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Abstract. Continuous measurements of intermediate air iongrow through this size range, where little is known about the
size distributions were carried out in the small town Tartu, factors and parameters of aerosol evolution when compared
Estonia, from 1 April 2010 through 7 November 2011. The with the range of larger particles (Kulmala et al., 2004a, b,
intermediate ions are charged aerosol particles of diame2007, 2012, 2013).
ter 1.5-7.5nm. In this paper we study what information High concentrations of intermediate ions appear in atmo-
about neutral nanoparticles of atmospheric aerosols can bspheric air during burst events of new particle formation,
drawn from the air ion measurements. Rough estimates ofvhich typically last a few hours (Kulmala et al., 2012). The
the growth rate and the size distribution of neutral nanopar-quiet periods between the events are characterized by a low
ticles were derived for the subset of measurements while theoncentration of intermediate ions and can last for weeks
concentration of the intermediate ions was close to the me{Tammet et al., 2012). During these periods the old burst-
dian and remains in the range of 22 cm 3. This criterion  generated nanoparticles grow to larger sizes, coagulated with
excludes the specific new particle formation events charactarge particles or deposited. However, intermediate ions are
terized with high concentration of intermediate ions and in-still found in the air during the long pauses between the
cludes only most typical quiet periods between the eventevents of burst-wise formation of new nanoparticles, which
when the simultaneous growth, depletion and recharging oproves that atmospheric aerosol nucleation is continuous
particles are described with steady-state equations. We est{Tammet et al., 2012). Knowledge about the role of quiet
mated the growth rate of nanoparticles to be about 2nth periods in the formation of atmospheric aerosol is limited.
while the growth flux or apparent nucleation rate proved to beOne reason for this is the technical difficulty due to the very
about0.5cm3s ! at3nm and about 0.08 crAs *at7nm.  low concentration of nanoparticles. The median concentra-
The results suggest that the process of new particle formatiotion of intermediate ions of one polarity is about 20¢h
is not interrupted during the quiet periods between events ofvhile Kulmala et al. (2004b) wrote that the sensitivity of
intensive nucleation of atmospheric aerosols. electrometers was limited with the lowest detectable parti-
cle concentration of about 50 ciwhen the cited paper was
written. The sensitivity of ion spectrometers has been signif-
icantly improved during recent years, and new instruments
1 Introduction (Mirme et al., 2007; Tammet, 2011) make the measurement
of intermediate ion concentrations of less than 10 &pos-
The fine nanometer component of atmospheric aerosol igjple. Tammet et al. (2012) have obtained a dataset of inter-
crucial for understanding the formation of new secondarymedgiate ion mobility and size distribution measurements that
aerosol particles (Kulmala et al., 2013). Intermediate air ionscoyer the periods of quiet nucleation with low-noise mea-
are the finest electrically charged aerosol particles with argyrements.
electric mobility of about 0.03-0.5chv ! s™* and a diam- Both electrically charged and neutral nanoparticles par-
eter of about 1.5-7.5nm (Hdrrak et al., 2000; Hirsikko et ticipate in the process of new particle formation in the
al., 2011; Tammet et al., 2012). Every new particle should

Published by Copernicus Publications on behalf of the European Geosciences Union.



9598 H. Tammet et al.: Estimating neutral nanoparticle steady-state size distribution and growth

Table 1. Near-median size distribution of intermediate ions in Tartu, Estonia, according to Tammet et al. (2012). The upper index indicates
the polarity of ions whilez1 (d) without the upper index denotes the mean of positive and negative ions.

