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Abstract

We have performed a series of simulations with an aerosol dynamics box model to
study the connection between new particle formation and sulphuric acid concentration.
For nucleation either activation mechanism with a linear dependence on the sulphuric
acid concentration or ternary H2O-H2SO4-NH3 nucleation was assumed. We investi-5

gated the factors that affect the sulphuric acid dependence during the early stages of
particle growth, and tried to find conditions which would yield the linear dependence
between the particle number concentration at 3–6 nm and sulphuric acid, as observed
in field experiments. The simulations showed that the correlation with sulphuric acid
may change during the growth from nucleation size to 3–6 nm size range, the main10

reason being the size dependent growth rate between 1 and 3 nm. In addition, the
assumed size for the nucleated clusters had a crucial impact on the sulphuric acid
dependence at 3 nm. The simulations yielded a linear dependence between the par-
ticle number concentration at 3 nm and sulphuric acid, when a low saturation vapour
pressure for the condensable organic vapour was assumed, or when nucleation took15

place at ∼2 nm instead of ∼1 nm. Comparison of results with activation and ternary
nucleation showed that ternary nucleation cannot explain the experimentally observed
linear or square dependence on sulphuric acid.

1 Introduction

Particle formation from gaseous precursors is an important source of particles in the20

atmosphere. Events of new particle formation starting with nucleation of tiny clusters
and followed by growth to bigger, climatically relevant sizes, have been observed all
around the world, from remote locations to polluted urban cities (Kulmala et al., 2004a).
Regionally, atmospheric particle formation may give a dominant contribution to the
total particle number concentration (Spracklen et al., 2006, Tunved et al., 2006) and25

affect significantly both cloud condensation nuclei and cloud droplet concentrations
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(Kerminen et al., 2005; Laaksonen et al., 2005; Spracklen et al., 2008).
Aerosol particles affect the climate directly by scattering and absorbing radiation,

and indirectly by influencing the cloud formation and by modifying the cloud properties.
The aerosol indirect effect is one of the most poorly known factors of the climate system
(Penner et al., 2006; Rosenfeld, 2006; IPCC, 2007; Baker and Peter, 2008). Besides5

the uncertainties associated with aerosol-climate interactions, the mechanism of at-
mospheric nucleation is still unclear. Due to these uncertainties and computational
cost of modelling the full aerosol dynamics, most climate models have a very crude
representation of aerosol processes. Thus there is a need for detailed understanding
of the relevant processes, in order to develop accurate, yet computationally efficient10

parameterizations applicable to large-scale modeling frameworks.
Field measurements of aerosol particle and sulphuric acid concentrations have

shown that atmospheric new particle formation seems to be a function of gaseous
sulphuric acid concentration to the power of 1–2 (Weber et al., 1996, 1997; Sihto et al.,
2006; Riipinen et al., 2007; Kuang et al., 2008). This dependence is in contrast with15

the theory of ternary sulphuric acid–water–ammonia nucleation (Napari et al., 2002)
which predicts critical cluster sizes of 4–10 molecules, yielding correlation exponents
of 4–10 between nucleation rate and sulphuric acid concentration. To explain the ob-
servations, nucleation mechanisms known as activation and kinetic nucleation have
been proposed (Kulmala et al., 2006), with nucleation rate linearly or squarely depen-20

dent on sulphuric acid concentration. The activation type nucleation mechanism has
been applied in a global aerosol microphysics model (Spracklen et al., 2006), showing
very good agreement with measurements performed at SMEAR II station in Hyytiälä,
Finland.

Conventional atmospheric particle number concentration measurements start from25

particle diameter of 3 nm, while actual nucleation, i.e. formation of stable clusters, hap-
pens at smaller sizes, well below 3 nm. Recently there have been advances in measur-
ing sub-3 nm neutral and charged particles in field (Kulmala et al., 2007), which indi-
cate that atmospheric nucleation starts at 1.5–2 nm size range. However, the observed
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correlations with sulphuric acid have so far been done with particle concentrations at
3–6 nm (Sihto et al., 2006; Riipinen et al., 2007). From these dependences for 3 nm
particles, one would like to extrapolate the similar dependence for nucleated clusters.
This is not straightforward, since between the nucleation size and 3 nm, particles are
subject to size-dependent aerosol dynamical processes: they grow by condensation of5

sulphuric acid and/or other vapours, and are lost in coagulation with each other and
with background aerosol particles (e.g. McMurry, 1983; Kerminen et al., 2004; Mc-
Murry et al., 2005). Therefore the dependence of particle formation on sulphuric acid
concentration may change as particles grow to larger sizes.

Aerosol dynamics modelling offers a tool to investigate the factors that influence the10

connection between sulphuric acid and new particle formation during the early stages
of particle growth. We have performed a series of simulations with a sectional aerosol
dynamics box model UHMA (University of Helsinki Multicomponent Aerosol model) to
study this connection in detail. In particular, we tried to find conditions which would
yield the observed linear dependence between the particle number concentration and15

sulphuric acid, and investigated how the dependence on sulphuric acid concentration
changes as particles grow from nucleation size to larger sizes.

