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Abstract. In this study we have provided simple analytical
formulae to estimate the growth rate of a nucleation mode
due to self-coagulation and the apparent growth rate due to
coagulation scavenging by larger particles. These formulae
were used on a set of simulations covering a wide range of
atmospheric conditions. The modal growth rates were deter-
mined from the simulation results by summing the contribu-
tion of each process, by calculating the increase rate in the
count mean diameter of the mode and by following the peak
concentration of the mode. The results of these three meth-
ods were compared with each other and the means used to
estimate the growth rate due to self-coagulation and coagu-
lation scavenging were found to give accurate values. We
also investigated the role of charged particles and electric
interactions in the growth of a nucleation mode. Charged
particles were found to increase the growth rate due to both
self-coagulation and coagulation scavenging by a factor of
∼1.5 to 2. In case of increased condensation onto charged
particles, the total condensational growth rate of a nucleation
mode may increase significantly in the very early steps of
the growth. The analytical formulae provided by this paper
were designed to provide the growth rates due to different
processes from aerosol dynamic simulations, but the same
principles can be used to determine the growth rates from
measurement data.

1 Introduction

Atmospheric nucleation is the dominant source of aerosol
particles in the global atmosphere (Spracklen et al., 2006;
Kulmala and Kerminen, 2008; Yu et al., 2010), and a sig-
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nificant contributor to particles capable of acting as cloud
condensation nuclei (Spracklen et al., 2008; Merikanto et
al., 2009; Pierce and Adams, 2009). The efficacy by which
nucleated particles reach climatically-relevant sizes depends
essentially on two competing factors: the nuclei growth
rate and the scavenging of nuclei by various removal pro-
cesses (Kerminen et al., 2001; Lehtinen et al., 2007; Pierce
and Adams, 2007; Kuang et al., 2009; Gong et al., 2010). Of
specific interest in this regard is the growth rate of sub-20 nm
diameter nuclei, since they are most susceptible for coagula-
tion scavenging by larger pre-existing particles.

After being formed at about 1.5 to 2 nm (Kulmala et
al., 2007), nucleated particles grow in size by condensa-
tion of low-volatile vapors, nuclei self-coagulation, and pos-
sibly by heterogeneous reactions (e.g., Stolzenburg et al.,
2005). Condensation of polar vapors, such as sulfuric acid,
is enhanced by the presence of charges in the growing nu-
clei (Laakso et al., 2003; Nadykto and Yu, 2003; Lushnikov
and Kulmala, 2004). Charges also influence nuclei coagula-
tion rates, the effect of which is most pronounced for nuclei
of opposite charge (e.g., Hoppel and Frick, 1986; Hõrrak et
al., 2008). In addition to the real growth, an atmospheric pop-
ulation of nuclei may also experience apparent growth due to
the preferential removal of the smallest nuclei (Stolzenburg
et al., 2005). The main removal mechanism in this regard
is coagulation scavenging, dry deposition being usually of
minor importance (Kerminen et al., 2004). From modeling
point of view, nuclei self-coagulation and coagulation scav-
enging can be treated quite accurately, whereas condensation
and heterogeneous processes are problematic because of our
incomplete knowledge of the vapors participating into these
processes and the general lack of knowledge of vapor prop-
erties (e.g., Nieminen et al., 2010; Wang et al., 2010).

Several methods have been developed for determining nu-
clei growth rates from atmospheric observations. All of them
rely on particle number size distribution measurements of
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either total or of charged particles. The simplest available
methods follow the time evolution of a distinct nucleation
mode as it grows to larger sizes (e.g., Dal Maso et al., 2005;
Hirsikko et al., 2005). These methods provide very limited
amount of information on how the growth rate varies with nu-
clei size, and practically no information on the contribution
of individual processes to the observed growth. Roughly the
same is true for the method by Iida et al. (2008) designed
for more complex nuclei growth situations. Process-level
information on the nuclei growth can be obtained using in-
verse modeling procedures based on solving the aerosol gen-
eral dynamic equation (Verheggen and Mozurkewich, 2006).
Such approaches work best for laboratory measurements and,
to our knowledge, have not yet been applied to atmospheric
measurements.

The main goal of this paper is to improve our ability to
model and analyze nuclei growth rates in the atmosphere.
The coagulation of particles can easily be simulated by de-
tailed aerosol dynamical models, but retrieving the growth
rate caused by the coagulation is not so straightforward. The
particle growth rates observed in the measurements have
been used to estimate the concentrations of condensable va-
pors often assuming that the growth is purely due to con-
densation (see e.g., Kulmala et al., 2001; Kristensson et al.,
2008). Our aim is to provide simple methods to estimate
the growth rate due to coagulation processes for the analysis
of both simulated and measured data. Another possibly im-
portant, but very complicated, issue is the effect of particle
charges on the particle growth rate. This topic is also cov-
ered in this study with the emphasis on the effect of charges
on growth due to coagulation processes.

To start with, we will introduce a few very simple ana-
lytical formulae by which the role of individual growth pro-
cesses can be estimated from either model or measurement
data. The performance of these formulae will be tested with
a comprehensive set of model simulations, which requires
addressing a few numerical issues. The paper will be com-
pleted by a thorough analysis of the nuclei growth behavior
due to condensation, self-coagulation and coagulation scav-
enging in the presence of charges in aerosol particles. Het-
erogeneous reactions will not be considered here, since the
mechanistic understanding of that process is still far from
complete. We aim to address the following specific ques-
tions: (1) How accurately can we estimate the nuclei growth
rates due to individual processes by using simple analytical
formulae, such as the ones derived here?, (2) What are the
main numerical problems in simulating nuclei growth with a
sectional model, and how can these problems be dealt with?,
(3) What is the relative importance of the considered real and
apparent growth processes in different atmospheric situations
and for different nuclei sizes? and (4) How is nuclei growth
affected by the presence of charges?

2 Tools and methods

In this work, we describe simple methods that can be used
to estimate the growth rate of a nucleation mode from sim-
ulation data obtained using a sectional model. The pro-
cesses participating in the growth are condensation, self-
coagulation and coagulation scavenging. Additionally, we
investigate the importance of charged particles in the growth
of a nucleation mode.

2.1 Theory

2.1.1 Definition of growth

We assume that aerosol particles are spherical and thus have
a well-defined diameter. By growth of a single particle we
mean the increase of the diameter of that particle. The
particle diameter increases due to condensation of vapor
molecules onto the particle surface, which is the only pro-
cess participating in the growth of a single particle in our
approach.

For the growth of a particle population, we need to de-
fine the population and to specify the diameter that we use
to describe the population. The growth of the population is
then the increase in that diameter. In this study, we use two
different definitions of a diameter describing the nucleation
mode: the diameter of the peak of the particle number size
distribution and the count mean diameter of particles smaller
than 45 nm in diameter. In a sectional model, the count mean
diameter (d∗

p) can be calculated using the following equation:

d∗
p =

∑n
i=1Nidp,i∑n

i=1Ni

, (1)

wheredp,i andNi are the diameter and number concentration
of particles in sectioni, and the sectionn is the last section
with diameter≤45 nm.