d,nm 1.62 187 218 256 3.04 360 425 501 588 6.89

nf(@,cm3nm! 1096 560 404 333 301 285 291 289 287 3.20
np(d,cm>3nml 1272 586 420 339 295 288 288 286 282 295
ni(d),cm3nm-1 1184 573 412 336 298 287 289 288 285 3.07

atmosphere while intermediate ions usually make up only 6
a small percent of all nanoparticles. The aim of the present
study is to learn what information about neutral nanoparti-
cles can be drawn from intermediate ion measurements dur- 5 1 — approximation
ing quiet periods of new particle formation. In contrast to an c
earlier study by Hérrak et al. (1998), the effect of particle «‘,C
growth and coagulation sink will be considered as factors of  §
particle charge balance. g
Characteristic durations of intermediate ion transition pro- =
cesses are typically less than one hour while the observed 3 P ~——t & %
size distribution during quiet periods of new particle forma-
tion remains stable for many hours. Thus, a steady state can d (nm)
be expected in the theoretical model of aerosol dynamics, i ' ' i '
which significantly simplifies the discussion. 2 8 4 5 6 !

2 positive ions

© negative ions

Fig. 1. Near-median size distribution of intermediate ian$d) ac-

cording to Table 1 and the approximation Eq. (4).
2 Theoretical model g pp q. (4)

The model is simila}r to that usgd by lida et al. (2008) andwhereﬁ andl~ are the rates of ion generatianis the ion—
based on the following assumptions: ion recombination coefficienlyiqta is the total concentration
1. nanoparticles are neutral or singly charged spheres; 0f background aerosol particles, afi$ are the effective in-
tegral attachment coefficients (Salm and Tamm, 2011) for in-
2. their concentrations are low enough to neglect thegjcated polarity. lonization and recombination of small ions
nanoparticle—nanoparticle coagulation; are symmetricit = I~ andactc™ = acct. It follows ex-

3. the product of ion—particle attachment coefficient and ct symmetrysy ¢ = gy ¢~ for integral attachment terms.
concentration of small ions does not depend on the po.vve antiCipate that the error caused by a pOSSible violation

larity of electric charge (weak polarity symmetry); of the weak symmetry in case of particles with specific sizes
_ is small and can be neglected. This conclusion is supported
4. all processes are in a steady state. by measurements (Tammet et al., 2012) that show only very

simall deviations from the polarity symmetry of intermediate

lida et al. (2008) accepted the common assumption of stron h h -
ion concentrations in conditions of steady state (see Table 1

polarity symmetry assuming the concentrations of positive :
and negative small ions to be equat: = ¢—. This proposal  a"d Fig. 1). _ _ .

was discussed and recognized as restrictive in several pa- | N€ Presumption of steady state is motivated by the fact
pers (e.g., by Gagné et al., 2012). The assumption of weawat _the c.haracterlsnc recomblnatlon_ time of |.ntermed|a.1te
symmetry tolerates the inequality of concentrations while the!ONS |s.typ|cally less than one hour while the periods of quu—:_‘t
products of concentrations and attachment coefficients reformation of new particles last many hours and days. Addi-
main symmetric. The assumption is motivated by the fact thationally. this presumption allows one to assume that the large
the concentrations of small ions appear in equations only ifPr€€Xisting background aerosol particles are in equilibrium
combination with corresponding attachment coefficients, andFnarging state. L .

the small ion generation and recombination are inherently Dynamics of intermediate ions in the case of similar as-

polarity symmetric. The steady-state balance of small ionsSUMPtions is described by lida et al. (2008, Eg. 6). In the
is described by the following equation: steady state, the derivatives according to time are zero. In this

case the intermediate ion balance is described with a system

It =ac—ct +§0+Ntotal O of two differential equations:

I~ =acte™ + By e Nl |
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substantially below the level characterizing the burst events.
d (GRy(d)no(d)) The mean size distribution of intermediate ions in the sample
14 = 2cp1(d)n1(d) (2)  is presented in Table 1.
i Some other parameters of the same near-median sample
—2co(d)no(d) = Spigo(dno(d), were the mean values of air temperature ©€7 pressure of

d(GRu(d)n1(d)) _ cBo(d)no(d) — cBi(d)nyi(d) (3) 1007 mb, and the concentration of small ions of one polarity
dd c=450cnT3,
—Spkg1(d)na(d), A theoretical model requires knowledgeraf(d) as a con-

whereno(d) = dNo/dd is the distribution of neutral nanoparti- tinuous function while the measurements are able to immedi-
7told) =< No ) . ;hanop ately provide only a discrete set of values, as presented in Ta-

cle number concentration (d) =dNy/dd is the distribution . .