2 Modelling approach

2.1 UHMA model

The aerosol dynamics model UHMA (University of Helsinki Multicomponent Aerosol20

model, Korhonen et al., 2004) is a sectional box model designed to study new particle
formation and growth. It has all the basic aerosol microphysical mechanisms for clear
sky conditions implemented: nucleation, condensation, coagulation and dry deposition.
In previous studies UHMA has been extended to include cloud processing (Korhonen
et al., 2005), it has been applied in a Lagrangian trajectory study (Komppula et al.,25

2006), and it has been implemented as a part of the 1-D columnar model MALTE (Boy
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et al., 2006). For this study, the basic box-model version of UHMA is sufficient. Here
we describe briefly the features of the model relevant to this study; for more details we
refer the reader to Korhonen et al. (2004).

In the UHMA model, particles are assumed to consist of sulphuric acid, water, ammo-
nia and an organic model-compound, and to be internally mixed inside a size section.5

As input for the model, an initial size distribution, ambient meteorological conditions
(temperature, relative humidity) and gas concentrations for the condensing vapours
must be given. The model then calculates the evolution of the particle size distribution
subject to aerosol dynamical processes.

Condensation and coagulation are calculated according to the conventional equa-10

tions by Fuchs and Sutugin (1971). However, for condensation in the free-molecular
regime we apply a modification by Lehtinen and Kulmala (2003). It takes into account
the particle diffusion coefficient and diameter of the condensing molecule, when cal-
culating the particle Knudsen number and coagulation coefficient – these are normally
assumed negligible compared to the vapour diffusion coefficient and particle diameter.15

The modified condensation theory approaches the free-molecular coagulation theory
in the limit of free molecular particles. The correction increases the free-molecular
regime condensation flux compared to the traditional Fuchs-Sutugin expression, and
is significant for particle sizes dp<10 nm.

In these simulations, we apply two condensing vapours: sulphuric acid and an or-20

ganic model-compound, which represents the oxidation products of biogenic volatile
organic compounds (BVOCs, e.g. monoterpenes) emitted by the vegetation. The semi-
volatile oxidated organic compounds are expected to contribute a significant fraction of
the particle growth in Boreal forest (Kulmala et al., 2004b; Boy et al., 2005; Hirsikko et
al., 2005).25

Sulphuric acid production rate is calculated as a chemical reaction rate between
SO2 and OH, while the OH concentration is dependent on the solar zenith angle. This
results in a sinusoidal profile for sulphuric acid concentration with a maximum value
around noon. The saturation vapour concentration of sulphuric acid is assumed to be
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negligible, i.e. it condenses with the maximum flux without Kelvin effect (csat=0).
The condensation of a water-soluble, semi-volatile organic vapor is calculated with

the nano-Köhler mechanism (Kulmala et al., 2004c), which takes into account the
Kelvin effect and the solubility effect (Raoult effect), analogously to the traditional
Köhler-theory. However, instead of describing the equilibrium of µm-sized cloud5

droplets with water vapour, nano-Köhler theory considers nm-sized clusters, consisting
of ammonium bisulphate, organic compound and water, in equilibrium with a water-
soluble organic vapour. The equilibrium of the organic vapour over a spherical particle
is governed by the two Köhler-type equations:

peq,org = ps,orgγorg exp

(
4σmorg

RTρorgdp

)
, (1)10

peq,w = ps,wγw exp

(
4σmw

RTρwdp

)
. (2)

The first equation refers to organic vapour (org) and second to water vapour (w).
Here ps,org (ps,w ) is the saturation vapour pressure of pure organic vapour (water) over
flat surface, γorg (γw ) the activity coefficient of the organic compound (water), dp the
particle diameter, T temperature, kB Boltzmann’s constant, σ surface tension of the15

droplet, morg (mw ) molecular mass and ρorg (ρw ) density of the organic compound
(water). The two equations must be solved simultaneously. For estimating the activity
coefficients and surface tensions, the solution is assumed to behave as pseudobinary,
consisting of an organic compound and ammonium bisulphate with the associated wa-
ter. The volatility of the organic vapor can be varied by changing its saturation vapour20

pressure ps,org, or saturation vapour concentration (csat) which we will use here.
For water vapour and ammonia condensation is not calculated dynamically, but

through a parameterization for the equilibrium uptake of water and ammonia that de-
pends on the particle composition.
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For nucleation, several mechanisms can be utilized: binary H2O-H2SO4 (Vehkamäki
et al., 2002) and ternary H2O-H2SO4-NH3 (Napari et al, 2002) nucleation, kinetic nu-
cleation of ammonium bisulphate molecules, and activation nucleation (Kulmala et al.,
2006). Here we made simulations with activation nucleation and ternary H2O-H2SO4-
NH3 nucleation. According to the activation nucleation mechanism, the nucleation rate5

is directly proportional to sulphuric acid concentration:

Jact = A [H2SO4] , (3)

where A is an empirical nucleation coefficient. The idea of the activation nucleation
mechanism is based on the observed linear dependence between new particle forma-
tion and sulphuric acid concentration (Kulmala et al., 2006; Sihto et al., 2006). For10

the coefficient A we used the value determined for the QUEST II campaign in Hyytiälä,
Finland, A=10−6 s−1 (Sihto et al., 2006).

For the activation nucleation mechanism, we have to presume an initial size and
composition for the nucleated particles. As a base case, the size of nucleated parti-
cles was taken to be 1 nm dry diameter and particles were assumed to consist only of15

sulphuric acid. The assumption of pure sulphuric acid clusters is somewhat unrealis-
tic, because in reality the nucleated clusters most probably consist of several different
molecules, e.g. sulphuric acid, ammonia, water and possibly other molecules. How-
ever, sensitivity tests showed that the initial particle composition didn’t have a signifi-
cant effect on model results. When the nucleated particles are created in the model,20

their composition starts to change immediately: particles take up water and ammonia,
and condensation of H2SO4 and organics further change the particle dry composition,
which after some timesteps makes the initial particle composition irrelevant.

