We thank both referees for their thorough review on our manuscript. The comments were
extremely valuable and we have redone most of the analysis based on them. The main
weakness of the previous submitted version was the poor performance in estimating the
growth rate with the mode fitting method, which further meant poorly predicted tiamnth
poor performance in the time resolved formation rate comparison. We have nowzednal
the growth rates with the smlled maximum concentration method and theltesre overall
muck better. All figures and table 1 are modified accordingly, and we also remowad the
Figure 3 comparing timkgs, as we believe that it is unnecessary in the new version. We
also removed the standard error color coding, related to the uncertainties winemndwege

GR, from Figure 1.

Below we give our detailed responses to the refemaaments.

The revised version of the manuscript, showing all the changes made in the tekigdiexdinc
afterourreplies.

Anonymous Referee #1

General Comments:

A thorough, data-based evaluation of whether particle formation rates can be extrapolated
from measurements at larger sizes, as attempted by this paper, is vital for the aerosol
community as so many data exist with only larger size information available. Wéile t
method used to tackle this problem is valid and useful, the evaluation requires derglop

and more nuanced analysis before the substantial conclusions stated in the paper can fairly
be reached (see below for specific comments).

Specific Comments:

A major assumption, that the two measurement sites are directly comparableamtlethod
used for extrapolating nucleation rates, is made in the paper. Kurten et al showed that the
method used, while valid in many circumstances, may not be valid for situations where pre
existing populations of aerosols do not dominate the coagulation sink syl foemed

particles play a larger role in this sink. The differences in background aerosibis ato

sites should be discussed in relation to this. Differences between the twoyséksona
influence the magnitude of growth rates and coagulation siikigh may affect the

accuracy of the J extrapolation, which should be addressed.

The referee has a valid point that, generally, differences in aerosol dynaenigki¢h
processes are dominant for the growth and loss of the newly formed particles) letween
sites could potentially lead to erroneous conclusions when comparing the scalexs.J valu
However, here this is not the case. The background distributions in our two sitageare q
similar, both in total concentration and mode location. The meaes/afuCoagS of 7 nm
particles are 5.3077& s and 5.3272e-5%in Hyytiala (mean value of all analyzed NPF

event days during 2002-2012) and Puijo (mean value of all analyzed NPF event days during
2007-2015), respectively. For both sites the nucleatioentoncentrations are so small that
both the contribution of self-coagulation on growth as well as the contribution of newly
formed particles on the sink are negligible. The contribution of particles efetiff sizes on

the sink has been investigated by Lehtinen et al. (Boreal Environment Research 8, p. 405-
411, 2003 -see fig. 3) for Hyytidla size distributions. Particles below ca. 50 nm in diamete



have typically negligible effect on condensation/coagulation sinks. As Puijo size distrébut
are verysimilar, this conclusion holds also there.

We added after equation 1 on line 11@Htinen et al. (2003) studied the contribution of
particles of different sizes to the condensation airidyytialdand found that particles below
50 nm in diameter have typically negligible contribution. This is a reasonable@Egsuat
Puijo also as the concentrations and size distributions are simiteose at HyytialaThe
mean values of Coag$S of 7 nm particiere 5.3e-5 st and 5.33e-5%in Hyytiala (event
daysduring 20022012) and Puijo (event days during 2007-2015), respectively.”

Line 59: The assumptions that the coagulation sink is time independent and the growth rate
size independent should be more fully investigates. Kurten et al. highlights thelippasiti
affect of time dependent coagulation sinks. If this is not a problem for theséetsvib sihould

be explained more explicitly.

This is true and in our analysis we do not take time dependence of CoagS and GR into
account. This is, however, intentional from our part since we wish to follow thedpirecef
Kulmala et al. (Nature Protocols) in order to analyze formation rates @orikistith most

other studies previously analyzed.

Below in fig. R1 we show the median diurnal variation for CoagS (3nm). We also added in
the revised manuscripig. 2 the CoagS time evolution for each of the three example events.
It is clear that therenay be significant time evolution in the CoagS/teRn of Equation 1,

which is of course one of the key reasons why the simple approximation equation is not
perfect.

The mentioned assumptions are mentioned in the text after Equation 1, but to algnife th
added to the conclusioflines 253-2560f the revised manuscript)when considering

detailed daily time evolution, the agreement is not as good. This is caused by three main
things: 1. there are significant fluctuations in experimental size distnbdata, 2. the
extrapolation method assumes a constant value for CoagS/GR, and 3 there ia@ time |
betweenls andJr and a poor estimation of the growth r&tR results in comparing values at
different times.
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Figure R1. The median diurnal variation of coagulation sink of 3nm patrticles for &lPfe



events analyzed in this study in Hyytidla. The error bars indicate the 25th and 75titijgsrc
of the CoagS data.

Line 75: some discussion of how the different environments of Hyytiala and Kuopidtedfe
average size distributions and patterns of nucleation would be helpful here. This can affect
how accurately equation 1 can be applied. Equation 1 assumes that the coagulation sink is
dominated by larger prexistingpopulations, which is less applicable in cleaner
environments. If the Hyytiala environment is much cleaner, for example, than Kuopio, then
the two situations are less comparable for this method of calculating formationThiges.
assumption is mentioned on line 114, but it's validity for both situations requiraeifurt
discussion.

See our reply to the first comment above: nucleation mode has negligible contribution t
Coags both in Hyytiala and in Puijo. The coagulation sink levels in Hyytiala and Puijo are
very similar.

Line 145: averaging of m and CoagS(d1) between t and t' may be inaccurate, especially for
high Js and low GRs — is the any indication of this in the data? How much do m and
CoagS(d1l) differ between t and t'?

The median variation of the CoagS over all the analyzed NPF event days is shown in Figure
R1 above (not included in the revised manuscript). To illustrate the temporailovewat

added into Figure 2 also the time evolution of CoagS for the selected three NPF dvents. T
variation naturally limits the validity of the constant CoagS assumption when apptyidg E
We also added at the discussion of figuéries 196-199of the revised manuscript)This

is caused by three main things: 1. there are significant fluctuations in expeatisizat
distribution data, 2. the extrapolation method assumes a constant value for Coag8/GR
there is a time lag betwedmnandJr and a poor estimation of the growth r&Rresults in
comparing values at different timés.

