Atmos. Chem. Phys., 8, 7255264 2008 iy —* -
www.atmos-chem-phys.net/8/7255/2008/ Atmospherlc
© Author(s) 2008. This work is distributed under Chemlstry

the Creative Commons Attribution 3.0 License.

and Physics

SO, oxidation products other than H,SO, as a trigger of new
particle formation. Part 2. Comparison of ambient and laboratory
measurements, and atmospheric implications

A. Laaksonen"’, M. Kulmala?, T. Berndt3, F. Stratmann®, S. Mikkonen?, A. Ruuskanert, K. E. J. Lehtinen'’,
M. Dal Maso?, P. Aalto?, T. Pet4ja?, . Riipinen?, S.-L. Sihtc?, R. Jansorf, F. Arnold®, M. Hanke®, J. Ucker®,
B. Umann®, K. Sellegri®", C. D. O’'Dowd®, and Y. Viisaner!

LUniversity of Kuopio, Department of Physics, P.O. Box 1627, 70211 Kuopio, Finland

2University of Helsinki, Department of Physical Sciences, Helsinki, Finland

3Leibniz-Institut tir Troposplrenforschung e.V., Permoserstrale 15, 04318 Leipzig, Germany

4Stockholm University, Department of Applied Environmental Science (ITM), Atmospheric Science Unit, 10691, Stockholm,
Sweden

SMax-Planck-Institute for Nuclear Physics, Heidelberg, Germany

6National University of Ireland, Galway, Department of Physics

"Finnish Meteorological Institute, P.O. Box 503, 00101 Helsinki, Finland

“now at: Laboratoire de Bteorologie Physique (LaMP), Observatoire de Physique du Globe de Clermont-Ferrand (OPGC),
UMR 6016 CNRS, France

Received: 17 April 2008 — Published in Atmos. Chem. Phys. Discuss.: 27 May 2008
Revised: 14 November 2008 — Accepted: 14 November 2008 — Published: 10 December 2008

Abstract. Atmospheric new particle formation is generally 1 Introduction
thought to occur due to homogeneous or ion-induced nucle-

ation of sulphuric acid. We compare ambient nucleation ratesrhe formation of aerosol particles in atmospheric nucleation
with laboratory data from nucleation experiments involving gyents is a source of cloud condensation nuclei (CCN) (Laak-
either sulphuric acid or oxidized SO Atmospheric nucle-  gonen et al., 2005; Komppula et al., 2005) missing from
ation occurs at bSOy concentrations 2—4 orders of magni- mqst current climate models, and constitutes therefore a con-
tude lower than binary or ternary nucleation rates 688y gideraple uncertainty in climate change predictions. The
produced from a liquid reservoir, and atmosphergSBy ey particle formation is generally thought to occur due to
concentrations are very well replicated in the S@ida-  homogeneous or ion-induced nucleation of sulphuric acid
tion experime_:nts. We hypothes_ize th_ese featu_res to be dug_|2504) (Kulmala, 2003) formed in oxidation of sulphur
to the formation of free HS@radicals in pace with B50s  gjoxide (SQ). However, it has so far remained unclear why
during the SQ oxidation. We suggest that at temperatures ihe pinary classical nucleation theory (CNT) seems to ex-
above~250K these radicals produce nuclei of new aerosolsp|ain ambient observations of nucleation above the altitude
much more efficiently than $8CQ,. These nuclei are acti- ot 4 km (Weber et al., 1999) as well as laboratory nucleation
vated to further growth by ¥50; and possibly other trace  experiments with vaporized sulphuric acid (Ball et al., 1999;
species. However, at lower temperatures the atmospheric rebang et al., 2004), but severely underpredicts nucleation be-
ative acidity is high enough for thea30,—H,O nucleation |6y 4 km (Weber et al.1999) and in laboratory experiments

to dominate. involving oxidized SQ (Friend et al., 1980; Berndt et al.,
2005, 2006).
A further puzzle related to boundary layer nucleation
Correspondence toA. Laaksonen events was noticed by Weber et al. (1996), who com-
m (ari.laaksonen@uku. fi) pared particle formation rates with the measured gas-phase
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10° i i i i i i 2 Atmospheric and laboratory nucleation
) 2.1 Determination of atmospheric nucleation rates
10} .
Atmospheric nucleation rates were measured during 10 nu-
, cleation events during the spring 2003 QUEST measurement
AR I campaign in Hyy&la, Finland. The atmospheric nucleation
e | T rate is obtained from particle size distribution measurements
= 100k | that were carried outin 10 min intervals during the campaign.
h The primary quantity we obtain is the 3 nm particle appear-
*  Measurement ! ance rate [3), determined from the increase of 3—-6 nm par-
107 === Linear ! . ticle concentrations between the measurement cycles, taking
Logarithmic : account of coagulational losses, and the flow of particles out
. of this size range as they grow by condensation of supersat-
10,00 278 280 285 290 205 300 305 urated vapors (Dal Maso et al. 2005). The actual nucleation

