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mechanism of atmospheric mineral dust particles and
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[1] The plausibility of heterogeneous conucleation of water, sulphuric acid, and
ammonia as a pathway leading to soluble coating of atmospheric mineral dust is
investigated. In addition, the effect of such sulphate-coated dust on the formation and
growth of atmospheric aerosol particles is addressed. The simulated new particle
formation mechanism is ternary nucleation of water, sulphuric acid, and ammonia
vapors, while in the condensational growth process the effect of condensable organic
vapor is also studied. The results indicate that soluble coating of dust by heterogeneous
nucleation can occur at atmospheric sulphuric acid concentrations. In addition, the
simulations show that homogeneous ternary nucleation and subsequent growth

are decoupled. Although observed (or even higher) dust concentrations are unable to
inhibit new particle formation, coated dust particles acting as condensation and
coagulation sinks can prevent the growth of newly formed particles to detectable
sizes. This is particularly true in desert areas, where organic vapor concentrations

are low.
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1. Introduction

[2] Mineral aerosols play an important role in the global
climate system, and changes in their atmospheric concen-
tration are largely due to anthropogenic impact, such as
wind erosion of agricultural land, deforestation, salinization,
overgrazing, and urbanization [Andreae, 1996; Tegen et al.,
1996]. Of the total global dust emissions estimated to range
from 1000 Mt/yr to 5000 Mt/yr [Duce, 1995] with high
variability in time and space, human activities account for
30 to 50 percent [Tegen and Fung, 1995]. This estimate of
the anthropogenic contribution is, however, highly uncer-
tain [Intergovermental Panel on Climate Change (IPCC),
2001].

[3] Dust aerosols disturb the radiative balance of the
atmosphere by absorbing and scattering incoming solar
radiation and by absorbing and emitting outgoing thermal
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radiation. It is, however, still impossible to quantify the
radiative forcing of the dust particles [Sokolik et al.,
2001]. Magnitude and sign of the forcing depend on the
optical properties (as a function of particle size distribu-
tion and refractive index) and on the albedo of the
underlying surfaces including cloud cover [Tegen and
Lacis, 1996; Sokolik and Toon, 1996; Liao and Seinfeld,
1998; Claquin et al., 1998]. In addition, the mineral dust
particles can in multiple ways have an indirect effect on
the climate system. Model studies show that mineral
aerosol could significantly affect atmospheric chemistry,
in particular that of ozone and nitrogen compounds
[Dentener et al., 1996; Zhang and Carmichael, 1999;
Underwood et al., 2001]. Dust has also a potentially
strong impact on the major biogeochemical cycles because
the deposition of micronutrients (e.g., Fe, Si, P) can
change the productivity of marine [e.g., Martin, 1991;
Coale et al., 1996] and terrestrial [e.g., Chadwick et al.,
1999] ecosystems.

[4] Measurements in the eastern Mediterranean have
revealed that mineral dust particles get often coated with
sulphate and other soluble material [Levin et al., 1996].
Soluble coating enables the dust particles to serve as cloud
condensation nuclei (CCN) and could therefore change
their impact on the microphysical development of other
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clouds and the formation of rainfall [Wurzler et al., 2000].
While the mechanism responsible for the soluble coating is
still uncertain, observations have shown that the amount of
soluble material on dust particles correlates with particle
surface area [Levin et al., 1996]. Simulations of Wurzler et
al. [2000] indicated that impaction scavenging by cloud
droplets initially formed on soluble particles is a possible
pathway for the soluble coating of the mineral dust par-
ticles. Other suggested coating mechanisms, which are
consistent with the occasional observations of a patchy
rather than uniform sulphate coating [Levin et al., 1996],
include coagulation of dust and sulphate particles, and
oxidation of SO, to SO, on dry mineral aerosol [Dentener
et al., 1996].