The effect of the CoagS variation on m, and further on gamma is, however, minor. We now
mention this when discussing the result in Figufinks 199200 of therevised manuscript)
“The variation of CoagS with time also affestand y in equation 1. This is, however,

negligible as CoagS(7 nm)/CoagS(3 nm) is a very weak function of time.”

Line 172: This discussion of how well J3,est and J3,0bs agree needs further development.
Suggest removing qualitative judgement of ‘reasonably well’, and leaving only quantitative
measurements of this. While the 0.78 correlation coefficient is hel@(ljribar?) fit result

that this relates to would give a better meaasnent of the systematic difference between the
two, this needs to be given here and on figure 1. This would then also quantify the following
assertion that equation 4 overestimates the formation rate.

We have now removed ‘reasonably well’ and added the linear regression line & Fagir

the referee suggestedle also now show the results for both growth rate ranges studied: 3-10
nm and 7-20 nm. Note that, as mentioned at the beginning, we have redone all calculations —
now using the maximum concentration method to determine the growth rate. Now, especially
the time resolved comparison shows a much better result than previously. The slopes and
correlation coefficients for the regression lines are 0.90 and 0.90 for the sivedune3 and

0.87 and 0.83 fathe time resolved ones, respectively. There is a slight overestimation bias
for small and underestimation for largevalues. We have added this to the discussion of



Figure 1 in the manuscript (beginning of Section 3.1): “Figure 1 shows the comparison of
estimated formation ratgs.,; (Eq. (4)) with the observed ongs,,s, as calculated directly

from the measured size distribution evolution according to Eq. (2) in Hyytialie top

figures, the range 3-10 nm is used to evaluate the growth rate, in the bottom ones 7-20 nm.
We analyzed 65 NPF event days for which the formation and growth rates could be
guantified. Each data point in Figures 1-b ardirepresents the arithmetic mean of than3
particle formation rateg{,.;. and/; ,,s) for a single NPF day during the time window from
07:00 to 19:00 local time. The mean is also a measure of the total particle prodtretigth

of each event. The results show that, when using GR in the range 3-10 nm, the estimated
mean/; .. values correlate witfy ,,; with a correlation coefficient of 0.90 and a slope of
0.90 using bilinear fitting. Furthermore, 91 % of estimdigg are within a factor of two of

the observeg; ,,s. The corresponding numbers when using GRérange 220 nm are

0.92, 0.87 and 93%. Equation (4) seems to have a tendency of slightly overestimating the
formation rate of 3xm particles. There is not much difference in the results with different GR
size ranges. Th®tal means of; ,,; and/s .5 (NOt shown in the figuredalculated using
GRs.10are0.57 and 0.6tm3s?, confirming the tendency of Eq. (4) stightly

overestimating the &m particle formation rate’s.

Line 175: Standard deviation should be given along with the dalgns. These means are
taken over a long period of time, during which | suspect J varies quite a bit. If J does vary
lot of this time period, then taking a daily mean is not very meaningful.

We chose not to add the standard deviations to the plot wahsvas the time resolved-all
dataplot reveals the variation irvhlues. The daily mean is meaningful in the sense that it is
a measure of the overall strength of a nucleation event. Another variable choicde/tiudd
total number of particles producatisome size, but as most of the existing literature reports
rates, we chose this approach.

Line 184: The quoted daily median values of J are very small. Where in the day do they
actually occur? Is it actually before a significant nucleation event o@dfiiso these values

are not very meaningful — suggest either cutting data to only encompass the nucleation event
or finding a more meaningful statistic here.

The median valuesere calculated over the same time window-{®J as the mean values

given inthe text. We, however, agree with the referee that median is not necessarily the best
statistic to use here, and decided to remove the median values from tdeotgther

Line 188: | would argue that reduction of percentage of points within a facibd@bs from
85% to 78% still reasonably significant and could indeed indicate that GR3-10 different and
more accurate than GR7-20, which has strong implications for the conclusion thattiv's ok
use this GR in extrapolating results from Puijo. It would be more meaningful here tatlook
the fit equation again rather than simply correlation and percentage within factor 2 to
understand this difference better.

We have now fitted the scatter platisJs estvs. Js.obsas suggested by the referee, and
explained before, and show the fits in Figur@ 1he revised manuscriptlsing the
maximumconcentration GR for calculatinyes; the effect of using GRo instead of GR1o

is much smaller and overall the results are better (91% and 93% of the dailysmeaze
within factor of 2 fromJs obg.



Lines 191-195: Would prefer to see a full comparison of difference between olzswived
calculated Js here using GR®, GR3-7 and GR7-20, as well as a developed discussion of
the degree of agreement and implications of this for using this method for J extii@pol

“Did not affect the results . . .by much” is too qualitative and glosses over what could be an
important result here.

This is an excellent suggestion, and based on it we expanded FigureXevigd

manuscript to include results using betheranges for the growth rate Gfalculation 3-10

nm and 7-20 nmBelow is the newrigure 1, and we also made the discussion related to it
more quantitative.

J o calculated using GRa—m from maximum-conc method
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Figure R2. Comparison of the estimated (J3,est) and observed (J3,0bs) formatioh3ate
nm particles in HyytidlAcalculated using GR determined by maximcomcentration
method.The top panels show the results for J3,est calculated usirfgp@R3-10 nm size



range, and the lower panels using GR from 7-20 nm size range. This figure isdroltioe
revised manuscript as Figure 1.

Lines196-203: The lack of correlation on temporarily resolved data here may indicate that
the growth rates are wrong — this should be discussed here. It could also beddna

taking averages over long events where J varies significantly, the correlation seen early was
simply an artifact of such heavy ‘smoothing’. Is there another, meaningful measurgf J (
peak J of an event) that could be compared to asses this?

