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Abstract. In this study we have provided simple analytical nificant contributor to particles capable of acting as cloud
formulae to estimate the growth rate of a nucleation modecondensation nuclei (Spracklen et al., 2008; Merikanto et
due to self-coagulation and the apparent growth rate due tal., 2009; Pierce and Adams, 2009). The efficacy by which
coagulation scavenging by larger particles. These formulaewucleated particles reach climatically-relevant sizes depends
were used on a set of simulations covering a wide range oessentially on two competing factors: the nuclei growth
atmospheric conditions. The modal growth rates were deterrate and the scavenging of nuclei by various removal pro-
mined from the simulation results by summing the contribu- cesses (Kerminen et al., 2001; Lehtinen et al., 2007; Pierce
tion of each process, by calculating the increase rate in theand Adams, 2007; Kuang et al., 2009; Gong et al., 2010). Of
count mean diameter of the mode and by following the peakspecific interest in this regard is the growth rate of sub-20 nm
concentration of the mode. The results of these three methdiameter nuclei, since they are most susceptible for coagula-
ods were compared with each other and the means used t@on scavenging by larger pre-existing particles.

estimate the growth rate due to self-coagulation and coagu- After being formed at about 1.5 to 2nm (Kulmala et
lation scavenging were found to give accurate values. Weal., 2007), nucleated particles grow in size by condensa-
also investigated the role of charged particles and electrigion of low-volatile vapors, nuclei self-coagulation, and pos-
interactions in the growth of a nucleation mode. Chargedsibly by heterogeneous reactions (e.g., Stolzenburg et al.,
particles were found to increase the growth rate due to botf2005). Condensation of polar vapors, such as sulfuric acid,
self-coagulation and coagulation scavenging by a factor ofis enhanced by the presence of charges in the growing nu-
~1.5to 2. In case of increased condensation onto chargedlei (Laakso et al., 2003; Nadykto and Yu, 2003; Lushnikov
particles, the total condensational growth rate of a nucleatiorand Kulmala, 2004). Charges also influence nuclei coagula-
mode may increase significantly in the very early steps oftion rates, the effect of which is most pronounced for nuclei
the growth. The analytical formulae provided by this paperof opposite charge (e.g., Hoppel and Frick, 1986ritdk et
were designed to provide the growth rates due to differental., 2008). In addition to the real growth, an atmospheric pop-
processes from aerosol dynamic simulations, but the samalation of nuclei may also experience apparent growth due to
principles can be used to determine the growth rates fronthe preferential removal of the smallest nuclei (Stolzenburg
measurement data. 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

Atmospheric nucleation is the dominant source of aerosofind heterogeneous processes are problematic because of our
particles in the global atmosphere (Spracklen et al., 2006!ncomplete knowledge of the vapors participating into these

Kulmala and Kerminen, 2008; Yu et al., 2010), and a sig- 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-
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either total or of charged particles. The simplest available2 Tools and methods

methods follow the time evolution of a distinct nucleation

mode as it grows to larger sizes (e.g., Dal Maso et al., 2005|n this work, we describe simple methods that can be used
Hirsikko et al., 2005). These methods provide very limited to estimate the growth rate of a nucleation mode from sim-
amount of information on how the growth rate varies with nu- ulation data obtained using a sectional model. The pro-
clei size, and practically no information on the contribution cesses participating in the growth are condensation, self-
of individual processes to the observed growth. Roughly thecoagulation and coagulation scavenging. Additionally, we
same is true for the method by lida et al. (2008) designednvestigate the importance of charged particles in the growth
for more complex nuclei growth situations. Process-levelof a nucleation mode.

information on the nuclei growth can be obtained using in-

verse modeling procedures based on solving the aerosol ge@-1 Theory

eral dynamic equation (Verheggen and Mozurkewich, 2006). e

Such approaches work best for laboratory measurements and;1-1  Definition of growth

to our knowledge, have not yet been applied to atmospheric . ,
measurements. We assume that aerosol particles are spherical and thus have

The main goal of this paper is to improve our ability to & well-defined diameter. By growth of a single particle we

model and analyze nuclei growth rates in the atmosphereM€@n the increase of the diameter of that particle. The

The coagulation of particles can easily be simulated by dePaticle diameter increases due to condensation of vapor
tailed aerosol dynamical models, but retrieving the growthMolecules onto the particle surface, which is the only pro-
rate caused by the coagulation is not so straightforward. Th&€SS Participating in the growth of a single particle in our
particle growth rates observed in the measurements havBPProach.

been used to estimate the concentrations of condensable va-FOr the growth of a particle population, we need to de-
pors often assuming that the growth is purely due to confine the population and to specify the diameter that we use

densation (see e.g., Kulmala et al., 2001: Kristensson et al{0 describe the population. The growth of the population is
2008). Our aim is to provide simple methods to estimatethen the increase in that diameter. In this study, we use two
the growth rate due to coagulation processes for the analysigiﬁerem definitions of a diameter describing the nucleation

of both simulated and measured data. Another possibly imnode: the diameter of the peak of the particle number size
portant, but very complicated, issue is the effect of partidedistribution and the count mean diameter of particles smaller
charges on the particle growth rate. This topic is also cov-than 45nm in diameter. In a sectional model, the count mean

ered in this study with the emphasis on the effect of chargegliameter ;) can be calculated using the following equation:

on growth due to coagulation processes.
To start with, we will introduce a few very simple ana- = er‘l:lNidp,i 1)
lytical formulae by which the role of individual growth pro- P~ 7 N; °
cesses can be estimated from either model or measurement
data. The performance of these formulae will be tested withwhered,, ; andN; are the diameter and number concentration
a comprehensive set of model simulations, which requireof particles in section, and the section is the last section
addressing a few numerical issues. The paper will be comwith diameter<45 nm.
pleted by a thorough analysis of the nuclei growth behavior A particle population grows in size through the conden-
due to condensation, self-coagulation and coagulation scavsational growth of each particle in the population. The con-
enging in the presence of charges in aerosol particles. Hetdensational growth rate, Gk may not be the same for all
erogeneous reactions will not be considered here, since thearticles in the mode, but a single value can be assigned for
mechanistic understanding of that process is still far fromthe population as an increase rate of the diameter describ-
complete. We aim to address the following specific ques-ing that population. A population also grows due to self-
tions: (1) How accurately can we estimate the nuclei growthcoagulation (i.e. coagulation of particles in the population
rates due to individual processes by using simple analyticalvith each other) and coagulation scavenging (i.e. coagulation
formulae, such as the ones derived here?, (2) What are thef particles in the population with pre-existing bigger parti-
main numerical problems in simulating nuclei growth with a cles). Self-coagulation decreases the particle number con-
sectional model, and how can these problems be dealt withtentration in the mode, but increases the average diameter of
(3) What is the relative importance of the considered real andhe particles, which results in the growth of the diameter de-
apparent growth processes in different atmospheric situationscribing the population. Coagulation scavenging decreases
and for different nuclei sizes? and (4) How is nuclei growth the number concentration of particles in that population, and
affected by the presence of charges? 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- particles in the simulations, but simplifies the analysis of the
ing mode due to scavenging of particles by larger particlessimulation results. The conclusions made in this paper are
GRscay IS the separation of these two groups of particles. Innot affected by this choice.
our approach, we have chosen to estimate the value g§£R Condensation of polar molecules may lead to increased
by calculating the increase rate in the count mean diametecondensational flux onto charged particles. We take this into
of particles smaller than 45 nm due to scavenging by particlesaccount by multiplying the molar flux onto a particle surface

larger than 45 nm in diameter. with the following factor (Lushnikov and Kulmala, 2004):
2.1.2 Condensation 1 4ye?r

§(dp) =14 —— 3 @
Under most atmospheric conditions, aerosol particles grow o %

mainly due to condensation of vapors onto particle surfaces.