[s] The explanation to patchy coating may also lie in
heterogeneous nucleation of vapor mixtures containing
sulphate, a process in which liquid embryos form on
insoluble surfaces. This coating pathway has long been
neglected, mainly because of the formation energy barrier
associated with its onset. Recent theoretical calculations
[Coffiman and Hegg, 1995; Napari et al., 2002] and
preliminary experimental findings [Ball et al., 1999]
indicate, however, that conucleation of sulphuric acid,
ammonia, and water is capable of producing new particles
at atmospheric conditions. As heterogeneous nucleation on
surfaces can take place at significantly lower supersatura-
tions, its plausibility as a dust-coating mechanism is
worthy of consideration. The onset of this mechanism is
strongly dependent on the characteristics of the mineral
dust surface, varying in shape and consistency. Heteroge-
neous nucleation therefore provides a consistent picture
with the observation that only a few of the mineral
particles have soluble coating on them [Levin et al.,
1996].

[6] The research focused on soluble coated dust particles
has not thus far addressed their impact on aerosol micro-
physics and on new particle formation in particular.
Analyses of nucleation events have, however, emphasized
the importance of pre-existing particles acting as conden-
sation and coagulation sinks during new particle formation
[Kulmala et al., 2001a, 2001b], and therefore the relatively
large soluble coated dust particles may notably influence
the growth and detection of newly formed particles. This
could be particularly evident if the dust layer is enhanced
after strong dust events. Measurements [D’Almeida and
Schiitz, 1983] show for dust storm events an increase in
the particle number density by more than an order of
magnitude.

[7] In this paper, we investigate the plausibility of
heterogeneous conucleation of H,SO,4, NH;3, and H,O as
a possible pathway leading to sulphate coating of mineral
aerosol particles. Furthermore, we apply a detailed aerosol
dynamics model to look into the effect of soluble coated
mineral dust particles on aerosol microphysics and in
particular on new particle formation and growth. We aim
to find theoretical estimates for dust concentrations suffi-
cient to inhibit new particle formation by homogeneous
ternary nucleation or to prevent the growth of formed
particles to detectable sizes. The following section briefly
summarizes the theory of heterogeneous nucleation and
discusses its potential for coating dust particles with
soluble material. Section 3 describes the aerosol dynamics
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model and section 4 presents the model results. Section 5
summarizes the major outcomes of this study.

2. Heterogeneous Nucleation

[8] Recent studies have shown that apart from very
low temperatures, e.g., in the free troposphere, ternary
nucleation of sulphuric acid-ammonia-water mixture can
take place at significantly lower supersaturations than
binary nucleation of sulphuric acid and water [Ball et
al., 1999; Napari et al., 2002]. In this study, we
therefore consider soluble coating of mineral dust par-
ticles by heterogeneous vapor-liquid nucleation of H,SOy,,
NH;, and H,O. The nucleation scheme applied builds on
a recently revised model for ternary homogeneous nucle-
ation [Napari et al., 2002]. The critical radii of the
forming embryos are the same for heterogeneous and
homogeneous nucleation mechanisms. To determine the
free energy involved in the formation of a heterogeneous
embryo, however, one must account for the different
surface to volume ratio and the influence of the liquid-
solid interface. The nucleation model of Napari et al.
[2002] is based on a thermodynamically consistent ver-
sion of the classical nucleation theory. Although the
classical theory has its well-known shortcomings, some
of which new theoretical approaches [Laaksonen and
Oxtoby, 1995] are capable of addressing, it is still the
only one applicable to atmospheric models.

2.1. Theory

[¢] We follow the theoretical formulations of heteroge-
neous nucleation by Fletcher [1958], Hamill et al. [1982],
and Kulmala et al. [2001c], who assume that nucleation
proceeds via direct vapor deposition onto the particle
surface. For practical reasons, the nucleating embryo is
treated as a portion of a sphere, and the substrate particle
as a sphere with energetically homogeneous surface. The
latter assumption introduces some error in the formulation
because, in reality, the heterogeneous nucleation rate
depends strongly on the characteristics of the underlying
surface. However, because the interactions between the
nucleating molecules and the energetically heterogeneous
surface are complex and difficult to quantify, assuming
homogeneity throughout the substrate surface is customary
in atmospheric models. Despite this deficiency, the formu-
lation should allow attainment of qualitatively reliable
results on the formation of liquid embryos on solid particle
surfaces.

