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Ab stract—The re sults of one-dimensional cal cu la tions of the height pro files of nu cle ated sul fate aero -
sol par ti cles for the north ern mid-latitudes and trop ics in win ter are pre sented. Nu mer i cal cal cu la tions
were per formed us ing a three-dimensional model of the trans port and trans for ma tion of multicompo-
nent gas and aero sol sub stances in the at mo sphere, in cor po rat ing photochemistry, nu cle ation in volv ing
neu tral mol e cules and ions, as well as con den sa tion/evap o ra tion and co ag u la tion. It is found that the
re sult ing dy nam ics of the for ma tion of aero sol par ti cle nu clei is not a sim ple sum of ion and bi nary
(wa ter vapor/sul fu ric acid) nu cle ation rates. This dy nam ics is de ter mined by the ra tio of crit i cal ra dii of
nu cle ated par ti cles due to bi nary and ion nu cle ation of these sub stances (rcr_bin and rcr_ion) de pend ing on
tem per a ture, rel a tive hu mid ity, and ion iza tion rate. This should be taken into ac count in mod el ing the
gas and aero sol com po si tion of the at mo sphere and com par ing cal cu lated and ob served data.
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IN TRO DUC TION

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.

37

ISSN 1068-3739, Russian Meteorology and Hydrology, 2021, Vol. 46, No. 1, pp. 37–42. Ó Allerton Press, Inc., 2021.

Russian Text Ó The Author(s), 2021, published in Meteorologiya i Gidrologiya, 2021, No. 1, pp. 53–60.



SUL FATE AERO SOL FORMATION MODEL

The cal cu la tions of the for ma tion and trans port of multicomponent gas and aero sol sub stances in the
lower strato sphere us ing the three-dimensional model were per formed in the co or di nate sys tem (l , y , z),
where l is lon gi tude, y is colatitude, z is al ti tude. The equa tions for the rate of vari a tions in the con cen tra -
tion of trace gases and aero sol in the at mo sphere pre sented in [1, 3, 5] have the fol low ing form:
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The equations were integrated in the domain Dt = G ́  [0, T], where G = S ́  [0, H], S = {(l , y): 0 £ l £
2p, 0 £ y £ p}, H is the top of the computational domain. Here, Ci (i = 1,…, Ng), jk (k = 1,…, Na) are the
concentrations of gases and aerosol, respectively; Ng and Na are the number of gas components and aerosol
fraction, respectively; (u, v, w) are the wind speed components in the directions l , y , z, respectively; wgr

is the gravitational settling velocity; a is the average radius of the Earth; m and v are the coefficients of
turbulent exchange in the horizontal and vertical directions, respectively; F gas

i
 and F aer

i
 are the sources of

trace gases and aerosols, respectively; P nucl

i
, P cond

i
, P coag

i
, and P phot

i
 are the operators of nucleation,

condensation, coagulation, and photochemical transformation, respectively. Along with the binary
nucleation of sulfuric acid and water vapor (Jbin, cm–3 s–1), the process of nucleation of these vapors due to
atmospheric ions was considered (Jion, cm–3 s–1). The nucleation rate for these two channels (P nucl

i
 = Jbin +

Jion) was calculated as the flow of particles passing through the critical size of nuclei (rcr_bin and rcr_ion). 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 cond

i
). The resulting nucleation operators P nucl

i
 were used to calculate 

the variability of gas and sulfate aerosol concentrations.

PHO TO CHEM I CAL 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 (SO2, NOx, CH4) and biogenic (H2S, CS2, COS, CH3SCH3, CH4) 
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
2

+ , O
2

+ ,
H+, O+) and electrons are transformed into protonated (H3O+(H2O)n, NH

4

+ (H2O)n, etc.) and conjugated (for
example, NO

3

- (HNO3)x(H2O)y) 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 Jion

[18], which correspond to the stationary conditions at the concentrations of nucleating sulfuric acid
molecules, temperature (T, K), relative humidity, ionization rate (J, cm–3 s–1), and the total surface of
aerosol particles (S, mm2/cm3), 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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RE SULTS AND DIS CUS SION