A particle population grows in size through the conden-
sational growth of each particle in the population. The con-
densational growth rate, GRcond, may not be the same for all
particles in the mode, but a single value can be assigned for
the population as an increase rate of the diameter describ-
ing that population. A population also grows due to self-
coagulation (i.e. coagulation of particles in the population
with each other) and coagulation scavenging (i.e. coagulation
of particles in the population with pre-existing bigger parti-
cles). Self-coagulation decreases the particle number con-
centration in the mode, but increases the average diameter of
the particles, which results in the growth of the diameter de-
scribing the population. Coagulation scavenging decreases
the number concentration of particles in that population, and
the small particles are removed more rapidly than the big par-
ticles. Thus the diameter describing the population increases,
but the growth is only apparent, as none of the particles in the
mode get any bigger.
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One problem in defining the growth rate of the grow-
ing mode due to scavenging of particles by larger particles,
GRscav, is the separation of these two groups of particles. In
our approach, we have chosen to estimate the value of GRscav
by calculating the increase rate in the count mean diameter
of particles smaller than 45 nm due to scavenging by particles
larger than 45 nm in diameter.

2.1.2 Condensation

Under most atmospheric conditions, aerosol particles grow
mainly due to condensation of vapors onto particle surfaces.
In the kinetic regime, the molecular flux onto a particle of
diameterdp is (e.g., Seinfeld and Pandis, 2006)

J =
π

4
d2

pνα(c∞ −cs) (2)

wherev is the mean speed of the molecules,c∞ andcs are
the number concentration of condensing molecules far away
from the particle and the saturation vapor concentration at
the particle surface, respectively, andα is the molecular ac-
commodation coefficient. The time derivative of the particle
volume is thendVp/dt = JVm, whereVm is the volume of
the condensing vapor molecule. The growth rate of a particle
diameter due to condensation is then

GRcond=
1

2
Vmνα(c∞ −cs). (3)

In these conditions the growth rate depends on the particle
diameter only through the Kelvin effect, which affects the
value ofcs . For a non-volatile vapor,cs is negligible and the
growth rate is constant as a function of diameter.

The condensational growth of bigger particles is typically
modeled using a continuum regime expression with a tran-
sition regime correction factor (Fuchs and Sutugin, 1971).
This approach results in a condensational growth rate that
is different to the constant value of growth rate in the ki-
netic regime. The condensational growth rate of particles
∼100 nm in diameter deviate 17 % from the constant value
and the deviation increases as a function of diameter. Thus
the assumption of a constant growth rate is quite good for
particles<100 nm in diameter. Furthermore, taking into ac-
count the molecular-like properties of the very smallest parti-
cles introduces diameter dependence into the growth rate for
particles<10 nm in diameter (Lehtinen and Kulmala 2003;
Nieminen et al., 2010). In this case, the corrected growth rate
of 4.5 nm sized particles deviates by 20 % from the constant
value. The growth rates analyzed from the ambient mea-
surements typically show an increase in the condensational
growth rate as a function of particle diameter (e.g., Manninen
et al., 2010). Even though the assumption of constant growth
rate applies only to condensation of non-volatile vapors to
particles in certain size range, we will keep the condensa-
tional growth rate of neutral particles constant as a function
of diameter in this study. This affects the dynamics of the

particles in the simulations, but simplifies the analysis of the
simulation results. The conclusions made in this paper are
not affected by this choice.

Condensation of polar molecules may lead to increased
condensational flux onto charged particles. We take this into
account by multiplying the molar flux onto a particle surface
with the following factor (Lushnikov and Kulmala, 2004):

ξ
(
dp

)
= 1+

1

4πε0

4γ e2r

d2
p

(4)

Here e is the elementary charge (1.60× 10−19 C), dp is
the particle diameter in meters,ε0 is the vacuum per-
mittivity (8.85× 10−12 F m−1) and γ = 1/kT, where T is
the temperature in Kelvins andk is the Boltzmann con-
stant (1.38× 10−23 J K−1). A polar molecule can formally
be described as a compound having a negative and positive
charge set a part by a fixed distance. This distance, given in
meters, is denoted byr in Eq. (4) and a value corresponding
to sulfuric acid molecule was used in this study.

2.1.3 Self-coagulation

To estimate the growth rate due to self-coagulation analyt-
ically, we make a simplifying assumption that the particle
number size distribution of a growing population can be de-
scribed by a monodisperse distribution. This distribution has
four parameters: the number concentrations of neutral, nega-
tive and positive particles (N0, N−, N+) and the diameter of
the particles (dp). Here we assume thatN0, N− andN+ are
equal to the total number concentration of neutral, negative
and positive particles in the population anddp is the count
mean diameter of the population. The total volume concen-
tration can be expressed as

Vtot = NVp = N
πd3

p

6
(5)

whereVp andVtot are the volume of a single particle and the
total volume concentration of particles in the mode, respec-
tively. Assuming thatVtot stays constant, we can calculate
the growth rate due to self-coagulation:

GRscoag=
ddp

dt
= −

dp

3N

dN

dt
. (6)

For a monodisperse distribution with three charge classes,
the time derivative of the total number concentration due to
self-coagulation is the following:

dN

dt
= −

1

2

(
k00

(
dp

)
N2

0 +k−−

(
dp

)
N2

− +k++

(
dp

)
N2

+

)
−k0−

(
dp

)
N0N− −k0+

(
dp

)
N0N+ −k−+

(
dp

)
N−N+. (7)

Herek00, k−− andk++ are the self-coagulation coefficients
of neutral, negative and positive particles, respectively,k0−
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andk0+ are the coagulation coefficients of negative and pos-
itive particles to neutral particles,k−+ is the coagulation co-
efficient of negative and positive particles andN is the total
number concentration of particles. Using Eqs. (6) and (7),
we get the following equation for the growth rate due to self-
coagulation:

GRscoag
(
dp

)
=

dp

3N

[
1

2

(
k00

(
dp

)
N2

0 +k−−

(
dp

)
N2

− +k++

(
dp

)
N2

+

)
+k0−

(
dp

)
N0N− +k0+

(
dp

)
N0N+ +k−+

(
dp

)
N−N+

]
(8)

Assuming that all the particles in the mode are neutral,
Eq. (8) simplifies to

GRscoag
(
dp

)
=

dp

6
k00

(
dp

)
N, (9)

whereN is the total number concentration of particles in the
mode.

Eqs. (8) and (9) are exact only for a monodisperse distribu-
tion. However, they can be used to estimate the growth rate
due to self-coagulation even if the growing mode consists of
particles with varying sizes, but the accuracy of the equations
decrease as the width of the mode increases. In Section 3.2
we will show that Eqs. (8) and (9) can be used to determine
the growth rate due to self-coagulation of a nucleation mode
in atmospherically relevant conditions.

2.1.4 Coagulation scavenging

In the atmosphere, nucleation mode particles are scavenged
by coagulation with pre-existing larger particles, which will
be denoted as a background in this study. The coagulation
with the background decreases the particle number concen-
tration in the nucleation mode by a diameter dependent rate,
with small particles coagulating more rapidly than bigger
ones. This results in the apparent growth of the nucleation
mode as the count mean diameter of the mode increases. The
phenomenon was studied for a growing lognormal mode by
Stolzenburg et al. (2005). Here we develop a theory that ap-
plies for distributions of any shape.