[10] To determine the critical size of the forming
embryo on a spherical substrate particle of radius R,
consider an embryo consisting of n = X;n; molecules,
where n; stands for the number of molecules of the
nucleating compound 7. Minimizing the formation free
energy of the embryo with respect to all variables n; gives
[Fletcher, 1958]

2
AG*:?WV*ZOIZJI(M?ZL (1)

where AG* is the formation energy and r* the radius of the
critical embryo, and o, the surface tension between the
embryo phase and the surrounding gas phase. Equation (1)



KORHONEN ET AL.: IMPACT OF SULPHATE-COATED DUST ON NUCLEATION

takes the geometry of the forming embryo into account

through the factor
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In equation (5), 0 is the contact angle, which is determined
by the interfacial free energies o;;. Index 1 stands for the
gas phase, index 2 for the embryo phase, and index 3 for
the substrate phase. In the lack of measured values for the
interfacial free energies in the case of ternary hetero-
geneous nucleation on mineral dust, it is of great
importance to assess the sensitivity of the model results
to the contact angle value chosen in the model. On
completely wettable surfaces, corresponding to contact
angle 0°, heterogeneous nucleation is an effective coating
mechanism whereas nucleation on completely unwettable
surface with a contact angle 180° corresponds to homo-
geneous nucleation.

[11] In the formulation of Hamill et al. [1982], the
triggering mechanism for liquid embryo formation is ad-
sorption of vapor molecules onto the solid particle surface,
and the number of molecules adsorbed per unit area is given
by

Nads — Z BT = Z% exp(E;/RT). (6)

In this equation, (3, is the impinging rate and T, the residence
time of the molecules of compound i on the substrate
particle surface. At a given temperature 7, the residence
time can be expressed with the help of the heat of
adsorption, E;, and the characteristic frequency of vibration
of the molecules, v; [Lazaridis et al., 1991]. This frequency
between two molecules can be calculated using the nearest-
neighbor harmonic oscillator approximation. For E;, we
used the latent heat of condensation given by Adamson
[1982]. Correspondingly, at 275 K the calculated values for
v; and E; were 3.92 x 10" s™! and 44 970 J/mol for water,
1.16 x 10'* s~ and 84 340 J/mol for sulphuric acid, and
3.92 x 10'? s~ " and 21750 J/mol for ammonia, respectively.
Although the determination of the number of vapor
molecules adsorbed suffers from uncertainty related to the
nature of the substrate particle, Hamill et al. [1982]
evaluated the uncertainty in the contact angle value much
more significant.
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[12] This study assumed that heterogeneous nucleation
takes place once critically sized soluble nuclei cover the
entire dust particle surface. The heterogeneous nucleation
rate consistent with this assumption is

AG*
I — wr*2Nyg R ZN, exp | — , (7)
kT
corresponding to the maximum time for nucleation. The rate
that corresponds to the minimum time for nucleation defines

the rate at which a single critical embryo forms on a solid
particle surface. Then, the heterogeneous nucleation rate is

AG*
= 4ﬂR127NadSRavZNp exp <f T ) ) (8)

For our purposes this formulation is not, however, well-
suited since one critically sized embryo covers only a small
fraction of the dust particle surface area and cannot
therefore be considered to coat the whole dust surface with
soluble material. In the equations above, R,, denotes the
average condensation rate on the embryo, Z the Zeldovich
nonequilibrium factor [Arstila et al.,, 1999], and N, the
number concentration of substrate particles. For the purpose
of this study, an important concept is the probability that
heterogeneous nucleation occurs within time At This
nucleation probability

P —1—exp(—1Ar) 9)

allows us to determine the portion of the dust particle
population that has been coated with soluble material at a
certain time.