of charged nanopatrticle (intermediate ion) number concen—ble L. A continuous function; () can be created as a math-

tration fgor one oﬁarit GRd) and GR(d) are the growth ematical interpolation based on a parameterization of the size

P Y ) .( ) ne grow distribution. We use the following parameterization:

rates of neutral and charged nanoparticles of diamkters

the concentration of small ions of one polarifg(d) is the 3 s L

small ion to neutral particle attachment coefficient, gp@)  n1(d) = (Pl +d/p2+ ﬁ) cm nm--. (4)

is the small ion attachment coefficient to oppositely charged (d—pa)

particle. The products Gftd)no(d) and GR(d)n1(d) are e yalues of the intermediate ion size distributior(d)
called the growth fluxes or apparent nucleation rates (Kerm"presented in Table 1 are well approximated with the
nen and Kulmala, 2002). The attachment coefficients can bg,qqel in Eq. (4) a1 =2.45, pp = 15nm, p3 = 1.2 nn?, and
estimated according to the theory by Hoppel and Frick (1986,]?4 =1.25 nm. Measurements and the continuous approxima-
1990) or approximations of tables by Hoppel and Frick; o in Eq. (4) are compared in Fig. 1. Fluctuations of the
we use the approximation by Tammet and Kulmala (2005).marked points near the interpolated curve in Fig. 1 illustrate

Spkgo(d) and Spie1(d) are the sinks of neutral and charged {hg |evel of random noise in measurements.
nanoparticles due to other factors. We call these quantities

the coagulation sinks assuming they are caused predomi-

nantly by the coagulation of nanoparticles with coarse par-4 Coagulation sink of nanoparticles and small ions

ticles of the pre-existing background aerosol. All polarity-

dependent quantities are presented with averages for positiveehtinen et al. (2007) showed that the sink of neutral
and negative particles. Equations (2) and (3) contain 8 funcnanoparticles of diameteron the particles of a background
tions of the particle diameter GR?), GRy(d), no(d), n1(d),  aerosol is approximately proportional do-6. Tammet and
Bo(d), B1(d), Sprgo(d), Spke1(d), and one parameterthat  Kulmala (2012) studied the sink of nanoparticles and small
is independent of the diameter. Some of these quantities ar@ns using a large set of aerosol size distribution measure-
easy to measure or calculate; some are not. In following thenents in Hyytiala, Finland, and found that about 90% of
concentration of small ionsand intermediate ion size distri- the sink was caused by the background aerosol particles of
butionn1(d) on some finite set of diameters are expected tothe diameter between 50 and 500 nm, whose number con-
be known as measurements while the growth rates and distrieentration is denoted byso_s00. Results of the European
bution of neutral nanoparticleg(d) are subjects to be esti- aerosol measurement network (Asmi et al., 2011) show the
mated. typical values ofNsg_500 in the hemiboreal zone as 1000—
3000 cnT3. According to earlier measurements by Kikas et
al. (1996), the typical values in Tartu are in the same con-
centration range. Tammet and Kulmala (2012) correlated the

Sample data are required for illustrating the methods of solySink of nanoparticles and ions withisos00 and found em-

ing specific problems. We use results of long-term measureP!MC F€gressions.
ments of small and intermediate ions in the city of Tartu,

3 Size distribution of charged nanoparticles

1.45Ns5q_
Estonia (Tammet et al., 2012). Tartu is a small town with Spre0(d) ~ ﬁ)lo_ecmss_l, (5)
about 100000 inhabitants and without heavy industry. The / nT)B 4
instruments were installed on the top of a four-story building g,, ., (4) ~ <1+ - _ )Sbk old), (6)
close to the town center (58.378, 26.727 E; 70m a.s.l.). ¢ Vd/Inm  (d/1nm+42)2) 7
The measurements were carried out from 1 April 2010 t0 7Sy,15i10n ~ (3.9 x 10-8cm®s™) Nso_s00. 7