The reanalysis of growth rates with the maximum concentration method has improved the
time resolved results significantly as explained befsee figure above)Ve also choose to

stick with looking at mean formation rates as theyaageod measure of ovélravent

strength.

Lines 205208: Given the lack of correlation for time resolved Js, testing the affect of
different GRs here does not have much meaning — suggest leaving this out completely.
Regarding the original version of the manuscript, we agree with the refereevétowow
with much improved performance with respect to time resolved formation tfaiges
comparison is meaningful, we think.

Lines 211212: “For some NPF days, the estimated time dependence and values of Jest are
in fairly goodagreement with those of observed Jobs.” This statement needs better
guantification to be of value. What proportion of days (since we're looking at a réfative
small number of event, suggest quoting both total number of events examined and number of
those with time dependence and value agreement here instead of just a percentage). How
‘fairly good agreement’ was judged needs explanation Also, are there distinguishumggeat

of this subgroup where agreement is good? E.g. slow growth, classic ‘banana’ nucleation
pattern?

With the new analysis for GR these figuregy( 2 of the revised manuscrjghave now also
changed — and the results are generally much better. Still, the motivation behia@figur

the same: we show why for some events (and estimd@dh® analysis works better and for
some worse. Thus we also chose not to give quantified information on the comparisons of
Figure 2. We explain this now clearly with the discussion of Figure 2.

Line 213: quantify ‘most of those days’

As the performanceelated to time resolved data is now much better we have modified this
part of the text"However, the timalependency als estis not consistent withs obsfor some
most of the days and, instead, typically dhestpeak occurs earlier than theonspeak (see

e.g. Figure 2), indicating that our method of estimating GR is not always satisfactory
perfect and typically undesgémates the GR valués.

Line 221: why does this burst of particles of 3-7nm occur and not then grow? Is this
indicated by the calculated GR and coagulation sink? Or is it perhaps a transport artifact? If
it is the later it should be removed from the analysis as it is not nuclekHtits the former

then the equation used to calculate J3 should be able to handle it. Thehe$areeds full
investigation and explanation.



We investigated the event in more detail and found that it is a transport artifisdts, of
course, one of the general problems when analyzing events measured at one fixed lacati
the figures we do riccee the same aerosol growing, but particles formed at various location
appearing at the measurement site at various stages of their growth. If we have alagbge en
homogeneous region of similar formation and growth, there is no problem. Howevere if the
areinhomogeneitieand the air mass transport direction changes during an event, we see
dynamics as in fig. 2c and f. As this day was still classified as an event accordiag to th
protocol by Kulmala et al., we chose to include it — also to show what kind of challenges
there can be.

We added at the end of section 3.1: “This is one of the general problems when analyzing
events measured at one fixed location. We do not observe the same aerosol growing, but
particles formed at various location appeahatrheasurement site at various stages of their
growth. If we have a large enough homogeneous region of similar formation and growth,
there is no problem. However, if there are inhomogenities and the air mapsitralirection
changes during an event, & dynamics as in fig. 2c and f.”

Lines 225226: Estimated timéag longer than observed time-lag indicates that the GR used
is too low, which has implications for the calculated J and the tiependence of the
nucleation event. Can this explain the poor ability of this method to reproduce the time-
evolution of nucleation events? This should be discussed.

Yes, true. As mentioned before, now the growth rate analysis has been redone and gives
much better results.

Line 227: 15 days out of how many itei@
We removed the old figure 3 as we think it is now not necessary and the related text.

Line 227: 1.5 hours difference: what percentage of the total time lag is this?

With our new results, having improved growth rates as well as a much better matanbetwe
the observed and estimated formation rates, we decided to remove (the old) &gwrelB

as related text.

Line 229: quantify ‘reasonably good accuracy’

For the destcalculated using GRo from maximumconcentration method, the fraction of

data pointsakstVvs. 3,0bsWhich are within factor of 2 is now 91% (67 out of 74 events) for the
daily mean values. For all the Db@in data pointst is 58% within factor of 2 (77% within

factor of 3, and 84% within factor of 4). We now focus on the numbers (when discussing our
results) and leave out these more vague statements.

Line 244: This monotonic increase in number of event days per year with time is indeed
worth noting. Is this because of improvements in instrumentation/data quality? Change of
activity or climate in the local area? Some discussion warranted. Do other things, such as
total number of nucleation mode particles, size of coagulation sink, or anything else also
monotonically change over this time period that might indicate why this is happening?
We took a look at this once again and now feel that this trend is far too short to iderezhs

a significant trend. In Hyytidla this time period shows a decrease both in SO2 antiCls



have opposing effects on nucleation event probability. As we cannot quantify/justify such a
trend with our supporting measurements we decided to remove the sentence.

Line 245: Given the lack of correlation shown early between median J3 est and obs, using J3
est here for analysis does not seem justified. Surely mean J, where some correlation between
estimated and observed values was calculated is the value to use in figure 6?

This was a typo. The presented values are means, which makes much more sense.

Line 249: How does lower average GRs in Puijo affect tiadyais? Lower GR gives larger
time difference between J7 and J3, mean that inaccuracies in coagulation sinks and
neglecting of time dependence of some quantities plays a larger role. Discuss.

True. We addetb the revised manuscript (lines 2337) “As the growth rates in Puijo are
on average higher, there is less time needed for the particles to gro® foornmm. This
means that our assumption of time independent growth rate and coagulation sink during
growth should hold in Puijo as good as in Hyia

Technical Corrections:

Line 35: commas needed around ‘at several locations’ Line 134: ‘used a parabolic
differentiation method ON the measured number concentration’ instead of TO
Done.

Line 276: new paragraph needed for “the ultimate aim of thigvor
Done.



Anonymous Referee #2

GENERAL

The manuscript is basically suitable for ACP but a few important points need to be address
first. I'll rate this "major revision" for now but remain skeptical that all conceras be
addressed to my satisfaction.

