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Abstract—A new mathematical model of the global transport of multicomponent gas impurities and aerosols
has been constructed. The model includes the formation of sulfate aerosols in the atmosphere in both hemi-
spheres. Calculations of the nucleation rates and particle number concentrations are performed for the winter
period in the troposphere using a unified model that takes into account chemical and kinetic transformation
processes (photochemistry, nucleation, condensation/evaporation, and coagulation). Along with the binary
nucleation of sulfuric acid and water vapors, the formation of particle nuclei with the participation of atmo-
spheric ions is also considered. The results indicate a significant role of ion nucleation in aerosol formation
in the Northern and Southern hemispheres in winter. The factors controlling the dynamics of ionic processes
and their influence on the spatiotemporal distribution of aerosol particles in the atmosphere include not only
the level of air ionization, but also temperature, relative humidity, and the content of sulfuric acid and water
vapors in the air.
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INTRODUCTION
Studies of aerosol formation and monitoring of

aerosol particles in the atmosphere are still high on the
agenda. This is caused by the participation of aerosol
particles in scattering and absorption of solar radia-
tion, as well as in heterogeneous chemical reactions
(HCRs), which has an effect both on the climate and
on the content of small admixtures in the air. Despite
the importance of the climate-forming potential of
aerosol particles, their influence on the heat balance
of the atmosphere remains uncertain (Lowe and
MacKenzie, 2008; Akimoto, 2016). The causes are the
large variety of components of aerosol particles, differ-
ences in their morphology (Zuend and Seinfeld,
2012), etc. Among atmospheric particles, an essential
role in the atmosphere is played by sulfate aerosol (SA)
appearing from the joint condensation of water and
sulfuric acid vapors and playing the part of condensa-
tion nuclei. HCRs takes place on the surface and in the
volume of SA in the atmosphere.

When developing models of the atmosphere, it is
fundamentally important to correctly take into
account the dynamics of SA formation in the tropo-
sphere and lower stratosphere. Their formation is a
complex sum of nucleation, condensation/evapora-

tion, and coagulation processes with the participation
of water and sulfuric acid vapors, as well as photochem-
ical transformation of gas impurities emitted in the
atmosphere. The variability in the dynamics of each of
them during fluctuations of weather conditions leads to
changes in the chemical and phase SA composition in
the atmosphere. The equilibrium in the disperse system
is established rather slowly, and calculations of the
dynamics in the formation of SA particles and predic-
tion of their properties must involve a nonequilibrium
particle size distribution function.

Previously, in (Aloyan, 2000; Aloyan et al., 2012,
2018), we reported about construction of a three-
dimensional model of the transfer of multicomponent
gas and aerosol microimpurities in the Northern
Hemisphere with allowance for chemical and kinetic
processes of their transformation, as well as processes
of binary nucleation of water and sulfuric acid vapors
and processes of condensation growth and particle
coagulation. However, field experiments demonstrate
that the considered mechanism of generation of sec-
ondary aerosol particle nuclei does not explain the
nucleation enhancements of their formation (Kirkby
et al., 2011). Attention is also attracted by processes of
aerosol particle formation in the atmosphere with the
405



406 ALOYAN et al.
participation of atmospheric ions. This work is aimed
at complementing our three-dimensional model with
the module of ion nucleation processes (Aloyan et al.,
2021) to estimate the effect of ions on the spatiotem-
poral distribution of number concentrations of sulfate
aerosol in the atmosphere.