TIK] rate, on the other hand, is the rate of critical cluster (diameter
~1.5 nm) formation. We therefore also calculated the 1.5 nm
Fig. 1. Particle formation rates calculated from the particle num- particle formation ratesJg s) from the J3 data by account-
ber data for different temperatures in the flow tube (IfT-LFT) at ing for the observed particle growth rates and coagulation
r.h.=28% (asterisks) and the fitted lines, which were used to eX4f 1 5_3nm particles with larger aerosols (Kerminen et al.,
trapolate the temperature dependence+a73 K. 2002). The 1.5nm particle formation rate is taken to repre-
sent atmospheric nucleation rate.
concentrations of sulphuric acid, and deduced that the de-
pendence is consistent with a mechanism in which the rate o2.2 Laboratory experiments
appearance of new patrticles is proportional to the rate of sul-
phuric acid — sulphuric acid collisions in the gas. However, Laboratory experiments were carried out in order to extend
in the boundary layer, clusters containing just tweSa, the results of Berndt et al. (2005, 2006) on nucleation in-
molecules should not be stable even if the possibility of im-duced by S@ oxidation to lower temperatures. The ex-
mediate association of water molecules is allowed for. As aperiments have been performed at atmospheric pressure in
solution to the problem it has been suggested that other assthe IfT-LFT (Institute for Tropospheric Research — Laminar
ciated molecules such as ammonia (Weber et al., 1996; BalFlow Tube, i.d. 8cm; length 505cm) (Berndt et al., 2004).
et al., 1999; Kulmala et al., 2000) or organic acids (ZhangThe first tube section (56 cm) includes an inlet system for
et al., 2004) may have a stabilizing effect on the clusters.gas entrance, the middle section (344 cm) is equipped with
However, Berndt et al. (2005, 2006) recently presented mea8 UV lamps for a homogeneous irradiation and at the non-
surements on particle formation in a flow chamber in whichirradiated end section (105 cm) the sampling outlets are at-
mixtures of SQ gas and water vapour were irradiated with tached. The analysis of the gas-phase species and the parti-
UV light. The nucleation occurred at calculated sulphuric cles produced has been performed using an on-line GC-FID
acid concentrations approximately three orders of magnitud€HP 5890) with a cryo-enrichment unit for volatile hydrocar-
lower than nucleation from vaporized,BO;. Experiments  bons, a ultra-fine particle counter (TSI 3025) for integral par-
in the absence of UV light (dark reaction) showed exactly theticle measurements, and a differential mobility particle sizer
same results indicating that irradiation itself does not influ- (Vienna-type DMA with UCPC, TSI 3025) for monitoring
ence new particle formation. This observation is qualitatively of size distributions. The carrier gas consisted of 99 vol%
in good accord with the similar, long overlooked experimentsN2 (99.9999999%, Linde and further purification with Gate
of Friend et al. (1980). Keeper, AERONEX) and 1 vol% £X99.9996%, Linde) used
In this paper, we compare atmospheric observations tdor Oz generation outside the flow tube. ®as taken from
various laboratory datasets of nucleation involving sulphurica 1ppmv calibration mixture in N(Messer). The total gas
acid or its precursors, and other substances. We suggest, flow was 3.6 liter mirr? resulting in a bulk residence time of
line with the companion paper (Berndt et al., 2008), a chem-420s. Furan was added for OH radical titration. With knowl-
ical mechanism that could explain the seemingly conflict-edge of the amount of reacted furan and the initial concen-
ing experimental results, and examine an atmospheric nuclerations for SQ and furan, the concentration of reacted,SO
ation dataset for possible influences by other than sulphurand the formed HSO4 (assuming a KSQy yield of unity)
containing compounds. Finally, we synthesize our resultscan be easily calculated (Berndt et al., 2005).
and offer a potential solution as to why the binary CNT pro- The measured temperature dependent data was used to
duces better predictions of upper tropospheric than boundargbtain estimates for the corresponding particle formation
layer nucleation. rates at atmospheric temperatures. Because the relevant
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temperatures are quite a lot below the experimental range. : : : : : ; ;
we made two alternative extrapolations. The first was done «} //
by fitting a line to the T, logJ) — data (see Fig. 1), where SO, phglonuclestion

J refers to the particle formation rates observed in the mea- |
surements. The slope of the fitted curke=(-0.2217 K1) wf
was used to scale the measured particle formation rates tc |
T = 273 K. In this extrapolation we assumed an exponential > i
relationship between the particle formation rates and tem- .
perature. The physical reasoning behind this assumption i<

/
/

o Amospheric
—e—Friend etal, 1980
——-Bemdtetal, 2005, 2006
——-Bemdtetal, 2005, scaledto T=273 K