Particle dry deposition is calculated according to a parameterisation that is based on
particle flux measurements in Hyytiälä, a Boreal forest site (Rannik et al., 2003).25
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2.2 Simulation parameters

The simulation parameters were chosen to represent typical conditions of a Boreal for-
est site in Hyytiälä, Finland. The sulphuric acid concentration had a sinusoidal profile
with a maximum of 5–7·106 cm−3. The sulphuric acid production rate was same in all
simulations, but due to different growth rates, the condensation sink differed between5

the simulation cases, which resulted in slightly different maximum values for sulphuric
acid concentration. For the condensable organic vapour we used a constant concen-
tration of 107 cm−3 in order to keep the modelling setup simple. The volatility of the
organic vapor was varied by changing its saturation vapour concentration. The simula-
tions were performed by the fixed sections hybrid approach (for details of the method10

see Korhonen et al., 2004) with 50 size sections between 0.65 nm and 1µm (diameter).
To illustrate the connection of sulphuric acid and new particle formation, we present

the results for four basic cases which describe the essential features of the system
(see Table 1). In the simulations we varied the nucleation mechanism and the satu-
ration concentration of the condensable organic vapour. In addition, the effect of the15

different nucleated cluster sizes (dnuc=1–2 nm) was investigated. Altogether, including
sensitivity analyses, around 500 simulation runs were performed.

2.3 Analysis of correlations

Field measurements have indicated that new particle formation is related to the sul-
phuric acid concentration to the power from 1 to 2 (Weber et al., 1996, 1997; Sihto20

et al., 2006; Riipinen et al., 2007). The previous studies have considered the number
concentration of 3–6 nm particles (N3−6) and the formation rate of 3 nm particles (J3),
due to the fact that particle measurements start at 3 nm. Here we consider the same
quantities, in order to compare the simulation results with the measurements.

The studied correlations can be expressed mathematically in the form:25

N3−6(t) ∼ [H2SO4]nN3−6 (t −∆tN3−6
)

J3(t) ∼ [H2SO4]nJ3 (t −∆tJ3
)

(4)
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In words this means that N3−6 (J3) follows the H2SO4 concentration to the power of
nN3−6 (nJ3) with a time delay ∆tN3−6 (∆tJ3). Because nucleation and sulphuric acid are
directly related, the time delay arises from the time required for growth from nucleation
size (1–2 nm) to 3 nm.

The correlations can be easily investigated by plotting N3−6 or J3 versus [H2SO4]5

in logarithmic scale. In such scatter plots power relationships appear as straight lines
with slope of the line giving the exponent of correlation:

ln
(
N3−6

)
∼ nN3−6

ln ([H2SO4]) (t −∆tN3−6
)

ln (J3) ∼ nJ3
ln ([H2SO4]) (t −∆tJ3

) .
(5)

From data analysis from a Finnish and a German station Riipinen et al. (2007) re-
ported values nN3−6=1–2 and nJ3=1–3 for the exponents and ∆tN3−6=0.8–4.5 h and10

∆tJ3=0.5–4.2 h for the time delays. Moreover, it was observed that nN3−6≤nJ3 and
that nN3−6≤nnuc, where nnuc is the exponent of nucleation. The time delays behaved
as ∆tJ3≤∆tN3−6, i.e. the rise in N3−6 is always preceded by the rise in J3.

The purpose of this study was to investigate how the correlation with sulphuric acid
changes during the growth from nucleation size (1–2 nm) to sizes of 3–6 nm. If we15

have a linear dependence with sulphuric acid in nucleation rate Jnuc (as according to
activation nucleation, Eq. 3), what is the relationship between J3 and [H2SO4] or N3−6
and [H2SO4]? If the relationship changes, what are the reasons for the change?

From the simulation data, N3−6 was calculated simply as a sum of concentrations of
the size bins in the range 3–6 nm. Formation rate of 3 nm particles (J3) was calculated20

as follows:

J3 =
N3

∆dp
GR3 , (6)

where N3 is particle number concentration in a size bin of width ∆dp around particle
diameter 3 nm and GR3 is the growth rate of 3 nm particles.
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The particle growth rate can be calculated from the simulated volume change rate of
particles:

dv
dt

=
d
dt

(
4
3
πd3

p

)
= 4πd2

p

ddp

dt
.

By denoting ddp/dt = GR, we can solve the growth rate:

GR(dp) =
ddp

dt
=

1

4πd2
p

dv(dp)

dt
. (7)5

The volume change rate dv(dp)/dt due to condensation or evaporation is obtained as
output from the simulation for every size section. Using Eq. (6) we can calculate the
particle growth rate as a function of particle size.

3 Results and discussion

The simulation results are presented as four cases, for which the key parameters are10

listed in Table 1. Case 1 is considered a base case with activation nucleation (Eq. 3)
as a nucleation mechanism and organic vapour treated as semi-volatile having a satu-
ration vapour concentration csat,org=106 cm−3.

