We thank both referees for their comments on our revised manuscript. Below we giv@ousee
to each of the comments, and indicate if anything was changed in the manuscript based on the
commentsThe markeeup revised manuscript is included after our replies to the referee comments.

Anonymous Referee #1

The comments on the initisview have mostly been well addressed (see specific comments for
details) and the improved growth rate calculations have greatly enhanced the vdliscapfalysis.

The presentation of results and analysis is much improved. The analysis now allowstisebsta
conclusions to be made, which the paper does not yet do. In addition, there is a puzzling result of
the growth rates at larger sizes providing better calculated nucleation rateatorewith
measurements than those at the smaller, relevant Sizessshould be looked into before the

analysis is considered complete.

Comments

Response to comment on line 221 — how was this identified as a transport artifact?

This is based on visual inspection of the measured aerosol size distributiers wehsesudden
changes both in the nucleation and accumulation mode around 12 oAllecihe local wind
direction changes during the same tim¢hasechange in the aerosol size distributions is observed,
suggesting that differeaiir massesare sampled.

Line 32 — dispute that ‘actual mechanisms’ of nucleation remain unknown, experiments such as
CLOUD have shown then ‘actual mechanisms’ of many types of nucleation in great detail.

This sentence refetto nucleation in the atmosphere, where it might be still argued that thie exac
nucleation mechanisms in different environments are not yet fully undergteanodified the text

in the manuscript: “However, several features of atmosphadleation including the actual
mechanism in different environments ...”

Line 40 — even with sub-2nm cut-offs Js still have to be approximated — yes but explain, not all
readers will be familiar with this

We modifiedthis sentence to..". the determination of nucleation rates still involves
approximation, e.g. due to composition eiegent detection efficiencies and high loss rates of the
smallest particles.

Fig 1 —agreement is consistently better with GRIhm, this seems odd. How do the GR3-10

and GR7-20 comparethere must be a systematic different, or an extra uncertainheiGR3

10 to explain this, or something wrong the J equation that means the more removed 7-20nm GR
IS compensating for an errorreeds to be evaluated

It is true that the J3,est calculated using €R%&eems to have slightly better agreement with J3,0bs
than those calculated using GR3-10. However, this should not bentesmreted: weevaluatedhe
statistical significance ddll the correlation®f X estvs. 3.obspresented in Fig. 1. 8performed
bootstrap analysisy resampling the skstvS. 3obs data sets with substitution, and calculating the
correlation coefficienand the fitting parameteesandb for this resampled data set. This bootstrap
process was repeated 1000 times to obtain the distribution of the correlatiocierastind fitting
parametersand the confidence intervals weéhendetermined by thetb and 9%h percentiles of
eachdistribution We now give the confidence intervals for the correlation coefficient and fitting
parameters in the modified Fig. 1. As the confidencarwails ofall the correlation coefficients and
fitting parametersire overlapping, we can conclude that the J3,est calculated using GR7-20 is not
statistically significantly better from J3,est calculated using-G&3Jather than both give similar
agreemenwith J3,0bs.



Lines 237-240 - quantify ‘most’ and ‘some’ and ‘fairly-good agreement’ with statistics

We addedherelevantstatisticanto therevised manuscript:For mostof theNPF dayq81%of the
days)the estimated timdependencef Jzest(or timelag between 3im and 7am particle

formation rates)s within one houof the observedsons andthevalues off; ., are in fairlygood
agreement withi; ,,s (See e.g. Figure-&). However, the time-dependencyjgf,, is not consistent

with /3 .55 for someof the days (19% of the days have larger than one hour time difference between
JsestandJs.obs) and, instead, typically thg ., peak occurs earlier than thg,,s peak (see e.qg.

Figure 2-e).”

Line 283 ‘should hold as good as in Hyytialaiet really accurate, if GRs are faster in Puijo,
then the GR uncertainties relating to tiskependence on change in coag sink will affect J less.
Technical note ‘as well as in Hyytiala’ instead of ‘as good as in Hyytiala’

We changed this to “as well as in Hyytial&” accordinthe referees suggestion.

Line 300303: this sentence is not veskear on the actual cause of the poor time evolution
agreement. The effect of the 3 listed factors on the time evolution needs taledhetter.

We modified the sentence to: “This is caused by three main things. Firstat@esignificant
fluctuations in experimental size distribution data due to e.g. changes in the sampésdesim
This kind of fluctuations are not taken into account in Eq. 1. Second, the extrapolatima met
assumes a constant value for CoagS/GR. If this is not the cad$egtid Aoth the time evolution
(determined by GR) and the magnitude of the estimated J (determined by the ratio ®)agS/G
Third, there is a time lag betweédnandJz, and a poor estimation of the growth r&@ieresults in
comparing values at differentiies’”

Lines 309-310: Statement about Asmi’s reported J7s at Pallas requires a cleatertlekwork

in this paper if it is to be included

We decided to remove the reference to Asmi et al., and compare the Puiparbkuto those from
Hyytiala.