10°F ° @ °% o —— Ball etal, 1999; binary
that the formation rates are likely to depend on the saturation | YR . e )
vapour pressures of the condensing species which show ar . - , , , | | SeonandAnod. 2000
exponential relationship with temperature. The second ex- " N " Y msogmy ” ° K

trapolation was a simple linear fit to the dataset. As seen
in Fig. 1, these two extrapolations result in about three or-rig. 2. Atmospheric nucleation rates (J), and nucleation rates
ders of magnitude difference in the nucleation rate estimatdérom the experiments of Friend et al. (1980), Berndt et al. (2005,
at 273 K. This corresponds to a little less than one order 0f2006), Ball et al. (1999), Zhang et al. (2004) and Sorokin and
magnitude difference in #6504 concentration (if the nucle-  Amnold (2007) as a function of 80, gas concentration. The
ation rate is kept constant). Quantitatively this is of courseRH's in the Friend et al. (1980) experiments were (from lowest data
a notable difference, and additional experiments are needefPnt) 1%. 5%, 10%, 25,%, 50%, and temperature was 298 K. The
to clarify the situation. However, as shown below, account-RH’s of Berndt et al. (2005, 2006) were (from rightmost line) 11%,

L L 0 0 0 0 e
ing for the temperature dependence will qualitatively result22/°‘ 28%, 42%, 60%, and temperature was 293 K. Additionally,

in bett d bet the laboratorv dat d we show nucleation rates extrapolated to 273 K at 28% RH based on
In better corresponaence between the laboratory data an at'ﬁe nucleation measurements of Berndt et al. (2005), and the tem-

mospheric data regardless of the mathematical form of theoatyre dependent measurements shown in Fig. 1 (the left red line

temperature dependence. corresponds to the exponential extrapolation and the right red line

] ) _ to the linear extrapolation shown in Fig. 1). The atmospheric nu-
2.3 Comparison of atmospheric and laboratory nucleatioreation rates (Sihto et al., 2006) were calculated from aerosol size
rates distribution data recorded with a 10 min time resolution, and the
atmospheric SOy concentrations were recorded using a chem-
To investigate how the laboratory data compare with atmo-ical ionization mass spectrometer. During the nucleation events,
spheric nucleation rates we plotted the nucleation rate as @&mperatures and RH’s varied roughly between 263-281 K and 35—
function of bSOy concentration in Fig. 2. It can be seen 85%, respectively. For the rest of the experimental lines, see main
that the atmospheric data points (Sihto et al., 2006) are sittext.
uated more or less in between the Friend et al. (1980) and
Berndt et al. (2005, 2006) laboratory data sets. Uncertain-
ties in the laboratory data on S@duced nucleation include

possible errors in calculated,HO, concentrations due 0 Eigyre 2 also shows two datasets of measured nucleation
uncertain chemical mechanisms and not well defined wall.51aq for the HSOs-H,0 system both with and without a
losses of HSOy; uncertainty in nucleation rate due to uncer- g species, which in the case of the Ball et al. (1999)
tain effective volume inside the flow chamber where nucle- ,aasurements is ammonia and in the case of the Zhang et
ation occurred; and possible effects from gaseous impuritiesy; - >004) measurements is organic acids. It is clearly seen
We note that the nucleation rates of Berndt etal. (2005, 2006y, 5 athough these species enhance the nucleation rate some-
are minimum values as nucleation has been assumed to 0CCl{j\at the enhancement is completely inadequate to explain
eﬁeqtlyely thrpughogt the irradiated region of the flow tube, the atmospheric nucleation rates. This conclusion holds even
and it is not impossible that the true rate is by up t0 an or-i {he temperature dependence of the ternary nucleation is
der of magnitude higher. On the other hand, the laboratory,ccoynted for: using the classical nucleation theory temper-
measurements have been performed at 293K and the ambly re dependence calculated either by Napari et al. (2002)
ent measurements between 263-281 K. Taking into accoury, by werikanto et al. (2007) for sulphuric acid-ammonia-
laboratory data regarding the temperature dependence of Nygater and extrapolating at constant nucleation rate from
cleation (Fig. 1), we extrapolated the laboratory nucleation,qn temperature (corresponding to the ternary experiments
rates measured at 28% relative humidity (RH) to 273K ob-;, Fig. 2) down to around 270K, it can be seen that the
taining better compatibility with the ambient data (see blueternary curves will not come dov;/n more than two orders
lines in Fig. 2). It should be noted, however, that the slope oft magnitude in sulphuric acid concentration (besides, the
the extrapolated laboratory data appears steeper than that @l neriments of Ball et al. (1999) were carried out at higher
the ambient dataset. ammonia concentrations (80—-170 ppt) than are usually found
in Hyytiala). All of this is in accord with the conclusion of
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10000 times used in the experiments. In Part 1, the residence time
R was about one ninth of the residence time applied by Berndt
ght: X
10009 15,3% et al. (2005, 2006). To be detected, the newly formed parti-
Ball et al. (1999) 10% cles need to grow larger than the detection limit of the UCPC,
46% about 2.5-3 nm in diameter. As the residence time is short-
1Berndt et al (2008) 23% ened, a smaller_ fra_ction of the nucleated particles have t_ime
RH 22% to grow past this size range, and therefore too low particle
] concentrations (and nucleation rates) are observed. This res-
idence time related problem (noticed recently also by Young
et al., 2008) will be quantitatively probed in a future publica-
0,01 1 tion. (The Young et al., 2008, results were left out from Fig. 2
for precisely the same reason as the results from Part 1: dif-
o i 10 100 ferent residence times as compared with Berndt et al. (2005,
[H,50,] /10° molecules cm® 2006).) Here we would like to point out two interesting con-
sequences: First, it is possible that even in the experiments of
Berndt et al. (2005, 2006), the residence time was too short,
Fig. 3. Binary homogeneous nucleation rates from vaporized gnd a correction would cause to shift the lines shown in Fig. 2
H250y. See text for explanation. to the left. Secondly, the correction would affect the lines
more at lower iSOy concentrations (because of slower par-
ticle growth), and thus the slopes of the lines would become