Figure 1 shows the evolution of particle size distribution for the new particle forma-
tion events of different simulation cases. As an input, a background aerosol distribution15

corresponding to a typical distribution at the Boreal forest site in Hyytiälä, Finland,
was given. With the specified gas concentrations (see Fig. 2), evolution of aerosol
size distribution was simulated according to aerosol dynamical processes, with no fur-
ther constraints on background aerosol. Nucleation happens around noon, following
the sulphuric acid concentration profile. Nucleated particles grow by condensation of20

H2SO4 and an organic vapour, resulting in a growing nucleation mode i.e. a new par-
ticle formation event. Also background particle distribution grows by condensation of
H2SO4 and organic vapour.
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From Fig. 1 some important differences between the simulation cases can be ob-
served: With activation nucleation (cases 1 and 2) 1–2 nm sized particles are formed
throughout the whole one day simulation, whereas with ternary nucleation (cases 3 and
4) particles are produced for a shorter time but with a greater intensity. This results in
a more intense nucleation event with ternary nucleation. The effect of the organic5

vapour saturation concentration shows in the growth of freshly nucleated particles, es-
pecially below particle size of 3 nm. With low organic vapour saturation concentration
(csat,org=0 cm−3, cases 2 and 4) freshly nucleated particles grow at a significantly big-

ger rate than with higher saturation concentration (csat,org=106 cm−3, cases 1 and 3).
This changes the shape of the particle formation event and makes it broader for the10

cases with low csat,org. Also, particle formation event becomes more intense, when
bigger growth rate makes greater fraction of nucleated particles to survive to bigger
sizes before coagulating with background particles.

In the following we investigate the correlations of formation rate of 3 nm particles
(J3) and 3–6 nm particle number concentration (N3−6) with sulphuric acid. The profiles15

of simulated J3 and N3−6 as a function of time, together with the condensable gas
concentrations which were given as input for the simulation, are shown in Fig. 2 for all
simulation cases. First we present the model results for the case 1, and then compare
it with other simulation cases.

3.1 General correlation of Jnuc, J3, and N3−6 with sulphuric acid concentration20

In this study we are interested in the relationship between sulphuric acid concentration
and freshly nucleated particles, and specifically in how the relationship changes during
particle growth from nucleation size to 3-6 nm size range. Figure 3a presents the
sulphuric acid concentration and number concentration of 3-6 nm particles (N3−6) for
the simulation case 1. Sulphuric acid has a sinusoidal profile, and rise in [H2SO4] is25

followed by rise in N3−6 after some time delay that is required for growth from ∼1 nm
to 3 nm. This time delay is a key parameter in interpreting the relationship between
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[H2SO4] and N3−6.
The correlation between N3−6 and [H2SO4] can be seen more clearly by plotting N3−6

against [H2SO4] (Fig. 3c). Plotted in log-log scale, the power relationships appear as
straight lines with slope of the line giving the exponent of correlation. The figure shows
a clear correlation between the quantities, but with a different slope in the morning5

(when [H2SO4] is increasing) and in the afternoon (when [H2SO4] is decreasing) (see
colour code for time of the day). However, by taking into account the time delay be-
tween [H2SO4] and N3−6, the correlation stays the same for most of the event time.
This is demonstrated in Fig. 3d where delaying [H2SO4] curve by ∆tN3−6=1.5 h makes
the two branches of the scatter plot to almost coincide on top of each other. The time10

delay was determined visually by searching for the value that gives the best correlation
between N3−6 and [H2SO4]. Fitting a line to the logarithmic data gives the correla-
tion exponent nN3−6≈2.3 (ln(N3−6)∼nN3−6×ln([H2SO4])(t–∆tN3−6)). The relationship
between N3−6 and [H2SO4] is also shown in Fig. 3b where [H2SO4] values have been
delayed by ∆tN3−6=1.5 h and raised to the exponent nN3−6=2.3.15

The scatter plots of Fig. 3 show that the time delay between [H2SO4] and N3−6 is
of crucial importance when studying the correlation between these quantities. Using
improper time delay can lead to misleading or false conclusions. For example, the
correlation exponents determined from the data without any time shift (Fig. 3c), would
be n≈7.3 for the rising part and n≈1.2 for the decreasing part of the curve.20

One may question which way of looking at the data is correct: with or without the
time shift. We claim that the time delay has to be taken into account. There are several
reasons for this: First, with the time delay, there is the same correlation (with the same
exponent) between N3−6 and [H2SO4] during most of the event time (see Fig. 3d). This
gives confidence that the correlation is not an artefact. Second, the time delay between25

N3−6 and [H2SO4] means that it is the nucleation rate that depends on [H2SO4], and
not J3 or N3−6. This is what is expected, and the time delay arises due to the finite
growth time from the nucleation size to 3 nm.

It is somewhat surprising that a constant time delay works fairly well for the whole
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new particle formation event, even though the particle growth rate is not constant, but
changes both as a function of time and particle size (see Sect. 3.2 for more discussion).

Previously Sihto et al. (2006) and Riipinen et al. (2007) have investigated similar
correlations in field measurement data. In their study, correlation exponent and time
delay (nN3−6 and ∆tN3−6 or nJ3 and ∆tJ3) were determined by finding a combination5

that gave the maximum correlation coefficient between J3 or N3−6 and [H2SO4]n. This
method worked well with measured data, but not with the simulated data: the simulated
J3, N3−6 and [H2SO4] were so smooth, that correlation coefficient was close to unity
with any choice of exponent and time delay, and therefore the method could not dis-
tinguish the best correlation exponent and time delay. Nevertheless, with scatter plots10

the correlation between J3 or N3−6 and [H2SO4] could be investigated easily, and time
delays and correlation exponents were straightforward to determine.