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 S  = Jbin + Jion) calculated at the synchronous processes of binary and ion-induced
nucleation of sulfuric acid and water vapor. Here, Jbin and Jion 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 S  is observed to the height of 10 km in the mid-lati-
tudes. Then, despite variations, the quasiconstant value of J S  is maintained as the height above the ground
increases: J S  » 20 ± 10 cm–3 s–1 (Fig. 1a). Close to the tropics, the profile of J S  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 S  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

bin

* ) and ion-induced (J
ion

* ) nucleation calculated in the absence of

ion and binary nucleation, respectively. Their position is also close to the location of the maximum for the
sum (J

bin

*  + J
ion

* ). Despite this, the absolute values of J S  in the mid-latitudes and tropics are much smaller

than the values of J
bin

*  + J
ion

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

rate of ion-induced nucleation J
ion

* , 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 rivers, J
ion

 » 1 cm–3 s–1,
while the rate of binary nucleation in such conditions Jbin » 0. At the same time, J

bin

*  + J
ion

*  » J
ion

*  » J S . The 

negative impact of ion-induced nucleation on binary nucleation in these conditions cannot be considered
due to too high temperature (~254 K). At the altitude of 5.6 km, J

bin

*  » J
ion

*  (»8 and »6 cm–3 s–1). At the

same time, J S  is about three times smaller than the sum (J
bin

*  + J
ion

* ), despite the favorable combination of

temperature and relative humidity at this height providing J
bin

*  » 8 cm–3 s–1. 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 height increases by 1.6 km (H = 7.2 km), which leads to the more than 10-fold decline in J S  as
compared to (J

bin

*  + J
ion

* ). This occurs despite the ~130-fold growth of J
bin

*  (~1090 cm–3 s–1) at the lifting

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
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Fig. 1. The vertical profiles of the nu cle ation rate (a) in the mid-latitudes (70° N, 120° E) and (b) trop ics (5° N, 5° E) in win ter
(Jan u ary 2002): (1) the cal cu lated nu cle ation rate un der con di tions of the si mul ta neous re al iza tion of bi nary and ion-induced
nu cle ation; (2, 3) the nu cle ation rates Jbin

*  and J ion
*  cal cu lated in the ab sence of ion-induced and bi nary nu cle ation, re spec -

tively; (4) the sum of the rates Jbin
*  and J ion

* .



in the process of ion-induced (rcr_ion) and binary (rcr_bin) 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, rcr_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 (rcr_bin » 0.4 nm).
The calculations show that J S  » Jion » J

ion

*  » 1 cm–3 s–1 and Jbin » 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 rcr_ion » 0.59 nm. Therefore, the nuclei of the smaller particles formed as a result of binary nucleation
are thermally unstable and mainly evaporate. This is also confirmed by the data of calculations of J

bin

*  (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 Jbin » 0. It may be stated that the use of the sum of 
J

bin

*  and J
ion

*  for estimating the resulting effect of binary and ion nucleation in the process of sulfate aerosol 

particle nucleation in the atmosphere is correct only if rcr_ion = rcr_bin. This conclusion is made when
considering data on the particle nucleation at large heights. At the height of 5.6 km, rcr_bin /rcr_ion » 0.93 and 
J S  » 0.3(J

bin

*  + J
ion

* ) » J
ion

* . Despite the similarity of the calculated values of J
bin

*  and J
ion

*  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 rcr_bin to rcr_ion and to take part in the formation of sulfate aerosol particles. Let us estimate their
portion in the mid-latitudes at the height of 5.6 km using the ratio J S /J

bin

* . The maximum value of J S /J
bin

* » 0 

in the mid-latitudes and »0.1 in the tropics (see Fig. 1). This growth of J S /J
bin

*  is basically associated with

an increase in J
bin

*  (Jbin) caused by the temperature drop.

Thus, the value of the ratio rcr_bin/rcr_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 S /(J

bin

*  + J
ion

* ) on

rcr_bin/rcr_ion for the mid-latitudes. Here, the ratio J S /(J
bin

*  + J
ion

* ) shows a portion of critical nuclei taking

part in the formation of sulfate aerosol particles at the synchronous realization of binary and ion nucleation 
(J S ) relative to their maximum number J

bin

*  + J
ion

* . It is clear that some time after the model initialization

(in 12–30 hours), the calculated dependence leads to the similar result. If rcr_bin/rcr_ion ³ 0.85, which is
typical of small heights (£10 km), J S /(J

bin

*  + J
ion

* ) ® 1. In these conditions, Jbin << Jion (J
ion

* ). The

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 aerosol formation is also valid if rcr_bin/rcr_ion < 0.75, i.e., at a height above 10 km. In the interval
0.75 £ rcr_bin/rcr_ion £ 0.85, there is a “dip” in J S /(J

bin

*  + J
ion

* ) (see Fig. 2). In these conditions, the formation

of sulfate aerosol particles occurs almost completely due to the formation of their nuclei in the process of
ion-induced nucleation. The similar dependence of J S /(J

bin

*  + J
ion

* ) on rcr_bin/rcr_ion according to our
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Fig. 2. The im pact of the ra tio of crit i cal nu clei ra dii in the pro cess of bi nary and ion-induced nu cle ation to the frac tion of
crit i cal nuclei (JS/(Jbin