Using a discrete representation of the particle number size
distribution, the value of coagulation sink for the particles in
a sectioni is

CoagSi =

∑q

j=p
ki,jNj , (10)

whereki,j is the coagulation coefficient between the particles
in sectionsi andj and the background particles are in the
sections fromp to q. If other processes are neglected, the
time derivative of the concentration of particles in sectioni

is

dNi

dt
= −CoagSiNi . (11)

If we describe the size of the mode by using the count mean
diameter (d∗

p) of the mode (Eq. 1), the growth rate due to

coagulation scavenging can be defined as a time derivative of
that diameter:

GRscav=
dd∗

p

dt
=

d

dt

(∑n
i=1Nidp,i∑n

i=1Ni

)
. (12)

After performing the derivation in Eq. (12) and using
Eq. (11), the GRscavsimplifies to

GRscav= d∗
p

∑n
i=1CoagSiNi∑n

i=1Ni

−

∑n
i=1CoagSiNidp,i∑n

i=1Ni

= d∗
p ×CoagS∗ −

(
dp×CoagS

)∗
, (13)

where star denotes the count mean value over the nucleation
mode.

In Eq. (13), all the particles are assumed to be neutral.
The coagulation coefficients are substantially different if one
or both of the particles are charged, so we need to extend
Eq. (13) to consider also particle charges. In this case, the
count mean diameter of the nucleation mode is

d†
p =

∑n
i=1

(
N0

i +N−

i +N+

i

)
dp,i∑n

i=1

(
N0

i +N−

i +N+

i

) , (14)

whereN0
i , N−

i and N+

i are the number concentrations of
neutral, negative and positive particles in the sectioni, re-
spectively. The background particles scavenging the nu-
cleation mode particles also have different charges, which
should be taken into account when calculating the coagula-
tion sinks of the nucleation mode particles:

CoagS0i =

∑q

j=p

(
k

0,0
i,j N0

j +k
0,−
i,j N−

j +k
0,+
i,j N+

j

)
(15)

CoagS−i =

∑q

j=p

(
k
−,0
i,j N0

j +k
−,−
i,j N−

j +k
−,+
i,j N+

j

)
(16)

CoagS+i =

∑q

j=p

(
k
+,0
i,j N0

j +k
+,−
i,j N−

j +k
+,+
i,j N+

j

)
, (17)

wherek
a,b
i,j is the coagulation coefficient between particles in

sectionsi andj , with a andb denoting the charge classes of
those particles. The growth rate due to coagulation scaveng-
ing can again be calculated as the time derivative of the count
mean diameter (d†

p):

GRscav= d†
p

∑n
i=1

(
CoagS0i N

0
i +CoagS−i N−

i +CoagS+i N+

i

)∑n
i=1

(
N0

i +N−

i +N+

i

)
−

∑n
i=1

(
CoagS0i N

0
i +CoagS−i N−

i +CoagS+i N+

i

)
dp,i∑n

i=1

(
N0

i +N−

i +N+

i

) (18)

or simply

GRscav= d†
p ×CoagS†−

(
dp×CoagS

)†
, (19)

where dagger denotes the count mean value over the nucle-
ation mode with three charge classes.
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2.2 Model

We have used the aerosol dynamical box model Ion-
UHMA (University of Helsinki Multicomponent Aerosol
model for neutral and charged particles) which simulates
the dynamical processes governing the time evolution of the
aerosol particle size distribution (Leppä et al., 2009). In the
model, particles are divided into a user-specified number of
size sections and three charge classes, namely neutral, neg-
atively charged and positively charged particles. The model
solves the number concentration of particles in each size sec-
tion and each charge class. Besides particles, the model in-
cludes pools of charged clusters or molecules that are smaller
than 1.5 nm in diameter. The actual nucleation process is not
simulated in Ion-UHMA, but the formation rate of new par-
ticles is used as an input parameter in the model. This ap-
proach incorporates an assumption that the new particle for-
mation and growth are independent of each other, which is
quite plausible based on our current understanding on atmo-
spheric nucleation (Kulmala et al., 2000, 2004). Here, parti-
cles are assumed to be formed at 1.5 nm, which is reasonable
based on available atmospheric measurements (Kulmala et
al., 2007; Manninen et al., 2010). The concentrations of par-
ticles and charged sub 1.5 nm clusters are tracked separately.
The processes used in this study were condensation, coagu-
lation and ion-aerosol attachment.

In Ion-UHMA, the diameters corresponding to size sec-
tions are fixed and the size sections are divided equally on
a logarithmic scale. As the particles in sectionn grow due
to condensation during one time step (1t), their diameter in-
creases to a value between the diameters corresponding to
sectionsn andn+1 (dp,n < dp,x < dp,n+1). Those particles
are then divided to sectionsn andn+1 in such a way that
the number and volume concentrations of particles are con-
served (see, e.g., Jacobson 2005):

Nn =

d3
p,n+1−d3

p,x

d3
p,n+1−d3

p,n

Nx (20)

Nn+1 =
d3

p,x −d3
p,n

d3
p,n+1−d3

p,n

Nx (21)

Here,Nx is the number concentration of particles with diam-
eterdp,x . This leads to underestimation of count mean diam-
eter of the particle population and, furthermore, effectively
lower growth rate due to condensation. The count mean di-
ameter after the particles are divided into the two sections
is

d‡
p =

dp,nNn +dp,n+1Nn+1

Nn +Nn+1
. (22)

The condensational growth rate is GRcond= (dp,x −dp,n)/1t ,
but the effective growth rate of the count mean diameter is
GReff = (d‡

p −dp,n)/1t . Using these definitions and Eqs. (20),

(21) and (22), we get the following relation between GRcond
and GReff:

GReff =
3d2

p,n +3dp,n1dp,n +1d2
p,n

d2
p,n

(
1+f +f 2

) GRcond, (23)

where1dp,n is the increase in diameter of the particles in
sectionn due to condensation during one time step andf

is dp,n+1/dp,n. By assuming1dp,n�dp,n, GReff can be ap-
proximated as

GReff =
3

1+f +f 2
GRcond. (24)

The ratio between the diameters corresponding to consecu-
tive sections,f , approaches unity with increasing number
of size sections, and thus the GReff approaches GRcond. It
should be noted that Eq. (24) can only be used to estimate
the effective condensational growth rate in a sectional model
with fixed sections divided evenly on a logarithmic scale.

If the condensational flux onto charged particles is in-
creased according to Eq. (4), the condensational growth rate
of charged particles is increased and thus the condensational
growth rate of the total population is increased. In this case,
the effective growth rate of the total population can be esti-
mated

GReff,charged=
3

1+f +f 2

N0
n +ξ

(
dp,n

)(
N−

n +N+
n

)
Nn

GRcond, (25)

wheren denotes the section with maximum concentration.
In Ion-UHMA, the coagulation coefficients are calculated

using the flux matching theory according to Fuchs (1964),
and when one or both of the particles are charged, the coef-
ficients are corrected according to Howard et al. (1973) and
Mick et al. (1991). The particles produced by coagulation are
divided into the two sections with corresponding diameters
closest to the diameter of the produced particles according
to Eqs. (20) and (21) (Lehtinen and Zachariah, 2001). The
charge is conserved in coagulation, except when two singly-
charged negative or positive particles collide, in which case
the resulting particle is still singly-charged as there are only
three charge classes in the model (neutral, negative and pos-
itive).