3.2 Effect of size-dependent particle growth rate: organic vapour and sulphuric acid

We now present the correlations of simulated J3 and N3−6 with [H2SO4] using scatter
plots, where the time delay between [H2SO4] and J3 or N3−6 was determined visually15

(as described above for N3−6; see Fig. 3). For simulation case 1, the correlation expo-
nent with [H2SO4] was significantly different for nucleation rate at ∼1 nm (Jnuc) and for
formation rate at 3 nm (J3) (Fig. 4a and b). In addition, the correlation exponent for N3−6
was different than for the formation rates (Fig. 4c). With activation as nucleation mech-
anism, the correlation exponent for Jnuc is nnuc=1, but for J3 the exponent changed to20

nJ3≈3.2 (exponent fitted to the logarithmic data). For N3−6 the exponent was slightly
smaller than for J3, nN3−6≈2.3. In the scatter plots the time of day is indicated by colour,
showing that correlation changes somewhat, especially for N3−6, during the course of
the one-day simulation.

The steeper dependence on sulphuric acid for J3 than for N3−6 (nJ3≥nN3−6) is con-25

sistent with the measurement data analysis (Riipinen et al., 2007). In addition, J3
starts to increase before N3−6: the time delay between [H2SO4] and J3 is ∆tJ3=0.8 h,
but between [H2SO4] and N3−6 the time delay is ∆tN3−6=1.5 h. These are explained
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by number concentration being an integral quantity of the formation rate.
In field measurement data, J3 and N3−6 are observed to correlate with sulphuric acid

concentration to the power of 1–2 (Riipinen et al., 2007). Thus the results of simulation
case 1, with correlation exponents close to 3, seem not to correspond the observations
very well. Therefore we tried to find parameters that would yield lower correlation5

exponents for J3 and N3−6.
The relationship of J3 and N3−6 with sulphuric acid was greatly affected by the growth

rate between 1 and 3 nm. In case 1, the growth between 1 and 3 nm was mainly
by sulphuric acid, but after 2 nm the organic vapour started to condense gradually
according to nano-Köhler mechanism. The growth rate profile between 1 and 12 nm10

and the contributions of sulphuric acid and organic vapour are presented in Fig. 5.
Below ∼4 nm, the growth rate due to sulphuric acid increases with decreasing particle
size. This results from the molecular enhancement in the condensation flux (Lehtinen
and Kulmala, 2003). Combined with the growth rate due to nano-Köhler organics,
which increases with particle size at size range 1–4 nm, we get the total growth rate that15

has a minimum around dp=2 nm. Besides the size dependence, the growth rate varies
also as a function of time, according to the gas concentrations (variability indicated by
grey areas in Fig. 5). Since organic vapour concentration is kept constant, only the
sulphuric acid part of the growth rate changes during the simulation.

The minimum in growth rate causes a bottleneck effect that retards the increase of20

J3 and N3−6 compared to nucleation rate Jnuc. This may be the reason why in case 1
the relationship with sulphuric acid for J3 and N3−6 differs clearly from that for Jnuc.

We made a set of simulations, in which the saturation concentration of organic
vapour (csat,org) was lowered from 106 cm−3 (case 1) to 0 cm−3 (case 2) in steps of a
factor of 10. Decreasing csat,org makes the condensation of organic vapour less limited25

by the Kelvin effect, and decreases the diameter when organic vapour starts to con-
dense on particles. Together with the growth rate due to sulphuric acid, the minimum
in total growth rate shifts to smaller particle size (see Fig. 6). When csat,org approaches

0 cm−3, organic vapour condenses as sulphuric acid, with a similar profile as a func-
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tion of particle size, and the minimum in total growth rate vanishes. The simulation
set showed that decreasing the saturation concentration of the condensable organic
vapour lowered the correlation exponents for J3 and N3−6. With csat,org=0 cm−3 the
correlation of J3 and N3−6 with sulphuric acid was close to linear, the fitted exponents
being nJ3≈1.3 and nN3−6≈1.2. This is reflected by the scatter plots of Fig. 4 (case 2,5

d, e, f). In between these two cases (case 1 and 2), the correlation exponents for J3

and N3−6 decreased gradually from n∼2–3 to n∼1, when csat,org changed from 106 to

0 cm−3.
Assuming that our simulation includes all the relevant atmospheric processes and

that activation nucleation is the mechanism taking place in the atmosphere, the simu-10

lation of case 2 appears to give a closer agreement with field measurements than case
1. According to these simulations, in order to preserve the exponent nnuc=1 of the
nucleation rate, the growth below 3 nm must be fast and not limited by the saturation
vapour concentration.