. 19 .

In the kinetic regime, the molecular flux onto a particle of /1€ ¢ iS the elementary charge (1.60L0" C), dp is
diameterdj, is (e.g., Seinfeld and Pandis, 2006) the particle dlamta:clezr In 7Teter$0 is the vacuum per-

mittivity (8.85x 107*“Fm~) and y =1KkT, where T is

the temperature in Kelvins ankl is the Boltzmann con-
stant (1.38< 10-22JK~1). A polar molecule can formally
be described as a compound having a negative and positive

wherev is the mean speed of the moleculeg, ande; are charge set a part by a fixed distance. This distance, given in

;:ler:l:kr]nber rcttiarllcenr:[jailr?n of ::()rnttjiezs\llng rrrlolef‘ule:,t:atri ar\:varneters, is denoted byin Eq. (4) and a value corresponding
0 € partice a € saluration vapor concentralion at, ¢ ¢ ric acid molecule was used in this study.

the particle surface, respectively, amds the molecular ac-
commodation coefficient. The time derivative of the particle , 4 3 Self-coagulation
volume is thendV,/dt = JV,,, whereV,, is the volume of

the condensing vapor molecule. The growth rate of a particlerg estimate the growth rate due to self-coagulation analyt-

b4
J= ngvot (Coo—Cs) (2)

diameter due to condensation is then ically, we make a simplifying assumption that the particle
1 number size distribution of a growing population can be de-
GReond= 5 Vinvet (coo = ). (3)  scribed by a monodisperse distribution. This distribution has

four parameters: the number concentrations of neutral, nega-

In these conditions the growth rate depends on the particleive and positive particles\y, N_, N.) and the diameter of
diameter only through the Kelvin effect, which affects the the particlesp). Here we assume thaty, N_ and N, are
value ofc,. For a non-volatile vapor is negligible and the  equal to the total number concentration of neutral, negative
growth rate is constant as a function of diameter. and positive particles in the population aiglis the count

The condensational growth of bigger particles is typically mean diameter of the population. The total volume concen-
modeled using a continuum regime expression with a trantration can be expressed as
sition regime correction factor (Fuchs and Sutugin, 1971).
This approach results in a condensational growth rate that ndg
is different to the constant value of growth rate in the ki- Viot= NVp = NT ®)
netic regime. The condensational growth rate of particles
~100 nm in diameter deviate 17 % from the constant valuewhereV, and Vi are the volume of a single particle and the
and the deviation increases as a function of diameter. Thu$otal volume concentration of particles in the mode, respec-
the assumption of a constant growth rate is quite good fortively. Assuming thatVio; Stays constant, we can calculate
particles<100 nm in diameter. Furthermore, taking into ac- the growth rate due to self-coagulation:
count the molecular-like properties of the very smallest parti-
cles introduces diameter dependence into the growth rate f ddp dp dN ©)

particles<10 nm in diameter (Lehtinen and Kulmala 2003; . °°2~ dt ~ 3N dt’

Nieminen et al., 2010). In this case, the corrected growth rat . T .
) g Tor a monodisperse distribution with three charge classes,

f 4.5 nm siz rticl Vi 20 % from th nstan . oo ?
of4.5 sized particles deviates by 20 % from the consta he time derivative of the total number concentration due to

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., Manninendn 1 ) ) )

etal., 2010). Even though the assumption of constant growthg; = ~ 2 (koo(dp) Ng+k—— (dp) NZ+ 1+ (dp) N+>

rate applies only to condensation of non-volatile vapors to —ko (dp) NoN_ — ko (dp) NoNs —k_4 (dp) N_Ny. (7)
particles in certain size range, we will keep the condensa-

tional growth rate of neutral particles constant as a functionHerekgo, k- andk,; are the self-coagulation coefficients
of diameter in this study. This affects the dynamics of the of neutral, negative and positive particles, respectivigly,

elf-coagulation is the following:
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andko, are the coagulation coefficients of negative and pos-coagulation scavenging can be defined as a time derivative of
itive particles to neutral particles, ; is the coagulation co- that diameter:
efficient of negative and positive particles aNds the total

* n

number concentration of particles. Using Egs. (6) and (7),GRya= % — a (M) (12)
we get the following equation for the growth rate due to self- dt  dt\ >N

coagulation:

After performing the derivation in Eq. (12) and using

41 L
GRscoad(dp) = 375 [E <k00(dp) NZ+k__ (dp) N2 + k4 (dp) Nf) Eq. (11), the GReavsimplifies to

ko— (dp) NoN—_ + ko (dp) NoN4 +k_, (dp) N_N,] (8
+ 0 ( P) 0 + 0+( P) 0 ++ +( p) +:|( ) Z:l:lcoagle 3 Z?:1C03-95N1dp,1

g%
Assuming that all the particles in the mode are neutraI,GRscaV_ dp SN SN,
Eq. (8) simplifies to .
=dj x Coag$ — (dp x Coagg’, (13)
dp
GRscoaddp) = EkOO(dP)N ’ (9 where star denotes the count mean value over the nucleation
mode.

whereN is the total number concentration of particles inthe | gq. (13), all the particles are assumed to be neutral.

mode. _ _ . The coagulation coefficients are substantially different if one
Egs. (8) and (9) are exact only for a monodisperse distribuyy poth of the particles are charged, so we need to extend

tion. However, they can be used to estimate the growth ratgq_ (13) to consider also particle charges. In this case, the
due to self-coagulation even if the growing mode consists 0fco,nt mean diameter of the nucleation mode is

particles with varying sizes, but the accuracy of the equations

decrease as the width of the mode increases. In Section 3.2; _ S (N2+ N7 +N;)dp,
we will show that Egs. (8) and (9) can be used to determine™ — Z(t_l(N,OJFNf _,_Nfr) ’
the growth rate due to self-coagulation of a nucleation mode B '

in atmospherically relevant conditions. where N°, N and N;© are the number concentrations of
neutral, negative and positive particles in the sectiore-
spectively. The background particles scavenging the nu-

