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Abstract—The results of one-dimensional calculations of the height profiles of nucleated sulfate aero-
sol particles for the northern mid-latitudes and tropics in winter are presented. Numerical calculations
were performed using a three-dimensional model of the transport and transformation of multicompo-
nent gas and aerosol substances in the atmosphere, incorporating photochemistry, nucleation involving
neutral molecules and ions, as well as condensation/evaporation and coagulation. It is found that the
resulting dynamics of the formation of aerosol particle nuclei is not a simple sum of ion and binary
(water vapor/sulfuric acid) nucleation rates. This dynamics is determined by the ratio of critical radii of
nucleated particles due to binary and ion nucleation of these substances (¥ pin and 7 ion) depending on
temperature, relative humidity, and ionization rate. This should be taken into account in modeling the
gas and aerosol composition of the atmosphere and comparing calculated and observed data.
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INTRODUCTION

The investigation of aerosol particle formation remains a relevant area in atmospheric physics and
chemistry [15]. The presence of aerosol in the atmosphere affects climate [11, 16] and the concentration of
trace gases in air [4, 10]. Along with the emission of particles to the atmosphere, the binary nucleation (sul-
furic acid and water vapor [6, 14]) is usually considered as their source. In view of this, the involvement of
atmospheric ions in the nucleation also attracts attention [13]. Their role is indicated by the field data on the
bursts of concentration of nanoscale particles in the surface atmosphere at not too low temperatures [9,
17]. The authors of the present paper reported earlier [1, 3, 5] the creation of a three-dimensional model of
the transport of multicomponent gas and aerosol species in both hemispheres, taking into account chemical
and kinetic processes of their transformation, as well as the binary nucleation of sulfuric acid and water
vapor. This model complemented with a block for the description of dynamics of nucleated sulfate aerosol
particles involving ions (ion-induced nucleation) allowed us to analyze the impact of ions on the nucleation
dynamics in the mid-latitudes and tropics [2]. Preliminarily, the analysis of vertical profiles of particle
concentrations revealed a negative effect of ions on the dynamics of binary nucleation of sulfuric acid and
water vapor. The objective of the present paper is to find the reasons for the negative impact of ions on the
dynamics of binary nucleation in the process of sulfate aerosol formation in the atmosphere based on these
data and the results of additional numerical calculations.
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SULFATE AEROSOL FORMATION MODEL

The calculations of the formation and transport of multicomponent gas and aerosol substances in the
lower stratosphere using the three-dimensional model were performed in the coordinate system (A, v, z),
where A is longitude, v is colatitude, z is altitude. The equations for the rate of variations in the concentra-
tion of trace gases and aerosol in the atmosphere presented in [1, 3, 5] have the following form:
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The equations were integrated in the domain D, = G x [0, 7], where G=Sx[0, H], S= {(A, y): 0 <A<
2n, 0 <y <m}, H is the top of the computational domain. Here, C; (i = 1,..., N,), ¢, (k= 1,..., N,) are the
concentrations of gases and aerosol, respectively; N, and N, are the number of gas components and aerosol
fraction, respectively; (u, v, w) are the wind speed components in the directions A, v, z, respectively; w
is the gravitational settling velocity; a is the average radius of the Earth; p and v are the coefficients of
turbulent exchange in the horizontal and vertical directions, respectively; F** and F* are the sources of
trace gases and aerosols, respectively; P, el , P P, and P, P are the operators of nucleation,
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condensation, coagulation, and photochemlcal transformation, respectively. Along with the binary
nucleation of sulfuric acid and water vapor (J;,, cm™ s71), the process of nucleation of these vapors due to
atmospheric ions was considered (J;,,, cm= s~1). The nucleation rate for these two channels (Pl.““l = Jpin T+

Jion) Was calculated as the flow of particles passing through the critical size of nuclei (7 v, and 7, ;,n). The
nucleation rate is a principally important element for the new particle formation from gas-precursors; it is
taken into account in the corresponding equations for the condensational growth of particles (denoted in the
right-hand side of equations (1), (2) as P™). The resulting nucleation operators P, were used to calculate

the variability of gas and sulfate aerosol concentrations.