2.2. Soluble Coating of Mineral Dust Particles

[13] To evaluate the potential of heterogeneous nucleation
to coat atmospheric mineral dust particles with soluble
material, we applied equations (7) and (9) to study the
conucleation of sulphuric acid, ammonia, and water. In
determining the onset of heterogeneous nucleation, of key
importance is the interaction between the forming embryo
and the dust particle. Figure 1 demonstrates that depending
on the strength of this interaction, taken into account
through the contact angle 0 in the nucleation model, the
concentrations of sulphuric acid and ammonia required for
soluble coating vary markedly. Even then, all the calculated
critical sulphuric acid concentrations shown in the figure,
irrespective of the contact angle value, are within or below
the typically measured range of 10°—~10" cm™> [Eisele and
Tanner, 1993; Weber et al., 1997]. An increase in ammonia
mixing ratio from 1 ppt (Figure la) to 5 ppt (Figure 1b)
lowers the sulphuric acid concentration required for soluble
coating by an order of magnitude for each respective contact
angle value. The temperature chosen for the calculations,
275 K, corresponds crudely to that at altitudes where Levin
et al. [1996] detected soluble coated dust. One should note,
however, that the nucleation probability curves are temper-
ature dependent and shift to right when temperature rises. In
contrast, the substrate particle size has very little influence
on the results in the dust size range.
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Figure 1. Probability of heterogeneous nucleation as a
function of contact angle and sulphuric acid concentration at
temperature 275 K, relative humidity 50%, and ammonia
mixing ratios (a) 1 ppt and (b) 5 ppt. In the calculations, the
substrate particle diameter was 1 pm, and the time period in
consideration was 1 s.

[14] Although the simulation results predict soluble
coating of dust particles at very low sulphuric acid
concentration, dust without soluble coating is frequently
observed in the atmosphere. Our formulation of heteroge-
neous nucleation based on the self-consistent classical
nucleation theory therefore seems to somewhat overesti-
mate its coating potential. While this may to some extent
arise from the insufficient data available to describe the
interaction between the nucleating molecules and the
substrate surface, another factor to keep in mind is that
at low vapor concentrations, condensation onto the form-
ing embryos is very slow and condensational growth and
nucleation are decoupled [Kulmala et al., 2000]. Under
such conditions, the formation of observable soluble
coating requires additional condensable species or very
long timescales. For sulphuric acid condensation at con-
centrations above 10° cm >, however, these obstacles
vanish, and on the basis of our simulations, ternary
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heterogeneous nucleation seems a possible pathway of
sulphate coating.

3. Aerosol Dynamics Model

[15] The impact of soluble coated mineral dust on aerosol
dynamics, and on new particle formation events in partic-
ular, was investigated with a zero-dimensional aerosol dy-
namics and gas-phase chemistry model MONO32 [Pirjola
and Kulmala, 2000; Pirjola et al., 2003]. In this model,
particles can contain both soluble and insoluble material;
same sized particles are, however, uniform in composition.
Aerosol dynamics processes included are homogeneous
ternary H,SO4-H,O-NHj3 nucleation, heterogeneous ternary
nucleation on mineral dust particles, multicomponent con-
densation, coagulation, and dry deposition. The calculation
of homogeneous and heterogeneous nucleation rates builds
on the recently revised ternary nucleation model of Napari et
al. [2002]. Of the condensable compounds, sulphuric acid
has a negligible vapor pressure while the organic vapor can
be either nonvolatile, semivolatile, or highly volatile. The
current version of the model neglects the condensation of
ammonia. An empirical fit [Tang and Munkelwitz, 1994] for
the solute mass fraction as a function of water activity
determines the water content of the particles. Calculation of
Brownian coagulation coefficients follows the formulation of
Fuchs [1964]. The scheme for dry deposition of particles
takes into account Brownian diffusion, interception, and
gravitational settling [Schack et al., 1985].

[16] MONO32 has been developed to simulate aerosol
processes in 1-D boundary layer and 3-D Eulerian models.
To minimize computational costs in such large codes, it
represents each particle mode (nucleation, Aitken, accumu-
lation, coarse) with a single moving monodisperse size
section. As is well-known, the moving size bin method is
an excellent choice for simulation of condensational growth
of particles. Continuous nucleation, however, causes prob-
lems if the first formed particles grow because of conden-
sation and self-coagulation and leave no size bin small
enough to put freshly nucleated particles into. Placing these
particles into the nucleation mode with the pre-existing ones
requires conservation of number and mass, and thus the
monodisperse method somewhat underestimates the growth
of earlier nucleated particles. In simulations focusing on
nucleation mode particle growth to a certain detectable size,
it is therefore necessary to concentrate on short nucleation
bursts only. Another option, creating a new size bin for the
freshly nucleated particles after each time step, raises the
computational cost of the approach considerably.

