary polyphenol
organic aerosols can be monitored in the near-ground
atmosphere from aircraft laboratories because the
nature of their migration is associated with seasonal
character of the underlying surface.
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