MODEL OF AEROSOL FORMATION
The model of the global transfer of multicompo-

nent small gas impurities and aerosols and formation
of sulfate aerosols in the troposphere and lower
stratosphere is considered as applied to the spherical
Earth in the coordinate system (λ, ψ, z), where λ is
the longitude, ψ is the colatitude, and z is the height.
The fundamental equations for the variation rate of
concentrations of gas impurities and aerosol have the
following form (Aloyan, 2000; Aloyan et al., 2012,
2018):

(1)

(2)

were uj ( ) (u1 = u, u2 = v, u3 = w) (x1 = x, x2 = y,
x3 = z) are components of the wind velocity vector in
the directions x, y, and z, respectively; 
is the concentration of gaseous substances;

 is the concentration of aerosol parti-
cles of the corresponding fraction; Ng and Na are the
numbers of the gaseous substances and aerosol frac-
tions, respectively; wg is the gravity sedimentation rate;
Fgas and Faer are the sources of the gaseous substances
and aerosols; and Pnucl, Pion-nucl, Pcond, Pcoag, and Pchem

are the operators of homogeneous and ion nucleation,
condensation, coagulation, and photochemical trans-
formation, respectively.

Equations (1) and (2) are considered in the domain
Dt = G × (0, T), where G = S × (0, H), S = {(λ, ψ):
0 ≤ λ ≤ 2π, 0 ≤ ψ ≤ π}, and H is the upper boundary of
the computational domain. At the lateral boundaries,
the periodicity conditions are specified for all func-
tions in longitude; at the poles, it is assumed that the
functions are bounded in ψ. The initial conditions (at
t = 0) are specified in the following form:
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At the lateral boundaries of the domain, the follow-
ing boundary conditions are specified for the func-
tions:

(5)

(6)

Here, Ω is the lateral surface, n is the external nor-
mal to Ω, un is the normal component of the velocity
vector, and Cb and ϕb are the background concentra-
tions of gaseous substances and aerosols, respectively.

The equations of transfer and transformation of
multicomponent gas impurities and aerosols in the
atmosphere were solved within the boundaries of the
specified computational domain. On the earth’s surface
(z = h), the absorption of gas impurities was calculated
with allowance for the sum of aerodynamic drag, quasi-
laminar resistance of the surface layer, molecular diffu-
sion, and resistance to surface deposition.

To specify the boundary condition at the first com-
putational level (at the upper boundary of the surface
layer of the atmosphere) z = h, the resistance to the
impurity entry on the earth’s surface was specified by
a sum of three summands: aerodynamic drag ra, quasi-
laminar resistance of the surface layer rb appearing due
to molecular diffusion near the Earth, and surface
resistance rc caused by surface deposition. The f lows
of impurities in the surface layer of the atmosphere
were considered in the form

(7)

(8)

where  Sc = 1.5 × 10–5 m2 s–1, Pr = 0.71

is the Prandtl number, and u* is the dynamic velocity.
Aerodynamic drag was calculated by the formula

presented in (Aloyan, 2008). The surface resistance
coefficient rc over dry land is determined from the
model describing the impurity transfer in the soil and
active layer of the ocean with the simultaneous use of
flows at the atmosphere–soil and atmosphere–ocean
interfaces. The coefficients of horizontal and vertical
turbulent exchange coefficient are determined using
the method proposed in (Kurihara and Tuleya, 1974).

Ion Nucleation
Experiments demonstrate (Ferguson, 1979; Froyd

and Lovejoy, 2003) that the process of ion nucleation
involves mostly negative ions, which is related to the
well-known sign preference (Kusaka et al., 1995). In
the presence of H2SO4 vapors in the air,
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Fig. 1. Global distribution of ion nucleation rates (cm–3 s–1)
18 h after the model initialization. The height over the
underlying surface is 4.2 km, winter (January 2002).
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 the growth of the size of which in processes of
clusterization and recombination with counterions
leads, in the end, to nuclei of aerosol particles. The
nucleation rate (Jion) is calculated here as a f low of
particles passing through the critical size of the
nucleus (rcr). Neutral clusters, simultaneously
appearing in the air and including molecules of sul-
furic acid and water, coagulate both with neutral and
negatively charged clusters. At the same time, their
capture by neutral aerosol particles leads to a decrease
in Jion (Yu, 2010).