PHOTOCHEMICAL TRANSFORMATION MODEL

Like before [1, 3, 5], the formation of sulfate aerosol in the atmosphere was considered as a result of
photochemical oxidation of anthropogenic (SO,, NO,, CH,) and biogenic (H,S, CS,, COS, CH;SCH;, CH,)
sulfur-containing components emitted from the surface.

ION-INDUCED NUCLEATION MODEL

In the kinetic model of ion-induced nucleation [18, 19] of aerosol formation, the primary ions (N, O
H*, O*) and electrons are transformed into protonated (H;0*(H,0),, NH, (H,0),, etc.) and conjugated (for
example, NO; (HNO3),(H,0),) cluster ions [3]. The authors of [7, 8] applied quantum chemistry methods to
compute the dynamics of elementary ion-molecule processes of the formation of these complex ions and
the growth of ion clusters, that finally lead to the formation of the condensed particle nuclei. To integrate
these processes in the three-dimensional model, we used a look-up table of the calculated values of J,,,
[18], which correspond to the stationary conditions at the concentrations of nucleating sulfuric acid
molecules, temperature (7, K), relative humidity, ionization rate (J, cm=3 s7!), and the total surface of
aerosol particles (S, um?/cm?), that are typical of the atmosphere. The interpolation scheme for the values of
these parameters at their intermediate values was also taken from that study. More details on the ion
nucleation model and the three-dimensional model updated by the authors and used in the calculations are
given in [2].
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Fig. 1. The vertical profiles of the nucleation rate (a) in the mid-latitudes (70°N, 120° E) and (b) tropics (5°N, 5°E) in winter
(January 2002): (/) the calculated nucleation rate under conditions of the simultaneous realization of binary and ion-induced
nucleation; (2, 3) the nucleation rates J,,, and J, calculated in the absence of ion-induced and binary nucleation, respec-
tively; (4) the sum of the rates J,;, and J, .

ion*®

RESULTS AND DISCUSSION

The calculations of the dynamics of sulfuric acid and water vapor nucleation in the atmosphere were
performed with respect to winter (January 2002) for the mid-latitudes (the interfluve of the Lena and Olenka
rivers: 70° N, 120° E), the Czech Republic (west of Karlovy Vary: 50°N, 12.5° E), and a geographic point
located close to the tropics (southern Nigeria, near the ocean coast: 5° N, 5° E). These geographic points
differ in vertical variations in temperature and relative humidity. Their comparison revealed general
variability patterns for the dynamics of formation of sulfate aerosol and its concentration in the atmosphere,
depending on air temperature and relative air humidity. Figure 1 demonstrates the profiles of the total rate
of particle nucleation (J; = Jy;, T Jion) calculated at the synchronous processes of binary and ion-induced
nucleation of sulfuric acid and water vapor. Here, J,;, and J;,, are the components of the resulting rate of
binary and ion-induced nucleation of their vapors, respectively, computed in the framework of the single
model in the atmosphere. It is clear that an increase in J; is observed to the height of 10 km in the mid-lati-
tudes. Then despite variations, the quasiconstant value of J; is maintained as the height above the ground
increases: ~20 £ 10 cm3 s! (Fig. 1a). Close to the troplcs the profile of J is characterized by the
pronounced maximum at the altitude of about 18 km (see Fig. 1b). The levels of the “break” for the proﬁle
of J; in the mid-latitudes (~10 km) and close to the tropics (~18 km) are close to the location of the maxima
of the profiles for the rates of binary (J, ) and ion-induced (J; ) nucleation calculated in the absence of

ion and blnary nucleation, respectively. Their position is also close to the location of the maximum for the
sum (J +J. ). Despite this, the absolute values of J in the mid-latitudes and tropics are much smaller

on

than the values of J LT J. (see Fig. 1). At the same time, the numerical values of J, are rather close to the

rate of ion-induced nucleatlon J ;n, which indicates a negative effect of ions on the dynamics of binary
nucleation of sulfuric acid and water vapor at their simultaneous realization.