Lines 311-313: Agree about the challenges faced in calculating J3 from J7, however the paper
would be of much more use if a quantitative statement about the utility of the presettied m

and analysis were made. This study can and should be used to make a quantitative evaluation of
the utility of this method to calculate J3. Either it is or is not worthwhibel, a number can be

put on the accuracy of the method based on the data presented here. The author may wish to
consider putting this in the broader context of things e.g. when put into climate models what i
the general sensitivity in CCN number concetidraor even CN3 or 10 to a factor 2 change in J?
The comparison of thés estandJs obsfrom Hyytiala presented in Fig 1. shows ttiedaily mean
values can be estimated within factor of 2 in over 90% of the cases. This isittkso wiboth the
Conclusons (lines247-248 of the revised manuscript)d the Abstract (lines 178). We feel that
these statements cleademonstratand quantify the usefulness of the method.

The referee has a good suggestion to evaluate the implications that our resldteave on global
modelling studies. However, we feel that it is out of scope of the currentscrépt.

Purely Technical Comments
Line 21 were -> was
Corrected.



Anonymous Referee #3

New particle formation has been demonstrated to play important roles in air quality aeratecli
change. Measurement of particle size distribution is the basis of most relevaas.sBudm was
recognized as one critical size in terms of new patrticle formation. But a coaidelamount of
measurements on particle size distributions do not extent to 3 nm but instead &tart/abr 10

nm. Therefore, developing a convincing method to estimate the 3 nm particle formatidrorates
larger size is crucial to build a worldwide, comparable data set, which will beutétplinderstand

the mechanism of new particle formation and evaluate their roles in climate. biutig the

authors extrapolated the formation rates at 7 nm (J7) down to 3 nm (J3) at SMEAR IV stattbn base
on an approximate solution to the aerosol general dynamic equation. Data from SMEARMI, stati
which extend down to 3 nm, was used to evaluate the method. The manuscript is overaliterell wri
and documented. The topic fits well in the scope of ACP. | recommend this manuscript can be
published after some revisions.

One general comment:

Line 201-217, authors mentioned there are one group of NPF events for which the J3,est and J3,0bs
are dramatically different. What's the percentage of this kind of events@ejrentluded in Figure

1? Are this inhomogenities mainly due to the changes of air masses? If yes, an evaluaon on t
stability of ar masses is recommended during one event. It's better to establish a standard method
to recognize the NPF events as quantifiable or not but not based on visual observation.

Figure 1 includes only the well-behaved NPF events, i.e. those events duringhehéctvere no
obvious changes iair massesr other disturbances which could affect the comparisdaeefand

J3,0bs

The method that we followed in classifying the NPF events is based on visual abees¥/ie

aerosol size distributions during oday, and as such has been used in many publications on
atmospheric NPF and is well documented (Dal Maso et al., 2005; Kulmala et al.,|IR012).

referee’s suggestion of “establishing a standard meth@tidat making the method quantifiable or
automaed, we feel that this task is out of scope of the current work.

Technical comments:
1. Line 230: add the bracket and stop after “Dal Maso et al., 2005".
Done.

2. Please unify the format of units, e.g. 1/s or s-1.
We checked that all the units arepiresented in uniform format throughout the text.

3. It seems to be not necessary to show the statistical results at Puijo bajne 5and Table 1.
We decided to present the results both Fig. 5 and Table 1. From Table 1 it i$ogdkeereader to
obtain the relevant numbers, whereas Fig. 5 provides an overview of the seasonal vatia¢ion of
parameters and their variation within each season.
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Abstract. The formation rates of-Bm particles were estimated at SMEAR 1V, Puijo (Finlandiere the continuous
measuremenesxtend only down to 7 nm in diameter. We extrapolateéotmeation rates at 7 nni4) down to 3 nmJs) based

on an approximate solution to the aerosol general dynamic equaguming a constant condensational growth rate, a power
law size dependent @eenging rate and negligible selbagulationratefor the nucleation modparticles To evaluate our
method, we first applied it to neparticle formation (NPF) events in Hyytiala (Finland),iethextend down to 3 nm, and,
therefore J; and J; can be detenined directly from the measured size distribution etioh. The Hyytidla results show that
the estimated daily meah slightly overestimate the observed mdgrbut a promisin@1% of the estimated; are within a
factor of 2 from the measured oneawitver, when considering detailed daily time evolution, the agreaseotas good
due tofluctuations in data as well as uncertainties tmested growth rates which are required in ordesdiculate the time

lag between formation of-8Bm and 7nm paticles. At Puijo, the mead; for clear NPF days during April 20eDecember