Setting csat,org=0 cm−3 for the organic vapour means that it condenses with a max-15

imum flux and with no Kelvin effect, similarly as sulphuric acid. For sulphuric acid
this assumption is reasonable, but organic substances, which are typically rather big
molecules, are unlikely to be totally non-volatile. One possibility could be that some
oligomeration reactions, taking place on particle surfaces, would convert semi-volatile
organic vapours into particulate compounds of very low volatility (e.g. Zhang et al,20

2002; Limbeck et al., 2003; Wehner et al., 2007; Heaton et al., 2007). The same
growth rate profile as with csat,org=0 cm−3 could be achieved also when sulphuric acid
accounts for the whole growth below ∼4 nm. However, for the conditions of Hyytiälä
Boreal forest site, the sulphuric acid concentration can explain only part of the ob-
served growth rate: Boy et al. (2005) have estimated the sulphuric acid contribution to25

be 4–31%. In our simulations, the sulphuric acid made 20–25% of the total growth rate
(above ∼4 nm), which corresponds well to a typical situation in Hyytiälä.
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3.3 Effect of the nucleated cluster size

Recently Kulmala et al. (2007) have reported experimental evidence that processes
initiating atmospheric particle formation happen at particle sizes 1.5–2 nm. In the sim-
ulations presented above, activation nucleation was assumed to produce clusters of
∼1 nm diameter, which has previously been thought to be the critical cluster size in at-5

mospheric nucleation. To be concordant with recent findings, we made also simulations
with nucleated cluster size of 1.5 and 2 nm.

The correlations of J3 and N3−6 with sulphuric acid concentration were analysed sim-
ilarly as above by making scatter plots. Time delays to sulphuric acid were determined
visually by finding a value that yielded the best correlation, after which a straight line10

was fitted to the logarithmic data. The slope of the fitted line gives the exponent of the
correlation between J3 or N3−6 and sulphuric acid.

The results for the simulation cases 1 and 2, with nucleated cluster sizes 1 nm,
1.5 nm and 2 nm, are presented in Table 2. As the nucleation size gets bigger, it is
obvious that the time shift between sulphuric acid and J3 or N3−6 gets smaller. Also15

correlation exponents decrease, as aerosol dynamical processes have less time to
change the relationship with sulphuric acid from that in the nucleation rate. Most im-
portantly, with dnuc=2 nm, the correlation of N3−6 with sulphuric acid is close to linear
for both cases (case 1: nN3−6=1.2, case 2: nN3−6=1.0), despite the different saturation
concentration for the condensable organic vapour. From Table 2 it can also be seen20

that ∆tJ3<∆tN3−6 and nJ3>nN3−6, which is consistent with the analysis of measure-
ment data (Riipinen et al., 2007) and expected as N3−6 is an integrated quantity of
J3.

Thus increasing the nucleated cluster size from 1 nm to 1.5–2 nm makes the correla-
tion exponents to stay closer to the nucleation exponent, nnuc=1. With dnuc=1.5–2 nm25

we need not to reduce the saturation concentration of the condensable organic vapour
(csat,org) greatly in order to achieve linear, or close to linear, correlation for J3 and N3−6

with sulphuric acid. Already with csat,org=105 cm−3 the correlation exponents for J3 and
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N3−6 are in range 1–1.5. This is a promising result, since realistic values for saturation
concentrations of condensable organic vapours are probably of the order 105–106 cm−3

(see e.g. Kulmala et al., 1998).

3.4 Activation versus ternary nucleation

As there is no definite certainty of the actual nucleation mechanism taking place in the5

atmosphere, we performed additional simulations with ternary H2O-H2SO4-NH3 nucle-
ation mechanism (cases 3 and 4, for the parameters see Table 1). Ternary nucleation
has been thought to be one possible mechanism for atmospheric particle formation.
For an overall comparison between activation and ternary cases, see particle formation
events and J3, N3−6 and condensable gas concentrations in Figs. 1 and 2, respectively.10

The relationships of the nucleation rate, J3 and N3−6 with sulphuric acid for the
ternary cases are presented in Fig. 7. The ternary nucleation rate has a steep de-
pendence on sulphuric acid: the slope of the log(Jnuc) vs. log(H2SO4) data is 5.6. This
means that on average there are 5–6 H2SO4 molecules in the critical cluster, although
the number changes slightly during the simulation according to the sulphuric acid con-15

centration. The diameter of the critical cluster, i.e. the nucleated cluster size, is ∼1 nm,
as is seen from Fig. 1c and d. In ternary nucleation the critical cluster size is calculated
according to theory (Napari et al., 2002), and therefore sensitivity tests with respect to
cluster size are not relevant.

Similarly as with activation nucleation, the growth from nucleation size ∼1 nm to 3 nm20

changes the relationship with sulphuric acid (Fig. 7). With ternary nucleation, the rela-
tionship of J3 and N3−6 with sulphuric acid seems to vary more during the simulation:
there is a bigger difference between the rising and decreasing parts of the J3 and N3−6
curves than with activation nucleation (see colour code in Fig. 7). When going from Jnuc
to J3 and N3−6, the correlation exponent decreases, as opposed to increasing expo-25

nent in cases with activation nucleation. While the nucleation exponent was nnuc=5.6,
the exponents for J3 and N3−6 were nJ3=5.6 and nN3−6=4.1 for case 3, and nJ3=5.0
and nN3−6=4.0 for case 4. Also, contrary to activation nucleation cases, there is no big
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difference in the relationship with sulphuric acid between the two ternary cases with
different saturation concentration of the organic vapour. Thus it seems that in ternary
cases the growth rate in 1–3 nm size range does not have such a crucial impact on
the relationship between J3 or N3−6 and sulphuric acid as in cases with activation nu-
cleation. These differences between activation and ternary cases may be related to5

the high nucleation rates that ternary nucleation reproduces, resulting in high coagula-
tion rates for the smallest particles, which affects the shape of the J3 and N3−6 curves
differently than the size-dependent growth rate.