1. The authors present a method to estimate formation rates for smaller particldhase
measurements of the formation rate for larger particles. This is no doubt necessary t
compare measurements with different instruments and to gain information on the actual
nucleation rate which happens at sizes which are often outside the measurement range.
However, a few years back, Kulmala et al. have published a sort of how-to guide on
nucleation measurements in Nature Protocols. And that looks very, VERY somiaat is
presented in this manuscript while the text reads as if something new is shown. So my
guestion would be: What is actually new in the approach that the authors present? Or is this
just another application of the same formula that has been used in lots and lots of papers for
guite a number of years? If this were the case, the manuscript’s content would bewery sl
indeed (and all the description of methods used obsolete) and one would have to ask if just
running an old formula on a new set of data would justify a scientific publication.

The method used in our manuscript for scaling the formation rates is ithdegaime as
described by Kulmala et al. in their Nature Protocols papbile the method itself is not

new, it has not been tested witimaspheric particle number size distribution data before (to
our knowledge), although widely used in e.g. global modelling of aerosol dynamics. In our
work, we present comparisons with the scaled formation rates to those calculatiygl dire

from the meas@ment data, and thus evaluate the applicability of this method with real
atmospheric data.

2. The method to determine GR obviously doesn’t work as the authors themselves point out.
That is not a surprise since mofitting at the edge of a size distriboi is always a bad

idea. However, there are other methods. How can you justify using a method that clearly
produces bad results while there are alternatives available? Sure, other methodbytypic

are much more labountensive but given the current statieaffairs it seems quite clear to

me that other approaches MUST be employed. At least a preliminary test on a smaller subset
of the data is absolutely and totally necessary.

As the referee notes, the main weakness of the previous submitted versioa p@s th
performance in estimating the growth rate with the mode fitting method, whiblefumeant
poorly predicted time lag and poor performance in the time resolved formation rate
comparison. We have now reanalyzed the growth rates with tbalsd-maimum

concentration method and the results are overall much better (the updatediFgtinded

in the revised manuscripg shown above as Fig. R2 in our replies to refergeAdlithe

figures and Table 1 are modified accordingly, and we also removed the old Figure 3
comparing timdags, as we believe that it is unnecessary in the new version.

3. I do wonder how there can be only 65 days with good enough data from 12 or 13 years of
Hyytiala observations. Assuming 12 full years a 365 days and an NPF frequency of 23%
(Nieminen et al., 2014), that’s a tiny 6.5% of all nucleation events observed during that time
(about 1000). How can that be? Are we supposed to believe that one of the longest and



probably the most published data set of aerosol size distributions is actually aygallcr

mean, | have worked with DMPS and SMPS data quite a bit but never ever has the data been
so terrible that a proper analysis was possible for less than 10% of events. And evas if |

to accept this low percentage (which htaand won't) then the question arises if this kind of
cherry-picking doesn’t introduce a bias into the analysis that would make all and any results
highly questionable.

The number of days included in our analysis is not limited by data availabilitsgthet the
criteria of the NPF event analysis: the growing nucleation mode needs to be clearl
observable for several hours (i.e. no changes in air masses). Typically inl&thgi@aumber

of these “wellbehaved” NPF events is around 10% of all days &80 et al., 2005). In the

Dal Maso classification the NPF events in Hyytiala are classified as la, Ib, andtheFor
analysis of this manuscript, we only chose clagdR& eventsproducing the number of

events analyzed here. This strict selection of NPF events was done because we wanted to
eliminate the possible effect of e.g. changeaiinmasse our results.

CONTENTS

line 31f "(e.g. Almeida et al., 2013; Berndt et al., 2014; Kirkby et al., 2016)" —> Bianchi et
al., 2016 should probably be added there.

We add this reference.

line 51 "we aim to estimate 3 nm particle formation rates" —> why? the 3 nm limit has no
physical meaning, it's just a tradition born out of instrumental limitations from twacdtks
back. i understand that you do that for the hyytiala data since the point is testing the
approach. but for puijo?

The referee is correct that nowadays the aerosol instruments are able to measlag parti
down to 1.5 nm. However, since the vast majority of particle formation rates epotie
literature is at 3 nm, we chose to scale also the Puijo data to this size ajitheviPup
results can be more directly compared to observations at other sites.

line 88ff—> this whole section is useless if this is the same approach as in the Nature
Protocol

The method is the same as described in the Nature Protocol paper, however we feel tha
presenting the method in our manuscript makes it easier for the user to read our paper. One
other reason for this choice is the need to use growth rates in the equationgytiEdé data,
growth rates are available down to 3 nm while for Puijo only above 7 nm. Thus we wanted to
make clear in the equations what size ranges we are using.

line 164 "the size dependence of the growth rate in the range 3-20 nm is typicilly-wea
really? or is this just an artefact of the GR approach not working (which we know is true)
certainly you could cite some previous studies that have found this; hyytiala isttlyexa
understudied after all.

The referee has a valid point here. As we recalculated the growth rates using maximum
concentration method, there is indeesizedependency in the growth rates, as is shown in
FigureR3 below. However, this does not affect greatly the correlation bet¢eeyandJs est
(calculated either using Gk or GR/20), as can be seen from Fig 1 in the revised
manuscript.
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FigureR3. The central mark (redhows the median, the edges of the box the 25th and 75th
percentilesand thesrror barghe 1@h and 9@h percentilesof the GR values of NPF events

in Hyytiala (the reddata pointsare all GR values larger than thdl®percentile) The values

on the xaxesarethe geometric mean diamet@f the twosize ranges-30 and 7-20 nm,
respectivelyLeft panel shows the GR calculated from mditteng method, and right panel
shows the GR from maximum-concentration method.

line 173 "85 %" —> wasn't it 84 in the abstract?

All the results related to comparison of the estimated and observed formaséismare
updated in the revised manuscript according to theJaeswalues, which are calculated
using the GR from maximum-concentration method. The correlation coefficievedrels est
andJs,obsis now 0.90 and 91% of thkestdaily mean values are within factor of 2 frdgbbs

line 181ff—> the whole median thing seems a bit silly. i mean, you take the median over 12
hours during most of which there is no formation of 3 nm particles. Of course the result will
be close to 0 (as it is). a pointless exercise which tells us nothing.
We agree, and have left the mediaut from the revised manuscript.

line 201ff, line 210ff, and lots of other places —> i won't comment on the GR stuff here, see
general comments above.