November 2011. The median of intermediate ion concentra-

tion of one polarity was 21 cr?; 905 hourly records with  Here ShkgL5ion IS the sink of typical small ions with the
the concentration of 24 2 cn3 were gathered into a near- electric mobility of 1.5crAV~1s™1. The sink of charged
median sample. The burst events of new particle formatiomanoparticles exceeds the sink of neutral particles because
are reliably excluded because the upper border of 28dm  the attachment of ions to oppositely charged particles is
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strongly enhanced and not fully compensated by the reduc- 2000
tion of the attachment in the case of coinciding polarities. ]
The dispersion between actual values of the sink and the re- ]
gressions (Eqs. 5-7) appeared to be pretty large: the relative —~1500 7
standard deviation is about 30 % in the dataset of measure- E
ments in Hyytiala for three years. In the present study, high
accuracy is not required because the regressions are neces- =
sary only for the association of illustrating calculations with 55

=+ GR;=0nmh™
o= GR;=2nmh™
- GR;=4nmh™

the trial values of the background aerosol concentrations. S 500 |
5 Distribution of neutral nanoparticles at uniform 0 : : : :
growth of the intermediate ions 2 3 4 5 6 d (nm)7

The formal problem includes the size distribution of chargedFig. 2. Size distributions of neutral nanoparticleg(d) in case of
nanoparticles as the input, and growth rates and size distrithe near-median distribution of intermediate ions in Tartu (Fig. 1)
bution of neutral nanoparticles as the unknowns to be estiand Nso_s500=2000 cnt3 calculated according to Eq. (8) for the
mated. Unfortunately, the system of two equations (Eqgs. 2@l values of charged nanoparticle growth rate;GR

and 3) itself cannot offer an unambiguous solution of the
problem without involving some additional information. The 4
additional information may contain supplementary measure-
ments or prior knowledge as well as reasonable hypotheses
about the unknown quantities. There are numerous possibil-
ities to include additional information. In the following we
discuss a particular approach whereby the growth of inter-
mediate ions is postulated to be uniform af@R;/dd=0,

as often assumed in studies of atmospheric aerosol nucle
ation (Gagné et al., 2012). Recent results by Kulmala et
al. (2013) confirmed the hypothesis of nearly uniform growth
for nanoparticles with diameters greater than 2.5nm but 0 . . . .
showed it to be inadequate for particles with diameters less 2 3 4 5 6 d(nm)7

than 2 nm. The size range of nanoparticles in the quantitative ) ]

examples below will be limited with diameters of 2—7 nm, F19- 3- Growth rate of neutral nanoparticles G) in case of the
and the results for the lowest half nanometer may Containnear-medlan distribution of intermediate ions in Tartu (Fig. 1) and

. . . ; . N5g_500=2000cnT3 calculated according to Eq. (9) at the as-
distortions due to the deviation from the hypothesis of UNi- 5 imption GR(7 nm) = GR for the trial values of charged nanopar-

formgrowth. _ ticle growth rate GR.
If the coagulation sink of charged nanopartickg,1(d)

is known, the distribution of intermediate iong(d) is ascer-

tained by measurement, and SR a known constant, then  The effect of different assumptions abago_soo will be il-

the distribution of neutral nanoparticleg(d) is unambigu-  |ustrated afterward in Fig. 4.

ously determined according to Eq. (3) and can be expressed Figure 1 shows that the size distribution cuméd) is flat

as in the size range of 3—6 nm, where values of the derivative
are small and the last term in Eqg. (8) turns out to be insignif-

d)+S d GR1 dni(d . ; A )
cP1(d) + Shiga )n1(d) + L dna( ). (8) icant. Thus the estimate a(d) in this size range is nearly
cPo(d) cfo(d) dd independent of the growth rate GRThis fact is illustrated