*  + J ion
* )) in volved to the for ma tion of sul fate aero sol par ti cles at the syn chro nous oc cur rence of bi nary

and ion-induced nu cle ation ( JS ) rel a tive to their max i mum num ber Jbin
*  + J ion

* . (1, 2, 3) The re sults of cal cu la tions 12, 24, and
30 hours af ter the model ini tial iza tion.



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

CON CLU SIONS

The pa per pres ents the re sults of one-dimensional cal cu la tions of the height pro files of nu cle ated sul fate
aero sol par ti cles for the mid-latitudes and trop ics in win ter. The cal cu la tions were per formed us ing the
three-dimensional model of the trans port and trans for ma tion of multicomponent gas and aero sol sub stances 
in the at mo sphere, in cor po rat ing photochemistry, nu cle ation in volv ing neu tral mol e cules and ions, as well
as con den sa tion/evap o ra tion and co ag u la tion. It is found that the re sult ing dy nam ics of the for ma tion of
aero sol par ti cle nu clei is not a sim ple sum of ion and bi nary (wa ter va por/sul fu ric acid) nu cle ation rates.
This dy nam ics is de ter mined by the ra tio of the crit i cal ra dii of nu cle ated par ti cles due to bi nary and
ion-induced nu cle ation of va pors of these sub stances (rcr_bin/rcr_ion) de pend ing on tem per a ture and rel a tive
hu mid ity, as well as on the ion iza tion rate and lat i tude. The nu cle ation rate nonlinearly de pends on
rcr_bin/rcr_ion, which should be taken into ac count in mod el ing the gas and aero sol com po si tion of the at mo -
sphere and com par ing cal cu lated and ob served data. For ex am ple, at small and large heights in the
mid-latitudes, the nu cle ation rate is caused by the par tic i pa tion in this pro cess of both ions and a part of nu -
clei of par ti cles formed in the bi nary nu cle ation that es caped evap o ra tion. Between these lev els, the for ma -
tion of sul fate aero sol par ti cles oc curs al most solely due to the for ma tion of their nu clei as a re sult of
ion-induced nu cle ation. Such dif fer en ti a tion of the con tri bu tion of ion and bi nary nu cle ation to the for ma -
tion of sul fate aero sol par ti cles is also ob served close to the trop ics. At the same time, the zone with
dominant ion-induced nucleation con sid er ably ex pands and is shifted toward greater al ti tudes.

FUNDING

The research was supported by the Russian Foundation for Basic Research (project numbers
18-05-00289 and 19-05-50007 (Mikromir)), as well as by the governmental assignments of Marchuk
Institute of Numerical Mathematics of Russian Academy of Sciences (RAS) and the Talrose Institute for
Energy Problems of Chemical Physics of RAS (theme AAAA-0047-2018-0012).

REF ER ENCES

1. A. E. Aloyan, A. N. Yermakov, and V. O. Arutyunyan, “Aero sols in the Tro po sphere and Lower Strato sphere.
Sul fate Par ti cles in North ern Lat i tudes,” Optika Atmosfery i Okeana, No. 2, 31 (2018) [in Rus sian].

2. A. E. Aloyan, A. N. Yermakov, and V. O. Arutyunyan, “Modeling the Impact of Ions on the Dynamics of
Atmospheric Aerosol Formation,” Izv. Akad. Nauk, Fiz. Atmos. Okeana, No. 1, 57 (2021).

3. A. E. Aloyan, A. N. Yermakov, and V. O. Arutyunyan, “Sul fate Aero sol For ma tion in the Tro po sphere and Lower 
Strato sphere,” in The In ves ti ga tion of Pos si ble Sta bi li za tion of Cli mate Using New Tech nol ogies (Roshydromet,
Mos cow, 2012) [in Rus sian].