However, using this algorithm for finding Jion in
three-dimensional numerical models meets great dif-
ficulties in view of the necessity to involve large com-
putational resources. For this reason, the nucleation
rate depending on the sulfuric acid concentration,
temperature, relative humidity, ionization rate, and
surface area of previous particles is determined in this
model using the parameterization of Jion on these
parameters (Yu, 2010). A detailed description of the
ion nucleation model and algorithm for finding its rate
was presented in (Yu, 2010).

Model of Photochemical Transformation
As precursors of secondary aerosol particles, pro-

cesses of photooxidation of sulfur-containing anthro-
pogenic and biogenic components emitted from the
surface (including dimethyl sulfide (CH3SCH3) emit-
ted by the oceans) were considered. In total, 72 indi-
vidual gas components were taken into account
(Aloyan et al., 2018).

Condensation Nuclei
To describe the spatiotemporal variability in concen-

trations of condensation nuclei in the atmosphere and
the size spectrum, 20 discrete intervals from ≈3.5 nm to
0.58 μm were used in the calculations. Note that,
according to the data of field experiments, the num-
ber concentration of condensation nuclei varies with
height within the range from ∼10 to several hundred
particles per 1 cm3 (Hofmann, 1990). It was assumed
that the condensation nuclei were inert particles
turning into sulfate aerosol only after the molecules
of sulfuric acid and water settled on them or after the
capture of small sulfate aerosol particles arising in the
nucleation processes. The distribution of concentra-
tion of condensation nuclei was set in the range from
0.18 to 9.98 × 108 m–3 (Aloyan, 2008). The total spe-
cific surface area of condensation nuclei at the initial
time was ≈0.26 μm2/m3. According to (Yu, 2010),
this minimizes their influence on the dynamics of ion
nucleation.

The numerical experiments were performed as
applied to both hemispheres at different geographical
points in winter in the Northern Hemisphere at the
following input parameters. The number of levels

−
4HSO
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along the vertical is 20 (from 100 to 46000 m). The rate
of binary nucleation of H2O and H2SO4 vapors, the
threshold H2SO4 concentration necessary for nucle-
ation, the critical cluster size, and the temporal vari-
ability of the particle size distribution function were
calculated in numerical experiments. Meteorological
information was borrowed from the database of the
European Centre for Medium-Range Weather Fore-
casts (ECMWF) for January 2002.

RESULTS OF NUMERICAL CALCULATIONS
Figures 1–3 present the calculated spatial variabil-

ity of ion nucleation rates of water and sulfuric acid
vapors in the atmosphere. These data for the heights of
4.2, 7.2, and 10.4 km and winter correspond to the pic-
ture of 18 h after the model initialization. Close pat-
terns of the spatial distribution of Jion are also observed
6 and 12 h after the model initialization, which indi-
cates the establishment of an almost stationary spatio-
temporal distribution of Jion in the atmosphere.

It follows from these calculations that Jion is char-
acterized by a considerable spatial inhomogeneity. For
example, at a height of 4.2 km, the formation of parti-
cle nuclei with the participation of ions is imple-
mented only over regions located over Lake Baikal,
regions of Kamchatka, over regions occupying the
northeast and northwest of the American continent.
Within the localization areas of this process in the
atmosphere, the nucleus generation rate in them
changes by more than an order of magnitude. The
appearance of these contrasts indicates a high sensitiv-
ity of the ion nucleation process to changes in weather
conditions, ionization and insolation levels, content of
impurities in the atmosphere, etc. Despite the high
level of air ionization and low temperatures, regions of
particle nucleus formation at this height are not
revealed in the atmosphere over the Arctic and Ant-
arctic, which indicates a shortage of anthropogenic
and natural sulfur-containing impurities in the air of
these regions.
 Vol. 59  No. 4  2023
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Fig. 2. Global distribution of ion nucleation rates (cm–3 s–1)
18 h after the model initialization. The height over the
underlying surface is 7.2 km, winter (January 2002).
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Fig. 3. Global distribution of ion nucleation rates (cm–3 s–1)
18 h after the model initialization. The height over the
underlying surface is 10.4 km, winter (January 2002).
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The character of the inhomogeneity in the distri-
bution of Jion noticeably changes with height over the
underlying surface. In contrast to what was described
above, regions of occurrence of the ion nucleation
process at a height of 7.2 km occupy almost the whole
atmosphere over both the Arctic and Antarctic. At the
same time, a considerable difference in Jion within
these regions is also observed. With a further rise to
10.4 km, the generation of particle nuclei in the ion
nucleation process covers almost the whole atmo-
sphere with the simultaneous decrease in differences
in Jion in particle nucleation sites, which, therefore,
indicates the nearly uniform participation of ions in
the nucleation process at this height.