Yu (2006), who noted that the classical ternary nucleationgentler' Both effects would bring the data to better agreement

redicts close to 30 orders of magnitude too high nucleationWith atmospheric observations.
P g g Figure 3 shows the experimental result from Part 1 (Berndt

rates compared with those measured by Ball et al (1999). et al., 2008) for binary homogeneous nucleation from vapor-

The remaining dataset in Eig. _2’ by Sorokin_ and ized sulphuric acid, and the experimental fits given by Ball
Arnold (2007) shows results of ion-induced nucleation of o4 o "(1999). The Berndt et al. datapoint has quite large
sulphuric acid at 295K (the different lines are for differ- o tainty ranges, stemming from the uncertainty ranges in

ent sized ions). As with ammonia and organic acids, it ap-j; s, wall loss, and in nucleation volume inside the cham-
pears that ions enhance the nucleation but not enough to x5, - Nevertheless, it is clear from Fig. 3, that the datapoint

plain atmospheric nucleation. The puzzling feature with theiS in agreement with the Ball et al. experiments, reinforcing

Sorokin-Arnold data is that _th_e_sulphuric acid in their experi- our confidence on the proper operation of the Laminar Flow
ments was produced by oxidizing ence one would ex-

pect close agreement with the Friend et al. (1980) and Berndt '
et al. (2005, 2006) experiments rather than with the Ball et 4 Analysis of atmospheric nucleation data
al. (1999) and Zhang et al. (2004) experiments.

Sorokin and Arnold noted that the residence time (andThe scatter of the atmospheric nucleation rates in Fig. 2 orig-
hence also the nucleated cluster growth time toward the mininates from variations in temperature and RH and from mea-
imum detectable size limit) in the Berndt et al. (2005, 2006) surement uncertainties (e.g. variations in aerosol size distri-
experiments was 200 times longer than in their own experi-butions caused by other factors than nucleation). Addition-
ments, and argued that the threshold sulphuric acid concenrally, unknown species participating in the nucleation with
tration for detection of nucleation should therefore be lowervarying contributions may have an effect. To this end, we
in the Berndt et al. experimental conditions. They further- analyzed our ambient nucleation rates using multivariate re-
more calculated that their own threshold corresponds to gression analysis to determine if various trace species partic-
threshold [HSQO4] of 4x10° at the Berndt et al. condi- ipate in the nucleation.
tions, which is still considerably higher than the actual result  The starting point of our analysis is the nucleation theo-
of Berndt et al. (2005, 2006). We discuss below whetherrem, which can be written asla()/aIn(A)) 7. a=ni+ A;,
this apparent paradox can be resolved by accounting fovhere/ denotes nucleation ratd, is the gas-phase activ-
the low total pressure (80hPa) employed by Sorokin andty (partial pressure divided by saturation vapour pressure)
Arnold (2007). of species, n; is the number of molecules in the critical nu-

Note that we have not added in Fig. 2 the experimental recleus, andj; is a small term originating from kinetic terms
sults on the S@derived nucleation from Part 1 (Berndt et al., describing vapour molecule collisions with the nucleus (the
2008), which appear to indicate that the particle formationsum of the individualA;’s is between 0 and 1 — Oxtoby
takes place at an order of magnitude higheSBy concen-  and Kaschiev, 1994). It has been shown using both ther-
tration than was reported by Berndt et al. (2005, 2006). Thismodynamic (Oxtoby and Kaschiev, 1994) and statistical me-
discrepancy appears to be caused by the different residenaghanical (MacDowell, 2003) arguments that the nucleation

o
Q
=]

o
o

-

Nucleation rate / cm°s”'

y

0,001
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Table 1. Regression coefficients, standard errors of coefficierdsatistics ancgp-values for the regression model féy 5. The quantities

inside the logarithms are gas-phase activities §58y, NH3 and HO, and concentration of NOThe estimates for p50,, NH3, and O

represent numbers of molecules in critical cluster. Temp class indicates temperatures below (-1) or above (1) freezing, see text for details.
Number of datapoints N = 316, total coefficient of determination of the mofiel ®62.