The attachment coefficients of charged clusters and par-
ticles in Ion-UHMA are calculated using the parameterized
version (H̃orrak et al., 2008) of the theory presented by Hop-
pel and Frick (1986). The ion-aerosol attachment has neg-
ligible effect on the particle sizes, but in most of the cases
it is the major factor driving the particle population towards
the charge equilibrium (Kerminen et al., 2007). Depending
on the input values, i.e. the nucleation mechanism, some of
the freshly formed particles may be charged. As the newly
formed particles start to grow to bigger sizes, they are also
subject to the attachment of clusters, which charges the neu-
tral particles and neutralizes the charged ones. Eventually,
the particle population approaches the charge equilibrium.
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2.3 Simulation setup and parameters

This study consists of three different sets of simula-
tions (Set 1, Set 2 and Set 3). In each simulation, the sim-
ulated particle diameter range was from 1.5 to 1000 nm. The
number of size sections used was 80 in Sets 2 and 3, but it
was varied in Set 1. The formation of new particles was mod-
eled by assuming a nucleation rate that follows a sinusoidal
pattern as a function of time. The new particle formation
was assumed to start at the beginning of the simulation and
the duration of new particle formation was varied. The mean
nucleation rate over the period of particle formation was used
as an input parameter in the model. The growth rate of neu-
tral particles due to condensation was used as input as well,
and it was kept constant as a function of time and particle
diameter. The pre-existing particle population was modeled
by a single log-normal mode with a peak diameter of 150 nm
and standard deviation of 1.5. The concentration of particles
in the pre-existing mode was varied in the model.

2.3.1 Set 1 – numerical diffusion and error due to
sectional approach

Set 1 simulations were conducted in order to test how much
the numerical diffusion affects the condensational growth of
a particle mode and how well we can estimate the error in
the increase of count mean diameter by using Eq. (24). In
this set, only new particle formation and condensation was
modeled, the concentration of particles in the pre-existing
mode was set to zero, and all particles were assumed to be
neutral. In Set 1, the following parameters were varied: the
duration of new particle formation, condensational growth
rate and number of size sections. The values of the parame-
ters are presented in Table 1 and all the combinations of the
input parameters were used in the simulations. The different
combinations of the duration of new particle formation and
the value of GRcond were used to produce nucleation modes
with varying widths. The width of the mode may affect the
modal growth rate through numerical diffusion.

2.3.2 Set 2 – self-coagulation and coagulation
scavenging

Set 2 simulations were conducted in order to test how well
we can estimate the growth rate due to self-coagulation us-
ing Eqs. (8) and (9) and the apparent growth rate of the nu-
cleation mode caused by the scavenging by larger particles
using Eqs. (19) and (13). In Set 2,the following parameters
were varied: the condensational growth rate of neutral par-
ticles, new particle formation rate, duration of new particle
formation, concentration of particles in the pre-existing parti-
cle population and whether the charged particles and electric
interactions were included or not. The values of the param-
eters are presented in Table 2, and all combinations of the
parameters were used in the simulations.

Table 1. The values of varied parameters used as input in the model
in Set 1.

Parameter Values used as input
in the model

Number of size sections 50/80/120/200
Duration of new particle formation 1/3/6 h
Condensational growth rate of neutral particles 1/3/10 nm h−1

The parameters used in Set 2 were chosen to represent new
particle formation events with wide ranges of mode widths
and particle concentrations. The concentrations of back-
ground particles were chosen to yield condensation sink val-
ues from 7.3× 10−4 to 1.5× 10−2 s−1, which covers most of
the observed values of condensation sink during new particle
formation events in continental background areas (Birmili et
al., 2003; Held et al., 2004; Dal Maso et al., 2007). Higher
values of background particle concentrations were excluded,
since only high values of new particle formation rates would
yield observable events under such conditions. It should be
noted that these are the values of condensation sink in the
beginning of the simulation, but the value increases as the
background particles grow due to condensation. All of the
parameter values are atmospherically relevant, but some of
the parameter combinations may not be realistic.

All the simulations were conducted both purely neutral
and with charged particles and electric interactions included.
In the simulations with charged particles, 10 % of the par-
ticles were formed charged with equal amount of both po-
larities. The concentrations of charged sub 1.5 nm clusters
were kept constant at 1000 cm−3 for both polarities, and the
attachment of these clusters into aerosol particles was simu-
lated. The chosen fraction of particles formed charged and
the concentrations of charged clusters are in line with the
measurements conducted at a field station in a boreal for-
est (e.g., Laakso et al., 2007; Gagné et al., 2008; Manni-
nen et al., 2010). The particle charges were taken into ac-
count in the coagulation coefficients, but the value of GRcond
was assumed to be the same for the neutral and the charged
particles.

2.3.3 Set 3 – charges

Set 3 simulations were conducted in order to investigate the
range of effects that electric interactions may have on particle
growth rates. In this set, new particle formation, condensa-
tion, ion-aerosol attachment, self-coagulation and scaveng-
ing by larger particles were all modeled. The varied param-
eters were the concentration of charged clusters, the fraction
of ion-induced nucleation (the percentage of particles formed
charged), and whether condensation onto charged particles
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Table 2. The values of varied parameters used as input in the model in Set 2. The values of new particle formation rate are mean values over
the particle formation period.

Parameter Values used as input
in the model

Concentration of particles in the pre-existing mode 60/200/600/1200 cm−3

Total new particle formation rate 1/5/10/50/100 cm−3 s−1

Duration of new particle formation 1/3/6 h
Condensational growth rate of neutral particles 1/3/10 nm h−1

Charged particles and electric interactions included On/Off

Table 3. The values of varied parameters used as input in the model in Set 3.

Parameter Values used as input in the model

Concentration of charged clusters 100/1000/10 000 cm−3

Fraction of particles formed negative and positive 0&0 / 1&1 / 5&5 / 7&3 / 10&0 / 50&50%
Increased condensation onto charged particles On/Off

was enhanced according to Eq. (4) or not. The values of var-
ied parameters are presented in Table 3. In all simulations
in Set 3 the average new particle formation rate, duration of
new particle formation, condensational growth rate of neutral
particles and the concentration of pre-existing particles were
5 cm−3 s−1, 3 h, 3 nm h−1 and 600 cm−3, respectively.

The concentrations of charged clusters were chosen to in-
clude extremely low and high values as compared with atmo-
spheric concentrations (Hirsikko et al., 2011) to provide esti-
mates on the minimum and maximum effects that charged
clusters may have on the growth of the nucleation mode.
Also for the fraction of ion-induced nucleation, the values
are chosen to cover the extreme cases of purely neutral or
ion-induced nucleation, as well as a couple of cases closer to
those observed in the atmosphere (Manninen et al., 2010). In
case there is a sign preference in the onset of ion-induced
nucleation (Winkler et al., 2008; Gagné et al., 2010), the
formation rates of charged particles may be asymmetrical,
a possibility which is also covered in the input parameters.

2.4 Determining the growth rates

The total growth rate of the nucleation mode was determined
from the simulation results using three different ways:

1. By calculating the growth rate due to condensa-
tion, self-coagulation and coagulation scavenging using
Eqs. (24), (9) and (13), respectively, and by summing
them up to obtain calculated total growth rate (GRcalc).
In case charged particles are included, Eqs. (8) and (19)
are used instead of Eqs. (9) and (13), respectively, when
calculating the growth rate due to self-coagulation and
coagulation scavenging. If also the condensational flux

onto charged particles is increased, then the growth rate
due to condensation is calculated using Eq. (25) instead
of Eq. (24).

2. By estimating the total growth rate from the increase
of count mean diameter of particles smaller than 45 nm
in diameter (GRCMD). The count mean diameter of the
nucleation mode is calculated for each moment of time
from the simulation data and the value of GRCMD is ob-
tained as the time derivative of the count mean diameter.
The 45 nm limit was chosen in order to have minimal
amount of pre-existing particles in the range, but also
not to lose nucleation mode particles out of the range
either.