The inhomogeneity in the spatial distribution of
Jion seems to be caused by the variability in tempera-
ture, relative humidity, content of sulfuric acid and
water vapors in the air, and differences in the ioniza-
tion level. In particular, the ionization influence on
Jion clearly manifests itself at the height of 7.2 km in the
localization of regions of particle nucleus generation
over the Arctic and Antarctic (see Fig. 2), i.e., in
IZVESTIYA, ATMOSPHER
regions with the maximum air ionization level (Yu,
2010). The influence of atmosphere contamination by
sulfuric acid vapors arising due to the oxidation of sul-
fur dioxide, dimethyl sulfate, and other sulfur-con-
taining components is observed to a greatest extent at
the height of 4.2 km over the regions adjacent to Lake
Baikal and located in Kamchatka, as well as in north-
east and northwest of the American continent. This
takes place despite the decrease in the ionization level
when moving from the pole to the equator (Yu, 2010)
and relatively high temperatures by winter standards,
which indicates the predominantly anthropogenic ori-
gin of atmospheric contamination by emissions of sul-
fur dioxide and other components in the regions listed
above. The influence of temperature on the ion nucle-
ation dynamics clearly manifests itself at a height of
10.4 km, i.e., under the lowest temperatures. It follows
from the computed data (see Fig. 3) that the genera-
tion of particle nuclei with the participation of ions at
this height occupies almost the entire atmosphere. At
the same time, their formation in the sources charac-
terizes feebly marked differences in Jion.

Summarizing all of the above, one can state that
the deciding factor in the dynamics in the formation of
particle nuclei in nucleation in the troposphere and
especially in its lower part, i.e., under conditions of
relatively high temperatures in winter, is apparently the
influence of the complex ion charge on heat stability of
the clusters. At the same time, in the upper tropo-
sphere, i.e., under conditions of low temperatures, the
influence of the ion charge on stability of clusters turns
out to be deciding due to deficiency of air humidity. In
particular, despite intense air ionization in high lati-
tudes in the Northern Hemisphere, a noticeable
decrease in Jion is observed with an increase in height
over the underlying surface, which is related to the sharp
decrease in the concentration of water vapors in the
atmosphere to ≈107 cm–3. In the Northern Hemi-
sphere, e.g., this results in the value Jion ≈ 2 cm–3 s–1 at
the height of 10.4 km. At the same time, the water
vapor content in the Southern Hemisphere in winter is
one and a half orders of magnitude higher, which leads
to much higher values of Jion.