2015werewas0.44cn3s?, while the extrapolated medpwerewas0.61cnmss?,

1 Introduction

Atmospheric new particle formation (NPF) events, i.e. nucleationsabdequent growth of newly formed partiches/e
received increasing attention due to their impact on climate and human (Keditiala et al., 2004; Merikanto et al., 2009;
Nie et al., D14, Kerminen et al., 2012; Fuzzi et al., 20Wbnguillén et al., 201%&nd references therein).avy studies have
been conducted to find out which variables cause and which possibly NRiBievents. Sulfuric acid, water and ammonia

have already long le@ considered important molecules for atmospheric new padittafion (Weber et al., 1995; Weber et
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al., 1996; Korhonen et al., 1999; Kulmala et al., 2000; Laaksenhal., 2008Xiao et al., 201k More recently, studies show
that amines, ions analatile organic vapors can play an important role in NPF evethisrdiy participating in the nucleation
itself or by stabilizing the nucleated clusterg(&lmeida et al., 2013; Berndt et al., 20Bdanchi et al., 2016Kirkby et al.,
2016). Howeverseveral featurest—theof atmosphericnucleation level-including the actual mechanisin_different

environment@and other possible vapors involved (Kulmala et al., 2006; Lehtinen 20@r) remain unknown.

The lack of exact knowledge afmosphed NPF mechanisms is partly becausteseveral locationgarticle size distribution
measurements do not extend to nucleation size range but insteatl cda® nm or even at larger sizes (e.g. 7 or 10Timg.
limits the use of the particle data in NPF studied poses a challenge in understanding NPF globalgddition, the actual
nucleation rates afritical-clusters-sizesub2-nmin-diameterarticlesremain unknownkEven with data obtained by the new
condensation particle counters (CPC), that haveffuhobility diameters of su2 nm Sgro and Fernandez de la Mora, 2004;
lida et al., 2009; Vanhanen et al., 2011; Kuang et al., 2012; Wimmer et al), #@8etermination of nucleation rates still

involves approximatione.g. due to composition dependent detection efficiencies andosgheltes fahe smallest particles

Measuring sui8-nm particles is a challenging task because of their diffusiordlagisg transporting the sample, difficulties
in collecting representative samples for electrical atigte, difficulties in charging them for electrical sigelection
(classification), their insufficient amount to bieeenically analyzed, and the need for a very higiessaturation conditioto
grow them to large enough sizes that they can be optically detected (Kulnaala2€t12). Because of these challenges in
measuring small particles, methods to extrapolate size distributidnf®m@mnation rates below the measurement range have
been suggested by McMurry and Friedlander (1979), McMurry (1982; 1983), Wedle(1996); Kerminen and Kulmala
(2002); Kerminen et al. (2003); Lehtinen et al. (2007) and most receniyitgn et al. (2015). We are, however, not aware

of another study in which these methods have been tested wiibpdteric measurement data.

Our study has two main goals. Firstly, we aim to egnganm particle formation ratds for Puijo, where continuous size
distribution measurements have been going on since 2006. We etiedatey a scaling method based on aerosol dynamics
theory forthe range 3 7 nm, because the measured size range at Puijo has been only down to 7ameierdiTherefore,
our second main goal is to validate our methodstorateds. For this, we use size distributions measuredyatiela, where
detailed parti@ size distribution measurements down to 3 nm have been performed%86cé-fom the Hyytiala data we
can thus evaluate formation rates both at 3 nm and 7 nm. The fraction depahat survives the scavenging by larger
aerosols is determined Ibye ratio of their growth and scavenging rates (Kerminen et al., 2004b).drsthily, we use the
method of Lehtinen et al. (2007) in which time and size independent particlthgiae and, time independent but size

dependent coagulation sink are assumed.
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2 Methods
2.1Data sets and site descriptions

In this study we use the aerosol size distribution measmsnat two different SMEAR (Station for Measuring Ectemys
Atmosphere Relations) stations in Finland: SMEAR 1l lodateHyytiala and SMEAR 1V irKuopio. SMEAR Il (Hyytiéla,
southern Finland; 61°51" N, 24°17" E, 181 m a.s.l.) is characterizbdrbwl coniferous forest. The main pollution sources
are the city of Tampere (60 km away) and the buildings at therstdtiese sources are most effectivemwthe wind is from
the southwest direction (Kulmala et al., 2001). For thigyswe analyzed aerosol size distributions measuretM&aAR |l

with a Differential Mobility Particle Sizer (DMPS;a&ko et al., 2001), with a cudff size at 3 nm, between ysa20062012.