Parameter  temp class Estimate Standard Error t Value > |tPr
Intercept —18.3773 3.342251 -55 <.0001
IN(H2S0Oy) -1 0.328602 0.107866 3.05 0.0025
In(H2SOy) 1 1.23819 0.117383 10.55 <.0001
In(NOx) 1.248247 0.122765 10.17 <.0001
In(NH3) -1 0.215609 0.051582 4.18 <.0001
In(NH3) 1 —0.2435 0.047734 —5.1 <.0001
In(H20) —1.19574 0.283201 —4.22 <.0001

Table 2. Regression coefficients, standard errors of coefficierdsatistics andgy-values for the regression model féy 5. The quantities
inside the logarithms are gas-phase concentrations,&Qy and MTOP. The estimates fory80, represent numbers of molecules in
critical cluster. Temp class indicates temperatures beleyy br above (1) freezing, see text for details. Number of datapoints N=242, total
coefficient of determination of the modefR0.53.

Parameter  temp class Estimate  Standard Error  t Value>|tPr
Intercept —22.6332 1.756077 —12.89 <.0001
IN(MTOP) —1 0.854103 0.174733 4.89 <.0001
In(MTOP) 1 0.028696 0.235999 0.12 0.9033
INn(HoSOy) -1 1.271947 0.109553 11.61 <.0001
IN(H2SOy) 1 1.465547 0.168687 8.69 <.0001

theorem is a very general relation that extends down to the The multiple regression equation used in our analysis is
smallest cluster sizes and holds independently of any specific
nucleation theories. In(Jl) = ,30 + (181+ + :81—) ln(H2804) + (,32) ln(NoX)+
In order to apply the nucleation theorem, one should de-
termine the slope of nucleation rate as a function of the gas—(’B3+ +£3-)IN(NH3) + (fa) In(H20) + &,

phase concentration of the species in guestion at Co”Sta_'%hereﬂo is the interceptpy,. .., B4 are the regression coef-
temperature and gas phase concentrations of other SpeCiggients ande describes the zero-mean normally distributed
participating in the nucleation process. However, we do notyng yncorrelated error terms. h@enotes gas phase con-
have enough data of atmospheric nucleation rates to obtaipeniration, and the other quantities inside the logarithms are
meaningful correlations at narrow temperature and gas Congas.phase activities of the respective species. As suggested
centration intervals. Furthermore, it is not certain that we by a self-organising map analysis in which the data was seen
know all of the species participating in the nucleation. We 5 separate into two clusters distinguished by temperatures
therefore apply nonlinear regression analysis based on nucClgse|ow and above freezing, respectively, the regression coef-
atlon.theory in order to obtain information on the nucleating ficients 81 and B3 were taken to depend on the temperature
species. _ such that the slopes are different for temperatures of below
The nucleation rates/1s and Js were the dependent 4,4 over 6C. This division improved the statistical signifi-
variables in the regression models. The set of indepengance of the model. Note that temperature was found to be
dent variables consisted of gaseousSBu, NHs, Ho0 and  gyrongly correlated with sulphuric acid activity, and therefore
NOx (other meteorological and chemical variables were alsqye were not able to use it as an independent model variable.

tested but no improvement in statistical significance was The regression coefficients, standard errors of the coeffi-
found). The values of the nucleation ratpwere advanced ;jents ;-statistics and associatgdvalues are shown in Ta-

in time by Fhe amouqt of estimatgd growth time bgtween 1.5 1 for Jis. With the exception of NQ the regression

and 3nm in comparison to the independent variables. Theefficients of the model far, s should represent the appar-

same model was computed for boths and Js. ent numbers of molecules contained by the critical nucleus.
As can be seen from Table 1, the regression model suggests
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that the critical nucleus contains possibly one sulphuric acidoxidized by OH radicals in the presence of water vapor. Col-

related molecule (the regression coefficient is only 0.3 at sublisions of these sulphur-containing radicals would then result

zero temperatures, but its statistical significance is somewhat the formation of stable clusters consisting of34Og or

lower than that of the higher temperature regression coeffiH,S,0g probably associated with water molecules. The cur-

cient) and no ammonia. Additionally, water vapour has arently accepted mechanism of atmospherie 8&idation is

negative and NQa positive influence on nucleation. The re- as follows (Finlayson-Pitts and Pitts Jr., 2000):

gression coefficients of th&-model are qualitatively similar

although small quantitative differences are seen. OH+ S0, — HSGs @)
Note, that the negative influence of water vapour on new

particle formation is in line with previous observations that HSO3 + 02 > SO+ HO, (2)

nucleation events occur more frequently at dry condltlonss@+2Hzo — HoSOy + Hy0 ©)