Equation (8) requires knowledge afi(d) as a continu- in Fig. 2 wit.h the curves ohp(d) calculated apcording to
ous function, e.g., as represented with the interpolationEd- (8) for different hypothetic values of Ql?vhllelco_nmd-
model (Eq. 4). The coagulation sink of charged nanoparti-€ing all termsin Eq. (8). The curve ath?RlZ nm = differs
clesSyie1(d) can be roughly estimated according to Egs. (5) only a little from the curve at GR=0 nm b=, which presents

and (6). Unfortunately, we have no simultaneous measure@n unreal hypothetic situation when particles grow only in
ments 0fNso_so0 available in the present study and can per- neutral state. The conclusion is that the assumption about the

form only illustrative calculations based on hypothetic val- 9rowth rate of charged particles in the present model has only

ues assumed to be close to the typical values. Examples i minor effect on the estimates of the concentration and size
Figs. 2 and 3 are drawn assumingo_so0= 2000 cnT3 in distribution of neutral nanoparticles during quiet periods of

accordance with the measurements by Kikas et al. (1996)€W particle formation.

—~—GRi=4nmh™
1=—=—GRi=2nmn™
—— GR;=0nmh™’

w
L

OO OO OO OOOOOOOOOOOO OO OOOOOOOOOOON00000000000]

n

GRo(d) (nmh™)

—_
L

no(d) =
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2000

P

- N5o,500= 4000 Cl'T'l_3
—— N5075Qo= 2000 Crfr3
—t N50_500= 1000 Cm_3

1000 <4 o= Nay_sop= 0 o™

mo(a) (em~°nm™)

7
n
S

Prtepn

Fig. 4. Size distributions of neutral nanoparticlesy(d) in Fig 5 Charging coefficient QC and the growth flux or appar-
case of _the near-median dlstrlbL_mon of intermediate ions iNgnpt nucleation ratg’ (Eg. 12) estimated according to the present
Tartu (Fig. 1) calculated according to Egs. (8) and (9) at model and the near-median distribution of intermediate air ions

constraints GR(Bnm)=GRy(7nm)=GR and different trial in Tartu (Fig. 1) assuming GR3nm)=GRy(7nm)=GR_and
values of the concentration of background aerosol particlesN50_500=ZOOOCnTs_

N5o_500- The growth rate was estimated to be 0O nnthat
N50_500:Ocm_3, 1.15nmh!  at Ns50_500=1000 cnt3,
2.03nmhl at Ngg 500=2000cm3, and 3.6nmhl at

N = 4000 et 3 shows a sample of solution demonstrating the effect of dif-
50-500= .

ferent hypotheses about the concentration of the background
aerosol particles on the estimate of neutral nanoparticle dis-
tribution at constraints GiR3 nm) = GRy(7 nm) =GR.

One way to acquire more additional information is to mea-
sure the ionization raté simultaneously with air ions. The

Let us choose a hypothetic value of G&d determineg(d) ?oallllg\r/]v(i:rfgcgqirgﬁgnlp ns in steady state is described with the

according to Eqg. (8). In this case Eq. (2) contains one un-
known function GR(d) and can be transfigured into the tra- =
ditional general form of a linear differential equation:

6 Estimating the growth rate and the growth flux of
nanoparticles

ac? 4 Sprg15ionCs (10)

wherea ~ 1.6 x 10-%cm®s~1 is the ion—ion recombination
GRy(d) = 2¢B1(d) (9) coefficient andSyke1.5i0n iS the aerosol sink of small ions of
dd nold) dd no(d) the typical mobility of 1.5 craV—1s~1 related to the aerosol
= 2co(d) — Spkgo(d). concentration according to empiric regression in Eq. (7). If
the ionization rate is known, then Eq. (10) enables one to es-
timate the sink of small ions according to the measured con-