At SMEAR 1V the instruments are set up at the top of the Puijo observation tower (62°54'34" N, 27°39'19" E), 306 m and 224

m above thesealevel andthe surrounding lake level, respectively). Puijo tower is located in the ciuopio (Eastern
Finland), a semiurban environment with surroundings characterized by forest with conifer eiddialgs (mostly birch) trees,
and many lakes. The main local sources surrounding the tower are a pagdireaiion 35°, distance >1.4 km), the city
center (direction 12055°, distance 1:8.2 km), a heating plant (direction 160°, distance 3.5 km), aMaigland residential
areas (see Leskinen et al. (2009) and Portin et al. (2014) for mons)ddtia¢ aerosol size distribution is measured waith
twin-DMPS (Winklmayr et al., 1991; Jokinen and Makela, 1997) covering the size ra&tiferin (Leskinen et al., 2009).
The twinDMPS consists of two differential mobility analyzer (DM#bes, one shorter with &n length and another one
longer with 28cm length, and a condensation particle counter (TSI Model 3010 CPCeafterDMA tube. In both DMPS
systems, the sample is neutralized (before it enters QN into charge equilibrium by a beta radiation source&Blil0
mCi=370 MBq). The size range amured by the longer tube is-880 nm with 29 discrete bins anél¥ nm with 17 discrete
bins for the shorter tube. The full particle size distrinui{7~800 nm) is measured every 12 minutes (Leskinen et al., 2009).
At Puijo there is a twirinlet systenfor aerosoicloud interaction studies: one inlet removes cloud droplets (when tlmsta

is in a cloud) and collects only the interstitial particesl the other inlet collects the total aerosol, i.e. chiraples and
interstitial particles. When theagion is not in a cloud, the size distribution measured from both inlets are thelisahie
study, we used the data from the total aerosol inlet andztbherosol size distributions measured between April 2007 and
December 2015.

2.2Data analysis m¢hod

Kerminen and Kulmala (2002) derived an analytical formula which lilkSreal” particle formation rate and the “apparent”
formation rates of particles of larger sizes for which measuremengsaitable (typically above 3 nm). The formula wasrlat
improved by Lehtinen et al. (2007) by (1) correcting the slightly inaccursgedspendence of the coagulation sink, and (2)

removing the unnecessary assumption of the identity of the condensing vapordiAg to the formula (equation (7) in

3
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Lehtinen ¢ al., 2007) one can estimate the formation rate of smaller partifje¥ With diameterd,, for which no

measurements are available, frdveformation rate of measured larger particlgs)(with diameterd,, as follows:

C S(dq)
Jar = Jaz -exp (y.dy. 2220), €

_ 1 dami1 __log[Coags (d3)/CoagS(dq)]
withy = — ((dl) 1) andm = loglda/dy]

whereCoagSis the coagulation sink of smaller particles (diamétgronto the background particles, aB® is the particle

growth rate (which is assumed to be constant from diardetierdiameterd,).

In this study, we apply the Eq. (1) to estimate the apparenafamrates of particles of 3 nm in diameter at Puijo wheze t
size distribution of particles below 7 nm is not measufedderive Eq. (1) (i.e. equation (7) in Lehtinen et2007), itwas
assumed thahe growth rate betweefy andd, is constant. This assumption, however can fail especially for sizes Belo

nm, where some recent studies have indicated strong size depentieiR(Kuang et al., 2012; Kulmala et al., 2013).

Korhonen et al. (2014) modified Eg. (1) to also include either linepowerlaw type size dependent growth rate and tested
the method by using modelled NPF events. In their studies espec&linethod assuming powlemw type growth rate gave
promising results with various figs of size dependent growth profiles. However, in this study, we asscomstantGR
because as mentioned earheatrong sizedependency o&Rhas been reported for very small particles typydadllow 3 nm
(e.g. Kuang et al., 2012) rather tHanlarger sizes. The other assumption when deriving Eq. (1) is that thatuglparticles
are lost only by coagulation onto larger jesdsting particlesLehtinen et al. (2003) studied the contribution of particles of
different sizes to the condensation sitiiyytidldand found thaparticles below 50 nm in diameter have typicallgliggble
contribution.This is a reasonable assumptatrPuijo also as the concentrations and size distributions arkastmithose at
Hyytiala. The mean values of CoagS ofih particles ar6.41x10° s* and5.29x10 st in Hyytiala (eventlaysduring 2002
2012) and Puijo (evemtaysduring 20072015), respectively.