For example, at the height of 2.2 km over the interfluve of the Lena and Olenka rlvers o ®lem? s,
while the rate of binary nucleation in such conditions Jy;;, = 0. At the same time, J oin T J J ~Js. The
negative impact of ion-induced nucleation on binary nucleation in these condltlons cannot be considered
due to too high temperature (~254 K). At the altitude of 5.6 km, J .~ J, (=8 and =6 cm3 s7!). At the
same time, J; is about three times smaller than the sum (J,, +J, ), desplte the favorable combination of

temperature and relative humidity at this height providing J | o = 8 cm 571 The negative impact of ions on

the dynamics of sulfate aerosol particle nucleation is obvious. This negative effect of ions intensifies still
more as the helght increases by 1.6 km (H = 7.2 km), which leads to the more than 10-fold decline in J; as
compared to (J,,, +J; ). This occurs despite the ~130-fold growth of J win (1090 cm= s71) at the hftmg

by 1.6 km over the ground.

The negative impact of ions on the dynamics of sulfate aerosol particle formation in the atmosphere
can be naturally related to the difference in the critical size of sulfate aerosol particle nuclei that are formed

RUSSIAN METEOROLOGY AND HYDROLOGY Vol. 46 No. 1 2021



40 ALOYAN et al.

e/ ia * Jin)

1.0 Q’ Q.- seg W:OE.
o
0.14
o]
e o2
03
(]
0.01 P
0.6 0.8 1.0
/r

cl ~bin’ "or_ion

Fig. 2. The impact of the ratio of critical nuclei radii in the process of binary and ion-induced nucleation to the fraction of
critical nuclei (J,/(J;,, + J.,,)) involved to the formation of sulfate aerosol partlcles at the synchronous occurrence of binary
and ion-induced nucleation (J;, ) relative to their maximum number J;, + J;.. (1, 2, 3) The results of calculations 12,24, and

30 hours after the model initialization.

in the process of ion-induced (7, ;.,) and binary (7., ;,) nucleation of sulfuric acid and water vapor. At the
height of 2.2 km over the interfluve of the Lena and Olenka rivers, for example, Fer_ion 0.59 nm. Here, the
subscript “ion” indicates only the origin but not the charge of the critical nuclei. The size of the critical cluster
during the binary nucleation under the considered conditions is roughly 1.5 times smaller (7, ;, & 0.4 nm).
The calculations show that J, = J,,, = J ?On ~ 1 cm3 s7! and J;, = 0. This means that the sulfate aerosol

particles in these conditions are formed only as a result of ion-induced nucleation. The critical size of
sulfate aerosol particle nuclei at the analyzed values of temperature and relative humidity cannot be smaller
than 7, ;,, ® 0.59 nm. Therefore, the nuclei of the smaller particles formed as a result of binary nucleat1on
are thermally unstable and malnly evaporate. This is also confirmed by the data of calculations of J |, (see

above). Their evaporation in the analyzed conditions means that the rate of the growth of such clusters is
lower than the rate of their evaporation, which leads to Ji;, = 0. It may be stated that the use of the sum of
J.,, and J, for estimating the resulting effect of binary and ion nucleation in the process of sulfate acrosol
particle nucleation in the atmosphere is correct only if 7 j;n = 7+ pin- Lhis conclusion is made when
cons1der1ng data on the part1cle nucleation at large heights. At the height of 5.6 krn Ter bin /rCr ion~ 0.93 and

~ 0. 3(J vin T J. on) ® J . Despite the similarity of the calculated values of J o, and J at this height,

only a small part of the clusters arising in the binary nucleation over the time of their evaporation has time
to grow from 7, y;, t0 7, ;on and to take part in the formation of sulfate aerosol part1cles Let us est1mate their
portion in the mid-latitudes at the height of 5.6 km using the ratio J, /J, . The maximum value of J,/J,. ~0

in the mid-latitudes and ~0.1 in the tropics (see Fig. 1). This growth of J,/J
an increase in J |

w18 basically assoc1ated W1th

win (Join) caused by the temperature drop.