. . cleation mode particles also have different charges, which
In the atmosphere, nucleation mode particles are scavenge

b ) . o X ; .~ should be taken into account when calculating the coagula-
y coagulation with pre-existing larger particles, which will tion sinks of the nucleation mode particles:

be denoted as a background in this study. The coagulation '
with the background decreases the particle number concen- q _ )
tration in the r?ucleation mode by a dliaameter dependent ratec,:oag§ - Zj:p (kg}QNJ(')+kg} N; +kgj'+N;L) (15)
with small particles coagulating more rapidly than bigger
ones. This results in the apparent growth of the nucleatiorCoag$ = Zj’,:p (kifthN?+k:j’._Nj‘ +kifj’.+N;r> (16)
mode as the count mean diameter of the mode increases. The
phenomenon was studied for a growing lognormal mode by, _\ ¢ ( +000 et +)
Stolzenburg et al. (2005). Here we develop a theory that ap-Coag$ ZJII’ k”/ Ny +k i N +k’f Ny)- (17
plies for distributions of any shape.

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

(14)

2.1.4 Coagulation scavenging

é(vhereki“”;’ is the coagulation coefficient between particles in
sections andj, with a andb denoting the charge classes of
those particles. The growth rate due to coagulation scaveng-

a section is ; i ) A
ing can again be calculated as the time derivative of the count
Coag$= Zj_p ki jNj, (10)  mean diameterd]):
wherek; ; is the coagulation coefficient between the particles GRy,= i (Coag$ny +Cooag%N | +Coag§ ;')
in sectionsi and j and the background particles are in the Y (NP N7 +N)
sections fromp to ¢. If other processes are neglected, the " 1 (Coag$N?+Coag$ N;” +CoagS N;")dp, (18)
time derivative of the concentration of particles in section ' (NP+N7+N)
'S or simply
dn;
=~ Coageh:. 1D GRya= d} x Coag$ — (dp x Coag§', (19)

If we describe the size of the mode by using the count mearwhere dagger denotes the count mean value over the nucle-
diameter ¢;) of the mode (Eq. 1), the growth rate due to ation mode with three charge classes.

Atmos. Chem. Phys., 11, 49389955 2011 www.atmos-chem-phys.net/11/4939/2011/
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2.2 Model (21) and (22), we get the following relation between Gig
and GR#:

We have used the aerosol dynamical box model lon- 5 5

UHMA (University of Helsinki Multicomponent Aerosol 3d , +3dp.n Adp - Adyy,

model for neutral and charged particles) which simulates d&,n (1+f+f2)
the dynamical processes governing the time evolution of the
aerosol particle size distribution (Lejet al., 2009). Inthe WhereAdp,, is the increase in diameter of the particles in
model, particles are divided into a user-specified number ofectionn due to condensation during one time step ghd
size sections and three charge classes, namely neutral, nel§-dp,n+1/dp,n. By assumingAdp,, <dp», GReff can be ap-
atively charged and positively charged particles. The modeProximated as
solves the number concentration of particles in each size sec- 3
tion and each charge class. Besides particles, the model ifsReft = mGRcond (24)
cludes pools of charged clusters or molecules that are smaller :
than 1.5 nm in diameter. The actual nucleation process is naThe ratio between the diameters corresponding to consecu-
simulated in lon-UHMA, but the formation rate of new par- tive sections,f, approaches unity with increasing number
ticles is used as an input parameter in the model. This apef size sections, and thus the GRapproaches GRng It
proach incorporates an assumption that the new particle forshould be noted that Eqg. (24) can only be used to estimate
mation and growth are independent of each other, which ighe effective condensational growth rate in a sectional model
quite plausible based on our current understanding on atmowith fixed sections divided evenly on a logarithmic scale.
spheric nucleation (Kulmala et al., 2000, 2004). Here, parti- If the condensational flux onto charged particles is in-
cles are assumed to be formed at 1.5 nm, which is reasonabl@eased according to Eq. (4), the condensational growth rate
based on available atmospheric measurements (Kulmala eif charged particles is increased and thus the condensational
al., 2007; Manninen et al., 2010). The concentrations of pargrowth rate of the total population is increased. In this case,
ticles and charged sub 1.5 nm clusters are tracked separateihe effective growth rate of the total population can be esti-
The processes used in this study were condensation, coagmated
lation and ion-aerosol attachment. 0 s
In lon-UHMA, the diameters corresponding to Size Sec- GRefr charged= 3 3 N8 (dpn) (N, + N
tions are fixed and the size sections are divided equally on +f+f N
a logarithmic scale. As the particles in sectiogrow due  wheren denotes the section with maximum concentration.
to condensation during one time steyr{, their diameter in- In lon-UHMA, the coagulation coefficients are calculated
creases to a value between the diameters corresponding tgsing the flux matching theory according to Fuchs (1964),
sectionsn andn +1 (dp, <dpx <dpa+1). Those particles  and when one or both of the particles are charged, the coef-
are then divided to sectionsandn 41 in such a way that ficients are corrected according to Howard et al. (1973) and
the number and volume concentrations of particles are conMick et al. (1991). The particles produced by coagulation are
served (see, e.g., Jacobson 2005): divided into the two sections with corresponding diameters
closest to the diameter of the produced particles according

GReond, (25)

3 3 . .
N — dp,n+1_dp,x N (20) to Egs. (20) and (21) (Lehtinen and Zachariah, 2001). The
" d3n+l _dgn * charge is conserved in coagulation, except when two singly-
a ’ charged negative or positive particles collide, in which case
a3 —a3 the resulting particle is still singly-charged as there are only
Npi1=—"—L2 N, (21)  three charge classes in the model (neutral, negative and pos-
dy 1~ dpn itive).

) i ) o The attachment coefficients of charged clusters and par-
Here, N, is the number concentration of particles with diam- tjcjes in lon-UHMA are calculated using the parameterized

eterdp, .. This Ie-_ads to unde_restimation of count mean d_iam'version (Fbrrak et al., 2008) of the theory presented by Hop-
eter of the particle population and, furthermore, effectively he| and Frick (1986). The ion-aerosol attachment has neg-
lower growth rate due to condensation. The count mean dijigiple effect on the particle sizes, but in most of the cases

ameter after the particles are divided into the two sectionsy s the major factor driving the particle population towards

IS the charge equilibrium (Kerminen et al., 2007). Depending
t_ dpnNn+dpnt1Npt1 on the input values, i.e. the nucleation mechanism, some of
dy = Nt Npt1 : (22) the freshly formed particles may be charged. As the newly
formed particles start to grow to bigger sizes, they are also
The condensational growth rate is k= (dp,x —dp,)/ At, subject to the attachment of clusters, which charges the neu-

but the effective growth rate of the count mean diameter istral particles and neutralizes the charged ones. Eventually,
GReff = (d,f—dp,n)/At. Using these definitions and Egs. (20), the particle population approaches the charge equilibrium.