To evaluate Eg. (1) against measurements, we use the particle sizetaiatvolution data during nucleation event days
from SMEAR II. There the measurements have extended down tar8diameter, and therefore, one is able to get apparent
formation rates at 7 nnd4) and at 3 nmJ) directly from measurements. We thendggt 3 nm andl, = 7 nm inEg. (1) and
calculateJs; spsandJz onsas outlined in Kulmala et al. (2012) and slightly improved in Vuollekaskl.2012). Here we use
the subscripbbsto indicateobservedapparent formation ratels The formation rate of particles of 3 nig {,s) and 7 nm

(/7.0ps) in diameter from measured aerosol size distribution were caddudatfollows:
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dNs_
J3,00s = ;t ~+1n;7.GR;_59, +N3_7.CoagS(dgup), 2

wheren, =

Ns—
9"’_59 anddgy,, = V3 X 7 nm.

dN_
J7.00s = ;t 2 +1ny9.GRy7_30 + Ny_y10. CoagS(deump), (3
wheren,, = Ag‘_lsz anddgyp = V7 X 10 nm.

HereN;_, Ns_q, N,_;, andNg_,, are the number concentration of particles within size rangesr8, 59 nm, 710 nm and
8-12 nm, respectively, and, andn,, are the size distribution function at 3 nm and 7 respectivelyThe coagulation sink
(Coag9g terms were calculated directly from the measured padize distributions, taking into account the hygrosaigpi
effects using the parametrization odidkso et al. (2004) who used the hygroscopic growth factor parametribg Zhou

(2001). We used a parabolic differentiation metbadhe measured number concentration to obtain its-tierevative (the
first term in Eq. (2) and Eq. (3)). The method fit second order polynomia seven data pointentered athe data point
where derivative igalculatedwhile at the edges a parabola is fit through the firdastr sixdatapoints, from which the
derivative is calculated directly. Also, to avoid spusidluctuations in the second and third terms in equafoasd 3, he

N5_7, Ns_q, N,_;, andNg_;, Were smoothed using a moving average (over five data poings) filt

The estimated formation ralgwas then calculated based on Eq. (1):

(4)

CoagS(d1=3nm))
GR3-10 ’

]3,est(t) = ]7,obs(t’) - €Xp (y(t).3nm.

Note/; .. at timet is calculated based gn,, at timet’, wheret = t' — G:"m

, thus accounting for the growth time of the 3
3—-10

nm particles to 7 nm particles. To average over this time intervdédder growth, thenandCoagS(d,) values are calculated

as medians of the corresponding values during titme’.

To determine the growth rates required in this stugyysed the maximurooncentration method (Lehtinen et al., 2003: Yli
Juuti et al., 2011)n this method, the particle growth rates are determined frommties tf the concentration maxima in each
of the sizebins of the measured particle number size distribatiériinear function is fitted to the dataints of the geometric
mean diametersf the sizebins as function of the determined times of the concentration maxima in tHargzend the
growth rate GR is the slope of this linear function. We also tested a@fhdetermination method, which uses-loymal

modefitting of the measured size distributions to follow tirewth of the particles (YAJuuti et al., 2011)However, when

5
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comparing in Hyytidla the observed 3 nm particle formation rates to those tedtioging GR from both maximum
concentration and mod#ting methods, it Bcome apparent that the maximgoncentration method yielded better results.
Therefore, we chose to use the GR from maxirmamcentration methodh iEquations 2, 3 and 4. We left out the days where
the growth rates required in the aforementioned equaiien&R;_,, and/orGR;.oq) were not quantifiablée chose the size
range 310 nm rather than-3 nm to determine th@R in the exponential term of equation 4 (denotedRs_,,). This was

done to increase the number of data points irGRéitting and thereby to improve the reliability dfe fitedGR

After evaluating the analysis method with SMEAR Il data, weiag@phe method for Puijo where the DMPS detection range
extended only down to 7 nm. To estimate the formation ratenaf Barticles at Puijo we adapted Eq. (4) by repladRg_,

with GR,_,, due to lack of DMPS measurements below 7 nm. However, as it wilidyensin section 3.1, usingR,_,,
instead ofGR;_,, does not affect the accuracy of estimgtefbr NPF evats in Hyytidla, which is an indication that theesi
dependence of the growth rate in the ran@® Bim is typically weak. The; ,,s was calculated with the same method as was

used for Hyytiala (i.e. using equation 3).