3. By following the peak concentration of the growing
mode (GRpeak). The diameter of the peak of the mode
was determined by fitting a second order polynomial
to normalized concentration values of five consecutive
sections with the highest concentration in the middle.
The particle concentrations were normalized using ei-
ther the linear (dN/ddp) or logarithmic (dN/d(logdp))

width of the sections. The growth rate was then ob-
tained as a slope of a first order polynomial fitted to time
and diameter coordinates of the mode peak.

The growth rates GRcalc and GRCMD are not totally inde-
pendent of each other, since Eqs. (24), (8) and (19) are also
based on the change rate of count mean diameter. However,
in case GRcalc and GRCMD give similar values, we can be
quite confident with our estimates of the growth rates due
to different processes. Also, during the new particle forma-
tion the value of GRCMD cannot be used to estimate the total
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Fig. 1. Left panel: growth rates of an example simulation as a function of diameter. The solid blue (red) line denotes the value of GRpeak
when linear (logarithmic) normalization is used. The blue (red) dashed line denotes an arcus tangent function fitted to values of GRpeak. The
black solid and dashed lines denote the values of GRcond and GReff, respectively. Right panel: arcus tangent functions fitted to values of
GRpeakfor simulations with varied input growth rate and duration of new particle formation (NPFD). The blue and red lines denote the used
normalization as in left panel with solid, dashed and dotted lines corresponding to particle formation durations of 1, 3 and 6 h, respectively.
The black solid and dashed lines denote the values of GRcond and GReff, respectively. The blue and red curves correspond to black lines
directly above them.

growth rate, as the freshly formed particles affect the count
mean diameter of the mode, but there is no such restriction
for the value of GRcalc.

Of these three growth rates, GRpeak is the most sensitive
to the shape of the mode and to changes in that shape. Our
approach of using only a few points around the maximum
concentration to localize the peak of the mode minimizes the
effect of the shape of the mode on the growth rate.

3 Results and discussion

3.1 Numerical issues

There are four numerical issues related to this work: prob-
lems in following the peak of the nucleation mode, normal-
ization of the simulated data, numerical diffusion and error in
the increase in the count mean diameter due to the sectional
approach. The last two of these issues are important for nu-
merical modeling of new particle formation, whereas the two
others are relevant also when analyzing measurement data.

The diameter of the peak of the mode is usually deter-
mined by fitting a log-normal function to the particle num-
ber size distribution (e.g., Hussein et al., 2004). This method
gives relatively good estimates on both the shape of the mode

and the diameter of the peak of the mode. However, if the
shape of the mode is not close to log-normal, the fit may
not be very good. In such cases, the number of data points
chosen for the fitting affects the result: more points usually
results in a better overall agreement between the data and the
fitted function, but the localization of the peak of the mode
gets worse.

Our approach of choosing only a few points around the
maximum concentration emphasizes the localization of the
peak of the mode, but there is a problem in using so few
points. In case the peak concentration is found in sectionn,
the values of sections fromn−2 to n + 2 are used to deter-
mine the location of the peak. Now, if the maximum con-
centration is still in sectionn at the next moment of time, the
same sections are used to determine the location of the peak.
In this case, the peak shifts towards bigger sizes, but the shift
is somewhat smaller than in case of the maximum concen-
tration being found at the sectionn+1. Thus the difference
between consecutive mode peak diameters fluctuates. As a
result, the value of GRpeakdetermined from these diameters
also fluctuates (Fig. 1, left panel). As the fluctuation makes
the comparison of results challenging, an arcus tangent func-
tion was fitted to the GRpeakvalues (Fig. 1, left panel).
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The simulated data describes the particle number size dis-
tribution as number concentrations of particles in each size
section. Depending on the simulated size range and the num-
ber of size sections used, the sections have different widths
and thus represent different portions of the distribution. The
data have to be normalized in order to have comparable dis-
tributions. The usual way to do this is to divide the number
concentration of a section with the linear (dN/ddp) or loga-
rithmic (dN/d(logdp)) width of the section. These two nor-
malizations are related as follows:

dN

d
(
logdp

) = ln10×dp
dN

ddp
. (26)

As the diameter dependence in Eq. (26) indicates, the nor-
malization affects the shape of the mode and also the diam-
eter of the peak of the mode. Thus, the normalization also
affects the value of GRpeak, an example of which is shown in
Fig. 1 (left panel). The diameter dependence is introduced to
a supposedly constant growth rate, if the logarithmic normal-
ization is used (Fig. 1), an effect which is emphasized when
the mode is wide (long period of particle formation and big
growth rate of the particles). The usage of a logarithmic nor-
malization also underestimates the growth rate of the mode.
In the analysis of simulations in Set 2 and Set 3, only a linear
normalization was used.

Numerical diffusion is a well-known problem that usu-
ally emerges in numerical models having fixed sections or
grids (e.g., Jacobson 2005). In this work, the numerical dif-
fusion was caused mainly by numerical treatment of conden-
sational growth. As described in Sect. 2.2, the particles from
one section are divided into two sections after their diameter
has increased due to condensation, which results in an arti-
ficial broadening of the mode and also changes the shape of
the mode. The division of particles into two sections also un-
derestimates the increase in count mean diameter, which was
demonstrated in Sect. 2.2.

We are now able to estimate the error in total growth
rate caused by both the numerical diffusion and the sec-
tional approach by comparing the values of GRcond, GReff
and GRpeak. By definition, the difference between the values
of GRcond and GReff is the error in the count mean diameter
due to sectional approach, whereas GRpeak is also subject
to numerical diffusion. The error due to numerical diffu-
sion depends both on the width of the mode and the num-
ber of size sections used in the simulation, but the error due
to sectional approach depends only on the number of size
sections (Fig. 2). In this work, the magnitudes of these two
sources of errors are quite similar, the values ranging from a
few percent to around 20 percent.

3.2 Determining the growth rates

In Sect. 2.4 we described the three methods we use to de-
termine the total growth rate of the mode. The results of
these methods for one example simulation are depicted in

Fig. 3. For sizes>5 nm in diameter, the values of GRpeak,
GRCMD and GRcalc are very similar. The value of GRCMD
cannot be determined for smaller sizes due to ongoing par-
ticle formation: as long as new particles are added to the
nucleation mode, the value of GRCMD is smaller than the ac-
tual modal growth rate as newly formed particles decrease
the count mean diameter. The value of GRpeakcannot be de-
fined in the smallest sizes due to the changes in the shape
of the mode. In principle, the fitting of a second order poly-
nomial described in Sect. 2.4 can be done after the peak of
the mode is observed, but in practice the shape of the mode
changes so rapidly at this stage that the value of GRpeakover-
estimates the modal growth rate. The small difference be-
tween the value of GRpeak and the two other modal growth
rates in sizes>5 nm is mainly due to numerical diffusion.

The value of GRcalc consists of the growth rates due to
condensation (GReff), self-coagulation (GRscoag) and coag-
ulation scavenging (GRscav) (Fig. 3, left panel). With the
value of GRcalc being quite close to the values of GRCMD
and GRpeak, we can be quite confident that our methods
of estimating the growth rates due to these three processes
work reasonably well. Furthermore, as the values of GRCMD
and GRcalc are so close to each other, Eqs. (8) and (9) are
able to give accurate estimates on the growth rate due to
self-coagulation for a nucleation mode covering a substan-
tial range of particle sizes. In the example case depicted in
Fig. 3, 57 to 91 % of the total growth was due to condensa-
tion, 0 to 10 % was due to self-coagulation and 3 to 41 % was
due to coagulation scavenging.