Overall, with ternary nucleation, the correlation exponents for the relationships
J3∼[H2SO4]n and N3−6∼[H2SO4]n were significantly bigger than with activation mecha-10

nism. Exponents clearly exceeded unity (n�1), and by altering any simulation param-
eters in reasonable ranges we were not able to reproduce correlation exponents even
close to n=2. This illustrates that ternary H2O-H2SO4-NH3 nucleation cannot explain
particle formation in atmospheric boundary layer, where observations have shown par-
ticle formation to correlate with sulphuric acid concentration to the power n=1–2.15

4 Conclusions

The simulation results showed that the correlation with sulphuric acid can be signif-
icantly different for particle formation rate at 3 nm (J3) and number concentration at
3–6 nm (N3−6) than for nucleation rate. With activation nucleation mechanism and nu-
cleated cluster size of 1 nm, the growth process could change the exponent from n=1 at20

the nucleation rate to n=2.3 for N3−6 and n=3.2 for J3. This means, that the correlation
exponents observed for J3 or N3−6 should not be interpreted directly as the exponents
of nucleation mechanism. In analysing the correlations between J3 or N3−6 and sul-
phuric acid, the determination of the time shift between the quantities is of primary
importance.25

The main reason for the change in correlation exponent when going from Jnuc to J3
and N3−6, was found to be the size dependence of the growth rate between nucleation
size and 3 nm. This was caused by the condensation of a semi-volatile organic vapour,
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which gradually starts to condense on particles at size range 1–3 nm. In order to get a
linear dependence on sulphuric acid for J3 and N3−6, i.e. to preserve the dependence
of the nucleation rate, the saturation concentration of the organic vapour had to be
decreased. With a low saturation concentration, the growth below 3 nm became faster5

and was not limited by the Kelvin effect anymore.
Besides the organic vapour condensation, the nucleated cluster size was observed

to have a crucial effect on how the correlation with sulphuric acid appears at 3 nm
particle size. Assuming activation nucleation with the nucleated cluster size of 1.5–
2 nm, instead of 1 nm, reproduced correlation exponents of 1–2 for J3 and N3−6. Here10

the saturation concentration of organic vapour had only a minor effect. According to
the present knowledge (Kulmala et al., 2007), the nucleated cluster size of 1.5–2 nm
and a semi-volatile condensable organic vapour with saturation concentration of 105–
106 cm−3 would be the most realistic parameter set. Promisingly these yielded a linear,
or close to linear, relationship with sulphuric acid, consistently with the field observa-15

tions.
Simulations with ternary H2O-H2SO4-NH3 nucleation yielded too steep dependence

on sulphuric acid, with regard to observed exponents of 1–2 in field measurements.
The correlation exponents were always greater than 4 for both J3 and N3−6, suggesting
that ternary nucleation is not the valid nucleation mechanism for particle formation in20

atmospheric boundary layer.
It should be noted that also other aerosol dynamical processes, such as varying

coagulation sink, may indirectly affect the sulphuric acid correlation during the new
particle formation event. Probably those effects are of minor importance, unless the
concentrations are very high, which would cause high coagulation rates.25

In summary, the dependence of J3 and N3−6 on sulphuric acid to the power 1–2, as
observed in field measurement data, seems to require the nucleation rate to have a
similar dependence on sulphuric acid with nnuc=1–2. However, aerosol dynamical pro-
cesses can change the correlation to some extent, and therefore correlations observed
at 3 nm particle size are not necessarily the same as for nucleation rate. Thermody-
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namic nucleation involving sulphuric acid, such as ternary nucleation, can be ruled out
because it reproduces clearly incorrect dependence on sulphuric acid.
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Kristjansson, J. E., and Seland, Ø: Model intercomparison of indirect aerosol effects, Atmos.
Chem. Phys., 6, 3391–3405, 2006,25

http://www.atmos-chem-phys.net/6/3391/2006/.
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Table 1. The simulation parameters.

Nucleation mechanism csat (org.) [cm−3]

Case 1 Activation 106

Case 2 Activation 0
Case 3 Ternary 106

Case 4 Ternary 0
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Table 2. Effect of nucleated cluster size in activation nucleation mechanism on the correlation
exponents and the time delays at 3 nm (nJ3 and ∆tJ3: exponent and time delay for correlation
of J3 and [H2SO4]; nN3−6 and ∆tN3−6: exponent and time delay for correlation of N3−6 and
[H2SO4]).

dnuc = 1.0 nm dnuc = 1.5 nm dnuc = 2.0 nm

Case 1
[activation,
csat,org = 106 cm−3]

nJ3 = 3.2
nN3−6 = 2.3
∆tJ3 = 0.8 h
∆tN3−6 = 1.5 h

nJ3 = 2.2
nN3−6 = 1.7
∆tJ3 = 0.5 h
∆tN3−6 = 1.2 h

nJ3 = 1.4
nN3−6 = 1.2
∆tJ3 = 0.4 h
∆tN3−6 = 1.0 h

Case 2
[activation,
csat,org = 0 cm−3]

nJ3 = 1.3
nN3−6 = 1.2
∆tJ3 = 0.7 h
∆tN3−6 = 1.2 h

nJ3 = 1.3
nN3−6 = 1.1
∆tJ3 = 0.5 h
∆tN3−6 = 1.1 h

nJ3 = 1.1
nN3−6 = 1.0
∆tJ3 = 0.3 h
∆tN3−6 = 0.8 h
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Figure 1. Simulated new particle formation event for cases 1-4. a) Case 1: activation

nucleation, csat,org = 106 cm-3, b) Case 2: activation nucleation, csat,org = 0 cm-3,  c)  Case  3:

ternary nucleation, csat,org = 106 cm-3 d) Case 4: ternary nucleation, csat,org = 0 cm-3. Particle

diameter is on y-axis, simulation time on x-axis and colour indicates the normalised number

concentration. White horizontal line shows the 3 nm border, which is the typical lower limit

for particle size distribution measurements.