3 Results and discussion
3.1 Analysis of estimateds in Hyytidla (Finland)

Figure 1 shows the comparison of estimated formati@sfas,, (Eq. (4)) with the observed ongs,;s, as calculated directly
from the measured size distribution evolution according t¢Zdn Hyytidla.In the top figures, the rangel® nm is used to
evaluate the growth rate, in the bottom on&0hm. We analyzed 65 NPF event days for which the formation and growth
rates could be quantified. Each data point in Figdde and d represats the arithmetic mean of thengn particle formation
rates [5 .sc andJs o) for a single NPF day during the time window from 07:00 to 19:00 local Titremean is also a measure
of the total particle production strength of each evBmresults show thatvhen using GR in the rangel® nm,the estimated
mean/; ., values correlatewith J; ,,s with a correlation coefficientof 0.90 and a slope of 0.90 using bilinear fitting.
Furthermore, 9% of estimateds .5, are withinafactor of two of the observed ;5. The corresponding numbers when using
GR in the range -20 nm are 0.92, 0.87 and 93%. Equation (4) seems to have a tendestightbf overestimating the
formation rate of 31m particlesThere is not mucHifference in the results with different GR size rangBsetotal means of
J3,00s @NdJ3 ¢5, (NOt shown in the figuregalculated using GRo are0.57 and0.61#-cnr® s?, respectively, confirming the

tendency of Eq. (4) islightly overestimating the-Bm particle formation rates.

One interesting and important result is th&re is not mucHifference in the estimated formation ratéth different GR size

rangesThis is both an indication of the weak size independence of @Rlbasan encouragement for using GR for the size
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interval 720 nm for Puijo to extrapolatebelow 7 nmThe correlation coefficient and the fraction of gsiwithin a factor of
two for the mean formation rates even increase (from 0.90 to 0.92 and®i¥nto 93%, respectivelyy however, the

regression slope decreases from 0.90 to 0.87.

Figure ta and Xc show/; ,,s versus/s ., values with the same fiinute temporal resolution as for the measured size
distribution. The points are within the time window from 07:00 to 1868l time. With this higher temporal resolutifr s
andJs . areclearly correlated (witltorrelation coefficiers of 0.83and 0.85 for the GRo and GR-x cases, respectively
but thematch is not as good as their daily mean values presented in Figute For the time resolved da%8% (60% for

the GR-2o case)of the estimated; ., are withinafactor of two of the observegd,,s. There are three key reasons for this

) there are significant fluctuations in time resoleegberimental size distribution data;)2he extrapolation method assumes
a constant value f@oagS/GR, and)3here is a time lag betwednandJ; and a poor estimation of the growth r&Bresults

in comparing values at different timeghe variation of CoagS with time also affestand y in equation 1. This is, however,

negligible as CoagS({m)/CoagS(3 nmis a very weak function of time.

Figure 2 shows examples of the time evolution of the particle sizébdistn, the different formation ratekand CoagS (3nm)

on three NPF days in Hyytidla. Raostof theNPF days (81%of the daysthe estimated timdependencef J; es:(0r time-

lag between &im and 7nm particle formation rates3 within one houof the observeds s andthe values off; ., are in

fairly-good agreement witkhose—of-ebservef} ;s (see e.g. Figure-8). However, the timelependency of; . is not

consistent with; ,,s for someof the dayg19% of the days have larger than one hour time difference befgeemdJs ond

and, instead, typically thg ., peak occurs earlier than thg,,s peak (see e.g. Figureel-). indicating This indicateghat

our method of estimatinGRis notalwaysperfectandunderestimatethe GRvalues. Figure 2 shows an example of a NPF
day for which thg; ., andj; s are dramatically different. This is due to the burst in the number coatentwhich
appeared mostly within the size rang& 8m (chosen to calculafg,,;) and is thus not included in the size rangE07m

from which/; ;s is calculated and then scaledjiq,. Therefore, Eq. 4 can give quite inaccurate results for NPF days
associated with e.g. this type of inhomogeneity in the particle number caticergt in different size rangeshis isone of

the general problems when analyzing events measured at one fixéshldgégtdo notobservehe same aerosol growing, but
particles forned at various location appearthe measurement site at various stages of their growth héveea large enough
homogeneous region of sileai formation and growth, there is no prefn. However, if there are inhogenities and the air
mass transport direction changes during an event, we see dynamicgga2dénahd f. It can be also concluded that visual

inspection of the data is still wadble- cases like this are very challenging for automaéita analysis routines.
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3.2 Estimation off3 in Puijo (Finland)