3.3 Coagulation

3.3.1 Self-coagulation

In order to estimate the growth rate due to self-coagulation,
GRscoag, using Eqs. (8) and (9), the total particle concen-
tration and the representative diameter has to be specified.
The total, neutral, negative and positive concentrations were
chosen to be equal to the sum of total, neutral, negative and
positive particles in the range 1.5 to 45 nm. For the diameter,
the count mean diameter of particles smaller than 45 nm was
used.

The growth rates related to an example simulation of Set 2
are depicted in Fig. 3. In this example case, the duration of
new particle formation was 3 h, the mean new particle for-
mation rate was 10 cm−3 s−1, the input value of GRcond was
3 nm h−1 and the concentration of background particles was
600 cm−3. In this case, the growth due to self-coagulation is
small, but increases with increasing particle diameter, even
though the concentration of nucleation mode particles de-
creases after the center of the mode has grown to around
4 nm in diameter (Fig. 3, right panel). The value of GRscoag
is clearly smaller when calculated using Eq. (9) (all particles
considered neutral) instead of Eq. (8).
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Fig. 2. The error in condensational growth rate as a function of the width of the mode.

Fig. 3. Left panel: calculated growth rates due to different processes and total growth rates determined using different methods for an
example case. The red lines denote the calculated values and the blue line denotes the calculated value without charges taken into account.
The solid black and dashed green lines denote the growth rates determined from the mode peak and calculated from the count mean diameter,
respectively. Right panel: the concentration of nucleation mode particles as a function of count mean diameter.
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Fig. 4. The growth rates due to self-coagulation from the simula-
tions in Set 2 averaged over size ranges (1.5 to 3, 3 to 7 and 7 to
20 nm). The red and blue marks denote simulations with or with-
out the charged particles, respectively, and the size of the marker
denotes the size range over which the average is taken.

In the results from all simulations in Set 2, the value
of GRscoag increased approximately linearly with the in-
creasing particle number concentration (Fig. 4). To illus-
trate the diameter dependence, the mean growth rate due to
self-coagulation was calculated for the following three size
ranges: 1.5 to 3 nm, 3 to 7 nm and 7 to 20 nm. The ranges
were chosen to match those used in the analysis of measure-
ment data (e.g., Hirsikko et al., 2005; Manninen et al., 2010).
There is a clear difference between GRscoagcalculated for the
different size ranges, with bigger particles yielding higher
growth rates. When two similarly-sized particles combine
to form one bigger particle, the difference between the ini-
tial and residual diameters increases with increasing initial
diameter, which is demonstrated by the explicit diameter de-
pendence in Eq. (9). This is the main reason for the increase
of GRscoagwith an increasing diameter, though it is further
strengthened by the increasing self-coagulation coefficient as
a function of diameter in the given size ranges.

The value of GRscoagwas bigger when the charged par-
ticles were included in the simulation. This was due to co-
agulation coefficients between charged and neutral particles,
as well as between oppositely charged particles, being big-
ger than the corresponding self-coagulation coefficients of
neutral particles. For larger particles, the difference between
the coagulation coefficients involving a charged particle and
those involving only neutral particles gets smaller, but the
fraction of charged particles gets bigger. As a result, the dif-
ference between the charged and neutral cases prevails also
in the bigger sizes.

For a given number of nucleation mode particles, the value
of GRscoagshows some variability between different simula-

tions (Fig. 4). The variability is largest for the smallest size
range, and for simulations involving charged particles. Most
of the variation is due to averaging over the size ranges: a
simulation with a fairly constant concentration of nucleation
mode particles (big condensational growth rate and small co-
agulation sink) and a simulation with rapidly decreasing con-
centration (small condensational growth rate and big coagu-
lation sink) may give approximately the same average con-
centration of nucleation mode particles, but the growth rates
due to self-coagulation in these two simulations may be dif-
ferent.

3.3.2 Coagulation scavenging

In our example case (Fig. 3), a significant part of the growth
of the nucleation mode is caused by the apparent growth due
to scavenging by larger particles up to sizes of about 5 to
10 nm. In general, the value of GRscav increases during the
period of the new particle formation due to the changes in
width and shape of the nucleation mode. On the other hand,
GRscavdecreases as a function of the particle diameter, as the
difference in the relative sizes of the particles in the mode de-
creases. In our example case, these two properties are in bal-
ance at about 4 nm diameter, whereupon a maximum value
of GRscav is reached.

The values of GRscavfrom the simulations in Set 2 are de-
picted in Figure 5 as a function of condensation sink. Here,
the condensation sink, rather than coagulation sink, is used to
describe the amount of pre-existing larger particles in order
to simplify the figure, as the condensation sink has just one
value, but the coagulation sink depends on the size of the par-
ticles. In order to clarify the condensation sink dependence
of the GRscav, we grouped the results into four categories ac-
cording to the condensation sink:< 7.3×10−4, 7.3×10−4 to
2.2× 10−3, 2.2× 10−3 to 4.4× 10−3 and>4.4× 10−3 s−1.
The limits were chosen to match the values of condensation
sink of the pre-existing particles in the beginning of the simu-
lation for the three smallest concentrations of the pre-existing
particles used in the simulations (Table 2). Most of the simu-
lations with the largest concentration of pre-existing particles
were discarded from this part of the analysis for either of the
following two reasons: there was no observable event be-
cause the particles were scavenged too rapidly, or the grow-
ing mode crossed the 45 nm limit during the determination
of the growth rate.

In order to illustrate the diameter dependence of the
growth rate due to scavenging, we calculated the mean value
of the growth rate for three size ranges: 1.5 to 3 nm, 3 to
7 nm and 7 to 20 nm. The blue and red marks in the Fig. 5
correspond to the mean values of the growth rate for simula-
tions with or without the charged particles included, respec-
tively. The grey and black lines denote the average values
of condensation sink and growth rate due to scavenging for
the three size ranges and four condensation sink ranges de-
scribed above. The value of GRscav increases linearly with
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Fig. 5. The growth rates due to coagulation scavenging from the
simulations in Set 2 averaged over size ranges (1.5 to 3, 3 to 7
and 7 to 20 nm). The red and blue marks denote simulations with
or without the charged particles, respectively, and the size of the
marker denotes the size range over which the average is taken.
The points connected with lines denote the average growth rates of
simulations with the values of condensation sinks in the ranges<

7.3× 10−4, 7.3× 10−4 to 2.2× 10−3, 2.2× 10−3 to 4.4× 10−3

and > 4.4× 10−3 s−1. The grey and black lines correspond to
simulations with or without the charged particles, respectively, and
solid, dashed and dashed-dotted lines correspond to size ranges 1.5
to 3, 3 to 7 and 7 to 20 nm, respectively.

an increasing condensation sink (Fig. 5), which was expected
based on Eq. (13). The values of growth rate for a given value
of condensation sink vary over an order of magnitude de-
pending on the diameter of the centre of the mode, the width
and shape of the growing mode and whether the charged par-
ticles are included or not. The inclusion of charged particles
increases the value of GRscavby a factor of∼1.7 on average
with approximately the same relative increase in each parti-
cle size range.

The value of GRscav is biggest for the second size range,
even though the difference to the first size range is quite
small. This behavior is caused by the increase in GRscavdur-
ing the period of new particle formation and the decrease in
GRscavas a function of diameter, as described earlier in this
section.