As mentioned previously, we chose a better method for the GR analysis, and the results
improved a lot.

line 216f "the days during which a clear peak in each of the [different] time evolutivaesc
could be observed (39 days out of 65 days)" —> 39 out of 65 sounds quite good. but really it
is 39 out of 1000, and that is not acceptable.

As mentioned beforere were very selective with the events analyzes and chose only the so
called 1A events based on the Dal Maso et al. classification.

line 224 "It can be also concluded that visual inspection of the data is still valuable™ —>
that’s sound advise that yought want to follow with regard to the GR business.

So true. As we redid our analysis with the improved growth rate analysis, we alsadchecke
each analyzed event visually.



line 227 "There are 15 NPF days for which the estimated time-lag is within 1.5 hours of the
observed timéag." —> please take a moment and think what you have written there. with an
average GR of roughly 4 nm/h, the average time-lag should be around 1 hour, right? that 15
cases lie within 1.5 hours is no proof that the method wswkgetimes but rather that the
method does not work AT ALL.

With our new results, having improved growth rates as well as a much better matanbetwe
the observed and estimated formation rates, we decided to remove (the old) &gwrelB

as related text

line 227ff "Overall these results from analyzing Hyytiéla data show that Ecaid)e used

to estimate the mean formation rates of 3-nm particles with reasonably good accuracy." —>
but maybe things could be much better with an improved determin&ti&Rd

Yes, true. Now they are.
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Abstract. The formation rates of-Bm particles were estimated at SMEAR 1V, Puijo (Finlandiere the continuous
measurements extend only down to 7 nm in diameter. We extrapiblatiedmation rates at 7 nidv) down to 3 nmJs) based

on an approximate solution to the aerosol general dynamic equaguming a constant condensational growth rate, a power
law sizedependent scavenging rate and negligible-cadyulationrate for the nucleation modparticles To evaluate our
method, we first applied it to neparticle formation (NPF) events in Hyytidla (Finland),iethextend down to 3 nm, and,
therefore J; ard J; can be determined directly from the measured size distribution evoltiierHyytiala results show that
the estimated daily meals slightly overestimate the observed mdgrbut a promisin@184% of the estimated; are within

a factor of 2 from the measured ones. However, when considering dieailg time evolution, the agreementhjgically

poernot as googhresumabhdue tofluctuations in data as well amcertainties in estimated growth rates which agured

in order to calculate the tirlag between formation of-8m and 7nm particles. At Puijo, the meamd-medianl; for clear
NPF days during April 200December 2015 we@23).44 and-0-07cn3s?; respectively while the extrapolated meamd
median; were0:470.61 and-0-1n13s respectively

1 Introduction

Atmospheric new particle formation (NPF) events, i.e. nucleationsabdequent growth of newly formed particles/e
received increasing attention due to their impact on climate and human (Keditiala et al., 2004; Merikanto et al., 2009;
Nie et al., 2014, Kerminen et al., 2012; Fuzzi et2015,Minguillén et al., 201%nd references therein).avly studies hay

been conducted to find out which variables cause and which possibly NRiBievents. Sulfuric acid, water and ammonia
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have already long been considered important molecules for atmiospénerparticle formation (Weber et al., 1995; Weber et
al., 1996, Korhonen et al., 1999; Kulmala et al., 2000; Laaksonen &t0flg;Xiao et al., 201k More recently, studies show
that amines, ions and volatile organic vapors can play an impoola in NPF events either by participating in the nuideat

itself or by stabilizing the nucleated clusters (e.g. Almestlal., 2013; Berndt et al., 201ianchi et al., 201eKirkby et al.,

2016). However, several features at the nucleation level including the atchanism and other possible vapors involved

(Kulmala et al., 2006; Lehtinen et al., 2007) remain unknown.

The lack of exact knowledge of NPF mechanisms is partly bectssveral locationparticle size distribution measurements
do not extend to nucleation size range but instead startanoca.or even at larger sizes (e.g. 7 or 10 nm). This limétsise

of the particle data in NPF studies and poses a challenge in tamdiéng NPF globally. In addition, the actual nucleatates

of critical clusters sizes (st&nm in diameter) remain unknowBven with data obtained by the new condensation particle
counters (CPC), that have eif mobility 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.,)2Qt8 determination of nucleation rates still involves

approximation.

Measuring sui8-nm particles is a challenging task because of their diffusiordlosisg transporting the sample, difficulties

in collecting representative samples for electricalect&n, difficulties in charging them for electrical skmdection
(classification), their insufficient amount to bigeenically analyzed, and the need for a very higlessaturation conditioto

grow them to large enough sizes that they can be optidathcted (Kulmala et al., 2012). Because of these challenges in
measuring small particles, methods to extrapolate size distributidrf®rmation rates below the measurement range have
been suggested by McMurry and Friedlander (1979), McMurry (1982; 1883)er et al(1996); Kerminen and Kulmala
(2002); Kerminen et al. (2003); Lehtinen et al. (2007) and most recenidyitben et al. (2015). We are, however, not aware

of another study in which these methods have been tested wittpagniosmeasuremenath.

Our study has two main goals. Firstly, we aim to egnanm particle formation ratds for Puijo, where continuous size
distribution measurements have been going on since 2006. We eshiedhtey a scaling method based on aerosol dynamics
theay for the 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 methodstomateJs. For this, we use size distributions measuredygtiela, where
detailed prticle size distribution measurements down to 3 nm have been pedfeinte 1996. From 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 determinedy Ithe ratioof 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 ased.
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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 Il logateHyytiala and SMEAR 1V irKuopio. SMEAR Il (Hyytiala,
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 therstatiese sources are most effective when the wind is from
the southwest direction (Kulmala et al., 2001). For thigyswe analyzed aerosol size distributions measureMB&AR |l

with a Differential Mobility Particle Sizer (DMPS;a&ko et al., 2001), with a culff size at 3 nm, between years 2a0T1 2.