www.atmos-chem-phys.net/11/4939/2011/ Atmos. Chem. Phys., 11, 49392011
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2.3 Simulation setup and parameters Table 1. The values of varied parameters used as input in the model

. . . . in Set 1.
This study consists of three different sets of simula-

tions (Set 1, Set 2 and Set 3). In each simulation, the sim-"p_ - eter

Values used as input

ulated particle diameter range was from 1.5 to 1000 nm. The in the model
number of size sections used was 80 in Sets 2 and 3, but it e G 7e cections 50/80/120/200
was varied in Set 1. The formation of new particles was mod-  puration of new particle formation 1/3/6 h

eled by assuming a nucleation rate that follows a sinusoidal Condensational growth rate of neutral particles ~ 1/3/10nfh
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, The parameters used in Set 2 were chosen to represent new
and it was kept constant as a function of time and particleparticle formation events with wide ranges of mode widths
diameter. The pre-existing particle population was modeledand particle concentrations. The concentrations of back-
by a single log-normal mode with a peak diameter of 150 nmground particles were chosen to yield condensation sink val-
and standard deviation of 1.5. The concentration of particlesies from 7.3« 10~ to 1.5x 10~2s~1, which covers most of

in the pre-existing mode was varied in the model. the observed values of condensation sink during new particle
formation events in continental background areas (Birmili et
2.3.1 Set1-numerical diffusion and error due to al., 2003; Held et al., 2004; Dal Maso et al., 2007). Higher
sectional approach values of background particle concentrations were excluded,

since only high values of new particle formation rates would

Set 1 simulations were conducted in order to test how much;o| ohservable events under such conditions. It should be
the numerical diffusion affects the condensational growth ofp, e that these are the values of condensation sink in the

a particle mode and how well we can estimate the error inyeqinning of the simulation, but the value increases as the
the increase of count mean diameter by using Eq. (24). Iny,c1qr0und particles grow due to condensation. All of the

this set, only new particle formation and condensation Was, ;.2 meter values are atmospherically relevant, but some of
modeled, the concentration of particles in the pre-existingyp, parameter combinations may not be realistic
mode was set to zero, and all particles were assumed to be

neutral. In Set 1, the following parameters were varied: the All the simulations were conducted both purely neutral
o T gp ) " ° ~and with charged particles and electric interactions included.
duration of new particle formation, condensational growth

In the simulations with charged particles, 10 % of the par-

. o Yicles were formed charged with equal amount of both po-
ters are presented in Table 1 and all the combinations of th arities. The concentrations of charged sub 1.5nm clusters

input parameters were used in the simulations. The d|fferenWere kept constant at 1000 cfifor both polarities, and the

fr?emvb;?uaé'g?secézthsvggit;g S[)cf) n?&ﬁzglﬁheclfg;?;??:ozgg attachment of these clusters into aerosol particles was simu-
nd b lated. The chosen fraction of particles formed charged and

with varying widths. The width of the mode may affect the the concentrations of charged clusters are in line with the

modal growth rate through numerical diffusion. measurements conducted at a field station in a boreal for-

est (e.g., Laakso et al., 2007; G&gat al., 2008; Manni-

nen et al., 2010). The particle charges were taken into ac-

count in the coagulation coefficients, but the value ot6R

Set 2 simulations were conducted in order to test how wellwas assumed to be the same for the neutral and the charged

we can estimate the growth rate due to self-coagulation usParticles.

ing Egs. (8) and (9) and the apparent growth rate of the nu-

cleation mode caused by the scavenging by larger particleg-3.3 Set 3 —charges

using Egs. (19) and (13). In Set 2,the following parameters

were varied: the condensational growth rate of neutral parSet 3 simulations were conducted in order to investigate the

ticles, new particle formation rate, duration of new particle range of effects that electric interactions may have on particle

formation, concentration of particles in the pre-existing parti- growth rates. In this set, new particle formation, condensa-

cle population and whether the charged particles and electriéion, ion-aerosol attachment, self-coagulation and scaveng-

interactions were included or not. The values of the paraming by larger particles were all modeled. The varied param-

eters are presented in Table 2, and all combinations of th&ters were the concentration of charged clusters, the fraction

parameters were used in the simulations. of ion-induced nucleation (the percentage of particles formed
charged), and whether condensation onto charged particles

2.3.2 Set 2 — self-coagulation and coagulation
scavenging

Atmos. Chem. Phys., 11, 49389955 2011 www.atmos-chem-phys.net/11/4939/2011/
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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 ~ 60/200/600/120Gcm
Total new particle formation rate 1/5/10/50/100¢fs 1
Duration of new particle formation 1/3/6 h
Condensational growth rate of neutral particles 1/3/10nhh

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 000Em

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-  onto charged patrticles is increased, then the growth rate
ied parameters are presented in Table 3. In all simulations  due to condensation is calculated using Eqg. (25) instead
in Set 3 the average new particle formation rate, duration of of Eq. (24).
new particle formation, condensational growth rate of neutral
particles and the concentration of pre-existing particles were 2. By estimating the total growth rate from the increase
5cm3s71, 3 h, 3nmt! and 600 cm3, respectively. of count mean diameter of particles smaller than 45 nm
The concentrations of charged clusters were chosen to in-  in diameter (GRwvp). The count mean diameter of the
clude extremely low and high values as compared with atmo- ~ Nucleation mode is calculated for each moment of time
spheric concentrations (Hirsikko et al., 2011) to provide esti-  from the simulation data and the value of G is ob-
mates on the minimum and maximum effects that charged tained as the time derivative of the count mean diameter.
clusters may have on the growth of the nucleation mode. ~ The 45nm limit was chosen in order to have minimal
Also for the fraction of ion-induced nucleation, the values amount of pre-existing particles in the range, but also
are chosen to cover the extreme cases of purely neutral or ~ Not to lose nucleation mode particles out of the range
ion-induced nucleation, as well as a couple of cases closerto ~ €ither.
those observed in the atmosphere (Manninen et al., 2010). In . . .
case there is a sign preference in the onset of ion-induced 3. By following the pea'k concentration of the growing
mode (GReaw. The diameter of the peak of the mode

nucleation (Winkler et al., 2008; Gagret al., 2010), the . e )
. . ; was determined by fitting a second order polynomial

formation rates of charged particles may be asymmetrical, . - . .
to normalized concentration values of five consecutive

a possibility which is also covered in the input parameters. sections with the highest concentration in the middle.

The particle concentrations were normalized using ei-
ther the linear dN/dd,) or logarithmic ¢IN/d(logdp))
The total growth rate of the nucleation mode was determined ~ width of the sections. The growth rate was then ob-

from the simulation results using three different ways: tained as a slope of a first order polynomial fitted to time
and diameter coordinates of the mode peak.