Fig. 1. Simulated new particle formation event for cases 1–4. (a) Case 1: activation nucle-
ation, csat,org=106 cm3, (b) Case 2: activation nucleation, csat,org=0 cm3, (c) Case 3: ternary

nucleation, csat,org=106 cm3 (d) Case 4: ternary nucleation, csat,org=0 cm3. Particle diameter is
on y-axis, simulation time on x-axis and colour indicates the normalised number concentration.
White horizontal line shows the 3 nm border, which is the typical lower limit for particle size
distribution measurements.
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Figure 2. Condensable gas concentrations (sulphuric acid and an organic vapour, given as

input for the simulation) and simulated formation rate of 3 nm particles (J3) and number

concentration of 3-6 nm particles (N3-6) as a function of time for simulation cases 1-4 (a-d).

Fig. 2. Condensable gas concentrations (sulphuric acid and an organic vapour, given as input
for the simulation) and simulated formation rate of 3 nm particles (J3) and number concentration
of 3–6 nm particles (N3−6) as a function of time for simulation cases 1–4 (a–d).
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Figure 3. The effect of time delay on the correlation between sulphuric acid concentration

([H2SO4]) and number concentration of 3-6 nm particles (N3-6) (case 1). a) N3-6 and [H2SO4]

as a function of time during the simulation. b) [H2SO4] delayed by a time shift t = 1.5 h and

raised to exponent n =  2.3,  corresponding  the  best  correlation.  c) N3-6(t) versus [H2SO4](t)

without time shift. d) N3-6(t) versus [H2SO4](t – t), i.e. [H2SO4] values delayed by t = 1.5 h.

The time of day (t = 0...24 h) is indicated by colour code.

Fig. 3. The effect of time delay on the correlation between sulphuric acid concentration
([H2SO4]) and number concentration of 3–6 nm particles (N3−6) (case 1). a) N3−6 and [H2SO4]
as a function of time during the simulation. b) [H2SO4] delayed by a time shift ∆t=1.5 h and
raised to exponent n=2.3, corresponding the best correlation. c) N3−6(t) versus [H2SO4](t)
without time shift. d) N3−6(t) versus [H2SO4](t–∆t), i.e. [H2SO4] values delayed by ∆t=1.5 h.
The time of day (t=0...24 h) is indicated by colour code.
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Figure 4. Correlation of nucleation rate (Jnuc,  top),  3 nm particle formation rate (J3, middle)

and 3-6 nm particle number concentration (N3-6, bottom) with [H2SO4] for simulation cases 1

(a, b, c) and 2 (d, e, f) with activation as nucleation mechanism. For J3 and N3-6 scatter plots

[H2SO4] has been delayed by the time shift t determined visually from the data to give the

Fig. 4. Correlation of nucleation rate (Jnuc, top), 3 nm particle formation rate (J3, middle) and 3-6 nm particle number
concentration (N3−6, bottom) with [H2SO4] for simulation cases 1 (a, b, c) and 2 (d, e, f) with activation as nucleation
mechanism. For J3 and N3−6 scatter plots [H2SO4] has been delayed by the time shift ∆t determined visually from
the data to give the best correlation. Straight lines with slopes 1, 2 and 3 correspond the exponential dependences
∼[H2SO4], ∼[H2SO4]2, ∼[H2SO4]3. The time of day (t=0...24 h) is indicated by colour code.
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Figure 5. Particle growth rate as a function of particle size for simulation case 1. Solid lines

show the growth rate at  noon (t = 12 h), with the contributions of sulphuric acid (blue) and

organic vapour (green) separated. Grey areas indicate the 25 and 2.5 percentiles showing the

growth rate variability during the event time (from 6 a.m. to 6 p.m., t = 6…18 h).

Fig. 5. Particle growth rate as a function of particle size for simulation case 1. Solid lines show
the growth rate at noon (t=12 h), with the contributions of sulphuric acid (blue) and organic
vapour (green) separated. Grey areas indicate the 25 and 2.5 percentiles showing the growth
rate variability during the event time (from 6 a.m. to 6 p.m., t=6. . . 18 h).
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Fig. 6. Particle growth rate (total=H2SO4+organic) at noon (t=12 h) as a function of particle
size with different saturation concentration (csat) values for the condensable organic vapour.
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Figure  7.  Correlation  of  nucleation  rate  (Jnuc,top),  3  nm  particle  formation  rate  (J3, middle)

and 3-6 nm particle number concentration (N3-6, bottom) with [H2SO4] for simulation cases 3

(a, b, c) and 4 (d, e, f) with ternary nucleation. See Fig. 4 for more explanations.

Fig. 7. Correlation of nucleation rate (Jnuc, top), 3 nm particle formation rate (J3, middle) and 3–6 nm particle number
concentration (N3−6, bottom) with [H2SO4] for simulation cases 3 (a, b, c) and 4 (d, e, f) with ternary nucleation. See
Fig. 4 for more explanations.

11394

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/11363/2008/acpd-8-11363-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/11363/2008/acpd-8-11363-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