The diameter dependence and inclusion of charged parti-
cles cannot explain all the variation in the values of GRscav
as a function of condensation sink. The rest of the variation
is due to varying shapes and widths of the growing modes as
well as the averaging over the diameter ranges.

3.3.3 Semi-apparent growth due to self-coagulation

In self-coagulation, the particle concentration in the mode
decreases, but the average diameter increases, and thus the

mode grows in size. If the mode is wide enough, the relative
difference in the volumes of the particles in the mode may be
several orders of magnitude. As a result, the coagulation be-
tween the smallest and biggest particles is essentially a sink
for the smaller ones. Such coagulation increases the count
mean diameter of the mode and also shifts the peak concen-
tration of the mode to bigger sizes, though the real increase in
the diameter of the bigger particles is very small. This kind
of growth may be described as semi-apparent.

A significant amount of semi-apparent growth was ob-
served in simulations with wide nucleation modes and high
particle number concentrations. The semi-apparent growth
rate decreases as a function of particle diameter, as the rel-
ative difference in the particle sizes within the mode de-
creases. The ongoing particle formation increases the semi-
apparent growth rate as the nucleation mode gets wider.
In the simulations where semi-apparent growth was ob-
served, the concentration of nucleation mode particles was
>1× 104 cm−3. The concentration needed in order to have
significant amount of semi-apparent growth is very much
dependent on the width and shape of the mode. For ex-
ample, in the simulations with the nucleation mode nar-
rower than 10 nm and significant amount of semi-apparent
growth, the concentration of nucleation mode particles was
>8× 104 cm−3.

3.4 Charges

In the previous section we showed that charged particles in-
crease the values of GRscoagand GRscavbecause of the bigger
coagulation rates. The magnitude of this effect depends on
the number concentration of charged particles in the nucle-
ation mode and pre-existing background aerosol. The frac-
tion of charged particles in the smallest sizes is dominated by
the fraction of particles being formed charged (ion-induced
nucleation). When the particles grow to larger sizes, the frac-
tion of charged particles is affected by two processes: neu-
tralization of charged particles through ion-ion recombina-
tion and charging of neutral particles through ion-aerosol at-
tachment. Eventually, the fraction of charged particles in the
mode approaches the charge equilibrium. The time it takes
to reach the charge equilibrium depends mainly on the to-
tal growth rate of the nucleation mode and the concentra-
tion of charged clusters (Kerminen et al., 2007). The bigger
the growth rate and the smaller the concentration of charged
clusters, the longer it takes to reach the charge equilibrium
and the bigger the particles have grown by that time. If the
initial fraction of charged particles is higher than predicted
by the charge equilibrium, the fraction of charged particles
decreases to a value below the charge equilibrium and then
starts to approach the equilibrium value. This behavior re-
sults from the increasing fraction of charged particles in the
charge equilibrium as a function of particle diameter.

Let us consider a situation, in which new particles are
formed and then grow to bigger sizes by condensation. Let
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Fig. 6. Calculated values of the total growth rate and growth rate due to different processes. In the legend, the first number denotes the
concentration of charged sub 1.5 nm clusters in 103 cm−3, the second and the third number denote the percent of particles formed negatively
charged and positively charged, respectively, and the last mark denotes whether the condensation onto charged particles was enhanced (yes)
or not (no). The green area covers the values of growth rates from other simulations in Set 3 and the black stars denote a purely neutral
simulation with otherwise the same input parameters.

us assume further that some of the particles are formed
as charged and the nucleation mode is subject to self-
coagulation, coagulation scavenging and ion-aerosol attach-
ment. In this scenario, the total growth rate of the mode de-
pends on the fraction of charged particles in the mode via
both of the above-mentioned coagulation processes and also
via condensation, if polar molecules are let to condense more
rapidly on charged particles.

The fraction of charged particles in the smallest sizes de-
pends mostly on the fraction of particles formed as charged.
When the fraction of ion-induced nucleation is increased, the
growth rate due to self-coagulation is increased in the small-
est sizes (Fig. 6a). If the concentration of charged clusters
is increased, the fraction of charged particles approaches the
value in charge equilibrium more rapidly. This is important
for the growth rate due to self-coagulation only if the fraction
of ion-induced nucleation is high (≥10 %), in which case the
increase in concentration of charged clusters decreases the
growth rate due to self-coagulation (Fig. 6a).

When the enhanced condensation flux onto charged par-
ticles due to electric interactions is taken into account, the
condensational growth rate of the total nucleation mode in-
creases (Fig. 6b). If the fraction of ion-induced nucleation
is increased, the total condensational growth rate increases

due to bigger fraction of charged particles in the smallest
sizes. With a bigger condensational growth rate, the fraction
of charged particles approaches the value in charge equilib-
rium more slowly, which is a positive feedback for the in-
crease in condensational growth rate. Increasing the num-
ber of charged clusters has an opposite effect: the fraction
of charged particles approaches the value in charge equilib-
rium more rapidly, which results in a smaller condensational
growth rate (Fig. 6b).

The increase in the total condensational growth rate due to
increased condensation flux onto charged particles increases
the growth rate due to self-coagulation via two effects. First
of all, the total particle number concentration stays higher
due to bigger condensational growth rate, as the coagulation
processes have less time to remove the particles. Secondly,
the fraction of charged particles stays higher, as described
above (Fig. 6a).

The coagulation rate between a nucleation mode particle
and any background particle is increased when either of these
two particles is charged, as compared to a case when both
particles are neutral. Thus, the apparent growth rate due to
coagulation scavenging is increased, if charged particles are
included in a simulation (Fig. 6c). The fraction of charged
particles in the nucleation mode usually plays a minor role
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in this process, as the coagulation sink of neutral particles
in the nucleation mode is also increased due to the charged
background particles.

A more complicated issue is the shape of the nucleation
mode: the broader the nucleation mode the bigger the growth
rate due to coagulation scavenging. If the fraction of charged
particles is high and the condensation flux onto charged parti-
cles increases, the total condensational growth rate increases.
The increase in the total growth rate is diameter dependent,
since both the fraction of charged particles and the increase
in condensation flux decrease as a function of particle di-
ameter. Due to the increased condensational growth in the
small sizes, the count mean diameter of the nucleation mode
increases rapidly. Now, as the condensational growth rate de-
creases as a function of diameter, the smaller end of the mode
grows more rapidly than the bigger end of the mode. As a
net result, the nucleation mode grows more rapidly but stays
narrower. This phenomenon is illustrated in Fig. 7, where
the total particle number size distribution is depicted for a
simulation with only neutral particles (neutral case) and a
corresponding simulation with purely ion-induced nucleation
and increased condensation onto charged particles (charged
case). As a result, the growth rate due to coagulation scav-
enging is smaller in simulations with pure ion-induced nucle-
ation and increased condensation onto charged particles than
in other simulations with charged particles included (Fig. 6c).

4 Implications to growth rate analysis

The modal growth rate determined from the measured data
has frequently been used to estimate the concentration of
condensable vapors (e.g., Kulmala et al., 2001; Kristensson
et al., 2008) as well as their source rates (Kulmala et al.,
2005). In such analyses, only the growth rate due to conden-
sation should be used to determine the vapor concentrations.
However, the growth rate determined from the time evolution
of the center of the mode is also subject to other processes,
e.g. coagulation. If a regional new particle formation event
has been observed in the measured evolution of total particle
size distribution, the modal growth rate is often determined
by fitting a line to the time and diameter coordinates of the
mode peak. The coordinates can be determined using either
of the following methods:

Method 1: a log-normal mode is fitted to the particle num-
ber size distribution at each moment of time to determine the
diameter of the peak of the mode (Hussein et al., 2005; Dal
Maso et al., 2005).