2.4 Determining the growth rates

1. By calculating the growth rate due to condensa-
tion, self-coagulation and coagulation scavenging using The growth rates GRc and GRvp are not totally inde-
Egs. (24), (9) and (13), respectively, and by summingpendent of each other, since Egs. (24), (8) and (19) are also
them up to obtain calculated total growth rate (GB. based on the change rate of count mean diameter. However,
In case charged particles are included, Egs. (8) and (19)n case GRyc and GRyvp give similar values, we can be
are used instead of Egs. (9) and (13), respectively, whemuite confident with our estimates of the growth rates due
calculating the growth rate due to self-coagulation andto different processes. Also, during the new particle forma-
coagulation scavenging. If also the condensational fluxtion the value of GRyp 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 vajugof GR
when linear (logarithmic) normalization is used. The blue (red) dashed line denotes an arcus tangent function fitted to vajjsgg dfeR

black solid and dashed lines denote the values offzffand GRy, 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 qffand GRy, respectively. The blue and red curves correspond to black lines
directly above them.

growth rate, as the freshly formed particles affect the countand the diameter of the peak of the mode. However, if the
mean diameter of the mode, but there is no such restrictiorshape of the mode is not close to log-normal, the fit may
for the value of GRyc. not be very good. In such cases, the number of data points
Of these three growth rates, GR«is the most sensitive chosen for the fitting affects the result: more points usually
to the shape of the mode and to changes in that shape. Ouesults in a better overall agreement between the data and the
approach of using only a few points around the maximumfitted function, but the localization of the peak of the mode
concentration to localize the peak of the mode minimizes thegets worse.
effect of the shape of the mode on the growth rate. 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

3 Results and discussion points. In case the peak concentration is found in sectjon
the values of sections from— 2 ton + 2 are used to deter-
3.1 Numerical issues mine the location of the peak. Now, if the maximum con-

centration is still in section at the next moment of time, the

There are four numerical issues related to this work: prob-same sections are used to determine the location of the peak.
lems in following the peak of the nucleation mode, normal- In this case, the peak shifts towards bigger sizes, but the shift
ization of the simulated data, numerical diffusion and error inis somewhat smaller than in case of the maximum concen-
the increase in the count mean diameter due to the sectionalation being found at the sectior¥1. Thus the difference
approach. The last two of these issues are important for nubetween consecutive mode peak diameters fluctuates. As a
merical modeling of new particle formation, whereas the tworesult, the value of GRakdetermined from these diameters
others are relevant also when analyzing measurement data.also fluctuates (Fig. 1, left panel). As the fluctuation makes

The diameter of the peak of the mode is usually deter-the comparison of results challenging, an arcus tangent func-
mined by fitting a log-normal function to the particle num- tion was fitted to the GRrakvalues (Fig. 1, left panel).
ber size distribution (e.g., Hussein et al., 2004). This method
gives relatively good estimates on both the shape of the mode
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The simulated data describes the particle number size disFig. 3. For sizes>5nm in diameter, the values of GRy
tribution as number concentrations of particles in each size&c5Rcyp and GRgic are very similar. The value of Giip
section. Depending on the simulated size range and the nuneannot be determined for smaller sizes due to ongoing par-
ber of size sections used, the sections have different width$icle formation: as long as new particles are added to the
and thus represent different portions of the distribution. Thenucleation mode, the value of GRp is smaller than the ac-
data have to be normalized in order to have comparable distual modal growth rate as newly formed particles decrease
tributions. The usual way to do this is to divide the number the count mean diameter. The value of gk cannot be de-
concentration of a section with the lineaN/dd,) or loga-  fined in the smallest sizes due to the changes in the shape
rithmic (dN/d(logdp)) width of the section. These two nor- of the mode. In principle, the fitting of a second order poly-

malizations are related as follows: nomial described in Sect. 2.4 can be done after the peak of
dN dN the mode is observed, but in practice the shape of the mode

———=In10xdp—-. (26) changes so rapidly at this stage that the value ofdaRver-

d(logdp) ddp estimates the modal growth rate. The small difference be-

As the diameter dependence in Eq. (26) indicates, the nortween the value of GRRakand the two other modal growth

malization affects the shape of the mode and also the diamt@tes in sizes-5nm is mainly due to numerical diffusion.

eter of the peak of the mode. Thus, the normalization also The value of GRalc consists of the growth rates due to

affects the value of GRak an example of which is shownin  condensation (G&), self-coagulation (GRoag and coag-

Fig. 1 (left panel). The diameter dependence is introduced tailation scavenging (GRay (Fig. 3, left panel). With the

a supposedly constant growth rate, if the logarithmic normal-value of GRgac being quite close to the values of Gfb

ization is used (Fig. 1), an effect which is emphasized whenand GReax We can be quite confident that our methods

the mode is wide (long period of particle formation and big of estimating the growth rates due to these three processes

growth rate of the particles). The usage of a logarithmic nor-work reasonably well. Furthermore, as the values otGiR

malization also underestimates the growth rate of the modeand GRgic are so close to each other, Egs. (8) and (9) are

In the analysis of simulations in Set 2 and Set 3, only a linearable to give accurate estimates on the growth rate due to

normalization was used. self-coagulation for a nucleation mode covering a substan-
Numerical diffusion is a well-known problem that usu- tial range of particle sizes. In the example case depicted in

ally emerges in numerical models having fixed sections orFig. 3, 57 to 91 % of the total growth was due to condensa-

grids (e.g., Jacobson 2005). In this work, the numerical dif-tion, 0 to 10 % was due to self-coagulation and 3 to 41 % was

fusion was caused mainly by numerical treatment of condendue to coagulation scavenging.

sational growth. As described in Sect. 2.2, the particles from

one section are divided into two sections after their diameter3s 3  Coagulation

has increased due to condensation, which results in an arti-

ficial broadening_ qf _the mode_and glso change§ the shape of 5 4 Self-coagulation

the mode. The division of particles into two sections also un-

derestimates the increase in count mean diameter, which waI

demonstrated in Sect. 2.2. GRscoag Using Egs. (8) and (9), the total particle concen-

We are now able to estimate the error in total growth tration and the representative diameter has to be specified
rate caused by both the numerical diffusion and the sec- P P '

tional approach by comparing the values of GR GRef The total, neutral, negative and positive concentrations were

and GRyeak By definition, the difference between the values chog_en to b_e equ_al to the sum of total, neutral, negative and
of GReongand GRy is the error in the count mean diameter positive particles in the range 1.5 to 45 nm. For the diameter,

due to sectional approach, whereas @Ris also subject the count mean diameter of particles smaller than 45 nm was

to numerical diffusion. The error due to numerical diffu- used. ) )
sion depends both on the width of the mode and the num- The growth rates related to an example simulation of Set 2

ber of size sections used in the simulation, but the error duére depicted in Fig. 3. In this example case, the duration of
to sectional approach depends only on the number of siz&€W particle formation was 3h, the mean new particle for-
sections (Fig. 2). In this work, the magnitudes of these twoMation rate was 10 cmis™, the input value of GRngwas