Thus, the value of the ratio 7 yin/7¢r ion can be considered as an indicator characterizing the stability of
the critical cluster in the binary nucleation at the simultaneous occurrence of ion- induced nucleation of
sulfuric acid and water vapor. For example, Figure 2 presents the dependence of J,/(J.. + J. ) on

bin ion
Fer bin/Ter ion TOT the mid-latitudes. Here, the ratio J T bin

part in the formation of sulfate aerosol particles at the synchronous realization of binary and ion nucleation
(J ;) relative to their maximum numberJ, +J, . Itis clear that some time after the model initialization

(in 12-30 hours), the calculated dependence leads to the similar result. If 7 pin/7er ion = 0.85, wh1ch is
typical of small heights (<10 km), J./(J,. + J. ) — 1. In these conditions, Ju;, << Ji, (J ). The

bin ion ion
nucleation of sulfate aerosol particles occurs both due to the ion-induced nucleation and due to a part of
particles formed in the process of binary nucleation that escaped evaporation. A similar mechanism of
sulfate acrosol formation is also valid if 7, pin/7cr jon < O. 75 i.e., at a height above 10 km. In the interval
0.75 <7t vin/Ter ion < 0.85, there is a “dip” in _JE/(J; +J ) (see F1g 2). In these conditions, the formation

on

+J ion) shows a portion of critical nuclei taking

of sulfate aerosol particles occurs almost completely due to the format1on of their nuclei in the process of
ion-induced nucleation. The similar dependence of J /(J +J. ) on Ter vin/Ter jon according to our

bin ion
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calculations is also observed near the tropics, although the dip at this geographic point is slightly displaced
towards the smaller values of ry pin/rer ion (~0.6). In this case, the zone with dominant ion-induced
nucleation considerably expands and is shifted toward greater altitudes.

CONCLUSIONS

The paper presents the results of one-dimensional calculations of the height profiles of nucleated sulfate
aerosol particles for the mid-latitudes and tropics in winter. The calculations were performed using the
three-dimensional model of the transport and transformation of multicomponent gas and aerosol substances
in the atmosphere, incorporating photochemistry, nucleation involving neutral molecules and ions, as well
as condensation/evaporation and coagulation. It is found that the resulting dynamics of the formation of
aerosol particle nuclei is not a simple sum of ion and binary (water vapor/sulfuric acid) nucleation rates.
This dynamics is determined by the ratio of the critical radii of nucleated particles due to binary and
ion-induced nucleation of vapors of these substances (7, vin/7er ion) depending on temperature and relative
humidity, as well as on the ionization rate and latitude. The nucleation rate nonlinearly depends on
Fer bin/Ver ions Which should be taken into account in modeling the gas and aerosol composition of the atmo-
sphere and comparing calculated and observed data. For example, at small and large heights in the
mid-latitudes, the nucleation rate is caused by the participation in this process of both ions and a part of nu-
clei of particles formed in the binary nucleation that escaped evaporation. Between these levels, the forma-
tion of sulfate aerosol particles occurs almost solely due to the formation of their nuclei as a result of
ion-induced nucleation. Such differentiation of the contribution of ion and binary nucleation to the forma-
tion of sulfate aerosol particles is also observed close to the tropics. At the same time, the zone with
dominant ion-induced nucleation considerably expands and is shifted toward greater altitudes.
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