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 cikuopio (Eastern
Finland),a semiurban environment with surroundings characterized by forest with conifer eiddiales (mostly birch) trees,
and many lakes. The main local sources surrounding the tower are a pagdireaiion 35°, distance >1.4 km), the city
center (directiort20-155°, 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 mors)ddtia¢ aerosol size distribution is measured waith
twin-DMPS (Winklmayret al., 1991; Jokinen and Makeld, 1997) covering the size raB6 mm (Leskinen et al., 2009).
The twinDMPS consists of two differential mobility analyzer (DM#ibes, one shorter with 4n length and another one
longer with 28cm length, and a condsation particle counter (TSI Model 3010 CPC) after each DMA tube. In BdfhD
systems, the sample is neutralized (before it enters BN into charge equilibrium by a beta radiation source&Blil0
mCi=370 MBq). The size range measured by the lohdee is 27800 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 twininlet system for aerosaloud nteraction studies: one inlet removes cloud droplets (when the station
is in a cloud) and collects only the interstitial partichesl the other inlet collects the total aerosol, i.e. chiragles and
interstitial particles. When the station is not iolaud, the size distribution measured from both inlets are the same. In this
study, we used the data from the total aerosol inlet andztbberosol size distributions measured between April 2007 and
December 2015.

2.2 Data analysis method

Kerminen and Kimala (2002) derived an analytical formula which links the “realtigla formation rate and the “apparent”
formation rates of particles of larger sizes for which measuremengsaitable (typically above 3 nm). The formula wasrlat
improved by Lehtien et al. (2007) by (1) correcting the slightly inaccurate size dependetieeaafagulation 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 et al., 2007) one rtaestimate the formation rate of smaller particlgg X with diameterd,, for which no

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

C S(d
Jar = Jaz -exp (v.dy. 220, €

_ 1 d log[Coags (d)/CoagS(dq)]
withy = — ((d—j)m+1 —1)andm = log[dzz/dl] }

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

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

In this study, we apply the Eq. (1) to estimate the app&wemation rates of particles of 3 nm in diametePuijo where the
size distribution of particles below 7 nm is not measufedderive Eq. (1) (i.e. equation (7) in Lehtinen et2007), itwas
assumed that the growth rate betwéemndd, is consant. This assumption, however can fail especially for sizes below 3

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

Korhonen et al. (2014) modified Eqg. (1) to also include either linepowerlaw type size dependent growth rate and tested
the method by using modelled NPF events. In their studies especalinethod assuming powem type growth rate gave
promising results with various types of size dependent growth profileseWowin this study, we assume a const@Rt
because as mentioned earhleatrong sizedependency oERhas been reported for very small particles typycadllow 3 nm
(e.g. Kuang et al., 2012) rather tHanlarger sizes. The other assumption when degi&q. (1) is that the nucleating particles

are lost only by coagulation onto largerjesdsting particlesLehtinen et al. (2003) studied the contribution of particles of

different sizes tahe condensation sirdt Hyytialdand found thaparticles below 50 nm in diameter have typicallyliugiole

contribution.This is a reasonable assumptadriPuijo also as the concentrations and size distributions aréasimithose at
Hyytigla The mean values of CoagS of 7 nm particle58e55.41x10° s* and5-3e55.29x1 st in Hyytidla (evers days
during 20022012) and Puijo (evesitlaysduring 20072015), respectively.

To evaluate Eg. (1) against measurements, we use the particle sizetihsteolution data during nucleation evelatys
from SMEAR II. There the measurements have extended down tar3diameter, 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 nmin Eq. (1) and
calaulate J; spsandJz onsas outlined in Kulmala et al. (2012) and slightly improved in Vuollekaskl.2012). Here we use
the subscripbbsto indicateobservedapparent formation ratek The formation rate of particles of 3 nif {,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 = ;tlo + ny0. GR7_20 + Ny_10-CoagS(deup), 3)
wheren,, = IZ*:BZ 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
(Coag$ terms were calculated directly from the measured pedize distributions, taking into account the hygrosziopi
effects using the parametrization of Laalket al. (2004) who used the hygroscopic growth factor parametrizatidhday
(2001). We used a parabolic differentiation metho the measured number concentration to obtain its-tierevative (the
first term in Eq. (2) and Eq. (3)). The method fits a second order polyntmrsalen data pointentered athe data point
where derivative igalculatedwhile at the edges a parabddafit through the first or last sigdatapoints, from which the
derivative is calculated directly. Also, to avoid spusidluctuations in the second and third terms in equafioasd 3, he

N5_7, Ns_q, N,_;, andNg_;, Were smoothed using a movingeaage (over five data points) filter.

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

(4)

CoagS(d1=3nm))
GR3-10 ’

]3,est(t) = J7,0bs (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’.
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the maximuraconcentration method.ehtinen et al.2003;Yli -Juuti et al., 2011)n this method, the particle growth rates are

determined from the times of the concentration maxima in _each of thbisgz®f the measured particle number size

distributions.A linear function is fitted to thdatapoints of thgeometric mean diameters of the dimes as function of the

160 determinedimes of the concentration maxima in the dimes, and the growth rate GR is the slope of this linear fundfien.

also tested anoth&R determinatiomethod which uses lognormal modsfitting of the measured size distributions to follow

the growth of the particle¥ (i -Juuti et al., 2011 However, when comparing Hyytidlathe observed 3 nm patrticle formation

rates tothoseestimatedusing GR from both maximusnoncentration and modéting methodsit become apparent that the

maximumconcentration method yielded better resuliserefore,we chose to use the GR from maximaoncentration

165 methodin Equations 2, 3 and ¥We left out the days where the growth rates required in the aforementioneidres)(iat.