B ) 1 : :
sources of errors are quite similar, the values ranging from &3 "M T~ and the concentration of background particles was

s . .
n order to estimate the growth rate due to self-coagulation,

few percent to around 20 percent. 600 cnt3. In this case, the growth due to self-coagulation is
small, but increases with increasing particle diameter, even
3.2 Determining the growth rates though the concentration of nucleation mode particles de-

creases after the center of the mode has grown to around
In Sect. 2.4 we described the three methods we use to det nm in diameter (Fig. 3, right panel). The value of &Rg
termine the total growth rate of the mode. The results ofis clearly smaller when calculated using Eq. (9) (all particles
these methods for one example simulation are depicted irtonsidered 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.
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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 accour
The solid black and dashed green lines denote the growth rates determined from the mode peak and calculated from the count mean diamete
respectively. Right panel: the concentration of nucleation mode particles as a function of count mean diameter.
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Particle diameter growth rates due to self-coagulation tions (Fig. 4). The variability is largest for the smallest size
[+ 15-3nm, no charges %0 | range, and for simulations involving charged particles. Most
* 3-7 nm, no charges ’."% . . . .

e 7-20 nm, no charges ‘a:'. of of the variation is due to averaging over the size ranges: a
o e AN S simulation with a fairly constant concentration of nucleation
10" @ 720 nm, with charges J"‘ e Syt mode particles (big condensational growth rate and small co-
‘v ] 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
1 due to self-coagulation in these two simulations may be dif-
] ferent.

Growth rate (nm/h)

3.3.2 Coagulation scavenging

. ‘ In our example case (Fig. 3), a significant part of the growth
_ _ _ 10° of the nucleation mode is caused by the apparent growth due
Concentration of nucleation mode particles (1/cm®) . . .

to scavenging by larger particles up to sizes of about 5 to

Fig. 4. The growth rates due to self-coagulation from the simula- 10 nm' In general, the_value of @_ﬁvlncreases during the .
tions in Set 2 averaged over size ranges (1.5t0 3, 3to 7 and 7 t&?r'Od of the new particle form_aﬂon due to the changes in
20nm). The red and blue marks denote simulations with or with-Width and shape of the nucleation mode. On the other hand,
out the charged particles, respectively, and the size of the markePRscavdecreases as a function of the particle diameter, as the
denotes the size range over which the average is taken. 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
In the results from all simulations in Set 2, the value of GRscaviS reached.
of GRscoag increased approximately linearly with the in-  The values of GR.ayfrom the simulations in Set 2 are de-
creasing particle number concentration (Fig. 4). To illus- picted in Figure 5 as a function of condensation sink. Here,
trate the diameter dependence, the mean growth rate due the condensation sink, rather than coagulation sink, is used to
self-coagulation was calculated for the following three sizedescribe the amount of pre-existing larger particles in order
ranges: 1.5 to 3nm, 3 to 7nm and 7 to 20 nm. The rangeso simplify the figure, as the condensation sink has just one
were chosen to match those used in the analysis of measurealue, but the coagulation sink depends on the size of the par-
ment data (e.g., Hirsikko et al., 2005; Manninen et al., 2010) ticles. In order to clarify the condensation sink dependence
There is a clear difference between R gcalculated forthe  of the GRcay We grouped the results into four categories ac-
different size ranges, with bigger particles yielding higher cording to the condensation sink:7.3x 1074, 7.3x 10~* to
growth rates. When two similarly-sized particles combine 2.2x 103, 2.2x 103 to 4.4x 103 and>4.4x 10 3s ™1,
to form one bigger particle, the difference between the ini- The limits were chosen to match the values of condensation
tial and residual diameters increases with increasing initialsink of the pre-existing particles in the beginning of the simu-
diameter, which is demonstrated by the explicit diameter dedation for the three smallest concentrations of the pre-existing
pendence in Eq. (9). This is the main reason for the increasearticles used in the simulations (Table 2). Most of the simu-
of GRscoagWith an increasing diameter, though it is further lations with the largest concentration of pre-existing particles
strengthened by the increasing self-coagulation coefficient asvere discarded from this part of the analysis for either of the
a function of diameter in the given size ranges. following two reasons: there was no observable event be-
The value of GReoagWas bigger when the charged par- cause the particles were scavenged too rapidly, or the grow-
ticles were included in the simulation. This was due to co-ing mode crossed the 45 nm limit during the determination
agulation coefficients between charged and neutral particlexf the growth rate.
as well as between oppositely charged particles, being big- In order to illustrate the diameter dependence of the
ger than the corresponding self-coagulation coefficients ofgrowth rate due to scavenging, we calculated the mean value
neutral particles. For larger particles, the difference betweerof the growth rate for three size ranges: 1.5 to 3nm, 3 to
the coagulation coefficients involving a charged particle and7 nm and 7 to 20nm. The blue and red marks in the Fig. 5
those involving only neutral particles gets smaller, but thecorrespond to the mean values of the growth rate for simula-
fraction of charged particles gets bigger. As a result, the dif-tions with or without the charged particles included, respec-
ference between the charged and neutral cases prevails alsigely. The grey and black lines denote the average values
in the bigger sizes. of condensation sink and growth rate due to scavenging for
For a given number of nucleation mode particles, the valuethe three size ranges and four condensation sink ranges de-
of GRscoagShows some variability between different simula- scribed above. The value of GRyincreases linearly with
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Particle diameter growth rates due to coagulation scavenging mode grows in size. If the mode is wide enough, the relative

o 45 3om nocharges difference in the volumes of the particles in the mode may be
: ig"smmmwlwhm:hzg o2l several orders of magnitude. As a result, the coagulation be-
i charges tween the smallest and biggest particles is essentially a sink
T 0 v o mverage AR for the smaller ones. Such coagulation increases the count
"fi:m:ww‘wn(':hh"g; e . 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-

: : R creases. The ongoing particle formation increases the semi-

Condensation sink (1/s) apparent growth rate as the nucleation mode gets wider.
In the simulations where semi-apparent growth was ob-

Fig. 5. The growth rates due to coagulation scavenging from thegeryed, the concentration of nucleation mode particles was

simulations in Set 2 averaged over size ranges (1.5 to 3, 3 to 7>1 « 10 cm~3. The concentration needed in order to have

and 7 to 20 nm). The red and blue marks denote simulations with_. ... . .
or without the charged particles, respectively, and the size of theSlgnlflcant amount of semi-apparent growth is very much

marker denotes the size range over which the average is takergependgm on the W'd_th and, shape of the .mode. For ex-
The points connected with lines denote the average growth rates diMPI€, in the simulations with the nucleation mode nar-

simulations with the values of condensation sinks in the ranges fower than 10nm and significant amount of semi-apparent
7.3x 1074, 7.3x 107410 2.2x 1073, 2.2x 1073 to 4.4x 10°3 growth, the concentration of nucleation mode particles was
and > 4.4x 103571, The grey and black lines correspond to >8x 10* cm™3.

simulations with or without the charged patrticles, respectively, and

solid, dashed and dashed-dotted lines correspond to size ranges 13%4 Charges

to 3, 3to 7 and 7 to 20 nm, respectively.