GRo(dp) at an arbitrary diametefy is known. It is assumed . .
that a possible dependence of the growth rate on the particl8entratlon and apply Eq. (7) to estl_mate the vglue of back-
ground aerosol particle concentratidfso_s00. Simultane-

charge fades with an increase in particle size. Thus the hy= m rement of the intermediate ion size distribution
pothesis GRR(7 nm) =GR seems to be an acceptable initial ous measurement of the Intermeciate lon size distribution,

condition. Corresponding solutions of Eq. (9) are shown inconcentration of small ions and ionization rate would enable
Fig. 3 wHich is complementary to Fig. 2 ' one to get adjusted results about the growth rate and distri-

. . 3
Two curves of the three depicted in Fig. 3 distinctly con- bution of neutral nanoparticles. Examplescat450 cnv

tradict the common assumption about the nearly constanf‘nd a set of trial valges of presented N Tabli 2 are
growth rate of neutral particles. The prior information con- in good accordancg with assump'_uons _QRZ nm T and
tained in assumptions GF nm) = GR and GRy(d) ~ const Nso-500~ 2000 cnim™ about the typical distribution of inter-
allows us to pick out GR~2nmh 1 as the most realistic mediate 1ons I Tartu, which is illustrated n F|g. L.

choice among the three trial values tested in Fig. 3. This ex- Some addm_o_nal r_egults are prfasented in Fig. 5. Here the
ample brings out a rule for choosing the value of{@GRcord- charging coefficient is introduced:

ing to the principle of the minimum variation of GR/) cal- n1(d)B1(d)

culated according to Eq. (9). A simple approximate methodQC(d) = 0@ fod)’ (11)
assumes the exact coincidence ofGd GR at two dif- 0 0

ferent diameters. In this case the set of free parameters iwhich characterizes how much the charging state deviates
reduced to one paramet®¥eg_s500, and the choice of this pa- from the hypothetic value corresponding to the zero sink of
rameter unambiguously determines the growth rate. Figure 4on-growing nanoparticles on the background aerosol. The

dGRo(d) 1 dno(d) ni(d)

Equation (9) can easily be integrated when an initial value

www.atmos-chem-phys.net/13/9597/2013/ Atmos. Chem. Phys., 13, 988603 2013
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Table 2. Estimates of the background aerosol particle number con-

centrationN5g_sgg and the growth rate of nanoparticles according
to Egs. (7)—(10) at constraints G nm) =GRy(7 nm) =GR, and
¢=450 cnt3 depending on the trial value of ionization rate. STD
is the standard deviation of difference (@BR; — 1) in the range
of diameters of 2—7 nm.

lonization rate, cm3s~1 2 4 6 8
Nso_s00, CNT3 960 2100 3250 4370
GRy, nmh1 1.1 2.1 3.0 3.9
STD 08% 10% 18% 26%

value of QC approaches 1 with a simultaneous decrease i
Nso-500 and GR. The growth flux

J(d) = GRy(d)no(d) + 2 GRi(d)n1(d) 12)

is the same as the apparent nucleation rate explained
Kerminen and Kulmala (2002) and Lehtinen et al. (2007).
The standard 3nm apparent nucleation rate at the neal
median distribution of intermediate air ions in Tartu and
Nso_500=2000cnT3 appears to be about 0.5crs ™,

which means a considerable formation of new nanoparti-

cles during quiet periods of new particle formation. Most of

b

H. Tammet et al.: Estimating neutral nanoparticle steady-state size distribution and growth

Correct evaluation of the size distribution and growth
rate of neutral nanoparticles according to air ion measure-
ments requires simultaneous measurement of the background
aerosol particle concentration or the ionization rate. The dis-
cussed measurements were not accompanied by simultane-
ous measurements of these quantities. Thus only rough esti-
mates were derived using the typical concentrations of back-
ground aerosol measured in the same location during earlier
studies. The growth rate of nanoparticles in urban air of a
small town in the case of near-median concentration of in-
termediate ions was estimated to be about 2 nfnand the
growth flux or apparent nucleation rate about 0.5és1 ! at
3nm and 0.08cm®s~1 at 7nm. The results suggest that the
process of new particle formation is not interrupted during
the quiet periods between the events of intensive nucleation
of atmospheric aerosols.
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7 Conclusions

The assumption of equal concentrations of positive and neg
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