4. Impact of Dust On Aerosol Dynamics
4.1. Simulation Conditions

[17] To investigate new particle formation and growth in
the presence of relatively large mineral dust particles, we
simulated particle formation by homogeneous nucleation
simultaneously with other aerosol dynamics. Heterogeneous
nucleation, for which we chose a constant contact angle
value 100°, was essential in the simulations because water-
soluble material, such as sulphuric acid and organic com-
pounds, could start condensing onto dust particles only after
the particles had gained soluble coating.
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[18] In each 6-hour simulation, run from 9 a.m to 3 p.m.,
the temperature was 275 K and relative humidity 50%.
Oxidation of sulphur dioxide (SO,) by hydrate radicals
(OH) and subsequent reactions provided a source for
sulphuric acid. The radical had a semisinusoidal diurnal
pattern, which peaked at noon with a value of 10° cm ™.
Sulphur dioxide concentration, on the other hand, was
constant in each individual simulation but varied between
the simulations from 5 x 107 to 1.3 x 10" em™ (1.9 to
490 ppt) [e.g., Wurzler et al., 2000; Alam et al., 2003]. In
addition to sulphuric acid, a semivolatile organic com-
pound, with molar mass 102.2 g/mol and equilibrium vapor
concentration 2 x 10° cm >, condensed onto the particles.
Although the organic compounds contributing to particle
growth have not been identified, modeling work has shown
that in order to condense onto nanometer range particles the
equilibrium vapor concentration has to be below 10°—
10° cm ™ [Kerminen et al., 2000; Pirjola and Kulmala,
2001]. The modeled organic compound was partly water-
soluble and its production rate had a semisinusoidal pattern.
The noontime peak values for the organic production rates
ranged from 4.3 x 10° to 1.0 x 10° cm ™ s™', which is in
accordance with field measurements [Kulmala et al., 2001a;
O’Dowd et al., 2002]. The mixing ratio of ammonia was
5 ppt.

[19] Three monodisperse size modes approximated the
pre-existing particle size distribution. In Aitken and accu-
mulation modes, the initial number concentrations and
diameters of sulphuric acid-water particles were 800 cm™>
and 29 nm, and 200 cm > and 146 nm, respectively. For the
dust aerosol size distribution, only a few detailed studies
exist thus far. Although very large dust particles up to 100
and 1000 pm in diameter with relatively short residence
times have been detected near the sources [Duce, 1995],
several thousand kilometers downwind from these areas the
typical mass mean diameter of the mineral aerosol is
between 1 and 3 pm [Schiitz et al., 1981; Prospero et al.,
1989]. Measurements of the submicron particle number size
distribution [D’Almeida and Schiitz, 1983; Gomes et al.,
1990] show a peak around 0.1 um (0.05-0.15 pm) and
particles as small as 0.02 pm in diameter. In our simulations,
the dust particle diameter ranged from 200 nm to 10 pm.

[20] Although a typical atmospheric dust distribution
expands over several orders of magnitude in size, in the
monodisperse model a single particle size represents the
contribution of all the dust particles to various aerosol
processes dependent on either particle size, surface area,
or volume. Therefore, rather than focusing on the dust
number concentrations predicted by the model, we chose
the condensation sink as a primary measure of the dust
loading. The condensation sink, defined as the rate at which
vapor molecules condense onto aerosol particles, has been
shown to be a good measure of the scavenging of condens-
able vapor as well as freshly nucleated particles onto the
existing background aerosol [Kulmala et al., 2001a]. It has
an expression