(Boy and Kulmala, 2002). It has been shown that water

vapour inhibits the formation of condensable organic species The reaction of HS@ with O, is very fast (Gleason et
formed in ozonolysis (Bonn and Moortgat, 2002; Bonn et al., 5|., 1987) resulting in atmospheric steady state concentra-
2002) that may be involved in new particle formation. tions for HSQ of ~0.05 molecule cm3((OH)=1¢ and

In order to see whether monoterpene oxidation product{SQ0,)=10'" molecule Cm3)_ In competition to the stated re-
(MTOP) participate in the nucleation, we repeated the regresaction products of pathway (2), 3@nd HQ, also the for-
sion modelling with just two independent variablesS®;  mation of the addition product HSMas to be considered:
and MTOP (Sellegri et al., 2005) concentrations. (Here, we
were not able to use activity for MTOP, and for consistency HSO; + Oz + M—HSGs + M. (2a)
we chose to use concentration for sulphuric acid as well.
Note that we did not include MTOP in the above multiple ~ Stockwell and Calvert (1983) found as a result of their ex-
regression analysis because both water vapour andapo  periments that more than 80% of initial OH radicals are re-
peared to be correlated with MTOP, thus all three would notgenerated as Hfradicals in pathway (2), whereas the work
have been independent variables. Because there was mu@h Schmidt et al. (1985) indicates that at atmospheric pres-
less data of MTOP compared with the other gases, we lefsure, the loss of OH radicals via pathway (2a) is less than
MTOP out.) The results are shown in Table 229@; now  10%. That points at a dominance of pathway (2) over (2a)
shows statistically significant regression coefficients both bebut does not exclude that Hg@ produced in substantial
low and above freezing, with values somewhat above unityfractions. HS@ is a peroxy radical and its hydrated form
This is consistent with studies which have indicated one tocould initiate the nucleation process (Wayne, 1991) rather
two sulphuric acid molecules in the critical cluster (Weber etthan HSQ. This fact is especially caused by the expected
al., 1996; Sihto et al., 2006; Riipinen et al., 2007 — note thathigher atmospheric concentration of HS(ote that gas-
Sihto et al., 2006, used the same data set as we do, but a dithase HS@ has not been directly observed). In the atmo-
ferent statistical technique). At subzero temperatures MTOFSPhere, HS@can react with other atmospheric species such
shows a statistically significant regression coefficient close t@s other peroxy radicals, and we suggest that these reaction
unity, indicating possible organic contribution to nucleation. products act as the critical clusters triggering atmospheric nu-

However, at higher temperatures this indication disappears.cleation. Gaseous #30, is formed in the S@ oxidation
process via pathways (2) and (3) in pace with the sulphur-