GR;_,, and/orGRy.20) were not quantifiableVe chose the size rangel® nm rather than-3 nm to determine th@Rr in the
exponential term of equation 4 (derb#sGR;_4,). This was done to increase the number of data points BRffigting and

thereby to improve the reliability of the fitt€aR

170 After evaluating the analysis method with SMEAR |l data, weiagpghe method for Puijo where the DMPS detectange
extended only down to 7 nm. To estimate the formation ratenaf Barticles at Puijo we adapted Eq. (4) by repla6iRg ,,
with GR,_,, due to lack of DMPS measurements below 7 nm. However, as it wilhdyensin section 3.1, usingR,_.,
instead ofGR5_,, does not affect the accuracy of estimgtefbr NPF events in Hyytidla, which is an indicatidwat the size
dependence of the growth rate in the ran@® 8m is typically weak. Th¢, ,,; was calculated with the same methoavas

175 used for Hyytidla (i.e. using equation 3).

3 Results and discussion

3.1 Analysis of estimated; 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 acicydo Eq. (2) in Hyytidlaln the top figures, the rangel® nm is used to

180 evaluate the growth raten the bottom ones-Z0 nm.We analyzed 65 NPF event days for which the formation and growth

rates could be quantified. Each data point in Figlise and tdarepresents the arithmetic mean of then3 particle formation

rates [z s: andJs ops) for a single NPF day during the time window from 07:00 to 19:00 local fimemean is also a measure

of the total particle production strength of each evEme.results show thatvhen using GR in the rang€el® nm the estimated
meary; . valuesagreereasenably-welbrrelatewith J; ,,s with a correlation coefficienof 0.90 and a slope of 0.90 using
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bilinear fitting. #8 aned-Furthermore85-91% of estimateds ;. are within athe factor of two of the observed,,s. The

corresponding numbers when using GR in the rarg@ imm are 0.92, 0.87 and 93Equation (4) seems to have a tendency

of slightly overestimating the formation rate ohén particlesThere is not much difference in the results with diffe®Rt

size ranges.Thetotal means of; ,jsz @aNd/; ., @Refzp-(not shown in the figuredalculated using GRo are9-210.57 and
0:.270.61 and-0-14# cm®s?, respectively, confirming the tendency of Eq. (4slightly overestimating the-Bm particle

formation rates.

One interesting and important result is thegre is notnuchdifference in theestimated formatiomateswith different GR size

rangesThis is both an indication of the weak size independence of GR aasnail encouragement for using GR for the size

interval 220 nm for Puijo to extrapolatebelow 7 nm.Thecorrelation coefficienand the fraction of points within a factor of

two for the mean formation rates even increase (frodd @o 0.92and from 91% to 93%, respectively however, the

regression slope decreases from 0.90 to
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Figure Ebaand dc showsJ; 4,5 VErsuglz .5 values with the same 4flinute 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 resolutifn ;s
and/; . areclearly correlated (witltorrelation coefficiers of 0.83and 0.85 for the GRoand GR-» cases, respectivgly

noteorrelated-(correlationcoefficient=0.17)-despite libathematch is not as good as ftheir daily mean values presented
in Figure ab correlate-clearlyonly For the time resolved dat&a258% (60% for theGRy.» case)of the estimateg; ., are

within afactor of two of the observed,,s. There arghreekey reasons for thisl. there are significant fluctuationstime

resolvedexperimental size distribution data, 2. the extrapolation metsshses a constant value for CoagS/GR, and 3 there

is a time lag betweed andJ; and a poor estimation of the growth réi results in comparing values at different tirfde

N avali
O o g S ol > ol c C oo

of-ds;-even-though-the-daily-average-values-agreereasenablyMellvariation of CoagS with time also affenigandy in

equation 1This is, however, negligible as Cod@®m)/CoagS(3 nniy a very weak function of time.

Figure 2 shows examples thie time evolution of the particle size distributieas-wel-aghe different formation ratesand
CoagS(3nm)on three NPF days in Hyytiala. FonstsemeNPF days, the estimated tirdependence (or tirdag between

3-nm and 7nm particle formation rates) and valueg-gf;, are in fairlygood agreement with those of obseryggs (see
e.g. Figure ). However, the timelependency of ., is not consistent witl ,,,; for somemostof the days and, instead,
typically the/; .5, peak occurs earlier than thg,,s peak (see e.g. Figured), indicating that our method of estimati@& is

notalwayssatisfacteryperfectandtypi i gnderestimatetheGR valuesin-orderto-investigate-hew well-E(q.

) A hoce tha d a aYaBRVVialTala' ) na alh aVanr:
A/ \/ \ O y/ A/ o

the-time-difference-betwedpand/-—Figure 2f shows an example of a NPF day for which g, and/; ,,s are
dramatically different. This is due to the burst in the number concentraticch appeared mostly within the size rangé 3

nm (chosen to calculafg,,;) and is thus not included in the size rang&07nm from whicly, ., is calculated anthen

scaled tg’; ... Therefore, Eq. 4 can give quite inaccurate results for Niy§ associated with e.g. this type of inhomogeneity

8
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in the particle number concentrations in different size ranges. is one of the general problems when analyzwents

measured at one fixed locatioWe do notobservehe same aerosol growing, but particles formed at variousdocagipear

at the measurement site at various stages of their growth.Hawveea large enough homogeneous region of similar formation

and growth, there is no prah. However, if there are inhogenities and the air mass transport direction changes during an

event, we see dynamics as in fig. 2c antt tan be also concluded that visual inspection of the data is still valucddes

like this are very challenging for automatic datalgsis routines=igure-3-shows-the-estimated-thiag-versus-the-observed

3.2 Estimation off5 in Puijo (Finland)

For the aerosol size distribution data in Puijo, the NFR¥IaEdays were first recognized visually and cfessias “quantifable”