Method 2: a normal distribution is fitted to the mea-
sured concentrations of each size section/channel to deter-
mine the moment of time of the maximum concentration in
that size (Lehtinen and Kulmala 2003; Hirsikko et al., 2005).

If Method 1 has been used to determine the modal growth
rate, the growth rate due to self-coagulation and coagulation
scavenging should be subtracted from the modal growth rate

to get the growth rate due to condensation. In order to de-
termine the growth rate due to self-coagulation, the nucle-
ation mode has to be defined. The growth rate due to self-
coagulation can then be estimated using Eq. (9). For the
growth rate due to coagulation scavenging, the coagulation
sinks of the differently sized particles in the nucleation mode
have to be determined, after which the growth rate due to
coagulation scavenging can be estimated using Eq. (13).

If Method (2) has been used and the coagulation sink stays
approximately constant during the new particle formation
event, only the growth rate due to self-coagulation needs to
be subtracted from the modal growth rate in order to get the
growth rate due to condensation. The concentration of par-
ticles in a given size section/channel at a given moment of
time decreases due to coagulation scavenging, but the rela-
tive decrease in the concentration stays constant as a func-
tion of time when the coagulation sink stays constant. Thus,
the moment of maximum concentration in a given size sec-
tion/channel does not change due to coagulation scavenging.
The growth rate due to self-coagulation still has to be taken
into account, which can be done the same way as with the
Method 1.

If the data are taken from an aerosol dynamical model with
fixed sections, the growth rate due to condensation obtained
with the two methods described above is the effective con-
densational growth rate. In order to determine the vapor con-
centrations, the real condensational growth rate is needed.
The difference between these two values of condensational
growth rate is caused by the numerical diffusion and the di-
vision of particles into sections when condensation is simu-
lated. The error due to numerical diffusion is very case de-
pendent, as demonstrated in Fig. 2. If the sections in the
model are equally divided on a logarithmic axis, the error
due to division of particles can be estimated using Eq. (24).
In aerosol dynamical simulations, the concentrations of con-
densing vapors are usually known. Thus the difference be-
tween the real and the effective condensational growth rate
can be used to estimate the error in the condensational growth
rate due to numerical diffusion and the division of particles
into sections, when known concentrations of condensing va-
pors are used. This underestimation can easily be of the order
of 20 %, but at least a part of this error can be taken into ac-
count using Eq. (24) to calculate the effective growth rate.

5 Summary and conclusions

The processes governing the growth of a nucleation mode
are condensation, self-coagulation and coagulation scaveng-
ing. The growth due to coagulation scavenging is only ap-
parent, as the particles in the mode do not get bigger. The
growth due to self-coagulation may be partly semi-apparent,
in the case of sufficiently high concentration of nucleation
mode particles and wide enough nucleation mode. In semi-
apparent growth, the mode grows mainly due to removal of
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Fig. 7. Two example particle number size distributions. The
blue (red) line denotes a simulation with (without) charged parti-
cles and enhanced condensation onto charged particles included.
The vertical lines denote the diameters corresponding to concentra-
tions 20 % less than the top concentration of the distribution. The
dashed lines (fit) denote the second order polynomials fitted to five
consecutive points around the peaks of the distributions.

particles in the mode with very little real growth of the par-
ticles. Charged particles may affect the growth rate due to
these processes by increasing the condensational flux of po-
lar molecules onto charged particles, and by coagulation rate
between a charged and a neutral particle being bigger than
the corresponding coagulation rate of two neutral particles.

The method of fixed size sections used in simulating the
condensational growth of the particles was found to under-
estimate the condensational growth rate of the mode as the
division of the particles into the sections underestimates the
count mean diameter of the mode. The error in the value of
condensational growth rate in this study was 3 to 13 %, de-
pending on the number of size sections used. This error can
be taken into account with a simple equation derived in this
paper. Numerical diffusion was found to decrease the ob-
served condensational growth rate of a nucleation mode with
a value depending on the width and shape of the mode. The
error in the value of condensational growth rate in this study
was 2 to 18 %.

We provided analytical formulae to estimate the growth
rate of a nucleation mode due to self-coagulation and the
apparent growth rate due to scavenging by larger particles.
These formulae were used on a set of simulations covering
a wide range of atmospheric conditions. The modal growth
rates were determined from the simulation results by sum-
ming the contribution of each process, by calculating the
increase rate in the count mean diameter of the mode and
by following the peak concentration of the mode. The re-
sults of these three methods were compared with each other

and the means used to estimate the growth rate due to self-
coagulation and coagulation scavenging were found to work
quite well. We also demonstrated that thedN/ddp normal-
ization should be used, instead of thedN/d(logdp) normal-
ization, when determining the growth rate from the time evo-
lution of the peak concentration.

We investigated the role of charged particles and electric
interactions in the growth of a nucleation mode. Charged par-
ticles were found to increase significantly the growth rate due
to both self-coagulation and coagulation scavenging. The
growth rate due to self-coagulation was increased on aver-
age by a factor of∼2 when the count mean diameter of the
mode was in the range of 7 to 20 nm and by a factor of∼1.5
when the count mean diameter was<7 nm. The growth rate
due to coagulation scavenging was increased by a factor of
∼1.7 on average.

In case of increased condensation onto charged particles,
the total condensational growth rate of a nucleation mode
may increase significantly in the very early steps of the
growth. With 10 % of particles formed charged and con-
centration of charged sub 1.5 nm clusters set to 1000 cm−3,
the condensational growth rate of the mode was increased
by around 35 %, when the count mean diameter was smaller
than ∼3 nm. This effect is even bigger, if more particles
are formed charged, or if the concentration of the charged
clusters is smaller, as the charge equilibrium is reached more
slowly.

The analytical formulae provided by this paper were de-
signed to provide the growth rates due to different processes
from aerosol dynamic simulations, but the same principles
can be used to determine the growth rates from measurement
data. The approach of describing the mode using the count
mean diameter instead of the center of the mode might be
useful when analyzing the growth rate of the mode in the
very early stages, where the mode has not yet achieved the
lognormal shape.
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Lehtinen, K. E. J., and Kulmala, M.: Charging state of the at-
mospheric nucleation mode: Implications for separating neu-
tral and ion-induced nucleation, J. Geophys. Res., 112, D21205,
doi:10.1029/2007JD008649, 2007.

Kristensson, A., Dal Maso, M., Swietlicki, E., Hussein, T., Zhou, J.,
Kerminen, V.-M., and Kulmala, M.: Characterization of new par-
ticle formation events at a background site in Southern Sweden:
relation to air mass history, Tellus, 60B, 330–344, 2008.

Kuang, C., McMurry, P. H., and McCormick, A. V.: Determi-
nation of cloud condensation nuclei production from measure
new particle formation events, Geophys. Res. Lett., 36, L09822,
doi:10.1029/2009GL037584, 2009.

Kulmala, M., Pirjola, L., and M̈akel̈a, J. M.: Stable sulphate clusters
as a source of new atmospheric particles, Nature, 404, 66–69,
2000.

Kulmala, M., Dal Maso, M., M̈akel̈a, J. M., Pirjola, L., V̈akev̈a,
M., Aalto, P., Miikkulainen, P., Ḧameri, K., and O’Dowd, C. D.:
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