Growth rate (nm/h)

In the previous section we showed that charged patrticles in-
crease the values of GRagand GRcavbecause of the bigger
an increasing condensation sink (Fig. 5), which was expectedoagulation rates. The magnitude of this effect depends on
based on Eq. (13). The values of growth rate for a given valughe number concentration of charged particles in the nucle-
of condensation sink vary over an order of magnitude de-ation mode and pre-existing background aerosol. The frac-
pending on the diameter of the centre of the mode, the widthion of charged particles in the smallest sizes is dominated by
and shape of the growing mode and whether the charged pathe fraction of particles being formed charged (ion-induced
ticles are included or not. The inclusion of charged particlesnucleation). When the particles grow to larger sizes, the frac-
increases the value of GRyby a factor of~1.7 on average tion of charged particles is affected by two processes: neu-
with approximately the same relative increase in each partitralization of charged particles through ion-ion recombina-
cle size range. tion and charging of neutral particles through ion-aerosol at-
The value of GR:ayis biggest for the second size range, tachment. Eventually, the fraction of charged particles in the
even though the difference to the first size range is quitemode approaches the charge equilibrium. The time it takes
small. This behavior is caused by the increase indgRlur- to reach the charge equilibrium depends mainly on the to-
ing the period of new particle formation and the decrease intal growth rate of the nucleation mode and the concentra-
GRscavas a function of diameter, as described earlier in thistion of charged clusters (Kerminen et al., 2007). The bigger
section. the growth rate and the smaller the concentration of charged
The diameter dependence and inclusion of charged particlusters, the longer it takes to reach the charge equilibrium
cles cannot explain all the variation in the values ofsg&R  and the bigger the particles have grown by that time. If the
as a function of condensation sink. The rest of the variationinitial fraction of charged particles is higher than predicted
is due to varying shapes and widths of the growing modes ady the charge equilibrium, the fraction of charged particles

well as the averaging over the diameter ranges. decreases to a value below the charge equilibrium and then
starts to approach the equilibrium value. This behavior re-
3.3.3 Semi-apparent growth due to self-coagulation sults from the increasing fraction of charged particles in the

charge equilibrium as a function of particle diameter.
In self-coagulation, the particle concentration in the mode Let us consider a situation, in which new particles are
decreases, but the average diameter increases, and thus tieemed and then grow to bigger sizes by condensation. Let

Atmos. Chem. Phys., 11, 49389955 2011 www.atmos-chem-phys.net/11/4939/2011/



J. Lepfa et al.: Atmospheric new particle formation 4951

a) Self-coagulation b) Condensation
1
1
»
08t /1
£ T £
= vy £
S0y N =
O 1 O
- SN #
= 0_41| l\ X i =
By et g
& N SRyt o
21 !
I

Diameter (nm) Diameter (nm)

c) Scavenging d Total

3 other cases

===1:;50/50;no
—10;50/50;no
===0.1;50/50;no
==-1;50/50;yes
——10;50/50 ; yes
===0.1;50/50 ; yes
===0.1;7/3;yes
-==-0.1;5/5;yes
===0.1;10/0;vyes 2t
+ neutral case

Growth rate (nm/h)
Growth rate (nm/h)

5 10 15 20 5 10 15 20
Diameter (nm) Diameter (nm)

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 iici—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 (ye
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 formediue to bigger fraction of charged particles in the smallest
as charged and the nucleation mode is subject to selfsizes. With a bigger condensational growth rate, the fraction
coagulation, coagulation scavenging and ion-aerosol attachef charged particles approaches the value in charge equilib-
ment. In this scenario, the total growth rate of the mode de+ium more slowly, which is a positive feedback for the in-
pends on the fraction of charged particles in the mode viacrease in condensational growth rate. Increasing the num-
both of the above-mentioned coagulation processes and aldwer of charged clusters has an opposite effect: the fraction
via condensation, if polar molecules are let to condense moref charged particles approaches the value in charge equilib-
rapidly on charged particles. rium more rapidly, which results in a smaller condensational

The fraction of charged patrticles in the smallest sizes de_growth rate (Fig. 6b).

pends mostly on the fraction of particles formed as charged. The increase in the total condensational growth rate due to
When the fraction of ion-induced nucleation is increased, theincreased condensation flux onto charged particles increases
growth rate due to self-coagulation is increased in the smallthe growth rate due to self-coagulation via two effects. First
est sizes (Fig. 6a). If the concentration of charged cluster®f all, the total particle number concentration stays higher
is increased, the fraction of charged particles approaches théue to bigger condensational growth rate, as the coagulation
value in charge equilibrium more rapidly. This is important processes have less time to remove the particles. Secondly,
for the growth rate due to self-coagulation only if the fraction the fraction of charged particles stays higher, as described
of ion-induced nucleation is high-(L0 %), in which case the above (Fig. 6a).

increase in concentration of charged clusters decreases the

. . The coagulation rate between a nucleation mode particle
growth rate due to self-coagulation (Fig. 6a). g P