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 evolution ofzthéisfribution is too unclear for
definitive determination of whether or not NPF has been occurrirgnaticed that there are two types of undefined days in
Puijo. One is charaetized with a burst in the number concentration of gdegiof the smallest detectable sizes but doesn’t
seem to show the characteristics of a NPF event day (i.e.lgtovarger sizes, see e.g. Figéfea) and most likely originate
from local emissions. In the other type, some particles appear in larger(sith minor growth), which may or may not be
originated from NPF processes. (e.g Figid) like the first typeNote that 48 and 44% of the dagre missing during years
2010 and 2012, respectiveljhie monthly number and yearly fraction of NPF event days reddandeuijo from year 2007 to
2015 are shown in Figuit. The figure shows that a maximum number of event days occurrigd) dpring tine similar to
NPF events reported in Hyytiala (Dal Maso et al., 2 | is-monetdpical
inereasing-from-2012-to-201Fhere argZ5105quantifiable NPF event days for which we calculated4hg at Puija Figure
6-5 shows the seasonalediangmnean valuesf J; ., andj; s, GR,_,, and coagulation sink for-@m particles CoagS(d=7
nm)) for the quantifiable NPF event days in Puiibie total meamnd-rmedianf /3 .5, areis 0-440.61 and0-13respectively

while the corresponding values fbr, s areis 6-230.44and0-67#cm?s?, respectively. Total means 6R;_,, andCoagSof

7-nm particles for NPF days ae345.77 nm/h andl-51.84x10% 1/s, respectively. Thushe mearGR at Puijo is somewhat
lewer-higher compared to Hyyi#lda wheremean mediarvalue of GR = 4.3 nm/h is reported fahe period April 2003
December 2009 (Y4luuti et al., 2011)As the growth rates in Puijo are on aversgwherhigher, there ismerdesstime
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needed for the particles to grow from 3 to 7 nm. This means that our assumfptime independent growth rate and

coaqgulation sink during growishould hold in Puijo as good as-kiyytiala.

Table 1 summarizes the seasonal means of parameters presented iBZF-idle seasonal meannBn particle formation
rates seem to have the highest values depriggsummei(9-521.12cnt3s? for 5017 NPF days) andummeispring(0-530.70
cn®s? for 4268 NPF days) and drops significantly in falhd winter The seasonahedian meanf the growth rate has its
maximum in summer{147.96nm/h) and minimum ispringwinter (2.30 nm/h). The seasonakdianmean oiCoagSvalues
however,-seem-to-bather-constant-in-Puijo-in-contrastto-Hyytidlir. 7 nm during NPF event days are highest in summer

and lowest in winter in Puijo.

4 Conclusions

In this study, the formation rates ohgn particles in SMEAR 1V, Puijo (Finland) were estimatelde Theasurements at Puijo
extend only down to 7 nm in diameterhich means that we had to extrapolate to 3 nm using aerosol dynamics Theory
approachused herés based on the competing processes of condensational growth asdgseg 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 metheas applied it to particle formation events at Hgld, where DMPS measurements
extend down to 3 nm and formation rates at 3 #w.d and 7 nmJr.ob9 can thus be determined directly from the measured
size distribution evolution. The results show tthat estimated daily mean valueslgére in reasonably good agreement with
observed meads, with 8491% of the estimateds within a factor of two from the measured ones and, mostlyestierated.
However, when considering detailed daily time evolutibe,agreement ispicatly-peonot as goodThis is caused byree
main things: 1there are significant fluctuations in experimesiak distribution data, 2. the extrapolation methsgsumes a
constant value for CoagS/GR, andhe&3fact-thathere is a time lag betweéds and J; and to-take-this-inte-aceount-in-the
comparisen-am@ poorestimation of the growth rat8R is-neederksults in comparing values at different timeEstimating

GRs.10, @as was shown from Hyytiala data, does not seem tomiak casesatisfactory results for this purpose. It should be

noted that we have to estim&® from the data above 7 nm for Puijo site due to the lack of theumszhdata below 7 nm.

At Puijo, the meamnd-medianf J; for quantifiable particle formation dayserewas0-23.44and-0-07cn3s’ respectively
while the extrapolated meamd-mediad; were wa®-47.61and-0-12n3s' respectivelyThese are about two times greater
than the corresponding valuedHgytidala. Asmi et al. (2011) reported monthly meannd particle formation rate between 0.1
and 0.2 #cnis? for the NPF events in the sudbyctic Pallas station, Finland:he ultimate aim of this work is to predict
nucleation rates from size distributioreasurements that do not extend to sizes lower than 7nm. The results obt#ied i
study suggest this is very challenging, in large gae to the difficulty in reliably predicting thgrowth rate down to aund

1.5nm. It is noted that the possible siimendence of this growth rate further complicates the matter.
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J7,0bs J3 est GR7-20 CoagS
(cm3sYH  (cm3s? (nm/h) (sh
Winter (Dec Feb) 0.16 0.22 4.33 1.36x10
Spring (MarMay) 0.49 0.70 5.04 1.94 x10*
Summer (JurAug) 0.85 1.12 7.96 2.34x10°
Fall (SepNov) 0.27 0.40 5.74 1.70x10*
Overall 0.44 0.61 577 1.84x10
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Figure 1. Comparison of the estimateds (s) against observed{,9 formation rates of 3 nm particles during the selected
490 new-particle formation (NPF) event days in Hyytidla. Panels a), c) sbiomation ratess essandJs opsCalculated at I@ninute
time resolution between 7:009:00. Note thathe timelag during 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 07tO@tlocal time for each NPF
day. Panels in the top row referdges;results calculad using GRig and the bottom row to those calculated using.£R

The black lines shows the bivariate linear fits to theafithmic data values; the corresponding fit equationsaacethe

495 correlation coefficients are given in each panel.
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represent the times of the maximum concentration in eactbsizef the measured size distribution, and the solid Hiaek
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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 size rang207nm c)
coagulation sink Coag$ of 7-nm patrticles. The height of the bars shows the mean values of data pointgednevatues
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530 during 7:00 to 19:00 of th&and CoagSvalues forl05NPF event days) within each season, and the error bars indicate the
values betweeminimum and maximum of the data points. The humbers on top of each bar in middlendaat ithe
number of the NPF events in corresponding season. The same apfiiefSigures 5a ands-c.
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