containing radicals via pathway (2a) or pathway (1), partially
3 Suggested nucleation mechanism explaining the apparent dependence of the nucleation rate
on H,SOy concentration. The companion paper (Berndt et
] al. 2008) provides experimental support for Reaction (2a) to
3.1 Chemistry be operational and offers further discussion of the chemical
mechanisms possibly contributing to new particle formation.
Taken together, the results from Sect. 2 above indicate that As an alternative explanation of the results of Friend et
ammonia and monoterpene oxidation products play only aal. (1980), McGraw (1982) suggested that the data might
minor role (if any) in Boreal nucleation events, and certainly be an artifact produced by sulphuric acid vapour nucleat-
cannot enhance binary nucleation enough to explain theming inside the particle detector where the RH was 300% (this
On the other hand, the $SOnduced laboratory nucleation is about 100%-units higher than inside modern water-based
appears to be in quite close agreement with the atmosphericondensation particle counters, see Kulmala et al., 2007).
data. Here we provide a possible explanation for this agreeHowever, this cannot have been the case with the Berndt
ment. et al. (2005, 2006) results, obtained with a particle detec-
To explain their observations, Friend et al. (1980) sug-tor that uses butanol as working fluid. (Otherwise almost all
gested in the beginning of the 1980’s a mechanism involvingatmospheric nucleation data, which has been measured us-
the formation of the free radicals Hg@nd HS@ as SQ is ing similar apparatus, and at similap8l0, concentrations
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as those in the Berndt et al. experiments, would be invali-ture is decreased at fixedbBO; concentration (and assum-
dated.) As the Friend et al. (1980) and Berndt et al. (2005,ng that the production of the heterogeneous nuclei from the
2006) data are in rather good agreement especially at highiSOs — mechanism is essentially independent of tempera-
RH, it is likely that the free radical nucleation mechanism is ture). However, eventually a threshold temperature will be
the correct explanation of the experimental results. reached, below which all nuclei will start growing. The initi-
To explain the experimental result of Sorokin and ation of growth is then no longer a stochastic process (which
Arnold (2007) who found nucleation rates consistent with nucleation always is), and we will for clarity refer to it as
sulphuric acid nucleation rather than the radical nucleationactivation”. Thus, we can divide the nucleation into two
despite the fact that they produced thg3@, by oxidizing regimes: the heterogeneous nucleation regime, where the ob-
SO, we note that Reaction (2a) is possible only in the pres-served nucleation rate is temperature dependent, and the ac-
ence of sufficient concentration of inert molecules whose col-tivation regime, where the observed rate is temperature inde-
lisions with the reactants ensure that excess energy is carriggendent.
away and the product is stable. The 80hPa total pressure Note, that in the experiments of Part 1 (Berndt et al.,
employed by Sorokin and Arnold (2007) could thus be too 2008), vaporized sulphuric acid seemingly had no effect on
low for the HS@ radical production to lead to nucleation, the growth of particles produced by $0xidation. This fact
delaying new particle formation until enough$®0, has ac-  is in contradiction with the reasoning above. However, as
cumulated in the air to nucleate without the radicals. In thediscussed in Part 1, heterogeneous oxidation ofI8H,0»
atmosphere, the efficiency of the radical production will de- may have accelerated particle growth and masked the influ-
crease as a function of altitude (the 80 hPa pressure correence of vaporized 504 on growth rates.
sponds roughly to an altitude of 17 km) while the efficiency In order to analyze the water content of critical nuclei in
of H2SOy nucleation will increase (because for fixed acid the laboratory experiments, we examined the slope of the
concentration, the relative acidity increases as temperaturaucleation rate versus RH on logarithmic scales, at fixed
decreases). H>SOy concentration. According to the nucleation theorem
The notion that Reaction (2a) might be pressure depenthis slope very nearly gives the molecular content of the crit-
dent between 1000 and 80 hPa is of course quite speculativeal nucleus. The resulting numbers of water molecules were
(especially as there is no direct experimental evidence tha® for the experiments of Friend et al. (1980) and 4 for the
the pathway (2a) is operative in the first place). In any caseexperiments of Berndt et al. (2005, 2006). This difference
such pressure dependence is in principle possible — for exeauses the two experimental data sets to diverge more at drier
ample, the effective bimolecular reaction constant of Reac-conditions (see Fig. 2). A likely explanation for the overall
tion (1) decreases by a factor of about 4 in this pressure rangdiscrepancies in the two data sets is the difference in par-
(Atkinson et al., 1976). Note also that the work of Gleasonticle detection efficiences. Friend et al. (1980) used a con-
et al. (1987) indicates that the reaction pathway (2a) is negli-densation nucleus counter in which the particles were made

gible at pressures below 10 hPa. to grow by condensation of water vapour at 300% RH. It is
conceivable that at such high supersaturation, already the sul-
3.2 Nucleation and growth phur radical reaction products may grow to detectable sizes.

As noted above, Berndt et al. (2005, 2006) were not able to
It should be noted that regardless of their exact chemicabetect all of the sulphur radical reaction products, but only
composition, the reaction products from sulphur radical re-the fraction of them which was activated to grow to 3nm by
combination are too small to be directly detected by thecondensation of k5O, and water vapors
aerosol instruments used by Berndt et al. (2005, 2006) which
have a lower detection limit at roughly 3nm in particle di-
ameter. Hence, the molecules need to grow into detectablé Atmospheric consequences
sizes to be counted as particles. Our nucleation experiments
at different temperatures (Fig. 1) indicate that this growthTo summarize the suggested new particle formation mech-
is due to condensation of sulphuric acid (probably togetheranism, we propose that (1) sulphur radicals are formed in
with water vapor), and that the growth is triggered by hetero-parallel with HSO in the SGQ oxidation process; (2) the
geneous nucleation (Kulmala et al., 2006). The reason fosulphur radicals react (possibly in hydrated form) with as
this conclusion is that if the new particle formation was gov- yet unspecified atmospheric species; (358, vapour nu-
erned solely by gas-phase reactions and molecular collisionsleates heterogeneously on the reaction products or acti-
of the reaction products, the nucleation rate should increasgates them, starting condensational growth of the new par-
as a function of temperature, but we observe a decreasinticles. There is an interesting consequence from the divi-
trend. This decreasing trend is explained by the fact that thesion of the process into the two regimes. At the activation
probability of heterogeneous nucleation of sulphuric acid onregime, the production of the nuclei is proportional to the
sulphur radical reaction products increases as a function oproduction of sulphuric acid, and therefore we would ex-
HoSO, relative acidity, which in turn increases as tempera- pect the observed nucleation rate to be proportional to the
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2 . . i . varying mostly between 1 and 2 (Weber et al., 1996; Sihto
et al., 2006; Riipinen et al., 2007; Kuang et al., 2008).