CS =4nD> BriN;, (10)

where D stands for the vapor diffusion coefficient, r; and N;
for the radius and number concentration of particles of size
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Figure 2. Critical initial condensation sinks that prevent
the formation of new particles by homogeneous nucleation
(Ny), and growth of nucleated particles to 3 and 10 nm
(N3 and N, respectively) as a function of sulphuric acid
production rate. The results are shown for substrate particles
of 1 pm in diameter. See text for detailed simulation
conditions.

i, and (3; for the transitional correction factor according to
Fuchs and Sutugin [1971]. Calculations using the typical
clean and polluted environment particle size distributions
[Seinfeld and Pandis, 1998] indicate that condensation sinks
in the atmosphere typically range from 10~ to 1072 s~
although in highly polluted areas the sink value can rise
even higher (P. Monkkonen, manuscript in preparation,
2003).

4.2. Results and Discussion

[21] First, we aimed to find out at which conditions
atmospheric mineral aerosols can provide such a high
condensation sink for nucleating vapors that it prevents
new particle formation by homogeneous ternary nucleation
altogether (homogeneous nucleation, i.e., formation of ap-
proximately 1 nm sized clusters, is denoted N; hereafter).
Second, we applied the aerosol dynamics model to predict
the minimum condensation sinks and corresponding dust
concentrations required to inhibit the growth of newly
formed particles to detectable diameters of 3 and 10 nm
(N3 and Ny, respectively) during the six-hour simulation.
Finally, we tested the sensitivity of our base case results to
some of the model parameters.

[22] In the base case simulations, the organic production
rate had a noontime peak of 8.7 x 10° cm . Figure 2
summarizes the results in respect to minimum initial
condensation sinks. Sinks sufficient to prevent the forma-
tion of Ny, Nj, or Ny, lic above the respective curves.
Correspondingly, with sink values below the curves, the
nucleation mode particles can form or grow to detectable
sizes. The dashed line at the bottom of the figure
corresponds to the condensation sink by Aitken and
accumulation mode particles. The figure shows the model
results for dust particles 1 pm in diameter. Repetition of
model runs for dust sizes 200 nm, 5 pm and 10 pm
revealed, however, that although the critical initial sink
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Table 1. Dust Concentrations Corresponding to Critical Initial
Condensation Sinks in Figure 2 for Dust Particles of Diameter
200 nm, 1 um, and 5 pm*

Maximum Sulphuric Acid Production Rate, cm > s~

9.0 x 101 3.6 x 10> 1.4 x10° 58 x 10° 2.4 x 10*

NI

200 nm 39 481 1919 >6000  >2 x 10*

1 pm 4.4 54 211 >700 >2000

5 um 0.8 9.4 37 >150 >400
N3

200 nm 0 10 100 270 614

1 pm 0 1.1 11 31 72

5 um 0 0.2 1.9 5.5 13
NI0

200 nm 0 0 0 3.4 246

1 pm 0 0 0 0.4 27

5 pm 0 0 0 <0.1 4.8

Dust concentrations are given in cm >,

was little higher for larger dust particles (mainly because
the greater coagulational loss reduced the total condensa-
tion sink slightly as the simulation proceeded) the differ-
ence was around ten percent at most. The simplified size
distribution representation for the dust particle mode
therefore seems adequate for our theoretical study. It is
also noteworthy that the sulphuric acid concentration
quickly reached a concentration that led to soluble coating
of mineral dust almost immediately after the beginning of
the simulation. Choosing a bigger contact angle value (up
to 150°) delayed the formation of the coating only by
some minutes.

[23] The criterion for inhibition of new particle formation
was that at all times during the simulation the
particle concentration in the nucleation mode remained
below 50 cm >, corresponding to 5% of the particle concen-
tration in Aitken and accumulation modes. The simulation
results indicate that the sink required to prevent N; formation
increases rapidly with the sulphuric acid production rate and
even at relatively low production rates exceeds 0.01 s~'. The
corresponding dust concentrations, shown in Table 1, are
also unrealistically high. This suggests that apart from areas
close to sources during strong dust events, mineral dust
cannot typically prevent the formation of nanometer-sized
clusters in the atmosphere. The result supports the hypothesis
of Kulmala et al. [2000] according to which nucleation is
ubiquitous in the troposphere but most of the time the
thermodynamically stable clusters are unable to grow to
detectable sizes.