For the aerosol size distribution data in Puijo, the NFR¥aEdays were first recognized visually and cfassias‘quantifiable”
and “nonquantifiable” based on whether or not the event is homogeneous enough to alldificgtian of the basic
characteristics such as formation and growth rates (Dal Maso 20@b). Therefore, our data pool consists of event (&), n
event (NE) and undefined days, the last being days during which the evdattioa size distribution is too unclear for

definitive determination of whether or not NPF has been occuffingre 3 shows typical examples of the size distribution

dynamis on undefined and NPF days in PuNde noticed that there are two types of undefined days in Puijo. One is

characterized with a burst in the number concentration of partictbe emallest detectable sizes but doesn’t seem to show
the characteristicsf@a NPF event day (i.e. growth to larger sizes, see e.g. Fagayand most likely originate from local
emissions. In the other type, some particles appear in larger sizes (withgnawh), which may or may not be originated
from NPF processe¢seee.g Figure3-b)ike-the-first type Note-that 48-and-44%of the-days-are-missing-during-years 2010
and-2012,respectivelA clear NPF event with particle growth continuing several houestiré evening is shown in Figure
3-c.

The monthly number and yearly fraction of NPF event days recamdedgijo from year 2007 to 2015 are shown in Figlre
Note thatsize distribution data fof8 and 44% of the days are missing during years 2010 and 2012, respeEkedhigure

4 shows hat a maximum number of event days occurred during spring time similar toudRiS eeported in Hyytiala (Dal
Maso et al., 2005 There arel05 quantifiable NPF event days for which we calculated{hg at Puija Figure5 shows the
seasonal mean valuetJ; ., andJ, ,,s, GR;_,, and coagulation sink for-@m particles CoagS(d=7 nm)for the quantifiable
NPF event days in Puijolhe total mean of; s is 0.61, while the corresponding values fbr,,s is 0.44 #cm3s?,
respectively. Total means GfR,_,, and CoagSof 7-nm particles for NPF days a&77.8 nm/h and1.84x10* /ss?,
respectively. Thus, the me&R at Puijo is somewhdtighercompared to Hyydla wheremedianvalue ofGR= 4.3 nm/h is
reported fothe period April 2003 December 2009 (Ydluuti et al., 2011)As the growth rates in Puijo are on averhigher,
there idesstime needed for the particles to grow from 3 to 7 nm. This meansuhassumption of time independent growth

rate and coagulation sink during growth should hold in Puigsasiwell as inHyytiala.

Table 1 summarizes the seasonal means of parameters presented i. Higargeasonal meamnBn particle formation rates
seem to have the highest values dusammer(1.12cm?s? for 17 NPF days) andpring(0.70cm?s? for 68 NPF days) and
drops significantly in faland winter The seasonaheanof the growth rate has its maximum in sumnmee43.0 nm/h) and
minimum inwinter (2.30 nm/h). The seasonal mean@bagSvaluesfor 7 nm during NPF event days are highest in summer

and lowest in winter in Puijo.
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4 Conclusions

In this study, the formation rates ohgn particles in SMEAR |V, Puijo (Finland) were estimatelde Theasurements at Puijo
extend only down to 7 nm in diateg which means that we had to extrapolate to 3 nm using aerosol dynamics Theory
approachused herés based on the competing processes of condensational growth aggieg onto background aerosols,
assuming time and size independent growth rate and time independgriatioa sink in the range 3 to 7 nm.

To first evaluate our extrapolation method, we agapit to particle formation events at Hyytiala, wh&MPS measurements
extend down to 3 nm and formation rates at 3 3w.d and 7 nmJr.ob9 can thus be determined directly from the measured
size distribution evolution. The results show tihat estimated daily mean valueslgére in reasonably good agreement with
observed meads, with 91% of the estimateds within a factor of two fom the measured ones and, mostly overestimated.
However, when considering detailed daily time evolution, the agmrgeet@t as goodThis is caused biyree main things

L.First, there are significant fluctuations in experimersiak distribution datdue to e.g. changes in the sampled airmasses

This kind of fluctuations are not taken into accourEdn 1 2.Secondthe extrapolation method assumes a constant value for
CoagS/GR. If this is not the casd,affectsboth the time evolution (determined by GR) and the magnitude oftiheatesd J

(determined by the ratio CoagS/ERad-3hird, there is a time lag betwedgandJ;, anda poorestimation of the growth

rateGRresults in comparing values at different timestimatingGRs.10, as was shown from Hyytiéla data, does not seem to
givein all casesatisfactory results for this purpose. It should be notedubditave to estima@®Rfrom the data above 7 nm

for Puijosite due to the lack of the measured data below 7 nm.