Figure 4 shows calculations for classical homogeneous
H>SOy-H20 nucleation, and for nucleation 0b8B0, on pre-
existing nuclei. The latter is described using so called acti-
vation nucleation mechanism (Kulmala et al., 2006), where
the activation coefficient contains information of the nucleus
concentrations and their sizes. The production of nuclei from
the sulphur radicals followed by their activation by$0, is

o Binary Nucleation| ] consistent with this theory; however, since we do not know
™ Activation the sulphur radical production rate or the size of the nuclei,
10T T we fixed the activation coefficient to fit atmospheric nucle-
ation rate data (Sihto et al., 2006). As shown in Fig. 4, the

104:05 “'), 163 1;), 1610 o activation mechanism is more efficient than binary homoge-

neous nucleation at low sulphuric acid concentrations and
at high temperatures. This is consistent with practically all
10 " " " " " " " available nucleation data both from laboratory experiments
and from the atmosphere, and may explain the finding of We-
ber et al. (1999) that binary classical nucleation theory seems
10° | . to explain observations above the altitude of about 4 km, but
not below.

3
H2804 (cm™)

J (cm“’s'1)
=)

Binary Nucleation 5 Conclusions
Activation

T ] By comparing an ambient nucleation dataset (particle forma-
tion rate vs. sulphuric acid concentration) with several differ-
. ent laboratory datasets, we come to the conclusion that sul-
1950 230 240 200 260 270 280 260 300 phuric acid vapour proQuced by evaporating I|qg|§SG)4 is
Temperature (K) not capable of nucleating at as low concentrations as is ob-
served in the atmosphere, regardless of whether or not am-
monia or organic acids are participating in the nucleation.
Fig. 4. Nucleation rates from activation theory (Kulmala et al., In contrast, laboratory data from nucleation experiments in-
2006) with an activation coefficient of 18 s~1 and binary clas- volving oxidized S@ seems to be in quite close agreement
sical nucleation theory (Vehkaaki et al., 2002). a) Rates as afunc- with atmospheric nucleation, in the sense that particle for-
tion of HySO4 vapour concentration T=273 K. b) Rates as a func- mation occurs at similar pS0O, concentrations. We suggest
tion of temperature, (;504)=10’. Note that the activation theory 4t 4 solution to this apparent paradox is the role of sulphur
assumes that aIInlucIel are activated, thus there is no temperature dFédicaIs produced during SQxidation. In particular, we
pendence. In reality] depends of” at least at temperatures above
288K (see text for more details), but we expect this dependence t@ypothes,lze that HS¢xadicals are formed in a reaction be-
disappear at sufficiently low temperatures. tween HSQ and G in the presence of sufficient concentra-
tion of inert molecules whose collisions stabilize the reaction
product. Indirect experimental support for such a mechanism
is given in the companion paper (Berndt et al., 2008). We fur-
gas-phase pB0O4-concentration. At the heterogeneous nu- ther suggest that the Hg@adicals will react with other trace
cleation regime, on the other hand, the dependence of thepecies, and that the resulting molecules act as nuclei for het-
observed rate on ¥$O4-concentration is also influenced by erogeneous nucleation of,HO, vapour which will initiate
the number of SOy participating in the heterogeneous nu- the growth of the new particles.
cleation (see/ehkardki et al, 2007). If just one sulphuric The suggested new particle formation mechanism is con-
acid is enough to cause the nucleation, then the observed dsistent with the so-called activation type nucleation (Kulmala
pendence should be squared. (Note that it is possible that iet al., 2006), and may provide an explanation for the find-
the atmosphere also other vapors thas6, and water con-  ing that binary sulphuric acid nucleation seems to explain
tribute to the heterogeneous nucleation/activation.) This pic-upper tropospheric particle formation but not the boundary
ture is of course consistent with atmospheric observationstayer nucleation events. Although our hypothetical nucle-
new particle formation rate depends onyF0O4]Y with y ation mechanism is consistent with many atmospheric and
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laboratory observations of nucleation, we stress that there i&uang C., McMurry, P. H., McCormick, A. V., and Eisele, F. L.:

no direct evidence for or against the operation of reaction
pathway (2a), or for the existence of H§Or its reaction

Dependence of nucleation rates on sulfuric acid vapor concen-
tration in diverse atmospheric locations, J. Geophys. Res., 113,

products in the atmosphere. Experimental studies investigat- D10209, doi:10.1029/2007JD009253, 2008.

ing these issues would therefore be valuable.
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