Figures 4–6 show the form of the calculated distri-
butions of number concentrations of aerosol particles
with different sizes (from 3.5 to ≈60 nm) 18 h after the
model initialization at the height of 4.2 km. Here,
along with the formation of aerosol particles over the
Baikal region, vast regions of their formation are
observed over the north of Russia (the Barents and
Kara seas), over the Norwegian Sea, and over Scandi-
navia, as well as over regions covering the northeast
and northwest of the American continent. The forma-
tion of aerosol particles in these regions, which begins
at heights of ≈2 km (see also (Yu et al., 2010)), is also
clearly observed at the height of 4.2 km. The formation
of particles in the Baikal region is caused by high
anthropogenic load and, as a result, high concentra-
IC AND OCEANIC PHYSICS  Vol. 59  No. 4  2023
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Fig. 4. Global distribution of number concentrations of
secondary aerosol particles with a size of 3.5 nm 18 h after
the model initialization. The height over the underlying
surface is 4.2 km, winter (January 2002).
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Fig. 5. Global distribution of number concentrations of
secondary aerosol particles with a size of 25.8 nm 18 h after
the model initialization. The height over the underlying
surface is 4.2 km, winter (January 2002).
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Fig. 6. Global distribution of number concentrations of
secondary aerosol particles with a size of 60.7 nm 18 h after
the model initialization. The height over the underlying
surface is 4.2 km, winter (January 2002).
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tions of sulfuric acid vapors (≥5 × 107 cm–3). Ion
nucleation is also favored by sufficiently low tempera-
tures and a sufficiently high level of relative air humid-
ity (0.6–0.7), which, in the aggregate, leads to a level
of such threshold concentrations of sulfuric acid
vapors that are lower than the vapor content over this
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 
region by an order of magnitude. We meet a similar sit-
uation when considering the results of calculations
over the northeast and northwest of the American
continent. At the same time, the appearance of parti-
cles traced at this height over Yakutia, Kamchatka,
and Sakhalin, as well as over the basins of the Chuk-
chee, Bering, and Okhotsk Seas, is observed under
conditions of low insolation and low content of sulfur-
containing impurities in the atmosphere. The forma-
tion of particles in these regions is mainly due to the
transport of sulfur oxides and accompanying processes
of oxidation followed by nucleation, which is caused in
winter by low temperatures (220–245 K) and high rel-
ative humidity of the air (≥0.65).

The increase in the concentration present in the
greatest concentration of first mode particles, as is
observed in the calculations, is caused by the genera-
tion of the smallest new particles during the nucleation
of water and sulfuric acid vapors and their capture by
condensation nuclei. This capture of new particles is
accompanied by an increase in the size of condensa-
tion nuclei. Molecules of sulfuric acid and water are
captured from the air simultaneously with these con-
densation nuclei, which also leads to an increase in the
size of first mode particles. As a result, both the pro-
cesses, as well as the participation of first mode par-
ticles in coagulation processes, lead to the transition
of particles from the first mode (3.5 nm) to the sec-
ond mode (25.8 nm) and following (the third mode
of 60.7 nm) particle modes (Kurihara and Tuleya,
1974). In Figs. 5 and 6, an increase in concentrations
of particles from the first to the third mode over Arctic
is also observed, which is related to the participation of
ions in the process of particle formation.

CONCLUSIONS
The calculated distributions of the number con-

centration of secondary sulfate aerosol in winter have
been presented. The calculations have been performed
for a spherical atmosphere with the use of a physically
complete model of the global transport of multicom-
ponent gas impurities and aerosols on the regional
scale and accompanying physicochemical processes.
Along with binary nucleation of water and sulfuric acid
vapors, their nucleation with the participation of
atmospheric ions is also taken into account. It has
been found that the key factors determining the influ-
ence of ions on the spatial distribution of aerosol par-
ticles in the atmosphere are the ionization level, as well
as temperature, relative humidity, and the content of
water and sulfuric acid vapors in the air. It has been
shown that the influence of atmospheric ions on the
distribution of aerosol particles is traced in the lower
troposphere. For example, at a height of 4.2 km, the
formation of particle nuclei with the participation of
ions is implemented only over regions situated over
Lake Baikal, regions of Kamchatka, and regions occu-
pying the northeast and northwest of the American
 Vol. 59  No. 4  2023
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continent. Within the localization regions of this pro-
cess in the atmosphere, the nucleus generation rate in
them changes more than by an order of magnitude.
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