[24] One should note that the critical measure of the dust
loading in this study is condensational sink and not for
example mass concentration, which typically is the quan-
tity obtained from measurements. For example, the third
column of data in Table 1 shows that either 1919 dust
particles per cm® of diameter 200 nm, or 37 dust particles
per cm® of diameter 5 pm are needed to prevent particle
formation altogether. Whereas the condensation sinks
caused by these different sized particles are practically
the same (1.03 x 1072 s~ for 200 nm particles, 1.07 x
1072 s for 5 pum particles), their mass concentrations
differ by several orders of magnitude (16 pg/m> for 200 nm
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particles, 4840 pg/m’ for 5 pm particles). It is thus
extremely difficult to compare our model results with
measured total mass concentration values without any
information on the actual particle sizes. Therefore we chose
to report the model predicted dust loading as number
concentration rather than as mass concentration, although
the condensation sink caused by the dust particles could be
calculated from either.

[25] To predict the dust load that prevents the growth of
newly formed particles to 3 or 10 nm, we followed the
particle size evolution for six hours after a short nucle-
ation burst. Mimicking the burst, we initialized the
nucleation mode with 10° e¢m ™ sulphuric acid-water
particles of diameter 1.3 nm. This corresponds to the
results of the homogeneous ternary nucleation model at
simulation conditions. In the presence of pre-existing
aerosol, particles of such small size are subject to strong
coagulational loss. Detection of nucleated particles, how-
ever, necessitates that a sufficient concentration of them
survive the growth to the detectable size. For the simu-
lations, we chose a detection threshold concentration of
10> cm . Therefore, even if newly formed particles
managed to grow to sizes over 3 nm but at the same
time their concentration was below the threshold value,
we assumed that they could not be detected. In the base
case simulations for growth to 10 nm, the nucleation
mode concentration did not fall below the threshold value.
This was a result of the substantially higher average
growth rate and the fact that the coagulational loss slows
down as the particles grow.

[26] Overall, the model predictions for critical initial
sinks needed to inhibit the growth to 3 and 10 nm are
highly more likely to be observed at atmospheric con-
ditions than those for preventing nucleation (Figure 2).
The same applies to the corresponding dust concentra-
tions presented in Table 1, especially if one keeps in
mind that only one size represents the whole dust
distribution in the model. At high sulphuric acid produc-
tion rates, condensation grows the pre-existing particles
notably accelerating the coagulational loss of nucleated
particles. Therefore, given the detection threshold concen-
tration for the nucleation mode particles, the sink needed
to prevent N; formation approaches that needed to
prevent N;, formation.

[27] Earlier studies have addressed the influence of
nucleating vapor concentrations, pre-existing particle distri-
bution and properties of the organic vapor on particle
formation and growth [Kerminen et al., 2001; Pirjola et
al., 2002]. Kerminen et al. [2001] also discuss the sensitiv-
ity of homogeneous nucleation to organic vapor production
rates. Therefore we focus here on our simulation results
concerning particle growth to detectable sizes, and test their
sensitivity to the organic vapor production rate and the
number concentration of nanometer-sized particles formed
in the nucleation burst. For the sensitivity analysis, we
chose a noontime maximum sulphuric acid production rate
of 1.4 x 10> cm > s\,

[28] Because of the Kelvin effect, the organic vapor in
the simulations could not condense on the particles
immediately after they had formed. Therefore sulphuric
acid was the only vapor condensing on the newly nucle-
ated particles until they had grown to ~1.5-2.6 nm in
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Figure 3. Critical initial condensation sinks that prevent
the growth of nucleated particles to 3 nm as a function of
their initial concentration (cm °) and organic vapor
production rate. The results are shown for substrate particles
of 1 pm in diameter. See text for detailed simulation
conditions.