and any background particle is increased when either of these
When the enhanced condensation flux onto charged paitwo particles is charged, as compared to a case when both
ticles due to electric interactions is taken into account, theparticles are neutral. Thus, the apparent growth rate due to
condensational growth rate of the total nucleation mode in-coagulation scavenging is increased, if charged particles are
creases (Fig. 6b). If the fraction of ion-induced nucleationincluded in a simulation (Fig. 6¢). The fraction of charged
is increased, the total condensational growth rate increasgsarticles in the nucleation mode usually plays a minor role
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in this process, as the coagulation sink of neutral particlego get the growth rate due to condensation. In order to de-
in the nucleation mode is also increased due to the chargetkrmine the growth rate due to self-coagulation, the nucle-
background particles. ation mode has to be defined. The growth rate due to self-
A more complicated issue is the shape of the nucleatiorcoagulation can then be estimated using Eq. (9). For the
mode: the broader the nucleation mode the bigger the growtigrowth rate due to coagulation scavenging, the coagulation
rate due to coagulation scavenging. If the fraction of chargedsinks of the differently sized particles in the nucleation mode
particles is high and the condensation flux onto charged partihave to be determined, after which the growth rate due to
cles increases, the total condensational growth rate increasesoagulation scavenging can be estimated using Eq. (13).
The increase in the total growth rate is diameter dependent, If Method (2) has been used and the coagulation sink stays
since both the fraction of charged particles and the increasapproximately constant during the new particle formation
in condensation flux decrease as a function of particle di-event, only the growth rate due to self-coagulation needs to
ameter. Due to the increased condensational growth in thée subtracted from the modal growth rate in order to get the
small sizes, the count mean diameter of the nucleation modgrowth rate due to condensation. The concentration of par-
increases rapidly. Now, as the condensational growth rate deticles in a given size section/channel at a given moment of
creases as a function of diameter, the smaller end of the modiéme decreases due to coagulation scavenging, but the rela-
grows more rapidly than the bigger end of the mode. As ative decrease in the concentration stays constant as a func-
net result, the nucleation mode grows more rapidly but staygion of time when the coagulation sink stays constant. Thus,
narrower. This phenomenon is illustrated in Fig. 7, wherethe moment of maximum concentration in a given size sec-
the total particle number size distribution is depicted for ation/channel does not change due to coagulation scavenging.
simulation with only neutral particles (neutral case) and aThe growth rate due to self-coagulation still has to be taken
corresponding simulation with purely ion-induced nucleationinto account, which can be done the same way as with the
and increased condensation onto charged particles (chargédethod 1.
case). As a result, the growth rate due to coagulation scav- If the data are taken from an aerosol dynamical model with
enging is smaller in simulations with pure ion-induced nucle- fixed sections, the growth rate due to condensation obtained
ation and increased condensation onto charged particles thawith the two methods described above is the effective con-
in other simulations with charged particles included (Fig. 6¢). 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
4 Implications to growth rate analysis growth rate is caused by the numerical diffusion and the di-
vision of particles into sections when condensation is simu-
The modal growth rate determined from the measured datgated. The error due to numerical diffusion is very case de-
has frequently been used to estimate the concentration Oéendent, as demonstrated in Fig. 2. If the sections in the
condensable vapors (e.g., Kulmala et al., 2001; Kristenssomodel are equally divided on a logarithmic axis, the error
et al., 2008) as well as their source rates (Kulmala et al.qye to division of particles can be estimated using Eq. (24).
2005). In such analyses, only the growth rate due to condenm aerosol dynamical simulations, the concentrations of con-
sation should be used to determine the vapor concentrationg,ensing vapors are usually known. Thus the difference be-
However, the growth rate determined from the time evolutionyyeen the real and the effective condensational growth rate
of the center of the mode is also subject to other processegan pe used to estimate the error in the condensational growth
e.g. coagulation. If a regional new particle formation event ate due to numerical diffusion and the division of particles
has been observed in the measured evolution of total particlgytg sections, when known concentrations of condensing va-
size distribution, the modal growth rate is often determinedpors are used. This underestimation can easily be of the order
by fitting a line to the time and diameter coordinates of the of 20 9%, but at least a part of this error can be taken into ac-

mode peak.. The coordinates can be determined using eithelont using Eq. (24) to calculate the effective growth rate.
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 thes Summary and conclusions
diameter of the peak of the mode (Hussein et al., 2005; Dal
Maso et al., 2005). The processes governing the growth of a nucleation mode
Method 2: a normal distribution is fitted to the mea- are condensation, self-coagulation and coagulation scaveng-
sured concentrations of each size section/channel to detefng. The growth due to coagulation scavenging is only ap-
mine the moment of time of the maximum concentration in parent, as the particles in the mode do not get bigger. The
that size (Lehtinen and Kulmala 2003; Hirsikko et al., 2005). growth due to self-coagulation may be partly semi-apparent,
If Method 1 has been used to determine the modal growthin the case of sufficiently high concentration of nucleation
rate, the growth rate due to self-coagulation and coagulatioomode particles and wide enough nucleation mode. In semi-
scavenging should be subtracted from the modal growth ratapparent growth, the mode grows mainly due to removal of
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Particle number size distributions and the means used to estimate the growth rate due to self-

3000 " [~ Neutral 3 1) coagulation and coagulation scavenging were found to work
——Charged (1.87 h) quite well. We also demonstrated that ttitd/dd, normal-
000 || || Neutral (fit) ization should be used, instead of tti/d(logdp) normal-

--------- Charged (fit) || eat - )
ization, when determining the growth rate from the time evo-
2000 | 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 ©f5
when the count mean diameter wag nm. The growth rate
L due to coagulation scavenging was increased by a factor of
2 3 4 5 6 7 8 9 10 ~1.7 on average.

Particle diameter (nm) In case of increased condensation onto charged particles,
the total condensational growth rate of a nucleation mode
blue (red) line denotes a simulation with (without) charged parti- énrizvtw.cn\e/\?if: lscl)gor/::fffagg)r/ﬂ(I;Te;hfeor\r/:gj iﬁg)r/gz;ezidoiéz?

cles and enhanced condensation onto charged particles include .
The vertical lines denote the diameters corresponding to concentrazentration of charged sub 1.5nm clusters set to 100G¢m

tions 20 % less than the top concentration of the distribution. Thethe condensational growth rate of the mode was increased

dashed lines (fit) denote the second order polynomials fitted to fivePy @round 35 %, when the count mean diameter was smaller
consecutive points around the peaks of the distributions. than ~3nm. 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
particles in the mode with very little real growth of the par- slowly.
ticles. Charged particles may affect the growth rate due to The analytical formulae provided by this paper were de-
these processes by increasing the condensational flux of psigned to provide the growth rates due to different processes
lar molecules onto charged particles, and by coagulation ratérom aerosol dynamic simulations, but the same principles
between a charged and a neutral particle being bigger thanan be used to determine the growth rates from measurement
the corresponding coagulation rate of two neutral particles. data. The approach of describing the mode using the count
The method of fixed size sections used in simulating themean diameter instead of the center of the mode might be
condensational growth of the particles was found to underuseful when analyzing the growth rate of the mode in the
estimate the condensational growth rate of the mode as theery early stages, where the mode has not yet achieved the
division of the particles into the sections underestimates thdognormal shape.
count mean diameter of the mode. The error in the value of
condensational growth rate in this study was 3 to 13 %, de/AcknowledgementsTuomo Nieminen is acknowledged for valu-
pending on the number of size sections used. This error caf°!® d'tscssz'onEand prOV'dc'”g Support d;t;"' FTh'S Worlli has been
: . : . : : -Supporte uropean ommission ramewor rogram
be taken into a_ccour_wt W|_th a simple equation derived in thlsprcﬁ}zct EUCyAARI, pcontract no. 036833-2 (EUCAARI)F,) agrl\d
paper. Numerical diffusion was found to decrease the ob-

d d . | h f leati de wi by Academy of Finland project ComQuaCC: Computational
served condensational growth rate of a nucleation mo eWm?esearch chain from quantun chemistry to climate change, project

a value depending on the width and shape of the mode. Thg, 135199, The support by the Academy of Finland Centre of
error in the value of condensational growth rate in this studygxcellence program (project no. 211483, 211484 and 1118615) is
was 2 to 18 %. also gratefully acknowledged.

We provided analytical formulae to estimate the growth
rate of a nucleation mode due to self-coagulation and theEdited by: A. Wiedensohler
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
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