At Puijo, the mean af; for quantifiable particle formation day&s0.44cn13s?, while the extrapolated mednwas0.61cnT

351 These are about two times greater than the corresponding values inddjidi-et-al-(2011)-reported-monthly-mean
Z-am-particleformationrate between0-1-and 02 ¥ nior the NRPFevents-in-the-susctic Pallas-stationFinland he
ultimate aim of this works-wasto predict nucleation rates from size distribution meaments that do not extend to sizes
lower than 7nm. The results obtained in this study suggest this is véigngiray, in large part due to the difficulty ialiably
predicting the growth rate down to around 1.5nm. It is noted that the posigbldependence of this growth rate further
complicates the matter.
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Table 1 Overall and sasonal meanalues othe observed formation rag@f 7-nm particles 7,009, the
estimated formation ragef 3-nm particles Iz.es), the growth rate of particles in size rangeZ20 nm

435 (GRr-20) andthecoagulation sink of nmparticles onto larger particlé€oag$S) for LOSNPF days which
occurred at Puijo during Apr 200Dec 2015.The J7,0bs Jsestand Coagdinclude data during 07:60
19:00 on each NPF day.

J7,0bs J3 est GR7-20 CoagS
(cm3sYH  (cm3s? (nm/h) (sh
Winter (DecFeb) 0.16 0.22 4.33 1.364x10*%
Spring (MarMay) 0.49 0.70 5.04 1.94 x10*
Summer (JurAug) 0.85 1.12 7-963.0 2.34x10%
Fall (SepNov) 0.27 0.40 5.74 1.70x10*
Overall 0.44 0.61 5745.8 1.84x10%
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445 Figure 1. Comparison of the estimateds () against observe@s .9 formation rates of 3 nm particles during the selected
new-particle formation (NPF) event days in Hyytiala. Panels a), ¢) shomation rates; .standJs opsCalculated at 1-@ninute
time resolution between 7:009:00. Note that the timlag durhg which particles grow from 3 nm to 7 nm is taken into
account in thels e Panels b), d) show arithmetic mean of formation rates between 07t9@tlocal time for each NPF
day. Panels in the top row referdsesiresults calculated using GR, and the bottom row to those calculated using-@R

450 The black lines show the bivariate linear fits to the lilyanic data values; the correspondipgrameter values of tH
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equationsls 5= a-Js on @reand the correlation coefficientsre givenin each panelThe values in square brackets show the

5th and 9%h percentile bootstrap confidence intervals of the parameter valuedractiors of J3,est that ar@ithin factor of

2 of J3,0bsare shown in the upper left corner of each subplot (fol@minute time resolution data algata pointswithin

fraction of 3 and 4 are shown)
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Figure 2. Examples of Hyytidla NPF events. a, b, and c) the evolution of the pantigiber size distribution. White dots
represent the times of the maximum concentration in eacltbsizef the measured size distribution, and the solid Hiaek
shows the firsbrder polynomial fit to those data points. Figures d), ) and fharedrresponding timevolution of 3 nm
particle formation rated qnsobtained from Eq. (2) (black line), observed formation rat&snm particles; opsobtained from
Eq. (3) (cyarine), and the estimated formation rate of 3 nm pasiges.calculated by Eq. (4) (red line). The dashed lines
show the upper bounds(est,uy and lower boundlg sty calculated by Eq. (4) using the lower (8- SE) and upper (GR
10+ SE) bound of GRi, respectively. Figures g), h) and i) show the time evolutidtheocoagulation sink of 3 nm particles.
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Figure 3. Examples of the time evolution of the aerosol size distributidPuijo for (a) an undefined day characterized by a
burst inthe number concentrations of the small particles wdmesn’t have the characteristics of a typical M2ént day (b)

a typical undefined day, and (c) a clear NPF event day.
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Figure 4. Monthly number (left panel) and yearly fraction (right paméINPF event days (divided into Quantifiable Events
(Q) and NorQuantifiable events (NQ)), NelBvents (NE) and undefined days recorded in Puijo during period201%.
Fraction of (e.g. NE) des in year is the ratio of number of NEs and number of days within theNeiar that the days for
which bad or no data were recorded are not shown here. Not&thatl 44% of the days are missing during years 2010 and
2012, respectively.
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485
Figure 5. Seasonal mean values of different parameters for NPF days@tdgstimated formation rates ehfh particles
(J3,ese) and observed formation rates ehih particles f; ,,5). b) growth rate of the particles within sizgnge 720 nm c)
coagulation sink@oag$ of 7-nm patrticles. The height of the bars shows the mean values of data pointgednevatues
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during 7:00 to 19:00 of thé andCoagSvalues forl05NPF event days) within each season, and the error bars indicate the
490 values between minimum and maximum of the data points. The numbers on top of eachidlalla panel indicate the
number of the NPF events in corresponding season. The same apfiidsigures 5a ands-c.
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