diameter, depending on the organic vapor concentration.
Figure 3 illustrates that the critical sink that prevents particle
detection at 3 nm is substantially higher for high organic
production rates, the relationship between the two being
almost linear at production rates above 2 x 10* cm™> s~ 1.
Table 2 presents the dust concentrations corresponding to
the lowest curve, i.e., to the case when initial particle
concentration in the nucleation mode was 10° cm .
However, the initial concentration of nucleated particles
strongly affects another mechanism determining the
growth rate of nucleation mode particles, namely self-
coagulation. The figure reveals that self-coagulation
becomes important once the concentration of the nucleated
particles exceeds 10® cm . At concentrations as high as
107 cm >, this mechanism contributes to the growth of the
newly formed particles effectively and can dominate over
condensation. In order not to detect new particles at 3 nm,
their coagulational loss onto pre-existing aerosol has to be
very efficient. Therefore, when the topmost curve is
compared to the lower two, the approximately twofold
critical sinks result from the need for a higher coagulation

Table 2. Dust Concentrations Corresponding to Critical Initial
Condensation Sinks in Figures 3 and 4 for Dust Particles of
Diameter 200 nm, 1 pum, and 5 pm*

: - . -3 1
Maximum Organic Production Rate, cm™~ s

43 x 10° 87 x 10> 1.7 x 10* 3.5 x 10* 6.9 x 10*

N3

200 nm 23 100 181 312 577

1 pm 25 10.8 21 35 64

5 wm 0.4 1.9 3.6 6.1 11
NI10

200 nm 0 0 42 223 535

1 pm 0 0 46 24 60

5 um 0 0 0.8 42 11

*Dust concentrations are given in cm >,
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Figure 4. Critical initial condensation sinks that prevent
the growth of nucleated particles to 10 nm as a function of
their initial concentration (cm ) and organic vapor
production rate. The results are shown for substrate particles
of 1 pm in diameter. See text for detailed simulation
conditions.

sink rather than a higher condensation sink. These two are,
however, proportional to one another [Kulmala et al.,
2001a].

[20] The influence of self-coagulation on particle growth
to 10 nm is less pronounced, yet prominent (Figure 4).
The initial concentration of particles formed during the
nucleation burst is of particular importance if the organic
production rate is high. Then the fast condensational
growth of pre-existing particles accelerates the coagula-
tional loss of small particles. Therefore, if the initial
concentration in the nucleation mode is low, it declines
casily below the detection threshold concentration before
the particles reach 10 nm in diameter. This explains why
the lowest curve for critical condensation sinks bends at
high organic production rate values. Again, Table 2
presents the dust concentrations corresponding to the case
when the initial particle concentration in the nucleation
mode was 10° cm >, One should note that although the
dust concentrations in the table are relatively high, they are
still within observable range especially close to dust source
areas.

5. Conclusions

[30] In this study, we investigated ternary heteroge-
neous nucleation of water, sulphuric acid, and ammonia
as a possible pathway leading to sulphate coating of
mineral aerosol particles. The model simulations indicate
that the nucleation energy barrier associated with the
formation of sulphate embryos on dust particles is not
the limiting factor of soluble coating. Therefore hetero-
geneous nucleation on dust can occur at atmospherically
relevant conditions.

[31] We also addressed the effect of sulphate-coated
mineral dust on the formation and growth of new aerosol
particles. As the new particle formation route, we used
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ternary homogeneous nucleation of water, sulphuric acid
and ammonia vapors. In addition to sulphuric acid, conden-
sation of organic vapors contributed to the growth of formed
particles. A population of relatively large dust particles can,
in principle, inhibit new particle formation in the atmo-
sphere by acting as a condensation sink for nucleating
vapors. According to our simulation results this seems
not, however, to be the case, and new aerosol particles
can form even in environments with high pre-existing dust
concentrations. On the other hand, during dust events the
growth of newly formed particles to detectable sizes (3 or
10 nm) can be strongly reduced in areas downwind of the
dust source. Especially in desert regions, where organic
vapor concentration is low, dust particles can easily sup-
press the formation of observable new particles. This is
caused by dust particles acting as condensation sink for
vapor molecules, thus hindering growth, or as coagulation
sink for ultrafine aerosol particles, thus scavenging them
out. This decoupling between nucleation and growth agrees
with recent findings of Kulmala et al. [2000].
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