4. H. Akimoto, At mo spheric Re ac tion Chem is try (Springer Ja pan, 2016).
5. A. E. Aloyan, “Math e mat i cal Modeling of the In ter ac tion of Gas Spe cies and Aero sols in At mo spheric Dispersive 

Sys tems,” Russ. J. Num. Anal. Math. Model., No. 1–4, 15 (2000).
6. A. D. Clarke, D. Da vis, V. N. Kapustin, F. Eisele, G. Chen, I. I. Paluch, D. Lenschow, A. R. Bandy, D. Thorn ton,

K. Moore, L. Mauldin, D. Tan ner, M. Litchy, M. A. Carroll, J. Col lins, and G. Albercook, “Par ti cle Nu cle ation in
the Trop i cal Bound ary Layer and Its Cou pling to Ma rine Sul fur Sources,” Sci ence, 282 (1998). 

7. E. E. Ferguson, “Ion–Molecule Reactions in the Atmosphere,” in Kinetics of Ion–Molecule Reactions, Ed. by 
P. Ausloos (Springer, Boston, 1979).

8. K. D. Froyd and E. R. Lovejoy, “Ex per i men tal Ther mo dy nam ics of Clus ter Ions Com posed of H2SO4 and H2O. 1.
Pos i tive Ions,” J. Phys. Chem., A, No. 45, 107 (2003).

9. U. Horrak, J. Salm, and H. Tammet, “Bursts of In ter me di ate Ions in At mo spheric Air,” J. Geophys. Res., 103
(1998).

10. M. Kanakidou, J. H. Seinfeld, S. N. Pandis, I. Barnes, F. J. Dentener, M. C. Facchini, R. van Dingenen, E. Swiet-
licki, J. P. Putaud, Y. Balkanski, S. Fuzzi, J. Horth, G. K. Moortgat, R. Winterhalter, C. E. L. Myhre, K.
Tsigaridis, E. Vignati, E. G. Stephanou, and J. Wil son, “Or ganic Aero sol and Global Cli mate Modeling: A Re -
view,” Atmos. Chem. Phys., No. 4, 5 (2005).

11. M. Kulmala, H. Vehkamaki, T. Pe, M. Dal Maso, A. Lauri, V. M. Kerminen, W. Birmili, and P. H. McMurry,
“For ma tion and Growth Rates of Ultrafine At mo spheric Par ti cles: A Re view of Ob ser va tions,” J. Aero sol Sci., 35
(2004).

RUSSIAN METEOROLOGY AND HYDROLOGY   Vol. 46   No. 1   2021 

THE ROLE OF BINARY AND ION NUCLEATION OF SULFURIC ACID 41



12. Y. Kurihara and R. E. Televa, “Struc ture of Trop i cal Cy clone De veloped in Three-dimensional Nu mer i cal Sim u -
la tion Model,” J. Atmos. Sci., No. 5, 31 (1974). 

13. E. R. Lovejoy, J. Curtius, and K. D. Froyd, “At mo spheric Ion In duced Nu cle ation of Sul fu ric Acid and Wa ter,” J.
Geophys. Res., 109 (2004).

14. M. Noppel, H. Vehkamaki, and M. Kulmala, “An Im proved Model for Hy drate For ma tion in Sul fu ric Acid–Wa -
ter Nu cle ation,” J. Chem. Phys., 116 (2002).

15. J. H. Seinfeld and S. N. Pandis, At mo spheric Chem is try and Phys ics. From Air Pol lu tion to Cli mate Change
(Wiley-Interscience, New York, 1997).

16. M. Wang and P. E. Pen ner, “Aero sol In di rect Forcing in a Global Model with Par ti cle Nu cle ation,” Atmos. Chem. 
Phys., 9 (2009).

17. R. J. Weber, J. J. Marti, P. H. McMurray, F. L. Eisele, D. J. Tan ner, and A. Jef fer son, “Mea sured At mo spheric
New Par ti cle For ma tion Rates: Im pli ca tions for Nu cle ation Mech a nisms,” Chem. Eng. Commun., 151 (1996).

18. F. Yu, “Ion-mediated Nu cle ation in the At mo sphere: Key Con trolling Pa ram e ters, Im pli ca tions, and Look-up Ta -
ble,” J. Geophys. Res., 115 (2010).

19. F. Yu, G. Luo, T. S. Bates, B. An der son, A. Clarke, V. Kapustin, R. M. Yantosca, Y. Wang, and Sh. Wu, “Spa tial
Dis tri bu tions of Par ti cle Num ber Con cen tra tions in the Global Tro po sphere: Sim u la tions, Ob ser va tions, and Im -
pli ca tions for Nu cle ation Mech a nisms,” J. Geophys. Res., 115 (2010).

RUSSIAN METEOROLOGY AND HYDROLOGY   Vol. 46   No. 1  2021

42 ALOYAN et al.


